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A B S T R A C T

MOLECULAR DYNAMICS STUDY INTO THE PASSIVE TRANSPORT OF
AMYLOID-β INHIBITORS PERMEATING THE BLOOD-BRAIN BARRIER
TARGETING ALZHEIMER’S DISEASE

Christopher Mark Siwy, Ph.D.

George Mason University, 2021

Dissertation Director: Dr. Dmitri Klimov

Alzheimer’s disease is a progressive neurodegenerative disorder linked to grad-

ual oligomerization and accumulation of soluble amyloid Aβ fragments into dif-

fuse plaques within the central nervous system. Clearance of Aβ fragments from

brain tissues proceeds through blood-brain barrier (BBB), which therefore plays a

critical role in preventing aggregation of neurotoxic Aβ variants. The primary pur-

pose of this work is to study in silico the structural characteristics and molecular

interactions associated with the passive permeation through human BBB of Aβ ag-

gregation inhibitors, such as small drug compounds or peptides involved in tran-

scytotic behavior. Additionally, to evaluate potential modeling artifacts this disser-

tation probes the force field dependence of Aβ peptides conformational ensemble.

To execute this research plan, we first applied parallel tempering replica exchange

(REMD) molecular dynamics simulations to compare the conformational ensem-

bles of amino-truncated Aβ10-40 peptides using four protein parameterizations

(CHARMM36, CHARMM22*, CHARMM22/cmap, and OPLS-AA) and two wa-



ter models (standard and modified TIP3P). Then, using an all-atom explicit water

model and replica exchange umbrella sampling (REUS) simulations, we investi-

gated the molecular mechanisms of benzoic acid (BA) partitioning into two model

lipid bilayers, a homogeneous, pure DMPC and BBB-mimetic bilayers. Finally,

our REUS studies evaluated the molecular mechanisms of permeation of Aβ frag-

ments, polar Aβ16−19 (KLVF) and apolar Aβ39−42 (VVIA), through BBB-mimetic

bilayer.

The results of our investigations are as follows. We found that CHARMM36

force field followed by CHARMM22 produce the most accurate representation

of Aβ conformational ensemble. Comparative analysis of BA partitioning into

the DMPC and BBB bilayers has revealed significant similarities. Partitioning into

both bilayers is thermodynamically favorable, although insertion into the former

lowers the BA free energy by 1 kcal/mol. Partitioning energetics is largely simi-

lar based on the balance of BA interactions with apolar fatty acid tails, polar lipid

headgroups, and water. In both bilayers BA retains residual water until reaching

the bilayer midplane, where it experiences nearly complete dehydration. Upon in-

sertion BA undergoes several rotations primarily determined by the interactions

with the lipid headgroups. Nonetheless, besides the depth of free energy min-

imum, the BBB bilayer differs from the DMPC counterpart by a much deeper

location of free energy minimum and appearance of high free energy barrier and

BA positioning near the midplane. DMPC and BBB bilayers also exhibit differ-

ent structural responses to BA insertion. We surmise that BBB-mimetic bilayer is

preferred for accurate description of partitioning.



Our REUS simulations reconstructed the mechanism of partitioning of the two Aβ

fragments into the BBB-mimetic bilayer. Despite dissimilar sequences, their perme-

ation shares common features. Computations of free energies and permeabilities

show that partitioning of both peptides are highly unfavorable ruling out passive

transport. The peptides experience multiple rotational transitions within the bi-

layer and typically cause considerable lipid disorder and bilayer thinning. Near

the midplane they lose almost entirely their solvation shells and interactions with

lipid headgroups. The peptides cause complex bilayer reorganization. Upon inser-

tion they induce striking cholesterol influx reversed by its depletion and the influx

of DMPC when the peptides reach the midplane. The differences in partitioning

mechanisms are due to much higher polarity of KLVF peptide, the permeation of

which is more unfavorable, and which exclusively assumes vertical orientations

within the bilayer. In contrast, VVIA positions itself flat between the leaflets caus-

ing minor disorder and even thickening of the BBB-mimetic bilayer. Due to the

high density of cholesterol-rich BBB bilayer, the unfavorable work associated with

the peptide insertion provides a significant, but not dominant contribution to the

partition free energy, which is still governed by dehydration and loss of peptide-

headgroup interactions. Comparison with experiments indicates that KLVF and

VVIA permeation is similar to that of proline tetrapeptide, mannitol or cimetidine,

all of which exhibit no passive transport. Taken together, this dissertation demon-

strates that molecular dynamics has become a valuable research tool for exploring

the molecular mechanisms of permeation through cellular membranes.

Keywords: Alzheimer’s disease; Aβ; benzoic acid; blood-brain barrier; molecular dynamics; passive

permeability; replica-exchange umbrella sampling



CH 1 I N T R O D U C T I O N

1.1 alzheimer’s disease and neurodegeneration

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder and is the

most common cause of dementia among older individuals today; this particular

type of dementia is characterized by the loss of cognitive function that negatively

affects a person’s daily life and activities and is typically characterized as a geri-

atric disease. Inflicted individuals place a great financial and emotional burden on

caregivers and society at large. It has been reported that AD accounts for roughly

60 to 70% of all neurodegenerative diseases. Recent studies have estimated that

more than 30 million people worldwide are afflicted with this disease.1 In the

United States alone, 13% over the age of 65 and 40% over 85 are stricken with

this disease.2 AD is most often diagnosed in people over the age of 60, with the

average life expectancy set at 8 years after diagnosis, with fewer than 3% of in-

dividuals surviving beyond 14 years after diagnosis. It is predicted that AD will

affect 1 in 85 individuals globally by 2050.3

Most commonly, the first detectable symptom of AD is a diagnosis of memory

deficiency which is considered a transition state between aging and AD and is

a key element of mild cognitive impairment (MCI) from a state of no cognitive

impairment (NCI). Neuropathologically, AD is characterized by a massive loss of

1



neurons and therefore disrupts synaptic functioning throughout the brain starting

with the hippocampus—an area of the brain critical for learning and memory. In

the most severe cases of impairment, AD can be differentiated from individuals

of other forms of senile dementia with close to 95% accuracy.4 However, there

are no known and reliable blood or peripheral biochemical markers—such as in

the cerebrospinal fluid (CSF)—for AD, and thus the final determination must be

completed through histologic examination of the brain at post-mortem.

Like many geriatric disorders, AD seems to be multifactorial in origin with the

existence of several leading hypothesis for its pathogenesis, none of which are

yet fully understood. Among them is the amyloid-cascade hypothesis, which posits

that the gradual accumulation of amyloid β (Aβ) proteins between neighboring

neurons results in effective disruption of their synaptic connections; this in turn

leads to progressive synaptic and neuritic injury. Indeed, Aβ is a natural prod-

uct of proteolysis of amyloid precursor protein (APP) transmembrane protein.

Although Aβ can range in length from 37- to 43-residues, its most common allo-

forms are 40- and 42-residues long. Research is indicating that the most neuro-

toxic species causing synaptic dysfunction are 42-mer peptides forming soluble

oligomers.5 An overproduction of this toxic variant is the target mechanism to

focus on for effective treatments of familial, early onset AD.6

2



1.2 brain homeostasis and the breakdown of the bbb

Within the human body, cells form three key interfaces between blood and the

central nervous system (CNS)—the blood-brain barrier (BBB) which is the focus

of this study, the blood-cerebrospinal fluid barrier (BCSFB), and the arachnoid

barrier. The first provides the primary interface between blood and the interstitial

fluid (ISF) of the brain via microvessel endothelial cells, effectively bathing the

synaptic connections of the parenchyma of the brain.7 Compared to the BBB, the

other two interfaces are more susceptible to permeability and are therefore not

reliable indicators to BBB transport.

The primary route to the CNS for many molecules is through the brain endothe-

lial cells (BECs) that line the cerebral capillaries. These capillaries provide approx-

imately 95% of the total surface area between blood and brain and are the main

BBB delivery target for neuropharmaceuticals. By limiting the entry of blood-

soluble products, pathogens, and cells into the brain, the BBB can maintain opti-

mal neural and glial functioning.8 Prior investigations have identified the mainte-

nance of CNS homeostasis through ion balance and the influx/efflux of molecular

compounds, physical protection of the brain from the extracellular environment,

a constant resupply of nutrients by specific transport systems, and directing the

response of inflammatory cells to changes in the local environment as the major

functionality of the BBB.9

3



The ability of the BBB to effectively regulate the exchange of solutes and fluids

between the blood and brain parenchyma, is also a limiting factor to the growth

of neurotherapeutic drugs. In order to cross this barrier, drugs must inherently

fall within a key pair of molecular characteristics. The dysfunction of the BBB

to provide this regulatory barrier compromises its transport and permeability

functioning. Tissue studies of AD individuals indicate a substantial level of BBB

damage in the aging human brain and this breakdown contributes to symptoms of

cognitive impairment beginning in the hippocampus.10 With a progressive loss of

BBB integrity, blood-derived neurotoxic proteins—such as soluble Aβ—can freely

enter and accumulate into the CNS.

1.3 permeability of the bbb via passive transport

Although the BBB provides a robust mechanism to prevent permeation, it also

supports several transport routes between the brain and blood which include

carrier-mediated transport, active influx/efflux transport, receptor-mediated trans-

port, and passive or lipid-mediated free diffusion.11 These BBB membrane trans-

porters reside on both the luminal and abluminal sides of the brain capillaries

regulating the movement of essential molecules across this interface while dis-

pelling harmful ones.12 With such diverse molecular traffic control, development

of CNS therapeutics must make a balance between crossing the BBB and keep-

ing peripherally acting drugs out. Several transport routes for solute molecules

have been identified and can be partitioned between those with paracellular and

transcellular diffusion.13 For this study, substances which can advance through

the BBB by passive diffusion and ultimately target Aβ to prevent its oligomer-
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ization and/or fibrillization will be investigated. In general, passive diffusion is

a mechanism that allows for transport across the BBB when crucial factors such

as size, ionization properties, molecular flexibility, and hydrogen bonding poten-

tial are met. These small, passively permeating substances tend to be lipophilic

and are influenced by their hydrogen-bonding capabilities. Over time, a set of 4

parameters were established that identify if a molecule can freely pass the BBB;

these parameters are deemed the ‘Lipinski’s Rule of 5’ for their association with

the value 5 for a cutoff. Therefore, the substances with good permeation poten-

tial would have a molecular weight (MWT) of 500 Da or less, an octanol-water

partition coefficient log(P) no higher than 5, 5 or less hydrogen-bond donors (i.e.,

the sum of OH and NH groups), and 10 or less hydrogen-bond acceptors (i.e., the

sum of N and O atoms).14

Permeability measurements of the BBB are commonly produced using two ex-

perimental techniques. By observing the equilibrium distribution of substances

between the brain and blood, log(BB) can be calculated. The other measures the

unidirectional clearance from blood to brain across the BBB and is calculated

as log(PS).15 Substances that successfully clear the BBB are denoted as good

BBB penetrating (BBB+) whereas those that are blocked are considered poor BBB

penetrating (BBB-) substances. Majority of current literature places the value of

log(BB) to be greater than 0.0 for defining BBB+, between 0.0 and −0.3 for defin-

ing poor permeability, and any measurement less than −0.3 would be defined as

BBB-. Various experimental studies have provided the techniques for determin-

ing permeabilities, both in vitro and in vivo. One notable study uses a parallel
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artificial membrane permeability assay (PAMPA) to identify passive oral absorp-

tion rates and is modified to evaluate passive BBB permeability.16 Many com-

putational methods have focused on predicting permeability through molecular

descriptors. These methods ranged from a simple, computational linear model

utilizing three molecular descriptors logD, Van der Waals surface area, and polar

surface area (PSA) to a more robust methodology with 19 or more simple molecu-

lar descriptors with fragmentation schemes.17 There are even studies that utilized

machine learning techniques via modified quantitative structure-activity relation-

ship (QSAR) models with intermolecular and intramolecular solute descriptors.18

1.4 molecular dynamics studies of blood-brain barrier permeation

Numerous simulation studies have looked at permeability across lipid membranes

emphasizing inhomogenous solubility diffusion models and the need to microsec-

ond scaled simulations19,20. Special attention has been given to sampling schemes

and position-dependent diffusivity calculations21. Furthermore, extensive explo-

ration of bilayer properties using mixed lipid compositions has been conducted to

produce comparative analysis of lipid area, bilayer thickness, electron density, lat-

eral pressure, electric field, and dipole potentials22. Various methodologies have

been employed to enhance the conformational sampling in molecular dynam-

ics (MD) simulations. Replica exchange simulations have been extensively used

by us and other researchers to investigate bilayer systems23–25. In this dissertation

we investigate the mechanisms of partitioning into lipid biayers by applying a

variant of replica exchange, a replica-exchange umbrella sampling (REUS)26. This
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enhanced sampling technique relies in using the distance to the bilayer as a reac-

tion coordinate describing partitioning or permeation. Importantly, recent studies

have demonstrated that BBB permeability of drug-like compounds can be fairly

well predicted via all-atom molecular dynamics27,28.
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CH 2 M E T H O D S

To study the partitioning of molecules into a human BBB, we constructed its in sil-

ico mimetic, selected a model for permeating molecules and the bilayer, and chose

the algorithm which provides exhaustive conformational sampling. Application

of weighted histogram analysis method (WHAM) allowed us to process the entire

conformational ensemble generated in the simulations and compute the potential

of mean force (PMF) that represents the free energy of permeating molecules. In

addition, we performed computations of various structural quantities characteriz-

ing permeant and bilayer as well as calculated effective membrane permeability

(Peff) and the work associated with the insertion of a molecule into the BBB. In

this chapter we provide details on the models, simulation protocols, sampling

algorithms, computed quantities, and convergence analysis.

2.1 all-atom explicit solvent models and simulations

We performed MD with a range of all-atom explicit solvent models. In particular,

we analyzed both, homogenous and heterogenous bilayer systems and studied

the force field dependence. Specifics of these in silico systems are described below.
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2.1.1 Simulations of Aβ10-40 monomer in water

To explore the impact of force field parameterizations, we performed MD simu-

lations of an amino-truncated fragment of the full-length peptide Aβ1-40, Aβ10-

40 (Figure 1). In all, we investigated four all-atom protein force fields and two

explicit water models29,30 resulting in five simulation systems, which utilized

CHARMM36
31 with CMAP corrections and modified transferable intermolecu-

lar potential 3P (TIP3P) water model (denoted as C36), CHARMM36 with CMAP

corrections and standard TIP3P water model (C36s), CHARMM22
∗ with modified

TIP3P water model (C22
∗)32, CHARMM22 with CMAP corrections and modified

TIP3P water model (C22cmap)33, and OPLS-AA with modified TIP3P water model

(OPLS-AA)34 (Figure 1). The C22cmap system was studied previously35–37 and is

used here to expand the force fields comparison.

All systems included a single Aβ10-40 monomer, capped with acetylated and

aminated groups, and one sodium ion to set the net system charge to zero. The

charged states of amino acids corresponded to neutral pH (in particular, histidines

were deprotonated). The dimensions of the unit cell were 54.8 Å x 54.8 Å x 54.8 Å

containing 15, 354 atoms and 4, 959 water molecules. Non-bonded interactions

were computed using a smooth switching functions acting within the interval of

8 and 12 Å. Electrostatic interactions were computed using particle mesh Ewald

summation with the grid size of ≈ 1 Å. All hydrogen associated covalent bonds

except in water molecules were treated as rigid by applying ShakeH algorithm.

Water molecules were treated as rigid using SETTLE algorithm. Simulations were
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performed using NAnoscale Molecular Dynamics (NAMD)38 program and canon-

ical (NVT) ensemble. The temperature was maintained by applying the Langevin

thermostat with the damping coefficient γ = 5 ps−1. All simulations used the inte-

gration step of 1 fs. Full electrostatic evaluation frequency was set to 4 integration

steps.

(a) (b) (c)

(d) (e) (f)

Figure 1: (a) Aβ10-40 sequence is divided in four regions: hydrophilic N-terminal (S1,
residues 10-16), central hydrophobic cluster (S2, residues 17-21), hydrophilic
turn (S3, residues 22-28), and hydrophobic C-terminal (S4, residues 29-40). (b-
f) Representative conformations of Aβ10-40 peptide in five force fields: (b) C36,
(c) C36s, (d) C22*, (e) C22cmap, and (f) OPLS-AA. C36, C36s, and C22cmap
structures in (b), (c), (e) show disordered peptide, whereas C22* in (d) and
OPLS-AA in (f) structures illustrate helix or β propensities characterizing the
respective force field. Side chains are colored to represent hydrophobic (in light
grey), polar (in green), positively charged (in blue), and negatively charged (in
red) residues. The backbone coloring follows the scheme used in (a).

10



(a) DMPC (b) DMPE

(c) PSM (d) cholesterol

Figure 2: Chemical structure of DMPC, DMPE, PSM, and cholesterol with groups and se-
lected atoms labeled. Lipids are divided into five structural groups: DMPC and
PSM choline or DMPE ethanolamine (L1), phosphate (L2), DMPC and DMPE
glycerol or PSM sphingosine backbone (L3), and two fatty acid tails (L4 and L5).
Cholesterol includes three groups: the hydroxyl group (S1), steroid rings (S2),
and the hydrocarbon tail (S3). L1-L3 or S1 represent polar headgroups, whereas
L4 and L5, S2 and S3 make up the hydrophobic core.

2.1.2 DMPC and BBB bilayers with benzoic acid

Benzoic acid (BA) was selected due to its known passive permeability and to

assist in calibrating the REUS protocol. Because pKa of BA is around 4.2, this

molecule is deprotonated in water. Experimental data strongly indicate that it is

the protonated form of BA responsible for permeation. It has been shown that the

calculated flux of ionic forms of many solutes across the membrane, including BA,

constitutes less than 2% of the total measured flux. This suggests that ionic forms

do not contribute significantly to permeation39. Similarly, experimental data of

Small et al. showed that pKa values of carboxylate groups increase to about 7.5

when placed in the environment of lipid bilayer suggesting that it is protonated

under such conditions40. Finally, by measuring pH inside lipid vesicles Gabba et

al. have tested the hypothesis that only neutral forms of weak acids, including

BA, permeate these vesicles41. Consistent with their hypothesis, pH inside the
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liposomes indeed decreased. These findings support our decision to consider only

the protonated form of BA. BA has 1 hydrogen bond (HB) donors and 2 HB

acceptors. A chemical structure of BA is shown in Figure 3.

To investigate BA partitioning through a lipid bilayer, we built two simulation sys-

tems using CHARMM-GUI membrane builder42,43, a well-studied homogeneous

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer and BBB-mimetic het-

erogeneous bilayer. The first, homogeneous DMPC bilayer, was composed of 96

lipids arranged in a square shape in the xy plane. (Figure 2a). Each DMPC leaflet

therefore contained 48 lipids. The DMPC bilayer was solvated with 4, 708 water

molecules and contained in total 25, 467 atoms. The respective water/lipid ratio

was 49:1 indicating that the bilayer is well hydrated. We utilized periodic bound-

ary conditions and the initial dimensions of the unit cell were 54.8 Å x 54.8 Å x

82.2 Å.

The second, BBB-mimetic bilayer was composed of equimolar mixture of DMPC,

1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE), palmitoylsphingomyelin

(PSM), and cholesterol (see Figure 2). Each leaflet contained 48 lipids, including

12 DMPC, 12 DMPE, 12 PSM, 12 cholesterol molecules. In all, the BBB bilayer was

composed of 96 lipids, arranged in a square shape within the xy plane. The mixed

system presents a consensus composition of a human BBB membrane, which is de-

rived from the review of human and porcine brain endothelial cells,44 human and

bovine brain endothelial cells,45 and brain capillary endothelial cells.46 The BBB
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mimetic bilayer was solvated with 3, 061 water molecules and contained 19, 470

atoms. The resulting water/lipid ratio was 32:1 indicating good lipid hydration.

We used periodic boundary conditions and the initial dimensions of the unit cell

were 45.5 Å x 45.5 Å x 88.4 Å.

In both systems the bilayer normal was aligned along the z axis (Figure 5). DMPC,

DMPE, and PSM lipids were modeled using the all-atom explicit solvent CHARMM36

force field for lipids,47,48 whereas cholesterol was represented with the corre-

sponding CHARMM36 extension.49 A modified TIP3P model was used for water.30

To parameterize BA, we employed the CHARMM general force field program50,51.

Each simulation system, DMPC and BBB, contained a single BA molecule.

Figure 3: A chemical structure of benzoic acid with cross-molecule vector. Carbon, oxygen
and hydrogen represented in black, red and white respectively.

2.1.3 BBB-mimetic bilayer with tetrapeptides

The central hydrophobic cluster (CHC) sequence region of Aβ1−42 peptide is a

potential target for disrupting amyloid formation.52 For our study, we selected a 4-

amino acid Aβ fragment from the CHC, KLVF (Aβ16−19). Due to complementarity

considerations KLVF is expected to bind to CHC of the peptide impeding amyloid

formation. KLVF includes a positively charged lysine and three apolar amino

13



acids. KLVF was capped with neutral acetylated (ACE) N-terminus and amidated

(CT2) C-terminus. A chemical structure of KLVF is shown in Figure 4a.

(a) (b)

Figure 4: Chemical structures of Aβ peptide fragments KLVF (a) and VVIA (b). Positive
charged lysine and hydrophobic amino acids are colored in blue and green,
respectively.

Similarly to KLVF, the C-terminal fragment of Aβ1−42, Aβ39−42 (VVIA), is a po-

tential inhibitor of amyloid assembly due to its ability to recognize complemen-

tary region in the full-length peptide. VVIA is composed exclusively of non-polar

amino acids and utilized the same capping groups as KLVF. A chemical structure

of KLVF is shown in Figure 4b.

We investigated the partitioning of the two peptide fragments, KLVF and VVIA,

through our human BBB mimetic lipid bilayer (Figure 6). To build it, we utilized

CHARMM-GUI Membrane Builder53. The bilayer normal was directed along the

z axis, whereas the bilayer surface was confined to the xy plane (Figure 6). A sim-

ulation system included a BBB bilayer and a single KLVF or VVIA peptide. For

the BBB bilayer with KLVF we created two systems solvated with 2, 997 or 2, 992

water molecules and composed of 19, 349 or 19, 334 atoms. For the BBB bilayer
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with VVIA we also created two systems differing with respect to the number of

water molecules (3, 025 or 3, 021) and total number of atoms (19, 417 or 19, 405).

The water/lipid ratio was about 31:1 implicating adequate lipid hydration. Each

system was used for producing an independent simulation trajectory. Building

the system independently for each trajectory reduced the influence of initial condi-

tions. The peptides were parameterized with CHARMM22 force field with CMAP

corrections54. The initial dimensions for the KLVF systems were 45.3 Å x 45.3 Å

x 88.5 Å and 45.0 Å x 45.0 Å x 90.0 Å. For the VVIA simulations the dimensions

were 45.5 Å x 45.5 Å x 88.4 Å and 45.5 Å x 45.5 Å x 88.5 Å.

2.2 all-atom simulations of bilayer permeation

For simulating the bilayer systems, we used NAMD38 with the isothermal-isobaric

(NPT) ensemble. The temperature was maintained at 310 K using the Langevin

thermostat with the damping coefficient γ = 5 ps−1. The Nosé-Hoover Langevin

piston method was applied to maintain pressure at 1 atm by setting the piston

period and decay to 200 and 100 fs, respectively55,56. A semi-isotropic pressure

coupling adjusted the xy membrane dimensions independently of the z dimen-

sion. Non-bonded interactions were computed by applying a smooth switching

function within the interval of 8 to 12 Å. To compute van der Waals forces we

utilized CHARMM force switching, whereas electrostatic interactions were com-

puted using particle mesh Ewald summation57,58. To generate pairlists we set

the cut-off distance to 13.5 Å. All non-water hydrogen-associated covalent bonds

were kept rigid by applying the ShakeH algorithm. For water we used the SETTLE

algorithm59. The frequency of full evaluation of electrostatic interactions was set
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(a) DMPC with BA, zBA = 9.0 Å

+z

-z

0

(b) BBB with BA, zBA = 10.5 Å

Figure 5: (a, b) Snapshots of (a) homogeneous DMPC and (b) heterogeneous equimolar
BBB-mimetic bilayers with BA. DMPC, DMPE, PSM, and cholesterol molecules
are in blue, yellow, green, and red, respectively. Benzoic acid is shown in
white/gray/red, whereas water is in light blue. In both bilayers, BA is located
at its free energy minimum. Oxygen atoms in BA are in red.

to 4 integration steps. We used periodic boundary conditions and an integration

timestep of 1 fs. DMPC bilayer was equilibrated without BA for 200 ns, whereas

BBB bilayer was equilibrated without BA or peptide for 1 µs.
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+z

0
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(a) BBB with KLVF, zKLVF = 0.0 Å

+z

-z

0

(b) BBB with VVIA, zVVIA = 0.0 Å

Figure 6: (a,b) The snapshots of the KLVF (a) and VVIA (b) systems. DMPC, DMPE, PSM,
and cholesterol are in blue, yellow, green, and red, respectively. Peptides are
shown in highlighted oval regions, whereas water is in light blue. The peptides
are located at the bilayer midplane, with positive charged lysine and hydropho-
bic amino acids colored in blue and green, respectively.

2.3 replica exchange protocols

2.3.1 Replica exchange molecular dynamics

To produce exhaustive sampling of Aβ10-40 conformational ensembles we uti-

lized NVT ensemble replica-exchange molecular dynamics (REMD)60, implemented

in NAMD38. For all systems we used R = 40 replicas distributed exponentially in

the temperature range from 300 to 440 K. Replica exchanges were attempted every

2 ps between all neighboring replicas along a temperature scale resulting in the

average acceptance rates ranging between 27 and 29%. For each simulation sys-

tem, we produced four REMD trajectories collecting in total 3.2 µs of sampling (or
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80 ns per replica). Each REMD trajectory was initiated with random initial con-

formations equilibrated at 330 K via preliminary NPT simulations to set correct

mass densities. In addition, each replica was equilibrated at its own temperature

for an additional 1 ns. With this approach no sampling data from REMD trajecto-

ries needed to be discarded due to poor equilibration. Although probing REMD

convergence is generally a difficult task61, our sampling analysis on convergence

below suggests that the resulting simulation times appear sufficient. The confor-

mational ensembles were analyzed at 330 K.

2.3.2 Preparing replicas for REUS simulations

We applied REUS molecular dynamics to sample BA partition into two lipid bi-

layers, a homogeneous DMPC bilayer and an equimolar four-component bilayer

mimicking the BBB. REUS was also used to sample partitioning of two Aβ peptide

fragments, KLVF and VVIA, into the BBB mimetic bilayer. The following protocol

was used to prepare R = 71 unique replicas for REUS simulations. The center of

mass of each single molecule, BA or peptide fragment, was initially positioned

in the bulk water slab above the bilayer at a distance of ζ = 35.0 Å from its mid-

plane. For each system, an NPT equilibration of 20 ns was performed with BA

or peptide restrained to position ζ = 35.0 Å by applying a harmonic potential

with the force constant k = 1.5 kcal/mol Å2. To implement REUS, initial replica

structures must be positioned at equal intervals from the bilayer midplane at dis-

tances zm, which represent the locations of umbrella windows m. To this end, we

applied steered molecular dynamics to pull BA or peptide along the z-axis start-

ing from z = 35.0 to z = 0 Å. To limit non-equilibrium bilayer disruptions, we
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used a slow pulling rate of 1 Å/ns and a force constant of 1.5 kcal/mol Å2 apply-

ing a harmonic restraint to permeant center of mass, while the bilayer center of

mass was harmonically restrained to x = y = z = 0. We next extracted 8 distinct

root structures with BA or peptide positioned from 0 to 35 Å at 5 Å interval. For

each root structure, we performed NPT equilibration simulations ranging from

5 to 40 ns depending on zm and applying a restraining potential to BA or pep-

tide with a force constant of 1.5 kcal/mol Å2. Equilibration time increased with

decreased distance zm from the midplane. Then, each of R = 71 replicas were

derived from its nearest of 8 root structures by restraining BA or peptide position

to unique zm value (0 6 m 6 M = R− 1) chosen in the range from 0.0 to 35.0 Å

at ∆z = 0.5 Å interval. The resulting structures were further equilibrated for 2 ns.

The final structures from these 71 equilibration simulations were used as initial

conformations for REUS.

As a reaction coordinate (RC) tracking partitioning, we selected the location of

permeant center of mass along the bilayer normal ζ. Consequently, REUS biasing

windows were distributed along this RC. Previous studies have shown that ζ

works well as RC, if slow relaxation processes orthogonal to ζ are well sampled.62

In our simulations, the changes in bilayer structure at different positions ζ reveal

that proximal bilayer structure is highly responsive to ζ. For example with VVIA,

a deep indentation is present at ζ = 13 Å, disappears at ζ = 2.5 Å, and is then

replaced with protrusion at ζ = 0 Å (Table 12). It should be noted that if ζ does

not capture well structural equilibration processes, other RC such as the number

of hydrophobic contacts between permeant and the bilayer should be used.63,64
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2.3.3 Replica exchange umbrella sampling

Once R = 71 replicas were prepared, REUS simulations were performed using

NAMDs38 collective variables module colvars65, as follows. The center of mass

of BA or peptide ζ in a window m (0 6 m 6 M = R − 1) was restrained

to zm by applying the harmonic potential Wm(ζ) = 1
2k(ζ − zm)

2, where k =

1.5 kcal mol−1 Å−2. To facilitate equilibrium sampling at each window m, REUS

simulates all replicas in parallel and performs their periodic exchanges over bi-

asing windows. The REUS exchange formalism was described previously66,67.

Let state Xim represent the specific distribution of replica i atomic coordinates

for the window m. Periodically, neighboring replicas at biasing windows m and

m+ 1 with the states Xim and Xjm+1 are attempted for exchange as Xim → Xim+1,

X
j
m+1 → X

j
m. The probability of accepting an exchange is obtained from the de-

tailed balance condition defined as

ω = min[1, e−∆], (1)

where

∆ = β[Wm(ζj) −Wm(ζi) +Wm+1(ζi) −Wm+1(ζj)], (2)
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ζi, and ζj are the BA or peptide coordinates in the replicas at the windows m

and m + 1 before the exchange attempt, and β is the Boltzmann inverse tem-

perature. Replica exchanges result in a random walk of a replica over different

biasing windows m and thus across the bilayer normal. As a result, REUS facil-

itates conformational sampling for molecule partitioning into a lipid bilayer by

rescuing it from local free energy minima. Consequently, REUS provides more

accurate solute free energies across membranes compared to traditional umbrella

sampling (US) at equal computational costs.28 Replica exchanges were attempted

every 2 ps by selecting replicas adjacent along z. The resulting average acceptance

rates were ∼ 58% for both BA bilayer systems. Each BA replica was sampled for

80 ns, totaling τ = 5.68 µs of simulation time per each system. For the KLVF and

VVIA systems, the average acceptance rates for replica exchanges were 53 and

59%. Each replica in each trajectory was sampled for 160 ns, totaling τ = 22.72 µs

per system.

2.4 computation of structural probes

For our force field study, secondary structures in Aβ were assigned using the

STRIDE program68. A helical state includes α-, 310-, or π-helix conformations,

whereas a β-strand state includes extended conformations or isolated bridges.

Tertiary interactions were probed by side chain contacts. A contact occurs if the

distance between the geometric centers of heavy atoms (HAs) in two side chains is

less than 6.5 Å. This cutoff approximately corresponds to the onset of hydration

of side chains as their separation increases. We classified the contacts between

residues i and j as long-range if |i− j| > 5 or short-range otherwise. To explore
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the fluctuations in peptide backbone, we computed the standard deviations δφ(i)

and δψ(i) for backbone dihedral angles φ and ψ of a residue i, referred to as root-

mean-square fluctuation (RMSF). To evaluate peptide dimensions we computed

the radius of gyration, Rg, using the positions of side chain centers of mass and

Cα atoms.

