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Abstract
Self-aggregation and misfolding of two major amyloidogenic proteins, tau and human islet
amyloid polypeptide (hIAPP), have been implemented in the pathogenesis of Alzheimer’s
disease, yet the exact mechanisms remain unknown. It has been suggested that the small
oligomers are more toxic than mature fibrils, but the mechanisms of membrane disruption are
unknown. Using molecular dynamics (MD) simulations, the membrane-binding and
protein-folding behaviors of these amyloidogenic proteins were investigated. Using both
coarse-grained (CG) and atomistic MD simulations, we successfully model protein oligomers
binding to specific and non-specific lipid rafts and the subsequent surface-induced protein
folding. The tau simulations revealed that the membrane binding deficient mutant k18 fragment
experienced surface-induced helical conformations while the wild type k18 fragment did not,
which may speak to the difference in toxicity. With hIAPP, we found that there was a significant
difference in protein folding between the different model membranes, suggesting that
nonspecific membranes are most likely to promote helical conformations. In addition,
monomeric hIAPP is less likely to experience formation of ordered structures when bound to
GM1. The hybrid system did not demonstrate any preferential folding based on model
membrane or size of oligomer. In general, this study provides new mechanistic insights about the
protein folding of membrane-bound amyloidogenic proteins.

Keywords: molecular dynamics, lipid rafts, tau, hIAPP, protein-folding
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Introduction

Amyloidogenic Proteins: Tau

Human tau, a microtubule-associated protein, is widely known for its role in the
development of several neurodegenerative diseases, including Alzheimer’s Disease (AD)
(Press-Sandler, 2018; Gerson, 2017). Hyperphosphorylated tau forms neurofibrillary tangles
(NFTs), made of ordered beta-sheet rich tau fibrils, which are a major histopathological marker
of AD (Fitzpatrick, 2017; Gerson, 2014). Hyperphosphorylated tau proteins are unable to
maintain or assemble microtubules, and can even disrupt microtubules, thus causing
neurodegeneration over time (Igbal, 2010). Yet recent studies suggest that it is much smaller tau
oligomers that pose the highest threat to neurons, specifically in the way they bind to neuronal
membranes (Bok, 2021; Niewiadomska, 2021; Shafiei, 2017). Tau is a class of intrinsically
disordered protein (IDP) which makes experimental studies of tau difficult (Nguyen, 2021). MD
research thus far has focused on tau within solution, there has been little research on how tau
folds when bound to a neuronal membrane. For our purposes, a 130-residue long fragment of tau,
called k18, which represents the microtubule-binding domain of the protein was used. The wild
type k18 fragment, or WT-k18, contains 4 repeated domains (R1, R2, R3, and R4) that are
known to bind to membrane lipids (Sallaberry, 2021). We also created a mutated version of k18
with 3 amino acids changed to reduce the hydrophobicity of the protein and thus the binding
affinity, hereby referred to as membrane binding deficit k18, or MBD-k18, based on the
experimental discovery of Ait-Bouziad, 2017.
Amyloidogenic Proteins: hIAPP

hIAPP is a hormone co-secreted with insulin from pancreatic beta-cells (Khemtemourian,

2022). Under normal circumstances, hIAPP has many functions including regulation of glucose
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levels, vasodilation, bone resorption, renin activity, and slowing gastric emptying and glucagon
release (Hassan, 2022). With hIAPP fibrillar aggregates found in 90% of patients with type 2
diabetes (T2D), these microscopic beta-sheet-rich fibrils have become a major histopathological
marker of T2D (Milardi, 2021). It has been linked to the progression of T2D as well as
neurodegenerative disorders such as Parkinson's disease and AD, and there is even a
comorbidity, in which roughly 30% of individuals with AD also suffer from type II diabetes
(Jackson, 2013; Ly, 2017; Khemtemourian, 2022). Similar to tau and amyloid beta, experimental
studies have shown that oligomerized hIAPP is toxic to neurons via membrane damage (Jackson,
2013; Engel, 2008). In addition, it is thought that the small oligomers are more toxic than mature
fibrils, but the detailed molecular mechanism of disordered hIAPP oligomers on neuronal
membranes is still unknown (Mirzabekov, 1996; Willbold, 2021). We generated a full 37-residue
long hIAPP monomer based on the published cryoEM fibrillar pentamer (Cao, 2020).

