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Abstract

Biological membranes are heterogeneous structures with complex electrostatic profiles arising
from lipids, sterols, membrane proteins, and water molecules. We investigated the effect of
cholesterol and its derivative 6-ketocholestanol (6-kc) on membrane electrostatics by directly
measuring the dipole electric field (F,) within lipid bilayers containing cholesterol or 6-kc at
concentrations of 0—40 mol% through the vibrational Stark effect (VSE). We found that adding
low concentrations of cholesterol, up to ~10 mol%, increases F while adding more cholesterol up
to 40 mol% lowers £, In contrast, we measured a monotonic increase in Fyas 6-kc concentration
increased. We propose that this membrane electric field is affected by multiple factors: the polarity
of the sterol molecules, the reorientation of the phospholipid dipole due to sterol, and the impact
of the sterol on hydrogen bonding with surface water. We used molecular dynamics simulations to
examine the distribution of phospholipids, sterol and helix in bilayers containing these sterols. At
low concentrations, we observed clustering of sterols near the vibrational probe whereas at high
concentration, we observed spatial correlation between the positions of the sterol molecules. This
work demonstrates how a one-atom difference in a sterol changes the physicochemical and electric
field properties of the bilayer.
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Circular Dichromism data of nitrile-containing peptides intercalated in vesicles, and simulation data on the orientation of the peptide
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Introduction

Biological membranes are complex, heterogeneous structures composed of amphiphilic
lipids that form a bilayer scaffold into which small molecules and proteins can intercalate
and alter the physical and chemical properties of the membrane. Of special interest to many
researchers is the effect of the intercalation of cholesterol, which provides mechanical
strength and reduces fluidity of the cell membrane, a characteristic that distinguishes
eukaryotic from prokaryotic cells. Cholesterol can constitute as much as 50% of total
molecular composition of a plasma membrane in eukaryotic cells,! and even more than 50%
in human eye lens,? thereby significantly influencing membrane organization, dynamics, and
function. Experimental studies using nuclear magnetic resonance (NMR),3-5 electron
paramagnetic resonance (EPR),6-9 and differential scanning calorimetry (DSC)®-12 have
repeatedly shown that cholesterol induces temperature dependent “dual effects” on the
phases of the lipid bilayer; cholesterol makes the gel phase more fluid below the transition
temperature (7, and the liquid crystalline phase more rigid above 7,, The later effect is
significant for the role that this is believed to play in the formation of heterogeneous,
dynamic, nanoscale domains enriched in glycolipids, sphingolipids, and cholesterol, often
called “lipid rafts.” These domains are thought to be crucial for cellular functions including
signal transduction, cell adhesion, and membrane trafficking.1-13 However, despite
development of various /n vivo visualization techniques of lipid rafts, there is still a lack of
consensus about their size, definition and function.14-16

Cholesterol and its derivatives such as 6-ketocholestanol (6-kc), ergosterol, and 7-
dehydrocholesterol have various physicochemical effects on lipid membranes stemming
from excluded volume, steric, and electrostatic factors that collectively modify bilayer
structure, fluidity, and function. Of these, the sterols’ affect on the membrane dipole electric
potential (V) is the least understood.1” 18: 19 This electric potential is perpendicular to the
plane of the membrane and is the result of the anisotropic orientation of molecular dipole
moments of charged moieties in the head region of the lipid distributed between the lipid-
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water interface and the hydrocarbon interior of the membrane.20-21 The potential generated
from these accumulated dipole moments, largely from the zwitterionic lipid head groups and
from water molecules that are hydrogen bound to it, propagates a few nanometers through
the low dielectric hydrophobic interior of a membrane, resulting in a large electrostatic
dipole electric field (F,) that a variety of experimental and computational techniques have
estimated to be ~1-10 MV/cm.2021 This is significantly larger than either of the other two
electrostatic fields associated with the membrane structure, the transmembrane field (F259)
which arises from lhe difference in ion concentration across the transmembrane region, and
the surface field (%) due to the potential difference between the membrane-water interface
and the bulk aqueous region, with magnitudes of 0.1-1 MV/cm and 0.01 MV/cm,
respectively.20-21 Because of its magnitude, the dipole potential is believed to influence
many aspects of membrane biological functions such as ion-transport rates across lipid
membranes;22-26 membrane fusion;2’ redox reaction kinetics;28 partitioning and
translocation of small macromolecules such as Na*-K*-ATPase and phospholipase Ay;29-32
and insertion and folding of membrane peptides like mitochondrial amphipathic signal
peptide p2530 and simian immunodeficiency viral fusion peptide.2%:33

In recent years, the effect of cholesterol on membrane dipole potential has been a subject of
great interest. A substantial amount of experimental and computational research has focused
on this subject, but the results of these efforts have occasionally been contradictory. Several
experimentall®34 and computational3>-38 results show that cholesterol increases the electric
potential inside a membrane, but in contrast, additional studies have concluded that
cholesterol also decreases the membrane electric potential.1939 Researchers have proposed
several hypotheses: 1) cholesterol increases the dipole potential by altering the strength and
orientation of dipole moments associated with lipid head groups;3® 2) cholesterol increases
the dipole potential by increasing the volume of lipid head group, which in turn reorganizes
the presence of water dipole moments at the membrane interface;3* or 3) the dipole moment
of cholesterol itself adds incrementally to the magnitude of the electric potential dropped
across the bilayer.1® These hypotheses have been proposed based on the results of a variety
of indirect experimental techniques such as atomic force microscopy,“ ion-transport rates,*!
ratiometric fluorescence measurements,*243 and conductance method;** or computationally
through MD simulations 36:3945 applied on lipid bilayers with different amounts of
cholesterol. In this paper, we set out to test these hypotheses by measuring the magnitude of
the electric field inside a bilayer composed of a saturated phospholipid, 1,2-dimyristoyl-sr-
glycero-3-phosphocholine (DMPC) and 0-40 mol% of cholesterol using vibrational Stark
effect (VSE) spectroscopy of a diatomic nitrile molecule and molecular dynamic simulations
of model membranes. We also compared the effect of cholesterol with that of 6-kc, a
cholesterol analog with an extra ketone group on the second ring (Figure 3), using the same
methodology.

Despite its structural resemblance to cholesterol, experimental observations of 6-kc have
consistently found it increases the membrane electric field.19.23:41.4246 6_kc has been shown
to sit further up in the bilayer compared to cholesterol because the additional oxygen forms
hydrogen bonds with the interfacial waters and increases membrane fluidity (compared to
membrane with similar composition of cholesterol).4¢ This is in contrast with cholesterol,
which sits deeper in the bilayer under lipid head group “umbrellas,” making the bilayer less
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fluid. By measuring the electrostatic field in lipid bilayers containing these two highly
similar sterols, we aim to elucidate and quantify how sterols affect membrane electrostatics
by changes in local membrane structure and organization.

