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Dedication

I dedicate this thesis to George Leoutsacos Lewis (1911-1997), my maternal papou.1

Stories of his papou’s life have served as my foundational example of a self-actualized
person. His career success as scientist is evidenced in many awards such as his election
as an AAAS fellow for his work at the DuPont Experimental Station. Prideful and
funny stories about the intersection of papou’s life with famous scientists allowed me
to feel connected to the whole of scientific history.2 It was the balance of papou’s
career success with the use of his earnings from wages and patents to pay for the Uni-
versity education of his siblings, activism and financial support for human rights with
organizations such as the NAACP, and his general respect and love for all humans.
Though the conditions of America and it’s institutions have changed substantially
from papou’s time, I aspire to live life in a similar fashion to his own. As such, I
also dedicate of my life to joyful and novel scientific pursuits along with contributions
toward the self-actualization of each person.

1Papou is a greek word for “grandfather.”
2Stories such as Linus Pauling (who I believe he knew from his work on polymer chemistry and

chemical physics at DuPont) visiting his family and extolling the wonderous health benefits of taking
Vitamin C, or the time he quite literally ran into Albert Einstein at Princeton and was chided for
running through the hallways.

iv



[The] crippling of individuals I consider the worst evil of capitalism.
Our whole educational system suffers from this evil.

An exaggerated competitive attitude is inculcated into the student,
who is trained to worship acquisitive success

as a preparation for his future career.

Albert Einstein
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LIPID BILAYER PHASE SEPARATIONS, CHOLESTEROL,
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Major Professor: John E. Straub, PhD, Professor of Chemistry

ABSTRACT

The Amyloid Cascade hypothesis provides a molecular-level mechanism for the eti-
ology of Alzheimer’s Disease (AD) and proposes a central role for the genesis and 
aggregation of Aβ protein. Aβ protein is the product of cleavage of the amyloid 
precursor protein (APP), a single pass transmembrane protein, by secretases and is 
found in a variety of isoforms, with longer isoforms being linked to the early onset 
of AD. The isoform distribution is dependent on membrane environment, mutations, 
and post-translational modifications.
Lipid rafts are characterized by lipids induced into the liquid ordered phase by choles-
terol, enhancing membrane thickness and lateral lipid density. Protein preference for 
rafts can control protein kinetics, and has been implicated in determining whether 
APP is processed by α– or β-secretase in the plasma membrane. In addition to induc-
ing lipid rafts, cholesterol is hypothesized to directly modulate APP, the C-terminal 
fragment of APP (C99), and γ-secretase structure and function via direct interaction. 
To date, the molecular details involved in these fundamental events involved in Aβ 
genesis have yet to be resolved using experimental approaches, suggesting a critical 
role for computation.
This thesis presents the results of investigations of lipid phase separation and choles-
terol and their effects on C99 using molecular dynamics simulation. To gain insight 
into the nature of lipid rafts, studies characterizing the simulation system sizes re-
quired for observation of phase separation, exploring the effect of cholesterol con-
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centration on phase separation and lipid phases, and examining the applicability of
different lipid and cholesterol models for the simulation of lipid phases and protein
structure were performed. To gain insight into the fundamental properties of C99,
studies exploring the structure of full-length C99, the interaction of cholesterol with
C99 in various mutational states, the effect of membrane thickness on the C99 ex-
tramembrane domains, and the structure of C99 monomer and dimer were performed.
Taken together these studies advance our molecular-level understanding of the nature
of cholesterol, the role of cholesterol in lipid phase separation, the effect of cholesterol
on C99, and the structure of the full-sequence C99 monomer and dimer that play a
critical role in the evolution of AD.
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Chapter 1

Introduction

1.1 Amyloid Beta and Alzheimer’s Disease

Plaques and neurofibrillary tangles in the brain tissue of Alzheimer’s Disease (AD)
patients have been implicated in AD since initial observations in demented patients
at the turn of the 20th century.8 These plaques were determined to be principally
composed of Aβ protein. Aβ are fragments of the amyloid precursor protein (APP).
In 1991 it was proposed that a biochemical cascade starting from APP and ultimately
resulting in formation of these Aβ plaques is responsible for the genesis of AD.9–11

The Amyloid Cascade Hypothesis was proposed when many key details leading to
production of Aβ plaques were still undetermined. Since then, the principal protein
domains, cellular compartments, and lipid domains involved in the production of Aβ
have been identified. Moreover, the composition of plaques have been found to be
rather complex, composed of Aβ of various lengths, many post-translational modifi-
cations to Aβ, and various extracellular matrix proteins, lipids and cholesterol.12 Aβ
fibrils, the core of Aβ plaques, have been found to adopt many polymorphic fibril
structures, determined by various extracellular conditions.13

Despite the ultimate genesis of Aβ plaques in many cases of AD, plaques have been
found to be unnecessary to the onset of AD.14 Instead, Aβ oligomers, precursors
to Aβ plaques in the amyloid cascade,15 have been identified as the pathogenic Aβ
agent in AD.16 This Amyloid Oligomer Hypothesis was proposed in 1998, based on
the observation that Aβ oligomers reduce nerve cell potentiation, mental plasticity,
and ultimately cause neurodegeneration, stated as follows17

“We hypothesize that impaired synaptic plasticity and associated mem-
ory dysfunction during early stage Alzheimer’s disease and severe cellular
degeneration and dementia during end stage could be caused by the bipha-
sic impact of Aβ-derived diffusible ligands acting upon particular neural
signal transduction pathways.”
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Aβ oligomers have since become widely accepted as the Aβ agent responsible for neu-
rogedeneration through thousands of peer-reviewed investigations.16 There are also
many alternative hypotheses of AD that involve Aβ such as the Inflammation Hypoth-
esis, in which microglia (neural macrophages) induce inflammation upon sequestering
Aβ plaques which leads to tissue damage,18,19 and the Oxidative Stress Hypothesis,
in which Aβ-copper interaction produces reactive oxygen species, inducing cellular
oxidative stress.20 There is also recent work evidencing that Aβ aggregates on the
surface of membranes21 and can fibrilize and potentially rupture the membrane,22–24

or can oligomerize to form ion channels and disrupt ion homeostasis.25–27

Of alternative AD hypotheses, the Tau Hypothesis is most prominent. Tau protein
fibers form the microtubules of axons, the junctions between neurons. Hyperphospho-
rylation of Tau protein causes formation of disordered neurofibrillary tangles observed
in AD patients, which disrupt axon structure and thus the connection of neurons, di-
rectly leading to neurodegeneration.28 Hyperphosphorylation of Tau has also been
directly connected to Aβ oligomers, and it may be that the amyloid and Tau dis-
ease pathways are synergistic.29,30 There is also evidence to suggest that brain insulin
deficiency, such in diabetes, may trigger hyperphosphorylation of Tau and reduce
clearance of Aβ aggregates.31–33

Aβ comes in isoforms of various length. The 40-residue isoform, Aβ40, is the most
common, followed by Aβ42, and then various other isomers in much smaller propor-
tion between 33 and 49 residues in length.12 Aβ42 came to be regarded as a more
toxic isomer than Aβ40 because the ratio of Aβ42/Aβ40 is substantially enhanced
in individuals who have hereditary mutations that manifest AD, so-called Familial
Alzheimer’s Disease (FAD) mutations.34–36 Aβ42 is more prone to oligomerization and
fibrillization due to the enhanced stabilization of β-sheets by residues 41 and 42.37

Furthermore, FAD mutations in Aβ enhance aggregation.38 Therefore, there has been
much interest in determining how Aβ isomers of different lengths are produced. This
requires understanding the amyloid cascade up to the point at which Aβ is secreted
from the cell.

1.2 Proteins of the Amyloid Cascade

We will first approach the amyloid cascade through discussion of the protein signaling
cascade that results in the production of Aβ. This begins with the amyloid precursor
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protein (APP), canonically a 770-residue protein evidenced to perform many functions
including cell-cell signaling for synaptogenesis, regulation of copper, sphingomyelin
and cholesterol homeostasis, and promotion of extracellular matrix development.39

Residues 1-671 of APP are evidenced to mostly consist of intrinsically disordered
domains separating two spectroscopically-resolved structured domains, E1 (residues
28-189)40,41 and E2 (374-565)42,43, and a single-pass transmembrane (TM) domain in
residues 699-724 (Figure 1·1.A).44 The sequence of Aβ42 is contained in residues 672
to 713. APP is canonically processed near the TM domain by two separate secre-
tases, α- or β-secretase, each from the ADAM and BACE sheddase protein families
and predominantly performed by ADAM1045,46 and BACE1,47,48 respectively. Alter-
native APP processing can occur in ectodomain49, endodomain50, and Aβ domain51

residues, but potential roles of these proteolyses in AD genesis are unclear.

Figure 1·1: Cartoon illustrations of (A) domains of the APP protein, (B) the com-
plementary pathway up to production of C83, (C) the amyloid pathway including
production of C99 and Aβ, (D) the termination of the amyloid cascade in forma-
tion of Aβ fibrils, (E) the termination of the amyloid cascade in formation of Aβ
aggregates on the membrane surface. APP, ADAM10, and BACE1 are represented
in purple, blue, and red. Aβ is displayed in pink. The γ-secretase complex nicastrin,
PEN-2, APH-1A, and presenilin 1 domains displayed in blue, pink, orange, and green.
Lo (liquid ordered) domains represented with blue, ordered saturated lipid tails and a
higher concentration of cholesterol, Ld (liquid disordered) domains represented with
red, disordered unsaturated lipid tails and a lower concentration of cholesterol.
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ADAM10 performs “α-cleavage” on APP at residue 687, producing secreted APP
α (sAPPα) and the 83-residue TM protein C83 from the remaining 83 C-terminal
residues of APP. C83 does not contain residues 1-16 of Aβ, and thus cleavage of APP
by α-secretase ends the amyloid pathway, and instead proceeds along the comple-
mentary pathway (Figure 1·1.B).52 BACE1 performs “β-cleavage” on APP at residue
672, producing secreted APP β (sAPPβ) and the 99-residue TM protein C99, which
contains the Aβ sequence starting from residue 1, and which has a juxtamembrane
and C-terminal helix which have been resolved via NMR (Figure 1·1.C).5,7,53 C99 is
encapsulated by the multi-pass transmembrane protein complex γ-secretase, which
performs a multi-step cleavage to produce Aβ. γ-secretase is composed of presenilin
1 (PS1), presenilin enhancer 2 (PEN-2), anterior pharynx-defective 1A (APH-1A)
transmembrane proteins and the ectodomain protein nicastrin (NCT).54 Residues
Asp257 and Asp385 of PS1 catalyze proteolysis of the C99 TMD every 3- or 4-residues
up the sequence until release of the product Aβ. This process starts at the membrane-
solution interface at residue 48 or 49, the C-terminal end of the C99 transmembrane
domain. Aβ of 49 down to 33 residues in length can be produced from this cleavage,
though Aβ40 is the principal product, at approximately 85% product.55 The produced
Aβ can terminate the amyloid cascade by formation of fibrils and oligomers in solution
or, potentially, in membrane (Figure 1·1.D,E).
These proteins have multiple other known functions aside from proteolysis of APP.
ADAM10 is known not only to proteolyze C99, but many other proteins.56 Mouse
knockout experiments have shown that ADAM10 is required for cell viability.57 A
notable example among critically-important proteins processed by ADAM10 is Notch
protein, which performs essential roles in signaling for cell differentiation, prolifera-
tion, and apoptosis.58 BACE1 is known to be particularly important for healthy axon
myelination, potentially causing various mental disorders, though BACE1 knockout
mice are viable and can reproduce.59,60 γ-secretase is also know to be essential in
many functions, acting as a acting as an enzyme for over 90 protein substrates, among
which is Notch.61 Much like ADAM10, γ-secretase PS1 domain knockout mice are
not viable.62 The many and diverse critically important functions of these proteins
has made development of drugs to prevent progression of AD via modulation of Aβ
production challenging.63

Familial Alzheimer’s Disease mutations, which cause early-onset AD (onset at under
65 years of age), occur in APP, PS1, and presinilin 2 (PS2), a homologue of PS1.64
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Mutations to ADAM10 can attenuate APP processing and potentially lead to late-
onset AD.65 It is not yet known if there are BACE1 mutations that affect AD.66 In
APP most FAD mutations appear in the C99 domain near the β-secretase cleavage
site, the copper binding site (important for copper reduction), the α-secretase cleavage
site, and the γ-secretase cleavage site.67,68 There are many FAD mutations to the PS1
domain of γ-secretase as well, though these mutants are located in various locations
in PS1 such that it is more difficult to imagine the biophysical mechanism by which
they modulate Aβ production.69

Mutations to APP in the C99 domain can affect the localization of APP to different
subcellular compartments, ultimately affecting the propensities for α- or β-cleavage.70

The localization and propensity for APP, ADAM10, BACE1, and γ-secretase to sub-
cellular compartments and the lipid composition and pH of these compartments are
of central importance to determining the products of these biochemical cascades.

1.3 Role of cellular compartments in the Amyloid Cascade

APP, BACE1, ADAM10, and γ-secretase proteins mature from the endoplasmic retic-
ulum (ER) to the Golgi apparatus and are transported to the plasma membrane (PM)
via secretory vesicles along the constitutive secretory pathway.71–73 ADAM10 is par-
ticularly enriched in the PM,74 where 90% of APP cleavage occurs,75 resulting in
secretion of sAPPα and production of C83.74 The majority of APP and BACE1
secreted to the PM are internalized within minutes via clathrin-mediated endocyto-
sis76–79 to early endosomes (EE).80–82 A fraction of APP and BACE1 is recycled from
EE back to the PM and another fraction remains in the EE which mature to late
endosomes (LE). LE eventually traffic APP either back to the Golgi apparatus or to
the lysosome for degradation.83–85 γ-secretase complexes containing the PS1 domain
primarily traffic to the PM, performing the majority of C99 production late in the
secretory pathway.86

Unlike cytoplasmic and extracellular environments, endosomal compartments are
acidic.87 pH lowers from ∼6.5 to 4 pH as endosomes develop from EE to LE to
lysozomes.88 The acidic environments of these endosomes are crucial for BACE1 en-
zymatic activity, which has been shown to operate in a range from 4-6 pH.89–91 The
active pH range of γ-secretase is 6-8.4 pH, enabling the processing of C99 in en-
dosomes and the PM,92 though much γ-secretase activity is evidenced to occur in
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the endoplasmic reticulum.93,94 The majority of Aβ is evidenced to reside in the cy-
tosol following production and prior to secretion.95 In addition to controlling activity
of BACE1 and γ-secretase, lower pH is evidenced to promote the formation of Aβ
oligomers96 via protonation of Glu22,97 which stabilizes the characteristic β-turn de-
fined by hydrogen bonding of Glu22-Lys28. This β-turn likely serves as the nucleus
for Aβ aggregation.15 Figure 1·2 summarizes the subcellular comparments in which
processing occurs.

Figure 1·2: Illustration of subcellular compartments involved in the amyloid and
complementary cascade pathways. APP, ADAM10, and BACE1 are represented in
purple, blue, and red, respectively. Aβ is displayed in pink. The γ-secretase complex
nicastrin, PEN-2, APH-1A, and presenilin 1 domains displayed in blue, pink, orange,
and green, respectively. Lo domains represented with blue, ordered saturated lipid
tails and a higher concentration of cholesterol, Ld domains represented with red,
disordered unsaturated lipid tails and a lower concentration of cholesterol.
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1.4 C99 Structure

Solution NMR measurements employing zwitterionic bicelles and micelles provide
the primary source of information on the structure of C99 in a variety of membrane
mimicking environments.5,6,98 In these in vitro environments, there is evidence that
residues 1-14 (see Figure 1·3) of the N-terminal domain (NTD) are disordered, residues
15-25 of the N-terminus have helical propensity (N-helix), residues 26-28 form a turn
(N-turn), residues 29-52 form the helical transmembrane domain (TMD), residues
53-90 of the C-terminus form a disordered region (C-loop), and residues 91-99 of the
C-terminus form a helix (C-helix).5,6 Insertion of residues in the membrane evidenced
by EPR5 and NMR6 measurements suggest that in some systems the C-helix and
N-helix domains rest on the membrane surface, while the proximities of the NTD and
C-loop domain to the membrane remain unclear.
The structure of the TMD is believed to be critical to the mechanism of recognition
and cleavage of C99 by γ-secretase. The process of cleavage of C99 by γ-secretase
begins with the “ε-cleavage” step, forming Aβ48 or Aβ49, which are then further
cleaved via “ζ-cleavage” to form Aβ45 and Aβ46. These fragments are subsequently
processed by “γ-cleavage” to predominantly form Aβ38or Aβ42, and Aβ40 or Aβ43,
respectively.99 C99 features a glycine zipper motif, G29xxxG33xxxG37, in the TMD,
which is frequently observed in dimer-prone single-pass TM proteins.100,101 It is fur-
ther evidenced to be a component of putative cholesterol binding site on C99,53,102

a finding that is important because cholesterol has been hypothesized to recruit C99
to γ-secretase.53,103,104 Mutation of G29 and G33 in this motif reduces Aβ42 produc-
tion,105 and is expected to reduce C99 homodimerization.106 Proximate to the N-
terminal portion of the GxxxG repeat motif lies a “GG hinge” at G37G38 in the TMD,
previously identified by molecular dynamics simulations107,107 and conjectured to be
important to processing by γ-secretase.108 Hydrogen-deuterium (H-D) exchange stud-
ies observed side chain108 and α-helix109 hydrogen bonds to be substantially weaker
near the GG hinge, suggesting the amide bonds are readily available for γ-cleavage.
Thickening of the membrane reduces the relative amount of Aβ42 and Aβ43 produced
while leading to an overall increase in γ-secretase activity.110,111 Increasing the cur-
vature of membrane is found to increase the magnitude of fluctuation of the GG
hinge and the overall tilt of the TMD.112 It is likely that magnitude of fluctuations in
the hinge may enhance Aβ42 and Aβ43 production.5 Additionally, simulation studies
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have revealed107,113,114 that the GG hinge is an important structural feature for C99
dimers, with the angle of the hinge varying for several distinct dimerization motifs. It
has further been noted that the membrane thickness can preferentially stabilize and
environmentally select specific C99 dimer conformations.105,113–115 Beyond the hinge
lies G38xxxA42, another glycine zipper motif often found in TM dimers,106 impor-
tant for C99 homodimerization.116 The GxxxG repeat motif appears to facilitate C99
dimer formation in thicker membranes while the competing GxxxA motif supports
dimers most often observed in thinner membrane and micelle.98 At the C-terminal
end of the TMD, residues A42, T43, V44, I45, V46, T48, L52, and K53 all feature
several mutations found in AD.117 Some mutations decrease the propensity for ho-
modimerization,118 and enhance Aβ42 production.119 A “lysine anchor” formed by the
triple repeat K53K54K55 is evidenced to register at the C-terminal end of the TMD
membrane surface.120
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Figure 1·3: Yellow represents hydrophobic core of the membrane. Red residues
contain FAD mutations. Blue residues are critical to formation of C99 dimers. Green
residues may be phosphorylated. Purple residues form the lysine anchor. Black in-
dicates γ-secretase cleavage sites and metal binding residues. Brown residues are
critical for C31 formation and cytotoxicity. Cylinders represent domains with signif-
icant helical propensity. θ and κ angles describe the TMD tilt and GG hinge angle.
θ angle increases with thinning or curving of the membrane surface, and κs increases
with curving of the membrane surface. Black solid lines mark membrane surface and
black dashed lines represent membrane hydrophobic core. Orange lipid marks the
putative cholesterol binding site. Also shown is an atomistic structure of C99 pre-
dicted from TALOS+ using LMPG micelle backbone chemical shifts and secondary
structure assigned with STRIDE. Cα within the atomistic structure are labeled as
N-terminal familial AD mutation (red), residues 28, 37, 38, 53, 54, and 55 (orange),
phosphorylatable residues Cα (green), and C-helix (blue).
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While the C99 transmembrane domain (TMD) structure has been the focus of ex-
perimental and computational studies, the structure of the extra-membrane residues
has received relatively little attention in spite of the evidence that changes to the
extra-membrane domains of C99 are crucial to determining the production of Aβ
and onset of AD. The N-terminus of C99 almost certainly interacts with the nicas-
trin domain of γ-secretase.121 Within the N-loop (or N-turn) domain, S26N27K28 Ala
point mutation of K28 has a dramatic impact on APP processing, switching for-
mation of Aβ40 to Aβ33, implicating this turn in the γ-secretase interaction.120 The
juxta-membrane (JM) domain, K16LVFFAED23 plays a role in inhibiting γ-secretase
binding122 and interacting with cholesterol.5,53,102,123 The mutation K16N is known
to make APP untenable for binding by α-secretase124,125 Furthermore, membrane in-
sertion of residues in the JM domain appears to sensitively depend on pH.102,123 The
JM domain also features mutants A21G,126 E22Q,127 E22K,128 E22G,129 E22∆,130

and D23N,131 all found to occur in AD patients. Within residues 1-15 the disordered
N-terminal domain (NTD) features the E11K mutation, which was found to enhance
Aβ production.132 The mutations D7H,133 D7N,134 H6R,134 and A2V135 were found
in patients with early onset of AD, suggesting a role for these residues in interaction
with γ-secretase. Additionally, histidine residues in the N-terminus H6, H13, and H14
are known to bind with Cu and Zn metals, found in high concentration in amyloid
plaques.136 Additionally, Aβ42 forms a complex with the C99 N-terminus when C99
is membrane-bound, which enhances C99 homo-oligomer formation.137

In the C-loop there are several phosphorylatable residues, identified at T58, S59,
T72,133 and Y86.138 The phosphorylation of S59 enhances trafficking of APP to the
golgi apparatus.139 It has been noted that Ala point mutation at T72 may enhance
the production of Aβ40 and Aβ42,140–142 impacting interaction of APP with some
enzymes.143 Y86 has been identified to be phosphorylated at higher concentrations in
the brains of AD patients, and is suspected to prevent the interaction of APP with
adaptor proteins.141

The C-loop and C-helix are known to interact with several proteins in the cytoplasm,
forming complexes in which these domains adopt an α-helical structure.144 The C99
sequence binds to many cytoplasmic proteins including the G protein G0 with residues
H61-K80,145 the adaptor protein Fe65 with residues D68-N99,146 the adaptor protein
X11 with residues Q83-Q96,147 the adaptor protein mDab1 with a similar residues
to X11,148 and the kinase Jip-1 with residues N84-F93.149 The C-terminus is cleaved
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by caspases at D68 to form C31, a cytoplasmic protein found in AD patients and
evidenced to signal apoptosis.150 Aβ-C99 complex-enhanced C99 oligomerization in-
creases the production of C31.137 Mutation of D68 to Ala prevents production of
C31, abrogating cytotoxic function.151 Additionally, residues 85-91 (GYENPTY) are
found to be essential for cytotoxic activity of C31, and are involved in interactions
with many cytoplasmic proteins.137 Because the C99 N-terminus contain many muta-
tions that play a role in the etiology of AD, the N-terminus contains the Aβ domain,
and the C-terminal domains bind to so many cytoplasmic proteins, the C99 extra-
membrane certainly form a variety of stable secondary and tertiary structures. The
conformational ensemble of the C99 monomer and homodimer likely contain signa-
tures of such secondary and tertiary structures despite appearing to be random coil
in NMR chemical shifts.

1.5 Lipid Rafts and Endocytosis

Localization of proteins to the membranes of the same subcellular compartment is
necessary but not sufficient for the dimerization of two proteins to facilitate proteol-
ysis. Within the same membrane there can be a separation of lipids and proteins to
dense domains which further compartmentalize the spaces in which protein-protein
associations are likely to occur. These dense domains in membranes, often called “lipid
rafts”, are thought of as unique platforms for facilitating protein function by provid-
ing a confined location to enhance specific protein-protein interactions.152 Lipid rafts
have been observed in vitro 153 and in vivo.154,155 Raft domains are primarily char-
acterized by a lateral condensation of saturated lipid acyl chains upon association
with cholesterol, defining the liquid ordered (Lo) lipid phase, unique from the liquid
disordered (Ld) lipid phase which characterizes the membrane bulk. The Ld and Lo

phases are both stable at physiological conditions, and are two of many lipid bilayer
phases.156

There is general consensus in the literature that γ-secretase and BACE1 partition to
lipid raft domains, and that APP and ADAM10 partition to the non-raft membrane
bulk157–162 However, the partitioning of these proteins can strongly depend on palmi-
toylation, which has been quantitatively determined to enhance protein partitioning
to lipid rafts.163 Palmitoylation of APP Cys186 and Cys187, for example, is evidenced
to partition APP to lipid raft domains while also enhancing APP homodimerization
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via E1 domains and may be a primary means by which APP comes to associate with
BACE1.164,165

Clathrin-mediated and caveolin-mediated are the two primary mechanisms of en-
docytosis from the plasma membrane which are known to affect the processing of
APP. Clathrin-mediated endocytosis principally involves the formation of triskelia of
Clathrin protein that form a lattice, causing the membrane to bud and eventually
pinch off part of the PM, forming a vesicle, and releasing this vesicle which develops
into an early endosome.166,167 Caveolin-mediated endocytosis principally involves the
coating of lipid raft domains by cavins and caveolins, which facilitate budding and
eventual development to early endosomes.168 ADAM10 and APP are both evidenced
to bind to the AP2 adaptor protein and other adaptins, which binds proteins for
clathrin-mediated endocytosis.48,72,84,169,170 BACE1 is evidenced to undergo caveolin-
mediated endocytosis via binding to flotillin-1 protein in caveolae.171

As such, it seems that APP overwhelmingly co-localizes with ADAM10 in the PM
bulk, resulting in the production of C83 in the PM or in EE formed via clathrin-
mediated endocytosis. The remaining population of APPmay co-localize with BACE1
in lipid rafts of the PM, in EE or LE formed by caveolin-mediated endocytosis. It
may be that the majority of APP which are processed by BACE1 are palmitoylated,
facilitating the partitioning of APP to lipid raft domains and thus co-localization of
APP and BACE1 in endosomes resulting from caveolin-mediated endocytosis. The
structural and composition differences between the Lo phase of lipid rafts and the
Ld phase of the lipid bulk also likely play a role in modulating protein structure and
function.