This project uses computational analysis of the MD simulations of these proteins within a
system (complete with lipid membrane, solvent, and ions) to achieve a better understanding of
how surface-induced folding contributes to the development of neurodegenerative diseases.
Amyloidogenic Proteins: Interaction effects

This project also investigates the interaction of tau and hIAPP, as it has not been well
studied and there have been conflicting results of recent studies. A 2021 study found that hIAPP
induces tau phosphorylation and aggregation in transgenic mice (Wijesekara, 2021) and a 2022
study showed similar results (Zhang, 2022), but a 2023 study found that hIAPP can reduce

tauopathy (Yang, 2023).
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Lipid Rafts

Experimental studies have shown that the distribution of lipids in cell membranes are
highly heterogeneous and contain phase-separated nanodomains, or lipid rafts, on both leaflets
(Cebecauer, 2018; Sezgin, 2017). It has also been shown that both hIAPP and tau can attack
either the inner or outer leaflet of the membrane, so it is necessary for us to study both
(Westermark, 2011; Pooler, 2013). Thus, we used a control raft (CO-raft), a modified CO-raft
containing ganglioside to mimic the outer leaflet of neurons (GM-raft), and a modified CO-raft
containing phosphatidylserine-clusters to mimic the inner leaflet of any cell type (PS-raft)
(Cheng, 2022). The CO-raft is a three-component lipid bilayer containing cholesterol, saturated
phosphatidylcholine (PC), and unsaturated PC (Cheng, 2022). The model rafts also contain
phase-separated liquid-ordered (Lo), liquid-disordered (Ld), and mixed Lo/Ld (Lod) domains on
both outer and inner leaflet. The Lo domain mimics the ordered, cholesterol- and saturated PC
enriched region, Ld mimics the disordered, saturated PC-enriched and cholesterol-depleted
region, and Lod mimics the boundary region between the two, with characteristics of both

(Cebecauer, 2018; Risselada, 2008; Cheng, 2022).

Method
MD Simulations
Amyloidogenic Proteins
All analyses were conducted with hIAPP (37 residues) and 2 tau variants, all of which
were experimentally derived: tau-k18 wildtype (130 residues), and tau-k18 with three point
mutations (V287E, I308E, and V318E) that make it less toxic, called MBD-k18, or membrane
binding deficit (130 residues long) (Ait-Bouziad, 2017; Nguyen, 2021). The k18 segment was

created by adding Tau243-307 to the N-terminus of the fibril core, which was extracted by isolating
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Taus0s-372 from chain A of the cryoEM pentamer (Fitzpatrick, 2017), in a random coil
configuration, as demonstrated in Figure 1. The structure for hIAPP is extracted from a published
cryoEM fibrillar pentamer structure as shown in Figure 2 (Cao, 2020). For both, the initial
structure was in atomistic resolution but converted to CG resolution in order to reduce simulation
time for aggregation and binding.

For the hybrid system consisting of both tau and hIAPP, hereby referred to as TAM (tau
and amylin), a dimer was created with tau as chain A and hIAPP as chain B, as well as a tetramer
with tau as chains B and C and hIAPP as chains A and D.

Design of disordered tau and hIAPP oligomers in solution

Disordered monomers were added to a simulation box and then solvated in 0.1 M NaCl
and underwent energy minimization and position-restraints. For hIAPP, the initial extracted
monomer was structured, so it was allowed to naturally collapse over 5 us of CG MD simulation,
as demonstrated in Figure 4A. Oligomers were created by adding multiple non-structured
monomers (2 or 4) of the protein equally spaced out within the simulation box, then allowed to
self-aggregate over 5 pus of CG MD simulation. This process is demonstrated in Figure 3 for a tau
tetramer and in Figure 4B and 4C for hIAPP aggregates.

Design of neuronal membrane mimics (lipid rafts)

Three highly dynamic and heterogeneous lipid bilayers or lipid rafts, containing saturated
and unsaturated phosphatidylcholine (PC), cholesterol, with or without anionic lipids,
phosphatidylserine (PS) or ganglioside (GM1), were used to mimic the neuronal membranes
(Ingolfsson, 2017). Specifically, the symmetric lipid raft (CO-raft) contains saturated DPPC,
unsaturated DLPC, and cholesterol, and exhibits liquid-ordered (Lo), liquid-disordered (Ld), and

mixed Lo/Ld domain boundaries. The other two lipid rafts, PS-raft and GM-raft, are asymmetric
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lipid membranes in which PS- and GM-clusters are embedded on the Lod and Lo domain,
respectively, on only one leaflet of the lipid membranes. Overall, the CO-raft represents the lipid
membrane patch found on both leaflets of cell membranes. However, the PS-clusters represent
biomarkers found on the intra-membrane leaflet facing the cytosol of any cell type (Kay, 2019),
and the GM-clusters, specifically GM1, are biomarkers found on the extra-membrane leaflet on
the surface of the neurons.
Binding of oligomers on lipid rafts

