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ABSTRACT. Salicylate, an amphiphilic molecule and a popular member of the nonsteroidal anti-inflammatory
drug family, is known to affect hearing through reduction of the electromechanical coupling in the outer
hair cells of the ear. This reduction of electromotility by salicylate has been widely studied, but the molecular
mechanism of the phenomenon is still unknown. In this study, we investigated one aspect of salicylate’s
action, namely the perturbation of electrical and mechanical membrane properties by salicylate in the
absence of cytoskeletal or membrane-bound motor proteins such as prestin. In particular, we simulated
the interaction of salicylate with a dipalmitoylphosphatidylcholine (DPPC) bilayer via atomically detailed
molecular dynamics simulations to observe the effect of salicylate on the microscopic and mesoscopic
properties of the bilayer. The results demonstrate that salicylate interacts with the bilayer by associating
at the water DPPC interface in a nearly perpendicular orientation and penetrating more deeply into the
bilayer than either sodium or chloride. This association has several affects on the membrane properties.
First, binding of salicylate to the membrane displaces chloride from the bitayater interface. Second,
salicylate influences the electrostatic potential and dielectric properties of the bilayer, with significant
changes at the watelipid bilayer interface. Third, salicylate association results in structural changes,
including decreased headgroup area per lipid and increased lipid tail order. However, salicylate does not
significantly alter the mechanical properties of the DPPC bilayer; bulk compressibility, area compressibility,
and bending modulus were only perturbed by small, statistically insignificant amounts by the presence of
salicylate. The observations from these simulations are in qualitative agreement with experimental data
and support the conclusion that salicylate influences the electrical but not the mechanical properties of
DPPC membranes.

Salicylate (2-hydroxybenzoic acid) is closely related to family of drugs (). Interestingly, salicylate has a number
aspirin and is a member of the nonsteroidal anti-inflammatory of hearing-related reversible side effects at high doses,
including hearing loss, a decrease in spontaneous otoacoustic
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Table 1: Salicylate and NaCl Concentrations for the Six Systems Hf e :‘5
Simulated in This Study 03 ' bos
system [salicylate] (mM) [NaCl] (mM) c7 e :'4
c4
pure DPPC 0 0 c2
DPPC/10 mM SAL 10 0 01 5?
DPPC/60 mM SAL 60 0 ey, H
DPPC/NacCl 0 150 . . . .
DPPC/10 mM SAL/NaCl 10 150 FiGurE 1: _Sallqylate, including the atom naming scheme used
DPPC/60 mM SAL/NaCl 60 150 elsewhere in this paper.

Table 2: Salicylate Force Field Charge Parameters (in electron

anism of salicylate’s effect on OHC electromechanical unitsy

response is still unknown, experimental work has suggested
that salicylate may interact with several components of the

atom charge (e) atom charge (e) atom charge (e)

OHC, including the phospholipid bilayerl3—20) and 8%_ :8-2;‘3 82 :8-83; :g 8-‘112573
membrane-bou_nd proteins such as preszm—Q_S). In this 03 0731 C5 0237 Ha 0.131
study, we have investigated one aspect of salicylate’s effects ¢1 ~0.292 c6 ~0.079 H5 0.131
on OHC electromechanical coupling: the perturbation of C2 0.425 C7 0.803 H6 0.119

electrical and mechanical biomembrane properties by sali- asee Figure 1 for the atom naming scheme.
cylate in the absence of cytoskeletal components or membrane-

bound motor proteins such as prestin. The goal of this study Figure 1 of the Supporting Information). The system was
is to elucidate the atomic-scale influence of salicylate on the further minimized using a QM/MM potential as implemented
mesoscopic mechanical and electrical properties of a “model” in QSite @6). The QM/MM methodology and protocol have
dipalmitoylphosphatidylcholine (DPPC) membrane. been described extensively elsewhet® ¢8). The quantum
Molecular dynamics (MD) methods have proven to be a region consisted of the four salicylate molecules and all water
useful tool in studying several structural, energetic, and molecules within 0.3 nm of them, for a total of 135 QM
dynamic properties of lipid bilayers24—28), as well as  atoms. Geometry optimizations of salicylate were carried out
analyzing the interactions of various small molecut2g using the B3LYP functional in combination with the
38) and macromolecule$9—-42) with biomembranes. This  6-311G* basis set; the oxygen coordinates in the outermost
study leverages the tremendous effort that has gone intog.2 nm of solvation waters were held fixed. For the molecular
phospholipid force field development to use MD simulations mechanics potential energy function, QSite uses the OPLS-
to understand the effect of salicylate on the microscopic and AA force field (49). The charges on the salicylate atoms were
mesoscopic properties of a model membrane. then obtained by fitting to the quantum electrostatic potential
surface. The final charges used in the molecular dynamics
MATERIALS AND METHODS simulation were obtained as the average of the four different
Molecular dynamics (MD) trajectories of the interaction salicylate units; these charges are listed in Table 2. While
of the salicylate with a DPPC bilayer were calculated with the differing local environments and conformations intro-
GROMACS version 3.2.14@3). A total of six simulations duced small charge variations between the four salicylate
were performed at varying salicylate and NaCl concentrations molecules, adopting an (averaged) fixed charge parameter
(see Table 1 and below). The following sections describe Set for each salicylate was necessary for the long molecular
the methods used to set up and simulate each system. dynamics runs. We are hopeful the advent of new efficient