1.6 The Liquid Ordered Phase

In general, it has been observed that the liquid ordered (Lo) phase manifests as a
continuous phase transition in binary and higher-order lipid mixtures of saturated
lipids with cholesterol as cholesterol concentration increases. This occurs by the local
condensation of saturated lipid tails with sterol molecules, which increase alignment
of carbon-carbon bonds along the lipid acyl chains with the normal of the membrane
plane. Cholesterol is the most common sterol in mammilian cellular membranes and is
employed as the sole sterol in model lipid bilayer experiments. The alignment of acyl
chains also results in a longitudinal thickening of the membrane. These features can
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be detected by various experimental methods, most classically via NMR spectroscopy
to characterize the average carbon-carbon bond angle and scattering techniques to 
characterize lipid packing, as well as through more modern approaches employing 
vibrational spectroscopy, atomic-force microscopy, and interferometry.
Vist and Davis presented the first phase diagram characterizing the Ld to Lo phase 
transition of binary mixtures of di-C 16:0 PC (1,2-di-palmitoyl-sn-glycero-3-
phosphocholine, DPPC) and cholesterol at various temperatures using NMR.172 It was 
observed that the Lo phase is gradually introduced to the system, coexisting with the 
Ld phase, as Chol concentration increased up to approximately 20 mol%. 
Similar observa-tions of this continuous phase transition as Chol concentration 
increases to 20 mol%have been made for other mixtures with saturated lipids.173–177 

MD simulations have been particularly useful for exploring the atomistic details of 
lipid mixtures and have demonstrated that on the microscopic level the Lo phase 
features subdomains of hexagonally-packed lipid tails separated by interstitial 
cholesterol and lipids, which are validated via comparison with experimental order 
parameters.178,179

The Lo phase is also distinct from the lipid gel (So) phase, which is thicker than the
Lo phase due to longitudinally aligned carbon-carbon bonds along the lipid tail which
are laterally hexagonally-packed. The So phase is particularly distinct from the Lo 

phase because it manifests from a first order phase transition from the Ld phase at a 
critical melting temperature (Tm), though this temperature is substantially lowered
in lipid mixtures and more complex bilayers such that it is completely inaccessible
in physiological conditions. In mixtures of Chol and saturated lipid, increasing Chol 
concentration is evidenced to lower Tm so much that the first order phase transition 
that would signify the transition from the Lo to So phase is completely abolished, 
suggesting that the Lo-So phase transition does not exist.173–177 Rather, it seems that
the small hexagonally-packed domains of lipid tails within Lo phases are adopting 
conformations very similar to those observed in the So phase, and that the Lo phase is 
something of a mixture of small So phase-like lipid domains separated by interstitial
Chol and Ld phase-like lipids (Figure 1·4). Order parameters useful for describing 
these phases are discussed and introduced in Chapter 2.
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Figure 1·4: Relative phase diagram of temperature, saturated lipid (black head
group) concentration, and cholesterol (green) concentration at sufficient concentra-
tions of aqueous solvent to facilitate lipid bilayer formation. Solid lines define demar-
cate relative first order phase transition temperatures. Ld phase lipid tails (red) are
shorter and more disordered, So phase lipids (blue) are elongated and hexagonally-
packed laterally. The Lo is characterized as combination of domains of elongated and
laterally hexagonally-packed lipids similar to So phase lipids separated with intersti-
tial cholesterol and Ld phase lipids.

1.7 Lipid Phase Separation

Lipid phase separations form in mixtures of saturated lipids, unsaturated lipids, and
cholesterol when saturated lipid and cholesterol concentrations are high enough to
form the Lo phase. Phase diagrams of ternary mixtures of one species of satu-
rated lipid, one species of unsaturated lipid, and a sterol as a function of tem-
perature are determinable via various experimental techniques including using flu-
orescence spectroscopy,180–197 X-ray scattering,3,180,198–202 atomic force microscopy
(AFM),181,202–204 NMR,189,196,197,205,206 interferometric scattering,207 and Raman spec-
troscopy,2,208 Generally, at physiological temperatures ternary mixtures are observed
to phase separate around equimolar, 1:1:1 molar concentrations of saturated lipid,
unsaturated lipid, and cholesterol, defining a miscibility gap region inside the phase
diagram in which systems are observed to form large, macroscopically-observed phase
separations in the system (Figure 1·5). At low (.45 mol%) and high (&45 mol%)
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Chol concentrations macroscopic phase separations disappear. Above about 66 mol%
cholesterol, cholesterol crystallizes and crashes out of the solution, such that typi-
cal membranes can only accommodate up to 66 mol% cholesterol,209–212 above which
Chol forms crystals in solution,175,213 though there are cellular membranes that can
exceed this, such as the ocular cell membrane.214

Formation of domains of lipids in bilayers has been called “lipid phase separation,”
“lipid domain formation,” or “lipid raft formation,” each of which has distinct mean-
ing.215 In general, these terms are used to describe the binary liquid-liquid phase
separation that features coexistence of Ld and Lo phases in the membrane. Over the
past 15 years, many investigations have focused on ternary mixtures of Chol with
one high and one low melting temperature (Tm) lipid species.216 Multiple points on
phase diagrams of macroscopically-observable lipid bilayer phase separations result-
ing from mixtures of saturated lipids, unsaturated lipids, and cholesterol have been
observed using fluorescence spectroscopy,180–197 X-ray scattering,3,180,198–202 atomic
force microscopy (AFM),181,202–204 NMR,189,196,197,205,206 interferometric scattering,207

and Raman spectroscopy,2,208 allowing us to achieve a general concept of ternary lipid
mixture phase diagrams.
In Figure 1·5 we briefly summarize the current picture of ternary phase diagrams.
At relatively lower T (or higher Tm) So is evidenced to exist as a macroscopic
phase separated state via fluorescence experiments, AFM, and NMR. So can dis-
appear at physiological temperatures due to presence of Chol173–177 or unsaturated
lipids,217–220 which lower the Tm of saturated lipids. At high (&40 mol%) Chol
concentrations macroscopic phase separations disappear. Critical fluctuations in do-
main mixing manifest at one or two points in ternary phase diagrams, depending
on whether the immiscible region is open or closed due to lack or presence of the So
phase.185,197,221–224 Modern fluorescence,183,225 X-ray,4,199 and AFM experiments203,204

have shown that nanoscopic ordered and disordered domains coexist outside of the
miscibiliy gap around 1:1:1 ratio mixtures, as Chol appears to never truly induce the
Lo phase in un-saturated lipids. X-ray scattering experiments have revealed that 60
nm diameter domains of pure Chol domains can coexist with domains of saturated
and unsaturated lipids at these high mol% Chol compositions.175,202,226,227 Beyond
the 66 mol% solubility limit of Chol in bilayers,209–212 Chol forms anhydrous crystals
in solution.175,213 Additionally, though the main phase transition (So to Ld) is first
order, phase transitions from Ld to Lo and Lo to Chol domains seem to be continuous.
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Figure 1·5: Cartoon phase diagram representative of many mixtures involving sat-
urated lipids, unsaturated lipids, and cholesterol at fixed temperature and concen-
tration in aqueous solution in the lipid bilayer phase displaying the miscibility gap
region where phase separation is observed. Illustrations of the longitudinal conforma-
tion of lipids in Lo domains in phase separated and miscible systems demonstrate why
nanoscopic domains are miscible and difficult to detect at lipid concentrations that
do not phase separate. Above 66 mol% concentration relative to lipids, cholesterol
crystallizes.

Just outside of the miscibility gap, modern fluorescence,183,225 X-ray,4,199 and AFM
experiments203,204 have identified a coexistence of nanoscopic lipid domains, rather
than a homogeneous lipid phase. Such nanoscopic domains disappear as the con-
centration of DPPC and Chol in systems becomes near-zero. At high cholesterol
concentrations the observation of pure cholesterol domains has also been evidenced
via interpretations of X-ray spectra, suggesting that domains of pure cholesterol crys-
tals can be embedded and freely float in the membrane.175,202,226,227 Another curious
type of domain that may exist are maze-like arrangements of cholesterol interlaced
with lipid tails177,210 that may form at very high cholesterol concentrations due to the
affinity of the cholesterol homodimer228,229 and the unfavorability of cholesterol-lipid
hydrogen bonding.230

The kinetic mechanism of lipid phase separation is generally classified into a few pro-
cesses.231 In a lipid mixture, the minority phase (either Lo or Ld phase, depending on
system composition) first nucleates as lipid nanodomains. These nanodomains merge
into microdomains in their local environment, then these microdomains merge with
other microdomains either via Ostwald ripening, in which microdomains of widely
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varying sizes gradually merge into one macrodomain, or via coalescence, in which
microdomains of approximately equal sizes rapidly merge into one macrodomain.
Coalescence occurs when the two phases will be of approximately equal overall sur-
face area in the membrane. Ripening occurs when there is a phase that will take
up a significantly smaller surface area than the opposite phase. These differentiable
macroscale processes of ripening or coalescence have been characterized in many sys-
tems via fluorescence and atomic force microscopy.232–234 Nanodomains of the Lo

phase in systems outside of the miscibility gap are kinetically stable, though the sys-
tem composition is insufficiently high in saturated lipid and cholesterol to facilitate
formation of microdomains.
The strong preference of Chol to partition to Lo phase domains over Ld phase domains
is another curious observation, and has led to speculations about the role of lipid rafts
as platforms for facilitating specific protein-cholesterol interactions.235 It is evidenced
that there is a Chol Lo:Ld phase partitioning of approximately 4:1 and 2:1 in 20 and
40 mol% Chol based on experiments in phase separating DPPC:DOPC 1:1 mixtures
including Chol. Supported monolayer Raman microscsopy experiments performed
by Donaldson and Aguiar determined Lo:Ld partitioning of Chol in 20, 33, and 50
mol% Chol at 3.9:1, 1.5:1, and 2.2:1, respectively.2 Similarly, Ma et al. determined
Chol Lo:Ld partitioning to be 39.9, 3.63, 2.60, 2.17, and 2.13 at 10, 16, 20, 25, and
30 mol% Chol.236 The variable partitioning of cholesterol between Lo and Ld phases
as a function of Chol concentration manifests due to the apparently high affinity of
Chol for small domains of saturated lipids, and may allow for formation of small Lo

domains even with very minor concentrations of Chol and saturated lipid.
The preferences of protein partitioning to Lo or Ld domains is of general interest in
understanding how lipid rafts may facilitate protein function, as well as how post-
translational modifications can affect protein affinity for lipid domains. Generally,
lipidation modifications, particularly palmitoylation, are evidenced to increase the
affinity of proteins for lipid raft domains. Partitioning coefficients describing protein
preference for association with Lo or Ld domains have been measured using fluores-
cence microscopy experiments.155,163T here is much room for exploration into where
and how proteins localization to regions of phase separated systems, how proteins be-
have during the phase separation process, and how phase separation controls enzyme
kinetics.
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1.8 Suggestions for Cholesterol Effect on C99 and Aβ

The onset of Alzheimer’s disease (AD) has long been correlated to enhanced levels
of cholesterol resulting from diet, genetic predisposition, or aging.237–244 Enhance-
ments to cellular cholesterol concentration are also evidenced to upregulate Aβ syn-
thesis.239,245 Cholesterol has been proposed to modulate C99 conformation through a
C99-cholesterol complex. The C99-cholesterol complex was first suggested by Sanders
and co-workers based on observations of shifts in the 1H-15N 2D NMR spectra of C99
as a function of the concentration of cholesterol analogue β-CholBIMALT in LMPG
micelles.98,104 Subsequent experiments by Barrett et al.5 in DMPC:DHPC bicelles
led to the proposal that C99 binds to cholesterol via the glycine- rich face of the
N-terminal region of the transmembrane domain (TMD). The same glycine rich face
plays a role in stabilizing C99 homodimers.100,107,114 It was further proposed that the
binding site is completed by formation of the C99 juxtamembrane helix. Further
studies by Song et al. characterized the equilibrium constant of C99-Chol associa-
tion, as -2.1 kcal/mol via fitting changes in chemical shift as a function of protein
and cholesterol concentration to a phenomenological kinetic model.53 The observed
association is weaker than typical protein backbone-water hydrogen bonds.246

Cholesterol is also evidenced to enhance the interaction of Aβ with the surface. Via
AFM Gao et al. and Kandel et al. demonstrated that Aβ pores can be activated
within Chol concentrations in which phase separation are observed in a ternary mix-
ture, and deactivate when the Chol concentration increases to the point where phase
separation disappears.247,248 Fantini et al. demonstrated that cholesterol:GM1 binary
mixtures and cholesterol:GM1:POPC ternary mixtures, which are in the Lo phase and
phase separate, respectively, stabilize GM1 conformations which form strong hydro-
gen bond interactions with Aβ, facilitating aggregation of the membrane surface.249

Rather than specific interaction with cholesterol, it may be that cholesterol plays its
role in controlling the amyloid cascade almost exclusively through the Lo phase alone.
It may be that the Lo phase is principally responsible for modification to the behavior
and conformation of APP, C99, and Aβ that are so frequently attributed to specific
interactions with Chol. Such investigative work requires experiments or molecular
simulation approaches that can reliably capture atomistic details of cholesterol and
protein in lipid bilayers.
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1.9 Investigations Presented in this Thesis

In this thesis, I explore several basic questions regarding lipid phase separation, C99
structure, and the role of cholesterol in both phase separations and modulating C99
structure using molecular dynamics simulation. In Chapter 2 analysis and simula-
tion methods developed and deployed for these studies are described. In Chapter
3, finite-size effects on phase separation in quasi-two-dimensional periodic systems
are analyzed to understand system sizes required to simulate the phenomenon. In
Chapter 4, the effects of varying cholesterol concentrations on lipid phase separations
are investigated, revealing complex phase behavior. In Chapter 5, the effect of both
introducing the Lo phase via addition of cholesterol and effect of pH and FAD mu-
tants on the conformational ensemble of C9916−55 are investigated, finding C99-Chol
interaction to be much less specific than previously believed. In Chapter 6, simula-
tions modifying the thickness of implicit solvent lipid bilayers on the conformational
ensemble of full-length C99 are presented, and suggest roles for β-strands in complex
protein-protein interactions involving C99. In Chapter 7, large-scale simulations of
the full-length C99 monomer and homodimer in all-atom explicit solvent are pre-
sented and are used characterize the nature of their conformational ensembles. In
Chapter 8, a perspective on future simulation work to understand the role of phase
separations on C99 is presented along with a sample of preliminary work demonstrat-
ing partitioning of C99 to the interface between Lo and Ld domains. These simulation
results are analyzed and discussed in context of a variety of experimentally-measured
data and interpretations on a case-by-case basis.
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Chapter 2

Methodology

Characterization of phase separations, C99 conformational ensembles, and roles of
cholesterol in effecting both of these, requires the use of a variety of analysis meth-
ods. Several of the analysis methods employed are either innovations on conventional
approaches or completely novel approaches to analyze lipid and protein structure. In
this chapter, order parameters used throughout this thesis are defined with helpful
illustrations and specific atom names used in most analyses.

2.1 Lipid Order Parameter Analysis

2.1.1 Assignment of cholesterol to leaflets

Cholesterol translocates between lipid leaflets, performing a flip such that the alcohol
group is oriented towards aqueous solution which is evidenced to most likely occur
at the midplane between lipid leaflets. The complete process of cholesterol translo-
cation between leaflets is often simply referred to as a “flip-flop”. Cholesterol flip-flop
rates have been estimated to occur between nanosecond and seconds pending system
conditions, method, and interpretation of measurement.250 In the MARTINI coarse
grained model and CHARMM36 or Slipids all-atom MD simulations, cholesterol flip-
flop is observed to occur at rates of 105−8 s−1 and 101−6 s−1, respectively.251–254 Due
to flip-flop between leaflets, which is often observed in coarse-grained simulations and
multiple microsecond-long all-atom simulations, Chol molecules need to be assigned
to lipid leaflets within each frame for proper analysis. In such simulations, we as-
sessed whether the head group of cholesterol was closest to an upper or lower leaflet
lipid head group (the phosphorous atom for phosphatidylcholine lipids) within up to
1.5 nm in distance, and assigned cholesterols to the leaflet of that closest lipid for
analysis.
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2.1.2 Lateral lipid mixing entropy and miscibility point

To quantify how laterally mixed each leaflet of a lipid bilayer is, an entropy of mixing is
occasionally employed in the study of lipid mixtures.255,256 We define the lipid mixing
entropy by employing Voronoi tessellations of the xy-plane positions of representative
atoms from lipid or cholesterol heads or tails and, in the case of proteins, from the
4-residue alpha helical turn of a protein TMD closest in height to the surrounding
representative atoms from lipids and cholesterol. In particular, we assess the mixing
entropy to measure the degree of phase separation in the lipid bilayer by evaluating
the observed likelihood of contacts formed between lipids of the same type, p1 (e.g.
DPPC-DPPC), and between lipids of different type (e.g. DPPC-DUPC) as

Smix = −p1 log2 p1 − p2 log2 p2. (2.1)

Within this mixing entropy, it is useful to determine the critical value at which a lipid
bilayer is phase separated. In fluorescence microscopy experiments on vesicles includ-
ing fluorescent probes that spatially label the Lo or Ld phase, the point of miscibility
is defined as the point at which fluorescence is 50% of the maximum fluorescence ob-
served in phase separated domains. A similar point of 50% miscibility can be derived
for application to our mixing entropy with Voronoi tessellations. Because each lipid
tail has six nearest neighbors on average, we can build a lattice model on which we
represent each lipid leaflet with a finite number of sites.228,257 At approximately equal
concentrations of saturated and unsaturated lipids, the phase separation will manifest
as a stripe under periodic boundary conditions, as will be demonstrated in Chapter
3. Stripe shape phase separated periodic systems in which x- and y-dimensions are
of equal length, L, and N sites, will be characterized by two interfaces of length
L = d

√
N , where d is the lattice spacing. The domains of each system are totally

pure, only containing one type of lattice site. Each of the interfaces features 1/3
interactions with lipids of the opposite phase and 2/3 interactions with lipids of the
same phase. Thus mixing entropy of a perfectly phase separated stripe of such a
system can be defined in terms of p1 = (N − 2

√
N + 22

3

√
N)/N and p2 = (21

3

√
N)/N

as illustrated in Figure 2·1.A.
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Figure 2·1: (A) Illustration of a pure binary phase separation on a periodic hexago-
nal lattice. The two types of lipids are represented in red and blue, respectively, and
the interfaces between domains are drawn with a bold green line. (B) Illustration of
pure domains in a binary mixture coexisting with an ideally-mixed domain composing
(Φ) percent of the system. The two types of lipids are represented in red and blue,
respectively, the interfaces between pure domains are drawn with a bold green line,
and the interfaces between ideally-mixed and pure domains are drawn with a bold
cyan line.

We can add an ideally-mixed phase of some fraction, Φ, to the system which contains
both Lo and Ld phase type lipids. Two interfaces of the system will define the bound-
ary of Lo phase and Ld phase to the mixed phase, and one interface will define the
boundary between the Lo and Ld phases. The two new interfaces would feature 3/10
(7/10) contacts between lipids of opposite (same) phase type. The number of lipids
not present in domains (not at these three interfaces) is ND = N−3

√
N . The number

of lipids present within the mixed domain, NDΦ, contribute equally to p1 and p2. The
mixing entropy of a system which experiences a stripe-shaped phase separation as %
miscibility Φ is thus defined by p1 =

(
(ND −NDΦ) + 1

2
NDΦ + 2

3

√
N + 2 7

10

√
N
)
/N

and p2 =
(

1
2
NDΦ + 1

3

√
N + 2 3

10

√
N
)
/N , as illustrated in 2·1.B.

In these equations, Smix depends on both Φ and N , for which most solutions will
converge to the thermodynamic limit by approximately 10,000 lipids per leaflet, which
happens to also be the thermodynamic limit of phase separation in MARTINI model
simulations of phase separation described in Chapter 3.
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2.1.3 Area per lipid tail

One of the key features of the Lo phase is the nonadditive condensation of the xy-plane
as cholesterol is added to the lipid bilayer.257,258 Conventionally, the area per lipid
is determined by dividing the area of the xy-plane by the number of lipids in each
leaflet. However, this is not sufficient for differentiating the area for each molecular
species in mixtures or for systems containing multiple phases. The area per lipid
tail and cholesterol can be calculated in regard to specific molecular species using the
areas of Voronoi tessellations of atoms of these molecules that best represent the most
well-packed layer of the lipid bilayer.

2.1.4 Lipid lateral packing and orientational order

The phases of 2D systems are often characterized by use of the Nelson-Halperin 2D
bond-orientational order parameter,259 famously used to study the solid, hexatic, and
liquid phases of hard disk systems.260 Within a 2D system of N particles, the n-fold
orientational order of each particle, Ψk

n (indexed by k) is evaluated using the angles of
n nearest-neighbor particles (each indexed by l) measured using a constant reference
vector, as

Ψk
n =

1

n

n∑

l ε nn(k)

exp[inθlk] =
1

n

n∑

l ε nn(k)

cos(nθlk) + i sin(nθlk). (2.2)

Typically, the 6-fold order parameter

Ψk
6 =

1

6

6∑

l ε nn(k)

exp[i6θlk] (2.3)

is of greatest interest, as most 2D systems sit on a hexagonal lattice in the solid state.
Ψk

6 was computed based on the position of lipid and cholesterol tail atoms or center
of protein 4-residue helical turn that represent the most well-packed z-axial layer in
the lipid bilayer. The six nearest neighbors (l) of each point (k) were found using
the Cartesian coordinates of the k and l points fitted to a plane using their singular
value decomposition prior to the measurement of Ψ6. The reference vector, ~r, was
positioned at k, pointed along the x-axis, and was fitted to the same plane as the k
and l points. It is necessary to use this for quasi-2D systems like a lipid bilayer for
which the local plane of best fit can be different from the xy-plane due to the shape
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of the curvature of the membrane surface.

(A)

(C)

(B)
k

l

Arbitrary vector (1,0)

θkl

Re[
Im[

α 1 0 -1]
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Figure 2·2: (A) Illustration of a particle k and its six nearest neighbors, indexed
by l, along with the reference vector, which is often selected to be (x,y) = (1,0). (B)
The orientation of the l six nearest neighbors around k are described over a range of
60 degrees by the complex value of Ψk

6. If |Ψk
6| = 1 the six nearest neighbors have

precisely 60 degrees of separation from each other in θkl, like the corners of a hexagon.
(C) Representative plane-fitting of C2A and C2B DPPC lipid and R3 cholesterol tail
atoms around a DPPC C2A tail atom from a MARTINI simulation, used to measure
Ψk

6.

The complex value of Ψk
6 describes the orientation of the nearest neighbors around

particle k relative to the reference vector. The absolute value of Ψk
6 describes how

similar the orientation of the six nearest neighbors of particle k is to a hexagon, e.g.
θlk ∈ {0, 60, 120, 180, 240, 300}, which form a perfect hexagon whose orientation
is characterized by Ψ6 = 1 + i0 and which is perfectly symmetric, characterized by
|Ψk

6| = 1 Figures 2·2.A and 2·2.B illustrate how Ψk
6 is measured and Figure 2·2.C

provides a demonstration of projecting points to a plane of best-fit. In a 2D crystal,
all particles will have |Ψk

6| = 1 and the same complex value of Ψk
6. In a solid phase,

all particles have nearly |Ψk
6| = 1 and the pair correlation function of Ψk

6 will decay
over a long distance. In a hexatic phase, all particles have an intermediate value of
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|Ψk
6| and the pair correlation function of Ψk

6 will decay over a moderate distance. In
a fluid phase |Ψk

6| will not have a high value and the pair correlation function of Ψk
6

will decay over a short distance. The MC simulation work of Bernard and Krauth
provides a good demonstration of the use of Ψk

6 in describing 2D hard disk phases.260

2.1.5 Lipid longitudinal order

Lipids are an example of an anisotopic (long and thin) molecule which can form
a liquid crystal upon reaching a sufficient concentration in solution. For this rea-
son sometimes the most ordered lamellar bilayer phase of lipids is called the liquid
crystalline phase. There are many non-lamellar phases of lipids which are stable
at concentrations and temperatures not explored in this thesis, such as miscible,
micellar, hexatic, and cubic phases of lipids depending on lipid concentration and
temperature.261 The most famous example of a concentration-dependent phase tran-
sition is the Onsager model for the isotropic-nematic phase transition, in which it
is demonstrated that a lamellar (nematic) phase becomes more thermodynamically
stable than an isotropic phase as the concentration of the molecular species increases
due the increase in translational entropy afforded by packing molecules into a lamellar
phase.262 Dramatic phase transitions such as the isotropic-nematic phase transition
are described by the angle θ between the long axis ~u of molecules to and a reference
vector ~n, typically the z-axis of the system along which the nematic phase is oriented.
The average second order Legendre polynomial of cos θ,

P2(cos θ) =
1

2
< 3 cos θ2 − 1 >, (2.4)

often simply referred to as P2, is used as the order parameter to describe the isotropic-
nematic and other liquid crystal phase transitions. For lipids, we often measure P2 by
using the vector defined by the carbonyl carbon of each lipid head and the terminal
carbon of each lipid tail, and using either the z-axis or the normal vector for the
plane of best fit to the six nearest lipid neighbors as the reference vector. A similar
measure of lipid longitudinal order is the carbon-hydrogen SCH order parameter, for
which P2 is measured for each type of carbon-hydrogen bond on lipid tails.263 SCH
is measured experimentally from quadripolar splitting in deuterium264 and dipolar
splitting carbon-13 labeling NMR experiments.265 Example vectors defining P2 and
SCH are illustrated in Figure 2·3.
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SCH

Figure 2·3: Illustration of example vectors defining P2 in MARTINI DPPC with
GL2-C4B beads and SCH in CHARMM36 DPPC with C35-[H5X/H5Y].

2.1.6 Lipid domain clustering and formation mechanism

There are many interesting questions that might be asked about the size of intra-
leaflet lipid domains, inter-leaflet contacts interactions with lipid domains, and the
effect of lipid domain size on lipid structure. We assign intra-leaflet clusters of lipids
and cholesterol using the hierarchical single-link clustering algorithm,266 employing
representative atoms of lipid tails and cholesterol. Both in atomistic and coarse-
grained models, we use an intra-leaflet distance cutoff of 5.8 Å to assign DPPC and
cholesterol to a cluster. Clusters of DPPC and cholesterol will develop into Lo domains
once a sufficiently large cluster is formed (explored in Chapter 3). Clusters of DUPC
and cholesterol can define Ld domains and are clustered using a 7.0 Å cutoff. These
distance cutoffs are selected to accurately capture the growth of the largest lipid
domains during the phase separation process.
The time dependence of a phase separation scales as n(t) ∝ tα where n is the number
of lipid tails or cholesterol assigned to the domain. The growth coefficients measured
in time-resolved spectroscopy in a variety of experimental conditions have been ob-
served in a range of 0.15 ≤ α ≤ 1.0.267 Typical values of α manifest Ostwald ripening
or coalescence mechanisms of domain formation depending on whether the system is
composed of approximately one phase of ≤ 30 or ≥ 70% (ripening; α = 1/3) or one
phase between 30% and 70% (coalescence; α = 1/2).
Order parameters of lipids can be examined as a function of n, the number of intra-
leaflet domain lipid and cholesterol tails. Likewise, the order parameters and number
(m) of lipid tails and cholesterol in the opposing leaflet that make inter-leaflet contact
with the intra-leaflet domain of n lipids can also be examined. This is done using
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a distance cutoff from any lipid or cholesterol in the intra-leaflet domain to any
lipid or cholesterol in the opposing leaflet. The size of intra-leaflet domains, inter-
leaflet contacts of the same lipid type with the domain, and the order parameters of
these lipids can be used together to create a detailed description of domain structure
with sufficient sampling. Figure 2·4 illustrates some potential clusters of DPPC and
cholesterol and maxima and extrema in n and m.

n, m  = 7, 1
n, m  = 10, 11

n, m  = 1, 0 n, m  = 1, 3

Intra-leaflet

Opposite leaflet

n, m = nall, 0 n, m = nall, nall

(A)

(B)

Figure 2·4: (A) Example clusters of n intra-leaflet lipid tails and m inter-leaflet con-
tacts of DPPC (blue tails) and cholesterol (green) in a mixture with the unsaturated
lipid DUPC (red tails) and (B) Extrema in size of intra-leaflet cluster and inter-
leaflet leaflet contacts where nall is the number of DPPC lipid tails and cholesterol in
a leaflet.

