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ABSTRACT Among various isoforms of Apolipoprotein E (ApoE), the E4 isoform (ApoE4) is considered to be the strongest risk
factor for Alzheimer’s disease, whereas the E3 isoform (ApoES3) is neutral to the disease. Interestingly, the sequence of ApoE4
differs from its wild-type ApoE3 by a single amino acid C112R in the 299-amino-acid-long sequence. Hence, the puzzle remains:
how a single-amino-acid difference between the ApoE3 and ApoE4 sequences can give rise to structural dissimilarities between
the two isoforms, which can potentially lead to functional differences with significant pathological consequences. The major
obstacle in addressing this question has been the lack of a 3D atomistic structure of ApoE4 to date. In this work, we resolve
the issue by computationally modeling a plausible atomistic 3D structure of ApoE4. Our microsecond-long atomistic simulations
elucidate key structural differences between monomeric ApoE3 and ApoE4, which renders ApoE4 thermodynamically less sta-
ble, less structured, and topologically less rigid compared to ApoE3. Consistent with an experimental report of the molten globule
state of ApoE4, simulations identify multiple partially folded intermediates for ApoE4, which are implicated in the stronger aggre-

gation propensity of ApoE4.

INTRODUCTION

One of the most common forms of dementia is Alzheimer’s
disease (AD) (1), characterized by the formation of neurofi-
brillary tangles and plaques in the brain, leading to neuronal
dysfunction, neuronal loss, and finally, death. The increased
risk of developing AD is associated with the Apolipoprotein
E (ApoE) gene (2-4), which is located on the long arm of
chromosome 19 (5). The concentration of ApoE in the brain
and cerebrospinal fluid is 10-20% of that in the plasma (6).
The E4 isoform of ApoE (abbreviated as ApoE4) is consid-
ered to be the principal genetic factor in developing late-
onset AD (7). It is one of the three common isoforms of
ApoE, namely ApoE2, ApoE3, and ApoE4, which are coded
by same gene locus. All three isoforms consist of 299 amino
acid residues with the only mutual difference being single
amino acid changes. Specifically, these isoforms differ
only by two residues at positions 112 and 158 of the protein
sequence, where C112/C158, C112/R158, and R112/R158
are present in ApoE2, ApoE3, and ApoE4, respectively
(7). It is, however, intriguing that such a small sequence dif-
ference among the ApoE isoforms can lead to significant
functional and biophysical differences.
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ApoE is known for its lipid transport function and is
associated with multiple lipoprotein classes, including
very low-density lipoprotein and high-density lipoprotein
(HDL) (8). There exists a reversibility between lipid-free
and lipid-bound states of ApoE isoforms (9). More signif-
icantly, ApoE isoforms have different binding preferences
toward different lipoprotein classes: ApoE4 prefers very
low-density lipoprotein, whereas ApoE2 and ApoE3 pre-
fers HDL (10). The lipid-bound structure of ApoE is likely
to be different from its lipid-free structure (9). The
different preferential binding of ApoE3 and ApoE4 iso-
forms with lipid raises the fundamental question of
whether the structure of these isoforms mutually differs
in their respective lipid-free forms, even before one asks
the question of their structure in their respective lipid-
bound forms. Moreover, many biophysical experiments
to date have been performed with the recombinant lipid-
free form of these isoforms (11-13). Hence, resolving
the structure of these isoforms in the lipid-free form is
of paramount interest even before we explore their lipid-
bound state and structural changes occurring during the
lipid binding process.

In a lipid-free state, ApoE3 and ApoE4 exist as a slow
equilibrium mixture of monomer, tetramer, octamer, and
a small proportion of higher oligomers (8). This work, us-
ing computer simulations, provides unprecedented insights
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into the structural differences between lipid-free ApoE3
and ApoE4 isoforms in their monomeric form, which
can potentially contribute to their functional differences.
This article also lays the groundwork for future investiga-
tion of the multimeric lipid-free as well as the lipid-bound
forms.

Although these isoforms mutually differ by only one
amino acid in their respective sequence, ApoE4, among
them, is known to be the strongest causative factor for
late-onset AD, whereas, ApoE2 and ApoE3 have been found
to be protective and neutral, respectively, in terms of pro-
pensity to develop the disease (2—4,14). The population of
allele APOE &4 increases from 14% in control to 40% in
an AD population (15). Hence, the question arises how a
single-residue change in an amino acid causes this huge dif-
ference in physiological behavior. Experimental studies
indicate that ApoE4 is less stable than ApoE3 and binds
more strongly to lipid receptors (16), which is often impli-
cated in the increased risk of cardiovascular disease
(17,18). ApoE4 also leads to reduced clearance of extracel-
lular amyloid plaque deposits in the brain (14), increases
neuronal degeneration (19), and reduces longevity (20).
It is known that ApoE can bind to amyloid-g peptide (11),
but further mechanistic detail is lacking.

The most critical question concerns how the single-
amino-acid difference (C112R) on ApoE3 — ApoE4 iso-
form affects protein structure or dynamics, which can
potentially cause this profound physiological and patholog-
ical variation. Because the functional differences between
ApoE3 and ApoE4 are generally hypothesized (21,22) to
be dictated by their respective structure, deciphering the
atomistic details of their structure is of paramount interest
on many aspects. Although it is already established by
multiple studies that ApoE has two domains—one 22-kDa
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N-terminal domain (residues 1-191) that contains the low
density lipoprotein receptor binding site, and the other a
10-kDa C-terminal domain (216-299) that binds to lipids
(21), the progress in the area of structure determination
has been thwarted by the lack of reported structure of any
full-length wild-type isoform of ApoE3 or ApoE4. The
major cause behind lack of monomeric structure has been
that both ApoE3 and ApoE4 aggregate at the concentration
needed for crystallographic determination and also form
oligomers at micromolar concentration, which makes
NMR studies highly improbable. A crystal structure of
only N-terminal domain (residues 1-191) of ApoE was re-
ported in 1991, and it exists as an elongated four-helix
bundle (23). The structure of C-terminal domain (residues
216-299) is not yet known, but from circular dichroism
spectroscopy it has been predicted to be highly a-helical
(24). Tt has also been proposed that the N-terminal and
C-terminal domains are connected by a flexible hinge region
(21). In 2011, the structure of a full-length monomeric
mutated ApoE3 was proposed by Chen et al. (25) (Fig. 1).
There are several indications, based on hydrogen-deuterium
exchange experiments and other biophysical characteriza-
tions, that this monomeric mutated form of ApoE3 is very
nearly identical to the wild-type ApoE3, and thus is consid-
ered to be a true representation of wild-type ApoE3 in its
lipid-free monomeric form (25,26).