We do this using vibrational Stark effect (\VSE) spectroscopy, in which a shift in the
vibrational absorption frequency (Awvyps) Of an oscillator probe is altered by changes in the
local electrostatic environment in the vicinity of that pro_tge.47‘49 Spectral shifts of the
oscillator, Avyys, are due to the interaction of the field (£;) with a known difference in dipole
moment of the vibration (Ag), also known as Stark tuning rate. Equation 1 shows the
relationship between the change in the absorption energy and the electrostatic field.

AE=heAvgps=— (AT - Fa) = (AT - Fong ) == |Apl-(|Fal cos(6)) .~ [Aul-(|Feg cos(6)) s

6]

where £ is Planck’s constant, @is the angle between the field vector and the direction of the
vibrational probe, and cis the speed of light. The brackets (...) denote an ensemble average.
We choose our reference state to be at the center of the membrane. For the symmetric
membranes used in these simulations, identical lipid compositions and ion concentrations in
both leaflets results in an electric field of zero at the center of the membrane. Even in the
presence of a transmembrane helix, which is not symmetric, the electric field at the center of
the membrane is found to be low in the MD simulations, as we illustrate in the Results
section. Hence in practice, the membrane electric field can be determined by the simplified
expression in which the reference field at the membrane center is neglected: Avps = —|AU(|
F,lcos(8)). The last expression is not a direct measurement of the electric field since it
depends on cos (6). However, it is possible to separate the averages of the field and the
cosine of the angle if the two functions are uncorrelated, i.e. when {F,- cos(8)) = {Fy) -
(cos(8)). As we show in the Results section, the simulations suggest that the two are indeed
uncorrelated. It is thus possible to relate a measured change in absorption energy of the
chromophore to the electric field at the probe, which is induced by the local environment.

In addition to experimental measurements, we computed the component of the electric field
normal to the membrane plane from the simulation data. Sampled configurations from the
Molecular Dynamics trajectories are used to calculate the charge densities that in turn are
placed in Equation (2). We averaged over all the charges in the membrane plane to obtain the
charge density, po(2):

F(z):% 7;) (zl> dz/ft;;p (z') dz

0—1

’

@

where /denotes the boundary of the periodic box, and A2) is the electric field at membrane
depth z.
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In this paper, we use VSE spectroscopy to measure the environment field inside a lipid
bilayer containing different amounts of sterol molecules using a combined experimental-
computational methodology that was developed and described previously.>%51 In our earlier
work with 1,2-dimyristoyl-srglycero-3-phosphocholine (DMPC) vesicles, we placed a
nitrile oscillator into the bilayer interior by intercalating an a-helical transmembrane peptide
containing an unnatural amino acid, p-cyanophenylalanine (o-CN-Phe).5! The nitrile
molecule served as an excellent VSE probe, as is described extensively in earlier
publications.#8-52 We controlled the location of nitrile inside the bilayer by changing the
position of p-CN-Phe along the amino acid sequence of the peptide. The four polypeptide
sequences that we used in this study are given in Table 1.5951 The peptide aLAX(25) places
the nitrile near the lipid head group-water interface, where it was exposed to a very
heterogeneous chemical environment containing charged groups and polar water molecules.
At the other extreme, peptide aLAX(16) places the nitrile in a homogenous environment
near the middle of the membrane that is mainly comprised of hydrocarbon chains. We
confirmed the chemical differences in the local vicinity of these probes both experimentally
(through differences in vibrational absorption line widths), and computationally (through
MD simulations) and determined the magnitude of the dipole electric field in a DMPC
bilayer to be 8 — 11 MV/cm, depending on a variety of factors such as vesicle size, probe
concentration, and nitrile orientation.51

Here, we expand the use of VSE spectroscopy and MD simulation studies to understand the
role of chemical complexity on the magnitude and function of the membrane electric field
through direct measurements of the field upon addition of cholesterol and 6-kc at
physiologically relevant concentrations up to 40 mol%. Experimental measurements show
that cholesterol increases the electric field at lower concentrations (~10 mol%) and
decreases it at higher concentrations (up to 40 mol%), while 6-kc increases the electric field
monotonically through the range we investigated. We use molecular dynamics simulations to
examine the lateral organization of these sterols within lipid-aLAX(16) bilayer at the sterol
concentrations of 10, 20 and 40 mol%. We also evaluate the orientations of the helix and of
the nitrile probe attached to the helix from the simulations. Using our experimental data and
results from simulation studies, we demonstrate that both the chemical structure and the
concentration of sterol affect the chemical environment of the bilayer, which in turn alters
the membrane electric field in complex ways.

Materials and Methods

Materials

1,2-dimyristoyl-srglycero-3-phosphocholine (DMPC) powder was purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL) and was used without further purification. Cholesterol, 6-
ketocholestanol, Hepes, NaN3, and DO were purchased from Sigma Aldrich (St. Louis,
MO). PrCl3.6H>0 was purchased from Alfa Aesar (Ward Hill, MA). HPLC grade water and
chloroform were purchased from Fisher Scientific (Pittsburg, PA). All peptides were
synthesized using standard Fmoc solid-state peptide synthesis and obtained from Abgent
Technologies (San Diego, CA) and InnoPep (San Diego, CA).
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Sample preparation

Small unilamellar vesicles (SUV) were prepared using sonication as described in reference
53.53 For samples containing cholesterol, about 30 mg of DMPC powder and a correct
amount of cholesterol powder and lyophilized peptide (determined as described below) were
taken together in a vial and dissolved in approximately 1 mL of chloroform. For samples
containing 6-kc, a stock solution of 6-kc in methanol was made, from which the correct
volume was added to the lipid and peptide solution in chloroform. The sample was then
vortexed for 5 min, dried under vacuum for 2 hr, then transferred into a N»(g)-purged glove
box overnight. The dried sample was then hydrated with 1.5 mL of 10 mM Hepes buffer
with 0.02% (w/v) NaNg, pH 7.2, and maintained at a temperature above 23°C, the gel-liquid
crystal transition temperature (7,,) of DMPC. This was vortex mixed for 5 min to get a
homogeneous distribution of multilamellar vesicles. Small unilamellar vesicles were
obtained by placing the multilamellar vesicle suspension in a sonication bath maintained at
35°C until the milky solution (indicative of multilamellar vesicles) cleared to slightly cloudy
(indicative of light scattering by residual large particles remaining in the lipid suspension).
These residuals were removed by centrifugation at 12000x g for approximately one hour to
achieve a clear vesicle solution. The vesicle size distribution of each batch was determined
using dynamic light scattering technique on a Malvern Zetasizer Nano ZS instrument
equipped with He-Ne light source (633 nm) and photodiode detector. The average vesicle
diameter determined from all batches of vesicle samples was determined to be ~73 nm with
standard deviation of 35 nm. All samples were stored at a temperature above 7,and were
stable for up to 5 days.