2.1.7 Lipid overlap between leaflets

The aforementioned domain clustering method can be used to gain an impression of
overlap between lipid domains via examination of p(n,m). However, this measure-
ment is particularly sensitive to the arbitrary cutoff used to determine the number of
inter-leaflet lipids and cholesterol in contact, m. An alternative approach to measur-
ing the overlap of DPPC (or DUPC) and cholesterol of the same type between leaflets
is to perform a Monte Carlo (MC) integration of the Voronoi tessellations of the lipid
bilayer. The fractional area occupied by lipids and cholesterol occupying the space in
the xy-plane across leaflets, Λ, is evaluated using M test points for MC integration
per frame to evaluate the sum

26



Λ =
1

M

M∑

i

(x, y)i (2.5)

H(x, y)i =

{
0, (x, y)i /∈ T upperDPPC+Chol or (x, y)i /∈ T lowerDPPC+Chol

1, (x, y)i ∈ T upperDPPC+Chol and (x, y)i /∈ T lowerDPPC+Chol

(2.6)

where Λ is counted as the number of MC points (x, y)i that fall within tessels of
DPPC or cholesterol in the xy-plane of upper and lower leaflets (T upperDPPC+Chol and
T lowerDPPC+Chol) out of the total test points. To calculate the overlap of a random mixture
Λrandom the chemical identity of lipids within each tessel are randomly shuffled and Λ

is re-evaluated. Figure 2·5 illustrates how Λ is calculated.

H(x,y)=1
H(x,y)=1

H(x,y)=0
H(x,y)=0

Figure 2·5: Illustration of Monte Carlo integration to solve for Λ on a representative
Voronoi tessellation of a DPPC (blue), DUPC (red), and Chol (green) molecules.

2.2 Lipid-Lipid and Lipid-Protein Interaction Analysis

2.2.1 Hydrogen bonds

Within the membrane, the majority of lipid tails contain an ester group, providing
a carbonyl and alkoxy oxygen available for accepting a hydrogen bond. Likewise, all
lipid head groups contain polar groups that form hydrogen bonds with water. PC
head groups in particular provide a phosphate group for hydrogen bond acceptance.
Cholesterol has an alcohol group that may form hydrogen bonds on the membrane
surface as well, which resides at approximately the same depth in the membrane as
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lipid ester groups. These polar groups can form specific interactions with proteins,
particularly lysine and arginine residues,268 of which there are several are present in
C99. Though hydrogen bonds observed in non-polarizable force fields are generally
inaccurate, it is still useful in some contexts to analyze the hydrogen bonds observed
in fixed-charge force fields.269,270 We have done this by using a somewhat generous 2.5
Å distance cutoff criterion between the donated hydrogen and the accepting oxygen
and a 150-180 degree angle criterion for the acceptor-hydrogen-donor angle.

2.2.2 Crick angles

The relative orientation of two or more protein helices has been a feature of interest
for both characterization and design of protein-protein complexes.271 The two Crick
angles between two protein helices are defined by (1) the angle formed by the vector
originating from the axis of the first helix to the alpha carbon (Cα) of interest to the
vector from the axis of the first helix to the second helix, and (2) the angle of the
vector originating from the axis of the second helix to the Cα of interest with the
vector from the axis of the second helix to the first helix. For the C99 homodimer, a
particular alpha carbon of interest, Gly33, which sits at the center of the GxxxGxxxG
glycine zipper defining the stable Gly-in dimer motif, may be used to define the C99-
C99 Crick angles.113 The tail of the vectors may be defined as the center of geometry
of the alpha carbons of residues 31-35, defining the center of the helical turn. Figure
2·6.A illustrates this definition of the two Crick angles in the C99 homodimer.

Gly33
Cα

COG res. 
31-35 Cα

Figure 2·6: Crick angles of C99 homodimer defined with Gly33 alpha carbon (green)
and center of geometry of residues 31-35 alpha carbons (orange and green).
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2.3 C99 order parameters

2.3.1 C99 helical propensity

Secondary structures in proteins are stabilized by hydrogen bonds involving C=O
and N-H in the protein backbone. Alpha helices are stabilized when the C=O from
the ith residue accepts a hydrogen bond from the N-H of the ith + 4 residue, and the
substantially more rare 310 and π helices are formed when the N-H donor is the ith+3

and ith + 5 residue. The helical propensity of residues in C99 can be of interest in the
TMD due to the glycine repeat of Gly37Gly38 that breaks the helix, creating a hinge.
C99 extra-membrane domains can adopt stable and metastable helices depending
on system conditions. We define the helical propensity of the ith residue based on
the likelihood of whether the residue donates or accepts a hydrogen with any of the
ith − (3, 5) or ith + (3, 5) residue. The same 2.5 Å H-O distance and 150-180 degree
N-H-O angle criterion is used here to define a hydrogen bond.

2.3.2 Residue insertion to lipid bilayer

The insertion depth of residues beneath the membrane surface, commonly described
using the lipid head groups, provides a simple measure for examining the location
of residues. The membrane surface in explicit solvent simulations is defined using
the mean z-axis position of lipid phosphates in each leaflet, and in GBSW implicit
solvent simulations272 are defined using the beginning of the polarizable region. The
insertion depth is defined by the residue alpha carbon height above the surface, in
which negative values specify how far beneath the surface the alpha carbon is inserted.
Residue Lys16 of C99 in particular is used as a probe of JM domain insertion in
simulations of C9916−55.

2.3.3 C99 domain angle order parameters

The structure of the C99 TM domain and JM domain can be captured by definition
of a few essential angles between domains. The TMD tilt angle, θ, is defined as the
0-90◦ angle between the vector that best-fits the heavy backbone atoms of residues
30-52 and the membrane normal (Figure 2·7.A). The 0-90◦ TMD hinge angle, κ, which
is present due to the glycine repeat Gly37Gly38 which can disrupt the TMD alpha
helix, is defined by the angle between the vectors that best-fit the heavy backbone
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atoms of residues 30-37 and residues 38-52 (Figure 2·7.B). The xy-plane JM domain-
GxxxG face angle, φ, describes the relative orientation of the JM domain to the C99
GxxxG face if the JM domain resides on the bilayer surface over 0-360◦. The GxxxG
face vector is defined with the xy-plane center of geometry of residues 31-35 alpha
carbons as the tail and the alpha carbon of Gly33 as the head. The JM domain vector
is defined as the xy-plane best fit of heavy backbone atoms of residues 17-24, with
the head oriented toward Leu17 and the tail oriented toward Val24 (Figure 2·7.C).

θ

z

x

φ

x

y

Gly33

x’

y’

Lipid or Chol

z-axis
vector

TMD vector

(A) (C)

(D)

N-helix 
vector

GxxxG
-face 

κ

z

x

(B)

Gly38-Leu52 vector

Ala30-Gly37 
vector

Figure 2·7: Cartoon representations of (A) TMD tilt angle (θ),(B) Gly37Gly38 hinge
angle, (C) angle defining relative orientation of the JM domain and GxxxG director
vector (φ), and (D) rotation about z-axis to align GxxxG director vector along the
x’-axis.

2.3.4 C99 complex contacts and density around GxxxG face

Contacts between C99 and other molecules were counted using a 5 Å cutoff distance
cutoff between any heavy atom of a C99 residue or any heavy atom of a lipid or
cholesterol. The residence time between C99 and lipids or cholesterol is evaluated
to determine the distribution of lifetimes for complexes between these molecules and
to discriminate long- from short-lived complexes. Significantly long-lived cholesterol
or lipid complexes with C99 can reveal the nature of favorable interactions between
cholesterol and C99. Of these long-lived complexes, we translate the xy-plane posi-
tions of complexed molecules such that they are oriented around the center of the
C99 residues 31-35 alpha carbons at (0,0) and rotated such that the Gly33 alpha car-
bon points along the positive x-axis, defining the new coordinate system x′, y′. The
transformed coordinates used to represent the complexed molecules are illustrated in
Figure 2·7.D.
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2.3.5 C99 homodimer distance and handedness

Much like the handedness of protein alpha helices, the superhelix formed by protein
aggregates can have a handedness as well. To define the handedness of the C99
homodimer, we employ the dihedral formed by the alpha carbons of Gly29 and Gly37
in both C99s, with the hinge between Gly37 and Gly38 (Figure 2·8). The distance
between these homodimers about this dihedral is described by the distance between
the center of geometry of the alpha carbons of residues 31-35.

G33 Cα

G29 Cα

G37 Cα

A B

BA

φG29G37
 = cos-1(A•B / |A||B| ),

negative sign if right-handed coil;
dist((AxB), BA) <  dist((AxB), AB)

Left-handed coil

Right-handed coil
φG29G37

 < 0

φG29G37
 > 0

φG29G37

Figure 2·8: Cartoon representation of dihedral angle defining handedness of dimer
along the C99 homodimer GxxxG zipper using Gly 29, 33, and 37 of the C99 homod-
imer.

2.3.6 Software and Molecular Dynamics Methods

Throughout this thesis, the CHARMM36 force field273–275 is used for all-atom sim-
ulations and the MARTINI 2 force field is used for coarse-grained simulations. MD
integrator, thermostat, barostat, and cutoff calculation schemes vary in each study
presented, and are described within each chapter. Likewise, several molecular dy-
namics simulation software packages are used: GROMACS,276,277 CHARMM,278 and
GENESIS.279,280 One common feature throughout all work presented is the use of
anisotropic pressure coupling schemes in all barostats, in which the x- and y- dimen-
sions are constrained to each other and the length of the x-(y-)edge and z-edge are
unconstrained.
All analysis methods described herein were enabled through use of NumPy+SciPy,281

the MDAnalysis python library,282,283 which is built on NumPy+SciPy and Cython.284

All figures were created using Matplotlib,285 Omnigraffle, Adobe Illustrator, and Vi-
sual Molecular Dynamics.286,287
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2.3.7 Replica Exchange with Solute Tempering

The phase space of an all-atom molecular system is always defined by many poten-
tial barriers which often make sampling of the phase space take a prohibitively long
time for even simple physiologically-relevant systems via MD simulation. Replica
Exchange Molecular Dynamics (REMD)288 is a straightforward methodological ap-
proach that has been remarkably effective in enhancing the sampling of phase space
in MD simulations for the past 20 years.289 REMD involves running multiple MD
replica trajectories of the same system at various different Hamiltonians or thermo-
dynamic conditions in which a single parameter is tempered such that important free
energy barriers in the system will be lowered to enhance sampling within (classically,
the temperature is chosen). To ultimately enhance the exploration of phase space
in the Hamiltonian of interest (classically, the lowest temperature replica), there is a
periodic attempt to swap the Hamiltonians or thermodynamic conditions of pairs of
MD trajectories. The Metropolis-Hastings criterion defines the acceptance probabil-
ity to accept a proposed swap between Hamiltonians or thermodynamic states of two
trajectories if the potential energy in two trajectories are similar enough. In the case
of REMD where the temperature is tempered, the Metropolis-Hastings acceptance
probability is defined as

pi↔j = min
(

1, e
(U(qi)−U(qj)( 1

kBTi
− 1

kBTj
)
)
. (2.7)

where i and j are the indices of replica trajectories attempting to swap Hamiltonians
or thermodynamic conditions. Though temperature REMD has seen widespread use
and success over many years, many methods using alternative modifications to the
Hamiltonian have been used in REMD simulations have been used successfully. The
most popular of these alternative methods is Replica Exchange with Solute Tempering
(REST), in which molecular interactions between two parts of the system, the solute
and the solvent, are tempered by effective temperatures in each mth Hamiltonian
which scale solute-solute and solute-solvent interactions by a factor relative to ratio
of T0/Tm. Here, T0 is the effective temperature of the 0th Hamiltonian, in which the
interactions are not scaled at all.
Effective temperatures are used in REST because the derivation of the proper ex-
change criterion is straightforward.290,291 Recently, REST was extended to a more
generalized form in which more than just solute and solvent atoms are defined, but
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components of the system potential can be specifically defined as the solute and
solvent of the system.292 For example, in the generalized Replica Exchange with So-
lute Tempering (gREST) method, dihedrals and Lennard-Jones interactions but not
charge interactions on a protein, might be selected as the solute with the rest of
the system defined as the solvent solvent to avoid sampling strange conformations
and non-zero net charges that may be present in a Hamiltonian of a high effective
temperature.
The potential energy of each system in REST is

UREST
m,i =

T0

Tm
Usolute−solute(qi) +

√
T0

Tm
Usolute−solvent(qi) + Usolvent−solvent(qi) (2.8)

for the ith replica at effective temperature Tm, and potential energies correspond to
the current system conformation in trajectory i, U(qi). gREST has been shown to
be particularly useful for sampling the phase space of transmembrane homodimers,
for which raising the system temperature is a poor choice for sampling due to the
substantial changes in lipid structure and potential dissolution of the lipid bilayer due
to high temperatures in simulation.293

33



Chapter 3

Critical Size Dependence of Domain
Formation Observed in Coarse-Grained
Simulations of Bilayers Composed of
Ternary Lipid Mixtures

3.1 Introduction

In molecular dynamics simulations, periodic boundary conditions (PBC) are used with
the knowledge that observed thermodynamic and kinetic properties may depend on
the finite size of the system.294–296 In the case of lipid bilayer simulation, PBC effects
were first investigated in the context of the spectrum of membrane surface undula-
tions. Lindhal and Edholm found that the x- or y-edge length must be 20 nm or longer,
and the system must be equilibrated for 10-100 ns to develop the longest wavelength
undulatory modes required to fully characterize the bilayer surface. Klauda et al.
found a strong dependence of lipid diffusion on PBC size,297 though Castro-Román
et al. found the effect of PBC on single and multilamellar bilayer structures to be
negligible.298 Additionally Camley et al. have developed a Saffman-Delbrück hydro-
dynamic model validated by all-atom and coarse-grained simulations, suggesting that
lipid bilayer simulations must employ PBCs with near-100 nm edge lengths and thick
hydration layers to capture essential bilayer structural fluctuations.299 These studies
suggest that PBCs strongly perturb lipid bilayer fluctuations and dynamics. In the
case of domain formation by simple liquid mixtures, Scott et al.300 have investigated
the nature of system size and PBC effects, and Huang et al. investigated system size
effects of phase separation in binary mixture lattice models.301 However, the scaling
of PBC effects observed in studies of liquid-liquid phase separation using molecular
dynamics simulation do not appear to have been addressed in any context.

We performed molecular dynamics simulations and structural analysis of domain
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formation in the well-studied di-C16:0 PC (DPPC), di-C18:2 PC (DIPC), and choles-
terol (CHOL) (35:35:30), ternary lipid bilayer mixture using MARTINI coarse-grained
lipid models over a wide range of system sizes. Our analysis of domain formation as
a function of system size suggests that systems with less than 1480 lipids (740 lipids
per leaflet) may not form macroscale domains defined by a distinguishable inter-
face. Moreover, the convergence of structural properties is found to require systems
of 10,000 lipids or more. Additionally, via microscopic structural analysis of trans-
leaflet aggregates of Lo domain-forming lipids, we observe the coexistence of micro-
and macroscopic ordered domains in systems of sufficient size. To describe the balance
of finite size, composition, temperature, and interaction energy on phase separation
and domain shape, we develop and apply an analytical Flory-Huggins model pa-
rameterized using simulation data and interaction energies derived from experiment.
These findings provide insight into the role of system size in determining the morphol-
ogy and stability of domain formation in multicomponent lipid bilayers and guidance
for future modeling studies. Additionally, this work suggests that finite size effects
may be critical to the study of phase separation in other multi-component biological
systems, such as the formation of the protein coronae, protein fibrils, endoplasmic
granules, and vesicles.

3.2 Materials and Methods

3.2.1 MD simulation

Fully atomistic simulations of lipid bilayer phase separation from random mixtures
are not feasible with current enhanced sampling methods and computing hardware.
As such, we employ the widely-used MARTINI coarse-grained force field, which sim-
plifies the energy landscape of the mixture, accelerates dynamics relative to atomistic
models, and provides an order of magnitude gain in both computational efficiency
for integration time step and number of particles (Fig. 3·1). While approximate, the
MARTINI model has been shown to capture essential properties of a variety of ther-
modynamic phases, making it useful for understanding structural transitions in lipid
membranes.302,303

The Melo et al. force field parameters were used for CHOL.252 DPPC, DIPC, water,
Na, and Cl were modeled using the MARTINI v2.0 parameters.304 Approximately 24
effective solvent molecules per lipid molecule were used so as to fully solvate each lipid
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headgroup.305 To avoid spontaneous freezing of water, 10% of the waters were modeled
using anti-freeze parameters. 150 mM NaCl salt was used to model a physiological
salt concentration.
All ternary mixtures were prepared by random placement of DPPC, DIPC, and CHOL
on a square lattice bilayer with a layer of solvent using the insane.py tool.306 Steepest
descent minimization and MD were performed using the GROMACS 5.0.4 simulation
suite.276 Leap frog integration with 20 fs time step was used. Simulation parameters
largely correspond to those of the ‘qcommon” parameter set described by De Jong et
al.307 A timestep of 20 fs using leap-frog integration with a 1.2 nm ‘group’ neighbor
list updated every 10 steps was used for integration. Non-bonded interactions are
handled using the Gromacs shifting function between 0.9-1.2 nm and 0.0-1.2 nm
for Lennard-Jones and Coulomb interactions, respectively. The velocity-rescaling
thermostat was used with a coupling time of 1 ps with 295 K temperature, and the
semi isotropic Berendsen barostat was used with 1 atm pressure, a coupling time of
2 ps, and a compressibility of 3x10−4 bar−1. Coordinates and thermodynamic data
were recorded in 1 ns time intervals.

DPPC DIPC CHOL
(A)

(B)

(C)

ROH

R1

R2
R3

R4 R5

C1

C2

NC3
PO4

GL1

GL2

C1B

D2B

D3B

C4B

C1A

D2A

D3A

C4A

NC3

PO4

GL1 GL2

C1A
C1B

C2A C2B

C3A

C4A C4B

C3B

Figure 3·1: (A) MARTINI model lipids and cholesterol with site labels. Slab (B)
and top (C) views of N=508 lipid membranes at 11 µs where DPPC, DIPC, and
CHOL are pink, purple, and black, respectively.

3.2.2 Analysis

Lipid mixing entropy (Smix) was computed using nearest neighbors determined via
Voronoi tessellations of lipid head groups, represented by the PO4 beads of DPPC
and DIPC and the ROH bead of CHOL. The Nelson-Halperin 2D bond-orientational
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order parameter (Ψ6) was computed based on the carbon chain of each DPPC, DIPC,
and CHOL. Positions of DPPC and DIPC chains were represented by C2A and C2B,
and D2A and D2B beads, respectively. The CHOL chain was represented by the
centroid of the R1, R2, R3, R4, and R5 beads. The liquid crystal order parameter
(P2) was measured using a vector between GL1-C4A, GL2-C4B beads for DPPC and
DIPC and the z-axis as the director. Details regarding the calculation of Ψ6 and P2

are provided in Chapter 2.
To identify intra-leaflet aggregates of DPPC and CHOL carbon chains, we performed
a hierarchical distance-based geometric clustering analysis. We counted DPPC and
CHOL carbon chains as being part of an aggregate if the C2A, C2B, or centroid of the
R1, R2, R3, R4, and R5 beads were within 5.8 Å of any other beads. The inter-leaflet
contacts were counted if the C4A, C4B (DPPC and DIPC) or C2 (CHOL) beads
in the opposing leaflet were within 7.0 Å of any bead defining the aggregate. For
analysis of DIPC and CHOL aggregates, equivalent criteria for cluster identification
were used except intra-leaflet aggregates were identified using a 7.8 Å distance cutoff.

3.3 Results and Discussion

3.3.1 Achieving structural and spatial equilibrium

To study the formation of phase separated domains we employ a traditional phase
separating mixture of DPPC, DIPC, and CHOL (35:35:30).302,308–316 We performed
coarse-grained MD simulations at 295 K initiated from random spatial placement of
lipids into a bilayer geometry for a wide range of system sizes. Five 11 µs trajectories
were produced for bilayers composed of N=240, 508, 1056, 2046, 3040, and 5406
molecules. 330 µs of sampling were accumulated for this study. These systems
reach an apparent equilibrium in their structural properties by 6 µs, as measured
by the time-dependence of the lipid mixing entropy (Smix), the norm of their 2D
bond-orientational order parameter (|Ψ6|), and liquid crystal order parameter (P2)
(Fig. 3·2). The time evolution of the instantaneous order parameters suggests that
the system dynamics is essentially stationary after 6 µs.
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(C)
(B)

(C)

240

508

1056

2046

3040

5406

Figure 3·2: Mean and standard deviations in (A) mixing entropy (B) liquid crys-
tal order and (C) absolute value of 2D bond-orientational order averaged over five
replicate trajectories.

3.3.2 Critical system size is required for phase separations

The average values of the three order parameters were computed as a function of
system size using the dynamics in the observed stationary regime (Fig. 3·3). The
average value of each order parameter displays a sigmoidal transition as a function of
the log of system size, with a miscible state for small N and a phase separated state
for large N . The average order parameters are observed to asymptotically converge
at N≈10,000, similar to that observed by Huang and Feigenson for binary lattice
mixtures.301 We identify a critical size (Nc) for each order parameter as the inflection
point of the order parameter as a function of system size. We find that for the
three order parameters employed, NSmix

c =994, NP2
c =870, and N

|Ψ6|
c =1480, close to

the Nc=1000 previously predicted by Huang and Feigenson.301

38



We observe that small equilibrated lipid bilayers up to N=1056 do not form macro-
scopic phase separated domains spanning the system. Larger systems (N&1480)
appear to form phase separated domains of size limited by the PBC employed. When
N≤1056, liquid ordered domains do not span the system to form striped domains
(Fig. 3·4). Based on these observations, we say that N |Ψ6|

c =1480 is the minimum
system size required to simulate the formation of phase separated lipid domains. The
correlation length of lipid tail orientational order (Ψ6(r)) is apparently short and in-
dicates that both phases retain characteristics of the liquid state, but signifies that
a minor population of the Lo phase exhibit orientational correlations over a small,
nanoscopic length similar to the lipid gel phase (Fig. 3·5).

(A)

(B)

Figure 3·3: Mean and standard deviations at equilibrium of (A) Smix and (B) P2 of
DPPC (blue) and |Ψ6| of DPPC (dashed-red) averaged over five replicate trajectories.
Inflection points are identified by dashed (Smix), dash-dotted (P2) and dotted (|Ψ6|)
lines.
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Figure 3·4: Linearly interpolated measurements of absolute-valued 2D bond-
orientational order parameter for one leaflet at 6 microseconds in different systems.
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Figure 3·5: Linearly interpolated measurements of the 2D bond-orientational order
of C2A, C2B, D2A, D2B, and the centroid of R1, R2, R3, R4, and R5 beads for one
leaflet at 6 microseconds in systems of various size. RGB colormap from 0 degree to
180 degree angle of orientation vector from the x-axis.
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3.3.3 Binary Flory-Huggins theory defines critical system size for domain
formation

The phenomenon of phase separation in lipid bilayers has been considered using a
variety of Flory-Huggins type models. Phase diagrams were computed for models of
binary317 and ternary318 mixtures that included an order parameter based treatment
of the liquid-gel melting transition. Additionally, a Flory-Huggins type model has
been used to develop a theory of line tension in ternary lipid mixtures, finding the
line tension to depend on the composition of the lipid mixture.319 Finally, McConnell
and coworkers developed a model for ternary lipid mixtures in which two components
combine and interact interact with the third component.320 While this last approach
captures certain aspects of phase separation in ternary lipid mixtures noted in exper-
iment, it fails to reproduce the more complex phase behavior captured by the more
detailed models.
To gain insight into the underlying thermodynamic driving forces, we develop and
employ a minimal model for the ternary lipid mixture in that it models the ternary
mixtures in terms of two fluid components and bears resemblance to the model of
McConnell and coworkers321 and to the original presentation of the theory.322 It is
used as a minimal model to provide insight into the importance of system size on
phase separation and to determine the thermodynamic driving forces determining the
minimum system size required to observe phase separated domains. The model lattice
consists of two types of lipids sites (O and D), which may be mixed in the miscible
state or be phase separated. Furthermore, we assume that the phase separated states
may take the form of a stripe domain (with lipids partitioned along a linear interface)
or a dot domain (with one lipid partitioned into a circular region). The free energies
of mixed, stripe domain, and dot (circular) domain states are

Fmix =
z

2
nOwOO +

z

2
nDwDD +NzχxOxD − TSmix (3.1)

Fstripe =
z

2
nOwOO +

z

2
nDwDD +

2L

d
χ (3.2)
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Fdot =
z

2
nOwOO +

z

2
nDwDD +

2πσ

d
χ (3.3)

where wOO is the bond energy of two interacting O sites, wDD is the bond energy of
two interacting D sites, σ is the radius of the dot domain, d is the lattice spacing, z
is the coordination number of each lattice site, L is the edge length of the system,
nO and nD are the numbers of O and D sites, and χ=(wDO − (wDD + wOO)/2). The
mixing entropy is written Smix=−kBN(xD lnxD +(1−xD) ln(1−xD)). 2L

d
χ is the line

tension for the two linear interfaces formed in the stripe domain, and 2πσ
d
χ is the line

tension for a circle.
These equations can be simplified by noting that L

d
=
√
N so that 2L

d
χ=2χ

√
N . For

the dot interface, imposing πσ2=xDL2 with L
d
=
√
N leads to 2πσ

d
χ=2χ

√
N
√
πxD. Ad-

ditionally, we recognize that E0= z
2
nOwOO + z

2
nDwDD in each expression, and as such

will not contribute to the difference in free energy between competing phases. These
simplifications lead us to the expressions

Fmix = E0 +NzχxD(1− xD) +NkBT (xD lnxD + (1− xD) ln(1− xD)), (3.4)

Fstripe = E0 + 2χ
√
N, (3.5)

Fdot = E0 + 2χ
√
N
√
πxD (3.6)

where N is the number of molecules in a monolayer, xD is the mole fraction of
molecules that form the liquid disordered phase (Ld), ranging from 0 to 0.5, xO=1−xD
is the mole fraction of molecules that form the liquid ordered phase (Lo), z is the co-
ordination number of each molecule, and E0 is a constant for interaction energies.
When χ>0 it is possible for Fstripe or Fdot to reach a lower energy than Fmixed. The
stripe phase is more stable than the dot phase for 1/π<xD<1−1/π, and xD = 1/π de-
fines the phase boundary between dot and stripe phases. In our simulations xD≈0.45,
determined using number of edges between lipid types determined in Voronoi tessel-
lations via the expression xD = NDIPC-CHOL

NDIPC-CHOL+NDPPC-CHOL
+ NDIPC

N
, and we observe the

stripe phase, consistent with the predictions of the model. A most important feature
to recognize in this model is that the phase transition between miscible and immisci-
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ble states can happen as the number of lipids in the layer, N , in the system increases
(Fig. 3·6, 3·7).
This model enables prediction of Nc from experimentally determined χ, as well as
determination of χ values from Nc obtained by simulation (Fig. 3·7B). This can be
done by the definition of the phase boundaries defined at a the critical size, Nc. At
Fmix-Fstripe=0,

Nmix↔stripe
c = 4

(
zxD(1− xD) +

kBT

χ
[xD lnxD + (1− xD) ln(1− xD)]

)−2

, (3.7)

and at Fmix-Fdot=0

Nmix↔dot
c = 4πxD

(
zxD(1− xD) +

kBT

χ
[xD lnxD + (1− xD) ln(1− xD)]

)−2

. (3.8)

The χ values corresponding to our simulations occur near the inflection point in χ(N),
suggesting a sensitive dependence of Nc on χ. The χ values reported here are likely
larger than other well-studied mixtures in experiment, such as DPPC, DOPC (di-18:1
PC), and CHOL, due to substantial mismatch in degrees of tail saturation. This may
explain the past difficulty in observing macroscopic phase separation of such mixtures
in simulation studies.
There have been many previous studies of domain formation in ternary lipid mixtures
using MARTINI as well as more fine-grained lipid force fields.232,302,308–316,323–327 Some
of the previous simulation work on this phenomenon employed system sizes substan-
tially smaller than the critical minimum system size required for phase separation
in this study.178,232,309,311,312,325,326 As such, it is important to carefully consider how
PBC may have influenced observations of phase behavior in these previous studies.
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Figure 3·6: Lowest free energy configurations found for the Flory-Huggins model
of mixed, stripe, or dot states at T=295 K and z=6 (to approximate realistic lipid
packing). The “X” depicts the state of the system considered in this work, which is
predicted to be in the miscible state for N=100 and stripe phase separated state for
N=107 taken to be the thermodynamic limit.