To quantitatively evaluate the consistency between experimental and computa-

tional conformational ensembles we utilized two quantities. The first is the 3JHNHα

coupling constants associated with three-bond coupling interaction between HN

and Hα protons. These constants are sensitive to a peptide’s secondary structure69.

For our study, we used three sets of experimentally measured J-coupling con-

stants, Jexp, for Aβ1-40 peptide70–72. In silico J-coupling constants, Jcomp, were

determined from the backbone dihedral angles using Karplus equation73

Jcomp = A · cos2(φ− 60o) +B · cos(φ− 60o) +C; (3)

where φ is a backbone dihedral angle and A, B, and C are the coefficients deter-

mined by fitting with the experimental data. We used three sets of coefficients

reported by Pardi et al (A = 6.4, B = −1.4, and C = 1.9)74, Brueschweiler et al

(A = 9.5, B = −1.4, and C = 0.3)75, and Vuister et al (A = 6.51, B = −1.76, and
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C = 1.60)76. The N-terminal amino acid was excluded from our computation of

J-couplings as its φ angle may be distorted by the capping group.

As a second quantity we chose residual dipolar coupling (RDC) constants ex-

perimentally measured for Aβ1-40 peptide77. RDC measurements probe orien-

tation of amide NH bonds in protein backbones with respect to external mag-

netic field, and can identify long-range structural correlations across biomolec-

ular structure. To compute RDC constants from in silico structures we used the

Prediction of ALignmEnt from Structure (PALES) program78. We processed our

simulation structures using default PALES settings, including the application of

steric interaction model, which determines alignment orientation based on steric

properties of a molecule. Computation of RDC constants were performed using

global alignment of Aβ10-40 conformations. Although we considered using lo-

cal alignment option, we opted against it for three reasons. First, previous study

has shown that, if large conformational sample of disordered protein is utilized

(> 104), in silico RDC constants computed via global or local alignments correlate

with the experimental data equally well.79 Because for each force field we pro-

duced 1.6 x 106 conformations, this condition is met in our simulations. Second,

previous REMD simulations directly compared RDC values predicted via global

and local alignments for AMBERff99SB force field.80 The local alignment was

found to slightly reduce root-mean-square deviation (RMSD) values comparing

in silico and experimental distributions. However, even RMSD values correspond-

ing to local alignment were still larger (> 1.88) than those computed by us for

the three “best” force fields in Table 7 employing global alignment option. In
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addition, Figure 19 shows large systemic deviations of RDC constants computed

using C22cmap from experimental values in Aβ C-terminal. We recomputed RDC

constants restricting the alignment to the C-terminal, but did not observe an im-

provement in the agreement between in silico and experimental distributions. For

these reasons, we selected global alignment of peptide structures for computing

RDC constants. Once the RDC constants were produced, they were multiplied by

the scaling factors determined from the least-squares fitting that minimizes the

deviation between experimental and in silico data.

To assess the similarity between experimental and computational quantities, we

used the Pearson’s correlation coefficient (PCC), RMSD, and quality factor Q de-

fined as Q =
√∑

k(Dcomp,k −Dexp,k)2/
√∑

kD
2
exp,k where Dexp,k and Dcomp,k are

the experimental measurements and their computed counterparts available for

amino acid k. The sum is taken over all amino acids for which experimental and

computed values are simultaneously available. We applied Q to evaluate agree-

ment for J-coupling or RDC constants. To preserve consistency with our previous

studies all ensemble averages were computed using WHAM81 of REMD data at

330 K. J-coupling and RDC constants were computed at 300 K, which is the closest

simulation temperature to experimental conditions (≈ 280 K)70–72.

To investigate BA or peptide partition into a bilayer, we defined several structural

probes. Because BA is a rigid molecule, its orientation can be characterized by a tilt

angle γ(ζ) defined as the angle between the bilayer normal and the vector formed
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by carbons C5 and C1 (Figure 3). Therefore, θ = 0o corresponds to a BA polar

group pointing toward the water bulk. To probe peptide orientation, we defined a

tilt angle γ(ζ) between the bilayer normal and the vector connecting N-terminus

carbon and C-terminus nitrogen. With this definition, γ = 0◦ corresponds to a

peptide C-terminus pointing toward the water bulk. Interactions between perme-

ant and the bilayer were probed as follows. A permeant and bilayer molecule or

water were assumed in contact if there are two HAs in these molecules separated

by less than 4.5 Å distance. This definition allows us to compute the bilayer coor-

dination number Cα(ζ), which is the number of bilayer molecules of the type α

(or any type, α = bl) interacting with a peptide located at ζ. A similar definition

introduces a water coordination number Cw(ζ). We defined formation of a HB be-

tween a permeant and bilayer or water, if the distance between the donor (D) and

acceptor (A) atoms rDA is 6 3.5 Å and the angle ∠DHA > 140◦. BA has one donor

oxygen and two acceptor oxygens (Figure 3). KLVF has 20 such atoms, whereas

VVIA has 16 (Figure 4).

To investigate the spatial distribution of HAs from bilayer molecule α, we de-

fined the two-dimensional HA number density nα(r, z; ζ) where r is the dis-

tance in the xy plane to BA or peptide center of mass, z is the distance to the

bilayer midplane, and ζ is BA or peptide position. Similar distributions were

defined for bilayer headgroup (α = hg, nhg) or hydrophobic core (nhc) atoms

(see Figure 2 for definitions), the entire bilayer (nbl) as well as water (nw) and

permeant (np). To compute nα(r, z; ζ), we used the bin sizes ∆z = ∆r = 1 Å.

One-dimensional distributions nα(z; ζ) were calculated by integrating nα(r, z; ζ)
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over r. Far from the permeant’s location (r > 30 Å), the bilayer boundary zb,0

was determined from the condition nbl(r, zb,0; ζ) = nw(r, zb,0; ζ) ≡ n0
23,24. Else-

where, the r-dependent bilayer boundary zb(r; ζ) is defined from the requirement

nbl(r, zb(r); ζ) = n0. To map the bilayer perturbation by permeant, we distin-

guished proximal and distant bilayer regions. The proximal region occurs within

the interval 0 6 r 6 rp where rp = r0 + 4 Å and r0 is the maximum distance r

over all ζ and z at which nBA(r, z; ζ) = 10−5 Å−3. The distant region occurs at

r > rd where rd is the maximum distance r over all ζ values computed from the

condition |zb(rd; ζ)− zb,0| = 0.5 ·maxr>rp;ζ|zb(r; ζ)− zb,0|, i.e., rd is the most distant

midpoint of bilayer protrusion or indentation created by permeant. The resulting

boundaries of proximal and distant regions for the BA systems were rp = 7.0 Å

and rd = 15.0 Å for the DMPC bilayer and rp = 7.0 Å and rd = 10.0 Å for the

BBB-mimetic bilayer, respectively. For the KLVF and VVIA systems, the resulting

boundaries of proximal and distant regions were rp = rd = 12.0 Å and 11.0 Å,

respectively. The bilayer thickness D(r; ζ) is defined as the distance between the

bilayer boundaries zb(r; ζ) in the opposite leaflets.

To probe the distribution of molecules (α) on the bilayer surface, we used the

surface number density ns,α(ζ). To compute this, lipid positions in the xy plane

were identified by locations of their branching carbons, C2 for α = DMPC or

DMPE and C2S for α = PSM (Figure 2). The cholesterol position was identified by

its oxygen O3 (Figure 2d). The same representations of molecule positions were

used to compute radial distribution functions (RDFs) gp−α(r; ζ), which reports

the local number density of molecules α at the distance r from the permeant p
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(i.e., BA or peptide) center of mass positioned at ζ. Ordering of fatty acid tails in

lipid molecules for the BA or peptide position ζ was examined by computing the

carbon-deuterium order parameter82

SCD(i; ζ) =
3cos2 θCD(i; ζ) − 1

2
(4)

where θCD(i; ζ) is the angle between the bilayer normal and the C-H bond for

the ith carbon in a fatty acid tail. The parameter SCD was computed for carbons

i = 2− 14 in DMPC and DMPE sn-2 fatty acid tails and carbons i = 2− 16 in the

PSM N-linked fatty acid tails. The averages of all structural quantities were com-

puted over the entire equilibrated dataset using WHAM83,84 and denoted with the

angular brackets 〈. . .〉. Sampling errors were calculated using the standard error

of the mean from n = 2 20 ns blocks for BA systems and n = 4 40 ns blocks

for peptide systems resulting from dividing equilibrated dataset evenly in each

biasing window.
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2.4.1 Computation of permeability

To calculate effective membrane permeability Pm85, we followed the inhomoge-

neous solubility diffusion model and applied the following equation

1

Pm
=

∫ zw
−zw

eβG(ζ)

D(ζ)
dζ (5)

where G(ζ) and D(ζ) are the free energy of BA or peptide and its diffusivity at

the distance ζ from the bilayer midplane, β = (RT)−1, and zw is the z boundary

between water and interface layers. Since the bilayer is being defined as sym-

metric between the upper and lower leaflets, all calculations are done for one

monolayer.86 To compute the z-dependent diffusivity D(ζ) we used the approach

proposed by Hummer21 according to which

D(ζ) =
var(ζ)2∫∞
0 Czz(t)dt

(6)

where var(ζ) is the variance in the position of BA or peptide ζ and Czz(t) is

an autocorrelation function for the BA or peptide positions for a given biasing

window m. Additional details of these computations are described in28,87.
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2.4.2 Computation of insertion work

To evaluate if lateral pressure can be attributed to the increase in free energy due

to peptide insertion, we utilized the formalism of Cantor88 and compared work

W performed along the reaction coordinate ζ in our BBB bilayer system for each

of the two peptides, KLVF and VVIA.

W(ζ) = NA ·
∫Lz/2
−Lz/2

PL(z)A(z; ζ)dz (7)

where A(z; ζ) is the cross-section area of the peptide at z with its center of mass

positioned at ζ, Lz is a z-dimension of the unit cell, and NA is Avogadro constant.

The area is computed as

A(z; ζ) = π · r(z; ζ)2 (8)

where r(z; ζ) is obtained from np(r, z; ζ) ≈ nbl(r, z; ζ), i.e., it is the xy distance

from the peptide center of mass, at which for a given z, peptide and bilayer HA

number densities are equal.
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2.5 definition of layers

To describe both BA and peptide fragment partitioning, we distinguished five

layers along bilayer normal. These layers (e.g., Figure 7 for BBB with KLVF system)

are defined by evaluating HA number densities of lipid headgroups nhg(z; ζ),

fatty acid tails nfa(z; ζ), and water molecules nw(z; ζ) along the bilayer normal

z in the proximal region for a BA or peptide position ζ. The first, water layer

occurs at zw < ζ, where zw is calculated from the condition nhg(zw; ζ = zw) =

0.001 Å−3, and represents the water slab outside the bilayer. The second, interface

layer occurs between zb < ζ < zw where zb is the bilayer boundary defined from

the condition nbl(zb; ζ = zb) ≈ nhg(zb; ζ = zb) = nw(zb; ζ = zb) (i.e., where the

HA number densities of bilayer and water are equal). The third, headgroup layer

occurs between zh < ζ < zb where zh is computed from the condition nhg(zh; ζ =

zh) = nfa(zh; ζ = zh) (i.e., where the HA number densities of headgroups and

fatty acids are equal). The fourth, hydrophobic layer resides directly beneath the

headgroup layer between zc < ζ < zh where zc is the distance from the midplane

where HA headgroup number density, nhg(zc; ζ = zc) = 0.001 Å−3, is vanishingly

small. The fifth, core layer is found near the midplane at 0 < ζ < zc. To achieve

accurate bilayer description, the boundaries of layers are defined for the proximal

bilayer region affected by BA or peptide insertion and may differ from those in

the distant region. The resulting specific boundary values determined for BA and

peptide systems are provided in Chapters 4 and 5, respectively.
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Figure 7: Distributions of heavy atom number densities nα(z; ζ) along the bilayer normal
z for BBB mimetic bilayer with KLVF inserted at different depths ζ. The number
densities for peptide (α = p), water (α = w), headgroups (α = hg) and fatty
acids (α = fa) are shown in black, blue, green, and orange, respectively. These
panels are used to define five layers separated by the boundaries marked by
vertical dashed lines at respective z values. The boundaries are rounded off to
the nearest whole angstrom.

2.6 convergence analysis

2.6.1 Performance and convergence of REMD simulations

We performed REMD simulations of the Aβ10-40 peptide in water using five dif-

ferent simulation systems. As an example, we present the analysis of simulation

convergence for the system studied using the CHARMM36 force field with mod-

ified TIP3P water model (C36), which provides one of the best agreement with

experimental measurements in our study. Simulation convergence is assessed

through several quantities. First, we computed the number Ns of unique states

(Ep, C) sampled at least once during simulations, where Ep is the potential energy

of the entire system and C is the number of intrapeptide contacts. In the definition

of unique states (Ep, C), the potential energy Ep, which ranged in the interval from
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−48, 912.4 to −41, 503.8 kcal/mol, was binned using the interval of 1 kcal/mol.

Figure 8a shows Ns plotted over the cumulative equilibrium simulation time τsim.

Saturation of Ns at τsim ≈ 0.8 µs indicates an approximate depletion in unex-

plored conformational states. This observation is taken as a necessary condition

for simulation convergence. Similar Ns(τsum) dependencies have been observed

for other force fields. It should be added that slow residual growth of Ns by the

end of REMD simulations does not affect the quality of ensemble averages. For

example, restricting the data analysis to the last 1/3 of sampled states does not

change the conclusions about the quality of force fields (for example, with respect

to the analysis of J-coupling and RDC constants reported in Table 7).

(a) (b)

Figure 8: (a) The number Ns of unique states (Ep, C) as a function of the cumulative
equilibrium simulation time τsim collected in all replicas. The yellow region
marks the initial acquisition of new states before approximate Ns saturation. (b)
Random walk of replicas over temperatures in a typical REMD trajectory. Colors
in the right scale represent the distribution of replicas over temperatures at the
beginning of the trajectory. The data are reported for C36 force field.

Second, we demonstrate REMD performance by plotting in Figure 8b the random

walk of replicas over temperatures during a typical trajectory. Appearance of a
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color mosaic indicates a rapid mixing of replicas over temperatures. Importantly,

the lack of fixed colors favoring any particular temperature indicates that replicas

are able to avoid becoming trapped in local free energy minima.

Third, we computed the replica mixing parameter m(T) introduced by Han and

Hansmann89. This parameter is defined as

m(T) = 1−

√∑R
r=1t

2
r∑R

r=1 tr
(9)

where tr is the amount of time spent by the replica r at the temperature T . If all

R replicas are equally represented at all temperatures sampled in REMD, then

m(T) = 1 − 1/
√
R, which is the optimal theoretical value independent of tem-

perature. When R = 40, the optimal value of m(T) is therefore 0.84. Importantly,

m(T) allows us to quantitatively assess the distribution of replicas over temper-

atures in all REMD trajectories taken together. In Figure 9, we plot m(T) for all

four trajectories of the Aβ10-40 peptide in water simulated using C36, C36s, C22*,

and OPLS-AA force fields. Approach of m(T) to an optimal theoretical value at

all temperatures T for all force fields suggests nearly ideal replica mixing over

temperatures.
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Figure 9: The replica mixing parameter m(T) computed as a function of REMD temper-
atures T for all four REMD trajectories combined. Panels (a)-(d) present m(T)
for C36, C36s, C22*, and OPLS-AA force fields, respectively. The dashed line
represents the optimal theoretical value of m(T) = 0.84.

2.6.2 Performance and convergence of REUS simulations

REUS performance and convergence was evaluated as follow. As prescribed by

REUS replicas should exhibit a random walk over biasing windows m in order to

avoid trapping in local free energy minima. This REUS performance is evaluated

in Figure 10 by visualizing the random walk of replicas over biasing windows in a

trajectory. For DMPC bilayer with BA an appearance of a color mosaic after about

40 ns simulation per replica indicates an onset of a random walk, a prerequisite

for equilibration. For the BBB bilayer with BA, random walk of replicas is less

evident, but we also tentatively assign the equilibration time per replica to teq =

40 ns. Then, since the overall sampling collected in all replicas is τ = 5.68 µs, the

total amount of equilibrium sampling for each system across all replicas is τsim =

2.84 µs. In both trajectories with the peptides KLVF and VVIA, an emerging color

mosaic sets in after about 80 ns of simulation per replica, although memory effects

of initial distribution of replicas over biasing windows are still apparent by the

end of simulations. Tentatively, we assume that the equilibration time per replica

is teq = 80 ns. Since the cumulative sampling over all replicas and trajectories is
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τ = 22.72 µs, then by discounting non-equilibrium simulations, the cumulative

equilibrium sampling amounts to τsim = 11.36 µs. Below we test the selection of

equilibration interval teq in three ways.
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(c) BBB with KLVF,
trajectory 1
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(e) BBB with VVIA,
trajectory 1
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(f) BBB with VVIA,
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Figure 10: Random walk of replicas over biasing windows m in a REUS trajectory sam-
pling (a) DMPC and (b) BBB bilayers with BA, and BBB bilayers with (c,d)
KLVF and (e,f) VVIA as a function of replica sampling time t. Colors in the
right scales represent initial distribution of replicas over biasing windows. Bi-
asing windows are numbered m = 0 through 70 with window 0 representing
the REUS biasing coordinate zm = 0 Å and window 70− zm = 35.0 Å.

First, using equilibrated dataset we computed the number of unique statesNs(Ep; ζ;Cbl)

sampled at least once during simulation and defined using the potential energy

of the entire system Ep, the distance between permeant center of mass and the

bilayer midplane ζ, and permeant coordination number for bilayer molecules Cbl.

For the DMPC bilayer system Ep ranged in from −47, 266 to −45, 896 kcal/mol,

whereas BBB with BA this interval was from −31, 153 to −29, 867 kcal/mol. For
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KLVF system Ep ranged from −30, 597 to −29, 191 kcal/mol, whereas for the

VVIA system Ep ranged from −30, 758 to −29, 365 kcal/mol. For all systems we

bin Ep using the interval of 1 kcal/mol. The distance ζ varied in the interval from

−4 to 38 Å for DMPC and from −3 to 38 Å for BBB bilayer with BA. The distances

ζ for the KLVF varied from −2 to 38 Å, whereas for the VVIA system, these values

ranged from −4 to 38 Å. The values of ζ were binned using the interval of 0.5 Å.

The BA coordination number Cbl ranged in the interval from 0 to 8 for DMPC

and from 0 to 9 for BBB systems. The KLVF and VVIA coordination numbers

Cbl changed from 0 to 15. Figure 11 shows Ns(Ep; ζ;Cbl) plotted as a function

of the cumulative equilibrium simulation time τsim for all systems. Growth of

Ns(Ep; ζ;Cbl) was quantified by computing dNs/dτsim, which decreased 96 and

99% over the span of τsim for the BA systems, while for the KLVF and VVIA

systems growth decelerates > 97% over the course of τsim. These observations

suggest depletion of unexplored conformational states and constitute a necessary

condition for simulation convergence.
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Figure 11: The numbers of unique states Ns(Ep; ζ;Cbl) collected at 310 K as a function of
cumulative equilibrium simulation time τsim for (a) DMPC and BBB bilayers
with BA shown in blue and red, respectively. The data for BBB bilayer with
KLVF and VVIA are presented in (b) and (c) with two trajectories distinguished
by color.
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Second, mixing of replicas over biasing windows can be quantified with the pa-

rameter m(T) (Equation 9) denoted for REUS as h(m), where tr is the amount of

time spent by the replica r at the biasing window m and R is the total number

of replicas. If all replicas are equally represented at all m windows sampled in

REUS, h(m) = 1–1/
√
R, which is the optimal theoretical value independent of m

windows. Since R = 71, the optimal value of h(m) is 0.88. To quantify distribution

of replicas over m windows in REUS simulations, we plot in Figure 12 h(m) for

all bilayers. For DMPC system computed h(m) approaches an optimal theoretical

value at all biasing windows suggesting a nearly ideal replica mixing. For BBB

bilayer with BA, the agreement is somewhat worse reflecting a lower uniform dis-

tribution of replicas over biasing windows (Figure 12b). Nevertheless, the average

values of h(m) are 0.84 and 0.79 for DMPC and BBB with BA systems suggesting

that replica mixing is nearly optimal. Figure 12c-f displays h(m) for each trajec-

tory sampled by the KLVF and VVIA systems. We found that h(m) reaches 83%

of the optimal theoretical value for KLVF and at least 81% for VVIA trajectories.

Finally, we restricted the data collection to the second half of equilibrium sam-

pling totaling τsim/2 = 1.42 µs for the BA systems (τsim/2 = 5.68 µs for the

peptide systems), and recomputed the free energy of permeant partitioning into

the bilayer G(ζ), where ζ is the position of permeant center of mass along z-axis.

Figure 13 shows that G(ζ) computed using the full equilibrated dataset τsim and

its second half are in reasonable agreement. For BA systems, the minimum free en-

ergy in the DMPC bilayer is −4.3± 0.0 kcal/mol for the full equilibrated dataset

and −4.3± 0.1 kcal/mol for its second half. For BA in the BBB bilayer, the corre-
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Figure 12: The replica mixing parameter h(m) as a function of the REUS biasing window
m for (a) DMPC and (b) BBB bilayers with BA, and BBB bilayer with (c,d) KLVF
and (e,f) VVIA. Dashed line indicates an optimum theoretical value of 0.88.

sponding minima in G(ζ) are −3.2± 0.0 and −3.2± 0.3 kcal/mol. Figure 13c-d

demonstrates a good agreement between the two G(ζ) of the peptide systems. In-

deed, the average relative difference δG(ζ)/G(ζ) between the free energies within

0 6 z 6 35 Å is 0.03 for KLVF and 0.14 for VVIA systems. Taken together, the

analysis presented above indicates approximate convergence of REUS sampling.
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Figure 13: The free energy of permeant G(ζ) as a function of permeant position ζ along
the bilayer normal for (a) DMPC and (b) BBB bilayers with BA and for the BBB
bilayer with (c) KLVF and (d) VVIA peptides. The data in black and grey are
computed using the full equilibrated dataset and its second half.
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CH 3 F O R C E F I E L D S E L E C T I O N F O R M O L E C U L A R

D Y N A M I C S O F Aβ P E P T I D E

Aβ peptides linked to the development of AD are produced, through a normal cel-

lular proteolysis, in a variety of alloforms, which differ with respect to sequence

length and the extent of amino- or C-terminal truncation90–92. The most abundant

form is a 40-residue versionAβ1-40, which constitutes about 90% of allAβ species

in cerebrospinal fluid93. Virtually all Aβ peptides are highly amyloidogenic94,95

and play a central role in amyloid cascade hypothesis, which explains AD patho-

genesis on the basis of multi-stage aggregation of Aβ species. In this process, Aβ

monomers represent initial species involved in spontaneous aggregation. More-

over, according to experimental studies fibril elongation is also largely driven

by deposition of Aβ monomers to the fibril edges96. Generally, Aβ peptides dis-

play a high level of cytotoxicity91,97–99, which is related to their ability to readily

bind to cellular lipid bilayers and disrupt their structure100. Although the mech-

anism of binding to lipid bilayers is likely to be concentration dependent, Aβ

peptides predominantly bind as monomers rather than oligomers at nanomolar

concentrations101,102.

Aβ peptides belong to the class of intrinsically disordered proteins implying that

they lack well defined native structure in aqueous environment. Indeed, experi-

40



mental investigations, including solution nuclear magnetic resonance (NMR) stud-

ies, have shown that the conformational ensemble of Aβ monomer in water is

populated by heterogeneous coil-like conformations70,71,103,104. More recently, sev-

eral NMR measurements, including chemical shifts, nuclear Overhauser effects,

and J-couplings, have been used to confirm that Aβ peptides adopt generally

random coil structures at neutral pH72. At the same time, careful analysis of

electron paramagnetic resonance studies revealed that Aβ monomers still con-

tain short structured regions (His14-Val18, Gly29-Ala30, and Gly38-Val40) under

normal physiological conditions105. Similarly, several NMR studies have pointed

to a formation of a turn or bend structures in the sequence region (Phe20-Ser26)

between the central hydrophobic cluster (Leu17-Ala21) and the C-terminal (Ala30-

Val40)71,104. Due to generally disordered state of Aβ in water, it is not surprising

that Aβ conformations are highly dependent on solvent properties. For example,

in the membrane-like environments Aβ conformational ensemble undergoes con-

siderable reorganization manifested in the formation of helical structure in the se-

quence regions Glu15-Val24 and Gly29-Met35
106–108. Moreover, Aβ helix propen-

sity is pH dependent illustrated by the observation that the Glu15-Val24 helix,

but not the C-terminal helix, becomes destabilized at normal pH. Conformational

plasticity of Aβ peptides is also consistent with mutagenesis studies. For exam-

ple, Iowa (D23N) or Osaka deletion (E22δ) mutants aggregate significantly faster

than the wild-type109,110. Similarly, according to in vitro studies many single-point

mutations mainly affecting hydrophobic or charged residues can either accelerate

or reduce Aβ aggregation propensity111,112. One may expect that Aβ monomeric
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conformations, being the initial species involved in aggregation, are impacted by

these single-point mutations.

A survey of experimental findings presented above suggests that computational

characterization of the conformational ensemble formed by Aβ monomers is im-

portant for understanding its aggregation and cytotoxicity. Several previous MD

studies have probed Aβ monomers in water. Garcia and coworkers have studied

the conformations of Aβ1-40 and Aβ1-42 peptides using REMD simulations ex-

tended to microsecond timescales70,71,113. Consistent with the experiments, their

analysis revealed generally disordered Aβ conformational ensemble augmented

by several structured regions, especially in the C-terminal of Aβ1-42, where a β-

hairpin has been detected. Qualitatively similar conclusions have been reached in

the recent REMD study conducted by Head-Gordon and coworkers80. In previ-

ous studies, REMD and all-atom CHARMM22 force field with CMAP corrections

were used to investigate the conformations of amino-truncated Aβ10-40 peptide

in water35. Similar to the full-length peptide, Aβ10-40 samples predominantly

turn and random coil structures, whereas helical and especially β-sheet propen-

sities are low. Furthermore, the peptide almost completely lacks tertiary struc-

ture with most stable intrapeptide interactions forming between the amino acids

adjacent along the sequence. In light of disordered state of Aβ monomer it is

important to test the dependence of its conformational ensemble on the force

fields employed in the simulations. Recently, such investigation has been carried

out for Aβ1-40 monomer, which was probed using OPLS-AA/L, AMBERff99sb-

ILDN, and CHARMM22
∗ protein force fields and several water models114. All
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three force fields predicted the formation of β-structure in the Leu17-Ala21 and

Ala30-Leu34 regions, but with markedly different β propensities. In particular,

OPLS-AA/L and AMBERff99sb-ILDN simulations revealed stable β-structures,

whereas suppressed β fraction has been observed in the CHARMM22
∗ force field.

It is conceivable that the three force fields overestimate the β propensity in Aβ

monomer, which is expected to be low according to the NMR studies72. Indeed,

REMD study of two natively unfolded peptides, NTL9 (1–22) and NTL9 (6–17), us-

ing AMBERff99sb-ILDN, CHARMM22/CMAP, and CHARMM36 force fields115

has shown that both CHARMM force fields predict much smaller β fraction than

AMBERff99sb-ILDN. Additionally, the parameterization of water may affect pep-

tide conformational ensembles. This point has been recently demonstrated using

REMD and CHARMM36 for two Ala-rich peptides and GB1 peptide, which form

considerably more solvated and extended structures with modified TIP3P water

model compared to its standard version116.

Because previous investigations have emphasized the importance of force field pa-

rameterization, a natural question arises about how a force field affects sampling

of amino-truncatedAβ10-40 peptide, which was extensively studied in the context

of peptide-lipid bilayer interactions.117–120 To address this question, we used all-

atom REMD simulations and performed a systematic comparison of four all-atom

protein force fields and two explicit water models29,30 resulting in five simulation

systems, namely CHARMM36
31 force field with CMAP corrections and modified

TIP3P water model (denoted as C36), CHARMM36 with CMAP corrections and

standard TIP3P water model (C36s), CHARMM22
∗ with modified TIP3P water
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model (C22
∗)32, CHARMM22 with CMAP corrections and modified TIP3P wa-

ter model (C22cmap)33, and OPLS-AA with modified TIP3P water model (OPLS-

AA)34. We show that although all force fields are consistent in predicting the Aβ

propensity to form turn and random coil structures, they strongly disagree on the

extent and distribution of tertiary interactions or helix and β propensities in Aβ

monomer. We also compared the J-coupling and RDC constants computed from

Aβ10-40 simulations with Aβ1-40 experimental data. Surprisingly, we found that

in silico Aβ10-40 conformational ensemble produced by CHARMM36 force field

agrees better with the experimental measurements than in silico Aβ1-40 ensemble

simulated earlier71,113. Based on these comparisons we suggest that Aβ10-40 can

serve as a proxy to the full-length Aβ1-40 peptide, and the CHARMM36 force

field with standard TIP3P water model provides most accurate reproduction of

Aβ conformational ensemble.

3.1 results

3.1.1 Conformational ensemble of Aβ10-40 monomer in CHARMM36 force field with

modified TIP3P water model

We began the comparison of different force fields with a detailed analysis of the

conformational ensemble of Aβ10-40 monomer in CHARMM36 force field with

modified TIP3P water model. We first focus on the Aβ10-40 secondary structure.

It follows from Figure 14 and Table 1 that its conformational ensemble is dom-

inated by random coil (〈RC〉 = 0.49± 0.04) and turn (〈T〉 = 0.44± 0.03), which

together account for 93% of all amino acid states. Indeed, the turn structure is sta-

ble (i.e., its fraction 〈T(i)〉〉 > 0.5) for few S1 residues (His13, His14) and within the
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long sequence span Phe19-Gly29 covering the part of hydrophobic region S2, the

entire hydrophilic S3, and the beginning of C-terminal S4. Random coil structure

dominates the N- and C-terminals and the Gln15-Val18 region. The occurrence of

helix and β-structure is negligible (6 0.04). In fact, Figure 15 shows that the helical

propensity 〈H(i)〉 is weak throughout Aβ10-40 sequence being always . 0.1. To

explore the structural fluctuations in Aβ10-40 backbone we computed the RMSF,

δφ(i) and δψ(i), in backbone dihedral angles φ and ψ of amino acids i. Figure

16a shows that apart from enhanced fluctuations of Gly ψ angles the distribu-

tions δφ(i) and δψ(i) are fairly uniform throughout Aβ sequence. The most rigid

backbone conformation is observed for hydrophobic Phe20. The values of δφ and

δψ averaged over the entire Aβ10-40 sequence are 55.2 ± 1.6o and 81.9 ± 3.8o,

respectively. Relatively uniform distribution of the backbone fluctuations in Aβ

sequence is consistent with the lack of well-defined secondary structure, such as

helices or β-strands.

Table 1: Secondary structure in Aβ peptide.

Force Field Water Model 〈H〉a 〈T〉b 〈RC〉c 〈S〉d

CHARMM36 mTIP3P 0.04± 0.01 0.44± 0.03 0.49± 0.04 0.03± 0.00
CHARMM36 sTIP3P 0.06± 0.02 0.45± 0.03 0.47± 0.04 0.03± 0.01
CHARMM22* mTIP3P 0.18± 0.03 0.52± 0.01 0.30± 0.02 0.01± 0.00

CHARMM22/cmape mTIP3P 0.12± 0.01 0.49± 0.01 0.38± 0.01 0.01± 0.00
OPLS-AA mTIP3P 0.02± 0.01 0.46± 0.02 0.40± 0.03 0.12± 0.02

aFraction of helix. bFraction of turn. cFraction of random coil. dFraction of β-sheet. edata from35,36.

We next investigated the Aβ10-40 tertiary structure by probing the formation of

intrapeptide interactions. Figure 17a presents the peptide contact map 〈C(i, j)〉,

which visualizes the probabilities of forming contacts between amino acids. This
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Figure 14: Total fractions of helix, turn, random coil, and β secondary structures for each
of the five force fields probed in REMD simulations. All force fields predict
dominance of turn and random coil conformations. C22* and OPLS-AA reveal
moderate helix and β-structure propensities, respectively.

