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ABSTRACT: Lipid bilayers provide a natural anisotropic environment for membrane proteins and can serve
as apolar reservoirs for lipid-derived second messengers or lipophilic drugs. Partitioning of lipophilic
agents changes the lateral pressure distribution in the bilayer, affecting integral proteins. p-Hydroxybenzoic
acid esters (parabens) are amphipathic compounds widely used as food and cosmetics preservatives, but
the mechanisms of their broad antibacterial action are unknown. Here we describe effects of ethyl, propyl,
and butyl parabens on the gating of the bacterial mechanosensitive channel of small conductance (MscS)
and compare them with the surface activity and lateral pressure changes measured in lipid monolayers in
the presence of these substances. Near the bilayer-monolayer equivalence pressure of 35 mN/m, ethyl,
propyl, or butyl paraben present in the subphase at 1 mM increased the surface pressure of the monolayer
by 5, 12.5, or 20%, respectively. No spontaneous activation of MscS channels was observed in patch-clamp
experiments with parabens added from either the cytoplasmic or periplasmic side. Increasing concentrations
of parabens on the cytoplasmic side of excised patches shifted activation curves of MscS toward higher
tensions. A good correlation between the pressure increases in monolayers and shifts in activation
midpoints in patch-clamp experiments suggested that the more hydrophobic parabens partition more
strongly into the lipid and exert larger effects on channel gating through changes in lateral pressure.
We show that cytoplasmically presented ethyl or butyl parabens both hasten the process of
desensitization of MscS and influence inactivation differently. The higher rate of desensitization is
likely due to increased lateral pressure in the cytoplasmic leaflet surrounding the gate. Neither of the
parabens strongly affects the rate of recovery and does not seem to penetrate the TM2-TM3 interhelical
clefts in MscS. We conclude that the bacterial mechanosensitive channel MscS provides a sensitive
readout of lateral membrane pressure exerted by amphipathic molecules but may not be the primary
target for the parabens in their antimicrobial activity.

The lipid component of cellular membranes provides a
special environment for integral proteins, which is character-
ized by a high degree of anisotropy and asymmetry due to
the orientation and differential distribution of phospholipids
in the two membrane leaflets. Bearing a variety of head-
groups and acyl chains, phospholipids and other components
differently interact with membrane proteins and are shown
to exert their effects on the folding and function of
enzymes (1, 2), receptors (3), channels (4-7), and trans-
porters (8-10). Oriented lipids are typically organized in a
two-dimensional liquid-crystalline sheet stabilized by a
network of lateral polar interactions between the headgroups.
In the transversal direction, the boundaries between the polar
and apolar regions generate a complex pressure profile across
the fully hydrated bilayer (11-14). This pressure-tension
distribution arising from multiple types of interactions may
substantially depend on the bilayer composition. For ex-
ample, due to the smaller size of the phosphatidylethanola-

mine (PE)1 headgroup, bilayers made of PE are expected to
have stronger pressure in the region of hydrophobic tails and
weaker pressure in the polar region than those in phosphati-
dylcholine (PC) bilayers (15).

Lipophilic or amphipathic compounds that penetrate into
the membrane can modify the chemical composition of
certain layers at the same time, distorting the lateral pressure
profile. General anesthetics (such as halogenated ethers)
generally obeying the Meyer-Overtone rule massively
partition into the hydrophobic core or boundary layers of
the lipid bilayer, and their activating or inhibitory (16-19)
effects on membrane channels and receptors have been as-
cribedto thechanges in the lateralpressuredistribution(12,20).1

Local anesthetics, typically charged amphipathic molecules,
also contribute to the lateral pressure which was demonstrated
in experiments with lipid monolayers (21). Besides surface
activity, the molecular size and the area perturbation of the
membrane caused by transient incorporation of the drug

† The work was supported by NIH Grant R01GM075225 to S.S.
* To whom correspondence should be addressed: Department of

Biology, Bldg. 144, University of Maryland, College Park, MD 20742.
E-mail: sukharev@umd.edu. Phone: (301) 405-6923. Fax: (301) 314-
9358.

1 Abbreviations: MscS, mechanosensitive channel of small conduc-
tance; MscL, mechanosensitive channel of large conductance; parabens,
n-acyl esters of p-hydroxybenzoic acid; PE, phosphatidylethanolamine;
PC, phosphatidylserine; TPE, total polar lipid extract from Escherichia
coli; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HSPC,
high-speed pressure clamp apparatus.

Biochemistry 2008, 47, 10540–1055010540

10.1021/bi801092g CCC: $40.75  2008 American Chemical Society
Published on Web 09/17/2008



define its penetrating capacity (22). Asymmetric area stress
in membranes caused by intercalation of amphipathic
substances has also been analyzed (23, 24).