(A)

(B)

Figure 3·7: We demonstrate the dependence of system size, N , on the mole fraction,
xD. (A) Free energies of mixed (dotted), stripe (solid), and dot (dashed) phases when
χ=2.90 cal/mol and T=295 K. z=6 to approximate realistic packing of lipids. (B)
Solid line is the critical point between mixed and stripe phases in the Flory-Huggins
model (Eq. 3.7) with xD=0.45, T=295 K, and z=6. Circles are placed on the curve
at critical sizes (Nc) obtained from simulation, while squares are placed on the curve
at χ values derived by Almeida.1 Simulation χ values are determined with a lattice
spacing of 0.8074 nm and N=5406 with Nc determined from Smix, P2, |Ψ6|.
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3.3.4 Coexistence of micro- and macroscopic liquid ordered domains at
equilibrium

To define domains of DPPC and CHOL aggregates we geometrically cluster intra-
leaflet DPPC and CHOL carbon chains (of number n) and identify inter-leaflet con-
tacts with DPPC and CHOL (of number m) at equilibrium. Through this analysis,
we observe large separations in population between micro- and macroscopic domains
once the system becomes large (Fig. 3·8A) By analyzing the number of carbon chains
not associated to the largest intraleaflet cluster, we also find that Ld domains in
small systems exhibit substantial impurities while Lo domains are similarly pure at
all system sizes. Additionally, it appears that sampled values of n and m are linearly
correlated, such that an aggregate of n intra-leaflet carbon chains will be in contact
with a similar number of m inter-leaflet carbon chains. Analyzing aggregates of size
n+m, we find microscopic domains as large as 250 carbon chains to be substantially
ordered, forming a Lo domain (Fig. 3·8B). This coexistence of micro- and macroscopic
domains stands in contrast to the scenario in which ternary mixtures only form micro-
or macro domains as previously implied.314,328,329 Similar observations have also been
made based on binary mixture simulations of the Pink lattice model for lipid-lipid and
lipid-protein mixtures, suggesting that microscopic phase separations can arise even
when there is a vanishingly small amount of mismatching lipid.223,224 Additionally,
Javanainen et al. have identified the coexistence of microscopic Lo and Ld domains
in all-atom simulations.179

N=240
(A)

n, m = nmax, 0

n, m = nmax, mmax

N=1056 N=2046 N=5406

n, m  = 7, 1
n, m  = 10, 11

n, m  = 1, 1 n, m  = 1, 3

Intra-leaflet

Inter-leaflet

(B) (C)

Figure 3·8: (A) Counts of intra- (n) and inter- (m) leaflet carbon chains in DPPC-
CHOL aggregates at equilibrium. (B) Mean and standard deviations of |Ψ6| as depen-
dent on the size of DPPC-CHOL aggregates. Inset illustration describes aggregates
in an example configuration. (C) Illustration of extreme cases of registration and
anti-registration.
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3.3.5 Phases form unique complexes involving cholesterol

To characterize the structure of lipids within the simulated Lo and Ld domains, we
provide a critical comparison with the liquid condensed phase of DPPC and CHOL
monolayers, analogous to the Lo phase. Kim et al. observed that liquid condensed
domains in mixtures of DPPC and CHOL exhibit a high degree of bond-orientational
order and a ratio of 6:1 DPPC:CHOL, consistent with formation of a “tiled lattice”
of cholesterol carbon chains each surrounded by six DPPC carbon chains.257 Consis-
tent with this view, we observe substantial bond-orientational order which visually
differentiates the Lo and Ld domains (Fig. 3·9).
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Figure 3·9: Coordinates of DPPC (blue, C2A C2B beads), DIPC (red, D2A, D2B
beads), and CHOL (white, centroid of R1, R2, R3, R4 and R5 beads) in one leaflet
at 6 µs for N=3040. |Ψk

6| values are linearly interpolated.

Distributions of CHOL neighbors were evaluated via Voronoi tessellations, where
DPPC:CHOL 6:1 ratios were found to be most prevalent in Lo domains (in which
cholesterol only neighbors other cholesterol or DPPC). Approximately equal counts
of 5:1 and 7:1 ratios were the next-most populous complexes (Fig. 3·10), the result of
point defects in the membrane surface that facilitate bilayer undulations. These ratios
are consistent with the spatial distributions observed by Kim et al.257 in the liquid
condensed phase. For smaller system sizes in the Ld phase, a 1:1 DIPC:CHOL ratio
is found to be most prominent. As N increases, a second peak at 6:1 DPPC:CHOL
develops (in the Ld phase), similar to that of DPPC:CHOL (in the Lo phase) (Fig. S7).
We note that the Lo phase exhibits preferential formation of CHOL-CHOL dimers
over monomers. This may be of interest in biological processes where CHOL-CHOL
dimerization has been proposed to play a role.229 An example of this is the case
of amyloid precursor protein C99-CHOL dimerization which has been proposed to
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promote the formation of Aβ42 and to compete with CHOL-CHOl dimerization.6,330

In this scenario, C99-CHOL would be outcompeted by CHOL homodimerization in
Lo domains, freeing C99 to interact with γ-secretase, thus forming Aβ. We will return
to the topic of C99-CHOL interaction later in Chapter 5.123

Figure 3·10: Cholesterol nearest neighbor distributions computed using Voronoi
tessellation analysis at apparent equilibrium for N=5406. Cholesterol in Lo (Ld)
domains are identified as cholesterols with no DIPC (DPPC) neighbors.

3.4 Conclusion

We have investigated the effects of system size on macroscopic phase separation in
lipid bilayers. We find that for the commonly investigated ternary lipid mixture,
35:35:30 DPPC:DIPC:CHOL, the system size must surpass 1480 lipids to observe
the formation of stripe domains. This minimal number of lipids required for domain
formation is likely to be similar or larger for other phase-separating mixtures, a con-
jecture supported by the predictions of a simple binary Flory-Huggins model. The
binary Flory-Huggins model predicts a critical system size for domain formation and
offers insight into the role of temperature, interaction energies, and system size in the
domain formation process.
We have observed the coexistence of macro- and microscopic Lo domains within a
macroscopic domain-forming mixture, in contrast to earlier reports. We have also
quantified the effect of inter-leaflet contacts on the formation of domains. Addition-
ally, we observe the spatial distribution of DPPC and CHOL observed in Lo domains
to be consistent with the formation of 6:1 DPPC:CHOL complexes. Similar complexes
are observed in the Ld phase formed by DIPC:CHOL in sufficiently large systems. Fi-
nally, we observe the preferential formation of CHOL-CHOL dimers over monomers
in the Lo phase.
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Taken together these observations demonstrate the importance of finite size effects
in lipid phase separations. The importance of this observation is two-fold. There is
a need to consider finite size effects when modeling phase behavior in lipid mixtures
that is experimentally observed on the thermodynamic scale. In addition, when
considering the biological importance of phase separation, as in discussions of the
existence and relevance of liquid-ordered domains, the observations made in this work
suggest a lower limit on the size of domain formation in biological membrane.
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Chapter 4

Regimes of Complex Lipid Bilayer Phases
Induced by Cholesterol Concentration in
Ternary Mixtures

4.1 Introduction

Mammalian plasma membranes tend to contain 1:3 to 1:1 ratios of cholesterol (Chol)
to phospholipids,331,332 though phospholipid membranes can accommodate approxi-
mately 66 mol% Chol209–212 and this upper limit is approached in plasma membranes
of astrocyte cells in Alzheimer’s disease patients.333,334 At high (&40 ) mol% Chol
modern fluorescence,183,225 x-ray,4,199 and AFM experiments203,204 have shown that
nanoscopic ordered and disordered domains coexist outside of the miscibility gap
around 1:1:1 ratio mixtures, as Lo domains of tens of lipids can be stable in the Ld

phase bulk membrane.335 x-ray scattering experiments have revealed that 60 nm
diameter domains of pure Chol domains can coexist with domains of saturated and
unsaturated lipids at these high mol% Chol compositions.175,202,226,227 Beyond the
66 mol% solubility limit of Chol in bilayers,209–212 Chol forms anhydrous crystals in
solution.175,213

Nanoscale resolution knowledge of both domain composition and phase in both mem-
brane leaflets is currently limited. Strong registration of domains between lipid leaflets
has been experimentally quantified,336 however, this registration is only confirmed for
macroscopic phase separations of symmetric bilayers, and likely does not occur in mix-
tures where smaller domains are observed due to complicated surface energies and
inter-leaflet interactions. Many theoretical works have considered the inter-leaflet
coupling of lipids and domains, and arguments in favor of inter-leaflet registration or
anti-registration of domains have been presented. Preference of domains for local cur-
vature of the membrane surface as well as inter-leaflet interaction between domains
can significantly impact the free energy of the membrane. Small, microscopic domains
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can form that preferably register or anti-register with domains of the opposing leaflet
depending on the relative degree of local curvature.337–344

Typically, experimental approaches cannot discern the thermodynamic phase and de-
gree of mixing of both lipid leaflets in bilayers of symmetric leaflet composition. Much
work has been done to consider inter-leaflet interactions of domains using bilayers of
strictly asymmetric leaflet composition, where inter-leaflet domain registration has
been observed.336,345–347 However, the methods employed, such as use of supported
monolayers, may limit the generality of the conclusions of these studies. It is known
that Chol strongly prefers to partition to regions of concave curvature.348 That pref-
erential partitioning may play a role in domain formation and registration.
MD simulations employing the MARTINI coarse grained (CG) model, capable of pro-
ducing various thermodynamic phases of lipids303,349 and lipid phase separation,302,308–315,327,335,350,351

have provided structural insight to inter-leaflet domain interaction. Perlmutter et al.
observed the enhanced local curvature of membranes in the presence of anti-registered
domains309 and Fowler et al. found that domain registration may occur via a two-
step kinetic process of anti-registered domain formation preceding the formation of
registered domains.350 Additionally, Yesylevskyy et al. demonstrated the preferential
partitioning of Chol to regions of locally higher curvature using simulations employing
the MARTINI model.352

Here we investigate complex phase separation as a function of Chol concentration
in ternary mixtures with di-16:0 PC (DPPC) and di-18:2 PC (DIPC) lipids, main-
tained at DPPC:DIPC 1:1 molar ratios, using CG molecular dynamics simulation
employing the MARTINI model. Performing simulations at 0, 3, 7, 13, 22, 30, 42,
53, and 61 mol% Chol, we observe that Chol induces three regimes of domain struc-
ture at varying concentrations, denoted I) miscible, Ld phase, II) domain-registered,
macroscopically phase separated Lo+Ld domain coexistence, and III) domain-anti-
registered, microscopically phase separated coexistence of Ld domains with domains
of a newly identified “cholesterolic gel” (Soc) phase featuring “threads” of Chol.
Transitions between the three identified phases are observed to be dependent on Chol
concentration with compositionally unstable mixtures separating regimes sampled at
7 and 42 mol% Chol. The mol% of Chol in DPPC:Chol and DIPC:Chol domains
are inferred from the number of lipid-Chol contacts out of all contacts. We find
DPPC:Chol domains to rapidly become saturated with Chol, achieving 30% DPPC-
Chol contacts by 13 mol% Chol in the membrane, prior to any substantial association
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of Chol with DIPC. The structure of DPPC, DIPC, and Chol as a function of the
percentage of DPPC-Chol and DIPC-Chol contacts is reported in systems at each
mol% Chol composition.
This work provides new insight into the role of Chol concentration in complex phase
behavior observed and predicted in the past, and provides evidence for a new gel phase
that may be thermodynamically stable in membranes of typical Chol concentration.

4.2 Materials and Methods

4.2.1 MD system construction

This mixture of DPPC, DIPC, and Chol in the MARTINI CG model is uniquely ca-
pable of forming macroscopic phase separation.302,308–315,327,335,350,351 The Chol model
of Melo et al. was used252 and all other molecules employed the MARTINI v2.0 force
field.304 The insane.py script developed by the Marrink group was used to form three
unique initial conditions for 0, 3, 7, 13, 22, 30, 42, 53, and 61 mol% Chol random
bilayer mixtures, keeping DPPC and DIPC equimolar.306 Effectively 38 waters per
lipid were used, and 10% of these used MARTINI anti-freeze parameters to prevent
spontaneous nucleation of ice droplets. NaCl at 150 mM concentration was used to
approximate physiological salt conditions. We construct all systems with 3040 lipids,
such that the PBC will not prevent the observation of domain formation and phase
coexistence.335

4.2.2 MD Simulation

All simulations were performed with GROMACS 5.0.4.276 Each initial configuration
was minimized using the Gromacs steepest descent minimizer. Simulation parameters
largely corresponded to the “common” parameter set described by DeJong et al.,307

and simulations were performed with the same protocol as our previous work.335 Non-
bonded interactions used the Gromacs shifting function applied from 0.9 to 1.2 nm
for Lennard-Jones and from 0.0 to 1.2 nm for Coulomb interactions. The velocity
rescaling thermostat of Bussi et al. was used with a coupling time of 1 ps and a ref-
erence temperature of 295K,353 as applied in many past studies of phase separation
with this lipid mixture.308,309,311,312,314,315,335 The semi-isotropic Berendsen barostat
was used with 1 atm reference pressure, a coupling time of 1 ps, and 3x104 bar−1
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compressibility, coupling x and y dimensions. The leap-frog integrator was used with
a 20 fs time step, employing a “group” neighbor list with a 1.2 nm cutoff, updated
every 200 fs. Three replicates of each system were simulated for 11 µs. One set of
replicates representing each system condition used San Diego Supercomputer Center
(SDSC) Comet resources via the Extreme Science and Engineering Discovery Envi-
ronment (XSEDE) through startup allocation TG-MCB150142.354 The other two sets
of replicas used the Shared Computing Cluster administered by Boston University’s
Research Computing Services.

4.2.3 Analysis Details

To analyze the coordinates of lipid head groups in the MARTINI model, we define
head groups as the PO4 bead of DPPC and DIPC and the ROH bead of Chol. Lipid
tail groups are defined as C2A and C2B for DPPC, D2A and D2B for DIPC, and the
centroid of R1, R2, R3, R4, and R5 for Chol. We use xy-plane Voronoi tessellations
of DPPC, DIPC, and Chol head groups to determine Smix and nearest neighbors,
counting the number of DPPC-Chol and DIPC-Chol contacts in the membrane. Using
these tessellations we infer the Chol composition of Lo (Ld) domains at equilibrium
(beyond 6 µs) as the percentage of all DPPC-Chol (DIPC-Chol) contacts out of
all DPPC-lipid (DIPC-lipid) contacts, noted as <%Chol-DPPC cont.>eq (<%Chol-
DIPC cont.>eq). To compute the domain overlap describing a random mixture given
the same coordinates, we randomly shuffle the chemical identity of lipids in both
leaflets prior to calculation, finding Λrandom.
Because the membrane becomes substantially undulated at higher Chol concentra-
tions, using the z-axis as the director vector would not be informative as the structural
order of lipid tails is correlated with the membrane surface undulation. In measuring
both Ψ6 and P2 order parameters, we use a plane of best fit for each lipid tail with its
six nearest neighbors. Ψ6 is measured using the DPPC, DIPC, and Chol tails. P2 is
measured using the vector from the GL1 (GL2) to C4A (C4B) beads and the normal
vector of this plane of best fit for each lipid. We evaluated the sizes of domains of
DPPC and Chol lipid tails by both the number of intra- (n) and inter-leaflet (m) lipid
tails in domains.
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4.3 Results and Discussion

4.3.1 Spatial and structural equilibration

The impact of Chol concentration on the structure and dynamics associated with
liquid phase behavior in lipid bilayers was investigated using a CG ternary lipid
mixture observed to achieve macroscopic phase separation in molecular dynamics
simulation. Simulations of DPPC, DIPC, and Chol lipids at 0, 3, 7, 13, 22, 30, 42, 53,
and 61 mol% Chol, maintaining DPPC and DIPC at equimolar ratios, were performed.
Three 11 µs replicate trajectories of each system were sampled representing a total of
3 x 9 x 11 µs = 297 µs of simulation. By evaluation of Smix, Λ, P2, and Ψ6, we find
systems reach a stable state by 3 µs. We consider ≥6 µs equilibrium (Figure 4·1)
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Figure 4·1: Time series averages of (A) mixing entropy, (B) inter-leaflet domain
registration, (C) plane-fitted DPPC P2 order parameter, and (D) absolute value of
plane-fitted DPPC bond-orientational order parameter in nine systems of different
mol% Chol.

4.3.2 Three regimes of phase behavior

We observe that the membrane becomes demixed at intermediate Chol concentrations
(7-42 mol%) and that domains become registered in the phase separated state, which
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has previously been confirmed experimentally.336 Additionally, we observe the well-
known phenomenon that the membrane becomes more ordered as Chol concentration
increases.
Structures drawn from the end of each simulation show a general trend of increasing
local curvature as the concentration of Chol increases, ranging from a flat surface
(0-13 mol%), to a standing wave (13-42 mol%), to a rough surface (42-61 mol%) (see
Figure 4·2). These changes in morphology appear to be directly related to the parti-
tioning of Chol to regions of concave local curvatures.348,355 Local Chol concentration
is observed to be spatially correlated with anti-registration of lipid domains at high
mol% Chol, and this is implied by the high percentage of DPPC-Chol contacts accom-
panying the anti-registration of lipid domains (Figure 4·3(A), 4·3(B)). the standing
wave observed in our simulations spans the unit cell, which is commensurate with the
size of the phase separated lipid domains. This was observed in other system sizes at
30 mol% Chol over a range of system sizes in past simulation work.335 These phase
separated domain-spanning undulations have been directly observed in experiment
as well,356 demonstrating that lipid domains each effect their own local curvature on
the membrane surface.
Chol is observed to preferentially interact with DPPC. The number of DPPC-Chol
and DIPC-Chol contacts, calculated based on Voronoi tessellations of head groups,
demonstrate that Chol almost exclusively aggregates with DPPC up to 13 mol%
Chol (Figure 4·3(A)). This colocalization of DPPC and Chol supports Lo domain
formation, ensuring complete formation of Lo phase at only 13 mol% Chol, where
30% of all DPPC contacts are made with Chol.172 Near 20, 33, and 55 mol% Chol the
ratio of DPPC-Chol contacts to DIPC-Chol contacts agrees well with recent label-
free Raman spectroscopy measurements of Chol partitioning in DPPC:DOPC:Chol
monolayers,2 as well as with x-ray experiments by Chen et al.3 and Belic̆ka et al. at
20 and 24 mol% Chol.4 The increase of DPPC order parameters as the percentage
of DPPC-Chol contacts increase from 0-50% is similar to that observed recently by
Wang et al. in MARTINI (see Figure 4·2(D), 4·2(G)).357 At Chol concentrations
surpassing 50 mol% we see that DPPC-Chol contacts exceed the 66% solubility limit
of Chol for a bulk membrane.209–212
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0% 3% 7% 13%

22% 30% 42% 53% 61%

Figure 4·2: Renderings of the top and the side of the final frame of simulation for a
trajectory corresponding to each system. DPPC, DIPC, and Chol are rendered blue,
red, and green, respectively, using VMD 1.9.4. Bonds are drawn using cg_bonds.tcl
from the MARTINI developers. The xy-plane is rotated in some frames to better
view the axis of phase separation.

At these high Chol concentrations we observe the formation of anti-registered ordered
domains that feature linear aggregates of DPPC and Chol (Figure 4·2). This struc-
ture features repeating face-to-back linear aggregates of Chol separated by a single
layer of DPPC tails, such that each Chol forms contacts with exactly two other Chol
in these domains. This structure is supported by the cholesterol “umbrella model”, in
which lipids associate with Chol to prevent solvation of Chol head groups by water.
The particular lamellar arrangement of lipids and Chol we observe was previously
predicted by umbrella model-inspired lattice simulations developed by Huang and
Feigenson.209 In their simulation model an energetic penalty to Chol-Chol contacts
effectively modeled the umbrella effect, and at about 66 mol% aggregates of Chol, in
which each Chol made contact with exactly two other Chol, forming a maze-like struc-
ture which minimizes the number of Chol-Chol contacts. Later, off-lattice simulations
by Mouritsen and coworkers also observed these linear Chol aggregates and referred
to them as “threads”, the term which we adopt to describe these aggregates.177 FRET
experiments by Parker et al. found that there is a minimum in Chol-Chol contacts
about 66 mol% Chol within the range of 45-70 mol%, just below concentrations that
would form Chol monohydrate crystals in solution.210 Parker et al. argued these re-
sults support the existence of these Chol threads which minimize the cluster size of
Chol.
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Figure 4·3: (A) Chol-lipid contacts with DPPC and DIPC as % of total lipid-lipid
contacts. Stars indicate the DPPC:DOPC:Chol monolayer Raman spectra observa-
tions of Donaldson and Aguiar.2 Squares indicate x-ray inferences by Chen et al.3
and Belic̆ka et al.4 (B) Mixing entropy and inter-leaflet domain registration ratio of
%Chol-DPPC to %Chol-DIPC contacts. Shading represents the regimes presenting
unique phase behavior labeled I (red), II (blue), and III (green). The dashed red
line is the mixing entropy at 50% domain miscibility, S50%

mix . The dashed green line is
the equilibrium average domain registration determined from random permutation of
chemical identities in these trajectories. Equilibrium DPPC, DIPC, and Chol order
parameters as a function of (C and F) mol% Chol (D and G) %Chol-DPPC contacts
and (E and H) %Chol-DIPC contacts. All contacts are between head groups.

These Chol threads are much like our observed structures above 50 mol% Chol, in
which we observe &66% of DPPC contacts to be with Chol (Figure 4·3(A)). We
previously performed atomistic simulations to study Chol dimerization structures
and found that Chol forms the face-to-back dimers (which we observe here) with high
propensity, suggesting Chol threads form not only due to the umbrella effect, but
also due to some preference for dimerization.228,229 Additionally, AFM experiments in
ternary mixtures of similar mol% Chol observe the persistence of nanoscopic domains
of unknown phase, which may be the domains containing Chol threads we report
here.175,202,226,227

These highly ordered domains also exhibit bond-orientational order at the domain
length scale, similar to the gel phase.313 As such, we refer this phase as a “cholesterolic
gel” (Soc)—a lipid gel phase that includes (and is induced by) cholesterol. These
observations support the existence of three regimes of phase behavior, denoted (1)
regime I, miscible Ld, (2) regime II, domain registered Ld+Lo coexistence, and (3)
regime III, domain anti-registered Ld+Soc coexistence. The transition points between
these regimes are discussed later.
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4.3.3 Structure of regimes of phase behavior

At low (0-7 mol%) Chol concentration the whole membrane is in the Ld phase. This
may be surprising, as our simulations are at 295 K and the Tm of pure DPPC is
314.5±1.8 K.156 However, in the MARTINI model the Tm of DPPC has been deter-
mined to be as low as 292.4 K, as determined via the generalized Replica Exchange
MD method,349 and 296 K, as determined via conventional Replica Exchange MD.303

Additionally, mixtures of DPPC with other lipids are known to both substantially de-
crease303 and broaden the corresponding peak in the heat capacity.217,219,220 For exam-
ple, in equimolar DPPC:DOPA mixture, Tm decreases to approximately 294.45±0.2
K.220 Because DIPC has more unsaturated bonds than DOPA, it is possible that mix-
tures of DPPC with DIPC would exhibit an even lower Tm than mixtures of DPPC
with DOPA.
At equilibrium the P2 and |Ψ6| order parameters increase up to a “dip” marking
the apparent transition between Lo to Soc phases at 42 mol% Chol, where 66% of
DPPC contacts are shared with Chol (Figure 4·3(A), 4·3(C), 4·3(F)). The Soc phase
becomes yet more ordered with higher mol% Chol. The structure of DIPC is generally
insensitive to Chol concentrations and the P2 of DIPC increases only slightly as the
Lo phase is formed by DPPC and Chol (Figure 4·3(E)).
The Soc phase is structurally distinct from the Lo phase due to the unique lamellar
structures formed by DPPC and Chol, manifest in the bond-orientational order of
DPPC and Chol. The 3, 22, and 52 mol% Chol systems, representative of regimes I,
II, and III, are distinct as characterized by the |Ψk

6| and Ψk
6 order parameters (Figure

4·4).
Inspection of Ψk

6 reveals that the Ld, Lo, and Soc phases are analogous to the liquid,
hexatic, and solid phases of 2D systems.260 In regime I (0-7 mol% Chol) there is no
significant orientational order as measured by Ψk

6 or |Ψk
6| over any length scale in

the system. In regime II (7-42 mol% Chol) |Ψk
6| is ordered and correlated over the

Lo domain. In regime III (42-61 mol% Chol) |Ψk
6| is ordered and |Ψk

6| and Ψk
6 are

correlated over the length scale of all Soc domains (Figures 4·4).
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Figure 4·4: Voronoi tessellations of lipid and Chol tails in upper leaflets of simulated
membranes at the last frame of each trajectory. DPPC (blue), DIPC (red), and Chol
(white) dots represent tails. Voronoi cells are colored according to the absolute and
untransformed value of lipid tail bond-orientational order parameters at (A and D) 3
mol% Chol, (B and E) 22 mol% Chol, and (C and F) 52 mol% Chol.

The Soc phase observed in this study is similar to a gel phase. While gel phases
showing “hexatic” order have recently been reported in terms of the Ψ6 order parame-
ters,179,358 the Soc phase is distinct due to the presence of Chol threads and the effects
of Chol threads on the membrane surface that drive domain anti-registration.
Chol, DIPC, and DPPC are evidenced to strongly prefer concave, weakly prefer con-
cave, and weakly prefer convex local curvature on the membrane surface, respectively,
as determined via x-ray measurements on monolayers supported by inverted hexago-
nal phases.348 Because Soc domains contain Chol in higher concentration, Soc domains
may induce concave curvature overall. This would explain the preference of Soc do-
mains for registration with Ld domains in the opposing leaflet, which are more fluid
and contain less Chol. This important difference in domain preferences for local cur-
vature may be accounted for by the theoretical model of Schlomovitz and Schick.340,341

However, our results demonstrate that these quantities are sensitive to the concentra-
tion of Chol in the membrane, and particularly in each domain, which has not been
considered in these models.
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4.3.4 Miscibility transitions between regimes of phase behavior

In undergoing the miscibility transition between these regimes of phase behavior we
expect the system to present fluctuations in local lipid compositions with a disperse
distribution of domain sizes. To explore the miscibility transitions, we identified
transleaflet clusters of DPPC and Chol tails, defining aggregates of n intra- and m

inter-leaflet tails at equilibrium (Figure 4·5). We find that the structural order of
domains is insensitive to domain size, as previously identified in 30 mol% Chol.335

3% Chol 7% Chol

30% Chol

13% Chol 22% Chol

42% Chol 61% Chol53% Chol

Figure 4·5: Voronoi tessellations of lipid and Chol tails in upper leaflets of simulated
membranes at the last frame of each trajectory. DPPC (blue), DIPC (red), and Chol
(white) dots represent tails. Voronoi cells are colored according to the absolute and
untransformed value of lipid tail bond-orientational order parameters at (A and D) 3
mol% Chol, (B and E) 22 mol% Chol, and (C and F) 52 mol% Chol.