Force Field Parameters and Starting Structur€he initial polarizable force fields30) will obviate the need for fixed
salicylate (SAL, 2-hydroxybenzoic acid; see Figure 1) charges in future calculations.
structure was obtained from the HIC-Up databak®. (This The DPPC force field parameters used in this simulation

structure was transformed into a GROMACS united atom Were developed by Berger and Lindabl)and can be found
topology file using the PRODRG servetd). To obtain the  in version 3.2.1 of GROMAC3SAQ). These DPPC parameters
all atom force field for the salicylate, nonpolar hydrogens have been shown to successfully reproduce experimental
were added manually and the steric, torsional, and anglequantities such as lipid volumé&Z) and order parameters
parameters were assigned on the basis of the GROMACS(53). The initial structure of a 64-lipid DPPC bilayer was
force field in GROMACS version 3.2.148). The atomic ~ obtained from the Tieleman groufb4). A lipid bilayer
charges of salicylate were calculated from quantum mechan-composed of 256 DPPC lipids was generated by periodic
ical/molecular mechanical (QM/MM) calculations. In these replication of the 64-lipid Tieleman structure to give a system
QM/MM calculations, we started from the minimized DPPC/ With lateral dimensions of roughly 10 nm 10 nm. The
10 mM SAL/NaCl system and selected a subsystem consist-choice of 256 DPPC lipids was a tradeoff between compu-
ing of four salicylate molecules (in different conformations) tational cost and the size of the system required to obtain
and a solvation sphere of 1.6 nm around each of them (see"€asonable continuum properties based on the previously
published studies2().

1 Abbreviations: NpT, constant numbepressuretemperature; All the simulations were performed in a roughly 10 nm
NVT, constant numbervolume-temperature; DPPC, dipalmitoylphos- X 10 nmx 10 nm periodic box, thus ensuring more than 2
phatidylcholine; GUV, giant unilamellar vesicle; HEK, human embry-  nm of solvent between the lipid surface and box boundaries
onic kidney; MD, molecular dynamics; OHC, outer hair cell, PME, 5 requce potential artifacts arising from periodicity. This
particle-mesh Ewald; QM/MM, quantum mechanical/molecular me- . .
chanical; rms, root-mean-square; SAL, salicylate; SASA, solvent- 00X was filled with 14422-15384 SPCJ5) water molecules
accessible surface area; SOPC, stearoyloleoylphosphatidylcholine.  (depending on the system being simulated), corresponding
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to a hydration level of 5660 waters per lipid. The SPC * :
water model was chosen on the basis of previous studies® 0630 2 i
demonstrating its efficiency and relative accuracy for mem-
brane simulations2).

As mentioned above (see also Table 1), simulations were
performed for six DPPC systems with different concentra-
tions of salicylate and NaCl. The first system (pure DPPC)
contained a DPPC bilayer and water only. The second
(DPPC/10 mM SAL) contained four salicylates (correspond-
ing to 10 mM salicylate) and four Naions (used to keep
the system neutral). The third (DPPC/60 mM SAL) contained
20 salicylates (60 mM salicylates) and 20 N@ns. The
fourth (DPPC/NaCl) contained 50 Neand 50 Ct ions 0.600
(corresponding to 150 mM NacCl). The fifth (DPPC/10 mM Without NaCl With 150mM NaCl
SAL/NaCl) contained four salicylates, 54 Nans, and 50 Cases
CI~ ions. The sixth (DPPC/60 mM SAL/NaCl) contained (b)

20 salicylates, 70 Naions, and 50 Cl ions. During the 20551 *

simulation system setup, the ions and salicylates were o
randomly distributed in the water with the constraint that 12004 [E il

the minimum solute solute and solutelipid distances were
greater than 6 A. This constraint was imposed to prevent
artificial ion pairing in the initial stages of the simulation.

