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ABSTRACT: Pancratistatin (PST) is a natural antiviral alkaloid that has demonstrated specificity toward cancerous cells and
explicitly targets the mitochondria. PST initiates apoptosis while leaving healthy, noncancerous cells unscathed. However, the
manner by which PST induces apoptosis remains elusive and impedes the advancement of PST as a natural anticancer therapeutic
agent. Herein, we use neutron spin−echo (NSE) spectroscopy, molecular dynamics (MD) simulations, and supporting small angle
scattering techniques to study PST’s effect on membrane dynamics using biologically representative model membranes. Our data
suggests that PST stiffens the inner mitochondrial membrane (IMM) by being preferentially associated with cardiolipin, which
would lead to the relocation and release of cytochrome c. Second, PST has an ordering effect on the lipids and disrupts their
distribution within the IMM, which would interfere with the maintenance and functionality of the active forms of proteins in the
electron transport chain. These previously unreported findings implicate PST’s effect on mitochondrial apoptosis.
KEYWORDS: Cancer, Lipid membranes, Vesicles, Anticancer drugs, Apoptosis, Natural compounds, Nanomedicine, Neutron spin−echo,
Small angle X-ray scattering, Small angle neutron scattering, Molecular dynamics

■ INTRODUCTION

Conventional cancer treatments use highly cytotoxic agents in
combination with radiation therapy that act on both cancerous
and noncanerous cells eliminating or reducing tumor growth.
Unfortunately, these traditional methods and drugs (e.g., DNA
intercalating agents) are genotoxic and have the potential to
lead to the manifestation of additional cancers later in life.1

Recently, focus has shifted toward a more targeted drug
therapy approach: one that displays little to no toxic effects
toward healthy cells. In particular, mitocans that specifically
target the mitochondria of cancerous cells and induce
apoptosis can be utilized.2 When this process is exploited to
target and eliminate cancerous cells, natural antiviral alkaloids
such as pancratistatin (PST) emanating from the Amaryllida-
ceae family can be used to induce apoptosis (Figure 2C).3 PST

was first extracted from the Hawaiian roots of Pancratium
littorale, more commonly known as the spider lily,4 and has
successfully shown anticancer activity in multiple human
cancer cell lines including: breast, liver, pancreatic, testicular,
and neuroblastoma cancer cells.3,5 Natural derivatives from the
Amaryllidaceae family of plants have yielded not only
anticancer compounds such as PST,6 narciclasine,7 and
haemanthamine8 but also compounds with anticholinesterase,
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antimalarial, antiviral, and anti-inflammatory properties.9,10

Regardless of PST’s effectiveness toward targeting and treating
cancer, two significant concerns must be addressed. First, the
low availability of PST coupled with the costly and time-
consuming synthesis of synthetic PST has vastly diminished
the progress of research. Second, the biochemical mechanism
of action by which PST selectively targets and induces
mitochondrial apoptosis within cancerous cells is still unclear.3

More recently, work has shown that PST treatment leads to
phosphatidylserine leaflet scrambling, caspase-3 activation, the
generation of reactive oxygen species (ROS), and the loss of
mitochondrial membrane potential.11,12 While these findings
are key to understanding PST’s function and effect within the
mitochondria, they do not offer the exact nature of how PST
operates and selects for cancerous cells to initiate mitochon-
drial apoptosis.
There are two distinct signaling pathways that lead to

apoptosis in mammalian cells: first, through the extrinsic
receptor-mediated pathway initiated by death receptors in the
plasma membrane, and second, via the intrinsic mitochondria-
mediated pathway initiated by the disruption of intracellular
homeostasis.13,14 The present study is interested in the latter
and how PST may initiate this pathway. The role of
cytochrome c, a heme containing protein, has been thoroughly
investigated with respect to apoptosis. It has been shown to
play a critical role upon release into the cytoplasm, triggering
caspase activation and eventual cell death.15−18 The local-
ization of cytochrome c within the inner mitochondrial
membrane (IMM) is of great interest as it is only found in
the free cytosolic form within the IMM matrix or bound to
cardiolipin (CL), a phospholipid virtually exclusive to the
IMM.19,20 However, the peroxidation of CL leads to the
detachment of cytochrome c and subsequently its release into
the cytosol, initiating the apoptotic cascade.21 Additionally, the
localization of CL bound cytochrome c can drive the
peroxidation of CL, aiding in the release of cytochrome c
into the cytoplasm via the pores of the outer mitochondrial
membrane.21,22 Although the role of CL in mitochondrial
apoptosis has been previously investigated, to our knowledge,
the investigation of PST and its role on bilayer mechanical
properties, such as membrane fluidity and rigidity, and how
changes in these properties may trigger mitochondrial
apoptosis are severely under researched. To this end, we
employed an array of scattering techniques to investigate PST’s
effect on membrane structure and dynamics, correlating such
effects to its biological activity.23,24

Here, the effect of PST on the mechanical properties of a
mitochondrial membrane mimic was investigated using
neutron spin−echo (NSE). NSE has been previously used to
investigate change in the effective bending modulus κ̃ in
biomimetic membranes with respect to acyl chain length,
varying temperature, ionic liquids, and electronic-cigarette/
vaping additives such as vitamin E acetate (VEA).25−27 NSE is
uniquely suited to measure the thermally induced membrane
undulations at the nanometer and nanosecond length and time
scales, respectively, for the direct measurement of the effective
bending modulus κ̃, thereby quantifying membrane rigidity,
which ultimately controls membrane fluctuations on the length
scales of the membrane itself. The alteration in membrane
rigidity influences the interactions and insertion of membrane
proteins,28 the size and morphology of lipid rafts,29 and drug−
membrane interactions.30 These nanoscale fluctuations play a
critical role in maintaining the IMM and allowing CL to act as

a proton trap and protein stabilizing agent as well as allowing
for the functionality of active protein forms in the electron
transport chain (ETC).31 CL has also been shown to form
microdomains in the IMM and act as a platform for apoptotic
signals facilitating apoptotic execution.32 Therefore, alteration
in membrane fluctuations by PST could lead to enhanced
apoptotic activity in the mitochondria and can provide an
understanding of PST’s biochemical mechanism of action. The
present study combines the use of neutron, X-ray, and light
scattering techniques in combination with molecular dynamics
simulations to investigate the never before reported mechanical
and structural effects of PST on an IMM mimic.

