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ABSTRACT
Benfeard L. Williams II: The structure of Apolipoprotein E isoforms and their function in
Alzheimer’s disease
(Under the direction of Nikolay V. Dokholyan)
Alzheimer’s disease (AD) is a chronic, incurable neurodegenerative disorder. AD is the
most common form of dementia. The strongest genetic risk factor for AD is the expression of the
E4 isoform of Apolipoprotein E (ApoE4), found in ~15% of the population. The other two
common variants of this protein, namely ApoE2 and ApoE3, are respectively protective and
neutral isoforms in regards to the development of AD. The three ApoE variants are strikingly
similar in sequence, differing only at two locations. However, biophysical studies reveal that
while functionally comparable to the other variants, ApoE4 is less thermally stable and shows a
misfolded intermediate state, which has been associated with the onset of AD. Despite the strong
connection to AD and extensive research in lipid metabolism, the ApoE4 structural features
responsible for its pathogenic role in AD remain unresolved.
In this work, we explore the unique conformational landscape of ApoE isoforms to
identify specific structural features responsible for AD onset. We perform a series of molecular
dynamics simulations for all three ApoE isoforms, and we find that ApoE4 has access to a
unique folding intermediate conformation with inter-domain interactions not seen in ApoE2 or
ApoE3. We generate a structural model of an ApoE4-specific misfolded state to predict
mutations that can affect the stability of key contacts in this specific conformation. In addition to
identifying interacting residues in the misfolded intermediate state, we create models with C-
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terminal truncations to narrow in on the most vital inter-domain contacts. To determine the
inherent isoform differences, we study residue communication networks using dynamic crosscorrelations to show that even in the native conformation, ApoE4 exhibits unique dynamic
properties that ultimately lead to its distinctive conformational landscape. Our findings suggest
that the underlying role of ApoE4 in the development of AD can be linked to its isoform-specific
structural and conformational dynamics.
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CHAPTER 1: INTRODUCTION

Alzheimer’s disease
Alzheimer’s disease (AD) is the most frequent form of dementia, affecting one in
three senior citizens in the US [1]. Furthermore, the burden of this disease is increasing
with the aging population. AD is characterized as a chronic, neurodegenerative disease
with signature features including the accumulation of amyloid beta (Aβ) peptide as
plaque and hyperphosphorylated tau protein as neurofibrillary tangles. One of the leading
theories for the development of AD is the “amyloid hypothesis” in which AD results
from an imbalance between the production and clearance of Aβ. Several proteins have
been suggested to have a role in the impaired degradation and clearance of Aβ [2]. This
accumulation of Aβ can lead to fibrillization and plaque formation, spontaneously or
through the aid of other proteins such as Apolipoprotein E [3-5]. All of these events are
thought to be part of a pathological sequence that leads to the onset of AD and the death
of neurons.
Apolipoprotein E (ApoE)
One of the proteins linked to AD and the propensity of Aβ to form plaques is
Apolipoprotein E (ApoE). This protein has functions in lipid metabolism [6]. However, ApoE

also has functions related to the onset of AD through a unique relationship involving Aβ
metabolism and lipid transport [7-13]. ApoE was originally discovered because of its role in
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plasma lipoprotein transportation, however, it has now been shown to have an important impact
on neuronal health.
Human ApoE, a 299 amino acid protein, is expressed in the highest concentrations in the
liver and in the brain by astrocytes and microglia [6]. There are three common isoforms, with
ApoE3 alleles found in ~75% of the populations [14]. The two other common isoforms differ
from ApoE3 at two positions with ApoE2 containing the R158C mutation and ApoE4 containing
the C112R mutation (Table 1.1). ApoE consists of two domains that fold independently [15].
The 22 kDa N-terminal domain consists of a four-helix bundle and the 10 kDa C-terminal is an
extended helical domain (Fig 1.1). The two domains are linked together by an unstructured hinge
region. All of the ApoE isoforms associate with lipids via the C-terminal domain and internalize
lipids into cells by binding to cell surface receptors such as the low-density lipoprotein receptor
(LDLR) through the N-terminal domain [16]. While structurally similar, the differences in amino
acid sequences lead to changes in receptor binding affinity and the size of lipoproteins formed
[17-19].
Table 1.1. ApoE Isoform-Specific Mutations

ApoE isoform

Residue 112

Residue 158

ApoE2

Cys

Cys

ApoE3

Cys

Arg

ApoE4

Arg

Arg

The ApoE4 isoform has been revealed as the strongest genetic risk factor for late onset
AD, associated with 80% of familial and 64% of sporadic cases of AD [14]. Individuals with two
alleles can have up to a 20-fold increase in risk for developing. In contrast, ApoE3 is considered
neutral with regard to risk of AD while ApoE2 has been suggested to be protective against AD
[14,20,21]. The molecular basis for ApoE4-dependent risk of AD is still unknown. Several
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hypotheses exist suggesting that there are specific interactions between ApoE4 and AD-related
proteins Aβ and tau protein (Fig 1.2). Several biochemical and biophysical studies have
confirmed that, relative to ApoE3, ApoE4 can indeed interact differently with Aβ and tau protein
[21-23]. However, the relevance of these interactions in the brains of AD patients is unclear.

Figure 1.1. ApoE Structural Overview. A representative model of the ApoE3 native state conformation. The Nterminal domains are colored purple, green, blue and red for the consecutive helices in the four-helix bundle. The
black dots on Helix-3 and Helix-4 represent the relative locations of positions 112 and 158. The extended helical Cterminal domain is represented in grey. The orange locations (blocks) on the 2D representation present the relative
locations of the receptor binding region in the N-terminal domain and the lipid binding region in the C-terminal
domain.
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Figure 1.2. Proposed Pathological Pathways. We speculate that the ApoE4 misfolded intermediate state may
affect the kinetics of Aβ peptides aggregation and clearance. Concurrently, it may be favor the formation of
intracellular neurofibrillary tangles. Further studies are required to elucidate the molecular mechanisms underlying
the intracellular events leading to tau hyperphosphorylation and aggregation.

Despite a lack of knowledge about the molecular basis of ApoE isoforms in AD
pathology, it has been shown that there are intrinsic structural differences amongst the three
ApoE isoforms that may underlie the association with AD. While these three isoforms only differ
by single amino acid substitutions and are all capable of lipid transport, it has been shown that
ApoE4 is the least thermally stable [15,24]. This decreased thermal stability suggests that these
small changes in the N-terminal domain may be critical to understanding the role of ApoE4 in
AD. Additionally, only ApoE4 has been shown to have a folding intermediate, characterized as a
molten globule [25]. This folding intermediate may be the defining feature of ApoE4 in AD
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pathology. A key feature of this folding intermediate conformation is domain-domain
interaction, or inter-domain interaction [21,26-28]. This communication between the N- and Cterminal domains is the prevailing structural feature that differentiates ApoE4 from the other two
isoforms.
Weisgraber et al. found that position 112 in the N-terminal domain of ApoE affects its
lipoprotein preference and X-ray crystallographic structures revealed an alternate salt bridge
network leading to an outward orientation of R61 [29]. It was hypothesized that the inter-domain
interaction in ApoE4 is mediated by the formation of a salt bridge between R61 and E255
[29,30]. The AD-related pathological consequences of conformational changes in ApoE4
remains an open question. Several hypotheses have been proposed, such as an increased
susceptibility to proteolytic cleavage leading to neurotoxic fragments [31]. These ApoE4
fragments can associate with tau protein and interfere with mitochondria [5,28]. Other
researchers have suggested that inter-domain interaction in ApoE4 leads to pathological
interactions with Aβ [7,9,21,25,32-35]. The interaction between ApoE and Aβ may