Sterols were added at concentrations of 0, 5, 10, 15, 20, 30 and 40 mol% and peptides were
added to make a total concentration of 1 mM. On average, in a homogeneous distribution of
1 mM peptide results in a ratio of 33 peptides per 1000 lipids. The secondary structure of the
peptides inside the vesicles was determined by circular dichroic (CD) spectroscopy using
Jasco J-815 CD spectrometer. CD spectra were recorded using a 1 mm path length quartz
cell over the range of 190 — 250 nm wavelength at 0.2 nm resolution, 50 nm/min scanning
rate and 4 s response time and were background subtracted using 10 mM Hepes buffer as the
background with Spectra Manager for Windows 95/NT Spectra Analysis software.

Infrared Spectroscopy

Infrared spectra of vesicle samples containing the VSE probe were recorded at room
temperature (>7,,) in a sample cell composed of two sapphire windows separated by 125
um thick PETE spacers in a Bruker Vertex 70 FTIR instrument. The sample cell was
illuminated with light in the range of 2000-2500 cm™! selected by a broad band pass filter
(Spectrogon, Parsippany, NJ) placed in front of the instrument’s IR source. Spectra were
collected with a liquid nitrogen-cooled indium antimide (InSb) detector and were composed
of 3000 scans at 2.0 cm™1 spectral resolution. Background-subtracted spectra were fit to a
single Gaussian line shape with a custom least-squares fitting program to determine the peak
center, gps and full width at half maximum (fwhm). Uncertainty in absorption energy is
reported as the standard deviation of at least three measurements.
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Nuclear Magnetic Resonance Spectroscopy

The splitting and shifting of 31P NMR spectra were used to characterize vesicles as
unilamellar, but also demonstrated the fluidity of bilayers containing 6-kc. Samples for
NMR spectroscopy were prepared by adding 150 pL of D,O to 550 pL of vesicle sample in
an NMR tube. 31P NMR spectra were obtained at 35 °C with 202.343 MHz on a Varian
INOVA-500 NMR. For fluidity experiments, approximately 2.4 mg of PrCl3.6H,0 was
added to the NMR sample.

Molecular Dynamics Simulations

We computed molecular dynamics trajectories for the aL AX(16) at different compositions
for the sterols in a bilayer of DMPC molecules. Three trajectories were computed for both
cholesterol and 6-kc (Table 2). The total number of DMPC and sterol molecules was kept at
160 molecules in all the simulations.

We used the CHARMM-GUI%*55 membrane builder facility to build a starting configuration
of the membrane system with the helical peptide initially embedded inside the membrane,
along the membrane axis. Initially we prepared the three cholesterol/DMPC systems with
the membrane builder tool and used these configurations to build the three 6-kc/DMPC
systems by adding the carbonyl bond in the corresponding sterol ring. The simulations were
performed with the molecular simulation code MOIL%6:57 using a combination of the united-
atom Berger force field for the acyl chain atoms of the lipid molecules and the OPLS force
field for their head group region and the peptide atoms.>85° For cholesterol we used
parameters developed by Pasenkiewicz-Gierula et al.,0 for 6-kc we used the OPLS ketone
charges, and for the nitrile bond of the probe we used parameters from Price et al.51 For
water we used the SPC water model.52 By default the MOIL program adds improper
torsions to the force field of the sterols. The improper torsions prevent chirality inversion at
the C14 centers that could have been a concern in extended atom force field.”*

After the initial setup, we heated the system to a target temperature of 298 K for a period of
2 ns and then performed 1 ns of equilibration at a constant pressure of 1 atm using a recently
developed stochastic algorithm to sample the isobaric-isothermal ensemble.%3 Production
runs of 200 ns were performed in the NVT ensemble with the last 100 ns of simulation data
used for analysis.

Periodic boundary conditions were imposed in the three spatial directions and the smooth
particle mesh Ewald method®* was used for long-range electrostatic interactions with grid
resolution of 1 mesh-point/A. The cutoffs for van der Waals interactions and for the real
space component of electrostatic forces were set to 9.5 A. In all the simulations we
constrained water bond length and angles with a matrix implementation of the SHAKE
algorithm.%5 The simulations were done with multiple time steps according to r-RESPA, %6
with 1 fs time step to integrate the covalent, van der Waals, and real-space component of the
Ewald sum, and a 4 fs time step to evaluate the reciprocal-space component of the Ewald
sum. Configurations were saved every 1 ps for determination of the structural properties of
the membrane systems.
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The convergence of the simulations can be assessed by examining the ensemble averaged
properties of functions of coarse variables. In the present manuscript the experiments focus
on the probe, which is attached to the transmembrane helix. The convergence of the
distribution of the helix tilt angle is relevant to the research presented below. Furthermore,
the motions of the helix are slow variables and offer a strict convergence criterion. The
orientation of the helix was examined using two different definitions: (i) The atomic
positions of the Ca of histidine H1 and H31 were used to estimate the helix axis orientation
and (ii) All the alpha carbons of the helix were overlapped with the initial helix
configuration (that was oriented perpendicular to the membrane surface) with the Kabsch
algorithm®7 to determine tilt shift. Both approaches yield similar distributions.

Finally, we also performed a 150 ns simulation of a pure lipid bilayer containing 160 DMPC
molecules for comparison to the results of the helix/sterol/membrane systems.

Nuclear magnetic resonance spectroscopy

31p NMR has been used extensively in the literature to characterize the vesicle size and
lamellarity. In 31P NMR spectroscopy, a “wide-line” or powder-line shape due to the
restricted anisotropic motion is indicative of multilamellar vesicles whereas a single well-
resolved peak at about 0.1 ppm is representative of unilamellar vesicles.58:69 In addition to
providing qualitative information on the physical characteristics of the vesicles, 3P NMR
experiments are also used to check the fluidity of the bilayer by adding external shift
reagents. Paramagnetic lanthanide ions such as the praseodymium cation (Pr3*) have very
short electron relaxation times and upon interaction with the phosphate ions in the lipid head
group, perturb the nuclear spin relaxation times and move the chemical shift downfield.68.69
Typically, pure lipid bilayers are impermeable to lanthanide cations, hence Pr3* only shifts
the signal from the outer leaflet downfield, splitting the single narrow peak into two whereas
the peak from the phospholipids in the inner leaflet remains unchanged. However, if the
permeability of the bilayer increases upon intercalation of small sterols such as 6-kc, Pr3*
ions penetrate into the bilayer and interact with the lipid head groups in the inner leaflet as
well. As a result the entire peak shifts downfield.