Binding of oligomers was initiated by placing the oligomer ~ 2 nm above the surface of
each lipid raft. Three different initial positions of each oligomer, i.e., at the center and +/- 2 nm
shifted along the x-direction, were created. For systems in which binding did not occur or was
not stable within 15 microseconds, additional simulations with the protein starting
+/- 2 nm in the y- or z-direction were created. Microsecond CG MD simulations were
subsequently performed until the oligomer was bound to the membrane and stable.
Atomistic simulations

After the CG simulations, we have created atomistic structures of the membrane-bound
oligomers on all three lipid rafts using a reverse-mapping procedure. We conducted 200 ns of
atomistic simulation for both tau variants and 300 ns for hIAPP. We currently have 100 ns of data
for the TAM hybrid system.
Secondary Structure Analysis

An analysis of the secondary structure/protein folding of every amino acid residue for
every timestep was made using the gromacs function, do_dssp, which implements the original
DSSP function (define secondary structure of proteins) (Anderson, 2022; Van Der Spoel, 2005).

An analysis of the fraction of each type of secondary structure at each timestep was also
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generated. The secondary structures were regrouped into four broader categories: 1) random,
consisting of non-hydrogen bonded secondary structures such as coil and bend, 2) turn, 3) helix,
which includes 3-helix, 5-helix, and alpha-helix, and 4) beta, which combines the planar
conformations: beta-sheets and beta-bridges. The fraction of residues in each category was
calculated to evaluate the net effect of the lipid domain on the folding behaviors or kinetics of

hIAPP.

Results

Tau Protein Folding

The DSSP algorithm was used to identify the secondary structures of the WT-k18 and
MBD-k18 tetramers on all three different raft surfaces. Transitions from disordered to ordered
structures were seen within the 200 ns of simulation in various sections of the protein chains,
with most of the ordered structures, specifically beta-sheets and beta-bridges, being transient.
However, there was no noticeable change in the overall fraction of secondary structure overtime,
as is evident in Figure 5B. Significant beta-sheet formation, shown as deep red lines in the DSSP
plot in Figure 5A, was identified in one replicate of MBD-k18 and one replicate of WT-k18, both
showing three out of the four chains participating in either inter-chain or intra-chain beta-sheet
formation. The replicate-averaged secondary structure for each system is shown in Figure 6. A
two-way ANOVA found that there was a strong significant effect of tau type, WT-k18 versus
MBD-k18, on the amount of helical conformations (F = 91.825, p <0.001), as well as a
significant effect of tau type on the amount of random conformations (# = 36.05, p < 0.001).
There was no statistically significant difference in the amount of planar structures (beta-sheets or
beta-bridges) identified in WT-k18 compared to MBD-k18 (F =1.779, p = 0.207), but they

generally appeared more transient in MBD-k18 than in WT-k18 based on the DSSP colormap.



SURFACE-INDUCED PROTEIN FOLDING OF AMYLOIDOGENIC PROTEINS 9

VMD was used to visualize the beta-sheets present at the end of the 200 ns simulation as well as
the annular lipids in Figure 5C. (Cheng, 2022)
hIAPP Protein Folding

Same as with tau, the DSSP algorithm was used to calculate the time evolution and
residue-resolved protein secondary structures of hIAPP oligomers on the raft membrane. During
the 300 ns of simulation, some regions of the protein transitioned from non-hydrogen bonded,
disordered structures to hydrogen-bonded, ordered structures, such as turn, helical, or planar
beta, with this pattern being most prominent on CO-raft, shown in Figure 7A. The appearance of
some ordered structures was transient, particularly helical structures in the dimer and tetramer.
The fraction of residues in each of the four broader categories was calculated, shown in Figure
7B, to evaluate the net effect of the lipid domain on the folding behaviors or kinetics of hIAPP.
The protein-folding kinetics showed a decrease in the disordered random structure and an
increase in the ordered structures for all replicates on CO-raft. Beta structures were found for
both the dimer and tetramer on CO-raft, but the monomer showed no beta structures at all,
however a one-way ANOVA showed that the difference between the three oligomer sizes was
not statistically significant (/' = 2.943, p = 0.129). In addition, a decrease in the level of
surface-induced helical structures was observed for the dimer and tetramer. The final 300 ns
secondary structures of the representative replicate 1 for hIAPP oligomers on CO-raft are
demonstrated in Figure 7. The average fraction of each secondary structure over three
independent replicates for each oligomer is shown in Figure 8. (Lewis, 2023)