To date, no NMR or crystal structure of ApoE4 could be
obtained, mainly because at 37°C, ApoE4 displays the
greatest tendency to form high-molecular-weight aggregates
as compared to ApoE3 or ApoE2 (27). However, two key
properties of ApoE4 have been suggested to underlie its
association with the disease: 1) domain interactions and 2)
reduced stability relative to ApoE3 (9). Since structural
details underlie the function, we hypothesize that the origin
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FIGURE 1 Structure of ApoE3 based on the
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of functional differences between ApoE3 and ApoE4 might
be rooted in their differences in molecular structures.
Toward this end, our current work employs extensive com-
puter simulations at an atomistic scale to explore the poten-
tial structural differences between monomeric mutants of
ApoE3 and ApoE4.

Starting with the NMR structure of monomeric mutant
ApoE3 (25) and via in silico C112R mutation, we perform
multi-microsecond-long unbiased MD simulation in the
presence of explicit water molecules, carry out free energy
simulation, and construct a Markov state model to atomisti-
cally delineate the structural differences between ApoE3
and ApoE4. Although our free energy simulations in general
confirm that ApoE4 is thermodynamically less stable as
compared to ApoE3, our results delve further into the atom-
istic differences of both the secondary structure and the ter-
tiary folds between the two isoforms. Specifically, we find
that the hinge region corresponding to residues 190-199 is
completely unstructured in ApoE4. Furthermore, our simu-
lation result also reveals that helix 3 (residues 89-125) of
the N-terminal four-helix bundle, containing the mutation
site 112, is bent in ApoE4, whereas it remains straight in
ApoE3. The Markov state model constructed based on simu-
lation trajectories predicted a single major topologically
rigid conformation for ApoE3 while multiple metastable
macrostates for ApoE4, showing inherent structural het-
erogeneity. Our work also sheds light on the differential
existence of N- and C-terminal domain interaction between
ApoE3 and ApoE4. This work represents the most extensive
structural elucidation of ApoE3 and ApoE4 in their mono-
meric lipid-free forms to date.

METHODS
Simulation model

The starting structure for ApoE3 isoform was directly taken from the RCSB
Protein Data Bank (PDB: 2L.7B), which is the NMR structure of monomeric
mutant ApoE3 published by Chen et al. (25). The starting structure for
ApoE4 isoform was obtained by mutating Cysteine to Arginine at position
112 in silico using CHARMM-GUI (28-30). The two systems, i.e., ApoE3
and ApoE4 isoforms, were simulated independently using the GROMACS
5.1.4 package (31,32) with the CHARMM36 force field (33).

Simulation method

In each of the simulation, the protein was explicitly solvated with TIP3P
water molecules in a rectangular periodic box whose dimensions were at
least 1.5 nm larger than the size of the corresponding solute molecules
and were subsequently charge-neutralized by adding NaCl at 0.15 M con-
centration. The entire setup was generated using CHARMM-GUI. Each
system, with a box size of 9.5 nm, consisted of ~25,120 water molecules
and a total of ~80,300 particles including protein atoms and ions.

The initial round of simulation with explicit solvent and ions involved
50,000 steps of steepest descent energy minimization. After energy minimi-
zation, the respective systems were gently heated from O to 300 K in 25 ps
with a time step of 0.001 ps followed by a final production run with the NPT
ensemble using a 0.002-ps time step. The particle-mesh Ewald summation
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method (34) was used to treat long-range electrostatic interactions (with
Fourier spacing of 0.12 nm and interpolation order four) and force-switch
method was applied for nonbonded interactions (van der Waals) with a cut-
off of 1.2 nm. The real-space cutoff was set to 1.2 nm. The Verlet cutoff
scheme was implemented. We used the Nosé-Hoover thermostat (35) for
maintaining the average temperature of 300 K and the Parrinello-Rahman
(36,37) barostat for maintaining the average pressure of 1 bar. All the
hydrogen atoms bonded to the protein heavy atoms are constrained using
LINCS algorithm (38) to their respective equilibrium bond-length. All
the water molecules were simulated as rigid molecules using SETTLE
(39). Both the isoforms were first individually simulated multiple times
by varying initial velocity distributions of the systems. Further, to ensure
more efficient sampling, we divided all the conformations of these simu-
lated trajectories into 20 clusters using the k-center clustering algorithm
(40) and then selected one conformation randomly from each cluster as
an initial conformation to run subsequent unbiased short MD runs (each
50 ns). Overall, an aggregated total of 1.725- and 2.175-us simulations
have been performed for ApoE3 and ApoE4 isoforms, respectively. All
probability distributions plotted in this article are normalized such that
the area under the individual curve is unity.

We also performed two independent simulations for ApoE3 and two for
ApoE4 considering only the first 200 residues, i.e., considering only the
N-terminal domain. Each MD run was 300 ns long. All simulations were
performed using GROMACS 5.1.4 and the simulation protocols applied
for truncated proteins were same as those applied for simulating the entire
ApoE isoforms, described earlier in this article. In these simulations, the
system box size was 9.0 nm with ~23,500 water molecules.