Figure 1(a) and Figure 1(b) show the representative 31P NMR spectra collected for 30 mM
DMPC lipid vesicles only and vesicles with 20 mol% 6-kc respectively. In both figures, the
top spectra represent vesicles in absence of external shift reagent and the bottom spectra
represent vesicles with Pr3* ions added. We obtained a single narrow peak characteristic of
unilamellar vesicles before adding any shift reagent for both vesicles (top panels of Figure
1). When Pr3* was added to vesicles composed of DMPC only, we observed the
characteristic splitting of the phosphorus peak (Figure 1(a)). However, when Pr3* was added
to vesicles containing 20 mol% 6-kc, the entire peak was shifted downfield, shown in Figure
1(b). After confirming the vesicles were still intact through dynamic light scattering, we
concluded that Pr3* was able to permeate the bilayer when 6-kc was intercalated in the
membrane, resulting in the entire peak shifting downfield to about 10 ppm. Pr3* ions were
interacting with phosphate groups in both outer and inner leaflet of the bilayer instead of
splitting of the 3P NMR peak seen in empty DMPC vesicles. Based on this and previous
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experiments reported in the literature, we concluded that the presence of 6-kc in the lipid
bilayer results in an increase in the bilayer permeability, which allowed for the passive
translocation of Pr3* through the bilayer to interact with the head group region of both
leaflets of the membrane.

Circular dichroic spectroscopy

In these experiments, we moved the nitrile infrared probe through the lipid bilayer by
inserting a polypeptide containing the unnaturnal amino acid p-cyanophenylalanine at
various locations along the sequence. The repeating leucine-alanine (LA) construct in the
amino acid sequences shown in Table 1 is a strongly hydrophobic helical peptide that is
insoluble in buffer but partitions into the self-assembling membrane bilayer during vesicle
formation.5%:51 We confirmed the helical secondary structure of these nitrile-containing
peptides inside vesicles containing 0-40 mol% cholesterol and 6-kc with CD spectroscopy,
shown in Figure S1 (Supporting Information). All peptides show two minima located near
208 and 222 nm, which are characteristics of helical secondary structure. On average, a
homogeneous distribution of 1 mM peptide results in a ratio of 33 peptides per 1000 lipids.
Although long range electrostatic interactions between peptides are possible at such
concentrations; we did not observe any distortions in the CD spectra demonstrating that
peptides did not aggregate within the bilayer at this low concentration.

FTIR spectroscopy

In our FTIR experiments, we used a-helical peptides containing a single p-CN-Phe
unnatural amino acid to incorporate the nitrile oscillator at four different positions within the
bilayer, beginning from the membrane-water interface with peptide aLAX(25) and
progressing towards the middle of hydrophobic core with peptide aLAX(16). The potential
gradient between the lipid’s charged head group and terminal alkyl chains creates an electric
field that shifts the vibrational absorption energy of the nitrile oscillator between alLAX(25)
and aLAX(16).2021 |n Figure 2, we show representative normalized infrared spectra of the
nitrile stretching band in aLAX(25), aLAX(23), aLAX(21), and aLAX(16) placed into
vesicles composed of 30 mM DMPC and 20 mol% cholesterol. In the figure, the absorption
energy of the nitrile shifted by 2.7 cm™1 between alLAX(25) and aLAX(16). We carried out
a series of FTIR measurements in vesicles containing 0 to 40 mol% cholesterol or 6-kc. We
determined the vibrational energy shifts (Av,s) at each composition and the results are
provided in Table 3 and plotted as a function of sterol concentration in Figure 3 for both
cholesterol (black) and 6-kc (red). We see two distinct trends in values as a function of sterol
mole fraction in the bilayer. As we increased the concentration of cholesterol from 0 to 10
mol% in our vesicles, the Av,ys increased from 2.59 cm™ to 2.85 cm™1 but as we increased
beyond 10 mol%, the A v, declined to as low as 2.37 cm~2 for 40 mol% cholesterol. In
contrast, in vesicles containing 6-kc, the A v, increased monotonically with increasing
concentration over the entire range examined.

The addition of sterol molecules to a lipid bilayer increases heterogeneity of the system due
to several factors, including by changing the order of the lipid alkyl chains. The nitrile probe
on peptide aLAX(16) places the oscillator at the ends of these alkyl tails where the system
is most perturbed. The oscillator is very sensitive to the local chemical environment, which
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is reflected in the full width half maximum (fwhm) values of its absorption peak. In Figure
4, we plot the experimental average fwhm values for the absorption peaks of nitrile attached
to aLAX(16) that we placed in vesicles containing 0-40 mol% of each sterol. For
cholesterol containing bilayers, the fwhm values of nitrile peaks, shown in black circles,
rises monotonically with higher cholesterol concentration while the fwhm values of nitrile
peaks in 6-kc containing bilayers, shown in red circles, do not exhibit any clear trend as a
function of concentration, and appear to fluctuate around a value of ~6.5 cm™L. This result
indicates that the hydrophobic core region of the bilayer, where the nitrile in aLAX(16) is
placed, gets progressively more diverse in its chemical environment as the concentration of
cholesterol is increased, but remains homogeneous as more 6-kc is added.