Simulations All six simulations followed the same mo-
lecular dynamics protocol. First, steepest descent minimiza-
tion and 20 ps of constant numbegsressure-temperature
(NpT) molecular dynamics were performed with mobile L1853
water molecules but with the lipid bilayer, salicylate, and
ions restrained. This short water equilibration was carried 1.180
out at 50 K with isotropic pressure scaling to 1 atm and time Without NaCl With 150mM NaCl
steps of 1 fs. Next, the system was warmed gradually via a Cases
series of 10 ps constant numbemlume-temperature Ficure 2: Effect of salicylate on (a) lipid headgroup areas and (b)
(NVT) MD simulations at 50, 100, 150, 200, 250, and 323 per-lipid volumes. Error bars were calculated as described in the
K with SHAKE constraints and 2 fs time steps. Because of text.
the slow relaxation of lipid bilayer system&7 56), an ) . N
additional 5 ns NpT MD trajectory was performed to fully atomic) properties of the DPPC system. In addition to the
equilibrate the system. The production trajectory was ob- quantities presented below, time courses of collective proper-
tained through 25 ns of NpT dynamics at 323 K and 1 atm. ties such as system area, volume, and potential energy are
The final temperature of 323 K was chosen to ensure Presented in Figures-24 of the Supporting Information.
simulation of the membrane in the liquid crystalline phase Given the relevance of salicylate’s effect on OHC electro-
(57). The Parrinelle-Rahman pressure coupling algorithm motility, we have focused the analysis of our MD simulations
(58) was used to isotropically scale the pressure with a time O membrane structural, electrical, and mechanical properties.
constant of 2 ps, while the temperature was controlled by Additional data on salicylate’s effect on membrane dynamical
the Nose-Hoover temperature coupling algorithiBgj with properties are available as Supporting Information.

a time constant of 0.5 ps. Finally, SHAKE constraints were  Areas and Volumeg§.he headgroup or interfacial area per
used on all hydrogenheavy atom bonds to permit a lipid molecule measures the average area occupied by each
dynamics time step of 2 fs. Electrostatic interactions were lipid in the bilayer 63). This quantity can be calculated from
calculated with the particle-mesh Ewald method (PMi) ( the projected area of the simulation box, i.e., the area spanned
thus avoiding the artifacts caused by electrostatic cutéffs ( by the lateral dimensions of the system. The area per lipid
62). Both the direct space PME cutoff the Lennard-Jones headgroup is then the projected area divided by the number
cutoffs were set at 1.0 nm. of lipid molecules. Using this definition, the average areas

The simulations were performed on a variety of dual- per lipid were calculated for the six systems and shown in
processor shared memory machines, including 2-CPU Intel Figure 2a with error bars obtained by the 5 ns block
Pentium 4 (with Intel compilers), 2-CPU AMD Opteron (with ~ averaging scheme described above. The simulations produced
Portland Group compilers), 2-CPU Apple G5 (with GNU an area per lipid for pure DPPC of 0.627 0.001 nn3, a
compilers), and 4-CPU Intel Itanium2 (with Intel compilers) Vvalue that is in reasonable agreement with the experimental
computers. On average, 10 ns of simulation required roughly result of 0.64 nra(64). Student’st test results showed that
2 weeks (wall clock) of run time for the Itanium2 and 4 salicylate significantly decreaseg (< 0.05) the area per
weeks of run time for the other platforms. headgroup irrespective of NaCl concentration with significant

dose dependence in the presence of NaCl.
RESULTS AND DISCUSSION The effect of salicylate on lipid volumes was also

The following sections discuss the effects of salicylate on determined by calculating per-lipid volumes. The volume
the mesoscopic (continuum) and microscopic (molecular andof the lipid bilayer was calculated by multiplying the

0,625 # p<0.05

0.620 4 &1 0mM salicylate
B 10mM salicylate

0.615 4 B 60mM salicylate

0.610 4

Area per headgroup (rm?)

0.605 4

B 60mM salicylate

1.195 4

1.190

Volume per lipid (nn'f )
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projected bilayer surface area by the average bilayer height The effects of salicylate on lipid tail order parameters are
as determined by the average lipid phosphorus posifign ( shown in Figure 3 for the cases with and without added NaCl.
64). The per-lipid volume was then obtained by dividing the The Student’s test 6) with 95% confidence was used to
bilayer volume by the number of lipids. Using this definition, compare whether the changes of tail order caused by
the average volumes per lipid were calculated for the six salicylate were significant. For each carbon atom, the mean
systems and shown in Figure 2b with error bars obtained by of the tail order was obtained by averaging the trajectory,
the 5 ns block averaging scheme described above. Theand the deviation was calculated from 5 ns block averages
simulations produced a volume per lipid for pure DPPC of of the data, which was similar to the block averaging method
1.201+ 0.001 nnd, a value that is in good agreement with presented by Flyvbjerg et al6T). The average simulated
the experimental result of 1.23 inf64). The presence of tail order parameters in the “plateau” region (carbor84
salicylate leads to a small reduction in per-lipid volume; see Figure 3) of the acyl chain for the pure DPPC bilayer
however, this reduction is only significant in the absence of were measured to be0.208+ 0.002. This value is in good
NaCl. Additionally, this effect does not change systematically agreement with experimental measurements@f0+ 0.02

or significantly with salicylate concentration. for the same systen®8). Application of the Student’stest