■ METHODS
Materials. 1′,3′-Bis[1,2-dioleoyl-sn-glycero-3-phospho]-

glycerol (sodium salt) [18:1 cardiolipin], 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine [16:0/18:1 PC, POPC], and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
[16:0/18.1 PE, POPE] were purchased from Avanti Polar
Lipids (Alabaster, AL) and were used as received. Lipids were
prepared as stock solutions in HPLC-grade chloroform
(Sigma-Aldrich, Oakville, ON). Dimethyl sulfoxide-d6
(DMSO-d6) and D2O (99.9%) were purchased from Cam-
bridge Isotopes (Andover, MA). Pancratistatin (PST) was
purchased from Toronto Research Chemicals (North York,
ON).

Preparation and Characterization of Vesicles. Lipid
films were prepared by transferring the desired volumes of
stock lipid solutions to separate glass scintillation vials to create
the desired composition for the IMM: TOCL/POPE/POPC
(0.25/0.25/0.50), TOCL/POPE (0.50/0.50), or TOCL/
POPC (0.50/0.50). Bulk organic solvent was removed under
a gentle stream of argon, and the resulting lipid films were
dried overnight (≈12 h) under vacuum at room temperature.
Films were hydrated to a concentration of 25 mg/mL with
D2O warmed at 50 °C, and the resulting multilamellar vesicles
(MLVs) were subjected to 5 freeze/thaw cycles (−80 and 50
°C) with intermittent vortexing. To create large unilamellar
vesicles (LUV), the MLVs were extruded by passing the
samples through a hand-held mini extruder equipped with a
100 nm pore-diameter polycarbonate filter (Avanti Polar
Lipids, Alabaster, AL) 31 times. Extrusion was done at a
temperature of 45 °C, above the lipids’ melting transition
temperature. The extruded LUVs were characterized by
dynamic light scattering (DLS) using a Malvern ZetaSizer
Nano ZS (Malvern Panalytical, Ltd., Malvern, UK) equipped
with a He−Ne laser (λ = 633 nm). For DLS measurements,
large unilamellar vesicles suspended in D2O were diluted to a
concentration of 1 mg/mL and measured at a temperature of
37 °C with a fixed scattering angle of 175°. With DLS,
information regarding the diffusion of molecules from
fluctuations in light intensity is used to determine the diffusion
coefficient and the hydrodynamic radius. DLS measures the
time-dependent fluctuations in the scattered light, where the
rate of fluctuations is related to the diffusion of a molecule
through the solvent.
PST was prepared as a DMSO-d6 stock at a concentration of

9.5 mg/mL and was added to select samples at mole fractions
of 0.01, 0.015, and 0.02 of total lipid. This concentration led to
the total amount of DMSO-d6 to be less than 2 mol percent
present in solution. To confirm no aggregates were formed in
solution, an aggregation index was extracted using DLS and
resulted in a value of −0.0960, indicating there was no PST
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aggregates. PST was incubated with the extruded LUV samples
for 12 h at 37 °C before any experimental analysis was
conducted.
Small-Angle Neutron and X-ray Scattering. Small-

angle neutron scattering (SANS) measurements were con-
ducted on the NGB 30 m SANS instrument located at the
National Institute of Standards and Technology Center for
Neutron Research (NCNR, Gaithersburg, MD).33 A wave-
length of 6 Å was used with two sample-to-detector distances
(1 and 4 m) to access a scattering vector range of
approximately 0.01 Å−1 < Q < 0.5 Å−1. LUVs were diluted
down to a concentration of 10 mg/mL in D2O, loaded into 1
mm path-length quartz banjo cells (Hellma USA, Plainsview,
NY), and mounted in a Peltier temperature-controlled cell
holder with ≈1 °C accuracy. The scattered beam was counted
on a 2D-3He detector and subsequently corrected for detector
pixel sensitivity, dark current, sample transmission, and
background scattering from D2O, radially averaged, and
stitched using Igor Pro and the NCNR developed reduction
scripts.34 SANS data were analyzed using Vesicle Viewer
software.35 Small angle X-ray scattering (SAXS) experiments
were carried out using the 12-ID-B beamline at the Advanced
Photon Source (Argonne National Laboratory, Lemont, IL).
An average photon energy of 13.3 keV was used, and data were
collected using a 2 M Pilatus detector (Dectris Ltd.,
Philadelphia, PA) set at a sample−distance of 2.0106 m. X-
rays with a wavelength of 0.9322 Å were used. The resulting
form factors in the scattering vector range of 0.03 Å−1 < Q <
0.9 Å−1 were background corrected using the established on-
site reduction workflow and analyzed using Vesicle Viewer
software.35 All measurements were collected at 37 °C. LUVs at
a concentration of 15 mg/mL in H2O were loaded into
temperature controlled capillary-flow cells. These fluid filled
capillaries oscillated ≈100 μL of sample to avoid ionization
damage. Samples were measured for 45 frames with 0.5 s
exposure and 1.5 s rest also to avoid damage.
Neutron Spin−Echo Spectroscopy and Data Treat-

ment. Data were collected on the NG-A NSE spectrometer at
the NCNR. Neutron wavelengths of 8 and 11 Å were used to
obtain a scattering vector range of 0.04 Å−1 < Q < 0.11 Å−1

with Fourier times of up to 100 ns. These settings allow
measurement of bilayer motions on length scales of ≈5 to 20
nm and time scales of 0.1 to 100 ns. LUVs at a concentration
of 10 mg/mL in D2O were loaded into cells with a 4 mm path
length for NSE measurements. All samples were measured at
37 °C. Samples were equilibrated at the desired temperatures

for 30 min prior to evaluation; the temperature was maintained
within ≈1 °C. The resulting NSE data was reduced using the
Data Analysis and Visualization Environment (DAVE)
software package.36