promote increased accumulation of Aβ peptide and the formation of neurotoxic
oligomers. However, contradictory evidence exists suggesting that increased ApoE
expression promotes the clearance of Aβ [36]. Additionally, the full-length structure of
the native sequence has yet to be solved for any of the three ApoE isoforms, severely
impairing our structural understanding of these proteins.
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CHAPTER 2: APOE4-SPECIFIC MISFOLDED INTERMEDIATE IDENTIFIED BY
MOLECULAR DYNAMICS SIMULATIONS
Introduction
ApoE is a polymorphic lipid binding protein found in the human liver and brain [17,37],
that has been shown to play a role in neuronal repair and maintenance [3]. The three common
ApoE isoforms in humans are ApoE2, ApoE3 and ApoE4 [6]. They differ by only two amino
acids, cysteine and arginine, at positions 112 and 158 in the N-terminal domain (see Table 1.1
and S2.1 Table), but have noticeable differences in their biochemical function such as the
formation of lipoprotein bundles [3,6,25,38,39]. Importantly, ApoE4 has been shown to be the
strongest genetic risk factor for AD. Indeed, it has been shown that the risk for AD increases
from 20% to 47% to 91% in non-carrier (ApoE4 -/-), heterozygous (ApoE4 +/-), and
homozygous (ApoE4 +/+) subjects, respectively. Concurrently, the age of AD onset decreases
by over 15 years in homozygous individuals [14,20,21,35,40]. In contrast, ApoE2 and ApoE3
have been found to be respectively protective and neutral in terms of propensity to develop AD
[14,20,21,35]. Despite these strong correlations, the relationship between the structure of the
three ApoE isoforms and their contribution to AD etiology is still unknown. Furthermore, there
is strong evidence that these structural/dynamical differences between ApoE isoforms contribute
to differences in disease onset and progression [4].
The structure of ApoE was determined in X-ray crystallography [16,41] and nuclear
magnetic resonance (NMR) [42]: ApoE consists of an N-terminal domain with a four-helix
bundle, a hinge region and a flexible C-terminal domain (S2.1A Fig) The N-terminal and the C-
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terminal domains contain the lipoprotein receptor’s binding sequence and the lipids’ binding site,
respectively [16,43]. Recent studies have revealed that ApoE undergoes structural
rearrangements upon binding events [7], and its accessibility to intermediate states differs for
each isoform [25].
The ApoE4 mutation leads to decreased thermal stability of the protein that may allow
access to a stable intermediate conformation promoting pathological consequences [25]. Indeed,
it has been suggested that this misfolded intermediate state of ApoE4 can potentially be
responsible for ApoE isoform-specific effects on AD-related proteins, such as amyloid
beta (Aβ) peptide and tau protein [7]. Indeed, it has been shown that ApoE isoforms differently
affect the oligomerization rates of Aβ peptide, and ApoE4 specifically stabilizes Aβ peptide
intermediate states [32-34]. Additionally, recent studies show that, in the presence of ApoE4, tau
protein is hyperphosphorylated, which then lead to formation of toxic intracellular neurofibrillary
tangles [44-47]. Therefore, the formation of a putative ApoE4-specific misfolded intermediate
state can potentially underlie the higher risk of AD associated with this isoform [25]. However,
the tendency of these proteins to form oligomers in solution [48] presents a major complication
in the experimental investigation of their folding mechanism, and in the identification of the
structural features characterizing each ApoE isoform [49]. Here, we explore the conformational
landscape of the three ApoE isoforms, using discrete molecular dynamics (DMD, [50-52]), in
order to investigate the structural determinants that distinguish each isoform. Our goal is to
elucidate the plausible isoform-specific structural features that could underlie the
physiopathological function of each ApoE variant. We observe several intermediate states for
each ApoE isoform in our simulations. Specifically, we identify an ApoE4-specific misfolded
intermediate state characterized by a unique group of contacts that mediate the interaction
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between the N-terminal and C-terminal domains of the protein (domain-domain interaction).
This misfolded intermediate state can potentially play a pivotal role in AD pathogenesis, by
altering multiple ApoE functional pathways, such as lipid transport efficiency, Aβ peptide
clearance and aggregation of Aβ peptide, and/or tau protein hyperphosphorylation.
Results
Thermodynamic stability of ApoE isoforms
To evaluate the thermodynamic stability of the three isoforms of ApoE, we compute the
heat capacity of each variant (Fig 2.1) by applying the Weighted Histogram Analysis Method
(WHAM) [53] to replica exchange DMD (REX/DMD) simulation trajectories as described in the
Simulation settings section in Methods. In all three ApoE isoforms’ specific heat curves, we
observe several peaks suggesting the existence of multiple intermediate states for each of them
(Fig 2.1B-D). To estimate the relative thermal stability of the three ApoE isoforms, we refer to
the temperature of the first peak in the specific heat plots, corresponding to the temperature at
which the N-terminal domain of the three ApoE variants loses its hydrophobic core packing, as
described below. A left shift of this peak in the specific heat plots indicates destabilization of the
protein structure, while a right shift implies its stabilization. The temperature of the first peak in
ApoE4’s specific heat curve (322 K) is lower than that of ApoE2 (330 K) and ApoE3 (331 K).
Therefore, we infer that ApoE2 and ApoE3 show very similar thermal stability in simulation,
while ApoE4 is characterized by a lower stability with respect to these two isoforms, in
agreement with previously reported results in the literature [15,24] (Fig 2.1A). These data are in
agreement with ΔΔG values estimated by an independent computational approach, Eris
(Simulation settings section in Methods), in which the free energy is estimated as a weighted
sum of van der Waals forces, solvation, and hydrogen bond energy functions [54,55].
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To determine if the differences in the specific heat of the three ApoE isoforms are due to
the temperature-induced unfolding of different regions of the protein, we monitor the secondary
structure content as a function of temperature for every residue (S2.1B-D Fig) and for the entire
protein of each ApoE variant (S2.1E-G Fig). Our results suggest that, despite their different
thermal stabilities, the three ApoE isoforms undergo temperature-induced unfolding without
significant differences in the loss of secondary structure (S1B-G Fig) or tertiary structure
content, (S2.2J-L Fig) thus, implying a major role of potential structural rearrangements within
the domains of the three protein isoforms.

Figure 2.1. Heat capacity curves of ApoE isoforms. (A) The heat capacity (Cv) curves computed using WHAM
on REX/DMD trajectories for ApoE2 (black), ApoE3 (red) and ApoE4 (blue) in the range of 275 to 400 K show
intermediates states that appear at different temperatures for each isoform. The position of the first peak (i.e.,
unfolding of the hydrophobic core of the protein) suggests that ApoE4 is less thermally stable than ApoE2 and
ApoE3. (B-D) Cv curves of individual ApoE isoforms including the error bars (shaded grey area). The shaded grey
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area in panels B-D represents the statistical uncertainty (i.e., the square root of the variance of the specific heat) in
the WHAM estimation of heat capacity. Local minima in the curves at temperatures T1, T2, T3, and T4 represent
different conformational states of the protein for each ApoE variant.

Unfolding transitions and representative states of ApoE isoforms
To discriminate isoform-specific structural features underlying differential thermal
stability in ApoE variants, we isolate the isoforms’ representative conformations by calculating
the Potential of Mean Force (PMF) (See Methods) for ApoE2, ApoE3 and ApoE4, at different
temperatures (defined as T1, T2, T3 and T4, and having different values in each ApoE variant).
We use the root mean-square deviation (RMSD) and the radius of gyration (Rg) of the Nterminal domain as collective variables for the PMF calculations. We exclude from the analysis
the highly flexible C-terminal domain to reduce the degeneracy of protein conformational states
in the PMF calculations. In order to identify highly probable ApoE conformations at a given
temperature (S2.2 Fig), we apply an RMSD-based clustering approach (Simulation analyses
section in Methods) to the ensemble of conformations isolated from low energy basins in the free
energy landscapes (Fig 2.2). At the lowest temperatures T1 (275 K) and T2 (corresponding to
321 K for ApoE2, 318 K for ApoE3 and 309 K for ApoE4) (Fig 2A-F), we find compact, nativelike N-terminal domain conformations with similar contacts, comparable to the crystallographic
structures reported in the Protein Data Bank (S2.2 Table). The N-terminal domain conformations
are similar to what is observed in the ApoE3 conformation (Fig 2.3A and S2.3 Table), and are
characterized by an RMSD within 9 Å and an Rg within 3 Å of the respective starting structures
for all three ApoE isoforms (S2.2A-F Fig).
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Figure 2.2. Free energy landscapes of ApoE isoforms. ApoE isoforms’ conformational landscapes derived from
PMF as a function of RMSD and Rg of ApoE variants’ N-terminal domains. C-terminal domains are excluded from
the analysis to reduce the degeneracy of protein conformational states. (A-C) The free energy landscapes from
REX/DMD simulations at T1 (~275 K for all three ApoE isoforms) are isolated in the lowest range of RMSD and
Rg suggesting the majority of conformations are close to the native N-terminal domain state. (D-F) At T2 (~321 K,
~318 K, and ~309 K for ApoE2, ApoE3 and ApoE4 respectively) all three variants explore a larger area of the
conformational landscape as denoted by the larger RMSD and Rg values. (G-I) At T3 (~340 K, ~338 K, and ~328 K
for ApoE2, ApoE3 and ApoE4 respectively) the isoforms transition to their intermediate states. ApoE3 is
characterized by both the native and alternate N-terminal domain conformations, while ApoE2 visits only the latter.
ApoE4 exhibits a unique, more compact intermediate conformational state as denoted by the smaller range of
RMSD and Rg values compared to the two other variants. (J-L) At T4 (~355 K, ~365 K, and ~342 K for ApoE2,
ApoE3, and ApoE4, respectively) all three isoforms undergo complete unfolding as inferred by their extended
landscapes in the high range of RMSD and Rg values, although ApoE4 also visits the previous conformational states
identified at temperature T3. (Note the different scale on x- and y-axes; representative structures are reported in S2
Fig). The color bar represents the relative Helmholtz free energy in kcal/mol.
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The free energy landscapes at temperatures T3 (corresponding to 340 K for ApoE2, 338
K for ApoE3 and 328 K for ApoE4) represent the conformational states associated with the local
minima between the first and second peaks in the heat capacity plots (Fig 2.2G-I). At these
temperatures, the hydrophobic core of the N-terminal domain is differentially perturbed in the
three ApoE isoforms, while this behavior is less apparent at physiological temperatures.
Specifically, we observe a decrease in the hydrophobic contacts of ApoE2’s N-terminal domain
helices (Fig 2.3B) and ApoE3’s N-terminal domain separating into two helix pairs (Fig 2.3C).
More importantly, we identify a unique intermediate state for ApoE4 (Discussion section), in
which only helix-1 separates from the N-terminal domain helix bundle (Fig 2.3D). The unfolding
of the N-terminal helix-3 is a feature shared by all three isoforms as characterized by the analysis
of the secondary structure profiles (S2.1B-D Fig). At temperatures T4 (corresponding to 355 K
for ApoE2, 365 K for ApoE3 and 342 K for ApoE4), which describes the final local minima of
the specific heat curves (Fig 2.2J-L), all three of the ApoE isoforms lose their tertiary structure
(S2.2J-L Fig) and undergo complete unfolding.
Inter-domain interactions of ApoE isoforms
To identify the physical interactions that characterize the intermediate states of each
ApoE isoform, we compute inter-residue distances for each ApoE isoform (Simulation analyses
section in Methods). At the lowest temperatures T1 and T2 (Fig 2.4A-F), we detect a high
number of contacts between the N- and C-terminal domains for each ApoE variant suggesting
the existence of compact, native-like N-terminal domain structures. ApoE4 exhibits the highest
density of contacts between N- and C-terminal domains at temperatures T1 and T2 (Fig 2.4C and
F).
At temperature T3 (the first local minima in the specific heat plot in Fig 2.1), we observe
12

a lack of contacts between the N- and C-terminal domains in ApoE2 and ApoE3 (Fig 2.4G and
H) and a diminished number of contacts in ApoE4 (Fig 2.4I). Additionally, we observe a
decrease in N-terminal intra-domain contacts for all of the three ApoE isoforms indicating the
loss of hydrophobic packing in all ApoE variants.
For the highest temperature in our analysis (i.e., T4), we note that the majority of all
contacts are lost (Fig 2.4J-L), with the exception of some transient interactions involving the Nterminal helix-4 in ApoE2 and ApoE4, which follows the loss of secondary and tertiary structure
observed in other analyses (S2.1B-G and S2.2J-L Figs).
Interestingly, for ApoE4 at temperature T3, we observe a unique series of contacts
between residues 26 to 44 in the N-terminal helix-1, residues 196 to 215 in the hinge region, and
residues 235 to 243 in the C-terminal domain (Fig 2.4I outlined in red). These contacts are a
representative structural feature of all the ApoE4 conformations throughout the entire free energy
landscape. The same contacts are present in the most populated cluster extracted from the ApoE4
free energy basin at temperature T3 (S2.3 and S2.4 Figs) indicating the existence of a stable,
representative inter-domain interaction between the specified residues that characterize an
ApoE4-specific misfolded intermediate state (Fig 2.3D).
In previous studies Dong and co-workers have suggested that increased inter-domain
interaction in the ApoE4 isoform is mediated specifically by the formation of a salt-bridge
between R61 and E255 [26,30]. However, we do not observe these two residues in contact when
we monitor the distance between them in our REX/DMD simulations of ApoE4 (S2.5A and B
Fig). On the other hand, previously reported experimental distances between residues mediating
the formation of a misfolded ApoE4 intermediate state, and associated with R61-E255 salt
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bridge, are also satisfied by ApoE4 intermediate conformations in our simulations. Furthermore,
R61 and E255 do not appear to have a direct role in inter-domain interaction as indicated by the
inter-residue distance analysis. In this regard, an allosteric mechanism for ApoE4 inter-domain
interaction [56] has been proposed as an alternative to the R61 and E255 salt bridge
(Discussion).