Tail Order. The lipid tail order parameter is a standard Showed that salicylate significantly increased the tail order
quantity used to evaluate the structural ordering of acyl for systems with 150 mM NaCl and without Na@ £ 0.05);
chains in a lipid bilayer. In experiments, deuterium order however, the change of the tail order between different
parameters for each GHICD,) group can be determined by ~concentrations of salicylate was not significant (i.e., no dose
nuclear magnetic resonance &8)( dependence). This increase in lipid tail order upon salicylate

association is similar to the effect of cholesterd#)( but
1 differs from the disordering effects (on some regions of the
Sup = 530080, cosOyli-1) a,f=xy,z (1) lipid acyl chain) of molecules such as halotha6é)(

These changes, together with the area and volume values
where 6, is the angle between thiéh molecular axis and ~ Presented above, suggest that salicylate causes packing and
the bilayer normalZ axis). Thez axis is the molecular axis ~ ordering of the bilayer. The possible mechanisms for these
per CH unit, andx andy axes are assigned on the basis of Phenomena are discussed in the context of salicylate interac-
a right-handed coordinate system. In MD simulations with tion with the DPPC lipids in the following section.

united atom representations for the £&hd CH hydrocar- Interaction of Salicylate with Lipid Bilayersrigure 4
bon groups, the deuterium order parameter can be determinedllustrates the orientation of salicylate in the DPPC bilayer
from (65) for the DPPC/60 mM SAL/NaCl system; similar plots for

the other systems with salicylate are provided in Figure 5 of
2 1 the Supporting Information. The most probable location of
~Sp= §Skx + §§/y ) salicylate for all four SAL-containing simulations was at the
water—bilayer interface, 23 nm from the lipid bilayer
whereS,, andS,y are the order parameters determined with center. The most probable orientation at the interface was
eq 1 by the angle between the axis determined byithe ( nearly perpendicular with~30° between the salicylat&;
1)th,ith, and { + 1)th carbon atoms of the lipid tail and the axis (see Figure 4a) and the membrane normal.
x—Yy vector. These definitions provide interpretations for acyl ~ To further examine the interaction of the salicylate with
chain order parameters in a bilayer: order parameters assumée headgroup components of the lipid bilayer, radial
a maximum value of 1 when the relevant segments are distribution functions (RDFs) between the salicylate hydro-
uniformly aligned along the bilayer normal; the order philic group (defined below) and components of the lipid
parameters are at a minimum value 0.5 when the headgroup were calculated and are shown in Figure 5a for
segments are uniformly aligned in the bilayer plane. the DPPC/60 mM SAL/NaCl system. Using the atom naming
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Ficure 4: Salicylate (SAL) orientation and position distribution within the simulated system (DPPC/60 mM SAL/NacCl system). (a) Salicylate
orientation is defined as the angle between the-O2 connection of salicylateZ( axis) and the bilayer outward norma,(axis). (b)
Three-dimensional representation of the salicylate orientation and position distribution. (c) Two-dimensional representation of thee salicylat
orientation distribution. (d) Two-dimensional representation of the salicylate position distribution.

scheme shown in Figure 1, the salicylate hydrophilic group and carbonyl oxygen around the center of salicylate hydro-
was defined as atoms 01, 02, H2, O3, and C7; the philic group (defined above). These RDFs illustrate the nature
hydrophobic group was defined as atoms-@3, H3, C4, of salicylate coordination by the DPPC headgroups. A
H4, C5, H5, C6, and H6. The plots in Figure 5a show the snapshot from the MD simulation depicting this coordination
RDFs for the DPPC nitrogen, phosphate, phosphate oxygenbetween salicylate and lipid is shown in Figure 5b. Plots
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Ficure 5: Coordination of salicylate by the DPPC lipids for the DPPC/60 mM SAL/NaCl system (plots for the other systems are provided
as Supporting Information). (a) Radial distribution functions with respect to the salicylate hydrophilic group for various DPPC components,
including the choline nitrogen (1), the phosphate phosphorus (2), the phosphate oxygen (3), and the carbonyl oxygen (4). (b) A snapshot
of the MD trajectory showing the salicylatdipid coordination.

similar to Figure 5a for the other salicylate-containing petition between salicylate and chloride has also been directly
simulations are provided in Figure 6 of the Supporting observed in OHC studies by Oliver et aR1j. While the
Information. effect in the OHC also involves interactions with the protein
The perpendicular insertion of salicylate into the DPPC prestin, it indirectly supports our observation of salicylate
bilayer and the tight coordination of salicylate by the DPPC competition with chloride in biomolecular binding.
headgroups provide a mechanism for explaining the reduction Panels e and f of Figure 6 show the relative distribution
in surface area observed in the salicylate-containing simula-of salicylate, N&, and CI in the DPPC/10 mM SAL/NaCl
tions. In particular, the nearly perpendicular insertion of the and DPPC/60 mM SAL/NaCl systems, respectively. The
salicylate permits tight packing of lipids around the salicylate, results demonstrate that salicylate penetrates more deeply
while coordination by the DPPC headgroups draws neigh- into the bilayer interior than either Neor CI~, especially
boring lipids closer to the salicylate molecule. This mech- for higher concentrations of salicylate (60 mM). Given the
anism predicts the ordering of lipids as demonstrated by the amphiphilic nature of salicylate, this behavior is not surpris-
tail order parameters discussed above. A similar conclusioning and is consistent with the DPPC coordination of salicylate
for reduction of lipid hydrophilic headgroup area by hy- discussed above. While the location of salicylate is predomi-
droxybenzoic acids was reached by Lin and co-worké®s ( nantly influenced by its amphiphilic character, the deeper
on the basis of experimental observations of structural penetration of salicylate into the membrane bilayer may also
transitions in micelles. However, work by Zhou and Raphael be related to its larger size and potentially smaller (de)-
on SOPC vesicles under tension demonstratemenease solvation energy, as suggested by studies of Hofmeister-like