For any given Q value obtained from NSE, the resulting
measurement is the intermediate scattering function, I(Q, τ)/
I(Q, 0). Using the Zilman and Granek model collectively with
Hoffmann’s model to account for large diffusing particles
(vesicles), the decay rate ΓZG is defined as

τ ≃ τ τ− − ΓI Q
I Q
( , )
( , 0)

e eDQ ( )2
ZG

2/3

(1)

where D is the Stokes−Einstein diffusion coefficient

= κ
πη( )D T

R6
B and is dependent on the hydrodynamic radius

of the vesicle R, solvent viscosity η, absolute temperature T,
and κB as the Boltzmann constant. In this study, D was
measured by dynamic light scattering (DLS).
The work done by Zilman and Granek was extended by

Watson and Brown to account for a structure with finite
thickness and internal dissipation within the bilayer, which
cannot be accurately described by a thin structureless
sheet.37,38 Their work showed that the effective bending
modulus, κ̃, measured by NSE is related to the intrinsic
bending modulus κ through:

κ κ̃ = + d k2 2
m (2)

where d is the distance of the neutral surface from the bilayer
midplane and km is the monolayer compressibility modulus.37

By combining both theories and assuming that the neutral
surface is located at the hydrophobic−hydrophilic interface, we
are able to obtain κ from the plot ΓZG versus Q3 from39

κ
κ

κ
η

Γ =
T T

Q0.0069ZG
B B 3

(3)

Molecular Dynamics Simulations. Atomistic molecular
dynamics (MD) simulations were performed using the
GROMACS 2018.3 package and the CHARMM36 force
fields.40,41 The CHARMM PST force field was generated by
the CGenFF42,43 version 4.0 with the CHARMM36 force field
version Nov-2018. Prior to the production runs for the PST
containing membranes, multiple small simulation runs (20 ns
each) were executed to bring the PST molecules closer to the
membrane. All membrane compositions were generated using
the CHARMM-GUI input generator.44 The composition of all

Table 1. Lipid Compositions Used for MD Simulations Including the Duration of the Simulationa

number of molecules

composition simulation time (ns) TOCL POPC POPE H2O Na+ PST

IMM mimic 570 30 60 30 9000 60 0
IMM mimic w/1% PST 560 30 60 30 8987 60 1
IMM mimic w/1.5% PST 570 30 60 30 8971 60 2
IMM mimic w/2% PST 550 30 60 30 8955 60 3
TOCL/POPC control 540 60 60 0 12 000 120 0
TOCL/POPC w/1% PST 530 60 60 0 11 984 120 1
TOCL/POPC w/2% PST 550 60 60 0 11 955 120 3
TOCL/POPE control 530 60 0 60 12 000 120 0
TOCL/POPE w/1% PST 560 60 0 60 11 982 120 1
TOCL/POPE w/2% PST 560 60 0 60 11 957 120 3
TOCL control 560 90 0 0 13 500 180 0

aEach composition contains lipid, water, sodium, and PST.
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simulated systems and their total simulation times can be seen
in Table 1.
Energy minimization and equilibration steps were performed

according to the CHARMM-GUI guidelines. The energy
minimization began with steepest-descent minimization for
5000 steps followed by an ensemble equilibration for 50 ps
with a time step of 1 fs, followed by an isothermal−isobaric
ensemble equilibration for 325 ps at a time step of 2 fs with
semi-isotropic pressure coupling accomplished using the
Berendsen barostat.45 Equilibration was monitored by
observing the area per lipid of the system.

Unconstrained MD simulations were run for over 500 ns for
each composition using a time step of 2 fs. All simulations were
kept at 37 °C using velocity-rescaling temperature coupling.46

Pressure coupling was applied using the Parrinello−Rahman
barostat.47 A zero surface tension ensemble was created by
setting a reference pressure of 1 bar for both the bilayer plane
and the normal to the bilayer. Bilayer compressibility was set to
0.000045 bar−1 as previously measured via neutron diffrac-
tion.48 van der Waals interactions were cut off at 1.2 nm, and
the interactions were modified using the force-switch method
between 1.0 and 1.2 nm. Long-range electrostatics were

Figure 1. Top: Exhibiting the time (t) and length scales (d) as well as the corresponding energy (E) and momentum transfer (Q) accessible by
various spectroscopic techniques. Adapted from ref 57. Copyright 2019 Walter de Gruyter, Inc. Bottom: Normalized intermediate scattering
function I(Q, τ)/I(Q, 0) for various Q values indicated by different colors for the IMM mimic LUVs in D2O at 37 °C, measured by NSE. The inset
shows the linear dependence of the relaxation rate (ΓZG) with respect to Q3. Error bars represent one standard deviation here and throughout the
manuscript.
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determined using the particle mesh Ewald method with a
cutoff of 1.2 nm.49 The final 500 ns of the unrestrained MD
simulations was used for data analysis. A combination of in-
house scripts, GROMACS tools, and the Visual Molecular
Dynamics (VMD) 1.9 program were used to analyze the
simulations.50 All errors were estimated using cumulative
averaging.
The bending moduli of the simulated bilayers were

calculated from the trajectories by analyzing the fluctuations
in splay angles between pairs of neighboring lipids as described
previously.51 Briefly, the orientation of each lipid was defined
by a vector connecting the center of mass of its glycerol
backbone region with the center of mass of the last 3 atoms on
the lipid’s acyl chains. The splay angle between any two lipids
that are near neighbors, i.e., whose centers of mass are within a
cutoff distance of 14 Å, was then calculated as the angle
between the lipids’ director vectors. The probability distribu-
tion of the splay angles for any pair of lipids (e.g., POPC−
POPC, POPC−TOCL, POPE−TOCL) was used to obtain
the splay modulus for that lipid pair. The splay moduli of all
lipid pairs in the system were then averaged to obtain the
bending modulus of the bilayer. For a detailed description of
the theoretical framework and its implementation, see refs
51−53.
We used MD simulations to assess PST-induced changes to