Mechanosensitive ion channels that directly respond to
tension in the lipid bilayer are especially susceptible to
distortions of the lateral pressure profile. Early works by
Martinac and co-workers demonstrated that hydrophobic ions
(trinitrophenol) and local anesthetics (chlorpromazine) in-
crease the activity of a bacterial mechanosensitive channel
of small conductance which was explained as an effect of
tension redistribution between the leaflets (25). Lysolipids
characterized with a stronger partitioning into membranes
than anesthetics were found to be potent activators of the
bacterial mechanosensitive channel of large conductance
MscL when added asymmetrically on one side of the
membrane (26). Reconstitution of MscL into PE liposomes
increased its activating tension compared to the PC environ-
ment, which corroborates well the increased pressure acting
on the centrally positioned gate of this channel (27).
Mammalian potassium channel TREK was shown to be
modulated by a variety of lipophilic agents such as lysolipids,
fatty acids, diacyl glycerols, and local anesthetics (28, 29).

The motivation for the experiments described here came
from the simple notion that esters of p-hydroxybenzoic acid
(parabens) widely used as food and cosmetics preservatives
for the past four decades (30) are in fact substances with a
pronounced amphipathicity. With the increased length of the
alkyl chain (methyl through butyl), the solubility of parabens
in aqueous phase drops (31-33), whereas the extent of
partitioning into n-hexane and n-octanol increases, which
parallels the increased antibacterial potency (34). Previously
published data demonstrated that parabens have a cytostatic
effect on bacteria very similar to that of local anesthetics
(35). More hydrophobic parabens require lower concentra-
tions for the antimicrobial action, and early studies suggested
that transmembrane proteins and transport systems may be
the primary targets for long chain parabens (34, 36, 37).

Decades of use as food and cosmetics preservatives proved
that parabens are generally safe for human health (30),
although a small effect of transactivation of the estrogen
receptor has been detected (38). This warranted studies on
mammalian cells which have shown that parabens can inhibit
normal release of lysosomal enzymes from lymphocytes (39),
inhibit mitochondrial respiration in hepatocytes (40), and
cause reversible modulation of voltage- and ligand-gated
channels (41), again with butyl paraben being the most
potent. More recent studies revealed activation of a pain
receptor channel (TRPA1) by methyl paraben (42), and the
mechanosensitive TRPY1 in yeast vacuole can also be
directly activated by propyl paraben (43). Although many
authors agree that the propensity of long chain parabens for
membranes likely defines their cytostatic action along with
some side effects, the mechanism of their broad antimicrobial
potency remains unknown, and even the water-membrane
partitioning of parabens has not been studied in sufficient
detail.

In this paper, we characterize the membrane-perturbing
effects of ethyl, propyl, and butyl parabens by measuring
their surface activity and changes in the surface pressure in
lipid monolayers. We apply these substances to native
membrane patches containing bacterial mechanosensitive
channel MscS and observe shifts in activating tension which

parallel the pressure changes observed in monolayer experi-
ments. We also describe substantial changes in the rates of
MscS desensitization and inactivation by parabens and
discuss the observations in the framework of the asymmetric
location of the gate and modified lateral pressure profile in
the bilayer.

MATERIALS AND METHODS

Surface Tension Measurements and Monolayer Experi-
ments. Ethyl, propyl, and butyl esters of p-hydroxybenzoic
acid (parabens) were purchased from Sigma-Aldrich (St.
Louis, MO). Surface tensions of subphase solutions contain-
ing different concentrations of parabens were determined
using the standard Wilhelmy method with a strip of filter
paper (Whatman, No. 1, 10.5 mm wide and 0.25 mm thick)
used as a plate. The pressure sensor (model 601, NIMA,
Coventry, U.K.) was precalibrated using a 100 mg weight,
after which the surface tension of pure water was determined
to be -72 mN/m. At this stage, the pressure sensor was set
to zero and subsequent measurements of surface tension
produced positive values of surface pressure.

A rectangular Teflon monolayer trough (total area of ∼550
cm2) with a single movable barrier (NIMA) enclosed in an
air-clean bench was used in all experiments. The surface
pressures were measured with the same Wilhelmy method.
Escherichia coli total polar lipid extract (TPE) in chloroform
was purchased from Avanti Polar Lipids (Alabaster, AL).
The procedure of lipid preparation included removal of
chloroform under the stream of nitrogen in a preweighted
glass vial followed by drying under vacuum for 1 h. The
vial was then carefully weighed, and lipids were dissolved
by being vortexed in pure chloroform to a final concentration
of 2 mM (1.53 mg/mL for TPE). Spreading of lipids on the
aqueous subphase was done using a gastight 50 µL Hamilton
syringe. The subphase buffer consisted of 100 mM KCl and
5 mM KH2PO4 and was titrated with KOH to pH 7.4. Due
to limited solubility, parabens were added into the prewarmed
(to ∼50 °C) subphase buffer to a desired concentration and
thoroughly mixed on a stirring plate. Parabens stably
remained in solution after cooling to room temperature.
Compression (pressure-area) isotherms were measured at
room temperature (22 °C) at a speed of 20 cm2/min.