in surface area upon application of salicylafieés)( More ion effects in lipid bilayers 30).
differences between the current study and the work by Zhou Electrostatic Potential and Dielectric PropertieI.he
and Raphael are discussed in Mechanical Properties. electrostatic potentials of the simulated systems were cal-

Effect of Salicylate on lon Distributionhe binding of culated along the bilayer normaf)( First, mean charge
salicylate to the DPPC bilayer has a dramatic effect on co- densities forx—y slices of the periodic box were obtained
and counterion distributions in the system. Figure 6 depicts by averaging over the dynamics trajectories. Electrostatic
the symmetrized distribution of Naand CI ions along the potentials were then calculated from these average charge
bilayer normal direction. Figure 6a depicts a small, statisti- densities by solving Poisson’s equation via an integral of
cally insignificant increase in Naconcentrations at the the charge density along thredirection:
water-lipid interface for all salicylate concentrations. Figure 1
6b shows that the addition of 10 mM salicylate to the DPPC _ N _ 1t 2 z' ' '
system did not affect the distribution of Cin the system; ¢@ = ¢(in) eof Zi dz i P (Z)dz" @)
however, the addition of 60 mM salicylate significantly
reduced | < 0.05) the local concentration of Clat the wherezqyin corresponds to the edge of the simulation bgx,
bilayer—water interface. This change in chloride distribution is the vacuum permeability, apds the charge density along
is likely the result of two factors: the competition of thezdirection. The electrostatic potentials of the simulated
salicylate with Ct for coordination by the lipid headgroups systems were obtained from the MD trajectory and sym-
(70) and the electrostatic repulsion of by the salicylate metrized by averaging over the two leaflets of the membrane;
negative charge. This “competition” between chloride and the results are shown in panels a and b of Figure 7 with
salicylate in the molecular dynamics simulations is indirectly error bars obtained by the block averaging scheme described
supported by experimental studies which demonstrated aabove. Student'd test values were calculated for three
linkage between chloride concentration and the distribution different comparisons for the systems with (Figure 7d) and
of salicylate across the erythrocyte membran&g. (Com- without (Figure 7¢) added NaCl: the 10 mM SAL systems
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normal direction. For reference, the membranater interface lies between 2 and 3 reh The top two panels show normalized cumulative

number densities for (a) N&or the three NaCl-containing simulations and (b)y @r the three NaCl-containing simulations. In panels a

and b, the lines represent different salicylate concentrations=)010Q (- - -), and 60 mM SAL {-). The middle panels show Student’s

values for the number distributions of (c) Nand (d) CI with 10 mM SAL with respect to 0 mM SAL-), 60 mM SAL with respect

to 0 mM SAL (--+), and 60 mM SAL with respect to 10 mM SAL (- - 9.values corresponding to 5% probability are shown as detted

dashed lines. The quantities for the number densities were averaged over both leaflets of the bilayer, and error bars were calculated as
described in the text. Salicylate significantly decreaged .05) the Ct concentrations in the region between the two solid vertical bars.
Finally, the bottom panels show the raw cumulative number densities for(Ng CI~ (--+), SAL hydrophilic group (- - -), and SAL
hydrophobic (~) from the (e) 10 mM SAL and (f) 60 mM SAL simulations.

with respect to the 0 mM SAL systems, the 60 mM SAL of the dielectric response properties of the system. The
systems with respect to the 0 mM SAL systems, and the 60dielectric response of the system is related to the dipole
mM SAL systems with respect to the 10 mM SAL systems; fluctuations through linear response theo@r)( Previous

the resulting values are plotted in panels ¢ and d of Figure work by Lin et al. 78) as well as more recent theoretical
7. These results show that salicylate significantly increased models by Ballenegger and HanséiT)(has shown that the

(p < 0.05) the electrostatic potential at the watkpid dielectric influence of a membranelike inclusion in water
interface for the simulations without NaCl, but this effect extends several hydration layers beyond the wateem-

did not show a significant dependence on salicylate concen-brane interface. Therefore, we calculated dielectric coef-
tration. For the simulated systems with NaCl, only 60 mM ficients for the entire system as a function of position along
salicylate caused a significant increage< 0.05) in the the membrane normal. In particular, local dipole moment
electrostatic potential at the watdipid interface. This fluctuation tensord” were calculated according to

increase is in qualitative agreement with experiments dem-

onstrating salicylate-induced changes in membrane potentials L= MM0- M, IM0 o, =Xy, 2 (4)