A one-way ANOVA of hIAPP on PS-raft revealed no significant differences between

oligomer sizes for any of the secondary structures. However, there is a visible pattern that
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suggests the amount of helical conformations increases as the oligomer size increases, although it
is not statistically significant.

A one-way ANOVA of hIAPP on GM-raft revealed a significant difference in the helical
conformations between the different oligomer sizes (F' = 7.186, p = 0.026), specifically between
the monomer and tetramer. It also showed the same pattern of helical conformations increasing
as the oligomer size increases as the PS-raft did.

Next, a two-way ANOVA was used to determine the effects of raft-type as well as
oligomer size on the amount of specific secondary structures, as well as any interaction effect of
raft-type and oligomer size. It revealed that there was a small significant effect of raft type on the
amount of helices (F' =4.74, p = 0.022), with CO-raft having significantly more helical
conformations. There was also a significant interaction effect of raft and oligomer on the amount
of helices (F'=4.553, p =0.010), as the CO-raft monomer had a larger amount than the dimer or
tetramer, but there was a non-significant effect of oligomer size alone on helices (F=3.478, p =
0.053).

TAM

The same DSSP algorithm was used for the 100 ns of simulation for the TAM system.
DSSP plots for representative dimer and tetramer replicates on CO-raft are demonstrated in
Figure 9, as well as the fraction of broader secondary structure groups over time. The data is still
preliminary, as we hope to reach at least 200 ns of simulation for analysis. A two-way ANOVA
found that there was a significant difference in the amount of random conformations between raft
type (F'=6.16, p = 0.014), with GM-raft having the highest amount and PS-raft having the
lowest, but there was not a significant difference in helical or beta conformations. Within the 100

ns, we do not see the same transition from disordered to ordered structures that was evident with
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hIAPP, and there is very little change in overall fraction of secondary structure over time. Figure
10 shows the replicate- and time-averaged fraction of each secondary structure.

Discussion
Tau

For the tau tetramer system, both inter- and intra-chain beta-sheets were found, with
MBD-k18 showing more transient beta-sheets than WT-k18. These results suggest
membrane-assisted beta-sheet formation can be detected for large amyloid protein aggregates, as
the tau k18 tetramer has 520 residues. However, longer simulation time would be required to
further explore the role of membrane domains on beta-sheet formation. Our results corroborate
recent experimental data that shows k18 can form beta-sheets on an anionic membrane surface,
and our simulation provides evidence that not only can beta-sheets form on anionic membrane
surfaces such as GM1, but they are likely to form (Majewski, 2020; Cheng, 2022).

The formation of beta-sheets on membrane-bound tau represents the early events of
membrane damage, through mechanisms such as the pore, carpeting, or detergent-like models
(Pooler, 2013). The greater amount of non-transient beta-sheet formation for WT-k18 compared
to MBD-k18 implies that electrostatic interactions have an important role in membrane-induced
protein folding. Due to their hydrophobicity, these beta-sheets may also facilitate further
aggregation and attract other amyloidogenic proteins to create larger oligomers and more
membrane damage (Richardson, 2002). Thus, the small beta-sheets observed in this study can act
as a base for future work, both experimental and computational, to understand the nucleation
process of tau on lipid membranes. (Cheng, 2022) There were no significant differences between
the different raft systems, but there was a difference in the amount of helices and random coil

between WT-k18 and MBD-k18. Specifically, almost no helical conformations were seen in



SURFACE-INDUCED PROTEIN FOLDING OF AMYLOIDOGENIC PROTEINS 12

WT-k18. Interpreting this result proves to be a challenge. For tau, beta-sheets are the primary
toxic-motif, known to facilitate protein aggregation, but one study found abnormal tau
aggregates with a high proportion of helical conformations (Avila, 2006). Thus, the secondary
structure analysis alone is not enough to suggest the increased toxicity of WT-k18 compared to
MBD-k18, but in combination with binding affinity data we can draw that conclusion (Cheng,
2022).
hIAPP