Electrophysiology. Giant E. coli spheroplasts were pre-
pared with the standard technique (44) utilizing cephalexin
as a septation blocker. The MJF 465 (mscS-/mscK-/mscL-)
(45) strain was used to express wild-type (WT) MscS.
Patch-clamp recordings of MscS were performed exactly
as described by Akitake et al. (46). Electrodes were pulled
from borosilicate capillaries to a bubble number of 4.5
(resistance of 2.8 ( 0.2 MΩ, in a buffer with a specific
conductivity of 39 mS/cm). Recordings were performed in
symmetrical potassium [200 mM KCl, 45 mM MgCl2, 5 mM
CaCl2, and 5 mM HEPES titrated to pH 7.4 with KOH]
buffers in the pipet and bath. The bath solution was the pipet
solution with a 400 mM sucrose supplement to osmotically
stabilize spheroplasts. Parabens were delivered into the bath
through a laboratory-built perfusion system, and the MscS
activation midpoints were determined with 1 s ramp stimuli
within 3 min of perfusion. The measurements of desensitiza-
tion and inactivation were typically carried out 10 min after
perfusion to allow for deeper equilibration. To apply parabens
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to the patch from the extracellular side, the tip of the pipet
(∼1 mm) was first filled with paraben-free buffer supple-
mented with 0.4 M sucrose and then the pipet was back-
filled with the paraben-containing buffer. Slow diffusion of
paraben to the tip and incorporation onto the outer leaflet
were observed as changes in the activation midpoints for
MscS over 30 min. Pressure ramps were applied using an
HSPC-1 (ALA Scientific Instruments) high-speed pressure
clamp apparatus controlled via the analog output from the
DigiData1320A instrument. An ALA P-V unit upgraded with
a stronger suction pump was used as the pressure and vacuum
source. Vacuum and pressure were calibrated at both the
pumps and the headstage using a PM015D pressure monitor
(World Precision Instruments). Pressure traces were then
recorded directly from the HSPC-1 headstage. Output
commands to the HSPC-1 apparatus were controlled by Axon
pClamp9 software in episodic stimulation mode (Axon
Instruments).

RESULTS

Surface ActiVity of Parabens and Their Propensity for
Lipid Monolayers. As preservatives in different formulations,
parabens have sufficient antimicrobial effects at concentra-
tions between 10-5 and 10-3 M (34). We measured surface
tensions of the aqueous buffer used for subsequent monolayer
experiments, in this range of concentrations. As shown in
Figure 1, ethyl paraben is the least surface active and most
hydrophilic among the three parabens while butyl paraben
is the most hydrophobic and has the highest propensity for
the air-water interface. When present in the solution at a
concentration of 1 mM, ethyl paraben decreased the surface
tension of an aqueous solution by 1.4 mN/m, propyl paraben
by 9.4 mN/m, and butyl paraben by 21.5 mN/m. The surface
tension of the aqueous solution with the salts and buffer was
71 mN/m. The surface activity of the three parabens agrees
well with the published data for aqueous solubility (31, 32)
and their partitioning in n-hydrocarbon/water and aliphatic
alcohol/water systems (47).

E. coli polar lipid extract which is similar in composition
to the inner membranes of the bacterium was chosen for

formation of lipid films. The monolayer experiments were
conceived to correlate surface pressure changes in the
presence of parabens with their effects on activating tension
of MscS residing in the inner membrane of E. coli.
Compression (π-A) isotherms were recorded with paraben
concentrations in the subphase ranging from 0 to 1 mM. The
isotherms presented in Figure 2 are scaled against the surface
pressure of pure buffer without lipid or paraben, taken to be
zero. As seen from the plots, the surface pressure of
monolayers in their most expanded state (right end of the
curves) varies with the paraben concentration. The strongest
upshift is observed for butyl paraben and reflects primarily
its own partitioning into the air-water interface since the
contribution to surface pressure due to the lipid molecules
present in low density (two-dimensional gaseous phase) is
negligible. Without lipids, the surface pressure of the pure
paraben monolayer does not change with the position of the
barrier as area changes do not affect the surface bulk
equilibria for these substances. With lipids at the surface,
compression of the monolayer in the presence of parabens
in the subphase produces isotherms that lie above the control
isotherm, indicating extra pressure created by the paraben
intercalated between the lipids. For ethyl and propyl para-
bens, the difference between the control isotherm and the
actual isotherm progressively increases with paraben con-
centration toward the middle of isotherms (area of ∼120 Å2/
molecule) that reflects the excess chemical potential of
favorable paraben-lipid mixing that stabilizes parabens at
the interface between the lipids. At a high degree of
compression, near the point of collapse (top left corner),
isotherms taken at different concentrations essentially con-
verge, indicating that the increasing lateral pressure gradually
“squeezes” parabens out of the film into the bulk. The
retention in the monolayer clearly correlates with the
hydrophobicity of the paraben.