the lateral (in-plane) diffusion of lipid species in the IMM-
mimic membrane; see Table S2.
First, the mean squared displacement (MSD) ⟨r2(t)⟩, i.e.,

the average of the square of the lateral displacement r of the
center of mass of a tracer lipid during a time period t, was
calculated for each lipid species. Here, the angular brackets ⟨·⟩
indicate the average over all the periods of length t during the
whole (500 ns) analysis period and over all the tracer lipids
that were tracked in the analysis. The displacements were
calculated in the center-of-mass coordinate system of the
IMM-mimic membrane.
In practice, the Gromacs version 2018.3 tool gmx traj with

the -nojump and -com switches was used to create the tracer
lipid center of the mass trajectories, and the tool gmx msd with
the -lateral z and -rmcomm switches was used to calculate the
MSDs.
From the slope of the fit to the linear region (50 to 150 ns)

of the MSDs, the lateral diffusion coefficient D was obtained
directly using its definition

= ⟨ ⟩
→∞

D
t

r tlim
1
4

( )
t

2

(4)

To estimate the error in D, the lipid populations were
divided into five equally sized groups, which were treated as
independent measurements of the MSDs, thus providing the
standard errors of the mean as a function of t; see Figure S1
(the shaded regions). The error estimates for D were then
obtained from the maximal and minimal slopes that fit within
these error estimates for MSD in the fitting range (50 to 150
ns).

■ RESULTS
Pancratistatin’s Effect on Membrane Rigidity. To

investigate the PST effects on bilayer mechanics, we used an
IMM mimic based on the major lipid species present in
eukaryotic mitochondria cells as follows: tetraoleoyl cardiolipin
(TOCL), palmitoyl-oleoyl phosphocholine (POPC), and
palmitoyl-oleoyl phosphoethanolamine (POPE) at a mole

fraction (χ) of 0.25/0.50/0.25.54 Three additional composi-
tions were used throughout the study: TOCL/POPC, TOCL/
POPE, and TOCL at mole fractions (χ) of 0.50/0.50, 0.50/
0.50, and 1, respectively. These compositions were used to
monitor the behavior of TOCL in the presence or absence of
POPE and POPC and further investigate the role of TOCL in
determining the structure and dynamics of mitochondrial
membranes. With CL being the primary lipid of interest, the
rationale for using TOCL rather than the other CL
compositions was due to the abundance of 16:0−18:1
hydrocarbon tails in the IMM.55,56 From here forth, CL will
be used interchangeably with TOCL.
NSE spectroscopy offers unmatched capabilities in regards

to measuring the collective dynamic properties of membranes
on the length and time scale of local bilayer undulations
(Figure 1, top). The IMM mimic as well as the other
compositions were measured at 37 °C at varying concen-
trations of PST (mole fractions of 0.01, 0.015, and 0.02)
(Table S5). The normalized intermediate scattering function,
I(Q, τ)/I(Q, 0), was measured over a range of Q-values
corresponding to length scales greater than the bilayer
thickness but less than the vesicle radii and Fourier times, τ,
up to 100 ns. The data measured for the IMM at 37 °C is seen
in Figure 1 (bottom). The results follow a stretched
exponential trend as predicted by the theory of Zilman and
Granek for membrane bending fluctuations in which the
membranes are treated as thin elastic sheets.58 To account for
dynamic contributions from the diffusion of the vesicles, we fit
the data with two contributions as described by Hoffman et al.
and presented in eq 1.59 The dynamic contribution from the
vesicle diffusion was described by the diffusion coefficient, D,
as outlined by Hoffmann et al.59 and was independently
determined for each sample using dynamic light scattering
(DLS) (Table S4). The diffusion coefficients determined by
DLS for each composition of the IMM, TOCL/POPC, and
TOCL/POPE were 0.394, 0.398, and 0.452 Å2/ns, respec-
tively. The resulting fits from eq 1 are shown as solid lines in
Figure 1 (bottom). From these fits, the corresponding decay
rates for the membrane fluctuations, ΓZG, follow the expected
Q3 dependence shown in the inset in Figure 1 (bottom) with a
slope that is inversely related to the effective bending modulus,
κ̃.58

The work done by Zilman and Granek was extended by
Watson and Brown to account for the finite thickness of the
bilayer because the membrane is not accurately described as a
thin structureless sheet and, accounting for the dissipation
within the bilayer, is important on the nanometer length scale
and nanosecond time scale measured with NSE.37,38 Their
work showed that the effective bending modulus, κ̃, measured
by NSE is related to the intrinsic bending modulus, κ, through
eq 2. The obtained κ values for all compositions with varying
PST concentrations are shown in Figure 2. We observed a
significant increase in bending rigidity with added PST in the
IMM mimic (≈57.5%) and in the CL/PE mimic with added
PST (≈40.2%). These values have not been previously
reported in the literature and consequently cannot be
compared; however, certain conclusions can be drawn when
compared to LUVs composed of POPE and POPC
compositions. The addition of TOCL to membranes
composed of POPE and POPC has a membrane ordering
effect and increases membrane rigidity in PC membranes.60−63

In extension, the present data show the addition of PST slows
down the membrane dynamics and increases κ in the studied
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LUV compositions as measured by NSE (Table 2). This
increase in κ̃ suggests PST has a stiffening effect greater than
that of TOCL alone on the IMM mimic and other
compositions.
Structure of IMM-Mimic Vesicles. The structural

parameters of the IMM-mimic, POPE/TOCL, and POPC/
TOCL vesicles were analyzed by joint refinement of small
angle neutron scattering (SANS) and small-angle X-ray
scattering (SAXS), which offer complementary structural
information (Table S1) by taking advantage of the different
contrasts provided by neutrons and X-rays. To obtain real
space information from these techniques where usable
information like the bilayer thickness and area per lipid are
present, a model based scattering density profile (SDP) was

used to parse the membrane bilayer into three distinct
segments.35,64,65 The volume probabilities are shown in Figure
3A.
The structural information obtained from SANS and SAXS

provides insight on the PST’s effect on the bilayer structure
and additional insights into the bending rigidity results in a
concentration dependent manner shown in Table 2. Using
100% D2O and fully protiated LUVs, the contrast between the
bulk aqueous solvent and the bilayer composition is exploited
using SANS to highlight the total bilayer thickness as seen in
Figure 3B, whereas the SAXS data in the inset of Figure 3
demonstrate a different bilayer thickness, specifically the
electron dense phosphate-to-phosphate thickness (DHH) of
opposing bilayer leaflets.
The addition of PST increases the total bilayer thickness by