Examination of transleaflet aggregate sizes in regimes I and III show a bifurcation
of slopes of m(n) ≈ 2/3 and m(n) ≈ 1/3 corresponding to a ∼2/3 domain overlap
similar to Λ in Figure 4·3(B). A polydispersity in domain sizes is observed at 7 and 42
mol% Chol. The transition from regimes I to II seems to be well-described by the 50%
miscibility point, as the 7 mol% Chol system Smix is marginally lower than S50%

mix (Fig-
ure 4·4(B)). Additionally, order parameters at 7 mol% Chol show larger fluctuations
at equilibrium than other system compositions (Figure 4·1). The transition observed
at 42 mol% Chol is apparently not well-described by S50%

mix . However, the transition
of domain overlap, Λ, to below Λrandom indicates the onset of anti-registration at 42
mol% Chol (Figure 3(B)), and there is a clear signature of this transition in P2 and
|Ψ6|(Figure 4·3(C-H)). It may be possible to identify the transition to regime III by
measurement of domain overlap with a method analogous to our computation of Λ

spectroscopically using leaet-selective deuteration.346 The transition from nanoscopic
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domain coexistence to macroscopic phase separation near 7 and vice-versa at 42 mol%
Chol approximately fits the DPPC:DOPC:Chol phase diagrams of Veatch et al. and
Davis et al., which measure these transitions to occur at approximately 10 and 45
mol% Chol,194 and 10 and 35 mol% Chol, respectively.205

4.4 Conclusion

We have performed a detailed investigation of Chol concentration on phase separa-
tion in bilayers formed of ternary lipid mixtures using molecular dynamics simula-
tion. We observed three regimes of phase behavior, denoted I) miscible Ld phase,
II) macroscopically phase separated Ld+Lo coexistence featuring registered domains,
and III) microscopically phase separated anti-registered domains of Ld coexistent with
the newly identified liquid cholesterolic gel (Soc) phase. These structures were vali-
dated by comparison with experimental determinations of Chol partitioning in lipid
domains,2–4 theoretical expectations of Chol-lipid complex structures at high mol%
Chol invoking the umbrella model209 supported by FRET experiments,210 and the
miscibility phase diagrams of DPPC:DIPC:Chol mixtures.194,205 We demonstrate the
structural difference between these three regimes via order parameters characteriz-
ing mixing, domain registration, structural order along the bilayer normal, structural
order within the membrane plane, and transleaflet domain sizes. We find regimes I,
II and III to manifest distinct differences in bond-orientational order. The Soc phase
is found to exhibit 2D bond-orientational order over the length scale of the lipid
domains, characterized by face-to-back threads of Chol and DPPC.
There may be biological implications of the Soc phase for determination of protein
structure and function, as proteins can preferentially partition to particular lipid
domains. The complex phase behavior induced by cholesterol effects the structure,
function, and processing of proteins in Alzheimer’s and other diseases, and will there-
fore continue to be relevant to our understanding of these disease mechanisms. The
Soc phase may need to be considered in addition to the Ld and Lo phases when
considering protein structures in such disease pathways.
These collected observations substantially enhance our understanding of the role of
Chol in complex phase behavior in ternary lipid mixtures and provide a framework
for exploring structure and dynamics of domain formation in future computational,
theoretical, and experimental investigations.
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Chapter 5

Impact of Cholesterol Concentration and
Lipid Phase on Structure and Fluctuation of
C99

5.1 Introduction

The Sanders group has observed that cholesterol modulates chemical shifts in C99
and proposed that a specific C99-Chol complex is formed using the G29xxxG33xxxG37

glycine zipper and a hydrogen bond with the (K16LVFFAED23) juxta-membrane do-
main.5,98,104 Song et al. characterized the equilibrium constant of C99-Chol associa-
tion, KC99−Chol

d , in POPC:POPG lipid vesicles as 2.7 ± 0.3 mol% (-2.1 kcal/mol) via
fitting changes in chemical shift as a function of protein and cholesterol concentration
to a phenomenological kinetic model.53 However, equilibrium constant is weaker than
typical protein backbone-water hydrogen bonds (H-bonds).246

The TMD of C99 (G29AIIGLMVGGVVIATVIVITLVMLKKK55) contains several se-
quence motifs known to stabilize canonical “GASright” homodimers, including G29xxxG33xxxG37

and G38xxxA42.106,359,360 Sanders has proposed that the glycine zipper provides a
“groove” that supports contacts between the C99 TMD and the smooth α-face of
Chol.104 All-atom MD simulations of the C99 TMD in DMPC:Chol bilayers, employ-
ing initial conditions in which the Chol α-face is in contact with the G29xxxG33 face
of C99 (Figure 5·1.A-C), estimated the C99-Chol binding energy to be -2.6 ± 0.4
kcal/mol.361 A subsequent simulation study observed the pKa of E22 and E23 of the
C99 JM domain, having pKa values of 7.4 ± 0.1 and 6.5 ± 0.1, must be protonated to
stabilize the JM helix and Chol interactions.102 The JM domain helix can be desta-
bilized when both E22 and D23 are protonated (neutralized), at pH 7. As such, the
structure and function of the JM helix is different at the cytosolic pH of 7 experienced
in plasma membranes and the luminal pH of 4.5 to 6.5 in endosomal membranes.362

E22 and D23 are also sites for Familial AD (FAD) mutations, including the Dutch
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(E22Q)127 and Iowa (D23N)131 mutants.
The potential interplay of C99 and cholesterol are often discussed in terms of a stable
C99-Chol complex.363 The concept of a bound C99-Chol complex is surprising, as
there is no precedent for cholesterol binding to other single-pass transmembrane pro-
teins. Protein-cholesterol binding interfaces have been defined for multi-pass proteins
such as G-coupled protein receptors (GPCRs) and ion channels.235,364–374 These trans-
membrane interfaces have often been characterized in terms of Cholesterol Recog-
nition/interaction Amino acid Consensus (CRAC) sequences.249,375 CRAC domain
sequences are (L/V)-X1−5-Y-X1−5-(K/R), in which X1−5 are any apolar amino acid.
CARC (“inverse” CRAC) domains are (K/R)-X1−5-(Y/F)-X1−5-(L/V).376 Within these
CRAC or CARC domains, the aromatic residues are conjectured to support Chol-
protein π-stacking interactions with the Chol-α face assisted by van der Waals con-
tacts with Leu or Val. These domains can also support H-bonding with Chol at the
lipid-water interface with Arg or Lys. C99 contains one CARC sequence in the JM
domain, K16LVFFAEDV24. Within this domain, the pH-switching residues E22 and
D23 are present.
Barrett et al. studied C99 in DMPC:DHPC using 1H-15N NMR and observed chem-
ical shifts that strongly (F20,E22,G29, I32,G33,V39) or moderately (D23,N27,L34M

VGG38) respond to changes in Chol concentration.5 It was suggested that these
residues may constitute the binding interface (Figure 5·1.C). However, the orienta-
tion of these residues around the helical TMD shows no particular face of C99 along
which Chol would interact (Figure 5·1.D). Taken together, these observations suggest
that the C99-Chol complex is only moderately stable and may be less specific than
previously proposed.
MD simulations have been used to explore protein-Chol binding interfaces in GPCRs
employing the MARTINI lipid and protein model to explore possible protein-Chol
complexes.235,365,366,368–372 These coarse-grained simulations have led to the identifi-
cation of contacts formed between multiple transmembrane helices. Putative protein-
Chol binding complexes are mapped to all-atom models to elucidate their structure
and specific stabilizing interactions. Given the lack of significant structural pock-
ets, this approach cannot be used to propose binding sites for Chol to single pass
transmembrane proteins such as C99. In addition, coarse-grained models lack de-
tailed H-bonding and π-stacking interactions necessary to support stable C99-Chol
complexes,6 making them unsuitable for the exploration of Chol-protein binding.
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Figure 5·1: (A) Molecular structure of Chol, coloring the O, β, A-D rings, T1−2

groups used to average C99-Chol contacts. (B) Structure of DMPC, coloring the N,
P, and C1−3 groups used to average C99-DMPC contacts. (C) C9916−55 of PDB:2LOH
in DMPC:Chol 8:2 membrane. JM domain, turn, and TMD labeled in blue, red, and
green-yellow, respectively. Residues highly (moderately) sensitive to Chol concentra-
tion in purple (orange).5 GxxxGxxxG motif Cα in green. DMPC (Chol) phosphorous
(oxygen) in yellow (red) and lipid tails (transparent) within 10 shown for reference.
C9916−55 sequence displayed with residue coloring. (D) Wenxiang diagram of residues
29 to 46 of the transmembrane helix.

The minimal subsequence C9916−55, (K16LVFFAEDVGSNKGAIIGLMVGGVVIA
TVIV- ITLVMLKKK55), appears to be required to capture essential interactions
between C99 and cholesterol. This congener contains the ubiquitous VGSN turn
sequence, the central hydrophobic cluster KLVFFAED,15,377 and the C99 TMD, in-
cluding the K53K54K55 lysine anchor.67,107 For C99 in plasma membranes and mi-
celles, experiment and simulation suggest that KLVFFAED will form a JM helix,
that VGSNK forms a turn, and GAIIGLMVGGVVIATVIVITLVMLKKK forms the

63



α-helical C99 TMD.5,6,67,98,104,108

Here, we employ unbiased MD simulations, that make no prior assumption of the
C99-Chol encounter complex, in order to characterize the nature of the C99-Chol
interaction in DMPC bilayers containing 0, 5, 10, and 20 mol% Chol. Four forms of
C99 were studied including (1) wildtype C9916−55 neutral E22, D23 or (2) charged
E22, D23, and (3) the Dutch (E22Q)127 with mutant neutral D23 and Q23, and (4)
Iowa (D23N)131 mutant with neutral E22 and N23. We performed 70 unbiased, 1-µs
all-atom simulations of C9916−55.
Enhancements to cholesterol concentration induced the Lo phase, changing the struc-
ture of C99. We characterized the structure of C99 by TMD tilt, helical propensity,
orientation of the JM domain, and height of the JM domain above the membrane
surface. We also observed that the E22Q mutant, D23N mutant, and charge state of
E22 and D23 in the Lo phase also change the structure of C99. C99-cholesterol resi-
dence lifetimes were found to be power-law distributed with constants k in the range
of 1.21 to 1.43, suggesting heterogeneity in the stability of C99-Chol complexes. Of
these, long-lived C99-Chol complexes were found to be supported by hydrogen bonds
of K16 and K28 with the Chol hydroxyl group in the upper leaflet (exo-facing in
plasma membrane), and K53-K55 with the Chol hydroxyl group in the lower leaflet
(cyto-facing in plasma membrane). Within the upper leaflet, it was found that the
conformation of the JM domain creates unique interfaces for C99-Chol complexes
whose potential of mean force are within 1 kcal/mol of the KC99−Chol

d determined
by Song et al.53 We conclude that monomeric C99 does not bind Chol through the
formation of a specific, stable heterodimer. We find that multiple, specific C99-Chol
complexes can form depdendent on the conformational state of the C99 JM domain
and lipid phase.

5.2 Methodology

Molecular Dynamics Simulation

The 40-residue C9916−55 congener sequence was used to model C99. The CHARMM36
force field273,274 was employed to describe the system, using ACE N-terminal and
CT3 C-terminal capping groups. C99 was initiated from a configuration based on
PDB:2LOH,378 in which the JM domain is structured, and inserted into the membrane
obtained from past simulation of wildtype C99 in DMPC:Chol 8:2 simulations.102
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Cholesterol was laterally distributed at random in the bilayer such that there was no
C99-Chol dimer in the initial state. This is different from past work exploring the
C99-Chol complex, in which the initial state was a preformed C99-Chol complex at
the GxxxG interface.102,361 Lipid bilayers, each encapsulating the transmembrane do-
main of C99, were prepared in CHARMM using the CHARMM-GUI system building
protocol.278,379–382

The bilayer leaflets were constructed with an asymmetric number of lipids in order
to support the insertion of the JM domain in the upper leaflet of the lipid bilayer.
For 0, 5, 10, and 20 mol% systems, 69, 66, 62, and 55 DMPC were used in the upper
leaflet and 73, 69, 65, and 58 DMPC were used in the lower leaflet. For 5, 10, and 20
mol% systems, 3, 7, 14 Chol were used in the upper leaflet and 4, 8, and 15 Chol were
used in the lower leaflet. Approximately 46 waters per lipid and 17 Na+ and Cl− ions
(with additional counter-ions depending on the system) were used to solvate each lipid
bilayer. Four different C99 proteins were simulated, including (1) at an effectively
acidic pH, in which E22 and D23 were neutral (E22,D23[0]),102 (2) at neutral pH
(E22,D23[-]), as well as the (3) Dutch (E22Q[0]) and (4) Iowa (D23N[0]) FAD mutants
at acidic pH. These acidic and neutral pH protonation states are representative of
the endosomal and plasma membrane environments, respectively. Ten replicates of
each of these proteins were prepared with unique, randomized lateral distributions
of DMPC and Chol. Each system was minimized and then equilibrated using a
processive release of restraints and associated increase from 1- to 2-fs integration
time step as suggested by Wu et al.381

All molecular dynamics simulations were performed using 25 2.4 GHz Intel Xeon
E5-2680v4 CPUs and a P100 GPU using GROMACS 2018.3277 at mixed precision
to achieve a 86 ns/day rate of sampling for these ∼35,900-atom simulations. The
leap-frog integrator was used with a 2-fs time step in combination with hydrogen
bond constraints via the SETTLE method.383 Neighbor lists were updated every 20
steps using the buffered Verlet neighbor scheme. Short-range interactions employed
a 1.2 nm distance cutoff with a force switching function applied from 1.0 to 1.2 nm
for Lennard-Jones and from 0 to 1.2 nm for electrostatic interactions. Long-range
interactions were handled using Particle Mesh Ewald384 with a 0.12 nm grid spacing
and 4th order grid interpolation. A Nosé-Hoover thermostat385 with 1 thermostatting
chain and a time constant of 1 ps was used to control temperature to 310 K, separating
C99, the lipid bilayer, and the solvent to three separate thermostat groups. The
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Parrinello-Rahman barostat386 was used with the z-axis decoupled from the xy-plane
employing a 5 ps time constant, a reference pressure of 1 bar, and a compressibility of
4.5x10−5 bar−1. Each system was run for 1 µs of MD, summing to 70 µs of sampling.
Coordinates were saved every 100 ps. All analyses employed this frame-resolution,
including 100,000 frames in the analysis of each system.

Analysis Methods

Various structural order parameters providing insight into the protein conformational
ensemble were employed to characterize essential changes to C99 structure in these
different conditions. To describe insertion of the JM domain to (or evacuation from)
the membrane surface, we evaluated the difference of the z-axial positions of K16
Cα atoms from the mean z-axial positions of the phosphorous of DMPC within the
upper leaflet of each frame. The TMD tilt (polar) angle, θ, JM domain azimuthal
angle in reference to the GxxxG face (G29AIIG33LMVG37), φ. The helicity of C99
was characterized by the identification of amide hydrogen bonds (H-bonds) in the
backbone.
To define the xy-plane distribution of upper-leaflet Chol or DMPC complexed with
C99 relative to the GxxxG face, we rotated the coordinates of the system such that
the xy-plane projection of the GxxxG face vector points along the positive x-axis,
obtaining the position of solvating Chol or DMPC in these transformed x’ and y’
coordinates. To determine contacts between C99 and Chol or DMPC, we used a 5
distance cut-off between heavy (non-hydrogen) atoms to define whether a contact was
formed. To more easily represent C99-Chol contacts, contacts of each heavy atom
on Chol (of 28) with each protein residue (of 40) were averaged over geometrically-
representative subunits of the Chol molecule, simplifying from 28 Chol contacts to
8. Subunits of Chol were assigned as O (O3) the oxygen head group, β (C18, C19)
defining β-face methyl groups, the sterol rings A (C3, C2, C4, C1, C5, C6), B (C6,
C10, C7, C9, C8), C (C9, C8, C11, C14, C12, C13), D (C14, C13, C15, C16, C17),
and the upper and lower segments of the carbon tail, T1 (C20, C21, C22, C23)
and T2 (C24, C25, C26, C27) (Figure 5·1.A). Similarly, to easily represent C99-
DMPC contacts, the 46 heavy atoms of DMPC are averaged over the geometrically-
representative subunits of DMPC, simplified from 46 to 5 contacts. Subunits of
DMPC were assigned as N (C13, C14, C15, N, C12, C11), P (O12, O13, O14, P, O11,
C1), C1 (C22, C23, C24, C25, C26, C32, C33, C34, C35, C36), C2 (C27, C28, C29,
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C210, C37, C38, C39, C310), and C3 (C211, C212, C213, C214, C311, C312, C313,
C314) (Figure 5·1.B).
We tracked the “residence time” over which each Chol or DMPC remained in contact
with C99. A 25-ns cutoff in residence time was used to distinguish complexed and
transient Chol or DMPC upon inspection of residence time probability distributions.
The number of Chol or DMPC simultaneously solvating C99 was determined by
counting the number of intersecting residence times between solvating Chol or DMPC
(with residence times >25-ns) per frame in each simulation. This was done by first
determining the number of n-mers of the highest order, progressively evaluating lower
order n-mers down to a dimer, and removing frames found to intersect with other
frames when determining the number of each n-mer present in the trajectory. This
ensured that a given frame of a solvating Chol or DMPC could not be counted as part
of both a higher- and lower-order n-mer. This analysis was performed in the upper
and lower leaflets to quantify the number of simultaneously populated solvation sites
of the C99 congener.
The angular distribution of the Chol mass density around the GxxxG face supported
the definition of five unique C99-Chol interfaces in the upper leaflet (see Results). We
determined the relative population and C99-Chol contacts for these five interfaces,
defined based on the angular position around the GxxxG face vector. The interfaces
labeled from 1 to 5 were assigned for Chol centers of mass at positions between 290-
45◦, 45-115◦, 115-190◦, 190-220◦, and 220-290◦ relative to the GxxxG face vector.
The relative orientation of these interfaces corresponds to the relative positioning of
residues that exhibited strong or moderate changes in chemical shift as measured in
past NMR studies of C99 (Figure 5·1.C) in DHPC:DMPC:Chol bicelles.5

We measured the hydrogen bonds formed for solvating C99 or DMPC involving Lys
16, 28, 53, 54, and 55. From Lys, the amide nitrogen, N, amido nitrogen, NZ, and, for
Lys 55, the capping nitrogen, NT, serve as donors and the carbonyl O3 serves as an
acceptor. From Chol, the hydroxyl group, H3 and O3, serves as donor and acceptor.
From DMPC there are three groups of acceptors. From the phosphate there are O11,
O12, O13, and O14. From the ester groups on the lipid tails there are O21 and O22,
and O31 and O32. A hydrogen bond was defined if the H-O distance is under 2.5 and
if the N-H-O angle is larger than 150◦. The Lys-phosphate hydrogen bonds measured
here are more appropriately described as a salt bridge due to its ionic character, and
we refer to it as such in what follows.
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5.3 Results and Discussion

All-atomMD simulations of C9916−55 employing neutral, protonated E22 and D23 cor-
responding to pH ≤ 6.5102 were performed at 0, 5, 10, and 20 mol% cholesterol (Chol)
in DMPC lipid bilayers mimicking experiments of Song et al.53 At 20 mol% Chol, sim-
ulations of C9916−55 at acidic pH (C99[E22,D23[0]]) and neutral pH (C99[E22,D23[-
]]) were performed, along with simulations of the Dutch (C99[E22Q[0]]) and Iowa
(C99[D23N[0]]) FAD mutants at acidic pH. These acidic and neutral protonation
states mimic the endosomal and plasma membrane environments in which C99 is
processed by γ-secretase to form amyloid beta (Aβ).80,362,387,388 Analysis of 10 1-µs
replicates of each system was used to characterize the conformational ensembles of
C99 and interfaces of long-lived C99-Chol complexes.

5.3.1 C99 conformational ensemble

Orientation of C99 domains depends on cholesterol concentration

At 0, 5, 10 and 20 mol% Chol, the bilayer is characterized as a miscible mixture of
DMPC and Chol. In order to characterize the effect of varying Chol concentration and
lipid ordering, we computed the C99 tilt angle (θ) distribution, relative orientation
of the JM domain to the GxxxG face in the xy-plane (φ), the insertion depth of the
JM domains to the membrane surface, and the helicity of C99 residues.
When the concentration of Chol is increased in saturated lipid bilayers the Lo phase
formed.389 This manifests a commonly observed z-axial thickening and xy-plane con-
densation and ordering of lipids in the lipid bilayer that is expected to cause the C99
tilt angle (θ) to decrease. The C-H NMR order parameter was used to report on the
enhancement in lipid tail ordering characteristic of the Lo phase, which we observe to
be substantially enhanced by addition of Chol. What was not anticipated, was the
change in the xy-plane orientation of the JM domain relative to the GxxxG face in
response to this ordering of the bilayer (φ). Analysis of the E22,D23[0] systems at 0,
5, and 10 mol% Chol exhibit θ distributions centered near 45◦ which shift to 25 ◦ in
20 mol% Chol, indicating a major change in TMD conformation in the Lo phase.
In φ, multiple states which do not interconvert are observed. Typically, the JM
domain was positioned at φ=60◦ or 340◦ counterclockwise from the GxxxG face are
observed from the N-terminus, the latter becoming more populated at 20 mol% Chol
(Figure 5·2.A-D). However, the conformational distribution at 20 mol% Chol was
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found to be sensitive to both charge state and sequence of residues 22 and 23 (Figure
5·2.D-G). For E22,D23[-], θ fluctuates about 20◦ and φ is random. E22Q[0] exhibits
three clear states in φ, with the JM domain sitting at about φ=60◦ and occasionally
at φ=280◦, and fluctuates about θ=35◦. D23N exhibits slightly different behavior,
as the JM domain populates three states characterized by (θ,φ)=(40,20◦), (25,60◦),
and (25,140◦). These observed differences in JM domain orientation (φ) and TMD
tilt angles (θ) appear to be signatures of where and how Chol interacts with C99.
The observation that the conformational ensembles of the JM domain and TMD tilt
depend sensitively on the chemical state suggest that these changes in charge state
and sequence could impact C99 homodimerization and C99-γ-secretase binding.

D23N[0], 20% CholE22Q[0], 20% Chol

E22,D23[-], 20% CholE22,D23[0], 20% Chol

E22,D23[0], 5% CholE22,D23[0], 0% Chol

E22,D23[0], 10% Chol
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Figure 5·2: Scaled observations of C99 E22,D23N[0] TMD tilt angle (θ) and ori-
entation of JM domain relative xy-plane orientation to the GxxxG face (φ) at (A)
0, (B) 5, (C), 10, and (D) 20 mol% Chol. (E) E22,D23N[-], (F) E22Q[0], and (G)
D23N[0] distributions at 20 mol% Chol. Visualizations of the phosphorous and oxy-
gen of DMPC and Chol (yellow and red) and C99 from above the xy-plane, coloring
G29,33,37 green and the JM domain blue.
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Insertion of the JM domain depends on sequence and charge state

The insertion depth of K16 serves as a measure of JM domain orientation relative to
the bilayer surface. For C99 E22,D23[0] we observe that insertion of the JM domain
increases with increasing mol% Chol (Figure 5·3.A). For E22,D23[-] the JM domain is
observed to rarely insert in the membrane surface (Figure 5·3.B). It has been observed
that insertion of the JM domain is necessary to complete the putative Chol binding
site described by Sanders and coworkers, which involves hydrogen bonding of the JM
domain to Chol O3.102 In the FAD mutants, E22Q and D23N, insertion of the JM
domain is observed to be enhanced. Notably, the JM domain of the E22Q[0] mutant
is observed to be consistently inserted throughout the simulations.

(A)

(B)
(B)

Figure 5·3: Probability densities of K16 height above mean DMPC phosphorous po-
sitions used to define the bilayer-solvent interface in upper leaflet (A) for E22,D23N[0]
at varying mol% Chol and (B) at 20 mol% Chol. Insets depict phosphorous and oxy-
gen of DMPC and Chol (yellow and red) and color G29,33,37 green.

JM domain structure depends on pH

The presence of Chol in the membrane appears to shorten the α-helix of the C99
TMD of E22,D23[0] as the tilt angle of the TMD decreases (Figure 5·4.A). The mea-
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sured distribution is consistent with that observed for the full C99 sequence.67 For
E22Q[0] and D23N[0] we see similar helical propensities at 20 mol% Chol. However,
in E22,D23[-] the JM domain is observed to be unstructured (Figure 5·4.B). As ob-
served previously, the charge state of E22 and D23 at neutral pH destabilizes the JM
domain, leading to extension of the unstructured JM domain into solvent. This pH
switch102 supports a mechanism of pH-dependent insertion and evacuation of the JM
domain in wildtype C99. However, this facility seems lost in the E22Q (Dutch) and
D23N (Iowa) FAD mutants.

(A)

(B)

Figure 5·4: α-helix propensity defined by likelihood of any backbone H-bond be-
tween each ith and i±3, i±4, or i±5 residues at (A) for E22,D23N[0] and (B) at 20
mol% Chol averaged over replicate trajectories with corresponding standard devia-
tions.

5.3.2 C99 Solvation by Cholesterol and DMPC

Residence times suggest C99 solvation, but not binding

The conjecture that cholesterol modulates the amyloid pathway by forming stable
and specific complexes with C99 suggest that we should observe a relatively long-lived
C99-cholesterol complex.104 Within an ensemble of C99-Chol interactions, it should
be possible to distinguish “bound” Chol from “unbound” Chol, the latter only forming
transient contacts with lifetimes similar to those of other C99-lipid interactions, and
that persist for lifetimes in excess of other Chol-lipid interactions (roughly ∼0.35 ns
on average.)228 To do this we observed the residence time for each observed C99-Chol
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and C99-DMPC contact pair, tracked for each 100-ps time frame, to identify any
Chol or DMPC initially in contact with C99 that maintained any contact with C99.
This analysis was performed for all C99-Chol and C99-DMPC contact pairs observed
in each system. It was found that the average C99-Chol and C99-DMPC lifetime is
approximately 1-ns, longer than that of lipid-lipid interactions. The log-log likelihood
distributions of C99-Chol and C99-DMPC residence are well described by a power law
(Figure 5·5 and S2). We find that the power law exponents, k, are similar for Chol and
DMPC, and are between 1.25 to 1.43. This suggests that the C99-Chol interaction
observed in simulation and experiment is heterogeneous without a characteristic time
or energy scale for binding. For this reason, we refer to Chol and DMPC that persist
in contact with C99 for over 25-ns as solvating as opposed to bound.
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Figure 5·5: C99-Chol dimer residence times observed for all C99-Chol contact pairs
at 20 mol% Chol. Red line indicates the 25-ns cutoff used to distinguish transient and
complexed C99-Chol pairs. Inset notes power law exponents for C99-Chol residence
times.