The collapse pressure of the monolayer for all parabens
was around 45 mN/m and remained unchanged, indicating
that up to a concentration of 1 mM these substances do not
promote collapse of the lipid film. The average area per
molecule for the lipid with no paraben in the subphase at 45

FIGURE 1: Surface activity of ethyl, propyl, and butyl parabens measured in the “subphase” buffer using the standard Wilhelmy method.
The surface pressure corresponds to the reduction of the surface tension of the solution compared to that of the pure buffer. Ethyl paraben
is the least and butyl paraben the most hydrophobic.
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mN/m was ∼60 Å2, consistent with previously published
data (48, 49). The increase in paraben concentration shifts
the isotherms upward and to the right, effectively increasing
pressure in the entire range of molecular areas. The shifts
of the isotherms are subtle in the presence of ethyl paraben
and more pronounced in the presence of butyl paraben. At
the monolayer-bilayer equivalence pressure of 35 mN/m
and paraben concentration of 1 mM in the subphase, the
increase in the area per molecule of the lipid was 2.5% for
ethyl, 10% for propyl, and 25% for butyl paraben. At this
pressure, E. coli polar lipids on average occupy 68.5 Å2/
molecule. Assuming that paraben aromatic groups occupy
∼15 Å2 in the plane of the lipid monolayer, the area changes
would correspond to the presence of 0.1, 0.5, and 1 molecule
of ethyl, propyl, and butyl paraben per lipid, respectively.
Conversely, at an area per molecule of 68.5 Å2 (which
corresponds to 35 mN/m with no paraben), we observed 5,
12.5, and 20% increases in surface pressure at 1 mM ethyl,
propyl, and butyl paraben, respectively. This means that at
lipid packing densities characteristic of unstretched mem-
branes, parabens can intercalate and stably reside in the lipid
environment, thus perturbing the lateral pressure profile in
the membranes. Both the surface activity and magnitude of
monolayer swelling at monolayer-bilayer equivalence pres-
sure are commensurate with the hydrophobicity of the
molecule.

Effects of Parabens on MscS ActiVation. MscS channels
residing in the inner membrane of E. coli are directly
sensitive to tension in the lipid bilayer. Suction in the patch
pipet creates a pressure gradient across the patch (ap-
proximated as a spherical cap) and generates tension ac-
cording to Laplace (50-52). In the lipid-reconstituted system,
MscS was shown to half-activate at membrane tensions of
∼5.5 dyn/cm (52). Stimulating the excised patches with
ramps of pressure invokes steeply increasing population
currents, and saturating ramps or pulses of pressure keep
the entire population open. When activated with subsaturating
steps of pressure, the channel population shows adaptive
responses; i.e., after the initial spike of current passing
through a maximum, the channel activity decays with time
(46). It has been shown previously that the adaptive current
decay is due to sequential progression of the channel first
into the desensitized (mode-shifted) state and then to the
completely inactivated state. Desensitization is a reversible
closure from which channels can be reactivated by being
stimulated with higher pipet pressures (53). If subsaturating
tension persists, then channels enter the stretch-insensitive
nonconductive inactivated state.

Introduction of parabens into the pipet produced left shifts
of activation curves, with the strongest effect observed with
the butyl ester. Figure 3A shows such curves for 0.5 mM
butyl paraben in response to the 1 s linear ramps of pressure

FIGURE 2: Pressure-area (π-A) isotherms of monolayers prepared from total polar E. coli lipids with ethyl paraben (A), propyl paraben
(B), and butyl paraben (C) in the subphase. (D) Relative molecular area increase (∆A per molecule) as a function of paraben concentration.
The calculated ∆A per molecule was normalized to A per molecule at 35 mN/m in the absence of paraben. Isotherms were recorded at room
temperature.
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immediately after (t ) 0) and 3, 15, and 30 min following
formation of a seal. In this experiment, the tip of the pipet
was filled with a paraben-free buffer and then back-filled
with a paraben-containing buffer. The kinetics of the
midpoint shift [Figure 3B (O)] presented in normalized scale
likely reflects the diffusion of butyl paraben into the tip and
incorporation into the outer leaflet. The midpoint (p0.5)
decreases monotonously and saturates within 15 min at
∼90% of the initial midpoint pressure measured upon patch
excision. No decline in the number of active channels was
observed. Without employing a pipet-perfusion device, were
unable to take measurements at different concentrations of

parabens on one patch; thus, we present the time progression
of the effect under diffusion-limited delivery of the paraben
to the patch.