Figure 2.3. Representative structures of ApoE isoforms. (A) ApoE3 representative structure (i.e., centroid of the
most populated cluster) from clustering analysis of the protein conformations extracted from the free energy basin at
T1 (~275 K, see Fig 2B). The same compact, native state of the N-terminal helices is observed in all three ApoE
isoforms (see S2A–S2C Fig). At T3 (~340 K, ~338 K, and ~328 K for ApoE2, ApoE3 and ApoE4 respectively) the
representative structure of the intermediate state for: (B) ApoE2 exhibits an expanded volume of the N-terminal
domain due to an increase of the average inter-helical distances; (C) ApoE3 exhibits a pairing of N-terminal helix–1
and helix–4 which separate from helix–2 and helix–3; (D) ApoE4 exhibits a separation of helix–1 from the other
three helices. Such conformation represents the identified isoform-specific misfolded intermediate state (interresidue contacts shown in S6A Fig) The size of the most populated cluster is reported in each panel. For all
structures, helix–1 (H1), helix–2 (H2), helix–3 (H3), and helix–4 (H4) are represented in purple, green, blue, and
red, cartoon respectively. The rest of the protein is represented in grey cartoon. (The sequence numbers for helices is
reported in S1 Fig).

14

Figure 2.4. Temperature-dependent pair-wise inter-residue distances of ApoE isoforms. (A-C) At T1 (~275 K
for all three ApoE isoforms) and (D-F) at T2 (~321 K, ~318 K, and ~309 K for ApoE2, ApoE3 and ApoE4
respectively), all three isoforms exhibits the highest level of inter-residue contacts observed in the REX/DMD
simulations, with ApoE4 having the highest density contacts. (G-I) At T3 (~340 K, ~338 K, and ~328 K for ApoE2,
ApoE3 and ApoE4 respectively), all three isoforms exhibit a dramatic decrease in density of inter-residue contacts.
ApoE4 displays a unique series of contacts (outlined in red) mediating the domain-domain interaction as discussed
in the main text. (J-L) At T4 (~355 K, ~365 K, and ~342 K for ApoE2, ApoE3, and ApoE4, respectively), the
majority of inter-residue contacts have been lost besides some transient contacts involving the N-terminal helix–4.
The upper and lower triangular matrices represent respectively the average and the standard deviation of the pairwise inter-residue distance in Å. The color bar represents the distance between the centroid computed over the
residues’ side chains in Å.
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Discussion
Despite minimal differences in the primary structures (i.e., mutations of R158C in
ApoE2, and C112R in ApoE4 with respect to most common ApoE3 isoform (Table 1.1), the
three ApoE variants show extremely divergent physiological (i.e., lipid binding [3,6,38,39]) and
pathological (i.e., onset of AD [57,58]) behavior. Therefore, it is pivotal to understand how
minimal mutations in the amino acid sequences determine such important and diverse functional
differences among the three ApoE isoforms. Here, we investigate the folding mechanisms of all
three ApoE variants in their monomeric form to identify specific structural determinants that
could potentially be related to the physiological functions and pathological roles of each ApoE
isoform.
ApoE4 is less thermally stable than ApoE2 and ApoE3
In agreement with reported experimental melting temperatures [15,24], we observe that
ApoE4 is less thermally stable than the other two isoforms (Fig 2.1). Although, in the current
literature, it has been further recognized that ApoE2 is the most stable among the ApoE variants
[24], we do not observe a clear differentiation between ApoE2 and ApoE3 thermal stability
values in our study. However, such disparities between our in silico data and the reported
experiments [15,24] can potentially be due to the presence of different ApoE oligomeric states in
the experimental settings that could contribute differently to the overall stability of the protein.
Further analysis of our simulations reveals that there are no significant differences in the loss of
secondary structure with increasing temperature (S2.1B-G Fig), suggesting that the different
mutations may potentially affect the tertiary structures of ApoE isoforms. Overall, we speculate
that the differences in ApoE variants’ thermal stability can possibly be due to distinct
populations of their respective conformational states.
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ApoE isoforms are characterized by different intermediate states
To identify representative structures of each ApoE isoform, we use PMF calculations and
clustering analysis (Simulation analyses section in Methods). We observe an ApoE3 intermediate
structure in which helix-1 and helix-4 together separate from helix-2 and helix-3 along with the
opening of the N-terminal domain (Fig 2.3C). This structure is consistent with results reported by
Fisher et al. showing that, in the N-terminal domain, helix-1 and helix-3 separate upon binding
of lipids [59]. The identified structure is also consistent with the model proposed by Chen et al.
for lipid association based on nuclear magnetic resonance data [42], as well as surface plasmon
resonance data obtained by Nguyen et al. [39]. On the other hand, ApoE2 isoform is only
characterized by an expansion of the N-terminal domain (Fig 2.3B), consistently with published
data, which suggest the lack a well-defined intermediate state [15,25].
We also identify a unique ApoE4 misfolded intermediate state (Fig 2.3D), which may
potentially play a pathological role in AD [7]. Compared to ApoE2 and ApoE3, the cluster in
which we found the ApoE4 intermediate state exhibits the widest range in conformations. We do
not observe any increase in β-sheet content (S2.1E-G Fig) in the ApoE4 misfolded structure as
reported by Morrow et al. [25]. However, we notice an increased value of radius of gyration (Fig
2.2I) in the identified ApoE4 misfolded intermediate state that is in stark agreement with
previous studies reporting on the expanded volume of the helical N-terminal domain of this
isoform [7,25]. Recently, Garai et al. have proposed a competitive binding mechanism between
lipids and Aβ peptides to the C-terminal domain of each ApoE isoform. According to their
hypothesis, ApoE monomers dissociate from the surface of the lipoprotein to bind Aβ assemblies
[34]. Our simulations do not explicitly include lipids, yet, we speculate that the decreased
flexibility of its C-terminal domain of ApoE4 misfolded intermediate state may facilitate the
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association of lipids and Aβ peptides. However, the elucidation of the structural mechanisms
underlying these complex molecular events goes beyond the scope of the present study and will
require further investigation.
ApoE4 intermediate shows isoform-specific domain-domain interaction
Within the misfolded ApoE4 state, we observe a unique series of residue interactions (Fig
2.4I; Inter-domain interactions of ApoE isoforms in Results). Interestingly, ApoE4 exhibits the
highest density of contacts between the N- and C-terminal domains in REX/DMD simulations,
which is in agreement with the increased inter-domain interaction reported by Xu et al. as a
unique feature of ApoE4 [27,60]. In our data, we recognize an alternative rearrangement of
helix-1 (in the N-terminal domain) and C-terminal domain that is consistent with the FRETbased assay presented in the recent literature which report the activity of ApoE4 correctors in
hindering the inter-domain interaction in ApoE4 [28,61]. Additionally, this interaction results in
a trend where the ApoE4 intermediate conformation exhibits decreased hydrophobic solvent
accessible surface area relative to ApoE2 and ApoE3 (S2.4 Table). We identify residues 196 to
215 in the hinge region and residues 235 to 243 in the C-terminal domain as important sites for
domain-domain interactions. Our data overlap with observations from previous experiments
consisting in multiple ApoE4 truncations and revealing that the region containing residues 166
through 259 is critical for inter-domain interaction [62]. Additionally, Zhang et al.’s findings
confirm that the hinge region (residues 166 to 205) is specifically required for inter-domain
interaction despite the two domains’ ability to fold independently [15,49]. In addition to
physically joining the N- and C-terminal domains, the hinge region may also serve a direct role
in inter-domain interaction as observed in our pair-wise distance analysis (see Results). In this
context, we do not observe R61 and E255 as part of the residues involved in ApoE4 inter-domain
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interaction or in the salt bridge hypothesized to mediate this interaction (S2.5 Fig) [21,26].
However, the misfolded ApoE4 conformations observed in our simulations are in agreement
with previously published experimental data. According to recent studies [56,63], the mutation
C112R (i.e., from ApoE3 to ApoE4) generates a different distribution of charges along the Nterminal helix-4 in the latter isoform. Such change in ApoE4 may result in the rearrangement of
the C-terminal domain with respect to the N-terminal helix bundle (i.e., inter-domain interaction)
[63]. In this regard, Frieden et al. suggested that mutating R61 in ApoE4 to a non-charged (or
oppositely charged) residue does not prevent the inter-domain interaction by breaking any saltbridge with E255, but rather by reverting the charge distribution of ApoE4 N-terminal helix-4 to
an ApoE3-like state [56]. Indeed, we observe a different distribution of charges, upon mutations
of C112 and/or R61 in these two ApoE isoforms (S2.6 Fig). However, the elucidation of the
allosteric mechanism underlying the inter-domain interaction goes beyond the scope of the
present manuscript.
In conclusion, our simulations suggest that, the least thermally stable isoform ApoE4 may
undergo the formation of an isoform-specific misfolded intermediate state with unique features
such as inter-domain interactions (S2.5 Table). Based on recent literature [8,21,64-66], we
speculate that this ApoE4 misfolded intermediate state may modify the lipid transport efficiency
via an isoform-specific mechanism of interaction with lipids and lipoprotein receptors
[3,6,25,37-39]. Concurrently, we surmise that the identified ApoE4-specific misfolded
intermediate state might play a crucial role in the onset of AD by affecting the kinetic of
aggregation or the clearance mechanisms of Aβ peptides [32-34] or by promoting the
intracellular hyperphosphorylation and consequent self-assembly of tau protein [31,44,45,67-69].
Although, further studies will be required to confirm or exclude such possibilities (summarized
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in Fig 1.2), we foresee the presented structural model of ApoE4 misfolded intermediate state as a
new avenue to understanding AD pathogenesis, and to develop new pharmacological strategies
[28,61] for probing the relationship between ApoE structure and function.
Methods
Simulation settings
Using our in house developed software Eris [54,55], we generate the starting structure of
the ApoE3 isoform by re-introducing the five wild-type amino acids (i.e., Ala257Phe,
Arg264Trp, Ala269Val, Gln279Leu, and Glu287Val) into the sequence of the recently published
NMR structure of the monomeric ApoE3 mutant (PDB-ID: 2L7B [42]). The monomeric mutant
ApoE3 from which we derive our starting structure shows nearly identical biophysical features
(i.e., CD spectra[49], denaturation curves[49], DMPC clearance rate[49], competition for
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LDL binding to LDL receptor[49], and similar structures based on H/DX kinetics[70]) with
respect to wild type variant. In the second stage, by introducing R158C and C112R mutations,
we obtain the starting ApoE2 and ApoE4 structures, respectively. Additionally, using Eris, we
evaluate the relative stability of the three ApoE isoforms by calculating their ΔΔG upon
mutation. The results suggest that the mutation C112R (i.e., from ApoE3 to ApoE4) slightly
destabilizes the protein structure with an estimated ΔΔG of 1.00 ± 0.52 kcal/mol. On the
contrary, ApoE3 to ApoE2 is a neutral mutation with an estimated ΔΔG of -0.14 ± 0.41 kcal/mol.
At a later stage, we optimize the ApoE structures by means of short (i.e., 2x104 DMD
time steps, corresponding to ~1 ns) DMD simulations [50-52]. We evaluate DMD simulations’
ability to reproduce physiological phenomena by monitoring the occupancy of isoform-specific
salt bridges. Several structural studies have reported that ApoE2 forms a salt bridge between
R150 and D154, moreover ApoE4 contains a salt bridge between the two residues E109 and
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R112 [7,41,71]. Both of these isoform specific salt bridges are present in our simulations and
support the ability of DMD to more accurately represent the ApoE isoforms (S2.5C Fig).
In DMD, atomic interactions (i.e., van der Waals and electrostatics) are approximated by
multistep square-well potentials. We use a united atom representation for our all-atom protein
models in which all heavy atoms and polar hydrogen atoms are explicitly represented. The
simulation engine solves a series of two-body collisions, in which colliding atoms’ velocities
change instantaneously according to the conservation laws of energy, momentum, and angular
momentum. The Lazaridis-Karplus implicit solvation model [72] is adopted to account for the
solvation energy. Temperature of the system is controlled with the Andersen thermostat [73]. We
resolve any existing clashes in the protein structures using our in-house developed tool Chiron
[74], and assess the quality of our lowest energy conformations using Gaia [75], our software
that compares the intrinsic structural properties of in silico protein models to high-resolution
crystal structures.
In our REX/DMD simulation, we use the replica exchange approach [76,77] in DMD
simulations to efficiently explore the conformational landscape of the ApoE isoforms. In
REX/DMD, multiple simulations of the same system at different temperatures (i.e., replicas) are
performed in parallel. Replicas are periodically coupled through a Monte Carlo-based exchange
of simulation temperatures allowing the system to easily overcome energetic barriers between
minima in the free energy surface. For each isoform, we use 24 parallel replicas with
temperatures ranging from 0.35 to 0.81 kcal/(mol kB) (corresponding to ~175 K and 405 K,
respectively) with increments of 0.02 kcal/(mol kB)). We run the simulations for 6x106 time steps
(corresponding to approximately ~300 ns) per replica. Throughout the simulations, each replica
visited an average of 13.9 +/- 4.8 of the different temperatures. We determine when the
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simulations have reached equilibrium by monitoring the convergence of the ApoE isoformspecific heat capacity curves and concluded that our systems reach convergence near 4x106 steps.
We continued our simulations up to 6x106 time steps to increase sampling and our ability to
calculate accurate statistics (S2.7A-E Fig). Indeed, our simulations explore both native-like and
misfolded “intermediate-like” N-terminal domain states (S2.8 Fig), while the C-terminal domain
shows highly dynamic behavior, by exploring a very large ensemble of conformation around the
N-terminal helix bundle (S2.9 Fig). The wall clock and CPU hours for each simulation are
~3,000 hours and ~71,000 hours respectively.
Simulation analyses
We consider the first 5x105 time steps of simulations as system equilibration, and omit
them from our analyses. In order to determine the relative thermal stability of each ApoE
isoform, we compute their heat capacities using the WHAM [78] for temperatures ranging from
0.4 to 0.8 kcal/(mol kB) (corresponding to ~200 K and ~400 K, respectively). WHAM analysis is
performed through an ad hoc python script [79]. The retrieved heat capacity plots show local
minima suggesting the presence of multiple intermediate states in the unfolding process of each
ApoE isoform. We identify all of the ApoE isoform-specific states by calculating the PMF of
each system under investigation. The validity of our PMF calculations is assessed by the normal
distributions of potential energy at each REX/DMD temperature (S2.7F Fig). We choose the
RMSD and Rg of the Cα atoms in the four helices constituting the ApoE N-terminal domain as
reaction coordinates to identify protein conformational states using the following equation:
A RMSD, Rg = −k + T ln W RMSD, Rg