Table 2: Five top side chain contacts in Aβ10-40 peptide for C36 force field.

long-range short-range
rank contact 〈C(i, j)〉 rank contact 〈C(i, j)〉

1 21− 26 0.25± 0.13 1 17− 19 0.39± 0.11
2 22− 28 0.21± 0.13 2 23− 26 0.38± 0.07
3 11− 16 0.20± 0.11 3 23− 25 0.29± 0.10
4 24− 29 0.17± 0.09 4 25− 27 0.29± 0.11
5 26− 31 0.15± 0.12 5 33− 35 0.29± 0.03

figure suggests that there are very few stable interactions in Aβ peptide (i.e.,

those occurring with the probability 〈C(i, j)〉 > 0.35). According to Table 2 there

are no stable long-range (|i− j| > 5) contacts, and there are only two stable short-

range (|i − j| < 5) contacts, namely, Leu17-Phe19 and Asp23-Ser26. The Leu17-

Phe19 contact is likely to explain a rigid backbone conformation at Phe20. The

46



(a) (b)

(c) (d)

Figure 15: Distributions of secondary structure in Aβ10-40 peptide with respect to se-
quence positions i for five force fields: (a) helix propensities 〈H(i)〉; (b) turn
propensities 〈T(i)〉; (c) random coil propensities 〈RC(i)〉; (d) β propensities
〈S(i)〉. For clarity, sampling errors represented by vertical bars are shown for
the C36 simulations only. Sequence regions are identified by the color scheme
used in Figure 1a. C22

∗ force field displays a significant helix structure in S3

and S4 regions, and the OPLS-AA system has a propensity for β-structure in
S2 and S4.

probability of forming a salt bridge Asp23-Lys28, which is important for amyloid

fibril assembly, is low being equal to 〈C(23, 28)〉 = 0.10 ± 0.03. However, weak

electrostatic interactions are formed between Glu22 and Lys28 (0.21± 0.13) and

between Glu11 and Lys16 (0.20± 0.11). Overall, the average number of all side
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Figure 16: Root-mean-square fluctuations (RMSF), δφ(i) (black bars) and δψ(i) (red bars),
in the backbone dihedral angles φ and ψ for Aβ10-40 amino acids computed
in five force fields: (a) C36, (b) C36s, (c) C22

∗, (d) C22cmap, and (e) OPLS-AA.
Sampling errors are shown by vertical bars. Sequence regions are identified by
the color scheme used in Figure 1a. The plots show that out of all force fields
C22

∗ predicts the most rigid backbone, especially in S2 and S4 regions.

chain contacts forming in Aβ monomer is 〈C〉 = 21.1± 1.4, of which 10.7± 0.9 (or

51%) are long-range.
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Figure 17: Intrapeptide contact maps, 〈C(i, j)〉, present the probabilities of forming con-
tacts between residues i and j in Aβ10-40 peptide for five force fields: (a) C36,
(b) C36s, (c) C22

∗, (d) C22cmap, and (e) OPLS-AA. The bars on the right-side
color code 〈C(i, j)〉 values. Sequence regions are identified by the color scheme
used in Figure 1a. C36, C36s, and C22cmap contact maps reveal lack of stable
long-range interactions, whereas C22

∗ displays few exceptionally strong long-
and short-range contacts. OPLS-AA contact map is characterized by extensive
but flickering tertiary interactions.

Finally, we considered the probability distribution P(Rg) of Aβ10-40 radius of

gyration Rg. Figure 18 shows that for C36 P(Rg) is broad with the maximum at

Rg ≈ 15 Å. The equilibrium value of Rg, 〈Rg〉, is 16.9± 0.5 Å, which is the largest

among all force fields considered. In addition, we computed the average end-to-
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Figure 18: Probability distributions, P(Rg), for the radius of gyration Rg of Aβ10-40 pep-
tide computed for five force fields. Vertical bars represent sampling errors. The
plots show that, in contrast to C36, C36s, and C22cmap force fields, C22

∗ and
OPLS-AA predict collapsed peptide structures.

end distance 〈R1N〉 = 24.6± 1.2 Å, which is also the largest among other force

fields. Thus, Aβ10-40 peptide in C36 force field lacks stable secondary or tertiary

structure and forms expanded conformations as illustrated in Figure 1b.

3.1.2 Conformational ensemble of Aβ10-40 monomer in CHARMM36 force field with

standard TIP3P water model

To check the impact of water model, we repeated CHARMM36 REMD simulations

of the conformational ensemble of Aβ10-40 peptide using standard TIP3P water.

Following the analysis for C36 we computed Aβ secondary and tertiary structure.

Figure 14 and Table 1 demonstrate close agreement to C36 simulations as Aβ10-

40 primarily samples random coil (〈RC〉 = 0.47± 0.04) or turn (〈T〉 = 0.45± 0.03)

conformations, which together represent 92% of all residue states. In contrast,
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helix or β-state occur rarely. Figure 15 further reveals that the residue-specific

turn 〈T(i)〉 and helix 〈H(i)〉 propensities are almost identical to those observed

in C36. Similar to C36, stable turn structure is present at His13-His14 and in the

region Phe19-Gly29. Consequently, the RMSDs between 〈T(i)〉 and helix 〈H(i)〉

distributions computed from C36s and C36 simulations are low (0.02 and 0.03).

Random coil distributions between C36s and C36 also nearly match. Furthermore,

according to Figure 16a and 16b a very close agreement is observed in the RMSF

distributions, δφ(i) and δψ(i), as confirmed by the low respective RMSD values

(3.9 and 3.2o). As expected the average values 〈δφ(i)〉 and 〈δψ(i)〉 computed using

all amino acids are 54.6± 1.9o and 81.1± 5.0o, which are nearly identical to those

of C36.

To analyze Aβ tertiary structure we computed the contact map 〈C(i, j)〉, which

is presented in Figure 17b. In general, C36s tertiary interactions are very simi-

lar to those seen for C36. It follows from Table 3 that Aβ peptide has no sta-

ble long-range contacts and the same two stable short-range contacts as in C36

are formed. There are four common contacts among top five long-range interac-

tions in C36s and C36 simulations (Ala21-Ser26, Glu22-Lys28, Glu11-Lys16, Val24-

Gly29), whereas three short-range contacts are shared between the two simula-

tions (Leu17-Phe19, Asp23-Ser26, Gly25-Asn27). As in C36 the probability of form-

ing the salt bridge Asp23-Lys28 is low (0.14± 0.07). Overall, the RMSD computed

between C36 and C36 contact maps is small (0.02) confirming their similarity. It

is noteworthy, however, that in C36s simulations the peptide forms, on average,

more side chain contacts than in C36, as their number reaches 〈C〉 = 23.5± 1.4, of
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which 12.8± 0.8 (or 54%) are classified as long-range. Furthermore, comparison

of the probability distributions P(Rg) for Aβ10-40 radius of gyration in Figure 18

revealed that the C36s distribution is systematically shifted to smaller Rg values

suggesting that the C36s peptide is more compact. Indeed, from Figure 18 we de-

termined that the equilibrium 〈Rg〉 is 15.9± 0.4Å, which is smaller than the C36

value. Thus, although the secondary and tertiary structure propensities in C36s

and C36 simulations are in close agreement, the former generates more compact

structures with larger number of intrapeptide interactions (Figure 1c).

Table 3: Five top side chain contacts in Aβ10-40 peptide for C36s force field.

long-range short-range
rank contact 〈C(i, j)〉 rank contact 〈C(i, j)〉

1 21− 26 0.30± 0.14 1 17− 19 0.47± 0.12
2 22− 28 0.23± 0.17 2 23− 26 0.39± 0.06
3 24− 29 0.23± 0.13 3 25− 27 0.33± 0.15
4 11− 16 0.21± 0.14 4 25− 28 0.30± 0.11
5 25− 31 0.18± 0.10 5 27− 30 0.28± 0.18

3.1.3 Conformational ensemble of Aβ10-40 monomer in CHARMM22* force field

We next performed REMD simulations of the conformational ensemble of Aβ10-

40 monomer using CHARMM22
∗ force field. C22

∗ is another version of CHARMM

force field, which was developed to address conformational biases in C22cmap32.

As demonstrated by Figure 14 and Table 1 the peptide forms predominantly turn

conformations (〈T〉 = 0.52± 0.01), whereas the fraction of random coil (〈RC〉 =

0.30± 0.02), while still significant, is reduced compared to C36 and C36s. A dis-

tinctive feature of C22
∗ simulations is an elevated fraction of helical structure,
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which reaches 0.18± 0.03 (a more than four-fold increase compared to C36). Oc-

currence of β-states is negligible. Figure 15 further underscores differences in the

secondary structure distributions at a residue level. The C22
∗ turn fraction 〈T(i)〉

is noticeably higher than the C36 turn propensities within hydrophobic S2 and

hydrophilic S3 regions (Phe19-Gly25), where it exceeds 0.8. Random coil occurs

near the peptide terminals and within Lys16-Val18. More importantly, C22
∗ leads

to formation of a marginally stable helix structure, particularly, in the hydropho-

bic C-terminal (S4 region). Indeed, according to Figure 15a within the sequence

interval Asn27-Val36 the helix fraction 〈H(i)〉 approaches 0.4 in sharp contrast to

C36 propensities. Consequently, the differences between turn and helix distribu-

tions observed in C22
∗ and C36 simulations are reflected in high RMSD values,

which are 0.16 and 0.19, respectively.

The RMSF distributions, δφ(i) and δψ(i), shown in Figure 16c display distinc-

tive features characteristic of C22
∗ force field. Specifically, the plot reveals two

sequence regions with suppressed backbone fluctuations, Val17-Asp23 and Leu34-

Val36, which approximately coincide with the formation of stable turn and marginally

stable helix structures. Furthermore, in C22
∗ simulations for most sequence posi-

tions δφ(i) is much smaller than in C36. Overall, the average RMSF 〈δφ(i)〉 and

〈δψ(i)〉 observed in C22
∗ are 30.2± 1.5o and 66.1± 4.6o, i.e., compared to C36 a

particularly significant decrease by a factor of 1.8 is seen in 〈δφ(i)〉. It is then not

surprising that the RMSD for δφ(i) and δψ(i) distributions computed between

C22
∗ and C36 simulations are 31.1o and 33.0o, respectively, which are about an

order of magnitude larger than those comparing C36 and C36s force fields.
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The C22 equilibrium contact map 〈C(i, j)〉 displayed in Figure 17c shows a for-

mation of multiple side chain contacts, of which eight long-range and ten short-

range contacts are stable. Moreover, Table 4 lists top five long-range contacts, one

of which, the salt bridge Lys16-Asp23, is formed with exceptionally high probabil-

ity of 0.85± 0.02. Two hydrophobic long-range contacts, Phe19-Val24 and Val24-

Ala30, also occur with high probabilities (0.52± 0.04 and 0.46± 0.08). Interestingly,

in C22
∗ simulations Asp23-Lys28 salt bridge is effectively disrupted (0.06± 0.03).

Also, multiple very stable short-range contacts are observed, such as the helix-like

contact Gly33-Gly37 (0.86± 0.03). Overall, the equilibrium number of side chain

contacts in Aβ10-40 is 〈C〉 = 29.0± 0.8, of which 〈CLR〉 = 15.4± 0.3 (or 53%) are

long-range. Compared to C36, the values of 〈C〉 and 〈CLR〉 are larger by 37% and

44%, respectively. Finally, we note that none of the top five C22
∗ long- or short

contacts are observed in C36 or C36s simulations. Consequently, the RMSD value

measuring the difference between C36 and C22
∗ contact maps is much larger

(0.12) than the RMSD comparing C36 and C36s force fields.

As seen in Figure 18 the probability distribution P(Rg) for Aβ10-40 monomer

computed from C22
∗ simulations peaks at smaller values of Rg and is more narrow

than for either of C36 force fields. From Figure 18 we find 〈Rg〉 = 14.5± 0.2 Å,

which is smaller than the respective values for C36 simulations (16.9 or 15.9 Å).

The same conclusion applies to the end-to-end distance (〈R1N〉 = 20.0± 0.9 Å). In

summary, compared to C36 simulations, C22
∗ force field significantly enhances

turn and, particularly, helical propensities, makes several sections of Aβ backbone

rigid, and dramatically strengthens tertiary interactions as illustrated in Figure 1d
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resulting in peptide compaction. Therefore, there is little consistency between the

conformational ensembles mapped using C22
∗ and C36 force fields.

Table 4: Five top side chain contacts in Aβ10-40 peptide for C22* force field.

long-range short-range
rank contact 〈C(i, j)〉 rank contact 〈C(i, j)〉

1 16− 23 0.85± 0.02 1 33− 37 0.86± 0.03
2 19− 24 0.52± 0.04 2 33− 36 0.69± 0.05
3 24− 30 0.46± 0.08 3 37− 39 0.68± 0.07
4 16− 22 0.44± 0.03 4 19− 23 0.68± 0.03
5 20− 25 0.44± 0.10 5 26− 29 0.60± 0.05

3.1.4 Conformational ensemble of Aβ10-40 monomer in CHARMM22 force field with

CMAP corrections

In our group previous work35,36, we used REMD to study the conformational

ensemble of the Aβ10-40 monomer using CHARMM22 force field with CMAP

corrections. Below we extend our previous C22cmap analysis to provide com-

parison with other force fields. We begin by focusing on Aβ secondary struc-

ture. Figure 14 and Table 1 demonstrate that in C22cmap Aβ mainly forms turn

(〈T〉 = 0.49± 0.01) and random coil (〈RC〉 = 0.38± 0.01) structures. These obser-

vations are qualitatively consistent with other force fields. However, compared to

both C36 the population of helical structure in C22cmap (〈H〉 = 0.12± 0.01) is el-

evated, whereas the formation of β structure is still rare. Figure 15 demonstrates

residue-specific secondary structure propensities for C22cmap. Stable turn struc-

ture is observed in His13, Phe19-Gly25, Asn27-Gly29, and Met35-Gly37 which,

with the exception of the last region, match well the C36 turn distribution. Ran-
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dom coil, 〈RC(i)〉, is observed in Tyr10-Glu11, Gln15-Val18, and Val39-Val40 (i.e.,

it follows the respective C36 propensities). Figure 15a also reveals an appearance

of marginally stable helix in the C-terminal region S4 (Ile32-Val36), which approxi-

mately coincides with the distribution of C22
∗ helix. The RMSD values comparing

C22cmap and C36 distributions of turn and helix structure are 0.11 and 0.12, re-

spectively, implicating moderate differences between the two systems.

Figure 16d demonstrates that the fluctuations of backbone dihedral angles, δφ(i)

and δψ(i), with the exception for Gly residues, agree generally well with those

computed for C36. However, in contrast to C36 distributions, the backbone fluc-

tuations are suppressed in a wider interval of Val18-Val24 compared to a sin-

gle position Phe20 in C36. The averages 〈δφ(i)〉 and 〈δψ(i)〉 are 49.5± 1.0o and

74.0± 1.2o, which are somewhat smaller than the respective averages computed

from C36 simulations. The RMSD values comparing δφ(i) and δψ(i) between

C22cmap and C36 are 13.7o and 21.1o, respectively. These RMSD values are much

larger than those comparing C36 and C36s force fields, but significantly smaller

(by 2.3 or 1.6 times, respectively) than the RMSD probing the difference between

C36 and C22
∗. In line with these observations, the C22cmap fluctuations in Figure

16d, particularly δφ(i), are generally higher than those observed for C22
∗.

Figure 17d presents the equilibrium contact map 〈C(i, j)〉 computed using C22cmap

simulations. In all, we detected the formation of nine short-range and one long-

range (Lys16-Asp23) stable contacts that stands in contrast to C36 results, which
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showed only two stable short-range contacts. The Asp23-Lys28 salt-bridge, which

is disrupted in C22
∗ or C36, has also low probability of occurrence (0.15± 0.03).

Moreover, Table 5 demonstrates none of the top long- or short-range contacts

formed in C22cmap force field are observed in any of C36 simulations. The over-

all number of side chain contacts formed in C22cmap is 〈C〉 = 26.2± 0.2, of which

〈CLR〉 = 12.3± 0.2 (or 47%) are long-range. Compared to C36 simulations, 〈C〉 and

〈CLR〉 are larger by 24 and 15%, respectively. As a result, the RMSD comparing

the C22 and C36 contact maps is moderately large (0.07), exceeding the RMSD

between C36 and C36s simulations (0.02), but still being smaller than the RMSD

comparing C36 and C22
∗ (0.12).

Last, we examined the probability distribution P(Rg) plotted in Figure 18. The

distribution observed for C22cmap shows surprisingly good agreement with C36

(particularly, C36s) force fields. From P(Rg) we found 〈Rg〉 = 15.8± 0.2 Å, which

is almost equal to that observed for C36s (〈Rg〉 = 15.9 Å), somewhat smaller

than that of C36 (16.9 Å), but larger than the C22
∗ result (14.5 Å). Taken together,

C22cmap simulations exhibit a weak helix propensity in the C-terminal consistent

with the formation of large number of stable short-range contacts that positions

the C22cmap conformational ensemble in-between C36 and C22
∗ ensembles. The

representative structure of Aβ10-40 peptide in C22cmap force field is displayed

in Figure 1e.
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Table 5: Five top side chain contacts in Aβ10-40 peptide for C22cmap force fielda.

long-range short-range
rank contact 〈C(i, j)〉 rank contact 〈C(i, j)〉

1 16− 23 0.42± 0.02 1 37− 39 0.57± 0.02
2 19− 24 0.23± 0.04 2 21− 24 0.54± 0.03
3 24− 31 0.21± 0.02 3 20− 24 0.47± 0.04
4 21− 27 0.20± 0.03 4 19− 23 0.45± 0.04
5 16− 22 0.20± 0.01 5 33− 36 0.42± 0.05

a data from35,36

3.1.5 Conformational ensemble of Aβ10-40 monomer in OPLS-AA force field

To evaluate Aβ10-40 conformational ensemble in the force field unrelated to any

CHARMM version, we performed OPLS-AA REMD simulations. Similar to all

previously considered force fields Figure 14 and Table 1 show that Aβ10-40 in

OPLS-AA simulations adopt mainly turn (〈T〉 = 0.46 ± 0.02) or random coil

(〈RC〉 = 0.40± 0.03) conformations, which together represent 86% of all amino

acid states. However, in contrast to other force fields (e.g., C36) β-state fraction

is elevated four-fold to 〈S〉 = 0.12± 0.02, whereas α-helix occurrence is negligi-

ble. Figure 15, which displays residue-specific secondary structure propensities,

further underscores the characteristic OPLS-AA feature — an elevated sampling

of β-structure in the S2 and S4 hydrophobic regions, where for some positions

i 〈S(i)〉 reaches ≈ 0.4. The helix propensity across Aβ sequence is uniformly weak,

whereas the turn and random coil fractions generally follow the other force field

trends. Accordingly, the RMSD comparing the β distributions 〈S(i)〉 in OPLS-

AA and C36 simulations has a large value of 0.13, whereas the RMSD for helix

and turn propensities are much smaller (0.04 and 0.08). Figure 16e displays the
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distributions of dihedral angle RMSF, δφ(i) and δψ(i), which are qualitatively

similar to their C36 counterparts. In fact, the average 〈δφ(i)〉 = 54.4± 1.2o and

〈δψ(i)〉 = 91.1± 1.8o are close to the C36 values. Consequently, the RMSD com-

paring 〈δφ(i)〉 and 〈δψ(i)〉 distributions from OPLS-AA and C36 simulations are

relatively small (20.2o and 12.8o). These findings indicate that the β-structure oc-

curs in Aβ peptide transiently and does not strongly affect backbone fluctuations.

The equilibrium contact map 〈C(i, j)〉 displayed in Figure 17e clearly exhibits more

extensive tertiary interactions forming in OPLS-AA comparing to C36 force field.

Indeed, the numbers of all and long-range contacts are increased by about 50%

and 100%, respectively, to 〈C〉 = 30.8± 0.5 and 〈CLR〉 = 21.1± 0.6 resulting in

the largest fraction of long-range interactions of 69% among all force fields tested

by us. Interestingly, even though OPLS-AA promotes tertiary interactions, very

few of them qualify as stable. Specifically, in sharp contrast to C22
∗, Table 18 lists

only one stable long-range (Val18-Leu34) and one stable short-range (Tyr10-Val12)

contacts. Among top five long-range contacts four are hydrophobic and three link

the sequence regions S2 and S4 (Val18-Leu34, Val18-Val36, Leu17-Met35) with

the probabilities of occurrence close to the stability threshold. Also, unique to

OPLS-AA simulations, the salt-bridge Asp23-Lys28 appears among the top five

long-range contacts. Finally, no long- or short-range top five contacts are shared

between OPLS-AA and C36 simulations. It is then not surprising that extensive

but weak tertiary interactions formed in OPLS-AA simulations lead to a fairly

large RMSD value measuring the difference between the contact maps obtained

in OPLS-AA and C36 force fields (0.07).
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Probability distribution P(Rg) for Aβ10-40 radius of gyration presented in Figure

18 is far more narrow and reaches maximum at the smallest Rg compared to

any other force field. We determined from Figure 18 that the equilibrium value

〈Rg〉 is 13.5± 0.2Å, which is the smallest among the force fields tested. Similar

observation holds for the end-to-end distance (〈R1N〉 = 15.6± 1.5Å). Thus, OPLS-

AA force field promotes extensive but flickering tertiary interactions resulting in

Aβ10-40 collapse and moderate enhancement of β-structure as shown in Figure

1f.

Table 6: Five top side chain contacts in Aβ10-40 peptide for OPLS-AA force field.

long-range short-range
rank contact 〈C(i, j)〉 rank contact 〈C(i, j)〉

1 18− 34 0.35± 0.13 1 10− 12 0.37± 0.02
2 18− 36 0.34± 0.17 2 25− 29 0.28± 0.14
3 19− 24 0.33± 0.14 3 34− 36 0.28± 0.05
4 23− 28 0.31± 0.11 4 11− 13 0.28± 0.02
5 17− 35 0.30± 0.14 5 35− 37 0.27± 0.09

3.1.6 Comparison of experimental and computational J-coupling and RDC constants

We compared 3JHNHα-coupling and RDC constants computed from our simula-

tions and measured experimentally (see Chapter 2 and Figure 19a). We first inves-

tigated the agreement between 3JHNHα-coupling constants. As stated in Chapter

2, we used three sets of experimental 3JHNHα-coupling constants, Jexp, measured

by Garcia and coworkers70,71 and, more recently, by Bax and coworkers72. Further-

more, to compute 3JHNHα-coupling constants in silico, Jcomp, we applied Equation

3 with three different sets of Karplus equation coefficients74–76. Because a priori it
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is unclear which combination of experimental data and Karplus equation coeffi-

cients is more accurate, we considered all nine possible combinations and for each

computed Jcomp(i)-coupling constants using Aβ10-40 sequence positions i with

available experimental measurements. Consistency between Jcomp(i) and Jexp(i)

was evaluated by calculating the RMSD, quality function Q, and PCC as described

in Chapter 2. These quantities were then averaged over nine datasets and are pre-

sented in Table 7. Judged by RMSD, PCC, and Q values as well as their errors the

best agreement between experimental and computational J-coupling constants is

observed for C36 and C36s force fields. The ranking of other force fields in the

descending order of agreement with the experiment is OPLS-AA, C22cmap, and

C22
∗. Notably, C22

∗ shows very significant increase in RMSD (by 41%) compared

to C36 and has effectively no correlation with Jexp(i) as measured by PCC (0.14).

To provide additional probe of Aβ10-40 conformational ensemble we computed

the RDC constants, RDCcomp(i), as described in Chapter 2. To compare them with

their experimental counterparts, RDCexp(i),77 shown in Figure 19b, we used the

same metrics as for 3JHNHα-coupling constants. The results presented in Table 7

indicate that the best agreement between experimental and computational RDC

constants is observed for C36s force field, which has the smallest RMSD or Q

and the largest PCC of 0.65. Compared to C36s force field, C36 exhibits larger

RMSD and Q (by ≈ 20% for both) and significantly lower PCC (a 25% decrease).

With respect to RMSD and Q the worst agreement is seen for C22cmap and C22
∗,

for which the RMSD or Q values are about two-fold larger than for C36s. Their

PCC values are also lower than for C36s, but higher, especially of C22cmap, than

61



for C36. Measured by RMSD and Q the agreement with the experiment places

OPLS-AA between C36 and C22cmap/C22
∗. However, OPLS-AA demonstrates

the worst correlation between computational and experimental RDC constants as

measured by PCC. Thus, taken together our data suggest that the force field pro-

viding the best consistency with the experimental data is C36s. If we disregard

a negligible difference in J-coupling RMSD for C36s and C36 (Table 7), this con-

clusion is supported by all comparison metrics. With the exception of RDC PCC,

other metrics identify C36 as the next “best” force field. Again, with the exception

of PCC for RDC all the metrics determine that C22
∗ produces the worst agreement

with the experimental data.

Table 7: Comparison of experimental and computational J-coupling and RDC constants.

Force Water 3JHNHα (Hz) † RDC (Hz)
Field Model RMSD PCC Q RMSD PCC Q
CHARMM36 mTIP3P 0.88± 0.07 0.42± 0.06 0.13± 0.01 1.63± 0.09 0.48± 0.08 0.49± 0.03
CHARMM36 sTIP3P 0.89± 0.10 0.44± 0.09 0.13± 0.01 1.36± 0.27 0.65± 0.08 0.41± 0.08
CHARMM22* mTIP3P 1.24± 0.04 0.14± 0.02 0.18± 0.01 2.80± 0.15 0.49± 0.07 0.85± 0.05
CHARMM22/cmap mTIP3P 1.03± 0.06 0.24± 0.06 0.15± 0.01 2.57± 0.08 0.57± 0.03 0.78± 0.02
OPLS-AA mTIP3P 0.95± 0.02 0.38± 0.06 0.14± 0.00 1.75± 0.10 0.42± 0.06 0.53± 0.03
† 3JHNHα related values are averages over nine combinations of experimental data/Karplus equation parameters
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(a) (b)

Figure 19: (a) Distributions of 3JHNHα-coupling constants, Jcomp(i), computed for Aβ10-
40 peptide using Pardi et al coefficients for Karplus equation74 and REMD sam-
pling generated with five force fields. Superimposed are experimental 3JHNHα-
coupling constants, Jexp(i) (black lines with circles) measured by Roche et al72.
This combination of Karplus equation coefficients and experimental data pro-
vides the best agreement between Jcomp(i) and Jexp(i). Only amino acids with
experimentally available data are considered. (b) Distributions of RDC con-
stants computed for Aβ10-40 peptide using PALES program78 and REMD sam-
pling generated with five force fields. Superimposed are experimental RDC
constants (black lines with circles) measured by Wang and coworkers77.

3.1.7 Temperature dependence of Aβ10-40 conformational ensemble

To investigate the impact of temperature we recomputedAβ10-40 secondary struc-

ture propensities in five force fields at 300 K using REMD sampling. The overall

fractions of helix, turn, random coil, and β secondary structures for each of the

five force fields are displayed in Figure 20 and listed in Table 8. Similar to the

data at 330 K in Figure 14 and Table 1, turn and random coil conformations re-

main dominant at 300 K in all the force fields. Furthermore, as at 330 K, C22
∗ and

OPLS-AA show moderate helix and β-structure propensities. To evaluate tertiary

structure, we recomputed at 300 K the numbers of all and long-range side chain

contacts, 〈C〉 and 〈CLR〉, in five force fields. We found only a minor increase in 〈C〉
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and 〈CLR〉 (the largest is observed for OPLS-AA, for which 〈C〉 = 31.2± 0.4 and

〈CLR〉 = 21.5± 0.5). Importantly, no changes in ranking order or in the distribution

of stable interactions were observed compared to 330 K data.

Figure 20: Fractions of Aβ10-40 secondary structure for five force fields computed at
300 K.

Table 8: Secondary structure in Aβ10-40 peptide at 300 K

Force Field Water Model 〈H〉 〈T〉 〈RC〉 〈S〉
CHARMM36 mTIP3P 0.05± 0.02 0.44± 0.04 0.49± 0.05 0.03± 0.01
CHARMM36 sTIP3P 0.06± 0.02 0.42± 0.03 0.49± 0.04 0.03± 0.01
CHARMM22

∗ mTIP3P 0.19± 0.02 0.51± 0.01 0.29± 0.02 0.01± 0.00
C22cmap mTIP3P 0.12± 0.02 0.49± 0.02 0.39± 0.00 0.01± 0.00
OPLS-AA mTIP3P 0.03± 0.01 0.44± 0.02 0.41± 0.04 0.12± 0.01

3.2 discussion

3.2.1 Comparison of Aβ10-40 conformational ensembles in different force fields

Using REMD we performed a comparative analysis of Aβ10-40 conformational

ensembles generated by employing five force fields, which combine four protein
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parameterizations (C36, C22
∗, C22cmap, and OPLS-AA) and two water models

(standard and modified TIP3P). As a reference in our analysis we took the re-

cent modification of CHARMM force field, CHARMM36, coupled with modified

TIP3P water model. Its selection was motivated by recent tests showing that this

force field provides the best agreement with experimental NMR data collected for

six proteins121. Taken together, our results suggest several observations. First, all

force fields produce fairly consistent distributions of secondary structure. Accord-

ing to Figure 14 and Table 1 all of them predict largely similar fractions of turn

conformations (varying between 0.44 and 0.52) and, to a lesser extent, random coil

(varying between 0.30 and 0.49). In all force fields, the turn structure dominates

within approximately the same sequence regions, His13 and His14 in S1 region

and a sequence interval Phe19-Gly29, whereas the random coil occurs at Aβ10-40

termini. Nevertheless, there are also significant variations among the force fields.

For example, a unique feature of C22
∗ force field is a considerable helix bias in the

S3 and S4 regions resulting in 〈H(i)〉 ≈ 0.4 for few positions. Similarly, OPLS-AA

differs from other simulations by significant β-structure propensity in the S2 and

S4 regions, where 〈S(i)〉 peaks at ≈ 0.4.

Second, additional insight into peptide conformational ensemble is provided by

the fluctuations in backbone dihedral angles, δφ(i) and δψ(i). Similar to sec-

ondary structure, backbone fluctuations in C36 and C36s are in excellent agree-

ment as evidenced by their consistent average values and small RMSDs. C22cmap

differs moderately from C36 by having slightly more rigid backbone (i.e., smaller

average 〈δφ〉 and 〈δψ〉 values), whereas OPLS-AA, in contrast, demonstrates en-
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hanced backbone fluctuations. However, the force field clearly standing apart

from others is C22
∗, which predicts suppressed fluctuations in two sequence re-

gions (Val17-Asp23 and Leu34-Val36). This feature plus generally small fluctua-

tions in φ angles result in the lowest averages 〈δφ〉 and 〈δψ〉 as well as elevated,

by an order of magnitude, RMSD value between C22
∗ and C36 simulations as

opposed to that between C36 and C36s. Therefore, when secondary structure and

backbone fluctuations are considered together, the force fields can be ranked in

the descending order of similarity to C36 as C36s, which is nearly identical to C36,

C22cmap and OPLS-AA, which moderately differ from C36, and C22
∗, which re-

veals considerably differences due to helix formation and rigid backbone.

It is important to consider our results in the context of other studies of force

field propensities. C22cmap tendency to bias peptide conformational ensembles

toward helical states has been documented for Ala pentamer122, to correct which

C36 force field has been developed31. Our results show that C22cmap indeed pro-

duces a slightly elevated helix fraction in unstructured Aβ10-40 compared to C36

or C36s increasing it to 0.12 from 0.04 or 0.06, respectively. However, this bias is

weak compared to that of C22
∗, which demonstrates much stronger helix propen-

sity in the C-terminal. Small differences in helix propensities between C22cmap

and C36 have also been noted for the unstructured fragments of NTL9 peptides115.