Molecular dynamics simulations

Helix orientation—Although the peptide sequence should put the terminal glycine repeats
in the head group region of the bilayer, and although the length of the peptide sequence
(28.5 A)50:51 was designed to be similar to the hydrophobic length of pure DMPC
phospholipid bilayer (26 A),”0 our experimental methods provide no independent
verification that the expectation of transmembrane insertion has been met. The set of CD
spectra collected for aLAX(25), aLAX(23), aLAX(21) and aLAX(16) inserted into sterol-
lipid bilayer shown in Figure S1 demonstrate the secondary structure of the peptide but they
do not provide information on the orientation of the peptide (horizontal versus vertical) with
respect to the bilayer normal. The helix orientation is affected by various physicochemical
properties of the lipid bilayer for example the hydrophobic mismatch between the helical
section of the peptide and the low dielectric hydrophobic alkyl chains, and the chemical
interaction between the peptide and its neighboring membrane component. In Figure 5, we
show representative snapshots taken from the equilibrated helix-membrane simulation of (a)
10 mol% cholesterol; (b) 20 mol% cholesterol; (c) 40 mol% cholesterol; (d) 10 mol% 6-kc;
(e) 20 mol% 6-kc; and (f) 40 mol% 6-kc, run for a total of 200 ns each. For the results
reported here, all analyses were made from the last 100 ns of simulation data to allow the
system to equilibrate. These snapshots clearly show that the peptides are indeed helical and
inserted parallel to the membrane normal with some degree of tilt. We calculated the
distribution of helix tilt angles from the simulation trajectories for each bilayer composition,
and results are shown in Figure 6. For cholesterol containing bilayers, the width of the helix
tilt distribution became narrower with higher mole fraction of cholesterol whereas for 6-kc
containing bilayers, the distribution widths were broader in general at all mole fractions of
6-kc. For each composition under investigation, the mean helix tilt angles were determined
to be 12 £ 5°, 31 £ 5° and 20 + 4° for 10, 20 and 40 mol% cholesterol, respectively, and 30
+6°,39 = 5° and 35 + 4° for 10, 20 and 40 mol% 6-kc, respectively. To check the
convergence of the calculation we also present computations of an ergodic measure for the
tilt angle in Figure 6.

Nitrile probe orientation—We also determined orientations of the nitrile inside the
bilayer as the angle between the vector along the bond and the normal to the membrane. In
our simulations, the nitrile on peptide aLAX(16) is located in the middle of hydrophobic
core of the lipid bilayer, so any changes in the ordering of lipid alkyl chains induced by
different amounts of sterol affect the orientation of the nitrile. Figure 7 shows the normalized
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distribution of this angle simulated for aLAX(16) in bilayers containing 10, 20 and 40 mol
% sterol concentration. For cholesterol containing bilayers, we obtained unimodal
distributions of nitrile angle with respect to the membrane normal for 10 and 40 mol%
cholesterol with mean angles of 113 + 13° and 125 + 10° respectively. For 20 mol%
cholesterol, we observed one prominent distribution of nitrile angle centered around 120°
and another small yet distinguishable distribution centered around 85°. In the case of
bilayers containing different mole fractions of 6-kc, the nitrile orientation remained
unimodal at all sterol concentrations, with mean values of 90 + 16°, 76 + 16°, and 110 + 10°
for 10, 20 and 40% 6-Kkc respectively.

Lateral organization of membrane components—Molecular dynamics simulations
allowed us to examine the lateral organization of membrane components including peptide,
phospholipids and sterol molecules in our model sterol-lipid-aLAX(16) bilayer. In our
computational model, we inserted one aLAX(16) helical peptide at each composition under
investigation that are described in Table 2. We computed the three dimensional radial
distribution function, g(/) , of the center of mass of the sterol molecules with respect to the
nitrile probe attached to the helix for bilayers containing 10 mol% and 40 mol% sterol.
These results are shown in Figure 8.

The pair correlation functions, shown in Figure 8, report the proximity of the probe and the
sterol molecules. The following observations were made: (i) At 10% content of sterol we
found a first density peak at about 7-8 Angstrom, indicating that the sterol molecules are
near the probe. The first peak of 6-kc was slightly shifted to shorter distances. We also found
a second significant peak for the 6-kc molecules at about 13 Angstrom. The second peak of
the nitrile-cholesterol distribution was shifted to 16 Angstrom and was less pronounced. The
reduction in the second peak of the 10% cholesterol was geometrical and is due to the use of
three-dimensional distributions. (ii) At high concentrations of sterols, 6-kc was shifting away
from the probe while cholesterol molecules remained closer to the helix. The cholesterol
molecules at the higher concentrations are distributed more uniformly in the membrane but
the absolute number of sterol molecules in the neighborhood of the probe (the first density
peak) was larger than the number determined at the low concentrations.

We also computed sterol-sterol radial distribution function (RDF) for sterol-lipid-aLAX(16)
bilayers containing 40 mol% cholesterol and 40 mol% 6-kc. In a lipid bilayer containing 40
mol% sterol, we distributed equally 64 total sterol molecules (shown in Table 2) among the
outer and inner leaflets of the bilayer. For each layer we computed the distance between the
center of mass of a reference sterol and the other 31 sterols in the same leaflet. We
performed a similar calculation for the rest of the sterols in the bilayer. Figure 9 shows the
results of the radial distribution analysis for both cholesterol and 6-ketocholestanol. We
consider the distributions averaged over all sterol molecules in the leaflet (top) and the
largest clusters only (bottom). The peak profile in cholesterol-cholesterol RDF plot (top,
shown in black) was slightly different from the peak profile obtained for 6-kc-6-kc RDF plot
(shown in red). The RDFs of the largest clusters (Figure 9(b)) had significant second and
even third peaks. The most obvious observation of Figure 9(b) was the higher first peak of 6-
kc compared to the cholesterol molecules, suggesting that 6-kc has stronger tendency to
form short-range clusters. Taken together, the RDF results shown in Figures 8 and 9 indicate
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that that 6-kc is attracted to itself more than it is attracted to the probe. Cholesterol shows the
opposite behavior; interactions with other cholesterol molecules are weaker compared to
those with the helix. This may be due to the relative position of the two sterols. 6-
ketocholestanol is placed higher in the membrane, a position with larger mass density.

Pair correlation functions in the liquid phase generally approach rapidly asymptotic constant
value as a function of distance. They are typically flat after the first or second peaks. Here,
however, we observed more structure beyond the smallest clusters of molecules in direct
contact to include sterols separated by a small number of lipid molecules. When the
distribution was averaged over all cholesterol molecules a more homogeneous picture was
obtained. Finally, we finally comment that the presence of the sterol molecules, (with the
exception of 40% 6-ketocholestanol), does not change the orientation of the phospholipid
dipoles significantly, measured by the P-N vector with respect to the membrane normal. This
is illustrated in Figure S2 (Supporting Information).

Hydrogen bond network—The membrane-water interface is extremely heterogeneous,
due in large part to a network of hydrogen bonds between phospholipid head groups, water
molecules and sterols. As sterol concentration changes, the distribution of these hydrogen
bonds will change as well, altering the arrangement of dipoles at the membrane-water
interface. We calculated the average number of hydrogen bonds between different hydrogen
bond donor and acceptor chemical pairs in the sterol-lipid-aLAX(16) bilayer model. In
Figure 10, we present the results for phospholipid:water (black); phospholipid:phospholipid
(blue); phospholipid:sterol (green); sterol:sterol (red); and sterol:water (magenta) calculated
from MD simulations of lipid bilayer containing cholesterol (solid circles) or 6-kc (open
circles) plotted as a function of sterol concentration. Figure 10 highlights two important
observations: (1) the number of hydrogen bonds between phospholipids and water were
largest compared to other molecules because of the greater number of hydrogen bond donors
and acceptors located at the phospholipid head group; and (2) the only significant difference
between cholesterol and 6-kc in this analysis was the extent of hydrogen bonding between
the sterol and the water (data shown in magenta). Because of the extra ketone functional
group on 6-ke, this sterol is susceptible to significantly more hydrogen bonds to water than
cholesterol (1 versus 0.6 hydrogen bonds per sterol, respectively) at all concentrations. This
observation is significant because water dipoles are thought to be the major contributor to
the magnitude of the electric field. We will return to this observation below.