− k + T ln Z

(1)

where A is the Helmholtz free energy (kcal/mol), kB is the Boltzmann constant (kcal/mol/K), T is
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the temperature (K), W is a function that defines the probability of a given pair of RMSD and Rg
values and Z is the canonical partition function representing all possible conformational states of
the protein. Since the second term of Eq. 1 is a constant value, we derive the PMF as follows:
PMF RMSD, Rg = −k + T ln W RMSD, Rg

+C

(2)

where the constant C sets the lowest PMF value at any given temperature to be zero. In our
REX/DMD simulations, the C-terminal domain of all ApoE isoforms is highly flexible (S2.9
Figs). Therefore, we exclude it from the definition of our reaction coordinates to reduce the
degeneracy of protein conformational states in the PMF calculations. RMSD, Rg and PMF were
computed using GROMACS analysis tools [80].
Next, we isolate the most populated clusters of ApoE isoforms’ conformations from local
minima on the PMF-derived free energy landscapes, and define their centroids as representative
protein structures. We use the leader algorithm as implemented in Wordom [81,82] for clustering
analysis, using a cutoff defined by the highest peak value in the distribution of pairwise RMSDs
of the Cα atoms in the four helices of the ApoE N-terminal domain.
Additionally, to characterize the structural features of each ApoE isoform, we monitor the
secondary structure content in our REX/DMD simulations at different temperatures using
Wordom (S2.1B-G Fig) [81,82]. Furthermore, we investigate the inter-domain interactions in
each ApoE isoform using ad hoc scripts to compute matrices of pairwise distances between Cα
atoms.
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Supporting Information

S2.1 Figure. Secondary structure analyses of ApoE isoforms. (A) Cartoon representation of ApoE. The same
structural features are applicable for all three ApoE isoforms: helix-1 (H1, residues 24 to 41), helix-2 (H2, residues
55 to 80), helix-3 (H3, residues 90 to 125), helix-4 (H4, residues 131 to 165), hinge region (residues 166 to 205) and
C-terminal domain (residues 206 to 299) are represented in purple, green, blue, red, and grey, respectively. Single
residue secondary structure analysis of ApoE2 (B), ApoE3 (C), and ApoE4 (D). The probability of secondary
structure content (indicated in the plot as H, B, and L for alpha-helix, beta strand, and disordered respectively) at a
specific residue is proportional to the relative height of the letter at that site. The same color code of (A) is used to
indicate the helices position in (B-D). The average percentage of secondary structure content (alpha helix, beta
strand, and disordered) as a function of temperatures T1 (~275 K for all three ApoE isoforms), T2 (~321 K, ~318 K,
and ~309 K for ApoE2 (E), ApoE3 (F) and ApoE4 (G) respectively), T3 (~340 K, ~338 K, and ~328 K for ApoE2,
ApoE3 and ApoE4 respectively) and T4 (~355 K, ~365 K, and ~342 K for ApoE2, ApoE3, and ApoE4,
respectively) reveal that all of the three isoforms lose secondary structure without significant differences.
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S2.2 Figure. Representative structures of ApoE isoforms. Representative structures (i.e., centroid of the most
populated cluster) from clustering analysis of the ApoE isoforms’ conformations extracted from the free energy
basin (A-C) at T1 (~275 K for all three ApoE isoforms) and (D-F) at T2 (~321 K, ~318 K, and ~309 K for ApoE2,
ApoE3 and ApoE4 respectively). All three isoforms exhibit native-live conformations with compact N-terminal
domains. (G-I) at T3 (~340 K, ~338 K, and ~328 K for ApoE2, ApoE3 and ApoE4 respectively), the intermediate
states of each ApoE variant represent the dominant conformations in the free energy landscape (see Fig 2 in the
main text). (J-L) at T4 (~355 K, ~365 K, and ~342 K for ApoE2, ApoE3, and ApoE4, respectively), the tertiary
contacts are lost with the complete unfolding of the proteins. The size of the most populated cluster is reported in
each panel. For all structures, helix-1 (H1), helix-2 (H2), helix-3 (H3), and helix-4 (H4) are represented in purple,
green, blue, and red, cartoon respectively. The rest of the protein is represented in grey cartoon.
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S2.3 Figure. Pair-wise inter-residue distances in the ApoE4 misfolded intermediate state. Inter-residue distance
analysis of the most populated cluster of ApoE4 conformations extracted from the free energy basin at T3 (~342 K,
see Fig 2.2I) reveals a unique series of contacts (outline in red) and reported in S8A Fig. The upper and lower
triangular matrices represent respectively the average and the standard deviation of the pair-wise inter-residue
distance in Å. The color bar represents the distance between the centroid computed over the residues’ side chains in
Å.

S2.4 Figure. Domain-domain interaction as a unique feature of the ApoE4 misfolded intermediate state. (A)
Inter-residue contacts (residues from 26 to 44, from 196 to 215, and from 235 to 243) identified in the ApoE4
misfolded intermediate state at temperature T3 (~342 K). The relative positions of the same residues is reported for
ApoE2 (B) and ApoE3 (C) at temperature T3 (~340 K and ~338 K, respectively). For all structures, helix-1 (H1),
helix-2 (H2), helix-3 (H3), and helix-4 (H4) are represented in purple, green, blue, and red, cartoon respectively.
Residues in contacts are reported as yellow cartoon (side chains represented as sticks only for ApoE4), while the rest
of the protein is represented in grey cartoon.
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S2.5 Figure. Putative salt bridge distance in ApoE4. (A) The distribution of distances between residues R61 and
E255 as explored in ApoE4 isoform REX/DMD simulations is consistently greater than 20 Å regardless of the
simulation temperature, and thus, not compatible with the existence of a salt bridge between the two residues. The
width of the histogram bins corresponds to 1 Å. (B) A cartoon representation of the putative salt bridge interaction
adapted from Mahley RW, Huang Y (2012) J Med Chem, 55: 8997-9008. doi:10.1021/jm3008618. (C) Occupancy
rate of isoform-specific salt bridges.