When ethyl, propyl, or butyl parabens were presented to
the cytoplasmic side of excised patches (bath), the MscS
activation curves shifted right toward higher opening pres-
sures (Figure 3B-F). It was noticed that the p0.5 shifts have
a transient component. The kinetics of p0.5 changes evoked
by perfusion of 0.5 mM butyl paraben into the bath averaged
over four independent patches is shown in Figure 3B (b).
Approximately 1 min after perfusion (denoted with an arrow),
p0.5 experiences an ∼25% right shift and then gradually

FIGURE 3: Sidedness and concentration dependencies of paraben effects on MscS activation curves measured by linear ramps of pressure.
(A) Butyl paraben added through the pipet (0.5 mM) gradually shifts activation points to the left. (B) The kinetics of the activation midpoint
(p0.5) changes with butyl paraben in the pipet (O) and in the bath (b); the arrows denote either the time of bath perfusion or the moment
of seal formation in experiments with paraben in the pipet. MscS activation curves for different concentrations of ethyl (C), propyl (D), and
butyl (E) parabens in the bath. Each series was measured on a single patch. (F) Correlation of surface pressure changes measured in
monolayers (Figure 2) with the right shifts in the midpoints of activation curves recorded in patch-clamp presented in panels C-E. The
surface pressure changes are presented as relative increases at the lipid packing density corresponding to 35 mN/m without paraben. Activation
midpoints are also normalized to the midpoint of control curves with no paraben. Both values are presented as functions of paraben
concentration.
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declines to a steady level 8-12% above p0.5 measured prior
to paraben addition. To record concentration dependencies
of p0.5 on one patch, measurements were taken 2-3 min after
each sequential perfusion of the buffer with a progressively
increasing concentration of the paraben. As illustrated in
Figure 3C-E, at a concentration of 1 mM in the bath, ethyl
paraben, the most hydrophilic of the parabens, shifted the
midpoint of activation by 5%, propyl paraben shifted it by
12.5%, and the most hydrophobic among them shifted the
midpoint of activation by 25%. Note that butyl paraben,
which causes the most drastic shifts, also leads to inactivation
of a large population of MscS such that only a small fraction
of channels remained active at the end of the 1 s saturating
ramp. To compare the midpoint shifts at different concentra-
tions of butyl paraben, the activation curves presented in
Figure 3E were normalized to the maximal current achieved
at the end of the ramp. Upon washout, the midpoint of
activation typically shifted back to the left, and the final curve
coincided with the initial control. This indicates that the effect
of parabens is reversible and driven by the concentration of
the species in the aqueous environment near the lipid
membrane. It was observed that 10-20% of the initial
channels are not available on washout. In contrast to the
previous report (54), we did not observe spontaneous
activation of MscS by any of the parabens added from either
side at a pipet potential of 20 mV.

We presume that the midpoint shifts in opposite directions
can be attributed to an asymmetric partitioning of paraben
into one of the leaflets thus exerting additional lateral pressure
in that particular leaflet and creating tension in the opposite
leaflet (23-25, 55). Indeed, with externally added tension
to the entire bilayer, the partitioning of paraben into the
cytoplasmic leaflet will exert pressure (or reduce tension)
acting on the gate, which should be observed as a right shift
of the activation midpoint. The normalized data for MscS
activation in patch-clamp and lateral pressure shifts in
monolayer experiments are combined in Figure 3F, showing
that the magnitudes of activation midpoint shifts for the
channel in the presence of each of the three parabens are in
good agreement with the data for the concentration-dependent
increase in surface pressure in the lipid monolayer at
membrane packing densities.

Effects of Parabens on the Kinetics of MscS Adaptation
and RecoVery. To clarify the nature of the observed decrease
in active channels in the presence of high concentrations of
parabens (Figure 3E), we looked at the propensity of MscS
for the desensitized and inactivated states under similar
conditions. In a typical patch-clamp experiment, MscS
desensitization is manifested as a gradual current decline over
the course of 1-30 s (45, 46, 56). If tension persists, then
desensitized (mode-shifted and closed) channels make a
transition to the nonconducting and stretch insensitive
inactivated state (53). The entire process of adaptation was
shown to be tension-dependent; thus, we tested MscS
population responses to a series of subsaturating steps of
pressure (Figure 4C), in the presence of various concentra-
tions of paraben. Figure 4A shows control traces that
illustrate the initial peak of activity and adaptive current
decline at different pressures. The pressure amplitudes spaced
by 10 mmHg were chosen around the midpoint of activation
which was 140 mmHg for this particular patch as determined
with a 1 s saturating ramp prior to stepping. Both the peak

of the response and the characteristic decay time depend on
stimulus amplitude. As illustrated in Figure 4B, perfusion
of 0.8 mM butyl paraben into the bath did not change the
peak amplitude of the transient response considerably, but
it strongly reduced the current decay time over the entire
range of pressures. Both ethyl and propyl paraben show
similar but weaker effects on MscS desensitization. These
data indicate that parabens do not block channel conduction,
as could be inferred from Figure 3E, but rather cause fast
desensitization and possibly inactivation. Because the initial
peaks of activity in the beginning of pressure steps are
comparable (Figure 4A,B), butyl paraben does not drive
MscS into the inactivated state from the resting state at
subthreshold tensions but strongly accelerates desensitization
once the channels are open.