Electric field

Computer simulations—We used the configurations sampled in MD simulations to
compute the electric field in the direction normal to the membrane plane following Equation
(2). In Figure 11 we present the electric field computed at several conditions. We also
evaluated the contributions to the electric field of different membrane components.

Experiments—Using Equation 1, we calculated the membrane electric field for bilayers
containing 0, 10, 20 and 40 mol% sterol from the experimentally measured Av, values,
nitrile’s Stark tuning rate of 0.67 cm~1/ (MV/cm),4748 and the average cosine of the nitrile
angle obtained from MD simulations of lipid-aLAX(16) bilayers. In the introduction we

J Phys Chem B. Author manuscript; available in PMC 2018 April 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shrestha et al.

Page 13

noted that the above analysis requires the ensemble average (/- cos(8)) of the electric
field multiplied by the cosine angle of the vibrational probe vector. Here we approximate the
above expression by {(F) - {cos(6)). The approximation is sound only if the field and the
probe directions are uncorrelated. In Figure S3 (Supporting Information) we show a scatter
plot of the z components of the two vectors, extracted from the MD simulations, and
supporting the hypothesis of no correlation.

We determined the absolute electric field, Em of 10.3 £ 20 MV/cm, 10.9 + 16 MV/cm, 9.7
+14 MV/cm and 6.2 + 8 MV/cm inside the lipid bilayers containing 0, 10, 20 and 40 mol
%cholesterol respectively. Similarly, we calculated Fymagnitudes of 10.9 + 20 MV/cm, 11.4
+21 MV/em, 17.8 £ 3 MV/em and 13.2 + 20 MV/cm inside lipid bilayers with 0, 10, 20 and
40 mol% 6-kc respectively. The large errors reported for Fydo not reflect experimental
errors, but rather represent the distribution of field values arising from the distribution of the
nitrile angle computed from MD simulations and carried over through the dot product in
VSE equation. For both cholesterol and 6-kc, the incorporation of low concentration of
sterol (10 mol%) increased the ~yvalues by ~1 MV/cm compared to bilayer with no sterol.
As the cholesterol concentration increased up to 40 mol%, the ~ymagnitude declined to as
low as ~6 MV/cm. For 6-kc, the absolute ~,value increased up to 18 MV/cm with
incorporation of 20 mol% of 6-kc and then dropped down to 13 MV/cm at 40 mol% 6-kc.
This decline in the field is due to the small cosine value of the nitrile angle of 110°
calculated computationally for bilayers containing 40 mol% 6-kc. The shift in the nitrile
absorption frequency (Awvyps) that we measured experimentally is a more direct reporter of
the electric field, and it increases monotonically with higher 6-kc mole fraction.

Discussion

The purpose of this work is to elucidate the effect of cholesterol and an analogue sterol, 6-
ketocholestanol on the magnitude of the membrane’s electric field. In our experiments, we
determined that cholesterol and 6-kc sterols increased the membrane electric field at lower
concentrations, whereas at higher concentration, they had opposite effect; cholesterol
lowered the magnitude of the field and 6-kc increased the field. Sterols can impact the
membrane’s field in two ways: (1) directly through the inclusion of its own molecular dipole
moment (~2.01 D for cholesterol and ~4 D for 6-kc)1 into the system of ordered dipoles; or
(2) indirectly by inducing changes in membranes physical properties including fluidity,
stiffness, and packing.3>-39 Here we report different organization of cholesterol and 6-kc
near each other and the helix. This organization alters the electric field that the probe, which
is attached to the helix, experiences when the concentration and/or type of sterol are
modified.

Evidence reported elsewhere suggests that the intercalation of cholesterol into a lipid bilayer
membrane induces ordering in the alkyl chains of lipid membranes,’%.73 increasing
membrane density,”4~77 decreasing fluidity,’®79 and increasing mechanical strength.8% One
of the most widely observed impacts of cholesterol in lipid membranes is its condensing
effect because of the non-ideal interaction of cholesterol with phospholipids.8! Cholesterol
participates in hydrogen bonding with water molecules and other phospholipids through a
polar hydroxyl group or via water bridges with adjacent phospholipids, thus anchoring itself
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to the membrane-aqueous interface.82 Molecular simulations have shown that upon
incorporation of cholesterol into the pure lipid bilayer, there is a decrease in the formation of
gauche rotamers in the lipid alkyl chains and a substantial reduction in the average tilt of the
lipid chains with respect to the plane of the membrane bilayer.3° These two structural effects
straighten the hydrocarbon tails of the lipid, which in turn increases the packing density of
the lipid molecules and condenses the area per molecule.39:74.75.83 g_kc, on the other hand,
is known to increase the membrane permeability and does not impact the ordering of the
alkyl tails.33:84 The additional ketone group on the second ring structure allows 6-kc
hydrogen bond to greater number of water molecules, thus influencing hydration levels at
the membrane-water interface.

With no sterol, the lipid bilayer above the transition temperature is in a fluid-like disordered
phase and has a membrane electric field of 10.3 MV/cm.>1 Upon incorporation of a small
amount of sterol up to ~10 mol% into the bilayer, the membrane field increases for both
sterols. At this low concentration, according to our simulations, the sterols are more
concentrated near the helix while at higher concentrations their distribution is more uniform
(Figure 8). The sterol coverage of the first solvation shell around the helix is frequently
incomplete. Slightly more order lipid molecules replace missing sterol molecules in the helix
solvation shell resulting in a stronger local electric field at the probe. As the concentration of
6-kc increases from 10 to 40 mol%, phospholipid dipole ordering increases and the electric
field near the boundary of the layer increases consistent with the experimental observation.
The total electric filed is displayed below in Figure 12.