S2.6 Figure. Electrostatic surface potential in ApoE3 and ApoE4 isoforms. Comparisons of the electrostatic
surface potential of the N-terminal domain of ApoE3, ApoE4 and the ApoE4-R61T. Blue and red colors correspond
to positively and negatively charged surfaces, respectively, and white color corresponds the neutral hydrophobic
ones.
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S2.7 Figure. Heat capacity convergence and energy distributions in REX/DMD simulations of ApoE isoforms.
The heat capacity (Cv) curves for ApoE2 (A), ApoE3 (B), and ApoE4 (C) isoforms computed using WHAM on
REX/DMD trajectories in the range of 200 to 400 K including 5.5x106, 4.5x106, 3.5x106 and 2.5x106 time steps
show the convergence of REX/DMD simulations. The heat capacity curves computed using WHAM on REX/DMD
trajectories for ApoE4 in the range of 275K to 400K (D) using two independent and equal size windows from the
same simulation. The peak positions in the two curves are slightly shifted revealing that 3x106 time steps is not
sufficient to reach convergence. (E) The Cv curves computed using different windows corresponding to 4x106 time
steps from the ApoE4 REX/DMD simulation. Segments of 4x106 time steps in WHAM calculations allow for more
consistent peak locations. (F) The three ApoE isoforms exhibit Gaussian distributions of potential energy supporting
the treatment of REX/DMD simulations as partition functions at T1 (~275 K for all three ApoE isoforms), T2 (~321
K, ~318 K, and ~309 K for ApoE2, ApoE3 and ApoE4 respectively), T3 (~340 K, ~338 K, and ~328 K for ApoE2,
ApoE3 and ApoE4 respectively) and T4 (~355 K, ~365 K, and ~342 K for ApoE2, ApoE3, and ApoE4,
respectively). The width of the histogram bins corresponds to 1 kcal/mol.
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S2.8 Figure. “Native-like” and “intermediate-like” N-terminal states of ApoE4. (A) The RMSD of the Cα atoms
in the N-terminal domain helices was calculated between the trajectory of conformations at 322 K and the centroids
found from clustering analysis at 309 K (T2) for the “native-like” state and at 328 K (T3) for the misfolded
“intermediate-like” state. The RMSD values reveal that at the transition peak, ApoE4 visits both the “native-like”
and misfolded “intermediate-like” N-terminal domain conformations (RMSD < 5 Å). (B) The conformations found
at the transition state peak with the lowest RMSD values from (A) shown in blue are aligned with their
corresponding centroid structures colored in gray. The “native-like” conformation has an RMSD value of 3.28 Å
with its respective centroid while the “intermediate-like” conformation has an RMSD value of 5.68 Å suggesting
that the same conformation is found in the free energy basin at 328 K. The RMSD for both (A) and (B) is calculated
using the N-terminal domain helices because the flexibility of the C-terminal domain adds considerable noise as
discussed in the Methods section.
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S2.9 Figure. C-terminal conformations in ApoE4. (A) The superposition of ApoE4 C-terminal conformations
from REX/DMD simulations at 309 K with an aligned N-terminal domain reveals that the C-terminal domain
explores a variety of positions relative to the N-terminal domain. The C-terminal domain assumes conformations
next to the helix-1/helix-2 side of the N-terminal domain as suggested previously in literature as well as in
conformations next to the helix-1/helix-4 and helix-4/helix-3 sides. The superposition of every 25th frame of Cterminal conformations from the REX/DMD trajectory is represented in grey. A representative conformation of the
N-terminal domain alignment is shown with helix-1 (H1), helix-2 (H2), helix-3 (H3), and helix-4 (H4) in purple,
green, blue, and red, cartoon, respectively. (B) The angle between the N-terminal domain and C-terminal domain
shows the relative closeness between the two domains. An angle of zero degrees represents the N-terminal and Cterminal next to each other, while an angle of 180 degrees represents conformations with the C-terminal away from
the sides of the N-terminal domain. The angle θ is measured using residues L148 and G165 in the most stable Nterminal helix, helix-4, and L252 representing the center of the most stable C-terminal domain helix. Note that the
magnitude of the angle does not always correspond to a similar magnitude in distances between the two domains.
(C) The dihedral angle φ between the N-terminal domain and the C-terminal domain shows the relative orientation
between the two domains. An angle of zero degrees represents an anti-parallel orientation between the two domain
helices while an angle of -180 or 180 degrees represents a parallel orientation. N-terminus to C-terminus is used for
directionality. The angle φ is measured between vectors defined by the center of mass of residues E131 and G165 in
the most stable N-terminal helix, helix-4, and residues E238 and F265 in the most stable C-terminal domain helix.
The width of the histogram bins corresponds to 1 degree.
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S2.1 Table. Human ApoE3 sequence.
KVEQAVETEPEPELRQQTEWQSGQRWELALGRFWDYLRWVQTLSEQVQEELLSSQVTQELRALMDETMK
ELKAYKSELEEQLTPVAEETRARLSKELQAAQARLGADMEDVCGRLVQYRGEVQAMLGQSTEELRVRLA
SHLRKLRKRLLRDADDLQKRLAVYQAGAREGAERGLSAIRERLGPLVEQGRVRAATVGSLAGQPLQERAQ
AWGERLRARMEEMGSRTRDRLDEVKEQVAEVRAKLEEQAQQIRLQAEAFQARLKSWFEPLVEDMQRQW
AGLVEKVQAAVGTSAAPVPSDNH
The amino acid sequences of the three ApoE isoforms are identical with the exception of C112R and R158C
mutations found in ApoE4 And ApoE2 variants, respectively.

S2.2 Table. Structures found in our simulations have N-terminal helix conformations similar to
solved crystal structures.
Ref. Protein (PDB ID)

RMSD

ApoE2 (1LE2)

3.188 Å

ApoE3 (1NFN)

2.361 Å

ApoE3 (1OR3)

2.265 Å

ApoE3 (1OR2)

2.096 Å

ApoE3 (1LPE)

2.754 Å

ApoE3 (1BZ4)

2.714 Å

ApoE4 (1B68)

2.924 Å

ApoE4 (1GS9)

2.809 Å

ApoE4 (1LE4)

3.247 Å

Root mean square deviation (RMSD) of the centroid the most populated clusters of ApoE isoforms’
conformations from local minima on the PMF-derived free energy landscapes at 275K. RMSD is
computed over the Cα of the N-terminal domain helices. The C-terminal domain is not available in any
of the ApoE crystal structures.

S2.3 Table. RMSD between native-like ApoE conformations at 275 K
ApoE Isoform

E2

E3

E4

E2

0

5.84

6.47

E3

5.84

0

4.52

E4

6.47

4.52

0

RMSD values in Å for the Cα atoms of the N-terminal helices for the centroids from clustering analysis at 275 K
from REX/DMD simulations (Fig S2.2A-C).
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S2.4 Table. Hydrophobic solvent exposed surface area of ApoE intermediate states

ApoE Isoform

Average Hydrophobic Surface Area (1000 Å2)

E2

10.13 +/- 0.74

E3

10.47 +/- 0.52

E4

8.63 +/- 0.72

The solvent exposed surface area was calculated for hydrophobic residues of the ApoE intermediate state clusters
using a sphere with a 1.4 Å radius with Visual Molecular Dynamics software tools.

S2.5 Table. ApoE structural and thermodynamic insights. Summary of structural features and thermodynamic
properties revealed by REX/DMD simulations for the three ApoE isoforms. ApoE4 exhibits multiple isoformspecific features related to the presence of a misfolded intermediate state.

Features

ApoE2

ApoE3

ApoE4

Mutation

C112/C158

C112/R158

R112/R158

Hydrophobic core disruption*

330 K

331 K

322 K

Helix content at 275 K

75.2 ± 3.7 %

72.7 ± 2.6 %

74.1 ± 3.8 %

Beta strand content at 275 K
Lowest RMSD with crystal
structures
C-terminal domain range of motion
at T3¶
Distance between C-terminal
segment
(residues 206-216) and helix-4 at
T3¶
Distance between C-terminal
segment
(residues 247-257) and helix-4 at
T3¶
Hydrophobic surface area at T3¶§
Salt bridge distance (R61 – E255) at
T3¶
Average RMSD distribution of
protein conformations in the most
populated cluster at T3¶
Population of intermediate state at
300 to 310 K

2.2 ± 1.9 %
3.2 Å
(PDB ID: 1LE2)

3.6 ± 2.1 %
2.1 Å
(PDB ID: 1OR2)

2.9 ± 2.8 %
2.8 Å
(PDB ID: 1GS9)

28.2 ± 5.7 Å

24.1 ± 6.3 Å

30.9 ± 7.0 Å

46.6 ± 13.5 Å

55.4 ± 11.3 Å

42.2 ± 12.7 Å

62.9 ± 23.4 Å

91.0 ± 15.5 Å

42.9 ± 17.8 Å

10.1 ± 0.7

10.5 ± 0.5

8.6 ± 0.7

N/A

N/A

52.9 ± 15.0 Å

16.3 ± 1.8 Å

10.2 ± 1.5 Å

16.8 ± 2.6 Å

70.7 %

0.1 %

11.1 %

*First peak in the specific heat plot (Figure 1). ¶Analysis performed at temperature T3 (~340 K, ~338 K, and ~328 K
for ApoE2, ApoE3 and ApoE4 respectively) correspond to the respective local minima of heat capacity curves for
each ApoE isoform. §Values expressed in the units of 1000 Å2.
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CHAPTER 3: UNDERSTANDING THE IMPACT OF MUTATIONS
ON APOE ISOFORMS
Introduction
Our model of an ApoE4-specific intermediate state provides an example of the structural
impact of the ApoE4 sequence. The small sequence differences between the three ApoE isoforms
result in radically different conformational landscapes. We hypothesize that there are intrinsic
differences in the ApoE isoforms that manifest themselves as these altered conformational
landscapes. In order to better understand the role of the ApoE4 sequence, we explore the
relationship between the three ApoE sequences, their dynamics and their conformational
landscapes.
With the aim of understanding how the ApoE4 sequence leads to its unique
conformational states, we perform an exhaustive scan of all possible mutations along the protein
sequence. Our goal is to find mutations that can stabilize the structure of the ApoE4 intermediate
state to better understand its structural features. In addition to stabilizing mutations, we aim to
find destabilizing mutations to better understand how we might disrupt the formation of this
potentially pathological state. We will employ our in house developed software, Eris, which can
evaluate the relative thermodynamic stability of protein structures upon mutation by calculating
DDG [54,55]. DDG is quantified as the change in free energy based on the difference between the
wild-type and mutant protein systems [54,55]. We aim to gain insight into the relevant contacts
that mediate the formation of this intermediate state. By selecting the mutations with the