Several stable patches permitted us to collect the decay
data for the entire pressure range at six different concentra-
tions for each of the parabens. The results of monoexpo-
nential fitting of such data sets for ethyl, propyl, and butyl
parabens are shown in Figure 4D. Each panel represents
fitting results of a series of 30 traces taken at different
concentrations and pressures on a single patch. The pressure
on the graph is normalized to the midpoint (p0.5) measured
in the absence of paraben. Near the midpoint, butyl paraben
reduces the characteristic time of decay (τ) by 2 orders of
magnitude in the presence of 1 mM paraben, but the extent
of τ decrease is uneven across the pressure range; on the
left end (p ) 0.8p0.5), the points collected between 0.6 and
1 mM paraben group tightly, showing that the effect of
the amphipath already saturates at these concentrations and
the entire rate change is only ∼1 order of magnitude. At the
right end (p ) 1.14p0.5), however, all points are well spread
out and the entire effect of paraben induces a change in τ of
almost 2.5 orders of magnitude. It is obvious that the effect
of paraben on the desensitization kinetics increases with
tension. Both propyl and ethyl paraben show qualitatively
similar although progressively weaker effects on MscS
adaptation. The magnitudes of τ change are 0.5 and 0.25
log unit at the left end and 1.3 and 0.8 log units at the right
end for propyl and ethyl paraben, respectively. The data
strongly suggests that increased membrane tension (propor-
tional to the pipet pressure) favors incorporation of paraben
into the membrane which results in larger changes in the
rate of adaptation.

In the following experiments, we attempted to separate
the two sequential processes, desensitization (O f D) and
inactivation (D f I) (53). To reveal the desensitized
population of channels that can be reactivated from those
that are inactivated, the stimulus to a subsaturating pressure
was interspersed with short test pulses of saturating pressure.
A control trace and a current response to the same stimulus
protocol in the presence of ethyl paraben are shown in Figure
5A. The initial decay rate is primarily due to reversible
desensitization as most of the channels respond to the first
test pulse. The decreasing current responses to subsequent
test pulses indicate that the fraction of tension-sensitive
channels decreases and the tension-insensitive fraction grows
over time. Addition of 0.5 mM ethyl paraben accelerates
desensitization, but as revealed by test pulses, the rate of
inactivation does not change substantially. Figure 5D shows
the pair of traces from a different patch recorded with the
same pressure protocol without and with 0.2 mM butyl

Parabens Perturb the Lateral Pressure in Membranes Biochemistry, Vol. 47, No. 40, 2008 10545



paraben in the bath. In this instance, we observe a marked
shortening of the decay time and shortening of the inactiva-
tion time as well.

To quantify the rates of desensitization and inactivation,
we tabulated several points along these traces. One group
of points represented the decaying fraction of conductive
channels under subsaturating pressure (i.e., fraction of open
channels that is additive to the combined D+I population).
Another data group consists of the peaks in response to
saturating test pulses that represent the combined population
in D+O states. We then fitted the curves with the three-
state kinetic model (O f D f I) described by a known set
of differential equations (57) (see the legend of Figure 5).
The graphs in panels B and C of Figure 5 show the fits of
the model to the experimental points and the extracted rate
constants kOD and kDI for the O f D and D f I steps,
respectively. In the presence of ethyl paraben, the rate
constant for desensitization (at a given tension) increases,
whereas the rate of inactivation actually decreases. Both
tendencies are consistent with the qualitative observation that
increased membrane tension slows the process of desensi-
tization but accelerates inactivation (Belyy, Akitake, Kama-

raju, Anishkin, and Sukharev, manuscript in preparation).
Indeed, when ethyl paraben present on the cytoplasmic side
intercalates into the membrane creating its own lateral
pressure, it negates a large portion of tension in the inner
leaflet. As seen from Figure 5D, butyl paraben (0.2 mM)
further increases the rate of desensitization, but surprisingly,
it also accelerates the rate of inactivation. The increased rate
of inactivation was noticed in several patches at higher
concentrations of butyl paraben [0.33 and 0.5 mM (data not
shown)].

Following complete inactivation, MscS recovers from the
inactivated state back to the resting state. The recovery rate
appears to be fastest under zero tension. A control trace and
a trace recorded in the presence of 0.5 mM ethyl paraben
are shown in Figure 6A along with the pulse protocol used
to measure the recovery time. Following a subsaturating step
of pressure during which the channels are desensitized and
inactivated, the available (non-inactivated) fraction is re-
vealed by a short test pulse. The patch pressure is then
dropped to zero, and a train of short saturating test pulses is
applied to follow the process of recovery. Addition of ethyl
paraben shortens the current decay time and leads to a deeper

FIGURE 4: Parabens increase the rate of MscS adaptation. (A) Current responses of MscS populations to varied subsaturating steps of
pressure without paraben. (B) Adaptive current responses with 0.8 mM butyl paraben on the cytoplasmic (bath) side recorded in the same
patch. The step pressure protocol (C) was the same in both experiments. (D) Characteristic time of current decay at different concentrations
of ethyl, propyl, and butyl paraben presented as log(τ) vs normalized pressure. The pressure was normalized to p0.5 determined in ramp
experiments for each patch.
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inactivation, but the comparison of the time courses for
recovery (inset) indicates no change compared to the control.
The pair of recovery curves obtained without and with 0.33
mM butyl paraben (Figure 6C) shows that this substance
slightly slows the process of recovery, but to a much lesser
extent than it shortens the adaptive current decay. So far,
parabens exert much weaker effects on the process of MscS
recovery than on desensitization or inactivation.