A more prominent pattern of surface-induced protein folding was found in hIAPP than
what was found in tau k18, with a transition from disordered to ordered hydrogen-bonded
structures being evident in the time-dependent graphs, as shown in Figure 7B. For the CO-raft,
we found a decrease in alpha-helix and increase in beta-sheets as the oligomers increased in size
from monomer to dimer to tetramer, although not statistically significant. Figure 7C shows that
one of the tetramers bound to CO-raft demonstrated a triple beta-sheet structure embedded into
the lipid raft involving chain C and chain D. I hypothesize that this stable triple beta-sheet is the
precursor to a beta-barrel, a recently modeled mechanism of pore formation and subsequent cell
death, made of parallel and antiparallel beta-sheets (Sepehri, 2021; Sulatskaya, 2021). This ion
channel pore formation has been confirmed experimentally with hIAPP and planar lipid
membranes (Mirzabekov, 1996), and beta-barrel formation has been observed experimentally
and computationally (Sun, 2019).

This study provides insights into the mechanisms of hIAPP aggregate binding behavior
on various dynamic neuronal membrane mimics: a control, a general inner-leaflet mimic, and a
neuronal outer-leaflet mimic. The surface-induced protein folding from disordered-to-ordered

structures was seen in most replicates on all three surface types. In hIAPP, both helical and
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planar conformations have been associated with membrane damage, specifically beta-barrels as
well as alpha-helix barrels. For both GM-raft and CO-raft there was an increase in beta formation
as the oligomer size increased, although not statistically significant, and for GM-raft and PS-raft
there was an increase in helical conformations as oligomer size increased, which was statistically
significant for GM-raft. This suggests that hIAPP monomers experience little-to-no protein
folding on GM1, and larger oligomers are necessary to see surface-induced protein folding. In
comparison, monomers on CO-raft showed no beta formation, but large amounts of helical
conformation. Thus a monomer on CO-raft is unlikely to see beta-sheet formation and is more
likely to see helical conformation.
TAM

For the TAM system, we observed no significant changes in protein folding by oligomer
size or raft type. This could suggest either that the system did not experience significant
surface-induced folding, or it could suggest that the folding became highly stabilized after
binding. There were also no significant differences between the amounts of secondary structure
by raft type or oligomer size, but all systems did experience some beta and helical
conformations, which implies that for the TAM there is no preferential protein-folding, and any
raft type or oligomer size is equally likely to result in surface induced protein folding. Although
we cannot draw a definitive conclusion from these preliminary results, we hope that in
combination with other simulation analysis conducted in our lab these findings will contribute to
this new area of investigation.

It is important to note that there is likely a lower binding affinity for the TAM system
than either individual system because far more initial CG simulations had to be done in order to

find stabilized binding.
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Limitations and Future Directions

When doing any MD studies there are several limitations. Firstly, it takes a large amount
of computational power and time to run simulations, especially in atomistic resolution. Running
coarse-grained simulations, we were able to get ~2-3 microseconds of simulation per day, but
with atomistic it is only ~2 nanoseconds per day. However, with the Leviosa cluster at Trinity, it
is not possible to improve the speed of our simulations. Thus, our atomistic simulation can only
look at initial binding. In addition, all MD studies rely on the use of force fields, and the force
field chosen can impact the results. For CG simulation, we use the MARTINI-2 force-field, and
for atomistic simulation the AMBER99SB and Slipids, neither of which may be appropriate for
investigating protein-protein and protein-lipid interactions of IDPs, but there is not currently any
better available force field.

Our lab has recently implemented machine learning algorithms to quantify the amount of
membrane damage caused by the amyloidogenic proteins, and we hope to integrate these
findings with the protein folding data to better understand the effects of specific secondary
structure on the membrane. As of now, we currently only have atomistic simulation for the
WT-k18 tetramers therefore the next step in order to fully understand the hybrid system will be
to create a simulation for the WT-k18 dimer and monomer. Finally, the end goal for much of MD
amyloidogenic protein research is to develop drug therapies to prevent the aggregation of the

proteins or the membrane damaging mechanisms in order to treat AD or T2D.
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Figures
Figure 1