≈1 Å as seen by a shift in the local scattering minima (qmin)
near 0.15 Å−1. This suggests that at the measured
concentrations PST has a minimal effect on bilayer thickness,
as observed by a minor (<2.7%) increase in the structural
parameters DB, DHH, and 2DC (Table 2).
It is also important to note that DMSO was needed to

introduce PST into the liposomal suspension due to PST’s
hydrophobic nature. DMSO is known to have a dehydrating
effect on lipid bilayers leading to a weakening of hydrogen
bonds between lipid headgroups and water molecules.66 This
known effect has been shown to lead to faster solvation
dynamics due to a decrease in the bilayer rigidity.67 From our
results, the opposite is true for bilayer rigidity, as DMSO
stiffened the membrane slightly (≈10%). While our results
suggested that the DMSO addition slightly stiffened the
membranes, the increase in κ̃ from the carrier solvent was
several times lower than that of PST plus DMSO. This
suggests the bulk effect of membrane stiffening comes from
PST and not DMSO. Ultimately, the volume of DMSO had no
substantial effect on the other structural parameters, and the
primary stiffening effect was due to the addition of PST as seen
in Table 2.

PST in Silico. To investigate in more detail the effects of
PST on membrane properties, we performed molecular
dynamics (MD) simulations of the IMM mimic, as well as
the TOCL, TOCL/POPC, and TOCL/POPE bilayers
mimicking the experimental conditions. We first compared
the structural parameters calculated from the simulations to
those obtained from the scattering experiments (Tables 1 and
S3). There was good overall agreement between the
corresponding areas per lipid and various bilayer thicknesses
for the systems both with and without PST; importantly, the
trends upon increasing PST concentration were reproduced.
We then calculated the bending moduli by analyzing the
fluctuations in lipid splay angles.51−53 The MD results
qualitatively reproduced the experimentally observed increase
in membrane rigidity with increasing PST concentration
though we note that the κ values extracted from the MD
measurements differed from the NSE measurements by 11%
on average (Tables 2 and S5)
We then set off to perform a more in-depth analysis of the

simulated lipid dynamics and organization. The first parameter
that was assessed was the acyl chain order parameters (SCH).
As SCH provides structural and dynamic information of each
carbon along the acyl chain, taken as an ensemble, SCH
captures key factors that qualitatively define the bilayer fluidity.
Therefore, we can extrapolate the effects of PST to the overall
membrane fluidity. Moreover, SCH provides information on the

Figure 2. (A) Relative bending modulus (Δκ̃ = κ̃PST/κ̃pure) for varying
concentrations of PST at 37 °C, IMM (○, blue), POPE/CL (□, red),
POPC/CL (△, green), and IMM w/DMSO-d6 (◇, magenta)
measured by NSE experiments. (B) Relative bending modulus (Δκ̃
= κ̃PST/κ̃pure) for varying concentrations of PST at 37 °C, IMM (○,
blue), POPE/CL (□, red), POPC/CL (△, green), and CL (★,
black) calculated by MD simulations. (C) Structure of pancratistatin
(PST).
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overall order of the membrane and can be extended to
understand drug−membrane interactions.68,69

Using eq 5

θ= ⟨ ⟩ −S
3
2

cos
1
2CH

2
(5)

where θ is the angle between the C−H bond vector and the
bilayer normal and the angled brackets represent molecular
and temporal averages; we can describe the average orientation
of the C−H bonds with respect to the bilayer normal for all
chain carbons of a specific lipid.70 The magnitude of SCH is
directly proportional to acyl chain order where a more ordered
chain will have a greater |SCH| value as seen in Figure 4.
The order parameter profiles of our baseline compositions

were in good agreement with analogous values reported in the
literature.71−73 Analysis of the PST-containing systems showed
that the effects of PST are most notable for the carbons closer
to the glycerol backbone as shown by the increase in SCH with

increasing PST concentration; this indicates that C2−C8 for
both sn1 and sn2 chains of TOCL are the most affected by the
presence of PST. Though POPE and POPC see an increase in
acyl chain order between C2 and C8, the extent to which they
are affected is lower. This suggests that PST has a greater
affinity toward TOCL as well as an ordering effect on the
hydrocarbon chains. The ordering of the hydrocarbon chains
as seen by the increase in SCH agrees with the increase in κ, as
an increase in hydrocarbon chain order is seen as the
membrane stiffens.74

MD simulations were additionally used to further explore
the localization of PST relative to the membrane. Under-
standing how a drug interacts with the membrane is vital to
elucidating how it functions with respect to biological events
and how it influences membrane properties.75−77 To
determine where PST localizes, the density of PST was
averaged over 500 ns of each simulation containing PST.