DISCUSSION

The data presented above show that the effects of the three
parabens on the mechanosensitive channel MscS strongly
correlate with their surface activity at the air-water interface
and their potency to modify surface (lateral) pressure of lipid
monolayers. The presented monolayer data indicate that at
the monolayer-bilayer equivalence pressure butyl paraben
packs favorably between phospholipids at a molar ratio near
1:1. The magnitudes of all observed effects, including effects
on MscS activation midpoint and adaptation rate, positively
correlate with the hydrophobicity of paraben, i.e., the length
of its alkyl chain. The results are consistent with the paradigm
that the antibacterial action of these substances begins with
their partitioning into the membrane. With this regard, can
MscS be the primary target for parabens? This is unlikely
because MscS is not an essential component of the bacterial
cytoplasmic membrane under typical laboratory conditions,
and only the double-knockout mscL-/mscS- shows compro-
mised viability under severe osmotic shock (45). If parabens
were strong MscS activators, then “chemical” opening of
the channel would dissipate essential gradients in the cell,
and this way, parabens would suppress bacterial growth. In

the previous study, Nguyen and co-authors (54) reported
spontaneous activation of MscL in reconstituted liposomes
in the presence of 1 mM propyl paraben applied through
the pipet, as well as spontaneous activities of MscS-like
channels in spheroplast patches exposed to methyl, ethyl,
and propyl parabens from the cytoplasmic side. In contrast
to that report (54), we did not observe any direct activation
of MscS by parabens from the cytoplasmic side even with
the more hydrophobic and potent butyl ester, and the
activation midpoint in our hands shifted to higher values.
There was indeed a decrease in the activation midpoint of
MscS with butyl paraben added from the pipet side (Figure
3A,B), but never to the point of spontaneous activity at zero
pressure. MscS and MscL may not be the main targets for
this class of substances because the triple mutant MJF465
(mscS-/mscK-/mscL-) appears to have a sensitivity to
parabens similar to that of the wild type. Nevertheless, MscS
is sensitive to membrane tension and lateral pressure, and
its activity provides a measurable readout of this parameter.
Therefore, this channel can be used as a reasonably well-
characterized sensor of lateral pressure and tension in the
surrounding lipid bilayer (52, 58), which is commonplace
for all integral proteins in the cell.

The pressure-area diagrams obtained for lipid bilayers
indicate that parabens can be stably coordinated between
lipids, more favorably at intermediate densities and pressures.
While higher lateral pressures make their residence less
favorable, still at the monolayer-bilayer equivalence pres-
sures (35-40 mN/m) butyl paraben present at 1 mM is
capable of bringing about a 20% increase in the respective
pressure. This translates into 7-8 mN/m of lateral pressure

FIGURE 5: Experiment separating MscS desensitization from inactivation. (A) Traces illustrating desensitization and inactivation of MscS
with and without 0.5 mM ethyl paraben and the corresponding pressure protocol with interspersed test pulses. Panels B and C show data
points representing the combined inactivated and desensitized (D+I) and only inactivated (I) populations with the theoretical fits to determine
kOD and kDI. Panels B and C depict results from experiments without and with 0.5 mM ethyl paraben, respectively. (D-F) Experiment
analogous that presented in panel A performed with and without 0.2 mM butyl paraben. Fitting of the data was done using analytical
solutions of the standard set of differential equations (57) describing a three-state kinetic model (O f D f I): O(t) ) O0 e-kODt; D(t) )
(kOD/kDI - kOD)O0(e-kODt - e-kDIt); I(t) ) O0 - D(t) - I(t). In panels B, C, E, and F, the I state ([) is presented in an inverted scale as in
experimental traces (A and D). Circles represent the open population [O ) 1 - (D + I)]. The intermediate desensitized population (D) was
computed (thick dashed line).
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(tension) change which encompasses almost the entire range
of tensions activating MscS [activation midpoint γ ) 5.5
dyn/cm (52)]. The monolayer data suggest that when a patch
membrane is stretched in the presence of paraben, the
amphipathic molecules insert themselves and diminish the
tension in the leaflet exposed to paraben. The amount of right
shift in activation curves scales well with the pressures
detected in monolayers (Figure 3F). Even at high tension in
the presence of parabens, the channel quickly adapts but often
does not close completely because tension remains in the
opposite leaflet.