(17, 72) and surface charged) for human embryonic

kidney (HEK) cells as well as various types of neurorz- via decimation of the simulation box into a series of 2.5 A
76). cubic cells. Dipole moment fluctuation tensors were calcu-

Changes in electrostatic potential can occur for a number lated for each cell, and these results were integrated over
of reasons, including variations in local concentrations of thexandy directions to provide values along the membrane
counterions (as demonstrated above) or through alterationnormal. MearT' values were obtained by averaging over the
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Ficure 7: Changes in the electrostatic potential due to salicylate. The top two panels show the electrostatic potential profile for the simulations
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probability are shown as dottedlashed lines. The quantities for the electrostatic potential were averaged over both leaflets of the bilayer,

and error bars were calculated as described in the text. Salicylate significantly incneas@dd6) the electrostatic potential in the regions
between the two solid vertical bars.

MD trajectory; variances were calculated using the 5 ns block of lipid bilayers @4, 80). A quantitative analysis of the
averaging method described above. The results of thisundulation of a lipid bilayer was performed for the six
analysis are shown in Figure 8 and indicate that salicylate simulated systems using the spectral methods of Lindahl and
significantly affectedy < 0.05) dipole moment fluctuations Edholm Q7). Membrane undulation was described via a
in the system in a dose-independent manner. In particular,height variableh(x,y) for each lipid defined by the position
salicylate increased dipole moment fluctuations in the solvent of the first phospholipid glycol carbon (i.e., the carbon
region near the watetlipid interface ¢ = 2—3 nm) and connecting the tails to the headgroup). The choice of the
decreased dipole moment fluctuation in the lipid bilayer glycol carbon for the height definition differs from the
region near the wateilipid interface ¢ = 3—4 nm). volume calculations carried out above (using the phospho-

From these analyses, we can conclude that salicylaterus); this choice was made for the purposes of comparison
influences the electrical properties of the membrane systemwith the results of Lindahl and Edholr27). Height variables
in at least two ways. First, it shifts the distribution of ions at for each leaflet of the bilayer were mapped to two-
the membrane interface and thereby changes the chargelimensional grids wit 5 A spacing in each direction using
density near the watetbilayer interface. Second, salicylate 2 ps frequency snapshots from the MD trajectory. A two-
interacts with the lipid bilayer, bound waters, and ions at dimensional Fourier transform of the height grids was
the water-lipid interface and thereby reduces the dielectric calculated according to
response of portions of the lipid membrane and increases
the response of interfacial water. Both of these changes are  oi(mXL, Nyl
likely to be important in the perturbation of cell electrical u(mpn) = LL ;y;h(x,y)e ( ") ()
behavior by salicylate. Xy XS

Mechanical PropertiesCell membrane mechanical prop-  wherem=0, ...,M, n=0, ...,N, and the wavenumber limits
erties are known to play important roles in cellular function are related to the Nyquist frequendy,N = Yofnyquise The
through their permeability and deformability. For example, yndulation mode spectrunfqg) was calculated by averaging
previous studies have shown that the elastic properties of agyer the two leaflets and reducing the two-dimensional

lipid bilayer influence the function of membrane-bound transformed height function to a one-dimensional spectrum
proteins {9). Given the importance of mechanics in outer over the magnitude of the wave vector:

hair cell function, quantifying the effect of salicylate on

bilayer elastic properties is a necessary step in understanding m\2 n\2

the mechanism of its effect on hearing. q=ldl =27 (L_) t (L_) (6)
Undulation and Bending ModuluSmall molecule binding y

is known to influence the undulation and bending mechanics Since the area of the simulated lipid bilayer in this study is

Lx Lv

X,
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Ficure 8: Changes in the bilayer normal component of dipole moment fluctuation tedspifer( the simulated system. Since salicylate

was distributed unevenly across the two leaflets of the lipid bilayer during the MD simulations, the dipole moment fluctuation results were
not averaged over the two leaflets. The top two panels show the dipole moment fluctuationIteneorponent for (a) the simulated
systems without added NaCl and (b) the simulated systems with 150 mM NaCl fey, @@ (---), and 60 mM SAL (- - -). The bottom

panels show Studenttsvalues for the fluctuation tensor normal component of (c) the simulated systems without added NaCl and (d) the
simulated systems with 150 mM NaCl for 10 mM SAL with respect to 0 mM SAd), 60 mM SAL with respect to 0 mM SAL«(-), and

60 mM SAL with respect to 10 mM SAL (- - -x.values corresponding to 5% probability are shown as dettiedhed lines. The error bars

were calculated as described in the text. Salicylate significantly increpsed(05) dipole moment fluctuation in the regions between the

two solid vertical bars and significantly decreaspd<( 0.05) dipole moment fluctuation in the regions between the two dashed vertical
bars.