Table 2. Structural Parameters of Various Compositions Obtained from NSE Spectroscopy and Generated from SDP Model
Analysis of Experimental (EXP) Data and Unrestrained MD Simulationsa

structural parameters

composition κ (κBT) AL (Å
2) DB (Å) DHH (Å) 2DC (Å)

IMM mimic (EXP) 28.0 ± 0.9 80.9 ± 0.2 40.6 ± 0.5 41.0 ± 0.5 31.3 ± 0.4
IMM mimic w/1.0% PST (EXP) 31.4 ± 1.0 79.8 ± 0.3 40.9 ± 0.5 41.1 ± 0.3 31.2 ± 0.2
IMM mimic w/1.5% PST (EXP) 34.9 ± 0.9 79.4 ± 0.4 41.3 ± 0.2 41.6 ± 0.4 31.9 ± 0.3
IMM mimic w/2.0% PST (EXP) 44.1 ± 1.9 78.2 ± 0.3 41.7 ± 0.3 42.1 ± 0.3 32.6 ± 0.2
IMM mimic (MD) 33.4 ± 0.7 79.3 ± 0.1 41.0 ± 0.1 41.5 ± 0.1 31.9 ± 0.1
IMM mimic w/1.0% PST (MD) 36.4 ± 0.6 79.1 ± 0.1 41.6 ± 0.1 41.6 ± 0.1 32.1 ± 0.1
IMM mimic w/1.5% PST (MD) 37.6 ± 0.6 78.8 ± 0.1 41.9 ± 0.1 42.3 ± 0.1 32.2 ± 0.1
IMM mimic w/2.0% PST (MD) 39.8 ± 0.6 78.4 ± 0.1 42.8 ± 0.1 42.8 ± 0.3 32.7 ± 0.1
IMM mimic w/2.0% DMSO (EXP) 30.8 ± 0.8 80.3 ± 0.2 40.7 ± 0.5 41.1 ± 0.7 31.6 ± 0.4

aWhere κ is the bending rigidity, AL is the area per lipid, DB is the total bilayer thickness, DHH is the phosphate-to-phosphate thickness, and 2DC
represents the carbon chain length.

Figure 3. (A) Volume probability distribution for the IMM-mimic bilayer, where the total probability is equal to 1 at each point along the bilayer
normal. The representation of the colors is as follows: water distribution, teal line; the headgroup region, green line; hydrocarbon chain (CH,
CH2), red line; terminal methyl (CH3), blue line. (B) Structure of symmetric IMM-mimic vesicles with increasing PST concentration given by
experimental SANS form factors (□) and fits (solid lines). Data is offset for greater visibility. Inset: structure of symmetric IMM-mimic vesicles
with and without PST given by experimental SAXS form factors (○) and fits (solid lines).
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In Figure 5A, PST density is plotted against the distance
from the bilayer center for the IMM mimic: PST is primarily
concentrated on the lipid bilayer surface as the density peak
values are between 21 and 23 Å, which is roughly half the
values of DB and DHH reported in Table 2. This further
suggests PST localizes at the membrane surface regardless of
composition and has a higher binding affinity to the membrane
than the surrounding aqueous environment.
Lastly, the association between PST and specific lipid species

was investigated as recent work shows that some drug
therapeutics have greater affinity toward specific lipid
species.76,77 To investigate whether PST associates with one
lipid species more than another, the radial distribution function
(RDF), g(r), between PST and each lipid species in the IMM
mimic was calculated for all PST-containing simulations. The
RDF describes how the density of surrounding matter varies as
a function of the distance from a defined point. For the MD
simulations, PST was added to the aqueous solvent in a
random fashion to mirror the in vitro experiments. Con-
sequently, if PST was to closely associate with a particular lipid
species, it would be fair to reason that the particular lipid
species is of significance to PST’s functionality. When the
points of interest were defined as the center of mass of PST
and the headgroups, the RDFs were calculated over the
duration of each simulation, resulting in a plot of g(r) vs
distance, as seen in Figure 5. The graphs represent the change
in density of a specific lipid headgroup over a certain distance
from a PST molecule. The RDF results demonstrate PST has a
higher affinity toward TOCL compared to POPE or POPC as
seen in Figure 5B−D. As CL only accounts for a mole fraction

of 25% of the IMM mimic, when combined with the previous
density results, it is clear that PST interacts preferentially with
the headgroups of CL.

■ DISCUSSION
The structure of mitochondria is key to regulation and
function in healthy cells. An alteration in mitochondrial
structure is directly related to cells undergoing apoptosis.78

Nonetheless, studies have put considerable effort into
investigating PST and its effect on proteins within the
mitochondria and not the physical properties of the
mitochondria themselves.79 Considering PST is a pro-
apoptotic agent, physical alterations of the mitochondrial
membrane by PST must be investigated and more specifically
the interactions between PST and CL, a lipid almost exclusive
to the inner mitochondrial membrane. In the presented work,
we observed a significant increase in bending rigidity with
added PST in the IMM mimic (≈57.5%) and in the CL/PE
mimic (≈40.15%) via NSE as seen in Figure 2. In contrast,
PST had a minimal effect on the structural parameters DB,
DHH, and 2DC and a small (<3.5%) effect on AL (Table 2).
This would suggest PST does not insert itself into the bilayer
but rather interacts with the surface of the membrane as shown
by the area per lipid (AL) and κ values. However, whether PST
sits asymmetrically or crosses the bilayer remains unknown.
Work done by Marquardt and co-workers probed the effect of
transverse lipid organization and its role in controlling bending
fluctuations.60 Their work revealed that asymmetric bilayers
exhibited a larger bending modulus than that of symmetric
bilayers due to the asymmetric distribution of lipids in the

Figure 4. Acyl chain order parameters from MD simulations of the IMM with increasing concentrations of PST. (A) TOCL-sn1, (B) TOCL-sn2,
(C) POPC-sn1, (D) POPC-sn2, (E) POPE-sn1, and (F) POPE-sn2. The graphical abstract displays these findings in more detail, illustrating the
stiffening effects of PST to the IMM mimic.
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inner and outer leaflet. This raises the matter of whether PST
localizes on the outer or inner membrane or is distributed
asymmetrically. To answer this, further research is required on
the localization of PST on the outer and inner membrane. AL

for the IMM mimic decreased at 2 mol percent of PST in both
the experiments (≈3.39%) and MD simulations (≈1%) as
shown in Table 2. This decrease in AL can largely be attributed
to the structure of PST as seen in Figure 2C and its stiffening
effects on the bilayer as seen by the increase in κ, seen more
clearly in Figure 2. This trend of a seemingly large increases in
κ along with small decreases in AL has been previously
observed by Kelley et al. with mixtures of dimyristoylphos-
phatidylcholine (DMPC) (14:0 diC) and distearoylphospha-
tidylcholine (DSPC) (18:0 diC) as determined by NSE and
SANS.80 An explanation for this strong dependence of κ on AL