Markov state model construction and validation

The complex nature of aggregated trajectories was statistically analyzed for
key structural insights by constructing Markov state models (MSMs).
MSMs (41-43) were constructed using all the aggregated trajectories. In
all the trajectories, each frame was converted to a single vector of 299 ele-
ments where elements were defined as the distances of Ca atoms from a
reference structure after removing rotational and translational motions.
The time-structure-based independent component analysis method (44)
was used for dimensionality reduction. The high-dimensional simulated
data was then projected onto the slowest varying four independent compo-
nent analyses considering a 1-ns lag time. The k-means clustering algorithm
(45) was used to discretize this 4D data into 70 microstates. A kinetic
network, i.e., MSMs in this discretized space, was then constructed by
computing the transition probability matrix at variable lag-times to deter-
mine the implied timescales that correspond to the timescale required for
transition between different microstates. To obtain the transition probability
matrix, 7(7), i.e., probability of transitioning between microstates, the num-
ber of transitions between the microstates at an interval of a certain lag time
7 was counted and the transition count matrix was then symmetrized and
normalized by column. We have used a lag time of 1 ns to construct the
MSM as the implied timescale leveled off at ~1 ns, which ensures the Mar-
kovianity of the model (Fig. S1). These MSMs were then used to calculate
the equilibrium state properties. To better understand the structure and
dynamics of ApoE3 and ApoE4, we further lumped the microstates model
into three macrostate model (metastable states) using the Perron cluster-
cluster-analysis-plus (46) lumping method. The MSM construction was
performed using the software PYEMMA (47).

Umbrella sampling simulation

An umbrella sampling simulation was performed to quantitatively compare
the free energy profile of the helical propensity of the hinge helix 2 region
(residue 188-200) between ApoE3 and ApoE4. We used a popular free-en-
ergy plugin PLUMED 2.1 (48) patched with GROMACS 5.0.6 (31,32) to
perform the necessary umbrella sampling simulation. Within PLUMED,



a reaction-coordinate or collective variable (CV) termed “alpharmsd” was
chosen to define the total helical content. The details of the alpharmsd CV
can be found in its original implementation by Pietrucci and Laio (49) and
in the PLUMED user manual (50). Briefly, this CV probing the total helical
content of protein structure is built on the premise that any chain of six
contiguous residues in a protein chain can form an «-helix. This CV thus
generates the set of all possible six-residue sections and calculates the
root mean-squared deviation (RMSD) distance between the configuration
in which the residues find themselves and an idealized a-helical structure.
In this simulation, the helical segment of hinge helix 2, as present in the
NMR-derived structure of ApoE3 and the in silico mutated structure of
ApoE4, is considered to be the reference structure. Within the PLUMED
implementation of alpharmsd, this is done by calculating the following
sum of functions of the RMSD distances:

=
s = Z—r
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where the summation runs over all possible segments of «-helix; and
parameters of the switching function n and m are set to the default values
8 and 12, as dy = 0 nm and ry = 0.08 nm, respectively.

A total number of 15 equally spaced umbrella windows ranging
between 0 and 100% helical content were used for umbrella-sampling
the helical content of the hinge helix 2 regions of ApoE3 and ApoE4.
The initial configuration corresponding to each window was extracted
from prior equilibrium simulations for each of the respective isoforms.
A harmonic force constant of 60 kJ/mol was found to be optimum for hav-
ing Gaussian distribution around each window and for maintaining suffi-
cient overlap in the distribution between two adjacent windows. Each of
the umbrella-sampling windows were subjected to 500 ps of equilibration
in the NPT ensemble followed by 2 ns of production run in the NVT
ensemble, using protocols similar to those previously discussed in this
article. Finally, the weighted histogram analysis method (51,52) was
used over the last 10 ns of each of the umbrella-sampled trajectories to
generate unbiased histograms and the corresponding potentials of mean
force or free energies.

Free energy perturbation

The relative thermodynamic stability between ApoE3 and ApoE4 isoforms,
which differ by single residue mutation C112R, were assessed by utilizing
the techniques of free energy perturbation (FEP) as implemented within the
software GROMACS 5.0.6. We calculated the relative binding free energy
for mutation of Cysteine to Arginine at 112th residue of ApoE isoform by
performing two sets of FEP simulations: free energy change due to C112R
mutation within ApoE protein (4Gcomplex) and free energy change due to
C112R mutation in pure water (4Ggougion)- The relative thermodynamic sta-
bility is thereby assessed by 44G = AGcomplex — 4Gsolution.

The FEP simulation was carried out in discrete steps for a series of
coupling parameters A with values ranging from A = 0 (corresponding to
the protein with Cys''?) to 2 = 1 (corresponding to the protein with
Arg''?). The topology files for FEP calculation were prepared using an
automated Python tool, FESETUP (53). A total of 21 A-values were used
in both FEP calculations. At each A-value, both Coulomb and LJ interac-
tions are decoupled simultaneously. The nonbonding interactions, bond
length, and angle were linearly interpolated. To avoid divergence near
A =0or A =1, a soft-core potential is used to modify the LJ interactions.
Each A-window is subjected to a cycle of energy minimization, followed by
equilibration for 2 ns in the NVT ensemble and finally 5 ns of production
runs in the NPT ensemble at 300 K and 1 bar pressure using a Langevin
dynamics integrator at a time step of 0.002 ps. All simulations were per-
formed using GROMACS 5.0.6, and simulation protocols similar to those
in previously described equilibrium simulations were implemented. Finally,
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4G values for each of the respective FEP calculations were obtained using
the implementation of the multiple Bennett acceptance ratio provided with
the Python package PYMBAR (54). The statistical uncertainty associated
with the computed free energy change was obtained by block-averaging
of the data.