The direction of the initial shift of activating pressure
depends on the side of paraben application. One should
remember that the two leaflets of the bilayer are coupled by
the midplane area. Intercalation of an amphipath in one leaflet
expands its area and at the same time creates tension in the
opposite leaflet (23-25), whereas the total tension in the
bilayer may remain constant. Paraben applied externally is
expected to generate tension in the inner leaflet, thus shifting
activating pressure to the left. When added from the
cytoplasmic side, parabens shift MscS activating pressure
to the right, but after reaching the maximum, the effect
declines to a lower level. Indeed, initial incorporation of the
substance into the inner leaflet would produce the maximal
asymmetry of pressure-tension distribution, but subsequent
permeation into the periplasmic leaflet would decrease this
asymmetry. The steady-state shift observed in the system
suggests that with a concentration gradient, paraben may
never be equalized completely in the two leaflets as it can
partition into the aqueous solution on the other side. In the

absence of buffer convection in the narrow tip of the pipet,
however, paraben accumulation in the periplasmic leaflet can
be substantial. In the reverse configuration when paraben is
added through the pipet, the decrease in p0.5 is steady possibly
because paraben traversing the bilayer does not accumulate
in the inner leaflet as it washes away into the large paraben-
free bath compartment.

Why do cytoplasmic additions of parabens increasing
pressure in the inner leaflet shift the activation midpoint
specifically to the right? Figure 7 depicts the resting model
of the transmembrane domain of MscS (59) derived from
its crystal structure (60). In the simulation described by
Anishkin and co-workers (59), this model was thoroughly
equilibrated in the lipid bilayer. The position of the channel
gate (yellow surface) inside the central barrel is decisively
cytoplasmic; thus, increased pressure in the inner leaflet is
expected to “squeeze” gate. The observed shifts in the
dose-response curves reflect this picture and are consistent
with previous observations with TFE (61). Providing this
qualitative explanation to the observed shifts, we should
mention that at present the exact position of the absorbed
paraben in the bilayer is unknown. It is likely that the benzyl
ring will pack next to glycerol and carbonyl groups as
predicted by the most favorable location of aromatic side
chains in membrane proteins (62). The layer of oxygens
belonging to these groups (depicted as red dots in Figure 7)
is located not far (∼7 Å) from the gate, and therefore,
incorporation of parabens near the apolar-polar interface
would create a peak of lateral pressure that would tend to
collapse the channel barrel to its nonconductive state.

The observed difference between effects of ethyl and butyl
parabens on inactivation is puzzling. Indeed, ethyl paraben

FIGURE 6: Recovery from inactivation of MscS after a prolonged
subsaturating step revealed by a train of short test pulses is
unaffected by parabens. (A) Traces obtained with 0 and 0.5 mM
ethyl paraben on the same patch stimulated with the same pressure
protocol shown below. (B) Similar traces recorded with 0 and 0.2
mM butyl paraben in the bath. Insets in each panel represent the
time courses for recovery fitted with monoexponential functions.

FIGURE 7: Model of resting MscS in the lipid bilayer and the
predicted positions of the gate and the three parabens bound to the
inner leaflet. The model was derived from the original crystal
structure (PDB entry 1MXM) by aligning the peripheral helices
TM1 (orange) and TM2 (green) with the pore-lining TM3 helices
(blue). The structure of the N-terminal domain (red) was predicted
and added to the structure, and the model of the resting state of
MscS was equilibrated in the POPC bilayer for 12 ns (taken from
ref 59). The gate leucines (L105 and L109) inside the TM3 barrel
are shown as yellow VdW spheres, and their position is ∼7 Å below
the layer of carbonyl and glycerol oxygens of phospholipids (red
dots) approximating the membrane interface. Incorporation of
parabens into the inner leaflet of the lipid bilayer is expected near
this apolar-polar interface. The created peak of lateral pressure
not far from the gate is predicted to collapse the barrel into a
nonconductive state.
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acted as a tension-reducing agent and decreased the rate of
inactivation following desensitization. Butyl paraben, in
contrast, dramatically increased the rate of inactivation. One
possible difference could be that more potent butyl paraben
creates a stronger lateral pressure peak that not only collapses
the gate but also leads to fast propagation of the TM3 kink
up the helix from G121 to G113. Buckling of the TM3 helix
at G121 was ascribed to closing and desensitization, whereas
bending at G113 was associated specifically with channel
inactivation (53). The difference could also be due to the
higher hydrophobicity of butyl paraben and therefore dif-
ferent preferred position in the membrane compared to less
hydrophobic ethyl paraben, creating a peak of pressure at a
different location. Both hypotheses warrant further experi-
ments describing tension and concentration dependencies of
different parabens on these processes. The experimental
observations also call for detailed molecular dynamics
simulations that would suggest the preferred positions of
these substances in the lipid bilayer and the magnitudes of
local pressure changes induced by their incorporation.

Generally, the observed effects of parabens on the kinetics
of adaptation resemble effects of trifluoroethanol (TFE) with
one difference being that TFE did slow the rate of recovery
from the inactivated state (61). This was explained as
intercalation of small TFE molecules into the TM2-TM3
crevices which were predicted to disrupt the tension trans-
mission route from the periphery to the gate. Penetration of
TFE would stabilize these crevices and prevent fast recovery.
Because parabens did not exhibit any systematic effect on
recovery, we conclude that they do not penetrate and stabilize
the crevices.
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