is offered by the theory that predicts κ is strongly dependent
on AL and, more specifically, is associated to the conforma-
tional entropy of the tails.81 The theory proposes that, as the
area per chain in the bilayer decreases, the number of
conformations available to the tail decreases, thus making the

membrane harder to bend. Considering this, PST potentially
acts to reduce conformational degrees of freedom, con-
sequently increasing the bending rigidity of the IMM mimic.
Altogether PST is a planar molecule, it induces order, increases
bilayer thickness, and is considerably hydrophobic. The steric
hindrance introduced by the molecule has ordering effects like
that of cholesterol, but unlike cholesterol, PST acts on the
surface of the bilayer.
MD simulations provided additional details about the effects

of PST that would be otherwise unattainable by traditional
characterization techniques. The structural parameters DB,
DHH, 2DC, and AL from the MD simulations were all in good
agreement (<1.9% difference) with values obtained from the
joint refinement of experimental scattering data validating the
simulation trajectories. There was some variance in the
bending moduli (κ) calculated from the MD simulations and
measured with NSE. The values obtained by both techniques
exhibit the same trend in that increasing the PST
concentration increases the bending modulus, further seen in
Figure 2. For the IMM mimic, the addition of 2% PST led to

Figure 5. PST density profiles obtained from MD runs for the IMM mimic with (A) 1%, 1.5%, and 2% mol of PST. The maximum amplitude for
each curve is 21, 21, and 22 Å for an increasing order of PST concentration. Radial distribution function graphs for MD-simulated IMM mimics
were used to investigate PST’s affinity toward lipid headgroups with (B) 1.0%, (C) 1.5%, and (D) 2.0% PST. The RDFs were computed by
analyzing the distances between the centers of mass of PST and the lipid headgroups. A moving average over 5 bins is used to increase smoothness
of the curves. The graphical abstract illustrates these findings, displaying the binding preference of PST to CL more clearly.
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an increase in bending rigidity of ≈57.5% for the NSE
measurement and ≈19.2% for the simulated bilayer. This
difference is present in the TOCL/POPE composition where
the addition of 2% PST resulted in ≈40.1% for the
experimental system and ≈12.6% for the simulated one. The
discrepancies in the absolute changes of κ could be due to
some of the technical challenges in the computational analysis
of bending rigidity in bilayer mixtures containing TOCL. In
particular, the algorithm relies on the analysis of splay angles of
only neighboring lipids that are defined by a single distance
cutoff.51−53 Due to the larger area per lipid of TOCL relative
to that of phospholipids, the identification of such uniform
distance metrics becomes inherently difficult. Further advance-
ments in the algorithm such as allowing for variable distance
cutoffs in the definition of neighboring lipids could help
improve the agreement between NSE and simulations for
TOCL-containing mixtures. For the purpose of this work, the
relative trend in κ with the addition of PST is more
representative than the absolute values due to the simplicity
of the mimic systems as compared to biology.
Another possible reason for the discrepancy in the values of

κ extracted from the NSE and MD simulations is that these
techniques extract the membrane rigidity based on fundamen-
tally different measurement principles. NSE works in the time
domain, where the relaxation rate of the membrane
fluctuations is related to the membrane rigidity as well as the
dissipation through the surrounding solvent and within the
membrane itself. The Watson and Brown theory relating
effective bending modulus κ̃ to the intrinsic bending modulus κ
takes into account leaflet density and interleaflet friction.37

This means the redistribution of lipids do not fully relax within
the time scale of the fluctuations, which leads to an effectively
larger bending rigidity at the nanoscale. The greater increase in
κ measured with NSE compared to the MD results in Figure 2
may suggest that the addition of PST affects the internal
dissipation within the membrane, leading to an even greater
increase in the effective rigidity that influences the local
membrane fluctuations. The results from the NSE experiment
(Table 2) suggest that the addition of PST to the system
greatly increases membrane order and decreases membrane
fluidity, all of which are fundamentally linked to oxidative
phosphorylation.82−84 The rearrangement of mitochondrial
phospholipids leads to the uncoupling of oxidative phosphor-
ylation and destabilizes proteins required for the function of
the electron transport chain (ETC) proteins embedded within
the mitochondrial membrane.85,86 More so, the interaction
between CL and cytochrome c and its role in apoptosis is
highly dependent on lipid organization and fluidity.24 With
this, our results relate PST-induced mitochondrial apoptosis by
correlating increased membrane rigidity and reduced fluidity to
decreased mitochondrial membrane functionality.
With the aid of MD simulations, three key findings were

suggested: (i) PST is primarily concentrated on the membrane
surface, (ii) PST has greater affinity for CL than PE or PC lipid
headgroups, (iii) and PST has an ordering effect on C2−C8
for both the sn1 and sn2 chains of CL. This indicates that PST
not only targets CL but also localizes on the membrane surface
and creates order with the hydrocarbon region of CL by
interacting with the carbons closest to the glycerol backbone.
In the literature, cytochrome c has been shown to anchor to
CL via electrostatic interactions and hydrogen bonding, and its
release from CL is sufficient to initiate apoptosis.87 Displace-
ment of cytochrome c from CL primarily occurs due to

oxidative degradation of CL hydrocarbon tails and causes a
disruption of the molecular interactions between the
membrane lipid and the protein.88 Furthermore, work has
shown that cytochrome c binds to CL in a so-called extended
lipid conformation. This occurs when a single acyl tail is
perpendicular to the membrane plane and embedded within a
hydrophobic cavity of cytochrome c, leaving the other acyl tail
embedded in the membrane.89 The extended lipid conforma-
tion has been confirmed with both NMR and X-ray studies and
explains how cytochrome c is anchored to the membrane.90,91

This results in a hydrophobic interaction between cytochrome
c and the membrane surface without penetration into the
bilayer.92

In the MD simulations, PST not only has greater affinity for
CL compared to PE and PC but also increases the acyl chain
order of sn1 and sn2 and decreases the overall membrane
fluidity as shown by the SCH results in Figure 4 and broadly
supported by the lateral diffusion results shown in Table S2.
The addition of 2% PST by being localized on the surface of
the membrane decreases the area per lipid and maintains a
bilayer thickness close to 41 Å (DHH), potentially opposing the
ability of cytochrome c to create bilayer disorder/deformation
and increase membrane thickness (DHH).