RESULTS

Overall, an aggregated total of 1.725- and 2.175-us MD
simulations have been performed for ApoE3 and ApoE4 iso-
forms, respectively. As mentioned in the Methods, initially
we ran three independent MD runs for each isoform starting
from different initial velocity distributions. An assessment
regarding the dynamics and overall behavior of the simula-
tion trajectories was obtained by calculating the RMSD of
each snapshot with respect to the corresponding NMR struc-
ture considering only Ca atoms. The RMSD plots for all six
MD runs are shown in Fig. S2. The RMSD versus time plots
indicated that the systems reach a plateau for different time
periods in different trajectories. Therefore, we have carried
out all the analysis considering only the time periods where
the systems maintain equilibrium population; this time
period is also shown in Fig. S2. As for the 20 independent
short 50-ns MD runs, done for ApoE3 and ApoE4 each,
we have considered the first 25 ns as equilibration time
and performed all analysis for the last 25 ns of each
50-ns-long trajectory. Before moving further with investi-
gating the conformations of both the isoforms from the
respective simulation trajectories, the quality of ApoE3 sim-
ulations was validated by comparing the available experi-
mental chemical shift of the corresponding Ca atoms with
our calculated values. Average chemical shifts of Ca atoms
of each residue were calculated from simulated ensemble
(considering all the frames) using the program SPARTA-+
(55). A very good correlation between the calculated and
experimental chemical shift with R = 0.94 and MSD
2.4 ppm (Fig. S3) suggested that an adequate sampling of
the conformational space has been achieved for ApoE3,
and that the choice of force field is appropriate.

The structures elucidated by x-ray crystallography (23)
and NMR spectroscopy (26) clearly represent N- and C-ter-
minal domains connected by a hinge region (approximately
residues 168-200) (19,56,57) formed by two short helices,
i.e., hinge helix 1 (residues 168—180) and hinge helix 2
(residues 190-199). In 3D-representation of ApoE3, one
might notice that these two helices are positioned close to
helix 3 (residues 87-122), which contains the mutation
site 112, with hinge helix 2 lying very close to the mutation
point (Fig. 1). We reiterate that our starting structure of
ApoE3 is obtained from the NMR-derived structure re-
ported by Chen et al. (25) (PDB: 2L7B), which is the mono-
meric mutant of a wild-type ApoE3 sequence that is
currently touted as the most complete structure of ApoE3
in a monomeric lipid-free state. Specifically, this mono-
meric mutant of ApoE3 contains the mutations V269A,

Biophysical Journal 113, 2682-2694, December 19, 2017 2685



Ray et al.

L279Q, and V287E in the loop after helix C3 and mutations
F257A and W264R at the end of helix C2. These mutations
were introduced by Chen et al. (25) to avoid self-aggrega-
tion and shows nearly identical biophysical features to the
wild-type ApoE3, and thus is considered to be a true repre-
sentation of the wild-type (58,59).

An initial comparison of secondary structure, obtained
using the DSSP algorithm (60) and a contact map (based
on Ca-Cea distances) of the ApoE3 isoform as obtained
from an ensemble-average of 20 members of the NMR-re-
ported structure (25) and our time-averaged structure, indi-
cated substantial differences in a few locations. As
illustrated in Fig. S4, certain regions, namely, hinge helix
2 (residues 190-199), helix C1 (residues 210-223), and
helix C3 (residues 271-276) have far less per-residue helical
fraction in the time-averaged structure obtained from our
MD simulations compared to the reported NMR structure
(Fig. S4 a). This is in-line with the observation from contact
map analysis, which shows a loss in overall compactness of
the structure from its initial configuration (Fig. S4 b). This
observation is also in line with that reported by Williams
and Convertino (61) using implicit-solvent-based computer
simulation. All these structural features, such as secondary
structure, contact map, and compactness, have been well
compared for ApoE3 and ApoE4 isoforms on the basis of
our simulation trajectories, and are extensively discussed
in the following sections.

Secondary structures of ApoE3 and ApoE4 have
considerable differences

Along with the already available crystal structure of the
N-terminal domain of ApoE3 (23) and NMR-reported
structure of full-length monomeric mutated ApoE3 (25),

a very recent report based on hydrogen exchange and
mass spectrometry also suggests that the N-terminal do-
mains of both ApoE3 and ApoE4 contains four helices
(62) and our observations are in-line with this observation.
In addition, we have found some strong differences be-
tween ApoE3 and ApoE4 in terms of per residue a-helicity.
Fig. 2 compares percentage (%) helicity of each residue of
ApoE3 and ApoE4 isoforms averaged over all trajectories;
nearly 0% helicity indicates completely unstructured resi-
due, whereas helicity of 100% implies a fully helix-form-
ing residue. As evident from Fig. 2, the majority of the
regions of the two isoforms are structurally very similar.
The N-terminal domain formed by a four-helix bundle of
helix 1 (residues 26-40), helix 2 (residues 55-79), helix
3 (residues 89-—125), and helix 4 (residues 131-164) has
a-helix conformations for all the four helices in both
ApoE3 and ApoE4. This observation is consistent with
the earlier mentioned report based on hydrogen exchange
and mass spectrometry (62). However, certain key regions
of ApoE4 are found by our computer simulation to be
significantly structurally different from those of ApoE3.
Our simulation results specifically point toward hinge helix
2 (residues 190-199), which shows major structural differ-
ences between ApoE3 and ApoE4. The hinge helix-2
region, which topologically lies close to the mutation site
112, is found to be completely unstructured in ApoE4
(nearly 0% helicity for all the residues), whereas in
ApoE3, it is nearly 80% helical (Fig. 2).