We considered three hypotheses for the origin of the monotonic increase in the measured
and computed electric fields as a function of sterol concentration. The first hypothesis points
to the enhanced ordering of the lipid head group dipole moments. The changes in the field
are significant especially between the 40% 6-kc dipoles and the rest. The second hypothesis
is the direct contribution of the additional carbony! group of 6-kc to the electric field. As
illustrated in Figure 11, this contribution is also significant. Finally the third hypothesis
suggests that the water molecules that are hydrogen bonded to the extra carbonyl in 6-kc
cause an increase in the electric field. Indeed the water contribution shows decrease in the
electric field for the cholesterol. Smaller changes are observed for 6-kc.

This phenomena is exhibited by the broad distribution of helix tilt angle of aLAX(16)
shown in Figure 7. The helix itself is also homogeneously distributed in both bilayers, thus
probing the greater electric field coming from the increased dipole density at the membrane-
water interface from the phospholipid as well as the water molecules hydrogen bound to
each phospholipid head group in bilayers. The homogeneous distribution of helix in bilayers
containing both type of sterols is indicated by the similar RDF plots of helix-sterol
separation shown in Figure 8 for 10 mol% cholesterol and 10 mol% 6-kc. Hence, at 10 mol
% sterol, the elevated packing of phospholipids, sterol and water molecules in a bilayer
collectively increases the dipole density at the membrane-water interface and is directly
reported by the helix, which is also homogeneously distributed throughout the bilayer.

At high sterol concentration, 40 mol%, the distribution of phospholipids, sterols, and the
helix are different for cholesterol and 6-kc. In the case of cholesterol-containing bilayers,
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cholesterol forms small clusters distributed throughout the bilayer, shown schematically in
Figure 11(c). The multiple prominent peaks in the RDF of sterol-sterol interactions at 40
mol% cholesterol (shown in Figure 9(b)) suggest a long-range distribution of such clusters.
The nitrile-containing helix is distributed homogeneously among the phospholipids and
these cholesterol-rich clusters. This hypothesis is supported by two of our results: (1) the
RDF plot of helix-sterol at 40 mol% cholesterol in Figure 8; and (2) the experimental fwhm
of the absorption peak of the nitrile in aLAX(16) in Figure 5, which is significantly larger at
40 mol% cholesterol. The greater fwhm values can be explained if the nitrile is positioned in
two chemically heterogeneous domains: one enriched in phospholipids with ordered tails,
and the other enriched in cholesterol. In this environment, the relative concentration of
cholesterol increases in comparison to phospholipids. As cholesterol molecules displace
phospholipids, the water molecules associated with those phospholipids through hydrogen
bonding are displaced as well. The intrinsic dipole moment of cholesterol is 2.01 D, which is
significantly smaller than the molecular dipole moment of a DMPC phospholipid (~14 D),
particularly when it is decorated with hydrogen-bound water molecules.18 The nitrile, which
is distributed among the phospholipids and cholesterol clusters, therefore directly reports the
net reduction in the dipole density by the small magnitude of the absorption energy shift and
thus the smaller electric field.

In the case of membranes containing high concentrations of 6-kc, the sterol segregates into
larger clusters of 6-kc compared to cholesterol. The single prominent peak in the RDF plot
of 40 mol% 6-kc in Figure 9(b) provides strong evidence of such cluster formation. The
RDF plot of helix-sterol in Figure 8 clearly suggests greater separation between helix and
the 6-kc clusters. Furthermore, in contrast to cholesterol, we do not observe significant
differences in the fwhm of the nitrile in aLAX(16) at 40 mol% 6-kc versus 10 mol% 6-kc.
This implies that the nitrile is continuously placed within the same phospholipid tail region
at all concentrations of 6-kc. As the concentration of 6-kc increases, so do the magnitudes of
the contributed dipole moments from the sterol (~4 D) and associated water molecules. This
effect is larger than that seen for cholesterol because of the extra hydrogen bond acceptor
oxygen atom on 6-kc. This is verified by the quantitative hydrogen bond analysis between
sterol and water molecules (Figure 10), in which the number of hydrogen bonds associated
with 6-kc is larger than with cholesterol. This leaves the helix surrounded by phospholipids,
but sequestered from 6-kc.

At mid range concentrations we show an opposite behavior of the electric field for 6-kc and
cholesterol in both experiment and simulations. The electric field decreases as the
concentration of cholesterol increases while it increases for 6-kc. This surprising difference
between two similar sterols can be rationalized by their relative positions in the membrane.
Cholesterol is placed deeper in the membrane and is unlikely to orient the water dipoles
successfully. This task is conducted effectively by 6-kc, whose capacity for an additional
hydrogen bond places it closer to the interface between the aqueous solution and the
membrane (the electric field contribution of water is similar between the two sterols). Our
results shed light on sometimes conflicting results about the effect of sterols, particularly
cholesterol, on membrane electrostatics. We show that the effect of cholesterol on the
electric field is divided into two regimes based on its concentration. At low concentration,
the simulations results are too noisy to obtain significant signal, but experiments suggest that
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the electric field is increasing. At high concentration, cholesterol reduces the polar
environment near the helical probe and therefore reduces the electric field as shown in
Figure 12. 6-kc is susceptible to forming a greater number of hydrogen bonds with water
molecules compared to cholesterol, and the dipole density at the membrane-water interface
increases with the increasing 6-kc mole fraction due to its larger intrinsic dipole moment.

Conclusion

It is well known that the non-covalent intercalation of cholesterol into biological membranes
has a great impact on membrane fluidity, self-association, and function. Despite extensive
experimental and theoretical investigations, there is limited agreement on how and to what
extent cholesterol and other sterols such as 6-kc alter membrane electrostatics, largely the
result of limited techniques for studying a property contained entirely within membrane
interior. By addressing this with VSE spectroscopy and MD simulations, we measured
changes in electric field as a function of sterol concentration and identity. We used MD
simulations to identify distinct patterns of lateral organization of sterols inside the lipid
bilayer especially at higher sterol concentration. Future work in this laboratory will focus on
how this electrostatic field regulates significantly more complex lipid membrane
mechanisms such as binding of membrane-proteins and ion channel formations.
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Figure 1.