33

strongest effect on stability, we can identify the structural determinants that can potentially be
perturbed in order to prevent AD-related pathological consequences.
Furthermore, we analyze the dynamic cross-correlations (DCC) to look at the differences
in local communication networks within the intermediate state conformation of ApoE4 and the
native state conformation of each ApoE isoform. Our REX/DMD simulations show altered
conformational landscapes driven by the isoform-specific mutations (Fig 2.2). We hypothesize
that these unique conformational landscapes are a direct result of unique communication
pathways within each ApoE isoform. In particular, ApoE4 must exhibit DCC signals that lead to
conformation altering motions.
The final approach to understanding how the ApoE4 sequence influences the ApoE4
conformational landscape is to simulate truncated versions of the protein. While we have
narrowed down a list of residues that remain in contact within the ApoE4-specific intermediate
state (S2.4 Fig), the critical portion of the C-terminal domain is more difficult to pinpoint.
Resolving which residues are required for the formation of the ApoE4 intermediate state will
provide clarity in regards to the structural determinants that relate ApoE4 to the onset of AD.
Results
ApoE4 Predicted Mutations
In order to better understand the contacts within our model of the ApoE4 intermediate
conformation, we conduct extensive calculations to predict single-site mutations that affect the
stability of the ApoE4 intermediate conformation. With the aim of properly addressing the
effects of mutations, side-chain packing and backbone relaxation algorithms are incorporated
with energy calculations by our Medusa force field [54,55]. The purpose of these calculations is
to identify the contacts within the protein that are necessary for maintaining this conformation.
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We explore both destabilizing mutations and stabilizing mutations to understand the contacts that
mediate and can strengthen the formation of this ApoE4-specific intermediate state.
We focused our efforts on evaluating a subset of stabilizing and destabilizing mutations
(Table 3.1) through DMD simulations. These mutations all have opposite effects on the
intermediate and native state conformations. Each mutation is uniquely stabilizing for one
conformation and destabilizing for the other in order to increase the potential of shifting the
conformational landscape from one particular state towards the other. One exception is Q24K
which is destabilizing in the intermediate state conformation but has negligible impact on the
native state conformation.
Table 3.1. Predicted ApoE4 Intermediate State Mutations

Mutation

DDG Average (kcal/mol)
(Intermediate State)

DDG Average (kcal/mol)
(Native State)

P267Y

9.5 +/- 0.3

-4.1 +/- 0.6

W210P

7.8 +/- 0.5

-2.2 +/- 0.4

Q24K

9.6 +/- 1.0

0.3 +/- 0.6

R189Y

-3.5 +/- 0.6

8.3 +/- 0.4

V190H

-2.4 +/- 0.6

6.9 +/- 0.7

G165Y

-6.8 +/- 0.3

2.4 +/- 0.2

We perform DMD simulations with both the stabilizing and destabilizing mutations for
ApoE4 and calculate the root mean square deviation (RMSD) time series to check for noticeable
deviations from the starting intermediate conformation (Fig 3.1). All of the mutations reach an
equilibrium, stabilizing over time, without any significant deviations regardless of the predicted
impact of the mutation. While all the systems settle around 10 to 15 Å from the starting
conformations, further inspection of the trajectories reveal that these deviations are caused by the
N- and C-terminal domains shifting in position relative to one another. We do not find that the
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N- and C-terminal domains separate by losing contacts or unfolding. This shift of domains leads
us to believe that based solely on the RMSD, even the destabilizing mutations are not causing a
sudden unfolding of the protein.

Figure 3.1. RMSD time series for ApoE4 mutants. RMSD values of the Ca atoms in the intermediate state
conformation. Comparisons between the wild-type sequence with (A) predicted destabilizing mutations (P267Y,
W210P, Q24K) and (B) predicted stabilizing mutations (R189Y, V190H, G165Y). Reported values are the average
of three independent ~100 ns DMD simulations at a temperature of ~300 K.

Next, we performed root mean square fluctuation (RMSF) calculations, which can reveal
subtle changes in the motions of individual residues. We expect that the influence of each
mutation will lead to changes in residue motions. The stabilizing mutations maintain motions
similar to the wild-type sequence suggesting that they are not altering the intermediate
conformation by shifting towards a different conformation such as the native state (Fig 3.2B).
Conversely, the destabilizing mutations exhibit increased fluctuations in the hinge region,
residues 166 to 215 (Fig 3.2A), between the N- and C-terminal domains (Fig 1.1). This region
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also overlaps with the previously identified contacts mediating the formation of the inter-domain
interactions in the intermediate state (S8 Fig). Specifically, it involves an increased fluctuation in
residues 196 through 215, which we have determined to play a role in mediating the interdomain contacts in our model of the ApoE4-specific intermediate conformation.

Figure 3.2. RMSF values for ApoE4 mutants. RMSF values of the Ca atoms in the intermediate state
conformation. Comparisons between the wild-type sequence with (A) predicted destabilizing mutations (P267Y,
W210P, Q24K) and (B) predicted stabilizing mutations (R189Y, V190H, G165Y). Reported values are the average
of three independent ~100 ns DMD simulations at a temperature of ~300 K.

We analyze the distributions of the radius of gyration (Rg) values to investigate how the
global shape and volume of the intermediate conformations are impacted by each mutation. We
observe that the destabilizing mutations consistently increase the range of the Rg in our DMD
simulations (Fig 3.3A). The shift towards a larger Rg is indicative of unfolding. This suggests
that the destabilizing mutations might initiate major conformational changes that open up the
core of the protein. Of note is P267Y, which has the strongest destabilizing effect, due to its
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physical location next to the hinge region in our model. The destabilizing mutants could also be
in the early stages of shifting the protein from the intermediate state and towards the native state,
or an alternative state.

Figure 3.3. Radius of gyration distributions. Distributions of the radius of gyration based on the Ca atoms in the
intermediate state conformation. Comparisons between the wild-type sequence with (A) predicted destabilizing
mutations (P267Y, W210P, Q24K) and (B) predicted stabilizing mutations (R189Y, V190H, G165Y). Reported
values are the average of three independent ~100 ns DMD simulations at a temperature of ~300 K. The width of the
histogram bins corresponds to 1 Å.

We also analyze two particular sites that have been previously described in the literature.
There is a proposed salt-bridge that has been linked with the formation of the intermediate state
in ApoE4 [26,30]. While we do not see these two residues R61 and E255 interacting in our
REX/DMD simulations (S9 Fig), we remain agnostic towards their importance in the formation
of the intermediate conformation. To determine that they are indeed necessary because of their
charges, we performed charge reversal calculations to produce an ApoE4 system with both the
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R61E and E255R mutations. The impact on the native conformation was negligible with a DDG
of 0.87 +/- 0.53 kcal/mol while the charge reversal had a small destabilizing effect on the
intermediate conformation with a DDG of 2.24 +/- 0.77 kcal/mol. This suggests that these two
residues are either more likely to play a role in leaving the native conformation rather than
mediating the formation of the intermediate conformation as described by our REX/DMD
simulations or their charges are important for mediating interactions with neighboring residues.

Figure 3.4. ApoE4-R61T mutation. (A) Comparison of distributions of the radius of gyration based on the Ca
atoms in the intermediate state conformation with the wild-type sequence and the R61T mutation. The width of the
histogram bins corresponds to 1 Å. (B) Comparison of the RMSF values based on the Ca atoms in the intermediate
state conformation with the wild-type sequence and the R61T mutation. Reported values are the average of three
independent ~100 ns DMD simulations at a temperature of ~300 K.

Another mutation that has been experimentally studied in literature is R61T [26,30]. We
evaluate the impact of this mutation on our ApoE4 intermediate conformation and the native
state. We determine that this mutation has a destabilizing effect on both conformations with a
DDG of 3.7 +/- 0.7 kcal/mol for the intermediate state and 3.1 +/- 0.4 kcal/mol for the native
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conformation. This coincides with experimental studies that suggest that this mutation does
indeed inhibit the formation of the intermediate state [26,30]. We perform DMD simulations
with the ApoE4-R61T system and found that it does increase the range of the Rg (Fig 3.4A).
This increase in Rg causes the protein to begin leaving the intermediate conformation through a
global unfolding. A more striking change is the decreased fluctuations amongst residues in our
RMSF calculations (Fig 3.4B). We hypothesized that destabilizing mutations would instead
increase backbone fluctuations indicating a conformational transition.
Dynamic Cross-Correlation Networks of ApoE isoforms
To address the different contribution each ApoE sequences may have on the
conformational dynamics of the protein, we performed dynamic cross-correlation calculations
[83]. From our equilibrium simulations, we are able to determine which residues have correlated
motions and are potentially communicating within the protein. We suspect that the reason ApoE4
is able to access a unique intermediate state is because of a unique network of residue
communication. Our ApoE4 mutants that target the stability of the intermediate state
conformation provide a broad collection of sequences to compare with the wild-type ApoE4
sequence. We also employ ApoE2 and ApoE3 to better understand changes in the native state
conformation. Consistent with what has been suggested in the literature [56], we hypothesis that
unique communication networks promote the unique conformational landscapes.
Using our stabilizing and destabilizing mutations from Eris calculations, we aim to
identify how each position changes the communication pathways within the ApoE4 intermediate
conformation. We first see that the distribution of DCC coefficients remains the same in the case
of the destabilizing mutations W210P and R61T and the stabilizing mutation V190H (S3.1 Fig).
The rest of the mutations shift the distribution towards increased negative correlations. We
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interpret the shift towards more negative correlations as a sign of conformational rearrangements
within the intermediate state. However, this conformational rearrangement is not consistent with
intended effect of each mutant on stability.
To better understand the specific changes within the networks, we analyzed the strongest
positive and negative correlations for each mutation in the ApoE4 intermediate state (S3.2 and
S3.3 Figs). As previously seen when comparing the conformational landscapes of the three ApoE
isoforms (Fig 2.2), we observe that a single mutation in the ApoE system, specifically the ApoE4
intermediate conformation in this study, behaves as a unique system. We observe an increase in
positive correlations between Helix-1 and the C-terminal domain for the stabilizing mutation
R189Y while we observe a loss of strong positive inter-domain correlations with G165Y, another
stabilizing mutation (S3.2 Fig). We observe a loss of positive correlations between the Nterminal and Helix-4 with the destabilizing mutations W210P and R61T, while we observe
enhanced positive correlations for the stabilizing mutations P267Y and Q24K (S3.2 Fig). For all
the mutations, stabilizing or destabilizing, the position of the mutation never exhibits a loss or
gain of strong positive correlations compared to the wild-type sequence.
When we analyze the strongest negative correlations for the ApoE4 intermediate state,
we see a distinct network in the wild-type sequence characterized by two strong, wide bands
correlating the C-terminal domain with Helix-2 and Helix-4 (S3.3 Fig). These two helices are on
the opposite side of Helix-1, which is forming inter-domain contacts with the C-terminal domain.
A smaller subset of connections correlate between the C-terminal domain with the tail of Nterminal and Helix-3 and between Helix-1 and Helix-2. We observe two types of changes in the
strongest negative correlations when we include a mutation in the system. The mutant system
either exhibits a large increase in correlations all throughout the protein (R189Y and R61T) or
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more subtle changes (V190H, G165Y, P267Y, W210P and Q24K) (S3.3 Fig). The changes are
not related to the intended effect of each mutation on the stability of the intermediate state
conformation. As with the strongest positive correlations, the position of the mutation never
exhibits a loss or gain of correlations compared to the wild-type sequence.
We also analyze the distribution of cross-correlation coefficients of the native state
conformation to see if there is any significant difference in the strength of correlations between
the three ApoE isoforms (Fig 3.5). We observe that all three isoforms have a similar range of
coefficients without any one ApoE isoform trending towards more positive or negative crosscorrelations coefficients. However, we do note that the DCC coefficients for ApoE4 are more
evenly distributed within the same range as ApoE2 and ApoE3.