Apart from the hinge helix-2 region (residues 190-199),
we also find that part of the C-terminal domain, namely,
the helix-C3 region (residues 271-279), is structurally
different for ApoE3 and ApoE4. As shown in Fig. 2, the
helix-C3 region is completely unstructured in ApoE4,
whereas it retains 25% helicity in ApoE3. This result is

100 hN2 hCl1
o] il “”|| |
> [
S 60
2 40 l
K
S 1
0 Jauti ||i||
1 50 100 150 200 250 299
4 Tesndue !D 4 extreme
helix N1 hinge helix 2 helix C1 C-terminal
20 1 1 1 1 1 100 100 1 1 1 100 1 1 1 100 1 1 1 |
15 | | 80 r“. 80 = 80 A = 80
= = = = =
'210 S 60 S 60 A S 60 -o 60
2 2 a0 2 40 L€ 40 - o = 40
S 5 | & X P X
20 20 = 20 A - 20
et 11114
0 T T T T T 0 -~ O T 0 T T T 0
4 5678 12 18 24 30 190 194 198 210 215 220 270 280 290 299
residue ID residue ID residue ID residue ID residue ID

FIGURE 2 Differences in secondary structures between ApoE3 and ApoE4. Averaged secondary structures of ApoE3 (black) and ApoE4 (red) are as
obtained from MD runs. The hinge helix 2 (residues 190-199) shows difference in helicity, with ApoE3 having much higher helicity compared to
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consistent with the experimental observation of Frieden
and Garai (22), where it was proposed that due to propaga-
tion of the arginine-to-cysteine change at 112 the region
271-279, ie., helix C3, is structurally different for
ApoE3 and ApoE4 (22). Moreover, Fig. 2 also depicts non-
negligible differences in helicity in helix N2 region (resi-
dues 12-24) between the two isoforms, in congruence
with the experimental observation of Frieden and Garai.
In summary, our simulation result predicts significant dif-
ferences between ApoE3 and ApoE4 with respect to the re-
gion, which is structurally or topologically very close to the
mutation site. We have also observed differences with
respect to regions that are both sequentially and topologi-
cally distant (residues 12-24 and 271-279) from the muta-
tion site 112, and these observations are consistent with the
earlier experimental work (21).

Markov state models quantify the structural
heterogeneity in ApoE4 isoform

MSM-based analysis of the cumulative simulated trajec-
tories of both ApoE isoforms quantified their inherent struc-
tural heterogeneities. The MSM-based analysis showed that
equilibrium population of ApoE3 is highly dominated by
only one state (Fig. 3 a) with a highly stable hinge helix-2
region, which is ~80% helical.

In contrast, for ApoE4, the Markov state model identified
an ensemble of three macrostates with equilibrium popula-
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tions being ~39, ~19, and ~42%, respectively (Fig. 3 b).
We also computed the mean first passage time (63). The ex-
tracted rate of exchange shows that the transition between
metastable states 1 — 2 and 3 — 2 is slower, with the
values ~1.84 and ~1.85 us, whereas transitions between
states 1 — 3,3 — 1,2 — 3,and 2 — 1 are comparatively
faster with the values ~376, ~356, ~611, and ~619 ns. All
three metastable states of the ApoE4 isoform show signifi-
cant unfolding of hinge helix 2 (residues 190-199) and
can be characterized by respective secondary structures
(Fig. 3 ¢). Previous experimental evidence has pointed
toward greater propensity of formation of the so-called
“molten globule conformation” by ApoE4, and often impli-
cated in the formation of these molten globule states to the
pathological relevance of ApoE4 (7,64). The significant
population of these partially unfolded conformations of
ApoE4 as predicted by our simulation provides a structural
view of those molten globulelike states for ApoE4. Hinge
helix 2 (residues 190-199) is seen to have nearly 50% hel-
icity in state 1 but is completely unstructured (0%) in the
other macrostates. It is also evident from Fig. 3 ¢ that macro-
state 2 and macrostate 3 show formation of §-sheet structure
near the hinge helix-2 region (Fig. S5). These observations
are consistent with experimental characterization of the
molten globule state by Morrow et al. (64), which predicted
the molten globule of ApoE4 to have a partially unfolded
four-helix bundle, with a loss of helical content and increase
in (-structure. There are other structural differences among
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the three macrostates, such as helix C1 (residues 210-223)
is in an «-helix conformation in state 3 but it does not main-
tain such a helicity in state 1 and state 2, and helix h1’ (res-
idues 45-52) has nearly 100% helicity in state 1 and state 2,
but <40% in state 3.

Furthermore, Arg112 is highly solvent-exposed in state 1,
indicated by its time-averaged solvent-accessible surface
area of 0.84 nm” (0.4). In state 2 and state 3, the average sol-
vent-accessible surface area values for the same residue are
0.36 nm? (0.2) and 0.35 nm? (0.2), respectively. This feature
is also clear from the simulation snapshots corresponding to
individual macrostates obtained from MSM of ApoE4
(Fig. 3 ¢). The joint probability distribution of radius of gy-
ration and fraction of contacts also shows differences be-
tween the three states (discussed in detail later) (Fig. 3 c¢).
It is to be mentioned here that we have considered all
possible pairs of Ca atoms present within 0.65-nm distance
in the initial ApoE3 structure and in the in silico mutated
ApoE4 structure as the key contacts, and the total number
of these so-called “Ca contacts” present in the initial
structures have been counted during the progress of the
simulation. This definition of “Ca contacts” is maintained
throughout the article.

Helix 3, containing the mutation C112R, is bent in
ApoE4

The mutation point 112 is accommodated in helix 3 of the
ApoE isoforms. Initial visualization of our simulation tra-
jectories indicate that helix 3 of ApoE4 frequently attains
a bent conformation (Fig. 4 a), whereas the same helix in
ApoE3 maintains a straightened structure during the period

b full length protein

of simulation. As depicted in Fig. 4 b, the normalized dis-
tribution of bending angle (defined as the angle formed at
the center of mass of helix 3 by two vectors passing
through the two extreme residues, 89 and 125, of the
same helix) is significantly left-shifted in ApoE4 with a
lower average bending angle of 156.78° (5.4) correspond-
ing to a bent helix, compared to ApoE3, which has an
angular distribution centered around a higher bending
angle of 165.30° (6.3) corresponding to a more straight-
ened conformation. We have also analyzed our trajectory
for kink or bending in helix 3 using the available standard
program HELANAL (65). HELANAL characterizes the
overall geometry of each helix, on the basis of their Ca
atoms, as being linear, curved, or kinked. A helix is classi-
fied as being kinked if at least one local bending angle in
the middle of the helix is >20°. Based on this alternative
analysis, the residues in the middle of the helix (106—
108) were found to have a higher local bending angle for
the ApoE4 isoform (109.5 (11.9)), in accordance with our
other analysis.