Our third observation is related to the distribution of tertiary interactions. In Aβ

peptide C36 force field produces no stable long-range interactions and only two

66



stable short-range contacts and, overall, it leads to the smallest numbers of tertiary

contacts (21.1) and long-range contacts (10.7). Aβ conformations in this force field

are also the least compact being characterized by the largest radius of gyration

(16.9 Å). Thus, we conclude that equilibrium C36 conformations are dominated

by expanded structures lacking stable interactions. C36s force field, which differs

from C36 solely by the water model, generates very similar conformational en-

semble, which also lacks stable interactions and shares four or three common top

long- and short-range contacts with C36. Overall, the contact map RMSD for C36

and C36s is very low (0.02). Nevertheless, the C36s numbers of contacts, including

long-range, are slightly larger (by 10–20%) than in C36. Additionally, compared

to C36, C36s features slighly smaller Aβ radius of gyration. These results are

consistent with recent comparison of standard and modified TIP3P water mod-

els, which showed that the latter enhances hydration and generates more open

peptide conformations116.

Although Aβ structures produced with C22cmap and C22
∗ share some similarity

(three long- and short-range top contacts are common), C22
∗ is by far unique in

generating the largest number of stable long-range contacts (eight as opposed to

one in C22cmap). Some of these contacts, such as salt-bridge Lys16-Asp23, are

effectively always formed. A distinctive characteristic of C22cmap is the large

number (9) of stable short-range contacts combined with very few (1) stable long-

range interactions. According to contact map RMSD, C22cmap differs moderately

from C36 (0.07), whereas C22
∗ deviates from C36 by far larger degree (0.12). There

are no common top long- or short-range contacts between C36 and C22cmap or
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C22
∗. The tertiary interactions also set OPLS-AA force field apart from all other

simulations. OPLS-AA generates the largest number of all contacts and, more im-

portantly, the largest number of long-range contacts, which is increased almost

two-fold compared to other simulations (except for C22
∗, with respect to which

〈CLR〉 increases one-third). As a result, OPLS-AA conformations exhibit extremely

large fraction of long-range interactions reaching almost 70% and, accordingly,

Aβ adopts most compact structures (〈Rg〉13.5 Å). Similar observation concerning

Aβ1-40 peptide collapse has been made previously for OPLS-AA/L force field114.

Interestingly, OPLS-AA tertiary contacts, although numerous, are weak suggest-

ing that Aβ samples compact but still disordered states. OPLS-AA and C36 do not

share common top interactions, whereas the contact map RMSD between the two

is moderate (0.07). Thus, using contact map RMSD and C36 as reference we rank

the force fields in the descending order of similarity as C36s, C22cmap, OPLS-AA

(due to compact state), and C22
∗.

It might be argued that the computed Aβ10-40 conformational ensembles are

specific to 330 K. To investigate this possibility we used our REMD sampling to

recompute the secondary structure propensities for five force fields at 300 K. Fig-

ure 20 and Table 8 represent the analogues of Figure 14 and Table 1 obtained at

300 K. It is seen that the secondary structure propensities at 300 K and 330 K are

qualitatively similar, differring by no more than 7% for the propensities > 0.1.

The same conclusion applies to the comparisons of the distributions of secondary

structure along Aβ10-40 sequence, which demonstrate, for instance, that C22
∗ he-

lical propensity 〈H(i)〉 only slighly increases at 300 K. Finally, decrease in tempera-
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ture triggers no qualitative changes in tertiary interactions. Therefore, we surmize

that Aβ10-40 conformational ensembles at 300 K and 330 K appear qualitatively

similar.

Combining the analysis of secondary and tertiary structures we make the follow-

ing conclusions:

• All force fields predict that Aβ10-40 adopts unfolded structure dominated

by turn and random coil conformations;

• Water model does not dramatically affect secondary or tertiary Aβ peptide

structure with standard TIP3P model favoring slightly more compact states;

• Although there are no significant differences in secondary structures ob-

served in C36 and C22cmap simulations, little similarity is seen in their

tertiary interactions;

• Unique features of OPLS-AA force field are moderate β-structure propensity

and extensive, but flickering long-range tertiary interactions leading to Aβ

collapse. There are no common top tertiary interactions between C36 and

OPLS-AA force fields.

• Unique features of C22
∗ are moderate helix propensity and multiple, excep-

tionally stable long- and short-range interactions. Based on RMSD computa-

tions applied to secondary (helix, turn, and backbone fluctuations distribu-

tions) and tertiary (contact maps) structure, we conclude that this force field

differs the most from C36.
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3.2.2 Which force field describes Aβ10-40 most accurately?

Using REMD simulations we computed the 3JHNHα-coupling and RDC constants

for the amino-truncated peptide Aβ10-40 and compared them to the experimen-

tal measurements performed for the full-length peptide Aβ1-40. Although Aβ1-

40 and Aβ10-40 peptides are not entirely identical having 78% of sequence ho-

mology, their comparison can still be instructive as demonstrated below. We first

evaluate the agreement between in silico Aβ10-40 and experimental Aβ1-40 data

in light of similar assessments made in the literature for Aβ1-40 or Aβ1-42 pep-

tides, in which identical peptide species were used both in the experiments and

simulations71,113. According to our analysis (Table 7) RMSD and PCC between

the in silico and experimental J-coupling constants for the "best" C36s force field

is 0.89 Hz and 0.44, respectively. Similar comparison made for Aβ1-42 using

AMBERff99SB force field and TIP4P-Ew water model113 yielded the RMSD val-

ues of 0.96 Hz or 1.46 Hz depending on the specific set of Karplus equation

coefficients75,76 (the average is 1.21 Hz). The PCC values varied in the interval

0.4–0.5. If we restrict our computations of the average RMSD and PCC to the two

coefficient sets used by Sgourakis et al113, we obtain RMSD = 0.92 Hz and PCC =

0.44. (Note that previous studies have often performed fitting of Karplus equa-

tion coefficients to better represent experimental data71,113. However, we opted

against this adjustment to provide more unbiased assessment of force fields.) Our

comparison of Aβ10-40 RDC constants produced with C36s to their Aβ1-40 ex-

perimental counterparts results in RMSD = 1.36 Hz and PCC = 0.65. Analogous

comparisons made for Aβ1-42 led to RMSD = 1.49 Hz and 0.35 . PCC . 0.45113.
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A recent study has compared in silico and experimental J-coupling and RDC con-

stants for three peptides, Aβ1-42, Aβ1-40, and Aβ1-42-M35ox using OPLS-AA/L

force field and TIP3P water model71. Using the coefficients of Vuister and Bax76,

the RMSD values for J-coupling distributions were 1.21, 1.29, and 1.06 Hz, respec-

tively (the average is 1.19 Hz), whereas the PCC values were 0.50, 0.76, 0.49 (the

average is 0.58). If we again restrict our computations of the RMSD and PCC to

the Vuister and Bax coefficients, we find RMSD = 0.85 Hz and the PCC = 0.48.

The comparison of the in silico and experimental RDC distributions for Aβ1-42,

Aβ1-40, and Aβ1-42-M35ox113 yielded the RMSD values of 1.66, 1.69, and 1.45 Hz

(the average is 1.6 Hz), and the PCC values of 0.39, 0.50, and 0.44 (the average is

0.44). Finally, the third study has performed similar comparison of in silico and ex-

perimental J-coupling and RDC data using AMBERff99SB force field80. The RMSD

values for J-coupling distributions were 0.99 Hz for both Aβ1-40 and Aβ1-42. The

RMSD values comparing RDC distributions were about 2.2 Hz for both peptides.

Thus, if we consider the RMSD values comparing Aβ1-40 and Aβ10-40 peptides

against the RMSD comparisons made previously for identical peptides, it becomes

clear that the difference in J-coupling constants between Aβ1-40 and Aβ10-40 is

actually smaller than the reported values for Aβ1-42, Aβ1-40, or Aβ1-42-M35ox

(our RMSDs of 0.89, 0.92, or 0.85 Hz vs "their" RMSDs of 1.21, 1.19, or 0.99 Hz). The

values of PCC calculated by us are about the same or slightly lower than those

reported for the three peptides (our PCCs of 0.44, 0.44 or 0.48 vs "their" PCC

in the range of 0.4–0.6). As shown above these conclusions hold irrespective of

computing the RMSD and PCC using all Karplus equation coefficient sets or only
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specific sets. Similarly, as measured by RMSD the agreement between in silico

Aβ10-40 and experimental Aβ1-40 RDC data is much better than the previous

comparisons, which involved identical in silico and experimental peptide species,

such as Aβ1-42, Aβ1-40, or Aβ1-42-M35ox (our RMSD of 1.36 vs "their" RMSD of

1.49, 1.6, or 2.2 Hz). The same conclusion is supported by PCC comparing RDC

distributions, which is 0.65 in our study against the approximate range of 0.35 to

0.45 reported previously.

Taken together the analysis above suggests two conclusions. First, if in silico Aβ10-

40 and experimental Aβ1-40 J-coupling and RDC constants are generally in better

agreement than these quantities computed and measured for strictly identical

peptides, then the differences in the conformational ensembles of Aβ10-40 and

Aβ1-40 are likely to be small or, at least, not exceeding the force field errors in

reproducing the conformations of a specific peptide (Aβ1-42, Aβ1-40, or Aβ1-

42-M35ox). Therefore, guided by the previous validations of protein force fields

against Aβ NMR data70,71,80,113 we argue that our analysis supports using Aβ10-

40 peptide as a proxy of the full-length Aβ1-40. This conjecture has been made

earlier by our117,123 and other124 groups. In this context, we note that the OPLS-

AA/L simulations of the full-length Aβ1-40 have predicted stable β-structure in

Leu17-Ala21 and Ile31-Val36 regions114. In line with our view of Aβ10-40 as a

proxy of Aβ1-40, the elevated β-structure propensity is observed in the same

Aβ10-40 regions when sampled in our OPLS-AA simulations.
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Second, a good agreement between in silico Aβ10-40 and experimental Aβ1-40

J-coupling and RDC constants argues that CHARMM36 force field with standard

TIP3P water model is possibly the best force field for reproducing Aβ confor-

mational ensemble. Previous studies evaluating the force fields for their ability

to reproduce Aβ experimental data have identified OPLS-AA with TIP3P water

model as most accurate70. However, to our knowledge CHARMM force fields

have never been directly evaluated against the distributions of Aβ J-coupling and

RDC constants. In this study, we addressed this issue. Recently, eight different

force fields were evaluated using REMD simulations for their ability to repro-

duce small-angle X-ray scattering and NMR data for five natively unstructured

peptides125. The authors have determined that CHARMM22
∗ generates the con-

formational ensembles most consistent with the experiments. They also noted

erroneous CHARMM36 propensity to sample left-handed α-helix conformations.

However, our study did not reach the same conclusions for Aβ peptides sug-

gesting that the selection of the "best" force field still depends on the peptide and

details of simulations. Incidentally, an updated version of CHARMM36 force field

has been recently released, which corrects left-handed α-helix bias126. However, in

the case of Aβ10-40 peptides this modification appears as not critically necessary

given the lack of Aβ left-handed α-helix in the original CHARMM36 force field.

3.3 conclusion

By applying REMD simulations we performed comparative analysis of the confor-

mational ensembles of amino-truncatedAβ10-40 peptide produced with five force

fields, which combine four protein parameterizations (CHARMM36, CHARMM22
∗,
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CHARMM22/cmap, and OPLS-AA) and two water models (standard and mod-

ified TIP3P). Aβ10-40 conformations were characterized by the analysis of sec-

ondary structure, backbone fluctuations, tertiary interactions, and radius of gyra-

tion. In addition, using computed conformational ensembles we calculated Aβ10-

40
3JHNHα-coupling and RDC constants and compared them with their experimen-

tal counterparts obtained for the full-length Aβ1-40 peptide. Taken together, our

study led us to several conclusions. First, all force fields predict that Aβ adopts

unfolded structure dominated by turn and random coil conformations. Second,

specific TIP3P water model does not dramatically affect secondary or tertiary

Aβ10-40 peptide structure, albeit standard TIP3P model favors slightly more com-

pact states. Third, although the secondary structures observed in CHARMM36

and CHARMM22/cmap simulations are qualitatively similar, their tertiary inter-

actions show little consistency. Fourth, two force fields have unique features set-

ting them apart from CHARMM36 or CHARMM22/cmap. Specifically, OPLS-AA

reveals moderate β-structure propensity coupled with extensive, but weak long-

range tertiary interactions leading to Aβ collapse. CHARMM22
∗ exhibits moder-

ate helix propensity and generates multiple, exceptionally stable long- and short-

range interactions. There are no common frequent tertiary interactions between

CHARMM36 and OPLS-AA or CHARMM22
∗ force fields. Our investigation sug-

gests that among all force fields CHARMM22
∗ differs the most from CHARMM36.

Fifth, the analysis of 3JHNHα-coupling and RDC constants based on CHARMM36

force field with standard TIP3P model led us to an unexpected finding that in sil-

ico Aβ10-40 and experimental Aβ1-40 constants are generally in better agreement

than these quantities computed and measured for identical (100% homologous)
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peptides, such as Aβ1-40 or Aβ1-42. On the basis of this observation we argued

that the differences in conformational ensembles of Aβ10-40 and Aβ1−40 are likely

to be small and the former can be used as a proxy to the full-length peptide. We

also concluded that CHARMM36 force field with standard TIP3P model pro-

vides the most accurate representation of Aβ10-40 conformational ensemble.

Reprinted with permission from Siwy, C. M., Lockhart, C., & Klimov, D. K. (2017). Is the Confor-

mational Ensemble of Alzheimer’s Aβ10-40 Peptide Force Field Dependent? PLOS Computational

Biology 13(1): e1005314. Copyright 2017 Creative Commons Attribution (CC BY) License.
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CH 4 PA RT I T I O N I N G O F B E N Z O I C A C I D I N T O D M P C A N D

B L O O D - B R A I N B A R R I E R M I M E T I C B I L AY E R S

Atomistic MD simulations is a powerful tool for studying permeation of small

molecules through lipid bilayers. MD combined with US techniques has been

used to predict the permeation of 12 small compounds through the 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC) bilayer.27 Lee et al. have investigated the

permeation of three representative small molecules through the DMPC bilayer

and compared the performance of several enhanced sampling techniques.28 More

recently, passive transport of 69 lignin-related compounds across phosphatidyl-

choline 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and two plant

model membranes has been probed using REUS.127 In most of these studies, the

emphasis has been made on screening a large number of compounds by comput-

ing their permeabilities Pm and comparing them with experimental data. It has

been shown that the differences between in silico and experimental Pm are within

1.5 log units suggesting that MD modeling has sufficiently matured to offer quan-

titative predictions concerning solute permeabilities.28 Compared to other compu-

tational methods, MD offers a unique advantage of uncovering detailed physic-

ochemical molecular mechanisms of permeation through the membrane, which

include determination of a compound’s free energy profile across the membrane,

evaluation of various molecular interactions governing permeation, and the analy-

sis of bilayer disruption and water invasion. This information can be exploited for
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the rational design of compounds with high BBB permeabilities and for refining

the molecular descriptors in QSAR modeling.

BA, C6H5CO2H (∼ 122 Da), is a model drug compound for exploring perme-

ability through various bilayer systems. BA and its derivatives have also thera-

peutic potential. BA-derived nitrones have been shown to exhibit inhibition of

acetylcholinesterase, which is considered for Alzheimer’s therapy.128 As a pheno-

lic acid, BA has been attributed to protecting neurons and glial cells, ultimately

enhancing cognitive function and providing neuroprotection against Alzheimer’s

pathogenesis.129 Consequently, BA represents an attractive target for atomistic

simulations probing permeation molecular mechanisms. Although its permeation

across several model lipid membranes has been recently determined,28,127 the ob-

jectives of those studies did not include the analysis of the BA permeation/par-

titioning molecular mechanism. To investigate this, we performed a systematic

study of BA partitioning into lipid bilayers using the REUS algorithm. To deter-

mine if a homogeneous bilayer can represent partitioning across the BBB, we com-

pared the insertion of BA into a pure DMPC bilayer and into the BBB mimetic

bilayer composed of an equimolar mixture of DMPC, DMPE, PSM, and choles-

terol. Our objective was to analyze the free energy of partitioning, interactions

occurring between BA and the bilayers, BA-induced water penetration, and per-

turbations in the bilayer structure. Taken together, we reconstruct the complex

picture of BA insertion into the lipid bilayers and make a determination on the

suitability of using single-component bilayers in lieu of BBB membranes.
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4.1 results

Using REUS simulations, we examined equilibrium partitioning of a BA molecule

into the DMPC and BBB mimetic bilayers at 310 K. As BA penetrates a bilayer, it

adopts different states distinguished by BA orientation, interactions with bilayer

molecules and water, and the extent of bilayer perturbation. To provide a concise

analysis of BA partitioning, we distinguished five layers along the bilayer normal,

including water (zw < ζ), the interface (zb < ζ < zw), the headgroup (zh < ζ < zb),

and the hydrophobic (zc < ζ < zh) and core (ζ < zc) layers. The definitions

of layer boundaries are given in Chapter 2. Specifically, the boundaries for the

DMPC layers are zw = 26.0 Å, zb = 20.0 Å, zh = 17.0 Å, and zc = 7.0 Å, whereas

the corresponding values for the BBB layers are 29.0, 24.0, 18.0, and 13.0 Å. From

REUS sampling, we computed in lieu of the BA free energy the potential of the

mean force as a function of the BA position ζ, G(ζ) = −RT ln P(ζ) where P(ζ)

is the probability of BA occurrence at ζ, T is the temperature, and R is the gas

constant. Free energy profiles for DMPC and BBB bilayers are shown in Figure 22.

The figure shows that, in both bilayers, major stages in G(ζ) can be approximately

associated with the layers defined above. Below, we describe BA partitioning in

terms of passing through each layer characteristic point. Tables 9 and 10 summa-

rize structural and energetic quantities describing BA partitioning.

4.1.1 Water layer

In the water layer, the interactions between BA and the bilayers are negligible (the

BA coordination numbers 〈Cbl(ζ = 35 Å)〉 ≈ 0 in Figure 23) and consequently
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the BA free energy G(ζ = 35 Å) ≈ 0 in Figure 22. As expected, at ζ = 35 Å, the

probability distribution P(γ; ζ) of the tilt angle γ shown in Figure 21a is consistent

with the random BA orientation. Indeed, the average 〈γ(ζ)〉 = 92 ± 1o for the

DMPC bilayer and 93 ± 0o for the BBB bilayer. It follows, from Figure 23, that

BA forms a coordination shell of 〈Cw(ζ = 35 Å)〉 = 25.9± 0.0 water molecules

in both DMPC and BBB systems. Because BA interactions with the bilayer are

negligible, its structure remains intact. Figure 21b displays the carbon-deuterium

order parameters −〈SCD(i; ζ)〉 computed for carbons i in fatty acid tails in the

DMPC bilayer. The figure reveals no distinction between upper and lower leaflets

or between proximal and distant regions indicating that the conformations of fatty

acid tails are not distorted. Similar plots have been obtained for the BBB-mimetic

bilayer. The thickness of the DMPC or BBB bilayer isD = 38.4± 0.1 or 48.4± 0.3 Å,

respectively. The surface number densities (ns(ζ = 35 Å)) are uniform across

the DMPC and BBB bilayers being equal to 0.016± 0.000 and 0.024± 0.000 Å−2,

respectively.
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Figure 21: (a) Probability tilt distribution P(γ; ζ) of the BA tilt angles γ computed in the
water layer (ζ = 35 Å) for the DMPC system (solid line). Dashed line marks the
distribution P(γ) computed assuming random orientation of BA. (b) Carbon-
deuterium order parameters −〈SCD(i; ζ = 35 Å)〉 computed for carbons i in
the proximal (solid lines) and distant (dashed lines) fatty acids in the DMPC
bilayer provided that BA is in the water layer. Lipids from the upper and lower
leaflets are shown in blue and red.

4.1.2 Bilayer-water interface layer

DMPC Bilayer: Approaching the interface layer (zb < ζ < zw), the BA free energy

G(ζ) in Figure 22a shows a small barrier of < 0.2 kcal mol−1. To characterize this

layer, we selected ζ = 21 Å where G(ζ) is maximum. At this point, the BA coordi-

nation number 〈Cbl(ζ)〉, i.e., the number of bilayer molecules interacting with BA

shown in Figure 23a, increases to 2.8± 0.0, whereas the number of coordinated

water molecules is 〈Cw(ζ)〉 = 19.0± 0.3 being reduced 27% compared to the wa-

ter layer. The number of BA-DMPC HBs is 〈Nbl(ζ)〉 = 0.4± 0.0 of which most are

formed with the DMPC phosphate oxygens. Importantly, the BA orientation prob-

ability distribution is no longer random and peaks at γ ≈ 120o with the average

〈γ(ζ)〉 = 99± 1o reflecting the BA polar terminus preference to point “down” and

form HBs with the bilayer (Figure 24a).
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To probe the distribution of DMPC lipids around BA, we computed the RDF

gBA−DMPC(r; ζ) (see Chapter 2). Figure 25a shows a depletion of DMPC density

at r < 4 Å due to steric repulsion and the formation of a 20% elevated DMPC

density ring at r ≈ 5 Å around BA. Nonetheless, it follows from Table 9 that

the DMPC surface number density in the upper leaflet remains barely reduced

to ns(ζ) ≈ 0.015 Å−2. A small indentation of the DMPC bilayer is evident in

the HA number density nbl(r, z; ζ) displayed in Figure 26a. This figure and Table

9 demonstrate minor thinning of the DMPC bilayer by ∆D(ζ) = −0.8 Å (from

D = 38.5 in the distant region to 37.7 Å in the proximal). Figure 28 assesses the

structure of the DMPC bilayer by presenting the −〈SCD(i; ζ)〉 parameter computed

for the fatty acid carbons (i) in the distant and proximal regions of the upper

and lower DMPC leaflets. It is seen that DMPC fatty acid tails experience some

disorder in the upper leaflet resulting in an average decrease of −〈∆SCD〉 = −0.01

between proximal and distant regions.

BBB Mimetic Bilayer: Similar to the DMPC bilayer, the BA free energy within the

interface region in Figure 22b reveals a barrier of ∆G ≈ 0.6 kcal mol−1 at ζ =

24.5 Å indicating that this region is energetically unfavorable for BA. According

to Figure 23b, at this ζ, the BA interacts with 〈Cbl(ζ)〉 = 3.4± 0.0 bilayer molecules

to which DMPC, DMPE, and PSM contribute almost equally (1.1± 0.1, 1.0± 0.1,

and 1.2± 0.1, respectively), whereas the contribution from cholesterol is negligible

(Table 10). The number of BA-bilayer HBs is 〈Nbl(ζ)〉 = 0.5±0.0, and most of them

are formed with phosphate oxygens of PSM followed by DMPC and DMPE (Table

10). Cholesterol contribution is lacking. Compared to the water layer, the number
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of coordinated water molecules is reduced one-third, from 〈Cw(ζ = 35 Å)〉 =

25.9± 0.0 to 17.4± 0.2 (Figure 23b and Table 10). Due to the interactions with the

BBB bilayer, Figure 24b reveals a weak BA preference to orient its polar terminus

“down” toward the bilayer evidenced by the peak at γ ≈ 120o with the average

〈γ(ζ)〉 = 101± 4o.

Figure 25b-25e probes the distribution of BBB molecules in the proximity of BA

at ζ = 24.5 Å. The RDFs gBA−α(r; ζ) for α = DMPC, DMPE, and PSM reveal a

moderate increase by 20 to 30% in the lipid density at 4 6 r 6 6 Å. An inter-

esting observation pertains to cholesterol, which, despite having no significant

interactions with BA, exhibits up to a 25% density increase in the wide range

of distances of r . 13 Å. It follows from Table 10 that the surface number den-

sity of BBB molecules in the upper and lower leaflets remains largely unchanged

at ns,bl(ζ) ≈ 0.024 Å−2. More specifically, in the proximal region of the upper

leaflet, due to the BA excluded volume, the α = PSM surface density decreases

to ns,PSM(ζ) ≈ 0.005 Å−2 from 0.006 Å−2 in the distant region, whereas the sur-

face densities of DMPC and DMPE remain unchanged at 0.006 Å−2. In contrast,

cholesterol ns,chol(ζ) increases from the distant value of 0.006 to 0.007 Å−2. There

is no significant redistribution of BBB molecules in the lower leaflet. Thus, BA

coordination numbers, RDFs, and surface number densities are consistent in im-

plicating a moderate increase in lipid density around BA. At the same time, these

quantities give conflicting accounts concerning cholesterol suggesting enhance-

ment of its density coupled with the lack of direct interactions with BA. These

observations point to effective attractive interactions between BA and cholesterol
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(see Discussion). It follows from the HA number density displayed in Figure 26b

that the thickness of the BBB bilayer D is reduced by ∆D = −0.6 Å from 48.6 Å in

the distant region to 48.0 Å in the proximal. The order parameters (−〈SCD(i; ζ)〉)

for the DMPC, DMPE, and PSM molecules presented in Figure 29 suggest that

fatty acid tails of these lipids in both BBB leaflets remain unperturbed by BA.
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Figure 22: Free energy of BA G(ζ) as a function of its position ζ along the bilayer normal
for (a) DMPC and (b) BBB mimetic bilayers. The layers are marked and distin-
guished by colors. The representative BA locations used to characterize each
layer are shown in red circles and arrows.
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Figure 23: BA coordination numbers 〈Cbl(ζ)〉 (in black) in the (a) DMPC and (b) BBB
mimetic bilayers. The water coordination numbers 〈Cw(ζ)〉 are shown in light
blue. In (b), the BA coordination numbers 〈Cα(ζ)〉 for BBB components α =
DMPC, DMPE, PSM, and cholesterol are shown in blue, yellow, green, and red,
respectively. A sharp increase in 〈Cbl(ζ)〉 at a small ζ results from the lower
leaflet contribution. The layers are distinguished by color.
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Table 9: Partitioning of benzoic acid through the DMPC bilayer

quantity water interface headgroups hydrophobic layer core

ζ = 35 Å ζ = 21 Å ζ = 18.5 Å ζ = 9 Å ζ = 3.5 Å ζ = 0 Å

G(kcal mol−1) 0 0.2± 0.0 −0.5± 0.0 −4.3± 0.0 −2.8± 0.0 −1.0± 0.2

〈Cbl〉 0 2.8± 0.0 4.1± 0.1 4.8± 0.0 5.7± 0.1 6.4± 0.0

〈Cw〉 25.9± 0.0 19.0± 0.3 10.5± 0.2 2.9± 0.1 1.5± 0.0 0.8± 0.1

〈Nbl〉 0 0.4± 0.0 0.5± 0.0 0.2± 0.0 0.3± 0.0 0.2± 0.0

ns(10
−3 Å−2)a,b 16± 0 15± 0 15± 0 15± 0 16± 0 16± 0

∆D(Å) 0 −0.8± 0.1 0.5± 0.2 −0.2± 0.1 −2.4± 0.2 −2.6± 0.3

〈∆SCD〉(10−2)a 0 −1± 0 3± 0 0± 0 −4± 0 −4± 0
aRefers to the upper leaflet. bRefers to the proximal region.

Table 10: Partitioning of benzoic acid through the BBB-mimetic bilayer

quantity α water interface headgroups hydrophobic layer core

ζ = 35 Å ζ = 24.5 Å ζ = 20.0 Å ζ = 15.5 Å ζ = 10.5 Å ζ = 0 Å

G(kcal mol−1) 0 0.6± 0.1 −0.3± 0.1 −1.2± 0.3 −3.2± 0.0 −0.3± 0.4

〈Cα〉

bl 0 3.4± 0.0 5.4± 0.1 4.7± 0.1 4.6± 0.1 8.1± 0.0

DMPC 0 1.1± 0.1 1.2± 0.0 1.5± 0.1 0.9± 0.0 2.0± 0.1

DMPE 0 1.0± 0.1 1.1± 0.0 1.3± 0.1 1.2± 0.0 2.2± 0.2

PSM 0 1.2± 0.1 1.9± 0.0 1.0± 0.1 1.0± 0.0 2.2± 0.1

chol 0 0.1± 0.0 1.1± 0.0 0.9± 0.0 1.6± 0.1 1.8± 0.0

〈Cw〉 25.9± 0.0 17.4± 0.2 8.8± 0.5 3.0± 0.3 1.4± 0.1 0.0± 0.0

〈Nα〉

bl 0 0.5± 0.0 0.7± 0.0 0.5± 0.0 0.2± 0.0 0.0± 0.0

DMPC 0 0.1± 0.0 0.1± 0.0 0.2± 0.0 0.0± 0.0 0.0± 0.0

DMPE 0 0.2± 0.0 0.2± 0.0 0.2± 0.0 0.1± 0.0 0.0± 0.0

PSM 0 0.2± 0.0 0.2± 0.0 0.1± 0.0 0.1± 0.0 0.0± 0.0

chol 0 0.0± 0.0 0.2± 0.0 0.0± 0.0 0.0± 0.0 0.0± 0.0

ns(10
−3 Å−2)a,b

bl 24± 0 24± 0 27± 1 21± 0 24± 0 23± 0
DMPC 6± 0 6± 0 5± 0 7± 0 5± 0 7± 0
DMPE 6± 0 6± 0 5± 0 6± 0 6± 0 5± 1
PSM 6± 0 5± 1 8± 0 4± 0 5± 0 5± 0
chol 6± 0 7± 0 9± 0 5± 0 8± 0 5± 0

∆D(Å) 0 −0.6± 0.1 −1.0± 0.2 −0.4± 0.3 0.1± 0.3 0.9± 0.3

〈∆SCD〉(10−2)a
DMPC 0 0± 0 0± 0 −3± 0 −2± 0 −1± 0
DMPE 0 0± 0 0± 0 −2± 0 −4± 0 −1± 0
PSM 0 0± 0 0± 0 −3± 0 −6± 0 −1± 0

aRefers to the upper leaflet. bRefers to the proximal region.
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water ζ=35.0 Å interface ζ=21.0 Å headgroups ζ=18.5 Å

hydrophobic ζ=9.0 Å core ζ=3.5 Å core ζ=0.0 Å

(a)

interface ζ=24.5 Å headgroups ζ=20.0 Å hydrophobic ζ=15.5 Å

core ζ=10.5 Å core ζ=3.5 Å core ζ=0.0 Å

(b)

Figure 24: Probability distributions P(γ; ζ) of the BA tilt angles γ presented for BA ζ

positions representative of the layers in the (a) DMPC and (b) BBB mimetic
bilayers. These distributions implicate BA rotations upon partitioning into the
bilayer.
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Figure 25: (a) Radial distribution functions gBA−DMPC(r; ζ) measuring the density of
DMPC lipids at the distance r from BA. The ζ positions of BA are represen-
tative of the DMPC layers. (b-e) Radial distribution functions gBA−α(r; ζ) mea-
suring the density of α = DMPC (b), DMPE (c), PSM (d) lipids and cholesterol
(e) at the distance r from BA. The ζ positions of BA are representative of the
BBB layers.
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(a)

(b)

Figure 26: Heavy atom number densities nbl(r, z; ζ) as a function of the distance r to BA
and distance z for the bilayer midplane for the (a) DMPC and (b) BBB mimetic
bilayers. The color codes for nbl(r, z; ζ) are shown on the right. The densities
nbl(r, z; ζ) are displayed for BA positions ζ representative of the DMPC or BBB
layers. The bilayer boundaries are shown by thick black lines. The boundaries
of proximal and distant regions are marked by dashed lines.
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(a) DMPC w/BA (b) BBB w/BA

Figure 27: Snapshots of chains of hydrogen bonded water molecules, which link BA with
the water bulk in the DMPC (a) and BBB-mimetic (b) bilayers. Color codes
for molecules follow Figure 5 except for water, which is shown in red/white.
Bilayer molecules are semi-transparent, and the view is zoomed to BA location.

water ζ=35.0 Å interface ζ=21.0 Å headgroups ζ=18.5 Å

hydrophobic ζ=9.0 Å core ζ=3.5 Å core ζ=0.0 Å

Figure 28: Carbon-deuterium order parameters −〈SCD(i; ζ)〉 computed for carbons i in
the proximal (solid lines) and distant (dashed lines) DMPC fatty acids. The
lipids from upper and lower leaflets are shown in blue and red. The parame-
ters −〈SCD(i; ζ)〉 are presented for BA positions ζ representative of the DMPC
layers.
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DMPC PSMDMPE

(a) interface ζ = 24.5 Å

DMPC PSMDMPE

(b) headgroups ζ = 20 Å

DMPC PSMDMPE

(c) hydrophobic ζ = 15.5 Å

DMPC PSMDMPE

(d) core ζ = 10.5 Å

DMPC PSMDMPE

(e) core ζ = 0.0 Å

Figure 29: The carbon-deuterium order parameters −〈SCD(i; ζ)〉 computed for carbons i
in the proximal (solid lines) and distant (dashed lines) DMPC, DMPE, and PSM
fatty acid tails in the BBB-mimetic bilayer. The lipids from upper and lower
leaflets are shown in blue and red. In panels (a-e) the parameters −〈SCD(i; ζ)〉
are presented for BA positions ζ representative of the BBB layers.
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4.1.3 Headgroup layer

DMPC Bilayer: Within the headgroup layer (zh < ζ < zb), the BA free energy G(ζ)

in Figure 22a steeply decreases by 0.5 kcal mol−1 below the water layer value sug-

gesting an onset of favorable BA-bilayer interactions. At the layer midpoint ζ =

18.5 Å, the BA coordination number in Figure 23a increases almost 50% compared

to the interface layer to reach an approximate plateau of 〈Cbl(ζ)〉 = 4.1± 0.1. Si-

multaneously, BA experiences partial dehydration reflected in a dramatic, almost

2-fold drop of the number of coordinated water molecules to 〈Cw(ζ)〉 = 10.5± 0.2

(Table 9). Despite an increase in 〈Cbl(ζ)〉, the number of BA-DMPC HBs barely

increases to 〈Nbl(ζ)〉 = 0.5± 0.0; most of which are formed with the DMPC phos-

phate oxygens. Importantly, Figure 24a reveals that, in the headgroup layer, BA

changes its orientation to the one with its polar terminus directed “up” toward

the bilayer-water interface. Consequently, P(γ) reaches maximum at γ ≈ 60o and

the average 〈γ(ζ)〉 = 74± 1o.