C99-cholesterol aggregate likelihood distributions

Our results suggest Chol does not form stable and specific bound complexes with C99.
To explore the nature of longer-lived associations having residence times >25-ns we
address the following questions. How many Chol can concurrently solvate C99? Do
C99-Chol complexes in one leaflet impact formation of C99-Chol complexes in the
opposite leaflet?
At 20 mol% we observe that Chol in the upper leaflet dimerizes with C99 between 20
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to 40% of the time. Higher order aggregates form with varying probability depending
on the state of residues 22 and 23 (Figure 5·6.A). In C99 D23N[0], the C99-Chol
dimer is as likely as Chol-free C99. In addition, the rare tetramer forms, suggesting
that the conformational ensemble of the JM domain in D23N provides more unique
and stable interfaces on C99 for solvation by Chol. In the lower leaflet, we see that
E22,D23[0], E22,D23[-], and E22Q[0] exhibit similar C99-Chol aggregate likelihoods
(Figure 5·6.B). Here, too, D23N[0] exhibits enhanced C99-Chol aggregate likelihoods
and sizes. By examining the solvating Chol oligomer distribution without discrim-
ination between the upper and lower leaflet, compared with the joint probability
distribution implied if distributions of the upper and lower leaflet are uncorrelated,
we find that the oligomer distributions in the upper and lower leaflets are uncorrelated
(Figure 5·6.C). These observations imply that C99-Chol complexes are dependent on
the conformational ensemble of C99, which is affected by the state of residues 22 and
23 and the formation of the Lo phase at sufficient concentration of Chol.
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Figure 5·6: Observed probability densities of bound C99-Chol complexes for C99 at
20 mol% Chol in the (A) upper, (B) lower, and (C) both leaflets (cyan) and expecta-
tion for both leaflets assuming upper and lower leaflet distributions are uncorrelated
(red). Averages and standard deviations are computed over 10 replicate trajectories.
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Cholesterol distribution about C99 TMD assumes multiple complex inter-
faces

As the JM domain assumes various orientations relative to the GxxxG face dependent
on the charge state or sequence of C99 (see Figure 5·2), the solvation interfaces of
C99-Chol in the upper leaflet are expected to display varying likelihoods and solvation
motifs.
In the C9916−55 congener, which lacks the C-terminal JM helix, the lower leaflet has no
JM domain to obstruct Chol interactions with C99.67 We characterized the xy-plane
mass density of upper leaflet Chol about the C99 TMD with the director oriented
outward from the GxxxG face (see Figure 5·7). This GxxxG face has previously
been hypothesized to serve as a specific Chol binding site and serves as a primary
binding interface for the C99 homodimer. The GxxxG face was defined in terms of
a vector in the xy-plane fit through the center of geometry of IIG33LM and the Cα
of G33. We aligned the GxxxG face vector along the positive x-axis (now described
using transformed coordinates x’ and y’) and identified five unique faces of C99 that
support C99-Chol solvation for varying chemical states of E22 and D23 at 20 mol%
Chol (Figure 5·7). These five interfaces (labeled from 1 to 5) correspond to polar
angles 290-45◦, 45-115◦, 115-190◦, 190-220◦, and 220-290◦, respectively, relative to
the GxxxG face vector (0◦). The potential of mean force (PMF) of the masses of
solvating Chol at these interfaces is between 2.5 and 3 kcal/mol, within 1 kcal/mol
of of the KC99−Chol

d determined by Song et al.,53 suggesting that these solvating Chol
are a reasonable representation of the bound cholesterol proposed by Sanders and
coworkers.
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Figure 5·7: Potential of mean force (−kBT ln p(x′, y′)) about the GxxxG director
vector (red) of the C99 TMD (circle). Five angular bins defining interfaces for upper
leaflet TMD-Chol solvation demarcated by red lines. Insets display relative popu-
lation of Chol at each of the five interfaces. Visualizations of C99-Chol complexes
demonstrate representative configurations, depicting Chol (orange), G29,33,37 (green),
and DMPC and Chol phosphorous (yellow) and oxygen (red).

C99-Chol complex motifs depend on juxtamembrane charge state and se-
quence

C99-Chol contacts formed in the upper leaflet of each solvation interface around the
GxxxG face were measured using a 5 heavy atom distance contact criterion. Groups
of averaged heavy atom contact pairs on Chol were used to define sites of interaction
with C99 from the oxygen head (O), β-face (β), sterol rings A-D (A, B, C, D), and
carbon tail segments (T1,T2) (see Chapter 5 Methods). C99-Chol contact maps were
computed to define predominant C99-Chol contacts at contact interfaces stabilizied
for various chemical states of C99 at 20 mol% Chol.
At interface 1 (Figure 5·8), which includes the GxxxG face, E22,D23[0], E22Q[0], and
D23N[0] exhibit rare contacts to the C99 TMD and prominently feature H-bonds of
Chol oxygen with K16 (occasionally with K28). These contacts were observed when
the JM domain was positioned over the GxxxG face. While the population of interface
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1 is higher than all other binding interfaces (Figure 5·7), C99-Chol complexes were
not observed to be stabilized by contacts with the GxxxG face in conjunction with
the JM domain as originally hypothesized by Beel et al.104 The GxxxG face only
supports C99-Chol complexation when the JM domain is extended into solvent, as
observed for E22,D23[-]. The complex is primarily stabilized by H-bonds of K28 with
Chol O3 and π-stacking with ring B. Similarly, at other solvation interfaces where
H-bonding with K28 to Chol O3 was observed, C99-Chol contacts were formed most
prominently with the α-face of Chol with support from π-stacking with ring B, and
less frequently with the β-face, with Chol tail groups T1 and T2 contacting G38 and
I41 (or G37 and V40) and A42 and I45 (or I41 and V44), respectively. C99 E22Q[0]
and D23N[0] generally exhibit fewer contacts between the C99 TMD and sterol and
tail groups of Chol.
At interface 2 (Figure 5·8), C99-Chol contacts were predominantly stabilized by
hydrogen bonds with K16 in C99 E22,D23[0] and N27 and K28 in E22,D23[-] and
E22Q[0]. D23N exhibits variable H-bonding of Chol with the JM domain in addition
to N27 and K28. At interface 3, K28 H-bonding supports all observed C99-Chol
contacts. In C99 E22,D23[-] and D23N[0], these contacts were also supported by K16
H-bonding. At interface 4, C99 E22,D23[0] exhibited prominent β-face binding chiefly
stabilized via interaction of T1 with G38, as well as I41 and T2 with A42 and V45. C99
E22,D23[-] displayed solvation by the Chol α-face stabilized by various H-bonds with
residues 27-30 and π-stacking with ring B. C99 E22Q[0] was observed to form occa-
sional H-bonds solely with K28, while E22,D23[-], E22Q[0], and D23N[0] occasionally
engaged in π-stacking with ring B. At interface 5, non-specific H-bonds formed were
to the JM domain and turn region in E22,D23[0], accompanied by contacts of Chol
tail groups with residues 40, 41, 44, and 45. E22,D23[-] and D22Q[0] both presented
qualitatively similar contacts to those observed at interface 4. D23N[0] displayed
prominent α- and β-face solvation stabilized by H-bonding with residues 26-30, most
often with K28. For C99 E22,D23[-], H-bonding of the JM domain with Chol O3
occured in the rare instances where the unstructured JM domain was inserted in the
membrane, as it was observed at interface 1.
Considering C99-Chol interaction in the lower leaflet, absent a reentrant JM he-
lix (including the C-helix67), Chol freely contacts residues at the C-terminal end of
the TMD. We observed no specific interfaces for C99-Chol association along the C-
terminal TMD of C99. Within the lower leaflet, E22,D23[0], E22,D23[-], and E22Q[0]
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were all observed to support C99-Chol association via H-bonding of Chol O3 to the
lysine anchor K53K54K55 and contact between the Chol β- and α-faces (via ring A)
along the C-terminal end of the TMD (Figure S4). The end of the Chol tail (T1,T2)
also forms many contacts with the TMD. D23N[0] Chol complexation in particular
was found to be stabilized by interaction of L34 with T2, facilitated by the enhanced
tilt angle of the TMD (see Figure 5·2).
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Figure 5·8: >25-ns C99-Chol contact maps at 20 mol% for five upper leaflet C99-
Chol solvation interfaces and four forms of C99. Populations are depicted in trans-
formed xy-positions about the GxxxG face director vector (red arrow). Sampled
contact likelihoods colored by relative position on a linear scale. Visualizations of
representative C99-Chol complexes depicting Chol (orange), G29,33,37 (green), and
DMPC and Chol phosphorous (yellow) and oxygen (red).
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C99-DMPC complex solvates C99 without specificity and outcompetes
Lys-Cholesterol Hydrogen Bonding

Given the pattern of C99-Chol solvation interfaces in the upper leaflet, it is reasonable
to ask if solvating DMPC is characterized by a spatially complementary mass distri-
bution about the C99 TMD. In fact, we find that C99-DMPC mass densities about
the GxxxG face show virtually no preference of DMPC for any face of the C99 TMD
(Figure 5·9). This further supports the conjecture that, though cholesterol does not
bind C99, it does show spatially anisotropic solvation of C99 (Figure 5·7) in contrast
to lipids such as DMPC.
Analysis of C99-DMPC contact maps for dimer associations having >25-ns residence
times reveal that, much like Chol, DMPC prominently interacts with the JM domain
and the N-loop in addition to the TMD and the Lys anchor. However, interaction
with Lys does not appear to be very important for stabilizing C99-DMPC complexes.
This lack of specific interaction with Lys, that is responsible for dependence of Chol
position on the orientation of the JM domain and N-loop, results in DMPC solvating
the C99 TMD without orientational specificity.
We evaluate the average number of monopartite hydrogen bonds and salt bridges
formed in each trajectory between one C99 and one Chol or DMPC averaged over the
number of replicate trajectories (Table 5.1). The DMPC PC and ester groups each
have 4 oxygens which form 44 potential monopartite hydrogen bonds or salt bridges
with the 5 Lys of C99. The Chol hydroxyl group can form 17 monopartite hydrogen
bonds with the Lys of C99.We observe that the Lys-PC salt bridge substantially
outcompetes hydrogen bonding groups, forming 6.7 times more often than the ester
group, and 53 times more often than the Chol hydroxyl group. This comparison
does not account for the ratio of DMPC/Chol in these systems or the total number of
potential monopartite hydrogen bonds available to the PC and ester groups compared
to the hydroxyl group. Reweighting the average number of Chol hydrogen bonds
observed based on the DMPC/Chol (5/1 at 20 mol%) and the ratio of PC/hydroxyl
(or ester/hydroxyl) potential hydrogen bonds and salt bridges (44/17), we find that
the PC group is 4 times more likely to form a salt bridge with Lys than form a
hydrogen bond with the Chol hydroxyl. However, we do find that the Chol hydroxyl
is 1.7 times more likely to hydrogen bond with Lys than the DMPC ester if reweighted
in this way. Perhaps it is this slightly higher affinity for the Chol hydroxyl group to
Lys over the ester group that manifests anisotropy in the Chol distribution around
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Table 5.1: Average and standard deviation in number of hydrogen bonds of Lys to
DMPC PC, DMPC Ester, or Chol O3. Extra weight on Lys-Chol hydrogen bonds
corresponds to the DMPC/Chol ratio (5, 10, 20 for 20, 10, 5 mol% Chol) and the
44/17 PC/Chol and Ester/Chol ratio of potential monopartite hydrogen bonds (44 for
DMPC PC and Ester groups). Statistics over all systems at 20 mol% Chol displayed
with the cumulative standard deviation. For 5, 10, and 20 mol% Chol, α = 20x44/17,
10x44/17, and 5x44/17.

C99 <PC> <Ester> <O3> <O3>α
E22,D23[0] 4.3 ± 0.6 0.6 ± 0.1 0.08 ± 0.05 0.99 ± 0.05
E22,D23[-] 3.8 ± 0.4 0.5 ± 0.1 0.06 ± 0.02 0.78 ± 0.2
E22Q[0] 4.8 ± 0.3 0.8 ± 0.2 0.07 ± 0.05 0.95 ± 0.05
D23N[0] 4.1 ± 0.5 0.6 ± 0.2 0.12 ± 0.05 1.51 ± 0.05
Overall 4.25 ± 0.93 0.63 ± 0.32 0.08 ± 0.09 1.06 ± 0.22

E22,D23[0] <PC> <Ester> <O3> <O3>α
0% Chol 4.1 ± 0.6 0.7 ± 0.1 - -
5% Chol 3.9 ± 0.5 0.6 ± 0.1 0.02 ± 0.04 0.96 ± 0.04
10% Chol 4.1 ± 0.5 0.6 ± 0.2 0.03 ± 0.03 0.86 ± 0.03

the TMD.
Recently, it was demonstrated that the phosphate-Lys interaction is 0.7 kcal/mol
more stable than expected in the CHARMM36 force field. It was suggested that
the discrepancy could be corrected by increasing the minimum in the Lennard-Jones
potential by 0.08 Å.390 We did not employ this correction. However, it should be ex-
pected that interactions with PC and the hydrogen bonding groups of sphingolipids
and gangliosides that are found in lipid rafts, where C99 is evidenced to be processed,
would outcompete Chol hydroxyl-Lys interactions. Within plasma membranes, where
C99 is thought to play an important role in cholesterol homeostasis, the exo-facing
leaflet generally has twice the saturated/unsaturated lipid ratio of the cyto-facing
leaflet,391 making it more likely that the N-terminus of C99, which forms specific
but weak complexes with Chol, will be found in lipid raft domains. Therefore, in-
teractions that might contribute to stabilization of a specific, bound C99-Chol dimer
are surpassed by interactions between other lipids in the membrane. Nevertheless,
cholesterol is expected to interact with C99 in plasma membranes and affect its con-
formational ensemble.
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Figure 5·9: (A) >25-ns C99-DMPC contact maps at 20 mol% Chol of both the
upper and lower leaflet. (B) Potential of mean force (−kBT ln p(x′, y′)) of solvating
DMPC about the GxxxG director vector (red) of the C99 TMD (circle) and red lines
demarcating each of five C99-Chol interfaces.

5.4 Conclusions

Elucidation of the structure, stability, and possible function of C99-cholesterol com-
plexation has received considerable attention since the initial report of specific binding
of cholesterol to C99.98,104 Functional roles proposed for specific binding of cholesterol
to C99 have included cholesterol sensing, competition with C99 homodimerization,
and C99 partitioning to Lo “raft” domains containing γ-secretase involved in cleavage
of C99 and Aβ biogenesis. Nevertheless, clear characterization of the structure of the
C99-Chol complex has proved elusive. To address this fundamental question, we have
employed unbiased, rigorously sampled atomistic molecular dynamics simulations to
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characterize the nature of C99-cholesterol interaction.
MD simulations of the wildtype sequence of the C9916−55 congener protein were per-
formed in DMPC lipid bilayers at 0, 5, 10, and 20 mol% concentrations mimicking
prior experimental studies of C99 in bicelles.5 Formation of the Lo phase was observed
at 20 mol% cholesterol, leading to an increase in tilt angle of C99 and impacting
the depth of insertion of the JM domain and its orientation relative to the TMD.
These changes may be indirectly responsible for changes in chemical shift initially
attributed to the binding of cholesterol to C995 used to indirectly determine the
equilibrium constant of C99-cholesterol dissociation.53 Indeed, it was found that the
C99 heterodimer lifetimes with cholesterol and DMPC manifest as similar power law
distributions, displaying no clear signature of a bound C99-cholesterol heterodimer
with a characteristic time scale and binding free energy.
For the purpose of investigating how complexed cholesterol might yet affect C99 struc-
ture, we investigated cholesterol and DMPC with C99 heterodimer lifetimes exceed-
ing 25-ns as representative of long-lived complexes. We characterized the structure
of C99 and C99-cholesterol interactions for C99 charged states representative of en-
dosomal membranes at pH ≤ 6.5 (E22,D23[0]) and plasma membranes at neutral pH
(E22,D23[-]), as well as the Dutch (E22Q[0]) and Iowa (D23N[0]) FAD mutants at pH
≤ 6.5. At 20 mol% cholesterol we found the C99 E22,D23[-] JM domain α-helix to be
unstructured and extended into aqueous solvent. In contrast, in E22,D23[0], E22Q[0],
and D23N[0] the JM domain features a structured α-helix. Of these, E22,D23[0] and
D23N[0] were able to “switch” between a membrane-inserted and membrane-evacuated
structure, while E22Q[0] was found to be exclusively inserted into the lipid bilayer.
The wildtype sequence of C99 was observed to support many different orientations
of the JM domain relative to the GxxxG face, supporting multiple interfaces for
solvation by cholesterol. E22Q[0] and D23N[0] do not exhibit pH switching behavior,
instead consistently presenting a stable JM domain α-helix and a restricted set of
conformational states. In the upper leaflet, five interfaces defined by orientation of
Chol density relative to the GxxxG face were found to describe conformations of
the C99 TMD solvated by cholesterol, having free energies derived from potential of
mean force calculations within 1 kcal/mol of the experimentally-derived dissociation
constant.53 Most complexes were stabilized by H-bonding of the cholesterol hydroxyl
group to K16 and K28 and π-stacking interaction of the second cholesterol ring with
the C99 TMD. Within the lower leaflet, complexes were characterized by H-bonding
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of cholesterol to the lysine anchor K53K54K55, non-specific contacts along the α- and
β-face of cholesterol, and interaction of the cholesterol tail with the center of the C99
TMD.
Curiously, it was found that C99-DMPC complexes did not exhibit the specificity for
interfaces on the C99 TMD as observed for cholesterol. We attribute this to the lack
of necessity for specific interactions with Lys to stabilize the complex as is observed
with C99-Chol. Additionally, it was found that DMPC outcompetes cholesterol for
hydrogen bonding with Lys, even when weighted for the total number of monopartite
hydrogen bonds and salt bridges that may be formed and the DMPC/cholesterol ratio.
This further supports the notion that cholesterol does not bind to C99, as the nec-
essary hydrogen bonds are quickly replaced by competition with strongly interacting
groups from other lipids.
Using unbiased MD simulations of C99 in DMPC-cholesterol lipid bilayers, we have
provided insight into the atomic-level details of C99-cholesterol interactions. Our
work suggests that there is no specific C99-cholesterol dimerization interface as ini-
tially hypothesized by Beel et al.,98 and that the C99-Chol dissociation constant
determined by Song et al.53 is consistent with short-lived but specific C99-cholesterol
complexes observed in our simulations. Recently proposed363 roles for C99 regula-
tion of cholesterol homeostasis and Aβ production suggest a role for both lipid raft
domains and the pH cellular compartments. The multiple weak cholesterol solva-
tion interfaces with C99 that we describe in this work provide insight into C99-Chol
interactions that may play a key role in those environments.
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Chapter 6

Structure of Full-Length C99 and
Implications for Role of Extra-Membrane
Domains in Function and Oligomerization

6.1 Introduction

Currently, the experimental knowledge of extra-membrane residues of C99 is lim-
ited to backbone chemical shifts and NOEs measured in LMPG micelles, EPR sig-
nals measured in POPC:POPG membranes, and hydrophobic and hydrophilic NMR
probe signals in membrane-mimicking detergent bicelles, for which the structural en-
sembles of residues 6, 12-16, 53-56, 62, 73-76, 80, 81, and 88 are unresolved or too
uncertain.5,6,98 A prodigious body of work characterizing structure of Aβ fragments
has been performed and generally suggests that residues 21-28 of Aβ act as a seed
for oligomerization and fibril formation. It has been conjectured that this region
contains key residues characterizing the aggregation-prone N∗ state of Aβ and Aβ
fragments.15,392 Support for this conjecture has been provided by NMR and com-
putational studies of Aβ40 and Aβ42 structural ensembles.393 Additionally, the JM
domain (K16LVFFAED23) and C-loop (residues 53–90) domains show chemical shifts
consistent with random coil, implying that they are unstructured on average. How-
ever, these domains may exhibit heterogeneity of metastable structural states as has
been observed in many intrinsically disordered proteins. A detailed account of C99
structure, domains, and notable mutations and post-translational modifications is
provided in Chapter 1.
To address some of the outstanding questions related to the structure of C99 and its
interaction with the membrane, we performed simulations of monomeric wildtype C99
in model membranes, using a computational approach that proved to be remarkably
useful in elucidating structures of the TMD.107,114,394 We employed replica-exchange
molecular dynamics (REMD)288 to sample hundreds of nanoseconds of C99 dynamics
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at physiological temperatures in 30, 35, and 40 Å-thick membranes modeled using
the GBSW implicit solvation method.272

In thin membranes, we observed extracellular domain states to be correlated with
the TMD state. The mean and variance of the TMD (θ) and GG hinge (κ) angles
were observed to increase with thinning of the membrane. The C- and N-terminal
secondary and tertiary structures of C99 were heterogeneous with discrete metastable
states, which we found to become increasingly correlated as the membrane thickens.
These ensembles were directly compared and contrasted with the results of prior solu-
tion NMR and EPR studies.5,6 C99 ensembles were found to exhibit newly-observed
metastable α-helical and β-strand structures in C- and N-termini, which are correlated
with the state of the TMD in thinner membranes. β-strand structures observed in
some N-terminal residues are suggestive of templates that may seed amyloid oligomer-
ization on the membrane surface. α-helical domains in the N-terminus are observed
and found to be suggestive of nicastrin association sites. α-helical domains observed
in previously uncharacterized phosphorylatable sites T58, S59, and Y86, suggest that
these domains may be involved in interactions that enhance phosphorylation pro-
cesses. Overall, our work provides insights into the structure of extra-membrane
residues of C99, and lays the foundation for further investigations probing the role of
C99 structure in facilitating interaction with other molecules in membrane.

6.2 Methodology

6.2.1 Initial Structure Preparation

We constructed an initial structure of the full-length C99 sequence using current
literature data. Residues 23-55 were modelled using a “Gly-in” structure of one C99
sampled by Dominguez et al.114 Onto this fragment, residues 1-22 and 56-99 were
built using dihedral angles predicted via the TALOS+,395 using the Cα, Cβ, C, N,
and H chemical shifts reported for C99 in LMPG micelles.98 To remove clashes and
effectively move the C-helix close to the membrane surface, the ψ angle of H14,
located in the disordered loop of the N-teminus, was adjusted to 180◦ and the φ angle
of Q82 was adjusted to 180◦. The rotomeric states of residues 1-22 and 56-99 were
assigned using the Shapovalov and Dunbrack rotamer library.396 Protonation states
were assigned using the AddH program in UCSF Chimera,397 assigning negative GLU
and ASP, positive LYS and ARG, neutral CYS and TYR, and setting HIS to the
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HSD CHARMM histidine type. The center of the membrane was initially set at the
z-coordinate of the Cα of G38.

6.2.2 Molecular Dynamics Simulation

All simulations were performed with CHARMM version c41278 using the CHARMM36
force field,398 likely to be the most accurate force field for simulation of Aβ.399 The
GBSW implicit membrane solvent model was used,272 employing a 0.004 kcal mol−1

Å−2 surface tension, 5 Å smoothing length from the membrane core-surface bound-
ary, and 0.6 Å smoothing length at the water-membrane surface boundary, using 24
radial and 38 angular integration points to 20 Å. No cutoffs were used for nonbonded
interactions. After C99 was inserted in 30, 35, and 40 Å-thick implicit membranes the
potential energy was minimized using the steepest descent algorithm until apparent
convergence, and simulated for 130, 160, and 460 ns, respectively, using REMD288

via the REPDSTR utility in CHARMM. We used 16 replicas in REMD simulations,
employing exponentially-spaced temperatures from 310 to 500 K and attempting to
exchange temperature conditions every 1 ps, manifesting an overall exchange success
rate of 17.7 ± 3.7%. Langevin dynamics was employed using a 2 fs time step with a
leap frog integrator, a 5 ps−1 friction constant, and constrained hydrogen bonds via
the SHAKE algorithm. Atomic coordinates were written every 10 ps and all analyses
employed coordinate data at this resolution.

6.2.3 Clustering Methods

SHIFTX2 was used to compute the full set of chemical shifts of C99 in each frame
for thermodynamic conditions of 7.4 pH and 310 K temperature.400 All analyses
considered structures sampled at equilibrium (past 30 ns) in the 310 K ensemble
from REMD. To assign conformational states of extra-membrane domains of C99,
a relatively low-dimensional space that enables precise clustering was constructed.
Secondary structure assignments were made using the STRIDE implementation in
VMD.
To cluster C99 structures four Principal Component Analysis (PCA) eigenspaces were
constructed, using Cα positions and the sine and cosine transformations of dihedral
angles (dPCA401) of N-terminal residues 1-29 and C-terminal residues 52-99, using
data from the equilibrium ensemble in 30, 35, and 40 Å membranes. The first 3 prin-
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cipal components of simulation data in each of these four eigenspaces were considered
relevant, with each conformation of C99 described by a 12-dimensional space captur-
ing the secondary and tertiary structure of the N- and C-terminus. Conformations at
each membrane thickness were assigned to states by clustering in this 12-dimensional
space using a Gaussian Mixture Model (GMM). The GMM of simulations at each
membrane thickness was constructed using k-means clustering to parameterize initial
clustering and weights of each data point in each cluster, then refined using 100 iter-
ations of the GMM Expectation-Maximization algorithm.402 We aimed to construct
GMMs that would provide a precise clustering of the most significant conformational
states while separating rarely sampled states to small clusters.
To measure the correlation between the N- and C-terminal domains of C99, we cluster
the N- an C-terminus separately using the same input data used for the combined
clusters of N- and C-terminal domains, constructing N- and C-terminal domain 16-
cluster GMMs in 30, 35, and 40 Å membranes. We measure the normalized mutual
information

∑M
C

∑M
N p(N,C) log p(N,C)

p(N)p(C)√
(
∑M

N p(N) log p(N))(
∑M

C p(C) log p(C))
(6.1)

where M is the number of clusters, p(N) is the likelihood of the N th N-terminus
cluster, p(C) is the likelihood of the Cth C-terminus cluster, and p(N,C) is the joint
probability of the N th and Cth cluster. The mutual information ranges from 0 to 1,
1 representing maximum correlation between the N- and C-terminus state changes.