To investigate the possible role of C-terminal domain in
this bending (and later on domain interaction), we per-
formed independent control-simulations with only N-termi-
nal domain (residues 1-200) of both the isoforms. The
results obtained from these simulations of only the N-termi-
nal domain clearly indicates that the bending in helix 3 of
ApoE4 is much less pronounced in absence of the C-termi-
nal domain (Fig. 4 ¢). Hence, it can be inferred that in
ApoE4, the conformations of N-terminal domain helices
may be dependent on the C-terminal domain. It is to be
mentioned here that this analysis is performed on part of
the trajectories considered after removing the first 50 ns as
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equilibration time, and then averaging over all the MD runs.
We believe that the observation of bent structure in the case
of ApoE4 in our simulation potentially contributes to the
so-called “domain interaction”, as will be discussed in the
following sections.

Interactions between N- and C-terminal domains
are prominent in ApoE4

The ApoE3/ApoE4 isoform is composed of an N-terminal
domain and a large C-terminal domain. Multiple related
studies have explored potential interactions between the
two independently folded domains, i.e., domain interac-
tions, and these has been suggested to play a unique role
in the characterization of ApoE4 (66-68).

To investigate how different the domain interaction is in
the two isoforms, we compare the distance of proximity be-
tween the center of mass of regions of N- and C-terminal do-
mains of ApoE isoforms, as obtained from trajectories of
MD simulation. Toward this end, we have considered helix
2 (residues 55-79), helix 3 (residues 89-125), and helix 4
(residues 131-164) as the representatives of N-terminal
domain and helix C2 (residues 278-299) as a representative
of the entire C-terminal domain (because apart from being
the longest helical stretch of C-terminal domain, helix C2
also completely retains its helicity in both ApoE3 and
ApoE4 during the entire period of all the simulations). As
depicted in the distribution of Fig. 5 a, the helix 3-helix
C2 distance is significantly smaller (~1.51 nm), and occa-
sionally even reaches <1.0 nm in ApoE4, as compared to
that in ApoE3 (~2.10 nm). However, we find that helix
2-helix C2 distance is of the same range for both the iso-
forms, and helix 4-helix C2 distance never reaches below
1.2 nm in either of the isoforms (Fig. S6). Thus, we expect
the domain interaction to be prominent in ApoE4 due to the
relatively closer proximity of helix 3 (which contains the
mutation point) with helix C2.

Similarly, on comparing the time-averaged contact
maps of ApoE3 and ApoE4, we find the regions helix
C2 (residues 236-266) and helix 3 (residues 89-125)
come in close proximity during the MD run of ApoE4,
although these remain far apart in ApoE3 (Fig. 5 a), indic-

Structural Differences of ApoE Isoforms

ative of domain interaction prevailing in ApoE4 involving
the helix containing the mutation site. We have also
observed that hinge helix 2 (residues 190-199) is closer
to helix 4 (residues 131-164) and helix C2 (residues
236-266) in the average ApoE3 structure obtained from
our MD runs, but are far apart in ApoE4 (Fig. S7). This
observation may be attributed to the fact that during
the MD runs of ApoE4, hinge helix 2 is completely
unstructured.

Domain interaction was one of the first isoform-specific
differences identified between ApoE3 and ApoE4. This
concept was introduced to explain the preferential binding
of ApoE4 to low density lipoprotein and of ApoE3 to
HDL (7). The isoform-specific domain interaction as
observed in our simulation studies might point toward iso-
form-specific differential ApoE-lipid interaction.

Salt bridge plays a crucial role in domain
interactions

Many buried hydrophilic residues that are located between
ApoE domains point outside and are potentially available
for domain interaction by forming buried H-bonds and salt
bridges between domains (25). Among all such possible in-
teractions, H-bond between Arg6l and Thr194, and salt-
bridge Glu255-Lys95 are suggested to play significant roles
in domain interaction in the solution NMR structure of
ApoE3 (25). In our current simulation, we did not find the
H-bond between Arg61 and Thr194 to be stable during
our MD runs. It was reported by Dong and co-workers
(67,68) that the interaction between the N- and C-terminal
domains is a unique property of ApoE4 characterized by
salt-bridge formation between Arg6l and Glu255, as
Argl12 causes the Arg61 to extend away from the four-he-
lix bundle and interact with Glu255, making the structure
more compact. On the contrary, in ApoE3, Cys112 causes
the Arg6l side chain to move in-between two helices,
reducing the Arg61-Glu255 contact, resulting in an overall
less compact structure (67). And the study by Williams
et al. (61) in 2015, completely disagrees with the experi-
ments as they did not observe these residues in contact dur-
ing their replica exchange/discrete MD simulations of
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ApoE4. During our simulation of ApoE4 too, these residues
remain far apart (3.03 nm (2.1)), rendering the formation of
this salt bridge impossible.