Tau WT k18 and MBD-k18 Structure Extraction
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Note. A single chain from the (A) cryoEM tau pentamer structure was extracted and used to
build the (B) atomistic wild type k18 (WT-k18) and (C) mutated k18 (MBD-k18) with the three

point mutations identified. This figure is adopted from previous works (Cheng, 2022).
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Figure 2

hIAPP Structure Extraction
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Note. A single chain from the (A) cryoEM tau pentamer structure was extracted and used to
build the full-length atomistic hIAPP1-37 (B) upon attaching a random AA-hIAPP1-16 coil (red
coil) to its N-terminus. Using an atomistic to coarse-grained spatial transformation procedure, the
CG hIAPP1-37 structure shown with yellow beads for side chains and pink beads for backbones,
is overlaid onto the AA-hIAPP1-37 shown with side chains in licorice and backbone in ribbon
(C). A scale bar of 1 nm is given for each CG or AA structure. This figure is adopted from

previous work (Lewis, 2023).
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Figure 3

Tau Tetramer Formation

Note. The unbiased self-aggregation process of four WT-k18 monomers within 3 ps of CG
simulation in 0.1 M NaCl. Water is represented as blue dots, Na + ions as dark blue spheres, and

Cl- ions as light blue spheres. This figure is adopted from previous works (Cheng, 2022).
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Figure 4

hIAPP Collapse and Oligomer Formation
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Note. (A) The CG hIAPP monomer before and after a 5-us-long CG simulation are shown. The

unbiased self-aggregation process of (B) two or (C) four identical equilibrated monomers from

before and after a 5-ps-long CG simulation resulted in the formation of a dimer and tetramer.

Water is represented as blue dots, Na + ions as dark blue spheres, and Cl- ions as light blue

spheres. A scale bar of 1 nm is shown in each structure. This figure is adopted from previous

work (Lewis, 2023).
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Figure 5

DSSP Plot, VMD Rendering, and Time-Averaged Secondary Structure for Tau

A WT-K18 Tetramer on CO-raft surface
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Note. Membrane-induced protein folding of tau k18 tetramers on CO-raft surfaces. The
secondary structures of each residue within all 200 ns of simulation are shown for one replicate
of (A) WT-k18 and (B) MBD-k18 on CO-raft. The fraction of residues that participated in each
of the combined secondary structure groups over time are shown to the right. Within the middle
of each panel the VMD visualization of the oligomers at the end of the simulation is shown. Each
chain is color coded, chain A in blue, chain B in red, chain C in gray, and chain D in orange. The

scale bar indicates 10 angstroms. This figure is adopted from previous works (Cheng, 2022).
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Figure 6

Time- and Replicate-Averaged Secondary Structure by Tau Type and Raft Type
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Note. Total protein secondary structures of membrane-bound WT-k18 and MBD-k18. The data
represents the replicate-averaged fraction of time over the 200 ns that each secondary structure
was present over three independent replicates for each raft-type and tau variant. The error bar

represents the standard error of the mean.
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Figure 7

DSSP Plot, Time-Averaged Secondary Structure, and VMD Rendering for hIAPP
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Note. (A) The secondary structures of each residue within all 300 ns of simulation are shown for

representative replicates of the monomer, dimer, and tetramer on CO-raft. (B) The fractions of

residues involved in beta, helix, turn, and random structures are also shown over time for each

oligomer, left to right: monomer, dimer, tetramer. (C) VMD rendering of the protein and

surrounding annular lipid, with the two primary hydrophobic residues, L16 and 126, labeled.

Protein structures are shown in ribbons, highlighting the different secondary structures (random,

helical, and beta-sheet) of each oligomer. This figure is adopted from previous work (Lewis,

2023).
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Figure 8

Time- and Replicate-Averaged Secondary Structure by Raft Type and Oligomer Size for hIAPP
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Note. Total protein secondary structures of membrane-bound hIAPP. The data represents the
replicate-averaged fraction of time over the 300 ns that each secondary structure was present
over three independent replicates for each oligomer size and raft-type. The error bars represent

the standard error of the mean.
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Figure 9

DSSP Plot and Time-Averaged Secondary Structure for TAM
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Note. The secondary structures of each residue within all 100 ns of simulation are shown for one
replicate of a dimer and a tetramer on CO-raft. The fraction of residues that participated in each
of the combined secondary structure groups over time for the specific replicates on CO-raft are

shown to the right.
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Figure 10

Time- and Replicate-Averaged Secondary Structure by Raft Type and Oligomer Size for TAM
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Note. Total protein secondary structures of membrane-bound TAM dimers and tetramers. The
data represents the replicate-averaged fraction of time over the 100 ns that each secondary
structure was present over three independent replicates for each oligomer size and raft-type. The

error bars represent the standard error of the mean.
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