6.3 Results and Discussion

6.3.1 Convergence of Ensemble to Equilibrium and Experiment

Full-length C99 was simulated using REMD in GBSW implicit membranes, a success-
ful approach for enhanced sampling of membrane protein structure.403 Membranes of
30, 35, and 40 Å thicknesses, corresponding to lipids of 12-, 14-, and 16-carbon sn-
1 lipid tails, such as di-12:0 PC (DLPC), di-14:0 PC (DMPC), and 16:0-18:1 PC
(POPC), respectively, were used to study the effect of membrane structure on the
conformational ensemble of C99.404 The initial structure of C99, constructed from a
combination of past simulations and chemical shift-based dihedral assignments, grad-
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ually evolved in REMD simulations to interact with the membrane surface. The
radius of gyration (Rg) rapidly converged to the ensemble average in 35 and 40 Å
membranes, but appeared to require 20 ns to converge in 30 Å membranes due to rela-
tively slow re-arrangements in secondary structure near the membrane surface (Figure
6·1A). We considered the equilibrium ensemble to have been reached by 30 ns in all
REMD simulations, and only consider data at equilibrium for characterization of C99
structure.
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(B)

30 Å 35 Å 40 Å
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Figure 6·1: (A) Squared difference of Rg from ensemble average over time. The
vertical dashed line at 30 ns demarcates the time beyond which the ensembles are
considered to be at equilibrium. (B) Equilibrium average and standard deviation
of insertion depth of residue Cα in the membrane, Dins. Stars indicate scaled rel-
ative depths of residue insertion to the membrane inferred from EPR probe signals
in POPG:POPC membranes, dashed line represents insertion depths of the initial
C99 structure in a 35 Å membrane.5 Scaled NMR signals from lipophilic (blue) and
hydrophilic (cyan) probes in POPC-DHPC bicelles shown in bars.6 (C) Equilibrium
average and standard deviation of Cα chemical shifts predicted using SHIFTX2. Stars
indicate the Cα chemical shifts measured in LMPG micelles. (D) Structures of C99
at 30 ns in 30, 35, and 40 Å membranes. Cα within the atomistic structure are la-
beled as N-terminal familial AD mutation (red), residues 28, 37, 38, 53, 54, and 55
(orange), phosphorylatable residues Cα (green), and C-helix (blue).
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The ensemble average of Cα residue depths of insertion (Dins) in the membrane were
well-captured by simulation, comparing well with NMR signals from hydrophobic and
hydrophilic probes in POPC-DHPC bicelles and correlating with past EPR measure-
ments in POPG:POPC membranes (40 Å-thick membranes) by Pearson’s r of 0.888,
0.861, and 0.894 for 30, 35, and 40 Å membranes, respectively (Figure 6·1B). This is
substantially better than the initial structure of C99 prepared for these simulations,
which has a Pearson’s r correlation with EPR insertion depths of 0.717, deviating
most in the C-terminus. This marginally higher insertion depth correlation observed
in 40 Å membrane may be attributed to the insertion of the C-helix in the membrane
surface. The C-helix was observed to rest on the membrane surface in much of the
40 Å ensemble in contrast with the 30 and 35 Å ensembles that predominantly show
residues around T90 to rest on the membrane surface. The higher correlation of C99
residue insertion in 40 Å implicit membranes is taken to be indicative of behavior in
POPC membrane, which has been measured to be approximately 40 Å thick in com-
bined analysis of small-angle neutron and x-ray scattering data.404 The significant
deviations in insertion depth at I60 seem to suggest that these implicit membrane
simulations can not capture structural features of C99 unique to POPC:POPG mem-
branes, as POPG lipids carry a net negative charge and these implicit membrane
simulations attempt to model zwitterionic lipids.
Cα chemical shifts predicted using the SHIFTX2 algorithm, which provides the best
correlations of predicted chemical shifts to experiment of current chemical shift pre-
diction methods, show substantial correlation with those measured in LMPG micelles
(r correlation coefficients of 0.882, 0.908, and 0.903 for 30, 35, and 40 Å membranes)
(Figure 6·1C). However, overall the 40 Å membrane simulations showed higher cor-
relation with all backbone chemical shifts (Table 6.1.98 Deviations from the LMPG
experimental chemical shifts suggest that C99 is slightly too helical in residues 55-
70. Furthermore, the degree of lower correlation observed of 30 Å membranes stems
from lower propensity for helical structure in residues 90-99. The secondary structure
propensities of each residue in conformational states of the extra-membrane region
are discussed in further detail below.
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Table 6.1: Pearson’s r correlations of C99 ensemble averaged chemical
shifts with LMPG micelle backbone chemical shifts. Highest correlation
of each backbone chemical shift is displayed in bold.

r(Cα) r(Cβ) r(C) r(N) r(H)
30 Å 0.882 0.607 0.739 0.484 0.159
35 Å 0.908 0.632 0.766 0.560 0.3646
40 Å 0.903 0.793 0.787 0.570 0.327

6.3.2 TMD tilt and kink angles

The hinge located at G37G38 has been conjectured to modify the interaction of C99
with γ-secretase in a way that impacts C99 processing.108 As the membrane thickness
increases the production of Aβ has been reported to increase overall, but the ratio
of Aβ42/Aβ40 decreases.110,111 This suggests that C99 structures in thick membranes
are preferable for appropriate interactions of C99 with γ-secretase. The stability of
the TMD helix at the GG hinge has been observed to be weaker than the rest of the
TMD via H-D exchange experiments.108,109

In past simulation studies the GG hinge flexibility did not appear to be sensitive to
membrane thickness.114 However, the simulations presented here include the full C99
sequence, which seems to be important for sampling certain TMD structures. Here,
we define the TMD tilt angle (θ) as the angle between the vector of best fit through
residue 30-52 Cα positions and the z-axis. The GG hinge angle (κ) is the angle
between the vectors of best fit through Cα positions of residues 30-37 and of residues
38-52. In 40 Å membranes there is a single macrostate of TMD structure with average
and standard deviation in TMD angles (< θ >) of 7.5◦ ± 3.9◦ and GG hinge angles
(< κ >) of 9.3◦ ± 4.9◦. In 35 Å membranes these angles increase to < θ > = 11.1◦

± 5.6◦ and < κ > = 9.9◦ ± 5.1◦. In 30 Å membranes three structural macrostates of
the TMD manifest, composing 29.8% (TM1), 66.2% (TM2), and 4.0% (TM3) of the
ensemble. Extra-membrane clusters 4, 5, 7, and 8 comprise TM1, featuring < θ >

of 9.1◦ ± 3.6◦ and < κ > of 16.6◦ ± 7.0◦. Clusters 1, 2, 3, 6, 9, 12 ,13, 14, 15, and
16 comprise TM2, which exhibits < θ > of 24.3◦ ± 4.0◦ and < κ > of 14.5◦ ± 7.0◦.
Cluster 10 comprises TM3, characterized by < θ > of 9.3◦ ± 4.3◦ and < κ > of 46.9◦

± 4.8◦. The extreme kink in TM3 is an artifact, resulting from unraveling of TMD
residues 31-33 to form a β-strand with residues 20-22. We also analyzed the PMF
along θ in the 30 Å membrane discarding the TM3 state, finding the energy barrier
between TM1 and TM2 to appear at θ = 16◦ with approximately 3 kcal/mol, while
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the basin of TM1 appears at θ = 8◦ with approximately 2.3 kcal/mol and the basin
of TM2 appears at θ = 25◦ with approximately 1.8 kcal/mol.
These observations suggest that the mean and variance of TMD and GG hinge angles
generally increase as a result of membrane thinning. The increase is accompanied by
considerable heterogeneity in the C99 structures. In future experiments, these results
might be experimentally verified using aligned lipid bilayers with solid-state NMR,
RDC solution NMR, or TROSY NMR in bicelles.
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4% of
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<θ> = 7.53°±3.88°
<κ> = 9.30°±4.86°

<θ> = 11.11°±5.62°
<κ> = 9.87°±5.13°
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Figure 6·2: TMD (θ) and GG kink (κ) angles of C99 (A) PMF (−kBT ln(p(θ, φ))
at equilibrium in 30, 35, and 40 Å membranes, showing 4,000 randomly selected
data points in red and (B) 30 Å membrane for TMD macrostates TM1 (blue), TM2
(red), and TM3 (gold), which compose 66.2, 29.8, and 4% of the equilibrium en-
semble, respectively. Insets show mean and standard deviation of angles in the dis-
played macrostate. Representative C99 conformation secondary structure drawn with
STRIDE and Cα colored as defined in Figure 6·1.

6.3.3 Secondary Structure, Membrane Insertion, and Implications of C99
States

The secondary and tertiary structures of extra-membrane residues are heterogeneous.
Using projection of simulation data onto a 12-dimensional space the describing rel-
evant PCA eigenvectors of secondary and tertiary structures of N- and C-terminal
extra-membrane residues, conformational clusters were assigned and refined using k-
means and a Gaussian Mixture Model to find the 16 conformational states defined
in 30, 35, and 40 Å membranes. These clusters were inspected by embedding the 12-
dimensional space to a 2-dimensional space by metric multidimensional scaling and
viewing all assigned atomistic structures. The correlation in changes to the conforma-
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tion state of the N- and C-terminal domains was evaluated by constructing 16-cluster
GMMs of these domains independently using the same structural information and
calculating the normalized mutual information of N- and C-terminal domain cluster
assignments (Eq 6.1). We found the correlation between domains to be 0.596, 0.634,
and 0.854 in 30, 35, and 40 Å membranes, increasing with membrane thickness.
Considering the 8 most populated clusters of each membrane, which account for 75.4,
75.4, and 73.0% of 30, 35, and 40 Å membrane ensembles, we identify the most
prominent C99 states. Secondary structure assignment via STRIDE allows for the
general classification of structure. We consider the secondary structure propensity by
taking the difference between the observed α-helix likelihood (pα) and the observed
β-strand likelihood (pβ) (ps = pα − pβ) for each cluster, such that when ps = +1
the residue has complete α-helical propensity and when ps = -1 the residue has
complete β-strand propensity (Figure 6·3). In each membrane condition, we observe
unique secondary structures including or proximal to sites of non-TMD familial AD
mutations, phosphorylatable sites, and the metal binding sites. To consider tertiary
structure we measured the insertion depth of Cα to the membrane surface (Dins).

Y86A2H6D7 E11K16

A21E22D23

K53K54K55

T58S59

C-HelixC-LoopNTD N-Helix N-Loop

TMD

H6H13H14 K28

p↵

-p�
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G85-Y91

D68

T72

Figure 6·3: Difference of α and β propensity at each C99 residue in the ensemble
(see scale for secondary structure propensity on the right) and in the 8 most populous
clusters in 30, 35, and 40 Å membranes (percentages correspond to population of
the ensemble). Lines and text indicate residue indices of interest: AD-associated
mutations (red), phosphorylation sites (green), lysine anchor (purple), metal binding
sites (black), Aβ33-producing mutation (orange), and C31 cleavage and cytotoxic
function sites (brown). Last frame of visualized C99 clusters with secondary structure
drawn with STRIDE and Cα shown as in Figure 6·1.

91



The TMD is observed to lengthen on both the C- and N-terminal ends with increasing
membrane thickness. The TMD was extended by two residues at the N-terminus and
one residue at the C-terminus every 5 Å increase in membrane thickness, growing
from residues 30-53 in 30 Å membranes to residues 26-55 in 40 Å membranes. This
observation is in contrast to the usual assumption120 that the lysine anchor does not
change its registration with the membrane surface, and that only the N-terminal end
of the TMD changes registration with the membrane surface as membrane thickness
changes. This had previously been unconfirmed, as past experiments on full-length
C99 could not resolve structure or membrane insertion of the lysine anchor in a variety
of environments.6 Residue K28, found to change production of Aβ40 to Aβ33 when
mutated to Ala,120 is incorporated in the TMD helix, undergoing a transition from β

to α structure as membrane thickness increases.
In all membrane conditions residues 16-20 have propensity to form helix and be
inserted to the membrane (Figure 6·4), in agreement with prior EPR and NMR
experiments, as well as the helix previously observed from residues 13-23 in past
solution-phase Aβ NMR experiments.405 The full C-helix, identified as being inserted
in membrane in past experiments, is found to be helical in all conditions other than
30 Å, for which residues 96-99 are unstructured and unassociated with the mem-
brane surface. The C-helix is observed to be helical even when unassociated with the
membrane surface, a condition observed in some clusters in all membrane conditions.
This finding provides a structural basis for the conjecture that the C-helix is available
for binding with cytoplasmic proteins in any membrane condition. Residues 73-76,
for which membrane insertion and chemical shifts had been previously unresolved in
NMR experiments with micelles and bicelles, as well as in EPR experiments with
membranes, appear to be unstructured in all membranes and broadly distributed
relative to the membrane surface. Residues 74 to 80 are found to be slightly less
helical and more bound to the membrane surface in 30 Å membranes, suggesting
that thinner membranes may make C99 less available for binding to the G0 protein,
which binds residues 61-80.145 Residue D68, the cleavage site for cytotoxic C31 pep-
tide formation, gains more β-propensity as membrane thins. The cytotoxic functional
domain G85-Y91 becomes more α-helical in response to membrane thinning, though
the insertion depth does not follow a trend, being membrane-associated in 30 and
40 Å, and membrane-disassociated in 35 Å membranes. It may be possible that C99
in thinner membranes is more amenable to cleavage of D68 to form C31.
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Figure 6·4: Average membrane insertion of each C99 residue Cα (see scale for depth
of insertion on the right) in the ensemble and in the 8 most populous clusters in 30,
35, and 40 Å membranes (percentages correspond to population of the ensemble).
Lines and text indicate residue indices of interest: AD-associated mutations (red),
phosphorylation sites (green), lysine anchor (purple), metal binding sites (black),
Aβ33-producing mutation (orange), and C31 cleavage and cytotoxic function sites
(brown). Last frame of indicated C99 clusters with secondary structure drawn with
STRIDE and Cα shown as in Figure 6·1.

In 30 Å membranes, residues 21-23, 25-27, and 28-30 occasionally interact to form
β-strands, suggestive of the aggregation-prone N∗ structural motif observed in Aβ
fragments.15,392 This structure is not present in 35 and 40 Å membranes, in which
residues 28-30 join the TMD helix. Mutants of residues 21-23 are featured in cases
of familial AD and thin membranes are known to cause an increase in the ratio of
Aβ42/Aβ40 produced. It is possible that mutations in residues 21-23 stabilize this
β-strand, altering the TMD ensemble to resemble the structure observed in 30 Å
membranes. Additionally, in some clusters, residue K55 forms H-bonds consistent
with β-strand structures involving A69, occasionally including Q82 and Q83 as well.
In 35 Å membranes, a prominent β-hairpin is formed with residues 2-5 and 11-15, in
which residue N27 sometimes participates via H-bonding. This hairpin is positioned
away from the membrane surface. This structure does not appear in membrane-
bound Aβ1−42 in similar implicit membrane simulations,394 and seems to be unique
to 35 Å-thick membranes. It is possible that this β-hairpin structure acts as a seed
for Aβ oligomerization. C99-seeded Aβ association to the membrane may be much
more favorable than pure Aβ mixtures considered in the past,22 as Aβ is at sub-
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stantially higher concentration outside the cells than in the membrane. Mutation
of residues 2, 11, and 16, found in familial AD, may change the propensity for this
β-hairpin to form. Additionally, H6, H13, and H14, residues known to bind metal
ions found at high concentration in amyloid plaques,136 are proximate to the observed
β-hairpin. The structure of His-ion complexes found in computational investigations
of Aβ1−16 resembles this hairpin structure.406,407 As such it may be possible that 35
Å membranes are ideal for stabilizing C99 structures that bind metal ions.
In 40 Å membranes there is weaker propensity for β-hairpin formation observed in 35
Å membranes. A strand with residues 2-5 and 11-13 in some clusters, such as 1, 6, and
8, is observed. In clusters 2 and 4, residues 11-15 form an α-helix that is unassociated
with the membrane. Along with residues 16-20, this helix may serve as an interaction
site with the nicastrin domain of γ-secretase. The formation of these α-helices may
serve to enhance the recognition of C99 by γ-secretase as one possible mechanism
explaining the observed increase in Aβ processing observed in thicker membranes.
The secondary structure propensities and insertion depth of non-TMD residues 1-
28 and 52-99 for the whole ensemble and for each cluster reveal that the helicity
of extra-membrane residues is not correlated with membrane insertion depth. This
observation is contrary to typical expectation that the more hydrophobic membrane
environment increases the propensity for helical structure. This is quantified by Pear-
son’s r correlation of non-TMD residue secondary structure propensity to membrane
insertion of Cα, r(ps, Dins), in the ensemble and in clusters (Figure 6·5). It is indeed
possible that this could be a consequence of the simulation model used, and further
investigation using explicit solvent simulations with consideration of the disordered
protein structure should be pursued.

Figure 6·5: Pearson’s r correlation of average Cα depth of insertion in membrane
(Dins) and difference in observed α and β structure propensity (ps) in C99 residues
1-28 and 53-99 in the equilibrium ensemble (E) and in each cluster.
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6.4 Conclusions

We performed REMD simulations of full-length C99 in model membranes of 30, 35,
and 40 Å thicknesses. Heterogeneous but discrete structural states observed in the
C99 C- and N-terminal extra-membrane regions of C99 are found to be unique to the
specific membrane condition. This observation supports past work on C99 congeners
in lipid bilayers112–114 in which the specific lipid composition, membrane thickness,
and membrane curvature were observed to impact C99 monomer and dimer structure.
We observe the TMD and G37G38 hinge angle means and variances to increase as the
membrane thins. Multiple TMD states were found to manifested in thin membranes
which were found to be directly correlated with the conformational state of extra-
membrane domains. Generally, an increase in α and β secondary structure is observed
as membrane thickness increases, accompanied by an increasing correlation of changes
in N- and C-terminal domain conformational states. The TMD helix expands on the
N- and C-terminal ends as membrane thickness increases. Residues 21-23, 25-27, and
28-30 form β-strands similar to the aggregation-prone N∗ motif previously observed
in Aβ fragments in 30 Å membranes. In addition, residues 2-5 and 11-15 form a
β-hairpin in 35 Å membranes. It is conjectured that these β-strand motifs may serve
as seeds for Aβ aggregation on the membrane surface. Residues 11-15 adopt α-helical
structures in 40 Å membranes that may promote binding of C99 with the nicastrin
domain of γ-secretase to promote non-amyloidogenic processing of C99. α-helical
structures are generally stabilized in the C-terminus as membrane thickness increases,
and do not require association with the membrane surface. This observation suggests
that these domains are readily available to interact with proteins in the cytoplasm.
Conversely, residues 85-91, known to be essential to cytotoxic function, become α-
helical as the membrane thins. These observations drawn from our simulation study
are summarized in Figure 6·6.
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Figure 6·6: Yellow shading represents the hydrophobic environment of the mem-
brane. Secondary structures resulting from membrane thinning (red), membrane
thickening (blue), and unique to 35 Å membranes (gold) are transparent. Residue
indices are provided to identify regions in which secondary structure is observed. Red
residues are found mutated in familial AD, black residues are important for metal
binding, green residues are phosphorylatable, orange K28 Ala mutation changes Aβ
produced, and brown residues are critical for C31 formation and cytotoxicity. TMD
and GG hinge angle means and variance increase with thinning membrane. Black-
outlined C-loop β-strands are transient in many membrane conditions.

The insights provided by this study enhance our current understanding of the struc-
tural ensemble of full-length C99 in membrane and the potential role played by C99
structure in recognition and processing by γ-secretase. Taken together, these results
open the path to investigations of the role of C99 structure in interactions with γ-
secretase and Aβ, which may lead to new perspectives on the genesis of amyloid in
AD.
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Chapter 7

All-atom Ensemble of Full-length APP-C99
Monomer and Homodimer Structures

7.1 Introduction

Congeners of APP-C99 of residues 16-55 in length (C9916−55) or shorter are known to
form a homodimer primarily defined via the transmembrane domain (TMD) glycine
zipper motif G29xxxG33xxxG37. This sequence motif is known to play a role in stabi-
lizing homodimers of transmembrane helices, observed most famously in Glycophorin
A.359 The propensity for different dimer motifs, “Gly-in”, “Gly-side”, and “Gly-out”,
defined by the Crick angle between C99 homodimers along both Gly33 Cα, have been
shown to be dependent on whether lipids are organized into micelles or bilayers, and
are dependent on lipid composition.107,113,114,394 The juxta-membrane (JM) domain,
K16LVFFAED23, has been demonstrated to form an α-helix (the “N-helix”) both in
Familial Alzheimer’s Disease mutants and in lower pH environments characteristic of
endosomes.102,123

Solution phase NMR experiments have been used to characterize the structure of full-
length C99 in a variety of experimental conditions by the Sanders group using DHPC
detergent bicelles.5,6,98 These experiments, performed at 318.15 K, pH 4.5-6.5, and q
(lipid/detergent) ratios of 0.33 or 0.50, have characterized the C99 extra-membrane
domains primarily by the assignment of backbone chemical shifts. Using these chem-
ical shift assignments, the accessibility to the lipid bilayer or aqueous solution have
been assessed by observing the broadening of peak intensities in the presence of
the lipid-like hydrophobic environment probe 16-DOXYL-stearic acid (16-DSA) and
the hydrophilic probe, gadopentetic acid (Gd-DTPA). Generally, the observed extra-
membrane domain chemical shifts suggest random coil structure and are exposed to
solution, and the JM domain and C-terminal domain Y91KFFEQMQN99 have been
observed to be helical (the “C-helix”) and to interact with the lipid bilayer. However,
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there is precedent to expect that these extra-membrane domains can express complex
ensembles of α-helix and β-strand secondary structure.
C99 N-terminal extra-membrane residues contain part of the Aβ sequence, which
participates in stabilizing amyloid oligomer and fibril structures via unique β-strand
motifs.408 The C-terminal extra-membrane residues contain domains used for specific
interaction with signaling proteins in the cytosol, in APP, C99, and the γ-cleavage
product C31.409 The observation of chemical shifts suggestive of random coil structure
may indeed come from the relatively rapid interconversion of metastable conforma-
tional states of these intrinsically disordered residues. Our past simulations of the
full-length C99 monomer with the GBSW implicit solvent bilayer model272 using the
CHARMM36 force field273,274 observed ensembles of metastable states characterized
by unique α-helical and β-strand structures dependent on membrane thickness.67 β-
strands observed in the extra-membrane domains were particularly interesting, as
these suggested that the C99 N-terminus might be available as a seed for Aβ aggre-
gation on the membrane surface, or that the C99 N-terminus and C-terminus might
serve as interfaces for stabilizing the C99 homodimer and other protein-protein inter-
actions.
Recently, Caldwell et al. characterized DHPC bicelles with q < 1.0 using small-angle
X-ray and neutron scattering, fluorescence anisotropy, and MD simulation, finding q
≤ 0.5 bicelles to be spheroidal (micellear) in shape, due to mixing of DHPC with other
lipids.410 Additionally, Piai et al. demonstrated that reducing q below 0.7 manifests
substantial changes to NMR spectra as q decreases.411 Indeed, NMR spectra of C99
in DHPC bicelles and LMPG micelles are nearly indistinguishable.5,6,98 It may be
the case that past NMR characterizations of full-length C99 in DHPC bicelles are
not wholly representative of C99 structure in lipid bilayers. To address this, recent
solution phase bicelle experiments have been performed using n-dodecyl-β-melibioside
(DDMB) detergent to successfully solubilize C99 in a variety of lipid compositions
including both DMPC:egg sphingomyelin (eSM):Chol (4:2:1) and POPC bicelles7 at
q ratios from 0.33 to 1.0, allowing for characterization of C99 in liquid ordered Lo

and liquid disordered Ld environments. These DDMB bicelles were characterized by
small-angle X-ray and neutron scattering and cryogenic electron microscopy to be
sufficiently oblate, to hold C99 in the disk region, and for the DDMB head groups to
be closely packed together, thus forming a stable disk environment excluding DDMB
suitable for service as a model lipid bilayer environment. The surfactant mixing issue
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observed for DHPC seems to be ameliorated for DDMB due to strong interactions
between the DDMB Melibiose (D-galactose-α(1→6)-D-glucose) head groups which
cause DDMB to cluster together at the bicelle annulus.
DDMB bicelles were confirmed to solubilize a distribution primarily composed of
C99 monomers, a significant population of C99 homodimers, and rarely-observed
C99 homotrimers via Förster resonance energy transfer, electron paramagnetic reso-
nance, double electron electron resonance spectroscopy, chemical linking/sodium do-
decyl sulface polycrylamide gel electrophoresis, and native native ion mobility-mass
spectrometry. These experiments identified that 16-DSA and Gd-DTPA probes both
broaden peaks of many extra- and intra-membrane residues along the C99 sequence,
suggesting that the C99 monomer and homodimer express a complex distribution of
conformational states that make residues of C99 accessible to these hydrophilic and
hydrophobic probes. A particularly notable result at high 16-DSA and Gd-DTPA
probe concentration, residues 3, 4, and 64-74 were shown to still be inaccessible to
these probes. Additionally, both 15N T1/T2 relaxation time ratios and 1H-15N nuclear
Overhauser effect T1/T2 ratios showed residues 3, 4, and 64-74 to be mobile. More-
over, the flanking residues 6-8, 61-63, and 77-79 were all found to rapidly exchange
amide hydrogens with water in CLEANEX-PM NMR experiments.412,413 These cu-
rious results were suggestive of a C99 homodimer primarily stabilized by a complex
ensemble of homodimeric C99 conformations predominantly defined by the C99 C-
loop (residues 53-90) and secondarily by the N-terminal extra-membrane domains.
Here, we report generalized Replica Exchange with Solute Tempering (gREST) molec-
ular dynamics (MD) simulations292 of the C99 monomer and homodimer performed
using the CHARMM36m275 force field to most-accurately model the intrinsically dis-
ordered domains evidenced to stabilize the C99 homodimer. We simulate C99 in
POPC single-component lipid bilayers, serving as a simple model of a Ld phase bi-
layer, to which wildtype C99 is evidenced to partition in plasma membranes.414 We
find the C99 monomer to best reproduce the hydrophobic and hydrophilic probe
experiments, expressing the re-insertion of the JM domain and a membrane-bond
C-helix both not observed in the C99 homodimer. The C99 monomer expressed a
truly intrinsically disordered conformational ensemble, for which the optimal number
of clusters is on the order of thousands of states. We found the C99 homodimer to
exhibit 15 unique conformational states defined by β-strands in extra-membrane do-
mains. These conformations in the homodimer extra-membrane domains are found to
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control specific glycine zipper dimer motifs in the TMD. Gly-in conformations were
observed when the C99 N-terminus, including the JM domain, formed β-strands. The
Gly-out conformation was found to form only when the JM domain formed a helix,
which was accompanied by an abolition of β-strand conformation in the N-terminus.
The Gly-side conformation was, curiously, observed only when the C-helix forms.
C99 monomer and homodimer C-loops formed β-strands and reside in a globular
state, resting away from the lipid bilayer such that they would not interact with 16-
DSA, and potentially cause the rejection of hydrophilic Gd-DTPA probe from residues
64-74 observed by Hutchison et al.7 Overall, these simulations provide new evidence
for the role of the C99 extra-membrane domains in stabilizing the C99 homodimer,
the nature of the C99 monomer conformational ensemble, and generally demonstrate
the importance of modeling intrinsically disordered domains in simulation studies.

7.2 Methodology

7.2.1 Initial Structure Preparation

Residues E22 and D23 were deprotonated as if in a plasma membrane environ-
ment at pH 7.4.102,123 HIS was set to the HSD CHARMM histidine type. The C99
monomer initial structures were prepared from 16 conformational clusters we previ-
ously observed in 40 Å-thick implicit GBSW lipid bilayers,67 embedded into sym-
metric POPC lipid bilayers of 240 POPC lipids using the CHARMM-GUI membrane
builder.278,380,381 These systems were solvated with 120 water/lipid and 150 nM NaCl
(57 Na+, and 54 Cl−), containing a total of 120,232 atoms.
The C99 dimer initial structures were prepared by assigning secondary structure of
most extra-membrane domain residues (residues 1-22 and 56-99) with random coil
dihedral angles built onto transmembrane domain residues (23-55) with coordinates
taken from Gly-in and Gly-side conformations previously observed by Dominguez
et al.114 The two initial Gly-in and Gly-side conformations of C99 homodimer were
embedded into 602-POPC lipid bilayers with 200 water/lipid and 150 nM NaCl.
These initial configurations were equilibrated in conventional MD simulation with
the same simulation parameters as later described for 100-200 ns until the random
coil structures collapsed into a globular conformation, stable for an additional 100
ns of simulation. These collapsed conformations were used to build a substantially
smaller system of 400-POPC lipid bilayers, 170 water/lipid, and 150 nM NaCl (173
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Na+, and 167 Cl−), containing a total of 260,160 atoms used for generalized Replica
Exchange with Solute Tempering (gREST) simulations.292 Both C99 monomer and
C99 homodimer simulations were minimized with steepest descent to convergence,
then annealed for 1 ns from 10 to 310 K prior to gREST simulation.