We have focused on determining if any other salt bridges,
not previously reported, might be responsible for the structural
difference between ApoE3 and ApoE4. Toward this quest, we
could identify the salt-bridge Argl12-Glul09 in ApoE4,
whereas in ApoE3 no ionic interaction involving Cys112
and Glul09 was observed (Fig. S8). The substitution of
Argll2 in ApoE4 leads to the ionic interaction with
Glu109, which excludes the Asp110 side chain from its usual
position, causing it to be more exposed and allowing it to
become available for interaction with residues in the C-termi-
nal domain. We have also found quite a few salt bridges
involving residues of helix 3 and helix C2, but only a few
were stable during the entire trajectory. Specifically, we
observed two salt bridges, Glu255-Lys95 and Aspl10-
Lys242 (in ApoE3 and ApoE4), both involving residues of
helix 3 (residues 89-125) and helix C2 (residues 236-266)
that might play a role in domain interaction. Although the
solution NMR structure of ApoE3 indicates probable
interactions between the N-terminal and C-terminal domains
by the Glu255-Lys95 salt bridge (25), we found Aspl10-
Lys242 (Fig. 5 b) to be the most prominent and stable in
ApoE4, with the distance between the two residues
reaching < 0.28 nm during the course of MD runs of
ApoE4 (Fig. 5 b). Also, we see that the donor-acceptor
distance in salt-bridge Asp110-Lys242 is lower in ApoE4 as
compared to ApoE3, whereas the DA distance in salt-bridge
GLu255-Lys95 is similar for the two isoforms (Fig. S9).
Thus, we can state that Aspl110-Lys242 is the unique salt
bridge that promotes domain interactions only in ApoE4.

Tertiary fold of ApoE3 and ApoE4 is significantly
different

The single-residue mutation and the concomitant change in
the secondary structure between ApoE3 and ApoE4 can
potentially give rise to significant differences in the overall
topology or the tertiary structure between the two isoforms.
Toward this end, we investigate the overall compactness and
the retention of C« contacts (defined earlier in the text) of
both the ApoE isoforms. We consider that a loss in fraction
of contacts along with simultaneous increase in radius of gy-
ration is a clear indication of loss in compactness or rigidity
of the protein. Fig. 6 delineates the joint probability distribu-
tion of radius of gyration and fraction of contacts for both
the isoforms based on our multi-microsecond simulation
data. The plots clearly indicate that in ApoE4, with an in-
crease in radius of gyration there is a significant loss in con-
tacts, but in ApoE3 the contacts are well maintained despite
increase in the radius of gyration. Thus, ApoE3 is topolog-
ically more rigid as compared to ApoE4 and maintains its
structure during the MD run. We also note that although
the domain interaction is prevalent in ApoE4, one should
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have in mind that this isoform has far less compactness
accounting for its lower stability with respect to ApoE3.
As we will see in later sections, the lack of rigidity in
ApoE4 potentially gives rise to structural heterogeneity
and multiple partially unfolded states.

ApoE4 is thermodynamically less stable than
ApoE3

Our free energy calculations show that the mutation C112R
destabilizes the ApoE4 structure by an amount of 1.76 =+
0.15 kcal/mol relative to ApoE3, which is consistent with
the results reported in the past (61). Experimental studies
and guanidium-HCI denaturation confirmed that the two do-
mains of ApoE unfold independently in all three isoforms
(69). However, the difference in stability of the N-terminal
domain of ApoE isoforms runs in the order ApoE4 <
ApoE3 < ApoE2 (69). ApoE4 is known to unfold even
less cooperatively than does ApoE3 (21), suggesting that
stable intermediate conformations are formed more readily
for ApoE4 than for ApoE3. We note that the free energy
perturbation techniques used in this work provide estimates
of free energy changes due to local change only and global
structural effects are not generally captured in these tech-
niques. Nonetheless, the free energy estimate validates
that ApoE is thermodynamically less stable than ApoE3,
which is consistent with the underlying themes of our cur-
rent work.

On the other hand, Fig. S10 compares the free energy
profile, obtained via subsequent umbrella sampling simula-
tions, and corresponding probability distribution as a func-
tion of helical fraction of hinge helix 2 (residues 190-199)



regions. The free energy profiles of the hinge helix 2 region
depict a free energy minima at 50% helicity in ApoE3,
whereas for ApoE4 the free energy minima appears at
nearly 0% helicity—suggesting a complete lack of a-helic-
ity, in accordance with equilibrium MD simulation results.

DISCUSSION

The two residues cysteine and arginine at position 112 of
ApoE3 and ApoE4, respectively, are structurally different
and thus, as a result of C112R mutation, we can expect
that the mutant ApoE4 has a structure that is different
from the wild-type ApoE3. The major question that we
aimed to address in this work is: what is the consequence
of this single-residue difference on the key structural differ-
ences between ApoE3 and ApoE4?

The noteworthy difference in time-averaged secondary
structure of the two isoforms is that hinge helix 2 (residues
190-199) is completely unstructured in ApoE4, whereas it
has a helical conformation in ApoE3. Consistent with our
unbiased MD simulation results, the free energy profile as
a function of the helical fraction of hinge helix 2 (residues
190-199) supports the completely unstructured conforma-
tion of this region in ApoE4. To understand why this region
is not retaining its helical form in ApoE4, we have looked
into the sequence of both hinge helix 2 (residues 190-199)
and helix 3 (residue 89—125) (Fig. S11), as helix 3 is the mu-
tation-containing helix and hinge helix 2 lies closest to the
mutation site, Argll2. As mentioned earlier, Argl12 in
ApoE4 forms a salt bridge with Glul09, but the cysteine at
position 112 of ApoE3 is free to have interactions with other
nearby residues. We calculated the distance between 112th
residue (of both ApoE3 and ApoE4) and all other amino
acid residues of hinge helix 2 (residues 190-199 and consid-
ering center of mass of each residue) independently, and
observed that two alanine residues (Alal192 and Alal93) of
hinge helix 2 (residues 190-199) are closer to Cysl12
compared to Argll2 with the distance between Alal92/
193 and Cys112 being as low as 0.5 nm in ApoE3—i.e.,
the nonbonded interactions between residues are effective
in ApoE3 and not in ApoE4 (Fig. S12). We may assume
that the absence of such close interaction between residues
of hinge helix 2 and helix 3 (more importantly Cys112) in
ApoE4 causes the hinge helix 2 to become unstructured dur-
ing the MD run even though this region was helical when the
MD run was initiated.