Consistent with the formation of attractive BA-DMPC interactions and the in-

crease in the number of coordinated DMPC molecules, the RDF gBA−DMPC(r; ζ)

in Figure 25a demonstrates a sharp peak at r ≈ 6 Å implicating an approximately

60% increase of the density of DMPC lipids in the proximity of BA. Importantly,

the HA number density nbl(r, z; ζ) in Figure 26a displays a striking protrusion

of the DMPC bilayer, which envelopes BA entering the bilayer. Consequently,

the DMPC bilayer thickens by ∆D = 0.5 Å (from D = 38.3 Å in the distant re-

gion to 38.8 Å in the proximal), whereas the surface number density of DMPC
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lipids, ns(ζ) ≈ 0.015 Å−2, shows a minor decrease compared to the distant re-

gion (Table 9). A significant ordering of proximal DMPC lipids in both upper and

lower leaflets is evident in Figure 28. Indeed, in contrast to the interface layer,

−〈SCD(i; ζ)〉 increases by −〈∆SCD〉 = 0.03 and 0.02 in the upper and lower leaflets,

respectively (Table 9).

BBB Mimetic Bilayer: The BA free energy G(ζ) in the BBB bilayer in Figure 22b ex-

hibits a non-monotonic decrease with a local minimum at ζ = 20 Å. At this point,

G(ζ) ≈ −0.3 kcal mol−1 suggesting the formation of weak attractive interactions.

It follows from Figure 23b that, compared to the interface layer, the BA coordi-

nation number for BBB molecules increases almost 60% to 〈Cbl(ζ)〉 = 5.4± 0.1.

According to Table 10, the largest contribution (1.9± 0.0 or 35%) is provided by

PSM followed by DMPC (1.2± 0.0 or 22%) and DMPE (1.1± 0.0 or 20%). Inter-

actions between BA and cholesterol (〈Cchol(ζ)〉 = 1.1± 0.0) contribute approxi-

mately 20% to the 〈Cbl(ζ)〉 value. With respect to the interface region, the number

of BA-BBB HBs increases by 50% to 〈Nbl(ζ)〉 = 0.7± 0.0 to which PSM, DMPE,

and cholesterol contribute about equally (0.2± 0.0), whereas the contribution of

DMPC is smaller (0.1± 0.0). It is notable that for DMPC and DMPE lipids most

HBs are formed with their phosphate oxygens, but for PSM the HBs are about

equally split between the phosphate oxygens and carboxyl oxygens in the PSM

backbone (see Figure 2). Thus, most HBs involve BA donating its hydrogen to

BBB molecules. Compared to the interface layer, the number of coordinated water

molecules is approximately halved to 〈Cw(ζ)〉 = 8.8± 0.5 (Figure 23b) signifying

partial BA dehydration. In all, compared to the water layer, 〈Cw(ζ)〉 is reduced 3-
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fold. An interesting observation follows from the distribution of BA tilt angles in

Figure 24b, which is bimodal with the peaks at ∼ 65o and 115o. Thus, BA adopts

two states in which its polar terminus points “up” toward the water interface or

“down” to the bilayer interior.

The distributions of BBB molecules in the proximity of BA are probed in Figure

25b-25e. All three lipid RDFs register sharp density peaks at r ≈ 5 Å. Of these,

gBA−PSM(r; ζ) registers the largest, a 2.4-fold increase in the local density of PSM

lipids, whereas smaller density peaks exceeding the distant densities by 50 and

40% are seen in gBA−DMPC(r; ζ) and gBA−DMPE(r; ζ) for DMPC and DMPE lipids,

respectively. The cholesterol gBA−chol(r; ζ) reports a striking local enhancement

of its density due to the formation of two cholesterol concentric shells at r ≈

4 and 9 Å with the density peaks exceeding the distant values by factors 2.6

and 1.3, respectively. Furthermore, a sharp increase is observed in the surface

number density of BBB molecules ns(ζ) in the proximal region of the upper leaflet

reaching ns(ζ) ≈ 0.027 Å−2 compared to a distant value of 0.024 Å−2. The surface

densities of α = DMPC and DMPE molecules in the proximal region of the upper

leaflet are both equal to 0.005 Å−2, whereas α = cholesterol and PSM ns,α(z; ζ) are

increased to 0.009 and 0.008 Å−2, respectively. Because for individual components

the distant ns(z; ζ) ≈ 0.006 Å−2, cholesterol and PSM are attracted to the proximal

region, whereas DMPC and DMPE are depleted.
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With respect to lipids, the RDFs and surface densities are consistent with the coor-

dination numbers, which all implicate a hierarchy of BA interactions; the strongest

are formed with PSM followed by DMPC and DMPE with a significant gap. There

are divergent predictions concerning cholesterol because relatively fewer choles-

terol molecules coordinate BA, but a very sharp increase in proximal cholesterol

density comparable with that of PSM is registered by RDFs and surface number

densities. As in the interface layer, this finding indicates a contribution of effective

attractive BA-cholesterol interactions (see Discussion). There are no significant

changes in the BBB surface density ns(z; ζ = 20 Å) in the lower leaflet, although

a redistribution of BBB component molecules does occur. Specifically, an increase

in DMPC and depletion of cholesterol densities are found in the proximal region

of the lower leaflet

The changes in the BBB density are visualized by the HA number density nbl(r, z; ζ)

in Figure 26b, which shows a buildup of BBB atoms around BA. Interestingly,

these changes do not have a strong impact on the bilayer thickness. Indeed, the

thickness of the BBB bilayer in the proximal region is decreased by ∆D = −1.0 Å

from D = 49.0 Å in the distant region to 48.0 Å in the proximal (Table 10). The

order parameters −〈SCD(i; ζ)〉 for the DMPC, DMPE, and PSM molecules shown

in Figure 29 confirm that BA does not impact the lipid fatty acid tails in both

leaflets.
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4.1.4 Hydrophobic layer

DMPC Bilayer: Within the hydrophobic layer (zc < ζ < zh), the BA free energy

G(ζ) in Figure 22a reaches a minimum of −4.3 kcal mol−1 at ζ = 9 Å indicat-

ing that BA insertion into the DMPC bilayer is thermodynamically favorable (see

Figure 5a). Figure 23a shows that, compared to the headgroup layer, the BA co-

ordination number increases by approximately 20% to 〈Cbl(ζ)〉 = 4.8± 0.0. Also,

compared to the headgroup layer, there is further dramatic dehydration of BA

evidenced by a more than 3-fold decrease in the number of coordinated water

molecules to 〈Cw(ζ)〉 = 2.9± 0.1. Contrary to the increase in 〈Cbl(ζ)〉, the number

of BA-DMPC HBs declines to 〈Nbl(ζ)〉 = 0.2± 0.0; most of which are formed with

the DMPC glycerol oxygens. As in the headgroup layer, the BA polar terminus

maintains its “up” orientation toward the bilayer-water interface revealed by the

maximum in P(γ) at γ ≈ 30o and the average 〈γ(ζ)〉 = 42± 0o (Figure 24a).

As in the headgroup layer, the RDF gBA−DMPC(r; ζ) in Figure 25a exhibits a peak at

r ≈ 6 Å implicating an approximately 20% increase in the DMPC density around

BA. However, despite the increase in 〈Cbl(ζ)〉 compared to the headgroup layer,

the gBA−DMPC(r; ζ) peak is 3-fold lower suggesting much weaker ordering in prox-

imal DMPC lipids. Similar to the headgroup layer, the DMPC surface number

density ns(ζ) ≈ 0.015 Å−2 is slightly reduced in the proximal region of the upper

leaflet compared to the distant (0.016 Å−2 in Table 9). No changes in the surface

density occur in the lower leaflet. Interestingly, the HA number density nbl(r, z; ζ)

in Figure 26a reveals complete disappearance of the bilayer protrusion seen when
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BA partitions into the headgroup layer. Consequently, the thickness of the DMPC

bilayer changes by a mere ∆D = −0.2 Å between proximal and distant regions

(D = 38.4 and 38.6 Å, respectively). The order parameter −〈SCD(i; ζ)〉 in Figure

28 indicates almost no difference in the ordering of proximal and distant DMPC

lipids in both leaflets. Indeed, the average difference in −〈SCD(i; ζ)〉 between prox-

imal and distant lipids is −〈∆SCD〉 = 0.00 in both leaflets (Table 9).

BBB Mimetic Bilayer: Within the hydrophobic layer, the BA free energy G(ζ) in

Figure 22b decreases by 1 kcal mol−1 to approximately −1.2 kcal mol−1 at

ζ = 15.5 Å, the midpoint of this layer, underscoring the formation of attractive

BA-BBB interactions. It follows, from Figure 23b, that compared to the headgroup

layer, the BA coordination number for BBB molecules decreases 13% to 〈Cbl(ζ)〉 =

4.7± 0.1 (Table 10). The largest contribution to 〈Cbl(ζ)〉 (1.5± 0.1 or 32%) is pro-

vided by DMPC lipids followed by DMPE (1.3± 0.1 or 28%) and PSM (1.0± 0.1

or 21%). Interactions between BA and cholesterol (〈Cchol(ζ)〉 = 0.9± 0.0) repre-

sent 19% of the 〈Cbl(ζ)〉 value as in the headgroup layer. Compared to the head-

group layer, the number of BA-BBB HBs is reduced 30% to 〈Nbl(ζ)〉 = 0.5± 0.0

to which DMPC and DMPE contribute equally, whereas the contributions of PSM

and cholesterol are minor. As in the headgroup layer, most HBs are formed with

the DMPC and DMPE phosphate oxygens (Figure 2). In comparison to the head-

group layer, the number of coordinated water molecules falls more than twice to

〈Cw(ζ)〉 = 3.0± 0.3 (Figure 23b and Table 10). Thus, in the hydrophobic layer, BA

has lost almost 90% of water molecules hydrating it in the water layer implicating

dramatic dehydration. The probability distribution of BA tilt angles P(γ) in Figure
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24b reveals a single peak at γ ≈ 20o with the average 〈γ(ζ)〉 = 34± 4o indicating

that the BA polar terminus points “up” toward the water interface.

The distributions of BBB molecules in the BA proximity are probed in Figure

25b-25e. The RDF gBA−DMPC(r; ζ) demonstrates a well-defined maximum regis-

tering a 2-fold increase in the DMPC number density at r ≈ 5 Å (Figure 25b),

whereas smaller multiple density peaks exceeding the distant densities by 40 and

20% are seen in DMPE gBA−DMPE(r; ζ) and PSM gBA−PSM(r; ζ), respectively (Fig-

ure 25c,25d). These observations suggest the appearance of a long-range order in

the distribution of DMPE and PSM molecules. As seen in the headgroup layer, the

RDF for cholesterol gBA−chol(r; ζ) reports the formation of two rings of cholesterol

molecules at r ≈ 6 and 9 Å with the density peaks exceeding the distant densities

by factors of 1.6 and 1.4. In contrast to the headgroup layer, when BA partitions

in the hydrophobic layer, the surface number density of BBB molecules in the up-

per leaflet drops to ns,bl(z; ζ) ≈ 0.021 Å−2 compared to 0.024 Å−2 in the distant

region (Table 10). The surface densities of α = DMPC, DMPE, PSM, and choles-

terol molecules in the proximal region of the upper leaflet are ns,α(z; ζ) = 0.007,

0.006, 0.004, and 0.005 Å−2, respectively (Table 10). The RDFs and surface den-

sities are largely consistent with the computation of BA coordination numbers,

which all implicate a descending hierarchy of interactions with BA from DMPC

to DMPE and PSM or cholesterol. This order is almost opposite to that seen in

the headgroup region where PSM lipids form the strongest interactions with BA.

Although there are no significant changes in the surface density of the BBB bilayer

in the lower leaflet, its proximal region features an excess of PSM and cholesterol
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densities and depletion of DMPC and DMPE lipids (0.008 and 0.008 Å−2 vs 0.004

and 0.004 Å−2). This trend is opposite to that observed in the upper leaflet.

The HA number density nbl(r, z; ζ) in Figure 26b reveals a buildup of BBB atoms

around BA. Importantly, this figure does not implicate changes in bilayer thick-

ness. Indeed, the thickness D of the BBB bilayer in the proximal region is 48.0 Å

compared to D = 48.3 Å in the distant region thus leading to the thinning of only

∆D = −0.4 Å (Table 10). Therefore, redistribution of BBB molecules between prox-

imal and distant regions is largely self-averaging and compensates the impact on

the bilayer thickness. The order parameters −〈SCD(i; ζ)〉 for the DMPC, DMPE,

and PSM molecules in Figure 29c show that the fatty acid tails of these three

lipids are disordered in the proximal region of the upper leaflet. Indeed, in the

upper leaflet, the average difference in −〈SCD(i; ζ)〉 between proximal and distant

DMPC and PSM lipids −〈∆SCD〉 is −0.03, whereas for DMPE, −〈∆SCD〉 = −0.02

(Table 10). In the lower leaflet, −〈∆SCD〉 is 0.00 for DMPC and DMPE lipids and

−0.01 for PSM, i.e., changes in the fatty acid tail conformations are minor.

4.1.5 Core layer

DMPC Bilayer: Within the core layer (0 < ζ < zc), the BA free energy G(ζ)

in Figure 22a steadily increases by more than 3 to −1.0 kcal mol−1 at the bi-

layer midplane suggesting disruption of favorable interactions. Figure 23a shows

that, compared to the hydrophobic layer, the coordination number increases to

〈Cbl(ζ)〉 = 5.7± 0.1 at the layer midpoint ζ = 3.5 Å and further to 6.4± 0.0 at
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ζ = 0 Å (Table 9). At the bilayer midplane, upper and lower leaflets each con-

tribute about half of coordinating lipid molecules. Compared to the hydrophobic

layer, there is an additional, more than 3-fold decline in the number of coordinated

water molecules to 〈Cw(ζ = 0 Å)〉 = 0.8± 0.1. Thus, at the midplane, virtually all

water molecules hydrating BA are lost. In the core layer, the number of HBs be-

tween BA and DMPC lipids 〈Nbl(ζ)〉 6 0.3; most of which are formed with DMPC

glycerol oxygens. More importantly, Figure 24a implicates a dramatic shift in the

BA orientation from the BA polar terminus pointing exclusively “up” toward the

upper leaflet headgroups at ζ = 3.5 Å (a single peak in P(γ) at γ ≈ 20o) to the

polar terminus alternating between “up” or “down” orientations (bimodal P(γ)

with the maxima at γ ≈ 20o and 150o). Differing amplitudes in P(γ) at ζ = 0.0 Å

in Figure 24a reflect incomplete sampling equilibration in this REUS window.

In sharp contrast to the layers above, the RDFs gBA−DMPC(r; ζ) in Figure 25a ex-

hibit no density peaks at ζ = 3.5 Å and 0.0 Å. Consistent with this observation, the

DMPC surface number density ns(ζ) remains constant across the upper and lower

leaflets being equal to 0.016 Å−2 (Table 9). Thus, although, compared to the hy-

drophobic layer, 30% more of DMPC lipids coordinate BA at the bilayer midplane,

no strong attractive interactions occur between BA and DMPC and the increase

in 〈Cbl(ζ)〉 is attributed to steric packing of BA by the lipids from both leaflets.

The HA number density nbl(r, z; ζ) in Figure 26a demonstrates bilayer thinning.

Indeed, at ζ = 3.5 Å, the bilayer thickness D decreases by ∆D = −2.4 Å between

the proximal and distant regions where D is 36.3 and 38.7 Å, respectively, and

∆D increases further to −2.6 Å at ζ = 0.0 Å. Opposite to the hydrophobic layer,
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the order parameter −〈SCD(i; ζ)〉 in Figure 28 reveals significant disordering of

proximal fatty acid tails in both leaflets. In fact, at ζ = 3.5 and 0.0 Å, the average

change in the order parameter −〈∆SCD〉 is −0.04 in the upper leaflet and −0.02 in

the lower. Similar to the probability distribution P(γ), differing −〈∆SCD〉 values

for the leaflets at ζ = 0.0 Å are due to limited sampling.

BBB Mimetic Bilayer: The BA free energy G(ζ) in Figure 22b reaches the minimum

of ∼ 3.2 kcal mol−1 at ζ = 10.5 Å but steeply rises to 0.5 kcal mol−1 at ζ = 3.5 Å.

At the bilayer midplane, G(ζ) again decreases to −0.3 kcal mol−1. These varia-

tions in G(ζ) underscore dramatic changes in BA energetics from thermodynam-

ically favorable inserted states to the weakly unfavorable near bilayer midplane.

According to Figure 23b, the BA coordination number for BBB molecules steadily

increases from 〈Cbl(ζ = 10.5 Å)〉 = 4.6± 0.1 to 8.1± 0.0 at ζ = 0.0 Å (Table 10).

According to this table, at the free energy minimum, the largest contribution to

〈Cbl(ζ = 10.5 Å)〉 is provided by cholesterol (1.6± 0.1 or 35%) followed by DMPE

(1.2± 0.0 or 26%), PSM (1.0± 0.0 or 22%), and DMPC (0.9± 0.0 or 20%). However,

as BA shifts to the bilayer midplane, the cholesterol share becomes the smallest

making up 22% (〈Cbl,chol(ζ = 0.0 Å)〉 = 1.8± 0.0) followed by DMPC (25% or

2.0 ± 0.1), whereas DMPE and PSM provide the largest equal contributions of

2.2 ± 0.2 and 2.2 ± 0.1, respectively, or 27%. BA-BBB HBs play a minor role as

their number decreases from 〈Nbl(ζ)〉 = 0.2± 0.0 at ζ = 10.5 Å to 0.0 at the bi-

layer midplane. Simultaneously, the number of coordinated water molecules is

dropped from 〈Cw(ζ = 10.5 Å)〉 = 1.4± 0.1 to 0.0 at ζ = 0.0 Å, i.e., BA becomes

completely dehydrated. The probability distribution of BA tilt angles P(γ) in Fig-
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ure 24b displays a complete reorientation of BA in the core region. At ζ = 10.5 Å,

P(γ) shows a single peak at γ ≈ 10o (〈γ〉 = 15±0o) implicating the BA polar termi-

nus pointed “up” toward the bilayer-water interface. At ζ = 3.5 Å, P(γ) becomes

weakly bimodal adding a maximum at γ ≈ 160o that suggests an alternative

“down” orientation. Finally, at the bilayer midplane, P(γ) is again unimodal but

with the maximum occurring at γ ≈ 90o (〈γ(ζ)〉 = 88± 0o) suggesting a parallel

“between” orientation of BA with respect to the bilayer plane.

Figure 25b-25e reveals dramatic variations in the local densities of BBB molecules

α at ζ = 10.5 Å. DMPC and PSM exhibit a density void of up to 60% within

r < 10 Å, whereas DMPE and, particularly, cholesterol show a robust increase in

their density by 60% at r ≈ 2 Å and 100% at r ≈ 5 Å, respectively. Variations in

gBA−α(r; ζ) diminish as BA approaches the bilayer midplane. At ζ = 0.0 Å, a weak

enhancement in DMPC density (by approximately 25%) is seen coupled with the

depletion of DMPE, PSM, and cholesterol molecules. In contrast to the hydropho-

bic layer, the surface number density of BBB molecules in the proximal region

of the upper leaflet ns,bl(z; ζ) barely changed compared to the distant value of

0.024 Å−2 (see Table 10). In the core layer, the surface densities of α = DMPE and

PSM molecules in the proximal region of the upper leaflet ns,α(z; ζ) show lim-

ited variations between 0.005 and 0.006 Å−2. In contrast, ns,DMPC(z; ζ) increases

from 0.005 to 0.007 Å−2 as ζ changes from 10.5 to 0.0 Å, while cholesterol den-

sity declines from 0.008 to 0.005 Å−2 (Table 10). There are no notable changes

in ns,bl(z; ζ) in the proximal region of the lower leaflet; however, the densities of

BBB molecules do change as BA moves from ζ = 10.5 to 0.0 Å. Specifically, the
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surface number density of DMPE and cholesterol increases, whereas ns,PSM(z; ζ)

shows a significant decrease from 0.009 to 0.005 Å−2. The DMPC surface density

demonstrates minor variations.

Taken together, the analysis of coordination numbers, RDFs, and surface number

densities indicate that, as BA moves through the core layer, cholesterol is expelled

from the proximal region being replaced by DMPC lipids. Because BA coordinates

with relatively few DMPC lipids, the increase in their proximal density suggests

effective attraction similar to that seen for cholesterol. Importantly, despite inden-

tation of the bilayer upper leaflet at ζ = 10.5 Å virtually, no bilayer thinning is

observed (∆D = 0.1 Å) because the lower leaflet develops a matching protrusion

in the proximal region. However, at ζ = 0.0 Å, the thickness of the BBB bilayer

changes from D = 48.5 Å in the distant region to 49.4 Å in the proximal impli-

cating bilayer thickening of ∆D = 0.9 Å (Table 10). Figure 29d presents the order

parameters (−〈SCD(i; ζ)〉) for the DMPC, DMPE, and PSM molecules suggesting

that at, ζ = 10.5 Å, BA disorders most strongly PSM fatty acid tails in the up-

per leaflet. Indeed, the average difference in PSM −〈SCD(i; ζ)〉 between proximal

and distant regions −〈∆SCD〉 is −0.06 for the upper leaflet. According to Figure

29e, when BA reaches the bilayer midpoint, the disorder in lipid fatty acid tails is

no longer visible. There are no significant differences in −〈SCD(i; ζ)〉 in the lower

leaflet.
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4.2 discussion

4.2.1 Mechanism of benzoic acid partitioning into the DMPC bilayer

The analysis presented in the Results allows us to outline the mechanism of BA

partitioning into the DMPC bilayer. First, BA insertion is thermodynamically fa-

vorable reducing the BA free energy G(ζ) by −4.3 kcal mol−1 as shown in Figure

22a and Table 9. An almost identical value for the G(ζ) minimum (approximately

−4 kcal mol−1) has been determined for the POPC bilayer at 310 K using REUS

simulations127 and for the DOPC bilayer using US at 298 K.130 These results indi-

cate that saturation of fatty acid tails plays a minor role in BA partitioning into

the lipid bilayers. A slightly deeper minimum of approximately −4.5 kcal mol−1

has been reported for the DMPC bilayer at a lower temperature of 298 K.28 For

consistency, we repeated our REUS simulations of BA partitioning into the DMPC

bilayer at 298 K and found the same free energy minimum of −4.5 kcal mol−1.

This comparison supports the accuracy of our computations. A small barrier in

the interface layer also observed in previous simulations28,127 is attributed to the

insertion of BA into the dense DMPC headgroup region. Other factors, such as

ordering in the BA orientation, do not make a significant contribution because

isotropic benzene lacking a polar terminus exhibits a similar entry barrier.127

Second, as BA partitions into the bilayer, the number of coordinated DMPC lipids

〈Cbl〉 steadily increases reaching the maximum of > 6 near the midplane. Accord-

ing to Figure 23a, as BA passes through the hydrophobic region, the number of

coordinated lipids from the lower leaflet increases and near the midplane BA is
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coordinated by the lipids from both leaflets. Since BA has a single donor group

and DMPC lipids have only acceptor groups (Figures 2 and 3), the average num-

ber of BA-DMPC HBs 〈Nbl〉 in Table 9 remains low (6 0.5), but it does underscore

their contribution to BA energetics. Similar results have been observed for the

POPC bilayer.127 We showed that a high-density lipid shell is formed around BA

especially within the headgroup layer where the local density of DMPC HAs in-

creases more than 60% around BA. This effect entirely vanishes when BA reaches

the core layer. As BA approaches the midplane, it experiences progressive dehy-

dration losing almost all water molecules solvating BA in water.

Third, upon insertion into the DMPC bilayer, BA undergoes several rotations (Fig-

ure 24a). In the water layer, the BA orientation is random, but when BA starts

to form interactions, including HBs, with the DMPC headgroups in the inter-

face region, the permeant preferentially directs its polar terminus down toward

DMPC headgroups. As BA penetrates deeper into the bilayer entering headgroup,

hydrophobic, and upper core layers, its polar terminus rotates up to retain inter-

actions, including HBs, with the DMPC headgroups. At the bilayer midplane,

the BA alternates between two orientations in which its polar terminus points

“up” or “down” toward the headgroups in either upper or lower leaflets. Similar

BA rotations have been mapped in the POPC simulations,127 except for the bi-

modal behavior at the midplane, which was not tested. Also, similar orientational

propensities have been found in the recent study of benzocaine and phenytoin

partitioning into a POPC bilayer.131
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Fourth, insertion of BA perturbs the DMPC bilayer as shown in Figure 26a. In the

interface layer, BA marginally thins the bilayer followed, however, by its thicken-

ing by almost 1 Å when BA enters the headgroup layer (Table 9). Bilayer thick-

ening leads to a notable ordering of DMPC fatty acid tails increasing the carbon-

deuterium order parameter 〈SCD〉 (Table 9 and Figure 28). However, as BA passes

through hydrophobic and core layers and reaches the midplane, the bilayer again

thins by up to 2.6 Å accompanied by considerable disordering of fatty acids. Pro-

gressive disordering of fatty acid tails has been also observed with the increase in

the concentration of benzene partitioning into the core of the DMPC bilayer.132

BA reaches a free energy minimum at ζ = 9 Å within the hydrophobic layer (Ta-

ble 9 and Figure 22a). At this location, BA still maintains interactions, including

HBs, with the DMPC polar headgroups (the number of coordinated headgroups

is 〈Chg(ζ)〉 = 1.3± 0.0), while being embedded in the apolar fatty acid tails co-

ordinating about 〈Cfa(ζ)〉 ≈ 4.7± 0.0 of them. The probability of forming a HB

between BA and water is 0.7± 0.0 supporting, on an average, about three residual

water molecules in the proximity of BA. Interestingly, the probability of forming

a chain of hydrogen-bonded water molecules linking BA and the water bulk is

0.4± 0.0 (see Figure 27). Furthermore, at ζ = 9 Å, BA induces no disorder on

fatty acid tails (〈∆SCD〉 ≈ 0.00) and causes minimal changes in bilayer thickness

(∆D = −0.2 Å). Collectively, these factors determine the specific location of the

BA free energy minimum. As BA moves closer to the midplane, it loses interac-

tions with the DMPC headgroups coordinating only 〈Chg(ζ = 0 Å)〉 = 0.2± 0.0

of them and almost all remaining water molecules ensuing a dramatic increase in
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the BA free energy (Table 9). Nevertheless, even at the bilayer midplane, the BA

insertion is still marginally favorable. This energetic mechanism is supported by

recent computations of BA G(ζ) in the POPC bilayer, which showed that, once a

BA polar terminus is eliminated converting it into benzene, toluene, or styrene,

the increase in free energy near the midplane largely disappears.127 A similar ob-

servation has been made probing the insertion of polar versus apolar amino acids

in the DOPC bilayer.133 The support for our interpretation of the rise in G(ζ) near

the midplane also comes from the computational study, which investigated par-

titioning of benzene at different concentrations into the DMPC bilayer.132 It was

shown that benzene tends to localize near the bilayer midplane. In line with our

findings, another study has investigated partitioning of benzocaine and phenytoin

into the POPC bilayer at 298 K and analyzed the permeant-lipid and permeant-

water energies as a function of ζ.131 These molecules contain multiple donor and

acceptor groups, and their energies increase near the bilayer midplane due to

disruption of contacts with headgroups and water. Finally, a subtle dependence

of BA partitioning on its polarity is worth pointing out. Specifically, compared

to benzene, toluene, or styrene, BA contains two polar groups, but its insertion

still remains thermodynamically favorable. However, an addition of one extra hy-

droxyl group that converts BA into salicylate eliminates a free energy minimum

in G(ζ) rendering partitioning of salicylate into DOPC bilayer unfavorable.27

4.2.2 Mechanism of benzoic acid partitioning into the BBB bilayer

The mechanism for BA insertion into the BBB mimetic bilayer and comparison

with the DMPC bilayer can be summarized as follows. First, partition of BA into
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the BBB bilayer is thermodynamically favorable, but the corresponding minimum

free energy G(ζ) = −3.2 kcal mol−1 (Figure 22b) is more than 1 kcal mol−1

higher than for the DMPC bilayer (Tables 9 and 10). The rationale is provided by

the surface number densities ns (Tables 9 and 10) showing that the BBB bilayer

is 50% more dense than its DMPC counterpart. The condensing effect of choles-

terol is well known134 and directly evident from the analysis of areas per bilayer

molecules based on our additional BA-free simulations. The area per molecule

in the DMPC bilayer is 〈A〉 = 60.8 ± 0.2 Å2, whereas for the BBB bilayer, 〈A〉

is reduced by approximately 30% to 42.1± 0.2 Å2. Similar results followed from

our study of a binary bilayer composed of DMPC and cholesterol with the molar

fraction of 0.44, which reported 〈A〉 ≈ 43.6 Å2 at 330 K,135 whereas for the pure

DMPC bilayer, 〈A〉 is 65.1Å2.118 Therefore, one may expect an increase in the work

needed to insert BA into BBB bilayer. The increased density of the BBB bilayer also

explains a higher insertion barrier in the interface layer in Figure 22b. These con-

clusions are supported by the umbrella simulations of benzene, which computed

its free energies of partition into cholesterol-rich and -free DMPC bilayers.136 It

was found that, with the increase in the cholesterol concentration, both the G(ζ)

minimum and the insertion barrier grow implicating the condensing effect of

cholesterol. Notably, the free energy profile in the BBB bilayer has two features

setting it apart from the DMPC bilayer, the local free energy minimum at ζ = 20 Å

and maximum at ζ = 3.2 Å. Both are related to BA rotations discussed below.