Figure 3.5. Distribution of dynamic cross-correlation coefficients for native state conformation. Distributions
of the dynamic cross-correlation coefficients of the three ApoE isoforms in the native state conformation. Reported
values are the average of 10 independent ~50 ns DMD simulations at a temperature of ~200 K. The histogram bins
correspond to increments of 0.05.
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Based on the distributions of the coefficients, we first focused on the strongest
correlations, both positive and negative, by enacting a cutoff that eliminated cross-correlation
coefficients between -0.40 and 0.70 (Fig 3.6). From this initial analysis, we see significant
differences between the three ApoE isoforms. In ApoE4, we observe a unique set of positive
correlations between residues 199-202 and residues 52-54 which are two unstructured regions,
one between Helix-1 and Helix-2 and the other with the hinge region. Additionally, ApoE4
exhibits a different set of negative correlations than ApoE2 and ApoE3. ApoE2 and ApoE3
mainly exhibit negative correlations within the N-terminal domain, specifically in the loop
regions between helices, which could be explained by their overlapping positions in the native
state. ApoE4 does not exhibit such strong negative correlations within the N-terminal domain.
Instead, we observe strong negative correlations in ApoE4 between the largest helix in the Cterminal domain with both Helix-1 and Helix-2 in the N-terminal domain. We notice a few
correlations between the main C-terminal helix and Helix-1 in ApoE3 but not to the same extent
as ApoE4. While negative cross-correlations are typically interpreted as opposing motions, we
hypothesize that these correlated regions could be a determining factor in the eventual formation
of the ApoE4-specific intermediate conformation. In order to transition to this conformation, Nterminal Helix-1 will eventually need to leave the other N-terminal helices while the main Cterminal helix involving residues 240-260 will need to reposition itself away from the rest of the
C-terminal helices and hinge region to form inter-domain contacts with Helix-1. This negative
correlation could be interpreted as the simultaneous movement of these regions away from their
respective domains.
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Figure 3.6. DCC coefficients across ApoE isoforms. Dynamic cross-correlation coefficients plotted as lines on
circle plots. The sequence of each ApoE isoform circles the perimeter in a clockwise direction. Positive correlations
in green are greater than or equal to 0.70. Negative correlations in magenta are less than or equal to -0.40. Reported
values are the average of 10 independent ~50 ns DMD simulations at a temperature of ~200 K. For all circle plots,
helix–1 (H1), helix–2 (H2), helix–3 (H3), helix–4 (H4), and the C-terminal domain (CT Domain) are represented as
black bars.

To further analyze isoform specific features, we isolated the most important correlations
for each ApoE isoform by including only the strongest positive and negative correlations instead
of imposing a hard cutoff value (Fig 3.7). Of the strongest correlations for each ApoE isoform,
we included collections that totaled to 1% of the number of all cross-correlation coefficients.
Additionally, we removed correlations involving nearest neighbors to eliminate the strong
positive correlations inherent within protein helices as seen in all three ApoE isoforms (Fig 3.6).
When we isolate the strong correlations for each ApoE isoform after filtering, we note the
major communication pathways and find that ApoE4 remains the outlier with respect to ApoE2
and ApoE3. While the two main modes of positive communication in ApoE2 and ApoE3 involve
the tails and loops of adjacent helices, these correlations are less pronounced in ApoE4. Also,
ApoE4 still has strong correlations between the two unstructured regions between Helix-1 and
Helix-2 along with the hinge region. While ApoE2 exhibits a different set of negative
correlations than ApoE3, the main correlations within the N-terminal domain are strikingly
similar except for a few exceptions. For ApoE2, the exception involves the hinge region and
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Helix-1 creating an extra band spanning the N-terminal domain not seen in ApoE3. Interestingly,
ApoE3 shows strong negative correlations specifically between residue R217 and the beginning
of Helix-3 which are not physically in contact. The impact that these negative correlations have
in inhibiting the ApoE4-specific intermediate state are unclear but their presence is indicative of
the impact the ApoE4 mutation has on this protein. In regards to negative DCC correlations,
ApoE4 exhibits a few long range negative correlations between Helix-3 and the main C-terminal
domain helix, which, as stated previously, could be related to structural rearrangements.
While somewhat contradictory, ApoE2 and ApoE3 both exhibit strong negative
correlations involving position 158, which is C158 and R158 respectively. This negative
correlation is not seen in ApoE4. For all three isoforms, position 112, which is uniquely R112 in
ApoE4 does not show any significant cross-correlations.
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Figure 3.7. Strongest DCC coefficients for each ApoE isoform. Dynamic cross-correlation coefficients plotted as lines on circle plots. The sequence of each
ApoE isoform circles the perimeter in a clockwise direction. Positive correlations in green and negative correlations in magenta are the sets of correlations equal
to one percent of all correlations. Reported values are the average of 10 independent ~50 ns DMD simulations at a temperature of ~200 K. For all circle plots,
helix–1 (H1), helix–2 (H2), helix–3 (H3), helix–4 (H4), and the C-terminal domain (CT Domain) are represented as black bars.

ApoE4 C-terminal truncations
Chroni et al. looked at progressive C-terminal truncations of ApoE4 to understand the
role of this flexible domain in the ApoE4-dependent onset of AD [62]. Their studies show that
removal of the C-terminus down to position 230 eliminates the formation of any folding
intermediate [62]. This supports both an intermediate structure mediated by an R61-E255 salt
bridge or through the hydrophobic contacts seen in our model involving residues 224-243. To
further delineate which portion of the C-terminal domain is critical for the ApoE4-specific
intermediate state, we perform DMD simulations with a vast array of C-terminal truncations that
have previously been studied along with the addition of D255-299 to address the proposed R61E255 salt bridge.
We run equilibration DMD simulations and study the RMSF to determine if there are any
noticeable changes in the dynamics of the protein. We anticipate a destabilization of the interdomain contacts due to C-terminal truncations and, thus, a destabilization of the intermediate
state due to the loss of important contacts. By comparing our RMSF calculations for each
truncated system to the full-length protein, we find that all truncations affect Helix-1(Fig 3.8).
Because the inter-domain contacts that stabilize the intermediate state conformation are removed
with increasing truncations, Helix-1 mobility should increase (Fig 3.8). Interestingly, D260-299,
which should have little effect on the intermediate state, destabilizes the hinge region between
residues 166-215. However, D255-299 shows similar behavior to the full-length protein
suggesting that E255 is not vital in our model of the intermediate state. While D230-299 has little
effect on our system, D203-299 and shorter truncations drastically increase the fluctuations of the
hinge region. This is consistent with our model of important inter-domain contacts involving
residues 193-214 and 224-243 are in direct contact with Helix-1.
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Figure 3.8. Progressive C-terminal truncations. (A) Structural model of the ApoE4 intermediate state
conformation. (B) RMSF values based on the Ca atoms in the intermediate state conformation for the full-length
protein and progressive truncations. Colors in both panels correspond to the progressive C-terminal truncations
(D260-299, D255-299, D230-299, D203-299, D186-299, D166-299) and are represented in red, green, blue, orange,
brown and magenta respectively. Reported values are the average of three independent ~50 ns DMD simulations at a
temperature of ~225 K.

Discussion
Our studies reveal that the similar primary sequences for the three ApoE isoforms is not
representative of the dynamic differences inherent within the isoforms. While ApoE2 and ApoE3
share remarkable similarities, it has become clear that the C112R mutation in ApoE4 (that links
it to the development of AD) imparts unique dynamic behavior. Therefore, it is crucial to
understand how this single mutation is propagating information through the entire protein to
trigger conformational changes with potentially pathological effects. Here, we investigate
compensating mutations for the ApoE4 intermediate state and further explore specific structural
determinants that could be related to pathological functions of ApoE4 in AD.
ApoE4 mutations can alter the intermediate state conformation
In agreement with our DDG calculations from Eris, the ApoE4 intermediate conformation
is susceptible to destabilizing mutations. Our Rg distributions show that the locations selected for
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mutation (P267, W210 and Q24) contribute to the stability, rigidity and/or proper packing of the
protein. By destabilizing these specific sites, the protein begins to expand and fold, decreasing
contacts holding the protein together. While our systems do not make the transition back to the
native state as suggested by the DDG calculations, we speculate that with increased simulation
time, refolding to the native state would be possible. Additionally, the intermediate state
destabilizing mutations should also inhibit the native state from misfolding and transitioning to
the intermediate conformation. All our stabilizing mutations (R189Y, V190H and G165Y)
behave similarly relative to the wild-type sequence suggesting that this misfolded intermediate
conformation may require more than a single mutation to further stabilize the state.
Alternatively, there could be limited room for improved stability due to an established balance
between instability of the native state and stability of the intermediate state.
ApoE4 mutants exhibit dynamic cross-correlations networks
All of the mutations predicted to alter the ApoE4 intermediate state, also alter the DCC
networks within the intermediate state conformation. While the stabilizing mutants do not
consistently enhance correlations and the destabilizing mutants do not consistently decrease
correlations, we observe changes in the communication network for all of the mutants. From our
conformational landscape studies, we know that ApoE is a protein sensitive to mutations.
Therefore, we conclude that any mutations designed to stabilize or destabilize the ApoE4
intermediate state will have a complex impact on the protein. We observe these multifaceted
changes through the unexpected increases and decreases in the strongest DCC signals. Of interest
with these unexpected changes, we observe that all destabilizing mutations have little impact on
the negative correlations within the intermediate state. We hypothesize that the destabilizing
mutations may function by inducing new contacts/correlations instead of disrupting old ones as