Representative 31P NMR spectra of (a) 30 mM DMPC vesicles and (b) 30 mM DMPC and
20 mol% 6-kc (upper) and with addition of PrCl3.6H,0 (lower). In pure DMPC vesicles,
Pr3*splits the phosphorus signal into two, representative of inner and outer leaflets, while in
vesicles containing 6-kc, it shifts the entire signal downfield indicating that it has permeated
the bilayer.
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Absorption Energy (cm‘1)

Normalized representative FTIR spectra of 1 mM peptides aLAX(25) (black), aLAX(23)
(blue), aLAX(21) (green), and aLAX(16) (red) inserted in vesicles composed of 30 mM
DMPC and 20 mol % cholesterol. Experimental data points are shown with *“x”.
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Figure 3.
Left: The experimentally measured differences in the absorption energy (Av,ps) of the

nitrile when moved from aLAX(25) to aLAX(16) for DMPC vesicles containing varying
concentrations of sterol and 1 mM peptide plotted as a function of sterol concentration. Error
in Av,psrepresents one standard deviation of at least three experimental measurements.
Right: Chemical stuctures of the sterols considered in this manuscript, cholesterol and 6-
ketocholestanol.
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Figure 4.
Average full width half maximum values for vibrational absorption peaks of nitrile placed

inside sterol-lipid-aLAX(16) bilayer for two different kinds of sterol, cholesterol (black)
and 6-kc (red), at different concentrations. The values were average of at least three
measurements.
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Cholesterol

Figure 5.
Representative snapshots taken from molecular dynamic simulations of aLAX(16) aligned

vertically inside a lipid bilayer composed of DMPC molecules and (a) 10 mol% cholesterol;
(b) 20 mol% cholesterol; (c) 40 mol% cholesterol; (d) 10 mol% 6-kc; (e) 20 mol% 6-kc; and
(f) 40 mol% 6-kc. SPC water molecules are shown in red and gray, sterol molecules are
shown in cyan, the p-CN- probe is shown in orange and DMPC phospholipids are shown in
light purple. Molecular snapshots were prepared with the program VMD. "1
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Figure 6.
Top: Normalized distribution of the helix tilt of aLAX(16) with respect to the membrane

normal obtained from MD simulation of the peptide embedded into bilayer composed of
DMPC and cholesterol (solid line) and DMPC and 6-ketocholestanol (dashed line) at
concentrations of 10 mol% (black), 20 mol% (blue) and 40 mol% (red). Bottom: Ergodic
measure calculations as a function of time. We illustrate that the standard deviation of the
averaged tilt angle divided by the average of the tilt angle is proportional to A2 . This
observation suggests that the average does not drift and is consistent with uniform sampling
from the normal distribution (or Central Limit Theorem). Here the vector connecting
histidine 1 and histidine 31 defines the orientation of the helix. Very similar results were
obtained when all the alpha carbons of the helix were considered and the helix was
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overlapped with the initial configuration to determine the tilt angle. See text for more details.
We have used this measure in the past for membrane simulations.”2
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Figure 7.
Normalized distribution of all possible orientations that nitrile oscillator samples with

respect to the membrane normal in MD simulations of aLAX(16) peptide embedded into
bilayer composed of (a) DMPC and cholesterol (solid line), and (b) DMPC and 6-
ketocholestanol (dashed line) at concentrations of 10 mol% (black), 20 mol% (blue) and 40
mol% (red). Note that the orientation of nitrile group does not necessarily correlate with the
helix tilt.
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The three-dimensional radial distribution function, g(/), between the position of the probe in
the helix aLAX(16) and cholesterol (black), and aLAX(16) and 6-kc (red) calculated from
the MD simulation of sterol-lipid- aLAX(16) containing 10 mol% sterol (dashed lines) and
40 mol% sterol (solid lines).
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The sterol-sterol radial distribution function in the membrane plane. Top: The distribution is
computed for all sterol molecules of sterol-lipid-aLAX(16) bilayers containing 40 mol%
cholesterol (black) and 40 mol% 6-kc (red). Bottom: The distribution is computed for the
largest clusters of sterol molecules. The largest cluster size for cholesterol molecules was 3,

and for 6-kc it was 4. The number of molecules included in the first peak of the RDF

determines the cluster size.
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Figure 10.
Molecular interactions in lipid bilayer containing cholesterol (solid lines) and 6-kc (dashed

lines) at different concentrations. The average number of hydrogen bonds (per lipid)
calculated between phospholipid:water (black); phospholipid:sterol (green); sterol:sterol
(red); and sterol:water (purple). We used a distance cutoff of 2.4 A between the donor
oxygen and acceptor hydrogen atoms to define a hydrogen bond. We also consider the
formation of salt bridges between phospholipid molecules. In the blue line we counted the
number of salt bridges formed between choline and phosphate of two different phospholipid
molecules. A salt bridge is assumed to form when the distance between a non-ester oxygen
of the phosphate and the carbon of the choline was less than 4 Angstroms.
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The contributions of the different membrane components to the electric field across the

membrane. Note the different scales of the electric fields at different plots. The dipole

moment of the phospholipid shows the largest deviation between the highest concentration
of sterol (40%) and the lowest concentration (10%). The water contribution is smaller and
has little contributions of the variations between cholesterol and 6-kc. The sterol themselves
induce significant variations between their corresponding fields. Note also the exceptionally

low electric field at the membrane center.
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Top: Calculations of the total electric field for different concentrations of cholesterol and 6-
kc. Bottom: Electric field dependence of the sterol concentration at fixed membrane depth of
13 A. Note the significant increase in the absolute magnitude of the electric field for 6-kc,
demonstrating that the monotonic increase in the electric field observed experimentally for
6-kc is reproduced in the simulations. The differences for cholesterol are smaller;
nevertheless, examination of the peak heights and locations for cholesterol suggests that the
results are consistent with a decrease in the electric field as a function of the cholesterol,

again consistent with experiment.
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Amino acid sequences of the four polypeptides used for VSE studies in this work.

Table 1

Peptide

Sequence

al AX(25)
al AX(23)
al AX(21)
al AX(16)

HHGGPGLALALALALALALALALAXGPGGHH
HHGGPGLALALALALALALALAXALGPGGHH
HHGGPGLALALALALALALAXALALGPGGHH
HHGGPGLALALALALXLALALALALGPGGHH

X = p-cyanophenylalanine
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Table 2

Composition details of the simulations performed for cholesterol and 6-ketocholestanol.

Sterol composition #of DMPC  #of sterol  # of water  Total # atoms

10 % 144 16 7150 28785
20 % 128 32 6909 27790
40 % 96 64 6355 21362
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Table 3

Page 37

Experimentally measured differences in nitrile’s absorption energy (Avgps ) when moved from alL AX(25) to
alLAX(16) for DMPC vesicles containing varying concentrations of sterol and 1 mM peptide. Error in Avpg

represents one standard deviation of at least three experimental measurements.

Sterol (mol %)

Cholesterol-DMPC

6-ketocholestanol-DMPC

Dvgs €M) Dvgs €M)
0 2.59 +0.08 26+0.2
5 2.79+0.01 28+0.1
10 2.85+0.03 2.85+0.04
15 2.80 £0.02 2.83+0.01
20 2.75+0.02 2.86 +0.07
25 2.62 £0.02
30 2.53+£0.02 29+0.2
40 2.37+0.07 3.03
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