Second, the number of BBB molecules coordinating with BA, 〈Cbl〉, reaches maxi-

mum near the bilayer midplane (Table 10) exceeding the corresponding value for
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the DMPC bilayer by approximately 25%. The maximum number of BA-BBB HBs

〈Nbl〉 is 0.7 (Table 10) indicating that, similar to the DMPC bilayer, BA-BBB HBs

make a contribution to partition energetics. This finding is consistent with 〈Nbl〉

detected in mixed Z. mays and P. putida bilayers127 and DOPC and DOPC/DOPE

bilayers130 implying that BA-bilayer hydrogen bonding is not strongly affected by

the bilayer composition. Similar to the DMPC bilayer, BA experiences dehydra-

tion near the BBB bilayer midplane (Table 10). Hence, taking the first and second

points together, BA exhibits stronger and less favorable interactions with the BBB

mimetic bilayer compared to the DMPC one.

Third, BA induces complex changes in the proximal bilayer region. When BA

passes through the interface and headgroup layers, there is a significant (up to

30%) increase in the proximal density of cholesterol augmented by a sharp (50%)

spike in the density of PSM in the headgroup layer due to enhanced hydrogen

bonding of PSM with BA (Table 10). As a result, the surface density of BBB

molecules becomes maximum when BA occurs in the headgroup layer (Table 10).

In contrast, within the hydrophobic layer, there is an influx of DMPC and DMPE

lipids into the proximal region caused by inability of BA to form HBs with PSM

and cholesterol (Table 10). In the core layer, the proximal density of cholesterol is

initially increased (by 30%) followed by the rise in the DMPC proximal density

(< 20%). Interestingly, in the interface and, in part, in the headgroup layers, attrac-

tion of cholesterol to BA is effective due to the lack of or weak direct coordination

between BA and cholesterol (Table 10). Since in these layers there is depletion of

PSM or DMPC and DMPE lipids, we surmise that cholesterol fills the void left by
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these lipids. Within the core layer, the increase in cholesterol proximal density is

due to direct BA-cholesterol interactions, which provide the largest, 35%, contri-

bution to the total coordination number 〈Cbl〉 (Table 10). The increase in DMPC

density when BA nears the midplane is explained by effective interactions emerg-

ing because relatively short DMPC fatty acid tails minimize steric clashes with

BA compared to other BBB components.

Fourth, similar to the DMPC bilayer BA undergoes two rotations during partition-

ing (Figure 24b). In the interface layer, the BA polar terminus is directed “down”

toward the BBB headgroups forming HBs about equally with headgroups of three

lipids (Table 10). However, upon entering the headgroup layer, BA adopts a bi-

modal orientation pointing its polar group “up” or “down”. This bimodality is

due to a broad distribution of the headgroup number density along the z axis

explaining why both BA orientations can accommodate hydrogen bonding with

the headgroups. This argument also suggests a rationale for the free energy bar-

rier near the boundary of headgroup and hydrophobic layers in Figure 22b where

a “down” BA orientation can no longer accommodate BA interactions with the

bilayer polar groups. In the hydrophobic and upper core layers, the BA polar ter-

minus is directed “up” as in the DMPC bilayer. However, the second BA rotation

near the midplane does not lead to alternating “up” and “down” orientations as

in the DMPC bilayer but positions BA parallel to the BBB surface between leaflets

in the density void forming a "between" orientation (see unimodal probability

distribution of the tilt angle P(γ) in Figure 24b). This second rotation, i.e., the

transition from “up” to “between” states, is likely to cause a free energy maxi-
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mum at ζ = 3.5 Å in Figure 22b. One may expect that, due to the high density of

the BBB bilayer, the “between” orientation is sterically preferable to the “up and

down” orientation seen in the DMPC bilayer. However, because the “between”

state cannot accommodate any BA interactions with the headgroups (the number

of coordinated headgroups is 〈Chg〉 = 0.0) or water (Table 10), the BA free energy

G(ζ) at ζ = 0 Å is 0.7 kcal mol−1 higher than in the DMPC bilayer (Tables 9

and 10). Our suggestion that the cholesterol condensing effect is responsible for

the G(ζ) maximum and minimum near the midplane is supported by the recent

simulations of BA in a Z. mays bilayer, which contains other sterols, such as stig-

masterol and sitosterol.127 This study revealed that such behavior of G(ζ) only

occurs when sterols are included in the bilayer composition. Conversely, addition

of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) lipids to the DOPC bi-

layer does not qualitatively change the BA free energy profile G(ζ)130 arguing that

PE lipids alone are not responsible for the appearance of the G(ζ) maximum and

minimum near the midplane.

Fifth, BA partitioning changes the BBB bilayer structure as shown in Figure 26b.

When BA passes through the headgroup layer, BA thins the bilayer by ∆D = −1 Å

which is reversed to thickening when BA reaches the midplane. This impact dif-

fers from the DMPC bilayer in three aspects: (i) BBB thickness variations are

smaller than for the DMPC bilayer that can be attributed to the cholesterol con-

densing effect reducing bilayer thinning or thickening.137 (ii) Within the head-

group layer, BA causes a protrusion of the DMPC leaflet but indentation in the

BBB. (iii) At the bilayer midplane, BA causes thickening of the BBB but thinning
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of the DMPC bilayer. BA does not affect the structure of BBB fatty acid tails until it

reaches the hydrophobic layer. Within this and the core layers, BA disorders lipids,

especially PSM and DMPE at ζ = 10.5 Å. In general, due to cholesterol condensa-

tion, the BBB is thicker and more ordered than the DMPC counterpart (compare

D = 48.4± 0.3 Å vs 38.4± 0.1 Å and 〈SCD〉 = 0.35± 0.00 vs 〈SCD〉 = 0.17± 0.00 at

ζ = 35 Å, respectively). Nevertheless, the impact induced by BA on BBB lipids is

stronger than in the DMPC bilayer (Tables 9 and 10). Furthermore, in contrast to

the DMPC bilayer, ordering of BBB fatty acid tails is never observed.

The minimum in BA free energy G(ζ) in the BBB bilayer is attained in the core

layer at ζ = 10.5 Å. In this location, the BBB coordination number is 〈Cbl〉 = 4.6,

but the number of BA-BBB HBs is decreased 3-fold compared to its maximum

value (Table 10). BA is mostly dehydrated as the number of coordinating water

molecules is reduced to 〈Cw〉 = 1.4. However, on an average, BA still forms a HB

with water with the probability of 0.9± 0.0 and is linked to water bulk through a

chain of hydrogen-bonded waters with the probability of 0.4± 0.0 (see Figure 27).

These findings are similar to those in the DMPC bilayer with the exception of wa-

ter coordination, which is 2-fold lower. Furthermore, at the free energy minimum,

the proximal surface density and the bilayer thickness are not affected by BA

although a significant disorder in fatty acid tails manifested in |〈∆SCD〉| 6 0.06

is observed (Table 10). A notable BA feature at the free energy minimum is its

strong interactions with cholesterol (see above). As a result, in the BBB, the BA

free energy minimum is located 2.5 Å deeper in the core layer rather than in the

hydrophobic layer as in the DMPC bilayer. Thus, the BA free energy minimum is
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determined by (i) BA interactions with cholesterol, (ii) positioning of the BA hy-

drophobic tail in the apolar bilayer region (the number of coordinated fatty acids

is 〈Cfa〉 = 1.6± 0.1), and (iii) interactions of the BA polar terminus with BBB po-

lar headgroups (the number of coordinated headgroups is 〈Chg〉 ≈ 0.6± 0.0). It is

interesting that, in the DMPC bilayer, the number of interactions with the DMPC

headgroups at the free energy minimum is more than twice larger supporting

again that BA-cholesterol interactions govern the location of the G(ζ) minimum.

The steep rise in G(ζ) closer to the bilayer midplane is related to the complete

loss of BA interactions with the headgroups and water as well as BA rotation (see

above). This behavior is largely similar to that in the DMPC bilayer and was seen

in previous simulations of BA in POPC, Z. mays, and P. putida bilayers.127

Thus, the differences in BA partitioning arising due to choosing a simple DMPC

bilayer in lieu of the BBB mimetic can be summarized as follows. First, the DMPC

bilayer overestimates the free energy gain of BA insertion and positions the BA

free energy minimum not as deep as its BBB counterpart. Second, in the DMPC

bilayer, the free energy maximum near the bilayer midplane is noticeably muted.

Third, BA exhibits different orientational preferences at the DMPC bilayer mid-

plane compared to the BBB. Fourth, BA distorts the DMPC bilayer differently

compared to the BBB that is manifested in thinning instead of thickening of the

DMPC bilayer when BA is near the midplane or protrusion of the DMPC bilayer

upon BA approach.
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It is of interest to compute the permeability Pm for the DMPC and BBB bilayers. To

this end, we used Equation 5 in Chapter 2 and the free energy profiles in Figure 22.

The BA diffusivity D(z) was first approximated by a constant value of 60 Å2 ns−1

extracted from Figure S10 of Vermaas et al.127 We found that log Pm is 1.54 for the

DMPC bilayer and 1.10 for the BBB assuming that Pm is expressed in centimeters

per second. To improve the accuracy of the Pm estimate, we computed the z-

dependent diffusivity D(ζ) for both bilayers as described in Chapter 2 (Equation

6). The resulting log Pm found to be 1.19 for the DMPC bilayer and 0.36 for the

BBB. The DMPC estimate compares well with the previous estimate log Pm = 1.17

computed using REUS sampling of the DMPC bilayer.28 The experimental value of

log Pm for egg phosphatidylcholine-decane membrane is −0.26.39 Thus, the BBB

mimetic bilayer predicts Pm to be closer to the experimental value from which it

differs by less than an order of magnitude.

Finally, because experimental data suggest that only protonated BA contributes to

permeation,39–41 we solely considered this form in our simulations. Nevertheless,

it is of interest to speculate on partitioning of deprotonated BA into the bilayers.

Clearly, negative charge makes partitioning of BA unfavorable eliminating the free

energy minimum in the core or hydrophobic layers. In fact, it has been predicted

that the charged BA is approximately 4 orders of magnitude less permeable than

the neutral form.41 The absence of a donor group in the charged BA would block

any hydrogen bonding with the DMPC bilayer but may strengthen interactions

with cholesterol in the BBB. Additionally, one may expect that anionic BA would

bind to cationic lipid choline or ethanolamine groups creating a free energy min-
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imum in the interface and headgroup layers. Therefore, even though the overall

partitioning of charged BA is unfavorable, its affinity to the lipid headgroups is

likely to be stronger than in the neutral form. Due to a similar distribution of po-

lar and apolar groups in the charged BA, it is likely to undergo similar rotational

transitions upon insertion to those of its neutral counterpart.

4.3 conclusion

In summary, the comparative analysis of BA partitioning into the DMPC and BBB

bilayers has revealed qualitative similarities. The insertion of BA in the DMPC

and BBB bilayers is thermodynamically favorable although the partitioning in the

latter results in an approximately 1 kcal mol−1 smaller free energy gain. Fur-

thermore, the partitioning energetics is generally similar, including balancing of

the interactions with lipid headgroups, the hydrophobic effect, and dehydration.

There are several common BA rotational transitions occurring in the DMPC and

BBB bilayers. However, a notable difference between the two bilayers is a deeper

location of the BA free energy minimum in the BBB bilayer attributed to the in-

teractions with cholesterol. Another notable difference also caused by cholesterol

is due to the existence of a high free energy barrier near the BBB midplane and

a shallow minimum at the midplane. This difference is related to the “between”

position of BA at the BBB midplane, which is replaced with an “up and down”

orientation in the DMPC bilayer. In addition, the BBB bilayer thickness reveals

different changes in response to BA insertion manifested in swelling when BA is

located at the BBB midplane and the lack of it when BA approaches the BBB sur-

face. Consequently, both bilayers exhibit different disordering effects in their fatty
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acid tails. Thus, the BBB mimetic bilayer is preferable for an accurate description

of BA partitioning.

Reprinted with permission from Siwy, C. M., Delfing, B. M., Smith, A. K., & Klimov, D. K. (2020).

Partitioning of Benzoic Acid into 1,2-Dimyristoyl-sn-glycero-3-phosphocholine and Blood–Brain

Barrier Mimetic Bilayers. Journal of Chemical Information and Modeling 60(8), 4030-4046. Copyright

2020 American Chemical Society.
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CH 5 PA RT I T I O N I N G O F Aβ P E P T I D E F R A G M E N T S I N T O

B L O O D - B R A I N B A R R I E R M I M E T I C B I L AY E R

As neuropharmaceuticals, peptides are highly promising due to their low inher-

ent toxicity, biodegradability, and lack of immunogenic response. However, they

exhibit limited BBB permeability due to their natural hydrophilicity and high

molecular weight (> 500 Da)138. Peptide permeation can be facilitated by lipidiza-

tion, modifications to the N-terminus, binding to apolipoproteins, utilization of its

chimeric forms, or by an increase to its half-life in the blood stream139,140. A num-

ber of drug delivery methodologies have been explored to facilitate BBB peptide

transport including absorptive-mediated, carrier-mediated, receptor-mediated ap-

proaches, cell-penetrating peptides (CPPs), and non-specific passive diffusion de-

livery systems138,139,141. Most CPPs are constructed from naturally occurring pro-

teins, which increase permeation of various cargo molecules across the BBB. How-

ever, CPP properties do not translate directly into effective passive BBB permeators142.

In contrast, both passive and carrier-mediated transport across the BBB have been

demonstrated with small peptide shuttles, which are commonly 2 to 4 amino

acids in length143.

In part, interest in small peptide permeation is driven by their potential use as

aggregation inhibitors. For example, Alzheimer’s disease peptide fragment Aβ16-
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19 or KLVF has been shown to reduce the neurotoxicity of its parent peptide

Aβ1-42
144. Another Aβ peptide fragment Aβ39-42 or VVIA is also a strong in-

hibitor of Aβ aggregation showing no significant cytotoxic effects at elevated

concentrations145. These fragments can act as β-sheet breakers preventing the for-

mation of toxic Aβ amyloid fibrils. Additionally, unlike KLVF, Aβ39-42 is highly

effective in preventing Aβ oligomerization, which produces the primary cytotoxic

agents in Alzheimer’s disease146. Given the potential use of these peptides as neu-

ropharmaceuticals, it is of interest to investigate their BBB passive permeation.

Although their passive BBB transport is likely to be weak, its detailed analysis

can be instrumental in the development of peptide derivatives with improved

permeability. To investigate the physicochemical mechanisms of permeation, we

performed a systematic study of KLVF and VVIA partitioning into a BBB-mimetic

bilayer using all-atom REUS MD. The BBB-mimetic bilayer was composed of an

equimolar mixture of DMPC, DMPE, PSM lipids and cholesterol. Our objective

was to analyze the free energy of peptide partitioning, interactions between the

peptides and bilayer, peptide dehydration, perturbations in the bilayer structure,

and to compute peptide permeabilities. Taken together, we reconstruct the com-

plex mechanism of peptide partitioning into the BBB-mimetic bilayer.

5.1 results

Using REUS simulations, we studied equilibrium partitioning of two peptides into

the BBB-mimetic bilayer at 310 K. In the process, the peptides adopt a manifold of

states with different orientations, interactions with bilayer and water, and levels

of bilayer disordering. To concisely analyze peptide partitioning, we followed our
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previous study67 and distinguished five layers along the bilayer normal, which

include water (zw < ζ), interface (zb < ζ < zw), headgroup (zh < ζ < zb), hydrophobic

(zc < ζ < zh), and core (ζ < zc) layers. In Chapter 2 (Figure 7) we explain the

selection of layer boundaries. Specifically, for the KLVF system the boundaries are

zw = 29.0 Å, zb = 24.0 Å, zh = 18.0 Å, and zc = 10.0 Å, whereas for the VVIA

system they are 28.0, 24.0, 18.0, and 8.0 Å, respectively. Using REUS we com-

puted the potential of mean force (free energy) as a function of peptide position

ζ, G(ζ) = −RT ln [P(ζ)/P(ζ = 35Å)], where P(ζ) is the probability for a peptide

to occur at ζ, T is temperature, R is the gas constant, and ζ = 35 Å represents the

water layer. Figure 30 displays the free energies G(ζ) for both peptides and shows

that the layers approximately capture the stages in G(ζ). Consequently, peptide

partitioning into the BBB-mimetic bilayer is described primarily at the layer’s

midpoints. The summaries of structural and energetic characteristics quantifying

peptide partitioning are given in Tables 11 and 12. The rationale for selecting ζ as

a reaction coordinate is discussed in Chapter 2
62–64,147.
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Figure 30: The free energies G(ζ) of peptides KLVF (a) and VVIA (b) partitioning into the
BBB-mimetic bilayer as a function of the position of peptide’s center of mass
ζ along the bilayer normal. The layers are distinguished by colors. Red dots
mark the locations used to describe system properties.
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Figure 31: The bilayer coordination numbers 〈Cbl(ζ)〉 (in black) for the KLVF (a) and
VVIA (b) peptides in the BBB-mimetic bilayers. The coordination numbers
〈Cα(ζ)〉 for BBB components α=DMPC, DMPE, PSM, and cholesterol are
shown in blue, yellow, green, and red. The water coordination numbers
〈Cw(ζ)〉 are in light blue. Sharp increase in 〈Cbl(ζ)〉 at small ζ is caused by
the lower leaflet contribution. The layers are distinguished by color following
Figure 30.

5.1.1 Water layer

Within the water layer at ζ = 35 Å, the coordination numbers for both peptides

〈Cbl(ζ)〉 < 1 (Tables 11, 12, 14, 16 and Figure 31) indicating minor interactions
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Table 11: Partitioning of KLVF peptide into the BBB-mimetic bilayer

quantity α water interface headgroups hydrophobic layer core

ζ = 35.0 Å ζ = 26.5 Å ζ = 21.0 Å ζ = 14.0 Å ζ = 5.0 Å ζ = 0.0 Å

G,kcal/mol 0 1.2± 0.1 3.1± 0.4 6.5± 0.3 16.2± 0.6 27.5± 0.5

〈Cα〉

bl 0.7± 0.0 6.0± 0.0 8.3± 0.1 8.8± 0.1 9.9± 0.1 12.2± 0.2

DMPC 0.3± 0.0 1.9± 0.1 2.6± 0.4 2.4± 0.3 2.5± 0.3 3.8± 0.1

DMPE 0.1± 0.0 1.6± 0.1 1.6± 0.1 2.0± 0.2 2.1± 0.2 2.7± 0.1

PSM 0.3± 0.0 2.0± 0.1 2.4± 0.1 2.2± 0.0 2.7± 0.1 3.1± 0.2

chol 0 0.4± 0.0 1.8± 0.2 2.3± 0.2 2.5± 0.1 2.6± 0.1

〈Cw〉 72.0± 0.1 56.5± 0.4 37.1± 1.6 18.6± 0.2 8.2± 0.2 7.3± 0.2

〈Nα〉

bl 0.1± 0.0 1.5± 0.0 2.3± 0.1 2.9± 0.0 1.4± 0.0 1.1± 0.0

DMPC 0 0.4± 0.0 0.6± 0.0 0.7± 0.0 0.4± 0.0 0.4± 0.0

DMPE 0 0.5± 0.0 0.7± 0.0 0.8± 0.1 0.5± 0.0 0.4± 0.0

PSM 0 0.5± 0.0 0.6± 0.1 0.7± 0.1 0.4± 0.0 0.2± 0.0

chol 0 0.0± 0.0 0.4± 0.1 0.7± 0.1 0.1± 0.0 0.1± 0.0

ns,α ,10−3Å−2 a,b

bl 24± 0 23± 0 17± 1 15± 1 19± 0 21± 1
DMPC 6± 0 4± 0 4± 1 3± 1 5± 1 7± 1
DMPE 6± 1 6± 0 2± 0 3± 0 5± 0 5± 0
PSM 6± 0 5± 1 2± 0 2± 0 5± 0 4± 1
chol 6± 0 8± 0 9± 1 7± 1 4± 1 4± 1

∆D, Å 0 −1.7± 0.2 −3.7± 0.2 −5.5± 0.2 −2.1± 0.1 −2.2± 0.4

〈∆SCD〉,10−2 a
DMPC 0 −1± 0 −4± 0 −5± 0 −7± 0 −10± 0
DMPE 0 0± 0 −4± 1 −8± 0 −9± 0 −12± 0
PSM 0 −1± 0 −3± 0 −7± 0 −8± 0 −8± 1

〈R1N〉, Å 11.2± 0.1 11.0± 0.3 9.8± 0.9 9.8± 0.2 9.3± 0.1 10.2± 0.6
a refers to the upper leaflet
b refers to the proximal region

with the bilayer. Accordingly, the peptide’s free energy G(ζ = 35 Å) is ≈ 0 in

Figure 30. Because peptides’ rotational degrees of freedom are unrestricted, the

probability distributions P(γ; ζ) of the tilt angle γ in Figure 32 reflect their random

orientations and the average 〈γ(ζ)〉 = 91 ± 1◦ for KLVF and 92 ± 1◦ for VVIA

peptide. The water coordination shell is composed of 〈Cw(ζ = 35 Å)〉 = 72.0± 0.0

molecules for KLVF and 59.7± 0.1 for VVIA peptide (Tables 11, 12, 14, 16 and

Figure 31). The conformational properties of KLVF and VVIA in the water layer

are characterized by their end-to-end distances 〈R1N〉 = 11.2± 0.1 and 11.1± 0.1 Å,

respectively, suggesting extended conformations. When the peptides are in the
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Table 12: Partitioning of VVIA peptide into the BBB-mimetic bilayer

quantity α water interface headgroups hydrophobic layer core

ζ = 35.0 Å ζ = 26.0 Å ζ = 21.0 Å ζ = 13.0 Å ζ = 2.5 Å ζ = 0.0 Å

G,kcal/mol 0 2.4± 0.1 4.1± 0.4 5.5± 0.6 12.8± 0.3 12.2± 0.4

〈Cα〉

bl 0.4± 0.0 5.3± 0.0 7.8± 0.1 7.1± 0.0 11.8± 0.2 15.3± 0.2

DMPC 0.2± 0.0 1.6± 0.1 2.6± 0.1 2.6± 0.1 3.5± 0.2 4.3± 0.2

DMPE 0.0± 0.0 1.5± 0.1 1.5± 0.1 1.8± 0.3 3.0± 0.2 4.0± 0.3

PSM 0.2± 0.0 1.9± 0.1 2.3± 0.1 1.6± 0.2 2.9± 0.1 3.5± 0.3

chol 0 0.3± 0.0 1.4± 0.1 1.0± 0.1 2.5± 0.2 3.6± 0.1

〈Cw〉 59.7± 0.1 46.3± 0.4 28.6± 0.4 11.8± 0.2 2.5± 0.5 1.7± 0.7

〈Nα〉

bl 0 1.0± 0.0 1.7± 0.0 1.3± 0.0 0.2± 0.0 0.0± 0.0

DMPC 0 0.3± 0.0 0.5± 0.0 0.4± 0.0 0.1± 0.0 0.0± 0.0

DMPE 0 0.4± 0.0 0.4± 0.0 0.5± 0.0 0.1± 0.0 0.0± 0.0

PSM 0 0.3± 0.0 0.3± 0.0 0.3± 0.0 0.0± 0.0 0.0± 0.0

chol 0 0.0± 0.0 0.5± 0.0 0.1± 0.0 0.0± 0.0 0.0± 0.0

ns,α ,10−3Å−2 a,b

bl 24± 0 22± 0 15± 0 14± 0 21± 0 21± 0
DMPC 6± 0 5± 0 4± 0 5± 0 7± 0 8± 0
DMPE 6± 0 6± 1 3± 0 4± 0 6± 1 5± 1
PSM 6± 0 4± 0 2± 0 4± 1 4± 0 4± 1
chol 6± 0 7± 0 7± 1 1± 0 4± 0 4± 0

∆D, Å 0 −2.6± 0.2 −4.4± 0.1 −7.7± 0.5 −0.3± 0.3 1.2± 0.3

〈∆SCD〉,10−2 a
DMPC 0 0± 0 −2± 0 −6± 0 −6± 0 −2± 0
DMPE 0 0± 0 −4± 0 −7± 0 −7± 0 −2± 0
PSM 0 −1± 0 −3± 0 −7± 1 −6± 0 −2± 0

〈R1N〉, Å 11.1± 0.1 11.4± 0.1 11.6± 0.3 10.2± 0.2 11.2± 0.3 10.9± 0.2
a refers to the upper leaflet
b refers to the proximal region

water layer, the bilayer structure remains intact as shown in Figures 33 and 36.

For the two systems the bilayer thickness D is identical (48.4± 0.1 vs 48.3± 0.2 Å),

whereas the surface number density ns(ζ = 35 Å) remains unchanged over the

bilayer surface being 0.024± 0.000 Å−2 (Tables 11 and 12).

5.1.2 Bilayer-water interface layer

KLVF peptide: Approaching the interface layer (zb < ζ < zw), the KLVF free en-

ergy increases to G(ζ) = 1.2± 0.1 kcal/mol at ζ = 26.5 Å implicating unfavorable

interactions with the bilayer (Figure 30a). According to Figure 31a, the KLVF coor-
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dinates 〈Cbl(ζ)〉 = 6.0± 0.0 bilayer molecules with DMPC and PSM contributing

almost equally (1.9± 0.1 or 32% and 2.0± 0.1 or 33%, respectively) and DMPE

following behind with 1.6± 0.1 or 27% share. The contribution from cholesterol is

minimal (Table 11). The number of KLVF-bilayer HBs is 〈Nbl(ζ)〉 = 1.5± 0.0, and

almost all of them are formed with phosphate oxygens of DMPC, DMPE and PSM

(Tables 11 and 13). The amino acid coordination number with the bilayer varies

by about 50% across the peptide (see Table 14). The amino acid which coordinates

the largest fraction, almost half of overall coordination with bilayer molecules, is

Lys16 (〈C(Lys16)bl〉 = 2.9± 0.1), suggesting that KLVF predominantly points its

N-terminus toward the bilayer. Consistent with these expectations, the probabil-

ity distribution P(γ; ζ) in Figure 32a exhibits a peak at γ ≈ 35◦ with the average

〈γ(ζ)〉 = 74± 2◦. Therefore, KLVF indeed demonstrates a preference to direct its

charged terminus “down” toward the bilayer. Compared to the water layer, the

number of coordinated water molecules is reduced 22% to 56.5± 0.4 (Figure 31a

and Table 11). According to Table 14 the C-terminus is solvated better than the

N-terminus.

Figure 33 probes the distribution of BBB molecules in the proximity of KLVF at

ζ = 26.5 Å. The RDF gKLVF−α(r; ζ) display a depletion of α = DMPC and PSM

local density at r < 5 Å, whereas the density of α = DMPE remains largely un-

changed. Interestingly, there is a up to 60% density increase in α = cholesterol,

which nevertheless forms no significant interactions with KLVF. It follows from

Table 11, that the surface number density of BBB molecules slightly decreases to

ns,bl(ζ) ≈ 0.023 Å−2. More specifically, according to Table 11 the surface densities
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water ζ=35.0 Å interface ζ=26.5 Å headgroups ζ=21.0 Å

hydrophobic ζ=14.0 Å core ζ=5.0 Å core ζ=0.0 Å

(a)

water ζ=35.0 Å interface ζ=26.0 Å headgroups ζ=21.0 Å

hydrophobic ζ=13.0 Å core ζ=2.5 Å core ζ=0.0 Å

(b)

Figure 32: Probability distributions P(γ; ζ) of the tilt angles γ for peptide positions ζ rep-
resentative of the layers in the BBB-mimetic bilayer. The distributions in (a) and
(b) probe rotations of KLVF and VVIA peptides, respectively, upon their par-
titioning into the bilayer. P(γ; ζ) computed assuming random orientation of a
peptide at ζ = 35 Å is shown in grey.

for lipids decrease or remain unchanged. In contrast, cholesterol density ns,chol(ζ)

increases one-third from 0.006 to 0.008 Å−2. Thus, KLVF RDFs and surface num-

ber densities are consistent indicating depletion or no changes in lipid density
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Table 13: Probabilities of hydrogen bonding between KLVF peptide and BBB bilayer

component pair∗ hydrogen bond† interface headgroups hydrophobic core

α−β D−H · · ·A ζ = 26.5 Å ζ = 21.0 Å ζ = 14.0 Å ζ = 5.0 Å ζ = 0.0 Å

KLVF-DMPC D H · · · O (in L2) 0.38± 0.02 0.56± 0.07 0.48± 0.02 0.31± 0.05 0.29± 0.02

D H · · · O C (in L4) 0.02± 0.00 0.05± 0.01 0.22± 0.04 0.09± 0.03 0.15± 0.07

D H · · · O C (in L5) 0.01± 0.00 0.06± 0.02 0.12± 0.04 0.04± 0.01 0.09± 0.03

KLVF-DMPE D H · · · O (in L2) 0.44± 0.02 0.50± 0.03 0.57± 0.07 0.41± 0.02 0.30± 0.06

D H · · · O C (in L4) 0.02± 0.01 0.10± 0.03 0.32± 0.09 0.13± 0.02 0.12± 0.02

D H · · · O C (in L5) 0.01± 0.00 0.04± 0.01 0.08± 0.02 0.06± 0.02 0.03± 0.01

KLVF-PSM D H · · · O (in L2) 0.42± 0.03 0.36± 0.06 0.41± 0.02 0.33± 0.04 0.08± 0.01

D H · · · O H (in L3) 0.01± 0.00 0.04± 0.02 0.04± 0.01 0.03± 0.00 0.01± 0.01

D H · · · O C (in L5) 0.15± 0.03 0.16± 0.06 0.25± 0.02 0.23± 0.04 0.09± 0.04

KLVF-CHOL D H · · · O H 0.04± 0.01 0.24± 0.06 0.34± 0.05 0.06± 0.03 0.10± 0.06

DMPE-KLVF N H (in L1) · · · A 0.09± 0.02 0.09± 0.02 0.07± 0.02 0.00± 0.00 0.00± 0.00

PSM-KLVF N H (in L3) · · · A 0.07± 0.03 0.17± 0.06 0.22± 0.10 0.00± 0.00 0.00± 0.00

O H (in L3) · · · A 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

CHOL-KLVF O H · · · A 0.00± 0.00 0.12± 0.06 0.35± 0.05 0.08± 0.04 0.02± 0.01
* peptide or bilayer molecule α and β containing donor and acceptor, respectively.
† a hydrogen bond between a donor (D) and acceptor (A). Specific atomic groups involved are identified for bilayer

molecules.

Table 14: Amino acid specific coordination numbers for KLVF peptide

quantity amino water interface headgroups hydrophobic core

acid, i ζ = 35.0 Å ζ = 26.5 Å ζ = 21.0 Å ζ = 14.0 Å ζ = 5.0 Å ζ = 0.0 Å

〈Cbl(i)〉a Lys16 0.2± 0.0 2.9± 0.1 3.6± 0.5 4.2± 0.1 3.6± 0.1 3.5± 0.1

Leu17 0.1± 0.0 1.9± 0.1 3.8± 0.2 4.1± 0.1 3.4± 0.1 4.5± 0.2

Val18 0.1± 0.0 1.5± 0.1 3.0± 0.1 3.5± 0.1 3.6± 0.0 4.6± 0.1

Phe19 0.3± 0.0 2.0± 0.1 3.7± 0.3 4.5± 0.1 6.3± 0.1 6.6± 0.2

〈Cw(i)〉a Lys16 22.2± 0.0 16.1± 0.2 13.8± 1.7 9.3± 0.2 7.1± 0.2 6.7± 0.2

Leu17 18.5± 0.0 15.2± 0.5 7.0± 1.6 2.9± 0.1 2.1± 0.1 1.6± 0.2

Val18 16.6± 0.0 14.1± 0.3 8.5± 0.7 5.4± 0.4 1.1± 0.1 0.7± 0.1

Phe19 24.0± 0.1 20.1± 0.3 12.8± 2.0 3.3± 0.6 0.7± 0.1 0.6± 0.1

a the coordination numbers for individual amino acids i, 〈Cbl(i)〉 and 〈Cw(i)〉,
report the numbers of bilayer or water molecules interacting with i.

around KLVF. The same quantities give conflicting accounts concerning choles-

terol suggesting significant enhancement of its density combined with a lack of

direct interactions with KLVF. These findings implicate an effective, attractive in-
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teraction between KLVF and cholesterol (see Discussion). The HA number density

n(r, z; ζ) presented in Figure 35a shows that the thickness of the BBB bilayer D

is barely reduced by ∆D = −1.7 Å between the distant and proximal regions.