‘We have found hinge helix 2 to be unstructured in ApoE4
in both the presence and the absence of C-terminal domain,
indicating that this structural difference between the two
isoforms is independent of domain interaction. However,
we found helix 3 (residues 89-125) to always attain a bent
conformation in ApoE4 in the presence of the C-terminal
domain. This can be explained again by the fact that
Argl12 in ApoE4 is involved in an ionic interaction with
Glu109 that excludes the Asp110 side chain from its usual

Structural Differences of ApoE Isoforms

position, causing it to be more exposed and allowing it to
become available for interaction with Lys242 of its C-termi-
nal domain. This Aspl110-Lys242 salt bridge in ApoE4
somewhat puts a strain on helix 3, causing it to bend at
the region around the 110th residue. Scrutinizing the
sequence of helix 3 (Fig. S11) indicated that there are two
residues with very low helical propensity—Aspl07
(0.69 kcal/mol) and Glyl05 (1 kcal/mol) (70)—around
which the helix is broken and bent and the region is almost
at the middle of the entire helix. In ApoE3 too, only a very
small amount of bending of helix 3 is observed (Fig. 4 b),
probably due to poor helical propensity of the same
Aspl107 and Gly105 residues. However, unlike in ApoE4,
due to absence of any domain interactions the helix bending
is not retained during the MD-runs of ApoE3 isoform, and
as a result, the helix is majorly straightened.

During the MD runs, ApoE3 was found to be topologi-
cally more rigid as compared to ApoE4 while maintaining
its initial structure. The domain interaction is found to be
prevalent in ApoE4, which may be considered as a cause
for the decrease in its contacts or topological rigidity with
respect to the initial structure, thereby accounting for the
lower stability of ApoE4 with respect to ApoE3.

The Markov state models constructed based on the simu-
lation trajectories provided only one solely populated mac-
rostate for ApoE3, which has highly stable hinge helix 2
(residues 190-199). The overall secondary structure of
ApoE3 as obtained from MSM is the same as the time-aver-
aged secondary structure obtained from the simulation
trajectories. In contrast to this, for ApoE4, the MSM identi-
fied an ensemble of three metastable partially unfolded mac-
rostates of significant population containing unstructured
regions near hinge helix 2. Morrow et al. (64) have reported
that ApoE4 unfolds even less cooperatively than does
ApoE3, suggesting that stable intermediate conformations
are formed more readily for ApoE4 than for ApoE3. The
observation of the partially unfolded conformations as ob-
tained in our simulation in the case of ApoE4 are in qualita-
tive agreement with a previous experimental report of
molten globule formation by ApoE4 (64). Molten globules
have often been implicated in a wide variety of physiolog-
ical processes. The ApoE4 molten globule could exert a
number of effects that might contribute to a disease pheno-
type. For example, the instability of the N-terminal domain
of ApoE4 may explain its increased ability to bind and
remodel phospholipid micelles (69). As a result, lipoprotein
particles containing ApoE4 could differ from ApoE3 parti-
cles in their composition. In AD, the lipid-binding pro-
perties of ApoE4 could also influence cellular function,
resulting in pathological effects (7).

Our free energy-based simulation finds that ApoE4 is
thermodynamically less stable than ApoE3 and specifically
the hinge-helix 2 region (residue 190-199) has very low
helical propensity. For ApoE, these differences in confor-
mational stability and folding behavior of the N-terminal
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domain among the isoforms are important in lipid binding
(67). In particular, variation in the stability of the N-terminal
domains of these two isoforms might contribute to their dif-
ferences in their lipoprotein-binding preferences and other
biological functions in vivo. Moreover, the recent work by
Frieden et al. (71) suggests that the first step in lipid binding
might be domain-domain separation between the N- and
C-terminal domains caused by breaking-up of salt bridges
by the charged lipid molecules. Certainly, ApoE undergoes
large conformational changes on lipid binding and the pres-
ence of partially folded states could facilitate conforma-
tional change in case of ApoE4.

It is well known that ApoE is majorly implicated in the
transport of lipid (9). In vivo, ApoE is almost always bound
to lipids and cholesterol, and the actual amount of lipid-
free ApoE is expected to be small (22). On lipidation, the pro-
tein undergoes large structural changes (72,73), and although
there is no high-resolution structure of lipid-bound ApoE, the
structural differences between the ApoE isoforms potentially
lead to their differential association with lipids and
lipoproteins (74). To understand if the structural differences
observed here in the lipid-free ApoE isoforms are retained in
the lipidated ApoE, this work can be extended by studying
the differences in association of 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine-ApoE3 or 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine-ApoE4 with ligands, such as AS.

CONCLUSIONS

In conclusion, we find that compared to isoform ApoE3,
ApoE4 is less structured, less thermodynamically stable,
topologically less compact, and structurally more hetero-
geneous with significant populations of multiple meta-
stable states. Our simulation results also point to a bent
architecture of the long-mutation-containing helix 3 in
ApoE4, with strong prevalence of interaction between the
N- and C- terminal domains. Our simulation analysis
also insinuates that the salt bridge, Asp''*-Lys®*?, is crit-
ical for domain interactions in ApoE4. The domain interac-
tion can be considered as the major cause for bending of
helix 3 (residues 89—125) and the salt bridge Arg''*-Glu'”
as the reason for unstructured hinge helix 2 (residues
190-199). These two structural differences between
ApoE3 and ApoE4 can be considered as the underlying
cause for ApoE4 to be thermodynamically less stable
than ApoE3.

We believe that the potential biological implications of
the structural differences between ApoE3 and ApoE4
isoforms proposed in this work will serve as a topic of future
exploration. It is generally considered that binding of ApoE
isoforms with the A@ oligomers have a potentially signi-
ficant role in the onset of Alzheimer’s disease (72,73).
ApoE3 and ApoE4 are speculated to have a differential
binding rate with A8 oligomers, with ApoE4 rated to be a
better stabilizer of AG (74) than ApoE3. It will be worth
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exploring whether the origin of differential interaction of
ApoE isoforms with AG oligomers is rooted in the structural
differences noted in this work.
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