significantly Iarger than the membrane thiCanSS, the MEM- Taple 3: Results of Linear Regression of the Logarithm of Spectral
brane mechanics can be modeled by an elastic sheet via thentensity per Mode and the Logarithm of the Wavenumber per Eq

relationship 27) 10
1 1 Pearson
m2(q)D: (7) . corre_la_tion
ﬁAbox Kpen (94 + )/q2 system slope intercept coefficient
pure DPPC 344005 —2.76+£0.03 -—-0.99
Whereﬁ [:(kBT)*l] is the inverse therma| energﬁbox is DPPC/10 mM SAL 3.56t 0.05 —2.724+0.03 —0.99
DPPC/60 mM SAL 3.5#0.05 —2.67+0.03 -0.99

the prOJectgd area of the per!odlc_: bd$sengis the bending DPPG/NAC 345006 —279+004 —0.98
modulus,y is the surface tension,is the wavenumber, and  pppc/10 mM SAL/NaCl 3.5& 0.06 —2.77+0.04 —0.99
uis theg-space mode magnitude. Since the MD simulations DPPC/60 mM SAL/NaCl 3.4 0.06 —2.77+0.04 —0.99
in this study were performed under constant pressure
conditions, the surface tension was taken as z24p ¢nd

eq 7 was rewritten as

interaction of the related amphiphile aspirin with membranes
induces local conformational change32,(83).

2 . B Although the bending modulus can be determined from
loglir(g)= —10g(FApexKpend — 4 109(@) (8) eq 8, we chose to calculate the bending modulus for each
system from the total root-mean-square (rms) amplitude of

This relationship was verified by linear regression of the the undulation modes in the syste@vy

logarithm of the spectral intensity per mode and the logarithm
of the wavenumber (see Table 3). These results indicate that

the undulation spectrum scales roughly as expectad~o WP~ L (9)

a* (27, 81) and is independent of salicylate concentration. 257K peng

While the overall undulation spectrum is independent of

salicylate concentration, Figure 9 shows some qualitative whereu is the undulation intensity in Fourier space. Bending
examples of local changes in membrane structure andmoduli for each of the MD systems were calculated via eq
curvature due to introduction of salicylate. These changes9 with means and deviations obtained using the 5 ns block
are further illustrated in the MD trajectory movies provided averaging scheme described above. The pure DPPC system
as Supporting Information. Such perturbation is in qualitative gave a bending modulus of (10 3) x 1072°J, a value in
agreement with experimental studies showing that the reasonable agreement with the experimental result 0k5.5
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FiIGurRe 9: Snapshots from the MD simulations (a) without NaCl and (b) with 150 mM NacCl for (top) systems without salicylate, (middle)
systems with 10 mM salicylate, and (bottom) systems with 60 mM salicylate. Complete movies for these trajectories are available as
Supporting Information.
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Ficure 10: Mechanical properties of the lipid bilayer with error bars were calculated as described in the text: (a) bending modulus, (b)
area compressibility modulus, and (c) bulk modulus. There were no significant differences in the simulated systems.

10720 J (84). The results of these analyses are shown in that application of salicylate resulted in a significant decrease
Figure 10a and indicate that salicylate decreases the bendingn the bending modulus of stearoyloleoylphosphatidylcholine
modulus of the bilayer in a small, statistically insignificant (SOPC) giant unilamellar vesicles (GUVs) under tension.
(p < 0.05) manner. These results are different than the While the simulations described here could contain artifacts
experimental results of Zhou and Raphdd)(who showed from finite domain sizes and finite sampling, differences with
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the Zhou and Raphael experiments could also be due to Bulk Modulus.The bulk modulus measures the volume
different lipid types (SOPC) and different surface tensions. compressibility of the system. For our constant pressure
Interestingly, our results do agree with several experiments simulations, the bulk moduli were calculated from the
on larger-scale systems which show no effect of salicylate fluctuations of the volume of the system according &8) (

on mechanical properties. In particular, membrane tether

experiments §5) demonstrated that salicylate does not K _ VvV
significantly affect the membrane mechanics of OHC lateral bulk ™ Bo.?
walls (13, 14, 86) or HEK cell membranesld, 86). Our v
observations are also in agreement with atomic force
microscopy experiments of Zhang et al. which observed a
salicylate-induced change in the HEK membrane surface
charge but no change in membrane mechanics (force
displacement profiles)l). Similarly, the work of Hallworth

(8) showed that salicylate changes the force generation of
OHCs without a change in OHC stiffness. Finally, Morimoto
et al. demonstrated that salicylate did not change the pressur
required for vesiculation of OHC lateral wall8)( Unlike

the SOPC work of Zhou and Raphael, these are experiment
on cells and therefore differ in that they contain a number
of additional components (cytoskeleton, membrane proteins,
etc.) not included in the simulations presented here; however

they do provide qualitative support for our observations.
ydop q PP (8, 9, 13—15, 86). However, our calculated bulk modulus

Area Compressibility Modulugirea compressibility moduli for the pure DPPC lipid bilayer at a temperature of 323 K
describe the energetics of increases and decreases in memy,, o (6.14 0.3) x 10° N m~2. Like the area compressibility

]E)rane gLeas. T?ese moduli hav?l previously been palcu(jlate odulus, this value differs from the experimental measure-
rom either surface tensiong4), fluctuations in projected  onis’of 2 2 108 N m-2 for DPPC 89). Possible reasons

membrﬁne are@4, ?4) or fluc:]gation(js in area pefr Iipic2d(l). g for this difference were discussed above and include the usual
Since the MD simulations in this study were performed under o ntia| finite size and sampling artifacts associated with
isotropic constant pressure, fluctuations in membrane areaun gimuiations p4).

were used to calculate the area compressibility moduli.