7.2.2 Molecular Dynamics Simulation

Both the RIKEN K-Computer and the Institute of Molecular Science Molecular Sim-
ulation computers were used to simulate the C99 monomer and dimer with conven-
tional MD and gREST. All simulations were performed using the GENESIS 1 SP-
DYN molecular dynamics engine.279,280 gREST simulations were used to equilibrate
and simulate the C99 monomer and dimer using an effective temperature scheme
employing 16 replicas at linearly-spaced temperatures from 310 to 340 K. Simula-
tions of the monomer C99 defined the solute to include Lennard-Jones, dihedral, and
CMAP terms of residues 1-28 and 53-99 of C99 and all head group and ester atoms
of POPC. Simulations of homodimeric C99 defined the solute to include Lennard-
Jones, dihedral, and CMAP of all atoms of C99 and POPC. Replica exchanges were
attempted every 10 ps and system coordinates were saved at the same frequency. A
time step of 2.5 fs was used for the integration with the Velocity Verlet algorithm and
long-range electrostatic interactions were computed every two steps via the RESPA
multiple time-step integration.415,416

The CHARMM36m force field was used for both C99 monomer and homodimeric
systems273–275 and the CHARMM TIP3P water model was used for water.417 Simula-
tions of the C99 homodimer employed a reduction to all protein-lipid Lennard-Jones
interactions by a factor of 0.9 to stabilize the homodimer, the scaling factor devel-
oped by Domański et al. to capture the proper free energy of dimerization in the
Glyocophorin A homodimer, which also features a glycine zipper motif.418 A similar
gREST scheme and protein-lipid scaling factor to those used in this study were found
to be effective for capturing the conformational ensemble of the FGFR3 homodimer
validated on solid-state NMR experiments.293

Because the C99 monomer and dimer feature intrinsically disordered domains, it is
possible that rare, fully-extended conformations are possible in the C99 monomer and
dimer. To avoid interactions of the C99 N- and C-termini across the PBC along the z-
axis or N-terminus-to-N-terminus or C-terminus-to-C-terminus interaction across the
PBC along the xy-plane, we applied 10 kJ mol−1 Å−1 flat-bottom harmonic restraints
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to the N- and C-termini to maintain the termini in non-fully-extended conformational
ensembles. For the C99 monomer, 6.5 nm flat-bottom pair restraints were applied to
Cα of residues 1, 11, 89, and 99 to Cα of residue 41. For the C99 homodimer, 8.0 nm
flat-bottom pair restraints were applied to Cα of residues 1, 87, and 99 to residue 41.
Lennard-Jones interactions were smoothed to zero by 12 Å with force switching be-
ginning at 10 Å. Atom pair lists were defined with a 13.5 Å distance. Long-range elec-
trostatic interactions were calculated with smooth Particle Mesh Ewald sums.419 The
bonds including hydrogen atoms were constrained using RATTLE420 or SHAKE,421

and water was treated as a rigid body using SETTLE.383 The Bussi rescaling ther-
mostat353 and barostat422 were applied, with temperature set to 310 K with γt = 1
and pressure set to 1 atm with γp = 0.5. Monomeric and homodimeric C99 gREST
simulations ran for 500 and 550 ns, respectively.

7.2.3 Hierarchical Clustering and Scoring

In contrast to our past simulations of the C99 monomer,67 a combination of Cα
position and dihedral PCAs of the N- and C-terminal extra-membrane residues was
not effective in discriminating distinct conformational states of the C99 dimer. Rather
than the previous 12-dimensional space constructed from PCAs to measure distance
between conformation, we employed a simple measure of distance based on the root-
mean-square deviation (RMSD) of a set of Cα pair distances between two different
conformations. The most effective selection was to consider all pair distances between
Cα of residues 1-28 (378 distances) and of residues 53-99 (1035 distances), for a total
of Npairs = 1413 pair distances. The RMSD of these distances (dRMSD) between
all pairs of conformations (all simulation frames after equilibration) is used as the
distance metric for conformational clustering, expressed as

dRMSD(i, j) =

√√√√ 1

Npairs

Npairs∑

k

(di(k)− dj(k))2, (7.1)

where di(k) and dj(k) are the kth interatomic distance of the the ith and jth confor-
mation (frame). With dRMSD serving as a measure of distance between all confor-
mations, we employed Ward’s minimum variance hierarchical clustering423 to cluster
conformations of the C99 monomer and dimer. To determine the best number of
clusters, we employed the Silhouette scoring metric.424 The measure of how well each
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conformation, i, is clustered in a partitioning into k number of clusters is measured
as

a(i) =
1

NCi
− 1

∑

j∈Ci,i6=j

dRMSD(i, j), (7.2)

b(i) = min
i/∈Cl

1

NCl

∑

j∈Cl

dRMSD(i, j), (7.3)

s(i) =
b(i)− a(i)

max{a(i), b(i)} , (7.4)

(7.5)

where a(i) defines the mean dRMSD of conformation i to the NCi
− 1 other confor-

mations assigned to the same cluster as i, b(i) defines the minimum mean dRMSD of
conformation i to NCl

conformations indexed by j in each of k clusters indexed by
l, and s(i) defines the silhouette value of conformation i. The silhouette score, S is
simply the average of all s given the number of clusters, k,

S(k) =
1

Nconf

Nconf∑

i

sk(i). (7.6)

Silhouette scores were calculated for 2 to 30,000 clusters for the C99 monomer and
dimer, and clustered conformations for k clusters at and around peaks in S(k) were
visually inspected prior to concluding that maxima in S(k) provided the best clus-
terings of each system.

7.2.4 Equilibration

gREST simulations from the initial structures were likely not part of the equilibrium
conformational ensemble. Because these proteins are intrinsically disordered and also
begin from a globular initial conformation, we had no order parameter available to
confirm convergence of these gREST simulations to equilibrium. Instead, we evaluate
the convergence of the observed likelihood of visits to each effective temperature by
each replicate trajectory over the course of the simulation to the observed likelihood
of visits to each temperature for the full gREST simulation. This measure reaches
convergence by definition and provides a rationale for determining which timescale in
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the simulation to analyze as part of the equilibrium ensemble. Ω(t) is defined as

Ω(t) =
1

Nrep

Nrep∑

i

Nrep∑

j

(p(Tj, t)i − p(Tj)i)2 (7.7)

where Nrep is the number of replica trajectories and temperatures, p(Tj)i is observed
likelihood of visits the ith trajectory to the jth effective temperature, Tj, for the full
gREST simulation, and p(Tj, t)i is the observed likelihood of visits to the ith trajectory
to the jth temperature for the gREST simulation up to time t.

7.3 Results

7.3.1 Convergence of Ensembles to Equilibrium

Following recent NMR experiments characterizing an ensemble of C99 monomers and
homodimers in bicelles with well-structured disks capable of solubilizing C99, we have
performed large-scale gREST292 simulations using the CHARMM36m275 force field
to interrogate the conformational ensemble of full-length C99 in explicit solvent all-
atom MD simulations. The C99 monomer and homodimer were simulated for 450
and 500 ns, respectively. The initial state of the C99 monomer was proposed us-
ing 16 conformational states determined in our previous replica exchange molecular
dynamics (REMD)288 simulations of the full-length C99 monomer in 40 Å-thick (30
Å hydrophobic thickness) implicit solvent bilayers,67 of similar thickness to POPC
bilayers.404 The initial state of the C99 homodimer was constructed from Gly-in and
Gly-side conformations of the C99 homodimer TMD114 with random coil structures
of the N- and C-terminal extramembrane domains, which were simulated in conven-
tional MD up until 100 ns after collapse of the N- and C-terminal extramembrane
domains to a globular state. The convergence of gREST simulations to equilibrium
was evaluated using an ergodic measure-like425–427 metric based on the observed like-
lihoods of visits of each trajectory to each effective temperature, T , condition, Ω(t)

(Eq. 7.7). By this criteria, we observe that the C99 monomer and dimer simulations
quickly converge to near the overall observed distribution of visits to each T by ∼175
ns in the monomer and ∼125 ns in the homodimer, followed by a slower convergence
to the final probability distribution (Figure 7·1A,B). We chose to consider the final
300 ns of simulation data at an effective temperature of 310 K in both the monomer
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and homodimer for analysis as the equilibrium ensemble. The probability distribu-
tion of trajectory visits to each T show that the C99 monomer gREST simulation
performed a good random walk in T space (Figure 7·1C). The C99 homodimer mostly
did as well, with the exception of the 14th trajectory, which was significantly more
trapped on the low-temperature end of T space compared to other trajectories.

(A) (B) (C)

Figure 7·1: Observed likelihoods of visitation to each jth effective temperature for
each ith trajectory, p(Tj) for gREST simulations of the (A) C99 monomer and (B)
C99 dimer. (C) Convergence of mean differences from p(Tj) for observed likelihoods
measured up to time t, p(Tj, t).

7.3.2 Accessibility of C99 to hydrophobic and hydrophilic environments
in MD and NMR

Some equilibrium ensemble characterizations of the C99 monomer and homodimer
simulated in gREST, and of the distribution of C99 monomer and dimers in NMR
experiments, can be indirectly compared. The accessibility of C99 to hydrophilic
probe Gd-DTPA and hydrophobic probe 16-DSA, measured as 1 − I/I0, the ratio
of NMR peak intensities from probe solutions divided by the intensities observed in
probe-free solutions, is often analogous to the height (or depth) of residues above
(below) the lipid bilayer surface, which may be defined as the average z-axial position
of the POPC phosphorous atom in each lipid leaflet. This is because 16-DSA contains
a stearic acid lipid tail which inserts to the lipid bilayer, and Gd-DTPA is a 545.56
g mol−1 complex with 5 carboxylate groups, making it both bulky and hydrophilic.
Measurements of 1 − I/I0 for both 16-DSA and Gd-DTPA in both POPC (Ld) and
DMPC:eSM:Chol 4:2:1 (Lo) DDMB bicelles match reasonably well with the height
of C99 monomer Cα carbons above the lipid bilayer surface (Figure 7·2). C99 ho-
modimer does not capture any signature of a re-insertion of the JM domain to the
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membrane, which is observed in the NMR probe experiments, nor does the C99 ho-
modimer exhibit much variation in the location of the C-terminus, both on and away
from the membrane surface, as observed for the C99 monomer and in the 16-DSA
and Gd-DTPA NMR experiments.
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Figure 7·2: I/I0 is the ratio of C99 NMR signals in presence of hydrophilic (Gd-
DTPA) and hydrophobic (16-DSA) probes over intensities observed in NMR peak
assignments, and average height of C99 monomer and homodimer residues above
phosphorous in lipid leaflets observed in gREST simulations at effective temperature
T = 310 K at equilibrium. Ld phase Gd-DTPA experiment performed with 350 µM
C99 in 5 wt % in solution q = 0.33 POPC bicelle with 1.5 mM Gd-DTPA. Lo phase
Gd-DTPA and 16-DSA experiments performed with 300 µM C99 in 7 wt% in solution
q = 0.33 DMPC:eSM:Chol 4:2:1 bicelles and 16 mol% 16-DSA in lipid mixture or 3
mM Gd-DTPA in solution.7

Gd-DTPA experiment results in both Ld and Lo phase lipid bilayers are nearly in-
distinguishable, with the exception of more accessibility to water in residues 20-29,
implying that these residues are more deeply inserted in the bilayer and that the JM
domain is more α-helical in Lo phase bilayers. This behavior has been observed previ-
ously in simulations employing the C9916−55 congener when Lo phase was introduced
as a function of Chol in DMPC bilayers.123

7.3.3 C99 monomer is intrinsically disordered, manifests the C-helix, and
features significant β-strand propensity in the C-loop

Using the RMSD of pair distances of N- and C-termini Cα as a criterion of distance
between conformations of C99, we clustered the C99 monomer and homodimer using
Ward’s minimum variance hierarchical clustering423 and computed silhouette scores,
S, for k number of clusters to determine the most appropriate number of clusters
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and cluster assignments to describe C99 conformations. Silhouette scores for the
C99 monomer plateau on the order of thousands of states, and decrease linearly to
zero on the order of tens of thousands of states (Figure 7·3A). As such, monomeric
C99 is similar to monomeric Aβ in that the protein conformational ensemble has an
enormous number of metastable states.428 For the sake of partitioning the ensemble
into some non-ideal partitioning of C99 monomer conformational states, we chose
to make a clustering of 350 states, which is an apparent elbow in S(k). With this
clustering, we find the population of C99 monomer conformational states to be a mix
of exponential and linear decay as a function of cluster size (Figure 7·3B).
A minority of these conformational states express α-helices in the C-terminus and
JM domain. This suggests the presence of the C-helix and N-helix-like domains for
which there were strong signatures observed in LMPG and DHPC q = 0.33 and 0.5
systems at pH 4.5-6.55,6,98 and for which there are weaker signatures observed in
the recent more bilayer-like DDMB bicelle experiments.7 We identify this subset of
conformations as conformational clusters that express a propensity for residues 22 or
23, or residues 94 or 95, to accept or donate a backbone hydrogen bond with residues
i ± (3, 4, 5). Of these 350 clusters, we find 53 clusters to express the C-helix at
over 40% propensity, and observed C-helix in 15.31% of the conformational ensemble
(Figure 7·3C). Only 3 clusters expressing the N-helix at over 40% propensity were
observed, and the N-helix comprised just 4.92% of the conformational ensemble. The
lack of N-helix is not a surprising result at pH 7.4, however, as we have previously
demonstrated.102,123
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(D)(C)(B)(A)

Figure 7·3: Analysis of C99 monomer. (A) Silhouette scores for Ward’s minimum
variance hierarchical clustering (inset dendrogram) for partitionings of k number of
clusters. Dashed red line is at k = 350. (B) Percent of conformational ensemble
for each cluster, p(cluster) (black), ranked in order from largest to smallest, and the
cumulative sum of p(cluster) (red). (C) 7th largest cluster of a the 350-cluster parti-
tioning, TMD in blue, C-helix in red, and POPC phosphorous in green. (D) Ensemble-
averaged secondary structure of monomer ensemble assigned using STRIDE.

The C99 monomer expresses significant but widely varying β-strand character through-
out the extra-membrane domains (Figure 7·3D). The β-strand propensity observed
throughout the C99 monomer C-loop and globular conformation may protect residues
64-74 such that bulky Gd-DTPA solvation might be impeded, as observed in DDMB
bicelle NMR experiments.7

7.3.4 C99 homodimer consists of metastable states defined by N- and
C-terminal β-strands

Silhouette scores of C99 homodimer clustering show that 15 clusters is the opti-
mal number of clusters to represent the conformational ensemble (Figure 7·4A). The
secondary structure of these clusters are characterized by unique β-strands formed
between N- and C-terminal extra-membrane domains (Figure 7·4B). The N-helix only
partially manifests in the 2nd largest cluster, as it is present in only 3.85% of the en-
semble. The C-helix manifests in the 9th, 10th, 12th, and 13th largest clusters, and is
present in 28.90% of the ensemble. However, both the C- and N-helix conformations
observed in the homodimer do not associate with the membrane surface, as they do
in the monomer (Figure 7·2).
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Cluster 1 Cluster 2 Cluster 13

Figure 7·4: Analysis of C99 homodimer. (A) Silhouette scores for Ward’s minimum
variance hierarchical clustering (inset dendrogram) for partitionings of k number of
clusters. Dashed black line is at k = 15. (B) Ensemble average and population-ranked
cluster secondary structures assigned using STRIDE. (C) Representative conforma-
tions of 1st, 2nd, and 13th largest clusters. TMD in blue, C-helix in red, POPC
phosphorous and Gly33 Cα in green.

7.3.5 C99 glycine zipper homodimerization depends on extra-membrane
domain state

As can be seen in Figure 7·4C, the conformation of extra-membrane domains can
determine the structure of the C99 homodimer in the TMD. We evaluate the xy-plane
Crick angles (ΨG33

Crick), defined by the vector of Gly33 Cα oriented away from center of
the helix, and the dihedral formed by vectors of Gly29-Gly37 Cα of one C99 to Gly37-
Gly37 Cα of both proteins to Gly37-Gly29 Cα of the opposing protein, φGly29Gly37.
Gly-in, Gly-side, and Gly-out conformations are well-partitioned by conformational
clusters (Figure 7·5A). Gly-out was formed only by the 2nd largest cluster. Gly-side
was formed only by the 12th and 13th largest clusters. The remainder of clusters
formed Gly-in homodimers.
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Figure 7·5: Observed likelihood distributions in C99 homodimer of (A) Crick
angles.12th and 13th largest clusters are Gly-side (inset). 2nd largest cluster is Gly-out.
(B) Distances between Cα of K28-K28 and K54-K54. (C) dihedral of Gly29-Gly37-
Gly37-Gly29 Cα. 6, 7, and 8th largest clusters are exclusive to left-handed coils
(overall 60% of coils) and 3rd and 10th largest clusters are exclusive to right-handed
coils (overall 40% of coils).

Unlike Crick angles, the distances between K28 and K54 (Figure 7·5B), previously
used as a metric to assign describe unique conformations of the homodimer sensitive
to membrane curvature and composition,113 are not well-partitioned by these same
clusters. The handedness of the homodimer coil, however, is partitioned by some
clusters. The 6, 7, and 8th largest clusters exclusively formed left-handed (φ > 0◦)
coils (overall 60% of coils) and the 3rd and 8th largest clusters exclusively formed
right-handed (φ < 0◦) coils (overall 40% of coils) (Figure 7·5). As such, we can see
that the extra-membrane domains control the relative rotation of the C99 TMDs,
but do not necessarily control features of the homodimer coil, such as the inter-helix
distances and supercoil handedness.

7.4 Conclusions

We performed large-scale all-atom explicit solvent gREST MD simulations of full-
length C99 monomer and homodimer at neutral pH in POPC bilayers. The C99
monomer was found to best-reproduce improved NMR measurements of C99 chemical
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shifts and measures of accessibility to hydrophobic and hydrophilic probes in DDMB
bicelles. The C99 monomer was found to be intrinsically disordered, described by
thousands of metastable states. C99 monomer was found to express a majority pop-
ulation of β-strands in the C-loop and a minority population of C-helix. The C99
homodimer was found to express 15 metastable conformational states stabilized by
β-strands in the N- and C-terminal extra-membrane domains. Extra-membrane do-
main secondary structures were found to directly control the Crick angles (relative
rotation) of TMD helices, and to effect, but not directly control, the conformation of
the homodimer supercoil. These results provide a rich picture of the C99 monomer
and homodimer conformational ensemble and generally provide a detailed case study
demonstrating the importance of membrane protein intrinsically disordered domains
in determining the conformation of transmembrane protein domains.
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Chapter 8

Conclusions and Future Perspectives

8.1 General Conclusions

Though there is a large body of work studying proteins in the amyloid cascade,
there are many open fundamental questions regarding the role of lipid bilayers and
membrane proteins in the Amyloid Cascade Hypothesis of Alzheimer’s Disease. This
is primarily due to the difficulty in experimentally characterizing (1) protein structure
in lipid bilayers, (2) the local lipid environment of proteins in real and model lipid
bilayers, and (3) lipid and cholesterol both in the vicinity of, and interacting with,
membrane proteins. State of the art hardware, molecular dynamics (MD) simulation
software, and MD force fields made it possible to study complex lipid and protein
systems in the past decade. We have completed various studies of C99, the single-pass
transmembrane protein precursor to amyloid β, simulations of lipid phase separations,
and the effect of cholesterol on C99 and lipid phase separations.
In the preceding chapters we have described work examining the effect of finite size on
the lipid miscibility transition and, using the results from that work, studied the role
of cholesterol in inducing complex phases in equimolar mixtures of saturated and un-
saturated lipid. We studied the effect of cholesterol on the structure of C9916−55 con-
gener, finding cholesterol to change the conformational ensemble of C99 not through
specific interactions as previously thought, but via non-specific interaction and induc-
tion of the Lo phase. We performed the first simulations of full-length C99 monomer,
first via implicit solvent lipid bilayer simulations and later in explicit solvent models,
finding β-strand conformations in extra-membrane domains suggestive of interaction
interfaces with other proteins. In addition, we found the C99 monomer to be char-
acterized by an intrinsically disordered ensemble, not dissimilar from Aβ monomer.
We also simulated the full-length C99 homodimer, finding C99 extra-membrane do-
mains to stabilize metastable conformational states via β-strands in the homodimer.
Conformational states of the homodimer were found to control the relative rotation
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of TMD helices, but without direct control over the structure of the superhelix coil.
These exploratory investigations have provided molecular details of the structure of
lipid bilayers and C99 protein relevant to a better understanding of the Amyloid
Cascade Hypothesis and to membrane biophysics in general. A perspective for future
work building on these investigations is provided below.

8.2 Future Perspectives

8.2.1 Effect of Aspect Ratio on Miscibility Transition Critical Size and
Line Tension

Our work on the effect of finite size on the miscibility transition of ternary lipid
mixtures was performed in x:y 1:1 aspect ratio bilayers. Within the context of our
Flory-Huggins model, if we were to change the aspect ratio of the lipid bilayer, the
phase separation interface would form along the shortest of the two axes (of length Ls)
in the xy-plane because this minimizes the line tension, 2L

d
χ. Therefore, increasing the

aspect ratio of a two-dimensional system should decrease the critical size, Nc, required
to stabilize phase separation. Of course, this would lead to the conclusion that a very
large aspect ratio, say one where Ls = d, the lattice spacing, would minimize Nc. This
certainly is true in a lattice model, but is unreasonable for a quasi-two-dimensional
system such as a lipid bilayer, for which physical properties depend on mechanical
properties of the lipid layer. Moreover, the line tension of a phase separation is defined
mechanically by the interfacial wave between lipid domains, which is limited in period
by the length of Ls.429

Manipulation of the aspect ratio to stabilize phase separations has been a common
practice for the simulation of three-dimensional phase separations, such as the water-
vapor interface430 and protein phase separation.431 However, there have not been
investigations to our knowledge of how much aspect ratios in such systems can rea-
sonably be manipulated without significantly affecting the surface tension and other
physical properties.
How do we choose an N and x:y ratio that substantially reduces Nc without manifest-
ing unrealistic behavior? Are there some generalizable observations in terms of N , χ,
and x:y ratio that can be found? Is there a simple rule of thumb we can find for us-
ing manipulated aspect ratios for simulations of phase separation? Addressing these
questions may be helpful for modeling phase separated lipid bilayers by substantially
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reducing the number of atoms in the system.

8.2.2 Lipid Domain Partitioning of C99

Recently, we observed that MARTINI simulations of proteins in phase separating lipid
mixtures will partition to the interface between Lo and Ld domains.429 We expanded
upon our Flory-Huggins model of phase separation to include a protein at the domain
interface to understand how protein preference for Lo or Ld domains and χ determine
how a protein will partition in a phase separated system. We found that, generally,
proteins with weak preferences for either domain will partition to the domain interface.
It has been reported that C99 partitions to Ld domains in the plasma membrane
to interact with ADAM10. However, C99 must also interact with BACE1 and γ-
secretase, which are evidenced to partition to Lo domains. The recent fluorescence
spectroscopy experiments by Capone et al. determined fluorescence-labeled C99 to
have a partitioning of pLo = 0.13± 0.09 in giant plasma membrane vesicles, strongly
preferring the Ld phase.414

It is important to note that fluorescence spectroscopy methods for determining the
partitioning coefficient of proteins between Lo and Ld domains are unable to determine
if proteins are at the domain interface. C99 might also localize to the interface
between domains, particularly at very low C99 concentrations, as assumed in our
Flory-Huggins model.
We have performed de novo simulations of two C9916−55 in the phase separating
mixture DPPC:DUPC:Chol 36.7:36.7:26.6 at 295 K in the CHARMM36 force field
using the Anton 2 ASIC computer at the Pittsburgh Supercomputing Center (Figure
8·1A). A key result from this simulation is that the C99 TMD generally has 20%
nearest neighbor contacts with DPPC lipids, sitting on the Ld side of the Lo-Ld

domain interface after the Lo phase is formed by 2 µs, while occasionally migrating to
the Ld bulk (Figure 8·1B). It was observed that the all-atom time scale of lipid phase
separation is 40 times slower than in coarse-grained simulations employing MARTINI
2. In addition, the all-atom simulations required time steps of 2.4 fs in contrast to the
20-40 fs time steps used in the MARTNI model. Moreover, all-atom models contain
approximately 10 times more atoms than MARTINI models. Therefore, all-atom MD
simulations of phase separation are approximately 5000 times slower than MARTINI
2 simulations of the same number of molecules (Figure 8·1C).
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Figure 8·1: (A) C9916−55 (red) at Lo-Ld domain interface in DPPC:DUPC:Chol
36.7:36.7:26.6 (blue, purple, green) bilayer, 496,452 atoms. (B) Ratio of C99-DPPC
and C99-DPPC + C99-DUPC contacts. For two C99, A and B. Dashed black line
at 0.35 represents approximate limit of Lo-Ld interface environment. (C) Mixing
entropies of phase separation in CHARMM36 (blue) and in equivalent MARTINI 2
system (red).

We conclude that all-atom simulation on even the most powerful MD ASIC with
publically available allocations challenged to model de novo lipid phase separation.
Rather than take a direct simulation approach, free energy methods like umbrella
sampling are likely necessary for determining the partitioning of proteins to lipid
domains.432 It may be that not only C99 partitions to Lo-Ld domain interfaces, but
that BACE1 does so as well, despite the apparent affinity of BACE1 for Lo domains.
Processing of APP by BACE1, or C99 by γ-secretase, at such domain interfaces
would be a remarkable result. These observations suggest a potential explanation for
the mysteries of APP-BACE1 and C99-γ-secretase association. Umbrella sampling
simulations can be performed using massively parallel calculations on GPUs up to
the microsecond time scale, which may be sufficient for sampling the free energy of
these proteins across a phase separated lipid domain boundary.
There are other questions that can be explored with free energy simulations beyond
protein partitioning. The polarity of protein TMDs for Lo or Ld faces at the domain
interface can be explored by sampling the free energy along an axis of rotation about
the z-axis. Likewise, the free energies profiles of C99-ADAM10 and C99-BACE1 TMD
associations might be evaluated to determine if the TMDs participate in complexes
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with C99 in addition to the extra-membrane active sites. The increasing availability
of new and powerful GPUs may usher in a wide variety of such new free energy
calculations on membrane proteins.

8.2.3 Bilayer simulations with user-specified initial positions

Currently used software for building lipid bilayer systems create random mixtures of
lipids and potentially other molecules onto lattices.306,381,433 There are currently no
tools for directly controlling the spatial distribution and precise locations of lipids,
proteins, or any other molecules in a lipid bilayer.
It is relatively easy to visualize and treat systems composed of layers of individual
molecules (such as lipid bilayers) as a square or hexagonal lattice. We did this when
developing Flory-Huggins models to model finite size effects in phase separation335

and the partitioning of proteins to lipid domains.429 Generalizing this perspective, we
can consider the two-dimensional lattice to be a kind of digital canvas, within which
each pixel can be defined not only by a color, but by other data, such as the topology
and coordinates of a molecule.

Figure 8·2: MolPainter Graphical User Interface example constructing a phase sep-
arated lipid bilayer.

I have recently developed a tool, MolPainter, for “painting” molecules onto “canvases”
representing lattices each defined at different z-axial positions. The lattice sites each
have an area per site, similar to an area per lipid. MolPainter enables the rapid
construction of very complex layered molecular systems composed of any molecules,
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though with obvious applications for modeling complex lipid membranes.
In MolPainter, the user creates a “palette” of molecules, each associated with a color
and optional operations to be performed on their initial coordinates, specified in the
PDB file the user provides to describe each molecule. Users select molecules to paint
lattices on each canvas, assigning the molecule to each lattice site. Multiple molecules
can also be “blended” together with a certain probability distribution, for example, a
“Lo” phase blend of 1:2 DPPC:Chol, can be painted onto the canvas and be used to
quickly paint Lo domains. When MolPainter exports a painting, the coordinates of
the molecules are copied, if specified, rotated, and then translated to each lattice site
either using an atom selection specified in the PDB or the center of geometry of the
molecule.
MolPainter makes tasks like constructing a lipid phase separation as the initial con-
dition for a molecular simulation very straightforward (Figure 8·2). MolPainter also
has a supplemental tool, MolSolvator, which can rapidly build a box of any solvent
around layered systems built in MolPainter. Both MolPainter and MolSolvator use
PDB files for easy input/output of molecules and systems. MolPainter also has its
own python dictionary-based files for saving and loading paintings. Examples of
unique applications using MolPainter to build symmetric or asymmetric lipid bilayer
phase separations, Soc phases, and placement of cholesterol or lipids into the bilayer
mid-plane. It is my hope that more creative, hypothesis-driven initial conditions for
complex molecular systems will become commonplace in the near future through the
development and use of software similar to MolPainter.
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