Consistent with this observation, the order parameters −〈SCD(i; ζ)〉 for the lipid

molecules (Figure 36a) reveal no distortion in the structure of fatty acid tails. The

peptide end-to-end distance 〈R1N〉 shows minor change compared to the water

layer.

VVIA peptide: Within the interface region, the free energy of the VVIA peptide

increases to G ≈ 2.4 kcal/mol at ζ = 26.0 Å. Therefore, similar to KLVF the in-

teractions of VVIA with the BBB headgroups are unfavorable. In this layer the

VVIA interacts with 〈Cbl(ζ)〉 = 5.3± 0.0 BBB molecules, of which PSM provides

the largest contribution (1.9± 0.1 or 36%) followed by smaller almost equal contri-

butions from DMPC and DMPE. Cholesterol forms very few interactions with the

VVIA (0.3± 0.0 or 6%) (see Table 12). In contrast to the KLVF peptide, the amino

acids in VVIA coordinate about the same number of BBB molecules varying by

only about 10% across the sequence (Table 16). The number of VVIA-bilayer HBs

is 〈Nbl(ζ)〉 = 1.0± 0.0 and almost all of them are formed with lipid phosphate

groups (Tables 12 and 15). Compared to the water layer, the shell of coordinated

water molecules is depleted about one-quarter, from 〈Cw(ζ = 35 Å)〉 = 59.7± 0.1

to 46.3±0.4 (Figure 31b and Table 12). Consistent with even coordination of amino

acids by the bilayer no clear preference in VVIA orientation follows from the prob-

ability distributions in Figure 32b and the average 〈γ(ζ)〉 = 87± 1◦. Consequently,

all amino acids are hydrated about evenly (Table 16).
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Table 15: Probabilities of hydrogen bonding between VVIA peptide and BBB bilayer

component pair∗ hydrogen bond† interface headgroups hydrophobic core

α−β D−H · · ·A ζ = 26.0 Å ζ = 21.0 Å ζ = 13.0 Å ζ = 2.5 Å ζ = 0.0 Å

KLVF-DMPC D H · · · O (in L2) 0.26± 0.01 0.37± 0.01 0.10± 0.03 0.00± 0.00 0.00± 0.00

D H · · · O C (in L4) 0.02± 0.01 0.08± 0.01 0.24± 0.05 0.10± 0.05 0.00± 0.00

D H · · · O C (in L5) 0.01± 0.00 0.08± 0.02 0.09± 0.02 0.01± 0.00 0.00± 0.00

KLVF-DMPE D H · · · O (in L2) 0.22± 0.03 0.20± 0.03 0.17± 0.04 0.00± 0.00 0.00± 0.00

D H · · · O C (in L4) 0.01± 0.00 0.16± 0.01 0.18± 0.03 0.05± 0.03 0.00± 0.00

D H · · · O C (in L5) 0.00± 0.00 0.03± 0.01 0.08± 0.03 0.02± 0.01 0.00± 0.00

KLVF-PSM D H · · · O (in L2) 0.22± 0.03 0.21± 0.03 0.05± 0.01 0.00± 0.00 0.00± 0.00

D H · · · O H (in L3) 0.09± 0.02 0.06± 0.02 0.08± 0.03 0.00± 0.00 0.00± 0.00

D H · · · O C (in L5) 0.02± 0.01 0.08± 0.01 0.13± 0.05 0.00± 0.00 0.00± 0.00

KLVF-CHOL D H · · · O H 0.01± 0.00 0.27± 0.04 0.06± 0.03 0.00± 0.00 0.00± 0.00

DMPE-KLVF N H (in L1) · · · A 0.13± 0.01 0.08± 0.01 0.08± 0.01 0.00± 0.00 0.00± 0.00

PSM-KLVF N H (in L3) · · · A 0.00± 0.00 0.01± 0.00 0.12± 0.01 0.03± 0.02 0.00± 0.00

O H (in L3) · · · A 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

CHOL-KLVF O H · · · A 0.01± 0.01 0.19± 0.04 0.03± 0.00 0.00± 0.00 0.00± 0.00
* peptide or bilayer molecule α and β containing donor and acceptor, respectively.
† a hydrogen bond between a donor (D) and acceptor (A). Specific atomic groups involved are identified for bilayer

molecules.

Table 16: Amino acid specific coordination numbers for VVIA peptide

quantity amino water interface headgroups hydrophobic core

acid, i ζ = 35.0 Å ζ = 26.0 Å ζ = 21.0 Å ζ = 13.0 Å ζ = 2.5 Å ζ = 0.0 Å

〈Cbl(i)〉a Val39 0.1± 0.0 2.0± 0.1 3.7± 0.2 3.7± 0.0 4.3± 0.1 5.2± 0.1

Val40 0.0± 0.0 1.9± 0.1 3.3± 0.1 3.3± 0.0 4.2± 0.1 5.0± 0.2

Ile41 0.1± 0.0 2.0± 0.1 3.5± 0.3 3.7± 0.0 4.8± 0.1 5.5± 0.1

Ala42 0.1± 0.0 1.9± 0.1 2.5± 0.1 3.3± 0.0 4.2± 0.2 4.7± 0.1

〈Cw(i)〉a Val39 17.3± 0.0 13.3± 0.4 6.9± 0.6 2.7± 0.1 1.3± 0.3 1.0± 0.4

Val40 16.4± 0.0 13.0± 0.3 7.5± 0.3 3.1± 0.1 1.1± 0.3 1.1± 0.5

Ile41 18.5± 0.0 14.9± 0.2 9.4± 0.9 3.3± 0.1 0.9± 0.2 0.9± 0.4

Ala42 15.7± 0.0 12.7± 0.3 10.3± 0.3 5.7± 0.2 1.1± 0.3 0.8± 0.3

a the coordination numbers for individual amino acids i, 〈Cbl(i)〉 and 〈Cw(i)〉,
report the numbers of bilayer or water molecules interacting with i.

The RDFs for BBB molecules in the proximity of VVIA at ζ = 26.0 Å are shown in

Figure 34. The RDFs gVVIA−α(r; ζ) for α = DMPC and PSM exhibit a significant

decrease in the lipid density at r < 5 Å, whereas DMPE reveals a minor depletion.

126



Cholesterol demonstrates an opposing trend, in which its density increases by up

to 40% near the peptide. According to Table 12, the surface number density of

BBB molecules in the proximal region drops to ns,bl(ζ) ≈ 0.022 Å−2. The surface

densities of lipids decrease or remain unchanged compared to the distant region,

but that of cholesterol is slightly increased (by 17%). Thus, the computations of

RDF and surface number densities demonstrate minor depletion or no changes in

the distribution of lipid molecules in the VVIA proximal region. However, choles-

terol exhibits an influx into the proximal area, even though it makes almost no

direct interactions with the peptide. As observed for KLVF, cholesterol is drawn

by effective, attractive interactions to VVIA (see Discussion). From the bilayer HA

number density in Figure 35b we determine that the bilayer thickness D is re-

duced by ∆D = −2.6 Å. The order parameters −〈SCD(i; ζ)〉 in Figure 36b suggest

that VVIA induce little perturbation in the fatty acid structure. The end-to-end

distance 〈R1N〉 of the peptide changes little compared to the water layer.

5.1.3 Headgroup layer

KLVF peptide: Within the headgroup layer, the KLVF free energy G(ζ) at ζ = 21Å

increases by 2 kcal/mol to ≈ 3.1 kcal/mol indicating that the peptide insertion

becomes progressively unfavorable (Figure 30a). The KLVF coordination number

for bilayer molecules 〈Cbl(ζ)〉 increases almost 40% to a plateau of 8.3± 0.1 (Fig-

ure 31a and Table 11). The largest contribution is provided by DMPC followed

closely by PSM (2.6± 0.4 or 31% and 2.4± 0.1 or 29%, respectively). Coordination

with cholesterol and DMPE is noticeably weaker (Table 11). KLVF amino acids i

coordinate the bilayer molecules about equally with their coordination numbers
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〈C(i)bl〉 changing by up to 20% (see Table 14). The number of KLVF-bilayer HBs

increases more than 50% to 〈Nbl(ζ)〉 = 2.3 ± 0.1, which are distributed about

equally between the lipids. Almost all HBs with DMPC and DMPE are formed

with phosphate oxygens, whereas with PSM they are split (2:1:1) between phos-

phate, carbonyl oxygens and NH-groups (Table 13). Compared to the interface

layer, the number of coordinated water molecules decreases more than 30% to

〈Cw(ζ)〉 = 37.1± 1.6 (Figure 31a), i.e., the KLVF peptide loses about half of hy-

dration shell present in the water layer. The N- and C-termini are hydrated about

equally (Table 14). Accordingly, the distribution of KLVF tilt angles in Figure 32a

is bimodal with dominant peak occurring at ∼ 65◦ and a smaller one at 155◦. The

average tilt 〈γ(ζ)〉 = 94± 10◦ implicating a lack of preferred orientation of the

peptide.

The distribution of BBB molecules in the proximity of KLVF is shown in Figure 33.

DMPC and PSM RDFs register one or two density peaks exceeding distant base-

lines by up to 50%. The RDF for DMPE shows a minor peak at r ≈ 8 Å, whereas

the cholesterol gKLVF−chol(r; ζ) reports a striking local density enhancement by a

factor of 2.1 at r 6 2 Å. According to Table 11, a sharp, one-third decrease in the

surface number density of the BBB molecules ns,bl(ζ) is observed in the proximal

region, where it drops to ≈ 0.017 Å−2 compared to a distant value of 0.024 Å−2.

The proximal surface densities of α = DMPE and PSM molecules are drastically

reduced to 0.002 Å−2, whereas that of cholesterol, in contrast, increased 50% to

0.009 Å−2. The surface densities of DMPC demonstrates a less dramatic drop (Ta-

ble 11). Thus, the coordination numbers, RDFs, and surface number densities are
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generally consistent with respect to lipids indicating that the strongest interac-

tions are formed with DMPC molecules. More important is a dramatic influx of

cholesterol molecules detected by RDF and ns,chol(ζ) but not reflected in the co-

ordination number. As in the interface region this observation points to effective,

attractive interaction between KLVF and cholesterol (see Discussion). The changes

in the bilayer density are visualized by the HA number density nbl(r, z; ζ) in Fig-

ure 35a, which shows a density void created by inserted peptide. Accordingly, the

bilayer thickness D is moderately decreased by ∆D = −3.7 Å (Table 11). It fol-

lows from lipid order parameters −〈SCD(i; ζ)〉 in Figure 36a and in Table 11 that

the fatty acid tails experience noticeable disorder. Compared to the water and in-

terface layers, KLVF end-to-end distance 〈R1N〉 is reduced by more than 1 Å to

9.8± 0.9 Å.

VVIA peptide: Upon entering the headgroup layer, the VVIA free energy G(ζ)

at ζ = 21.0 Å increases further to ≈ 4.1 kcal/mol attributed to the formation

of unfavorable VVIA-bilayer interactions (Figure 30b). Figure 31b and Table 12

show that compared to the interface layer the VVIA peptide coordinates almost

50% more bilayer molecules as 〈Cbl(ζ)〉 reaches 7.8± 0.1. The largest contribution

(2.6± 0.1 or 33%) is provided by DMPC followed by PSM (2.3± 0.1 or 29%). In-

teractions with DMPE and cholesterol contribute to 〈Cbl(ζ)〉 less than 20% each.

Among VVIA amino acids the N-terminal Val39 coordinates the largest number

of BBB molecules (Table 16). Compared to the interface region a significant (70%)

increase in the number of VVIA-bilayer HBs 〈Nbl(ζ)〉 is observed, to which DMPC

and cholesterol contribute the most (Table 12). The HBs with DMPC are formed
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with their phosphate oxygens and with DMPE are split (in about 2:2:1 ratio) be-

tween phosphate, carbonyl oxygens, and NH-groups; the HBs with PSM are split

(in about 3:1:1 ratio) between the phosphate, carbonyl oxygens, and hydroxyl

group (Table 15). With respect to the interface layer the number of coordinated

water molecules 〈Cw〉 is reduced almost 40% to 〈Cw(ζ)〉 = 28.6± 0.4 (Figure 31b)

or about two-fold if compared to the water layer thus implicating a significant

dehydration. The C-terminal Ala42 reveals a markedly better hydration than the

N-terminus (Table 16). The distribution of VVIA tilt angles in Figure 32b is uni-

modal with a peak at ≈ 70◦ and an average tilt angle of 79± 7◦. Thus, the peptide

adopts a single state with a weak preference for the N-terminus pointing toward

the bilayer interior. This outcome is consistent with the higher coordination num-

ber of bilayer molecules seen for Val39 and stronger hydration of the C-terminus.

The RDFs for BBB molecules are shown in Figure 34. Both DMPC and PSM RDFs

reveal sharp density peaks, where lipid densities exceed the distant values up to

50%. The proximal density of DMPE is depleted. However, the largest gain in lo-

cal density is seen for cholesterol, for which gVVIA−chol(r; ζ) increases by a factor

of 2.4 at r 6 4 Å. A sharp almost 40% decline in the bilayer surface number den-

sity is observed in the proximal region, where ns,bl(ζ) drops to 0.015 Å−2. The

proximal surface densities of all lipids, particularly PSM, are decreased, whereas

cholesterol ns,chol(z; ζ) shows a moderate 16% gain to 0.007 Å−2 (Table 12). Thus,

lipid RDFs, coordination numbers, and partially surface densities implicate a hi-

erarchy of interactions with VVIA, in which the strongest are formed with DMPC

followed by PSM. A conflicting prediction applies to cholesterol, because it forms
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the weakest interactions with VVIA, but posts a sharp increase in its proximal

density revealed by RDF and surface number density. Therefore, as for the inter-

face layer an effective, attractive interaction causes the influx of cholesterol (see

Discussion). The bilayer HA number density nbl(r, z; ζ) in Figure 35b shows that

the bilayer thicknessD is decreased by ∆D = −4.4 Å (Table 12). The lipid order pa-

rameters −〈SCD(i; ζ)〉 in Figure 36b confirm that VVIA moderately disorders fatty

acid tails (see Table 12). Compared to the interface layer no significant changes

occur in the average end-to-end distance 〈R1N〉 (Table 12).

5.1.4 Hydrophobic layer

KLVF peptide: When the KLVF peptide reaches the hydrophobic layer, its free en-

ergyG(ζ) in Figure 30a increases sharply by more than 3 kcal/mol to 6.5 kcal/mol

at ζ = 14 Å. The changes in G(ζ) continue to indicate that KLVF insertion is highly

unfavorable. Compared to the headgroup layer, there is a slight (6%) increase in

the KLVF coordination number with BBB molecules to 〈Cbl(ζ)〉 = 8.8± 0.1 (Ta-

ble 11 and Figure 31a). All BBB molecules contribute about equally to 〈Cbl(ζ)〉

with the largest contribution provided by DMPC (〈CDMPC(ζ)〉 = 2.4± 0.3 or 27%)

followed by cholesterol (26%). The residue coordination numbers are fairly consis-

tent varying by less than 30%, of which the largest is attributed to Phe19 (Table 14).

Compared to the headgroup layer, the number of KLVF-BBB HBs increases 26%

to 〈Nbl(ζ)〉 = 2.9± 0.0, to which all bilayer molecules contribute about equally.

As in the headgroup layer, most HBs are formed with the DMPC and DMPE

phosphate oxygens, whereas with PSM they are split (about 2:1:1) between phos-

phate, carbonyl oxygens and NH-groups (Table 13). With respect to the headgroup
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layer, the number of coordinated water molecules drops more than two-fold to

〈Cw(ζ)〉 = 18.6± 0.2 (Figure 31a and Table 11) implying that in the hydrophobic

layer KLVF has lost almost 75% of water molecules solvating it in bulk water. The

hydration of KLVF peptide is strongly skewed toward the charged N-terminus,

which coordinates almost three-fold more water molecules than the C-terminus

(Table 14). The probability distribution of tilt angles P(γ; ζ) in Figure 32a exhibits

a single peak at γ ≈ 105◦ with the average 〈γ(ζ)〉 = 103 ± 6o suggesting that

consistent with the hydration profile KLVF exhibits a slight tilt of its charged

N-terminus toward the headgroup layer.

The composition of the proximal region is analyzed in Figure 33. The RDF gKLVF−DMPE(r; ζ)

demonstrates a well-defined maximum implicating a 45% increase in the DMPE

density (Figure 33b), whereas PSM and DMPC molecules are poorly organized

around KLVF. The cholesterol RDF gKLVF−chol(r; ζ) shows the formation of two

concentric rings with the density peaks exceeding the distant densities by 50

and 30%. The bilayer surface number density drops almost 40% to ns,bl(z; ζ) ≈

0.015 Å−2 compared to 0.024 Å−2 in the distant region (Table 11). Although the

lipid surface densities are all sharply reduced by 50% or more, cholesterol den-

sity, in contrast, shows a moderate increase by 17% (see Table 11). Thus, the co-

ordination numbers, surface number densities, and in part RDFs indicate that

the strength of interactions between the peptide and lipids are roughly similar.

Even though the coordination number for cholesterol is on par to those of lipids,

this BBB component is the only one demonstrating influx into the peptide proxi-

mal region again implicating effective cholesterol attraction (see Discussion). The
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HA number density nbl(r, z; ζ) in Figure 35a reveals a deep void in the bilayer

created by the inserted peptide resulting in a dramatic local bilayer thinning by

∆D = −5.5 Å (Table 11). In line with this result, all three lipid order parame-

ters −〈SCD(i; ζ)〉 in Figure 36a and in Table 11 register a sharp decrease reflecting

strong disorder in their fatty acid tails. Compared to the headgroup layer the

dimensions of the KLVF peptide do not change (Table 11).

VVIA peptide: In the hydrophobic layer, the VVIA free energy G(ζ) rises by more

than 1 kcal/mol to 5.5 kcal/mol at ζ = 13 Å. Thus, as for KVLF the insertion

of VVIA is highly unfavorable. Interestingly, Figure 31b demonstrates that com-

pared to the headgroup layer the VVIA coordination with BBB slightly (by 9%)

decreases to 〈Cbl(ζ)〉 = 7.1± 0.0 (Table 12). The largest contributor to 〈Cbl(ζ)〉 is

by far DMPC lipids (2.6± 0.1 or 37%) followed by DMPE (1.8± 0.3 or 25%) and

PSM (1.6± 0.2 or 23%). Unexpectedly, interactions between VVIA and cholesterol

constitute the smallest, 14% share of 〈Cbl(ζ)〉 value. Opposite to the headgroup

layer the amino acid coordination numbers for the bilayer show little variation

by a mere 10% (Table 16). Following 〈Cbl(ζ)〉 the number of VVIA-BBB HBs de-

creases 24% to 〈Nbl(ζ)〉 = 1.3 ± 0.0, to which DMPE contributes the most (Ta-

ble 12). Unlike in the headgroup layer, most HBs with DMPC are formed with

the carbonyl oxygens of sn − 1 and with DMPE the bonds are split primarily

between phosphate and carbonyl oxygens of sn− 1; those with PSM are mostly

split between carbonyl oxygens and NH-groups (Table 15). Compared to the head-

group layer, the number of coordinated water molecules falls nearly three-fold to

〈Cw(ζ)〉 = 11.8± 0.2 (Figure 31b and Table 12). Thus, in the hydrophobic layer
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VVIA experiences dramatic dehydration losing almost 80% of water molecules

from the solvation shell in the water layer. Amino acid coordination of water

molecules is uneven along the sequence varying more than two-fold with C-

terminal Ala42 displaying the strongest hydration. This outcome is consistent

with the probability distribution of VVIA tilt angles P(γ; ζ) in Figure 32b. It re-

veals a peak at γ ≈ 60◦ with the average 〈γ(ζ)〉 = 74± 2o indicating that the VVIA

C-terminus tends to direct “up”.

Distribution of bilayer molecules around VVIA is explored in Figure 34. Lipid

RDFs generally report strong interactions with the peptide. The DMPE gVVIA−DMPE(r; ζ)

shows a well-defined maximum implicating a 40% increase in the number den-

sity (Figure 34b), whereas two density peaks exceeding the distant densities by

60 and 45% are seen in the DMPC gVVIA−DMPC(r; ζ) (Figure 34a). Weak peaks in

PSM RDF are also observed. Strikingly, the cholesterol RDF detects a dramatic

depletion at r < 16 Å. Continuing the trend seen for the headgroup layer, VVIA

partitioning into the hydrophobic layer causes further decrease in the surface num-

ber density of BBB molecules to ns,bl(z; ζ) ≈ 0.014 Å−2 compared to 0.024 Å−2 in

the distant region (Table 12). The surface densities of the lipids show relatively

minor (not exceeding 30%) drop compared to the distant region values, whereas,

strikingly, the cholesterol density falls six-fold to ns,chol(z; ζ) = 0.001 Å−2 (Table

12). Taken together, RDFs, coordination numbers, and surface densities are all

consistent in pointing to a dramatic depletion of cholesterol around the peptide

compared to the lipids, whereas the DMPC lipids form the strongest interactions

with the peptide. The HA number density nbl(r, z; ζ) in Figure 35b displays a very
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deep bilayer void created by the peptide, which spans almost the entire leaflet.

Consequently, the bilayer thickness D in the proximal region decreases by the

highest value of ∆D = −7.7 Å (Table 12). Consistent with this finding, all three

lipid order parameters −〈SCD(i; ζ)〉 indicate a high disorder in their fatty acid tails.

Indeed, the average difference in −〈SCD(i; ζ)〉 between proximal and distant lipids

−〈∆SCD〉 becomes as high as −0.07 (Table 12). The peptide end-to-end distance

reports a minor compaction decreasing 1.4 Å to 〈R1N〉 = 10.2 Å.

5.1.5 Core layer

KLVF peptide: Within the core layer, the KLVF free energy G(ζ) steeply rises by

almost 10 kcal/mol to 16.2 kcal/mol at ζ = 5.0 Å and further almost two-fold

to 27.5 kcal/mol at the bilayer midplane. These changes in G(ζ) shown in Figure

30a demonstrate that partitioning of KLVF into the BBB bilayer is strongly unfa-

vorable, particularly near the midplane. According to Figure 31a, the KLVF coor-

dination number for BBB molecules increases to 12.2± 0.0 at ζ = 0.0 Å (Table 11).

According to this table, at ζ = 5 Å the contributions of PSM, DMPC and choles-

terol to the peptide coordination are approximately similar being 2.7± 0.1 or 27%

for PSM, and 2.5± 0.3 and 2.5± 0.1 or 25% for both DMPC and cholesterol, respec-

tively. The peptide coordinates somewhat fewer DMPE molecules. However, near

the bilayer midplane, the cholesterol share becomes the smallest making up 22%

(〈Cchol(ζ = 0.0 Å)〉 = 2.6± 0.1), whereas that of DMPC again emerges dominant

(3.8± 0.1 or 31%) as in the headgroup and hydrophobic layers. The amino acid

coordination of bilayer molecules are similar at ζ = 5 or 0 Å, both indicating that

the C-terminal Phe19 coordinates close to two-fold more molecules than Lys16
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(Table 14). KLVF-BBB HBs play a minor role as their number decreases almost

three-fold from 〈Nbl(ζ)〉 = 2.9± 0.0 in the hydrophobic layer to 1.1± 0.0 at the

midplane. Simultaneously, the number of coordinated water molecules 〈Cw(ζ)〉 is

dropped more than two-fold to 8.2± 0.2 at ζ = 5.0 Å and further to 7.3± 0.2 at

ζ = 0.0 Å, showing that KLVF retains about 10% of the bulk hydration. Impor-

tantly, it is almost exclusively centered at the charged N-terminal Lys16, which

is solvated by an order of magnitude better than the C-terminal Phe19 (Table 14).

The probability distributions of KLVF tilt angles P(γ; ζ) in Figure 32a are simi-

lar and unimodal at both ζ = 5 Å and midplane. For instance, in the latter case

P(γ; ζ) peaks at γ ≈ 135◦ and 〈γ(ζ)〉 = 141± 1◦, thus revealing that the charged

N-terminal Lys16 is pointed “up” toward the water and headgroup layer.

Figure 33 analyzes the distributions of bilayer molecules near KLVF. The RDFs

for DMPC or DMPE show well-defined peaks at ζ = 5.0 and 0.0 Å. Specifically,

DMPC has two peaks at ζ = 5.0 Å, where its density increases 45 and 30% re-

spectively, but a single peak showing a density increase of 55% at the midplane.

At both ζ, DMPE displays single peaks with 20% and 35% density increases, re-

spectively. The distribution of PSM is more complex showing multiple peaks at

ζ = 5.0 Å and at the midplane, where its density increases by up to 45 and 35%,

respectively. At ζ = 5.0 Å the cholesterol RDF has a single 30% density peak,

whereas there are two smaller maxima with up to 20% density increase at the

midplane. In contrast to the hydrophobic layer, the bilayer surface number den-

sity in the proximal region ns,bl(z; ζ = 5.0 Å) increases to 0.019 and further to

0.021 Å−2 at the midplane (Table 11). At both locations the surface densities of
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cholesterol are suppressed compared to the lipid densities. At ζ = 5 Å the lipid

surface densities are similar, but at the midplane, the DMPC density exceeds that

of other molecules in the proximal and even distant regions. Thus, the analysis

of surface number densities, RDFs, and coordination numbers implicates largely

similar distributions of BBB components at ζ = 5 Å, but that outcome changes

when the peptide occurs at the midplane, where these quantities unambiguously

register a DMPC influx and cholesterol depletion. At both peptide locations the

HA number density nbl(r, z; ζ) in Figure 35a shows a void created by the pep-

tide, which is entirely encompassed by the bilayer. Moreover, compared to the

hydrophobic layer the indentation in the bilayer surface is smaller resulting in the

thinning of ∆D = −2.1± 0.1 and −2.2± 0.4 Å at ζ = 5 and 0 Å, respectively (Table

11). Although the bilayer experiences moderate thinning, at both peptide loca-

tions, particularly at the midplane, all three lipid order parameters −〈SCD(i; ζ)〉

in Figure 36a and in Table 11 demonstrate a dramatic decrease implicating major

distortions in the fatty acid tails. In fact, −〈∆SCD〉 becomes as high as −0.012± 0

for DMPE at ζ = 0 Å. Compared to the headgroup and hydrophobic layers the

KLVF peptide undergoes minor extension (Table 11).

VVIA peptide: In the core layer, the VVIA free energy G(ζ) in Figure 30b increases

more than two-fold to its maximum 12.8 kcal/mol at ζ = 2.5 Å, but then slightly

decreases at the bilayer midplane (Table 12). The free energy of VVIA shows that

VVIA partitioning into the BBB-mimetic bilayer is highly unfavorable. It follows

from Figure 31b and Table 12 that compared to the hydrophobic layer the VVIA

coordination number for BBB molecules slightly increases to 〈Cbl(ζ)〉 = 11.8± 0.2
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at ζ = 2.5 Å and then further to 15.3± 0.2 at ζ = 0.0 Å. At both peptide locations

the largest contribution to 〈Cbl(ζ)〉 is provided by DMPC being 3.5± 0.2 or 30%

share at ζ = 2.5 Å or 4.3± 0.2 or 28% share at the midplane. Cholesterol or PSM

contribute the least at ζ = 2.5 Å and the midplane, respectively, representing 21

and 23% share of the overall peptide coordination. The amino acid coordination by

bilayer molecules increases as the peptide shifts from ζ = 2.5 Å to the midplane,

but remains approximately uniform varying by about 10% across the sequence

(Table 16). Opposite to the hydrophobic layer, VVIA-BBB HBs play a minor role

in the peptide energetics as their number decreases to 〈Nbl(ζ)〉 = 0.2 ± 0.0 at

ζ = 2.5 Å and then to 0.0 at the midplane. Simultaneously, compared to the

hydrophobic layer the number of coordinated water molecules sharply drop by

more than four-fold to 〈Cw(ζ)〉 = 2.5± 0.5 at ζ = 2.5 Å and then to 1.7± 0.7 at

the midplane, i.e., VVIA becomes almost completely dehydrated. Consistent with

uniform coordination of amino acids their hydration at both peptide locations is

also even across the sequence with approximately one water molecule solvating

each amino acid (Table 16). The probability distribution of VVIA tilt angles P(γ)

in Figure 32b shows striking changes in VVIA orientation. At ζ = 2.5 Å, P(γ; ζ)

is trimodal with the maxima at γ ≈ 15◦, 90◦ and 165◦ (〈γ〉 = 102± 6◦) alternating

between “up”, “flat”, and “down” orientations of the C-terminus. However, at

the midplane, P(γ; ζ) is unimodal with the maximum occurring at γ ≈ 90◦ and

〈γ(ζ)〉 = 87± 3◦) suggesting a “flat” orientation of VVIA between the leaflets.

Figure 34 probes the distributions of BBB molecules in the proximity of VVIA.

At ζ = 2.5 Å, the RDF gVVIA−DMPC(r; ζ) for DMPC shows a single peak with 40%
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increase in density, whereas a plateau emerges at the midplane, where the density

is elevated by approximately 40%. The RDF for DMPE reveals a weak peak at

ζ = 2.5 Å, but a minor depletion at ζ = 0.0 Å. At both locations the RDFs for PSM

and cholesterol display depletion. In contrast to the hydrophobic layer, the surface

number density of BBB molecules in the proximal region ns,bl(z; ζ) is increased

to 0.021 Å−2 at both ζ (Table 12). At both locations within the core layer, the

surface density of DMPE, PSM, and cholesterol molecules is reduced compared

to the distant region. In contrast, compared to the distant region DMPC lipids

show excess density by 17% at ζ = 2.5 Å and 33% at the midplane. Therefore,

computations of the coordination numbers, RDFs, and surface densities point

to an influx of DMPC molecules, particularly when the peptide occurs at the

midplane coupled with the depletion of PSM and cholesterol. At both peptide

locations in the core layer, the HA number density nbl(r, z; ζ) in Figure 35b shows

a void created by VVIA encompassed by the bilayer. At ζ = 2.5 Å the bilayer

experiences a minor thinning by ∆D = −0.3± 0.3 Å, but it is reversed to bilayer

thickening by ∆D = 1.2± 0.3 Å (Table 12). Although the bilayer experiences a

minor thinning at ζ = 2.5 Å, all three lipid order parameters −〈SCD(i; ζ)〉 in

Figure 36b and in Table 12 demonstrate a considerable decrease implicating a

major distortion in the fatty acid tails similar to that seen in the hydrophobic layer.