However, to account for the contribution of bound ions and cONCLUSIONS

salicylate to the membrane area, we employed the total

membrane solvent-accessible surface area (SASA) rather than The effect of salicylate on the microscopic and mesoscopic
the total projected membrane area used in other MD analysedroperties of a DPPC lipid bilayer was investigated with

(24, 34). The SASA was calculated using a waterlike Mmolecular dynamics simulations. Results from this study
spherical probe of 1.4 A with GROMACS version 3.2.1. We showed that salicylate significantly affected a number of
then determined the area compressibility moduli of the bilayer structural properties, including a reduction in the

simulated systems from the fluctuations in the SASA membrane area and increased ordering of the lipid acyl tails.

(11)

whereKyp i is the bulk modulusy is the volume of the lipid
bilayer, andoy is the fluctuation of the volume of the lipid
bilayer. The volume of the lipid bilayer was calculated using
the lipid phosphorus position in the same manner as the per-
lipid volume calculations described above. Bulk modulus
means and deviations were determined by the 5 ns block
gveraging method described above. The lipid bilayer bulk
moduli for the six simulated systems are plotted in Figure
S1Oc; the results show that salicylate did not significantly
affect the bulk modulus.

Bulk moduli were not available from the SOPC GUV
experiments of Zhou and Rapha#é); however, our results
"do agree with studies of salicylate effects on cell mechanics

according to the usual formul24) These changes were interpreted in terms of the tight
coordination of salicylate by the DPPC headgroups and the
A nearly perpendicular orientation of salicylate in the bilayer
Karea=_2 (10) which permitted tight membrane packing, a mechanism
Bon which is supported by studies of salicylate-induced structural
) o ) changes in micelles69). Salicylate introduced a local
where Kqrea is the area compressibility modulug,is the  increase in the level of Naand a decrease in the level of

SASA, andoa is the fluctuation of the SASA. Means and  C|- near the bilayerwater interface. This competition

averages for the moduli were determined from the trajectory petween salicylate and chloride was qualitatively supported
using the block averaging scheme described above. The purgy similar observations in OHCLY). The binding of this
DPPC simulation gave a compressibility modulus of#0  amphiphile also changed the electrostatic potential and
20 mN 1, a value which underestimates the experimental gielectric response of the system, with significant changes
result of 250 mN m?* (64, 87). Differences between this  near the membrarewater interface. These results were
value and experiment could be caused by a number ofshown to be in qualitative agreement with a number of
reasons, including finite size and sampling effe@4) @nd experimental observations, including salicylate-induced changes
the specific pressure regulation method used for this simula-jn ‘membrane electrostatic potentialk7( 72) and surface
tion. The results for the six systems are lpresentt_ad i.n_ Figurecharges 15). Finally, we observed no changes in the
10b and demonstrate that salicylate did not significantly mechanical properties of the system due to salicylate binding.
decrease the area compressibility modulus of the DPPCthjs |ack of change was discussed in light of experimental
bilayer. evidence (on somewhat different membrane systems) which
As with the bending moduli reported above, these results supported &, 9, 13, 15, 86) and contradicted 16) our
are different from those of the SOPC GUV experiments of observations. Interestingly, most of the salicylate effects
Zhou and Raphael 6) but agree with studies of the salicylate described above were independent of dosage, an observation
effect on cellular mechanic8,(9, 13—15, 86). which is in reasonable agreement with the results of Kakehata
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et al., who found that the OHC response to salicylate was

saturated at-10 mM (19).

As mentioned in the introductory section, the ultimate goal
of this research was to help understand the hearing-related
side effects of salicylate in the context of OHC membrane 11.
electrical and mechanical properties. There is clearly a
significant gap between the existing DPPC model bilayer 4,
and the complexity of the OHC and its biological surround-
ings. Fortunately, there are a number of recent computational 13.
developments, including methods for simulating asymmetric
electrolyte solutions and potential gradients around lipid ;4
bilayers @0) and coarse-grained simulations of large biomem-

branes 28, 29), which will allow us to pursue more realistic

models of amphiphile effects on OHC hearing in the future.
Therefore, present models provide important insight into
salicylate interaction with model membranes and the basis
for future multiscale research into understanding the mac-
roscopic effects of ligand-induced changes in membrane

properties.
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