91 Additionally, the
mitochondria of cancerous cells have a pH value of ≈8, while
the pKa of PST is 7.7, leading to the deprotonated form of PST
to exist within the mitochondria.93 As Rytomaa et al. have
discovered, an acidic pH environment leads to a tighter bond
between cytochrome c and the membrane due to both
electrostatic and hydrogen bonding, while at neutral pH,
cytochrome c associates only electrostatically and can be easily
displaced by increasing ionic concentration.94 Therefore, for
PST to displace cytochrome c within a cancerous cell, it must
only overcome electrostatic interactions and can neglect the
effects of hydrogen bonding. Thus, when PST is added, the
conditions needed by cytochrome c to remain anchored are
possibly sufficiently disrupted, which could lead to the release
of some cytochrome c, initiating the apoptotic cascade.
Membrane fluidity is of great interest in relation to

membrane proteins and their optimal conformation for
catalytic activity such as in the ETC.95 The structural data
obtained from NSE and SAXS/SANS and supplemented via
MD simulations show PST has a minimal effect on bilayer
thickness, some effect on AL, and a substantial effect on
bending rigidity. Proteins, such as the ones in the ETC, are
sensitive to even a slight deviation from their homeostatic
state, leading to a cascade of complications in relation to
energy production and cell survival.96 Protein content within
the membrane is related to bending rigidity, where an increase
in the protein and peptide density in many membrane systems
can either reduce the rigidity or increase the rigidity.74,97 The
IMM is composed of a ratio of approximately 4:1 proteins/
lipids, suggesting that the IMM naturally has low membrane
rigidity.98 With the addition of 2% PST to the IMM mimic,
there was an increase of ≈57.5% in the bending rigidity value,
potentially affecting the efficiency and viability of the ETC.
Hackenbrock et al. have thoroughly investigated the effect of

diffusion in the mitochondrial ETC and have produced a few
key findings. First, electron transport in the ETC is a long-
range obstructed diffusion-coupled kinetic process, and second,
the rates of diffusion of the redox components have a direct
influence on the kinetic process of electron transport and are
rate limiting as in diffusion control.99 Regarding the first
finding, there must be a low resistance to motion in the bilayer
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as there are a number of nonspecific protein−protein collisions
required for the ETC to function properly. The IMM offers
such conditions as a cholesterol-free and highly unsaturated
phospholipid bilayer. Shown by the MD simulations in Figure
4 and the lateral diffusion results shown in Table S2, PST has
an ordering effect on the hydrocarbon chains. This reduces the
free movement of lipid tails, suggesting an increase in
resistance to motion in the bilayer, affecting the rate of the
ETC as shown for obstructed long-range diffusion in the
biomembranes.100 The second key finding of Hackenbrock et
al.99 demonstrates that electron transport in the IMM is a
diffusion-coupled kinetic process, where electron transport is
limited by the rate of lateral diffusion of proteins, specifically
electron carriers. Using the theory of Reister and Seifert to
explain lateral diffusion of proteins in a fluctuating membrane,
the relationship between bending rigidity and free diffusing
proteins becomes inherently clear and allows for an
explanation for a slowed and disrupted ETC.101

Reister and Seifert101 attribute the difference between the
actual intramembrane and the measured projected diffusion
constant to membrane fluctuations, where a decrease in
bending rigidity leads to a softer membrane and an increase in
true intramembrane diffusion. Similarly, as the bending rigidity
of a membrane increases, there is a decrease in diffusion for
free diffusing proteins such as the electron carriers in the ETC.
When the theory of Reister and Seifert101 is combined with the
findings of Hackenbrock et al.,99 an explanation of how PST
may affect the ETC forms. As the bending rigidity increases
with increasing PST concentration, the rate of unbound
protein diffusion decreases, reducing the kinetic processes of
the ETC. This reduction in kinetic processes for the ETC can
lead to an array of downstream effects related to mitochondrial
dysfunction and apoptosis. The decrease in membrane fluidity
may have an effect on cytochrome c as it is the only nonintegral
protein of the ETC. Its role in the ETC is to transfer electrons
from complex III to complex IV, and it requires close
association to CL to function optimally.102 Recently Kalpage
et al. have shown that the electron transfer from cytochrome c
to complex IV is the rate limiting step of the ETC, putting
more importance on the proper function and execution of
cytochrome c. This emphasizes that any dysregulation of the
ETC can lead to mitochondrial membrane potential hyper-
polarization, resulting in the release of cytochrome c and
triggering apoptosis.103

Understanding the mechanism of how PST induces
apoptosis in cancerous cells is crucial for the development of
an efficacious and targeted treatment toward certain cancers. In
this study, we utilized NSE spectroscopy to characterize the
bending rigidity of an inner mitochondrial membrane mimic
incubated with PST. MD simulations were used to extrapolate
fluidity and the order of the membrane mimic and establish
PST localization and preference within the bilayer. We report
that PST increased bilayer rigidity by approximately 57%,
increased acyl chain order within the membrane, preferentially
associated with cardiolipin, and led to decreased fluidity within
the membrane. Although these observed effects for model
membranes were lacking mitochondrial proteins, these effects
would have a considerable impact on the vital processes that
regulate apoptosis within the mitochondria. Our data suggest
that, by increasing membrane rigidity, decreasing membrane
fluidity, and preferentially interacting with cardiolipin, PST
may have a direct effect on the efficacy of cytochrome c and

electron transport chain function, inducing optimal conditions
for the initiation of apoptosis.
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