Strikingly, at the midplane, the extent of bilayer disorder is radically diminished

when all −〈∆SCD〉 are reduced to −0.02± 0. Compared to the hydrophobic layer,

the VVIA peptide undergoes minor extension suggested by the increase in its

end-to-end distance 〈R1N〉 (Table 12).
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water ζ=35.0 Å interface ζ=26.5 Å headgroups ζ=21.0 Å

hydrophobic ζ=14.0 Å core ζ=5.0 Å core ζ=0.0 Å

(a)

hydrophobic ζ=14.0 Å core ζ=5.0 Å core ζ=0.0 Å

water ζ=35.0 Å interface ζ=26.5 Å headgroups ζ=21.0 Å

(b)

water ζ=35.0 Å interface ζ=26.5 Å headgroups ζ=21.0 Å

hydrophobic ζ=14.0 Å core ζ=5.0 Å core ζ=0.0 Å

(c)

water ζ=35.0 Å interface ζ=26.5 Å headgroups ζ=21.0 Å

hydrophobic ζ=14.0 Å core ζ=5.0 Å core ζ=0.0 Å

(d)

Figure 33: The radial distribution functions gKLVF−α(r; ζ) measuring the density of BBB
molecules at the distance r from KLVF peptide. The panels (a)-(d) display data
for α = DMPC, DMPE, PSM, and cholesterol, respectively. The ζ positions of
KLVF are representative of the BBB layers.
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interface ζ=26.0 Å headgroups ζ=21.0 Åwater ζ=35.0 Å

hydrophobic ζ=13.0 Å core ζ=2.5 Å core ζ=0.0 Å

(a)

water ζ=35.0 Å interface ζ=26.0 Å headgroups ζ=21.0 Å

hydrophobic ζ=13.0 Å core ζ=2.5 Å core ζ=0.0 Å

(b)

water ζ=35.0 Å interface ζ=26.0 Å headgroups ζ=21.0 Å

hydrophobic ζ=13.0 Å core ζ=2.5 Å core ζ=0.0 Å

(c)

water ζ=35.0 Å interface ζ=26.0 Å headgroups ζ=21.0 Å

hydrophobic ζ=13.0 Å core ζ=2.5 Å core ζ=0.0 Å

(d)

Figure 34: The radial distribution functions gVVIA−α(r; ζ) measuring the density of BBB
molecules at the distance r from VVIA peptide. The panels (a)-(d) display data
for α = DMPC, DMPE, PSM, and cholesterol, respectively. The ζ positions of
VVIA are representative of the BBB layers.
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hydrophobic ζ=14.0 Å

water ζ=35.0 Å interface ζ=26.5 Å headgroups ζ=21.0 Å

core ζ=5.0 Å core ζ=0.0 Å

(a)

interface ζ=26.0 Å

core ζ=2.5 Å

water ζ=35.0 Å headgroups ζ=21.0 Å

hydrophobic ζ=13.0 Å core ζ=0.0 Å

(b)

Figure 35: The bilayer heavy atom number densities nbl(r, z; ζ) as a function of the dis-
tance r to the peptide and the distance z to the bilayer midplane. The panels
(a) and (b) are presented for KLVF and VVIA peptides. The color codes for
nbl(r, z; ζ) are shown on the right. The densities nbl(r, z; ζ) are displayed for
the peptide positions ζ representative of the BBB layers. The bilayer bound-
aries are shown by thick black lines. The boundaries of the proximal region are
marked by dashed lines.
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(a)

core ζ=0.0 Åcore ζ=2.5 Åhydrophobic ζ=13.0 Å

headgroups ζ=21.0 Åinterface ζ=26.0 Åwater ζ=35.0 Å

(b)

Figure 36: The carbon-deuterium order parameters −〈SCD(i; ζ)〉 computed for carbons i
in the proximal (solid lines) and distant (dashed lines) lipid fatty acids. The
DMPC, DMPE and PSM lipids are shown in blue, yellow, and green respec-
tively. The parameters −〈SCD(i; ζ)〉 are presented for KLVF (a) and VVIA (b)
positions ζ representative of the BBB layers. When the peptides are in the wa-
ter layer, there is no difference in −〈SCD(i; ζ)〉 between proximal and distant
regions.
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5.2 discussion

5.2.1 Mechanism of KLVF partition

The results of REUS simulations suggest the following mechanism of KLVF pep-

tide partitioning into the BBB-mimetic bilayer, which is visualized in Figure 35.

When the peptide enters the interface layer, its cationic N-terminal Lys16 amino

acid directs toward the lipid headgroups. KLVF interacts about evenly with all

the lipids but forms very few interactions with cholesterol positioned deep in

the bilayer. Nonetheless, a significant (≈ 30%) increase in upper leaflet proximal

cholesterol density coupled with the decrease in lipid density points to a choles-

terol influx driven by the void created by the lipids sterically repelled by the

peptide. At this stage no significant bilayer perturbation or peptide dehydration

are observed. The KLVF free energy shows a minor increase to ∼ 1 kcal/mol

indicating that its interaction with the BBB bilayer is weakly unfavorable.

As KLVF passes to the headgroup layer the peptide charged N-terminus shows

a mixture of “up” and “down” orientations and all amino acids are equally hy-

drated and coordinated by bilayer molecules. However, compared to the bulk,

KLVF loses approximately half of solvating water molecules. Among BBB molecules

DMPC lipids coordinate KLVF most frequently. A sharp drop in upper leaflet

proximal lipid densities is observed augmented by strong (by 50%) rise in choles-

terol density. Thus, the peptide induces even stronger cholesterol influx than in

the interface layer. In addition, significant bilayer thinning and lipid disordering
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are apparent. The free energy of KLVF shows further increase to ∼ 3 kcal/mol

indicating that partitioning into the headgroups becomes mildly unfavorable.

The hydrophobic layer does not increase the peptide coordination by BBB molecules,

but yields the largest number of peptide-bilayer HBs. To maintain interactions

with the polar lipid headgroups and water, the N-terminal Lys16 is directed “up”

that leads to the strongest hydration of this amino acid among others. Due to such

peptide orientation and reflecting the importance of hydrophobic interactions,

Phe19 coordinates the largest number of bilayer molecules. In contrast to other lay-

ers, all BBB molecules including cholesterol coordinate KLVF about equally. The

lipids are expelled from the peptide proximal region, whereas a minor cholesterol

influx is still observed. Within this layer the peptide induces the strongest bilayer

thinning and lipid tail disorder which exceed those in the layers above. Reflecting

strong dehydration due to the loss of 75% of solvation shell, the KLVF free energy

increases more than two-fold to ∼ 6 kcal/mol.

Within the core layer the peptide coordinates the largest number of bilayer molecules,

among which DMPC contributes the most at the bilayer midplane. Since there are

no lipid or cholesterol polar atoms within this layer, the peptide forms few HBs

with the bilayer. Importantly, near the midplane the contribution of BBB polar

headgroups to KLVF coordination is only 11% manifesting the peptides inability

to sustain interactions with the headgroups. Although bilayer symmetry should

enforce equal preference for the peptide N-terminus to point “up” or “down”, an
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incomplete equilibration in REUS simulations leads to lingering “up” orientation

of Lys16 toward the headgroups. Dehydration of KLVF upon its insertion into the

bilayer represents one of the factors influencing its partition free energy. In fact,

near the bilayer midplane, the peptide loses 90% of bulk water (Table 11) and the

remaining water molecules hydrate almost exclusively cationic Lys16. To probe

the distribution of residual water and the formation of water wires linking the

peptide to water bulk, we analyzed the water HB network. On average, KLVF

retains 7.3± 0.2 water molecules and forms 3.7± 0.1 HBs with water at ζ = 0 Å.

According to Table 17 the probability of forming a chain of hydrogen bonded wa-

ter molecules connecting KLVF and bulk water is 0.40± 0.03. Figure 37a displays

the formation of such water bundle.

An interesting finding unique to the core layer pertains to cholesterol, which is

depleted around the peptide, whereas a robust influx of DMPC lipids occurs,

especially near the midplane. Another unique effect is related to closing of the

bilayer gap above the peptide in the upper leaflet leading to the increase in BBB

molecules proximal density. Consequently, the bilayer reveals minor thinning, but,

unexpectedly, strong fatty acid disorder produced by direct interactions with the

peptide. Severe dehydration and loss of interactions with the polar headgroups

contribute to striking, more than four-fold increase in the peptide free energy to

almost 30 kcal/mol near the bilayer midplane.
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Table 17: Probabilities of hydrogen bond formation between peptides and water

Probability KLVF VVIA
Phb(1)

a 0.97± 0.00 0.53± 0.10
Phb(b)

b 0.40± 0.03 0.00± 0.00
a probability of forming a hydrogen bond between a peptide and water molecule
b probability of forming a hydrogen bonded chain of water molecules linking a peptide and bulk water.

A water molecule is assumed to reach the bulk if the position of its oxygen z > zb, a water-bilayer

boundary at r = 0 Å and ζ = 0 Å. For KLVF and VVIA zb = 18 and 26 Å.

(a) BBB w/KLVF (b) BBB w/VVIA

Figure 37: (a) Snapshot of chains of hydrogen bonded water molecules linking KLVF pep-
tide with the water bulk in the BBB-mimetic bilayer. (b) VVIA becomes effec-
tively dehydrated in the BBB bilayer forming no water wires with the bulk
water. In both panels, peptides are positioned at the bilayer midplane. Bilayer
is shown in cyan, peptide as white spheres, and water as red and white spheres.

The mechanism outlined above reveals that the permeation of charged KLVF pep-

tide through the BBB-mimetic bilayer is unfavorable. The main energetic factors

contributing to this outcome are (i) strong peptide dehydration, (ii) inability of

the peptide, particularly charged Lys16, to maintain interactions, including HBs,
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with the polar headgroups, (iii) strong disorder of fatty acid tails coupled with sig-

nificant thinning of the BBB bilayer, and (iv) a full rotation of the peptide, which

approaches the bilayer with its N-terminal Lys16 directed toward the bilayer, but

reverses its orientation closer to the midplane. Is the free energy of KLVF parti-

tioning consistent with previous simulations? Although we are not aware of MD

simulations of KLVF peptide, we consider instead the partitioning of Lys side

chain (without a backbone) into the DPPC bilayer at 330 K studied using US

and CHARMM27 force field148. The computed free energy G(ζ) monotonically

increases with the decrease in ζ reaching almost 20 kcal/mol at ζ = 0 Å. Because

those simulations employed a Lys side chain without a backbone, we need to fac-

tor in its presence. Although its contribution may be non-additive, the backbone is

expected to increase G(ζ) due to increased desolvation penalty caused by placing

polar amino and carboxyl groups into apolar bilayer environment149. This expec-

tation was directly confirmed by Lin and Grossfield, who using MARTINI model

and umbrella simulations have found that the free energy of GGGG peptide par-

titioning into POPC membrane is ∼ 6 kcal/mol within the hydrophobic layer150.

Thus, the free energy of KLVF partitioning G(ζ) is expected to be higher than for

Lys side chain alone especially in the hydrophobic and core layers. Consequently,

we conclude that G(ζ = 0 Å) = 27.5 kcal/mol for KLVF is reasonably consistent

with the simulations of Lys side chains148.

The critical role of peptide backbone in permeation through lipid bilayers follows

from the studies of BBB shuttle peptides. It has been shown that the tetrapep-

tide Phe4 does not permeate BBB, but when one of its amino backbone groups is
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methylated the log of effective permeability Pm approaches -5151. Similarly, com-

pared to Phe4 Pro4 peptides reveal better permeability measured by logPm =

−8 that can be explained by reduced HB capacity152. Incorporation of phenyl

rings, which makes Pro4 more hydrophobic, further increases the permeability

to logPm = −5. To put KLVF partitioning into a BBB-mimetic bilayer in the con-

text of other studies, we computed its effective permeability Pm as described in

Chapter 2. To this end, we calculated the z-dependent diffusivity D(ζ) for KLVF

utilizing Equation 6. We found that logPm = −18, which as expected is far lower

than for BBB peptide shuttles. The KLVF permeability is also far lower than of the

compounds which do not passively permeate lipid bilayers, such as mannitol or

cimetidine with their logPm values from −7 to −427. They also have highly unfa-

vorable free energy profiles, in which G(ζ) reaches ∼ 10 kcal/mol for ζ = 0 Å. In

comparison, KLVF G(ζ) is almost three-fold higher near the midplane. Finally, it

is of note that KLVF violates two criteria of “Lipinski’s Rule of Five” with respect

to the numbers of HB donors and acceptors14.

It should be stressed that the protonation state of Lys is expected to change within

the core layer. Indeed, previous study using united atom force field of Berger et.

al. for lipids and OPLS-AA all-atom force field for proteins has shown that de-

protonation of Lys side chain near the midplane of DOPC bilayer lowers the free

energy of its partition by ≈ 8 kcal/mol133. Similar conclusion follows from more

recent simulations, which probed partitioning of Lys into DPPC bilayer using

CHARMM27 force field148. The authors have found that pKa value of protonated

Lys side chain decreases up to 9 units near the bilayer midplane from 10.5 in water
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thus implicating its deprotonation. As a result, the free energy of neutral Lys is de-

creased by ≈ 12 kcal/mol. These findings suggest that within the BBB core layer

the free energy of KLVF peptide G(ζ = 0) might be reduced to ≈ 15 kcal/mol.

The corrected estimate of G(ζ) still highlights a strikingly unfavorable free energy

of inserting KLVF into the BBB-mimetic bilayer effectively ruling out its passive

transport.

5.2.2 Mechanism of VVIA partition

To provide comparison with the charged KLVF peptide, we studied the perme-

ation of the neutral hydrophobic VVIA peptide. The mechanism of its partitioning

into the BBB-mimetic bilayer is described below and visualized in Figure 35.

When the VVIA peptide partitions into the interface layer, no clear preference in

its orientation with respect to the bilayer emerges. Consequently, all amino acids

coordinate bilayer molecules and are hydrated about equally. VVIA also coordi-

nates lipids evenly but forms almost no direct interactions with cholesterol located

deep in the bilayer. Minor (≈ 17%) increase in proximal cholesterol density and

a decrease in lipid density are indicative of a cholesterol influx caused by a lipid

void. This effect is similar, but weaker than that seen for KLVF. A peptide expe-

riences about 25% dehydration but causes no significant disorder in the bilayer.

Similar to KLVF the free energy of VVIA increases to ∼ 2 kcal/mol showing that

its interactions with the BBB bilayer are weakly unfavorable.
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When VVIA enters the headgroup layer, the peptide N-terminus points preferen-

tially “down” coordinating more bilayer molecules, whereas a less hydrophobic

C-terminus is directed “up” being better hydrated. This behavior of VVIA differs

from KLVF peptide, which has bimodal orientation in this layer. However, similar

to KLVF, the peptide loses approximately half of solvating water molecules, and

as with KLVF, DMPC lipids coordinate VVIA most strongly. Also, in line with

KLVF, a sharp, up to three-fold, drop in proximal lipid densities is observed cou-

pled with a minor (by 17%) rise in cholesterol density. Thus, similar to KLVF this

peptide induces cholesterol influx, which is albeit weaker. Consequently, moder-

ate bilayer thinning and lipid disordering are observed. The free energy of VVIA

G(ζ) further increases to ∼ 4 kcal/mol underscoring unfavorable interactions with

the headgroups. These changes in G(ζ) are on par with KLVF.

In the hydrophobic layer, the peptide coordination by BBB molecules as well as the

number of peptide-bilayer HBs slightly decrease. Similar to KLVF a strong (about

80%) dehydration of VVIA is observed. To maintain interactions with the polar

headgroups, the C-terminal Ala42, which is less apolar than Val39, is directed

“up”. However, because VVIA is already located deep into the bilayer, a roughly

even coordination of amino acids by bilayer molecules occurs. The lipid proxi-

mal density is decreased, but the most striking is a six-fold drop in cholesterol

density, which was not observed during KLVF permeation. Another observation

setting VVIA apart is that DMPC lipids provides the strongest coordination to

the peptide among other molecules. Thus, instead of cholesterol influx seen dur-

ing KLVF partitioning VVIA causes its dramatic depletion. Similar to KLVF when
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the peptide reaches this layer, it induces its strongest bilayer thinning and lipid

tail disorder, which exceed those seen for other layers. Although VVIA under-

goes even stronger dehydration than KLVF, the VVIA free energy increases by a

mere 1 kcal/mol to ∼ 5 kcal/mol. In comparison, as KLVF transitions from the

headgroup to hydrophobic layers its G(ζ) nearly doubles.

As for KLVF, in the core layer VVIA coordinates the largest number of bilayer

molecules, with DMPC contributing the most. Furthermore, because this layer

lacks polar atoms, VVIA similar to KLVF forms few to no HBs with the bilayer

and loses near the midplane any interactions with the polar headgroups. Indeed,

the headgroup contribution to 〈Cbl〉 in Table 12 is 0.0. VVIA undergoes complex

reorientations in the core layer adopting trimodal, “up”, “down”, or horizontal,

directions of its C-terminus before settling at exclusively horizontal orientation

at the bilayer midplane. This behavior differs from KLVF, which never samples

horizontal orientation. Consistent with horizontal positioning of the peptide, its

amino acids coordinate bilayer molecules evenly (see Table 16). VVIA exhibits

even more dramatic dehydration than KLVF retaining only 3% of solvation shell

at the bilayer midplane (Table 12) becoming thus effectively dehydrated as shown

in Figure 37b. Indeed, at ζ = 0 Å VVIA, on average, retains only 1.7± 0.7 water

molecules and forms 1.9± 0.4 HBs with them. It follows then from Table 17 that

a hydrogen bonded water wire between VVIA and water bulk does not occur.
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Qualitatively similar to KLVF, in the core layer a 33% depletion of cholesterol

(and PSM) coupled with up to 33% influx of DMPC lipids are seen, especially

near the midplane. Another effect also observed for KLVF is closing of the bilayer

gap above the peptide manifested in the surface bilayer density almost recovering

its distant value. Consequently, the bilayer demonstrates minor thinning, which is

reversed to thickening when VVIA reaches the midplane. One observation, which

sets VVIA apart from KLVF, is related to fatty acid disordering, which largely dis-

appears when VVIA occurs at the midplane. This finding is not surprising given

horizontal orientation of VVIA, which causes minimal steric interference with

fatty acid tails. Nearly complete dehydration and absence of any peptide-bilayer

HBs or interactions with the headgroups result in more than two-fold increase in

the peptide free energy G(ζ) to ∼ 12 kcal/mol near the bilayer midplane. Never-

theless, this increase in G(ζ) is far less dramatic than for KLVF. Thus, permeation

of hydrophobic VVIA through the BBB, particularly through the hydrophobic

core, is less unfavorable than for charged KLVF.

Following the approach we used for KLVF, we quantify VVIA partitioning into a

BBB-mimetic bilayer by computed its effective permeability Pm. We found logPm

to be −8 for the VVIA system. In contrast to KLVF, it is comparable to that charac-

teristic of mannitol or cimetidine being within the −7 to −4 range27. Furthermore,

their free energy of partitioning G(ζ) is about 10 kcal/mol at ζ = 0, which is very

close to the G(ζ) of VVIA. The permeability of VVIA is similar to that of Pro4

peptide, for which logPm = −8 or lower152,153, suggesting that larger polarity

of VVIA backbone is compensated by higher hydrophobicities of its side chains.
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However, similar to the small compounds mentioned above, Pro4 displays very

poor permeability through the lipid bilayers thus ruling out a passive permeation

of apolar VVIA. One then need to assume that VVIA apolar side chains are not

sufficient to induce passive permeation. Interestingly, although VVIA formally vi-

olates only one criterion of the Lipinski rule (the number of HB donors), the two

other criteria are met borderline, including the number of HB acceptors and the

mass14.

The VVIA permeation mechanism bears similarities to KLVF. The first common

aspect is that partitioning of both peptides into the BBB-mimetic bilayer is highly

unfavorable. Second, the peptides cause transient influx of cholesterol into the

proximal region when they pass through interface and headgroup layers. We ex-

plained this effect by formation of lipid-free void below the peptide. Third, when

located near the midplane the peptides cause influx of DMPC lipids and efflux of

cholesterol (and PSM) in the proximal region. The rationale for this effect follows

from Figure 38, which shows that cholesterol and DMPC provide the largest and

the smallest contributions to the unperturbed bilayer density near the midplane.

As a result, cholesterol is repelled by the peptides to a much stronger degree than

DMPC. Fourth, not surprisingly, both peptides experience dramatic dehydration

due to the loss of at least 90% of their solvation shells. Fifth, KLVF and VVIA form

very few HBs or interactions with the polar headgroups when they reach the core

layer. Sixth, both peptides induce significant thinning and lipid disordering when

partition into the hydrophobic layer.
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Figure 38: Distributions of heavy atom number densities nα(z) along the bilayer normal
z for peptide-free BBB-mimetic bilayer. The number densities for α = DMPC,
DMPE, PSM and cholesterol are shown in blue, yellow, green, and red, respec-
tively. Number density for α = cholesterol steroid rings (S2 from Figure 1a) is
shown in purple.

Although the factors governing VVIA energetics are largely the same as for KLVF

(see above), we discovered differences, which set their partitioning mechanisms

apart. First, due to different polarities the peptides demonstrate different rota-

tional transitions as they permeate through the bilayer. In particular, near the

midplane KLVF adopts either “up” or “down” orientations, while VVIA lays hori-

zontally between the leaflets. Second, the peptides induce different redistributions

of cholesterol in the hydrophobic layer: KLVF generates an influx of cholesterol,

whereas VVIA induces striking cholesterol depletion (i.e., efflux). We explain

this difference by alignment of cholesterol steroid rings with phenylalanine rings

present in KLVF, but absent in VVIA (Figures 33, 34, 38). Third, because VVIA is

positioned horizontally at the bilayer midplane, it causes minor fatty acid disor-

der and even bilayer thickening. In contrast, at this location KLVF produces the

strongest disorder in lipids due to its vertical position within the bilayer. Fourth,
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there are notable differences in the peptide free energy profiles. Although both

are similar down to hydrophobic layer, they diverge within the core layer. Due

to high polarity of KLVF its free energy is ∼ 15 kcal/mol (or ∼ 3 kcal/mol for

the neutral form) higher than that of VVIA demonstrating that permeation of the

former is more unfavorable. This conclusion is confirmed by the computations of

permeability Pm, which is more than 10 log units lower for KLVF than for VVIA.

Cholesterol-rich BBB-mimetic bilayer has an area per molecule about 30% lower

than the cholesterol-free DMPC bilayer implicating higher surface density of the

former67. Consequently, the equilibrium work W associated with inserting the

peptide into the BBB-mimetic bilayer may contribute to its unfavorable partition-

ing free energy G(ζ). To evaluate this work, we followed Cantor’s formalism and

computed the lateral pressure PL(z) along the bilayer normal z and then W(ζ)

(Figure 39)88. Specifically, W(ζ) = NA ·
∫Lz/2
−Lz/2

PL(z)A(z; ζ)dz, where A(z; ζ) is the

cross-sectional area of the peptide at z with its center of mass positioned at ζ, Lz

is a z-dimension of the unit cell, and NA is Avogadro constant. We calculated

A(z; ζ) = π · r(z; ζ)2, where r(z; ζ) is the xy distance from the peptide center

of mass, at which for a given z the peptide and bilayer HA number densities

are equal. The plots of W(ζ) in Figure 39b demonstrate that the insertion work

changes the sign depending on variations in the pressure being either contracting

or expanding and in the excluded peptide volume, i.e., W may lower or increase

the peptide free energy G(ζ) by up to 2 kcal/mol. Both peptides exhibit similar

W(ζ) profiles, which reach minima at ζ ∼ 20 and 10 Å. These ζ values respectively

correspond to the locations of lipid headgroups and cholesterol steroid rings (see
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Figures 7 and 38), which are responsible for bilayer’s high surface tension and el-

evated density. At ζ ∼ 20 Å, W ≈ −0.5 kcal/mol for KLVF and . −1.0 kcal/mol

for VVIA, i.e., W constitutes from 20 to 30% of G(ζ). At ζ ∼ 10 Å, the work be-

comes ≈ −2.0 and −1.2 kcal/mol for KLVF and VVIA, respectively, that again

represents about 20% of the free energy G(ζ). At the bilayer midplane the contri-

bution of W diminishes to about 10%. Only within the interface layer at ζ ∼ 25 Å,

a positive W represents about half of G(ζ). Taken together, this analysis suggests

that due to high density of BBB bilayer the insertion work makes a significant,

but not leading contribution to the partition free energy, which is still dominated

by energetic effects associated with dehydration and loss of interactions with the

headgroups.
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Figure 39: (a) The lateral pressure PL(z) computed along the normal to the BBB-mimetic
bilayer. (b) The work W(ζ) required to insert the peptide into the bilayer at the
depth ζ. The data for KLVF and VVIA are in blue and red, respectively.

5.3 conclusion

We performed REUS simulations to investigate the partitioning of charged pep-

tide KLVF and its neutral apolar counterpart VVIA into the BBB-mimetic bilayer.

Our findings allowed us to reconstruct their partitioning mechanisms. Computa-
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tions of free energies and permeabilities show that partitioning of both peptides is

highly unfavorable ruling out their passive transport. Analysis of peptide-bilayer

interactions revealed a complex picture rationalizing their unfavorable partition-

ing into the BBB bilayer. The peptides experience multiple rotational transitions as

they enter the bilayer and typically cause considerable lipid disorder and bilayer

thinning. They undergo strong dehydration near the bilayer midplane and lose al-

most all interactions with the lipid headgroups. As the peptides permeate into the

bilayer, they induce complex reorganization within the proximal bilayer region.

Initially, they induce striking cholesterol influx reversed by its depletion and the

influx of DMPC when the peptides reach the midplane. Thus, we concluded that

despite dissimilar sequences, permeation of both peptides shares significant com-

mon features. The differences are attributed to a much higher polarity of KLVF

peptide, the permeation of which is more unfavorable, and which exclusively as-

sumes vertical orientation within the bilayer. In contrast, VVIA positions itself

flat between the leaflets causing minor disorder and even thickening of the BBB-

mimetic bilayer. Interestingly, due to high density of cholesterol-rich BBB bilayer

the unfavorable work caused by peptide insertion provides a significant, but not

dominant contribution to the partition free energy, which is governed by dehydra-

tion and loss of peptide-headgroup interactions. Comparison with experiments

indicate that KLVF and VVIA permeation is on par with proline tetrapeptide,

mannitol or cimetidine, which exhibit no passive permeation.

Reprinted with permission from Siwy, C. M., Delfing, B. M., Lockhart, C., Smith, A. K., & Klimov,

D. K. (2021). Partitioning of Aβ Peptide Fragments into Blood-Brain Barrier Mimetic Bilayer. The

Journal of Physical Chemistry B 125(10), 2658-2676. Copyright 2021 American Chemical Society.
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CH 6 C O N C L U S I O N S A N D F U T U R E D I R E C T I O N

This dissertation addresses two outstanding questions in biomolecular simula-

tions, the force field dependence of conformational ensembles and passive per-

meation of compounds through lipid bilayers. The investigation of first question

assisted us in selecting appropriate model for studying passive permeation. Below

we outline the conclusions following from our investigations.

By applying REMD simulations we have performed comparative analysis of the

conformational ensembles of amino-truncated Aβ10-40 peptides produced using

five force fields, which combine four protein parameterizations (CHARMM36,

CHARMM22*, CHARMM22/cmap, and OPLS-AA) and two water models (stan-

dard and modified TIP3P). Aβ10-40 conformations were analyzed by comput-

ing secondary structure, backbone fluctuations, tertiary interactions, and radius

of gyration. We have also calculated Aβ10-40
3JHNHα-coupling and RDC con-

stants and compared them with their experimental counterparts obtained for

the full-length Aβ1-40 peptide. Our study led us to several findings. First, all

force fields predict that Aβ adopts unfolded structure dominated by turn and

random coil conformations. Second, specific TIP3P water model does not dra-

matically affect secondary or tertiary Aβ10-40 structure, albeit standard TIP3P

model favors slightly more compact states. Third, although the secondary struc-
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tures observed in CHARMM36 and CHARMM22/cmap simulations are qualita-

tively similar, their tertiary interactions show little consistency. Fourth, two force

fields, OPLS-AA and CHARMM22* have unique features setting them apart from

CHARMM36 or CHARMM22/cmap. OPLS-AA reveals moderate β-structure propen-

sity coupled with extensive, but weak long-range tertiary interactions leading to

Aβ collapsed conformations. CHARMM22* exhibits moderate helix propensity

and generates multiple exceptionally stable long- and short-range interactions.

Our investigation suggests that among all force fields CHARMM22* differs the

most from CHARMM36. Fifth, the analysis of 3JHNHα-coupling and RDC con-

stants based on CHARMM36 force field with standard TIP3P model led us to

an unexpected finding that in silico Aβ10-40 and experimental Aβ1-40 constants

are generally in better agreement than these quantities computed and measured

for identical peptides, such as Aβ1-40 or Aβ1-42. This observation suggests that

the differences in the conformational ensembles of Aβ10-40 and Aβ1-40 are small

and the former can be used as proxy of the full-length peptide. Based on this ar-

gument, we concluded that CHARMM36 force field with standard TIP3P model

produces the most accurate representation of Aβ10-40 conformational ensemble.

After studying the impact of force fields on conformational ensembles, we probed

the permeation of compounds through lipid bilayers. First, using an all-atom ex-

plicit water model and replica exchange umbrella sampling simulations, we in-

vestigated the molecular mechanisms of BA partitioning into two model lipid

bilayers. These bilayers were formed of either DMPC lipids or composed of an

equimolar mixture of DMPC, DMPE, PSM, and cholesterol to constitute a BBB
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mimetic bilayer. Comparative analysis of BA partitioning into the two bilayers

has revealed qualitative similarities. Partitioning into the DMPC and BBB bilay-

ers is thermodynamically favorable although insertion into the former lowers the

free energy of BA by approximately an additional 1 kcal mol−1. The partition-

ing energetics for the two bilayers is also largely similar based on the balance of

BA interactions with apolar fatty acid tails, polar lipid headgroups, and water. In

both bilayers, BA retains a considerable number of residual water molecules until

reaching the bilayer midplane where it experiences nearly complete dehydration.

Upon insertion into the bilayers, BA undergoes several rotations primarily deter-

mined by the interactions with the lipid headgroups. Nonetheless, in addition to

the depth of the free energy minimum, the BBB bilayer differs from the DMPC

counterpart by a much deeper location of the free energy minimum and the ap-

pearance of a high free energy barrier and positioning of BA near the midplane.

Furthermore, DMPC and BBB bilayers exhibit different structural responses to BA

insertion. Taken together, the BBB mimetic bilayer is preferable for an accurate de-

scription of BA partitioning.

Second, we used all-atom replica exchange umbrella sampling molecular dynam-

ics simulations to investigate the partitioning of charged tetrapeptide KLVF and

its neutral apolar counterpart VVIA into the BBB mimetic bilayer. Our findings

allowed us to reconstruct the partitioning mechanism for these two Aβ peptide

fragments. Despite dissimilar sequences, their permeation shares significant com-

mon features. Computations of free energies and permeabilities show that parti-

tioning of both peptides are highly unfavorable ruling out passive transport. The
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peptides experience multiple rotational transitions within the bilayer and typically

cause considerable lipid disorder and bilayer thinning. Near the bilayer midplane

they lose almost entirely their solvation shells and the interactions with the lipid

headgroups. The peptides cause complex reorganization within the proximal bi-

layer region. Upon insertion they induce striking cholesterol influx reversed by

its depletion and the influx of DMPC when the peptides reach the midplane. The

differences in partitioning mechanisms are due to much higher polarity of KLVF

peptide, the permeation of which is more unfavorable, and which exclusively

assumes vertical orientations within the bilayer. In contrast, VVIA positions it-

self flat between the leaflets causing minor disorder and even thickening of the

BBB-mimetic bilayer. Due to the high density of cholesterol-rich BBB bilayer, the

unfavorable work associated with the peptide insertion provides a significant, but

not dominant contribution to the partition free energy, which is still governed

by dehydration and loss of peptide-headgroup interactions. Comparison with ex-

periments indicates that KLVF and VVIA permeation is similar to that of proline

tetrapeptide, mannitol or cimetidine, all of which exhibit no passive transport.

In future studies, we would like to expand our investigation of passive perme-

ability to additional candidate inhibitors of Aβ aggregation. It will be interesting

to probe the permeation of non-steroidal anti-inflammatory drugs (NSAIDs) and

polyphenols154, including epigallocatechin-3-gallate (EGCG)155 and, particularly,

curcumin156. The most exciting prospect would be to study active transport of

Aβ peptides across the BBB mimetic bilayer, although such undertaking would

require significantly larger simulation systems and longer sampling times. From
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technical perspective, we would like to increase the concentration of permeants be-

yond a single molecule, to investigate the potential formation of complexes which

may facilitate or hinder permeation. To reduce finite size effects, it is prudent to

increase the size of bilayers from 96 to 192 lipids, which would allow us to better

capture curvature and fluctuations in lipid bilayers.
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