49

initially predicted. Additionally, the results for all the mutations suggest that each site of
mutation might be inducing local changes that propagate through the protein to produce unique
DCC networks.
ApoE4 shows a unique dynamic cross-correlation network
All three ApoE isoforms have a similar range of DCC coefficient values in the native
state conformation. This shared range would initially suggest similar behavior due to the
comparable native conformations and sequences. However, it is apparent from our calculations
that the residues in ApoE4 communicate differently than ApoE2 and ApoE3, the two of which
are quite similar. The lack of strong negative correlations within the N-terminal domain of
ApoE4 is striking and suggests that there are potentially weaker intra-domain interactions that
are competing with stronger inter-domain interactions. This dynamic change facilitates the
possibility for Helix-1 to separate from the N-terminal domain and form inter-domain contacts
with the C-terminal domain. While the strongest inter-domain interactions are negative, this
could be an important feature in the misfolding of ApoE4 from the native conformation to the
intermediate state. Additionally, the R158C mutation for ApoE2 and C112R mutation for ApoE4
seem to have very few strong, long range correlations within the ApoE isoforms. Like our
predicted ApoE4 mutations, this may suggest that mutations in ApoE contribute to local
interactions that propagate the strong, long range correlations observed in the DCC networks for
the ApoE isoforms.
C-terminus truncations increase ApoE4 hinge region fluctuations
Zhang et al. showed that the hinge region is important for forming the ApoE4
intermediate state and that the N- and C-terminal domains must be physically linked to form the
required inter-domain contacts [49]. The progressive truncations of the C-terminal domain in our
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simulations reveal that the hinge region becomes increasing dynamic despite being connected to
the relatively stable N-terminal domain (as demonstrated by the increasingly larger fluctuations
at this region). While the entire protein does not exhibit increased fluctuations globally as
important the inter-domain contacts are lost, this study suggests that the hinge region plays a
vital role in stabilizing the inter-domain contacts and thus the ApoE4-specific intermediate state.
In conclusion, our simulations suggest that the ApoE4 intermediate state is highly
dynamic with fluctuations not seen in ApoE2 or ApoE3. Additionally, we speculate an increased
importance on the hinge region linking the N- and C-terminal domains as it may be important for
stabilizing the intermediate state. While we can only speculate as to how these mutations and
dynamics may behave in the presence of lipids and lipoprotein receptors, we conclude that the
impact of the ApoE4 mutation is not site specific, but rather has a global effect in residue
motions. Future studies will be required to confirm the influence of our predicted mutations and
the proposed D255-299 C-terminal truncation on the ApoE4 intermediate state. We foresee that
these mutations and DCC studies will present a new understanding of the ApoE structurefunction relationship, and may allow for new pharmacological strategies that focus on
modulating ApoE4 dynamics rather than altering the structure.
Methods
Simulation Settings
We use our in house developed software Eris to calculate the DDG upon mutation for all
possible amino acids at all positions in the ApoE4 sequence. We perform these calculations on
both the native and intermediate state conformations derived upon clustering structures obtained
from our REX/DMD simulations. We perform 250 independent simulations for each possible
mutation to evaluate the energy of randomly sampled amino acid rotamers. The reported energy
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values for each mutation are the mean and standard deviation of these 250 simulations. We rank
the mutations by first identifying mutations that have opposite effects on the intermediate and
native conformations and then sorting by the magnitude of the DDG value. We perform DMD
simulations with a subset of stabilizing and destabilizing mutations in the ApoE4 intermediate
state for 2x106 time steps (~100 ns) at a DMD temperature of 0.6 kcal/(mol kB) with three
independent trajectories. This relatively higher simulation temperature (~300 K) is chosen for the
equilibration simulations to better visualize the differences in fluctuations of each mutant system.
The NMR-derived native state structures generated for all three ApoE variants for the
REX/DMD simulations are used as the starting structures in DMD simulations for the dynamic
cross-correlation calculations. For each ApoE isoform, we run 10 independent 1x106 time step
(~50 ns) DMD simulations at a temperature of 0.4 kcal/(mol kB) (T = ~200K). For the dynamic
cross-correlation calculations of the ApoE4 intermediate state mutants, we use structures from
Eris as the starting structures. We perform three independent 2x106 time step (~100 ns) DMD
simulations for each ApoE4 intermediate state system at a temperature of 0.4 kcal/(mol kB) (T =
~200K).
We perform C-terminal truncations on the ApoE4-specific intermediate state model
identified by clustering analysis with our REX/DMD trajectories. We resolve any existing
clashes and allowed for minimal repacking of side chains in the truncated structures using our inhouse developed tool Chiron [74]. For each truncation, we run three independent 1x106 time step
(~50 ns) DMD simulations at a temperature of 0.45 kcal/(mol kB) (T = ~225K). Each truncation
is named for the missing residues such that D255-299 only contains residues 1 through 254.
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Simulation Analyses
We perform RMSD, RMSF and Rg calculations on our aligned trajectories based on the
Cα atoms using the Gromacs software package [80]. All RMSD, RMSF and Rg values reported
are the mean of the independent trajectories for each system.
For the DCC calculations, we first determine when the simulations reach equilibrium by
monitoring the RMSD time series and we conclude that all independent trajectories are
equilibrated after 5x105 time steps (~25 ns). We perform DCC calculations using Wordom
[81,82] for the Cα atoms in each system. We use the final 5x105 time steps of each native state
trajectory and the final 1.5x106 time steps for each intermediate state trajectory. We calculate the
mean and standard deviation over the independent trajectories for each atom pair to produce the
final set of reported DCC coefficients. We define the strongest correlations as the set including
1% of all coefficients with the largest magnitude for both positive and negative DCC
coefficients. Additionally, for the set of strongest correlations, we filter out all correlations
between residue I and residue j <= i+5 to remove the strong positive correlations along alpha, 310
and pi helices. Circle plots displaying the DCC coefficients for each ApoE isoform are generated
using ad hoc Python scripts where the wild-type ApoE sequence is displayed clockwise along the
perimeter of the circle.
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Supporting Information

S3.1 Figure. Distribution of dynamic cross-correlation coefficients for the intermediate state conformation.
Comparisons between the wild-type sequence with (A) predicted destabilizing mutations (P267Y, W210P, Q24K)
with R61T and (B) predicted stabilizing mutations (R189Y, V190H, G165Y). Reported values are the average of
three independent ~100 ns DMD simulations at a temperature of ~200 K. The histogram bins correspond to
increments of 0.05.
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S3.2 Figure. Strongest positive DCC coefficients for ApoE4 mutants. Positive dynamic cross-correlation coefficients plotted as green lines on circle plots.
The ApoE4 sequence circles the perimeter in a clockwise direction. For each system, wild-type, R61T, predicted destabilizing mutations (P267Y, W210P, Q24K)
and predicted stabilizing mutations (R189Y, V190H, G165Y), the set of correlations is equal to one percent of all correlations. Reported values are the average of
three independent ~100 ns DMD simulations at a temperature of ~200 K. For all circle plots, helix–1 (H1), helix–2 (H2), helix–3 (H3), helix–4 (H4), and the Cterminal domain (CT Domain) are represented as black bars.
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S3.3 Figure. Strongest negative DCC coefficients for ApoE4 mutants. Negative dynamic cross-correlation coefficients plotted as magenta lines on circle
plots. The ApoE4 sequence circles the perimeter in a clockwise direction. For each system, wild-type, R61T, predicted destabilizing mutations (P267Y, W210P,
Q24K) and predicted stabilizing mutations (R189Y, V190H, G165Y), the set of correlations is equal to one percent of all correlations. Reported values are the
average of three independent ~100 ns DMD simulations at a temperature of ~200 K. For all circle plots, helix–1 (H1), helix–2 (H2), helix–3 (H3), helix–4 (H4),
and the C-terminal domain (CT Domain) are represented as black bars.

CHAPTER 4: FUTURE DIRECTIONS
Many neurodegenerative diseases are the product of protein misfolding and aggregation
such as the accumulation of neurotoxic Aβ oligomers and neurofibrillary tangles in AD. AD is
currently projected to affect 1 in 85 individuals by 2050 with no cure currently available [84]. It
is known that the gene for ApoE4 is a major risk factor for developing AD, yet the role of the
ApoE4 protein in AD is unresolved. In this study, we aim to understand the unique structural
features of ApoE4 to better understand how it may interact with AD-related proteins such as Aβ
and tau protein. We work towards defining these structural determinants through computational
analyses to lead the way towards new therapeutic strategies for AD such as disrupting
pathological interactions by using small molecules.
Future studies can build upon this work through experimental validation of the ApoE4specific misfolded intermediate confirmation. Finding the exact residues in contact and
responsible for the stability of this particular conformation are vital for understanding the
functions of ApoE4. Several biochemical assays have been tested on ApoE proteins and can be
adapted for conformational studies of ApoE4 [15,24,28,60,70,85]. Using lysine cross-linkers,
fluorescence resonance energy transfer (FRET), and denaturation studies with mutations can
further verify important interactions [15,24,28,60]. These experimental studies will also provide
the opportunity to refine the current computational model while aiming to confirm the E4specific domain-domain interaction. Once validated, this model of an ApoE4 intermediate state
can further be expanded to studies involving the binding of Aβ and/or lipids. This will provide
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more insight into the physiological function of ApoE4 and how that relates to its pathological
association with AD.
Our goal with this work is to characterize the structural and dynamical features of each
ApoE isoforms. Our in silico simulations allow us to explore the conformational landscape of
ApoE with a novel strategy. We are able to overcome experimental challenges, such as a
propensity for self-association in high concentrations, that have limited previous structural
studies of the full-length ApoE protein. This work is foundational for future therapeutic studies.
Currently, the most common therapeutic targets for AD treatment are Aβ and both beta- and
gamma-secretases. With our computational model, the field has a new structure in addition to the
published N-terminal domain crystal structures and full-length monomeric mutant to use as drug
targets. The detailed conformational study in this work is crucial for future studies that aim to
explain the structural determinants of ApoE4 involved in the development AD and ultimately,
develop new treatments for AD.
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