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Surface Changes of the Mechanosensitive Channel MscS upon lts
Activation, Inactivation, and Closing

Wojciech Grajkowski, Andrzej Kubalski, and Piotr Koprowski
Nencki Institute of Experimental Biology, Warsaw, Poland

ABSTRACT MscS is a bacterial mechanosensitive channel that shows voltage dependence. The crystal structure of MscS
revealed that the channel is a homoheptamer with a large chamber on the intracellular site. Our previous experiments indicated
that the cytoplasmic chamber of the channel is not a rigid structure and changes its conformation upon the channel activation. In
this study, we have applied various sized cosolvents that are excluded from protein surfaces. It is well known that such
cosolvents induce compaction of proteins and prevent thermal fluctuations. It is also known that they shift channel equilibrium to
the state of lower volume. We have found that large cosolvents that cannot enter the channel interior accelerate channel
inactivation when applied from the cytoplasmic side, but they slow down inactivation when applied from the extracellular side.
We have also found that small cosolvents that can enter the channel cytoplasmic chamber prevent the channel from opening,
unlike the large ones. These data support our idea that the channel cytoplasmic chamber shrinks upon inactivation but also give

new clues about conformational changes of the channel upon transitions between its functional states.

INTRODUCTION

Mechanosensitive (MS) ion channels open due to membrane
stretch. They have been found in many cell types of various
organisms from bacteria to vertebrates (Hamill and Martinac,
2001; Martinac, 2004; Sukharev and Corey, 2004). Two
bacterial channels, MscL and MscS (Sukharev et al., 1993),
of known crystal structures (Bass et al., 2002; Chang et al.,
1998) are the best characterized MS channels and serve as
models to study mechanotransduction in general. They both
reside in the bacterial inner membrane and serve as safety
valves, releasing cytoplasmic osmolytes upon osmotic
downshock (Levina et al., 1999). The quaternary structure
of the MscS channel reveals that the functional channel is
a heptamer, and each of seven subunits is composed of three
transmembrane helices TM1, TM2, and TM3 (Fig. 1 A). The
TM3 helices, rich in glycines and alanines, line the channel
pore. The cytoplasmic domains of the channel are composed
mostly of B-sheets and surround a large water-filled chamber
with a diameter of ~40 A (Fig. 1, A and B). The chamber has
seven pores, 14 A in diameter each, located at the subunit
interfaces and the additional opening of 8 A formed by a 3
barrel at the bottom of the chamber (Fig. 1 B). It has been
suggested that the structure reveals an open channel
conformation (Bass et al., 2002), but a recent molecular
dynamics study of water inside the MscS channel led the
authors to conclude that the structure may represent an
inactivated state of the channel (Anishkin and Sukharev,
2004). The MscS channels become inactive under sustained
mechanical stimuli (Fig. 2 A). It has been shown that the
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fully inactive channels could be reactivated by a next suction
step, providing the time between pulses was long enough and
suction had been released between pulses (Koprowski and
Kubalski, 1998). Thus MscS has at least three Kkinetic
states—closed, open, and inactivated—and it is very likely
they reflect different conformations of the channel molecule.
Our and others’ experiments indicate that the cytoplasmic
chamber may undergo large conformational changes upon
transition from the closed to open state of the channel
(Koprowski and Kubalski, 2003; Miller et al., 2003). These
changes should ultimately result in changes of the volume of
the chamber (Edwards et al., 2004). The objective of the
studies presented in this article was to set a series of
experimental conditions under which changes in the volume
of the MscS cytoplasmic chamber and/or in its entire ion-
conducting pathway could be expected and resulting alter-
ations of the channel kinetics would be observed.

In several studies, an approach called ‘‘osmotic stress’’
(Parsegian et al., 1986; Zimmerberg and Parsegian, 1986) has
been used to detect and measure volume changes of various
ion channels during the course of their activation, inactiva-
tion, or closing. In this method, large molecules (cosolvents)
that cannot enter the channel interior are added to the aqueous
protein solution. It is assumed that the cosolvent exerts
osmotic pressure on the channel volume and a more compact
state is preferred as a result of a shift of the channel open-close
equilibrium. In addition to the determination of volume
changes upon gating, the method aims to estimate the number
of water molecules released from the channel interior
inaccessible to cosolvents upon transition from one confor-
mational state to another. This experimental approach has
been employed to estimate volume changes upon activation of
voltage dependent anion channel (Zimmerberg and Parse-
gian, 1986), alamethicin channels (Vodyanoy et al., 1993),
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and potassium channels (Zimmerberg et al., 1990). It was also
applied to Kv channels to investigate volume changes
associated with C-type inactivation (Jiang et al., 2003). The
“‘osmotic stress’’ analysis considers cosolvents as entirely
inert or neutral molecules facilitating only a removal of water
molecules from the channel interior. There is, however, a large
body of evidence that suggests cosolvents are not neutral and
they interact with proteins (Timasheff, 1998a, 1998b, 2002).
The interaction can be positive (preferential binding) or
negative (preferential exclusion resulting in preferential
hydration). Cosolvents that preferentially bind to proteins
stabilize them in an expanded, unfolded state (solubilizers).
Urea, guanidine hydrochloride, or propyleneglycol are
known to solubilize and denaturate proteins. Cosolvents
that are preferentially excluded from proteins—poly-
ethylenoglycans (PEGs), dextrans, ficoll, and sucrose—fix
them in the native, compact state and restrain conformational
fluctuations within the native state (stabilizers). The two
groups of cosolvents were used to probe various molecular
processes associated with proteins such as folding, allosteric
effects, or physiological regulation. There is controversy over
whether a quantitative analysis of the data obtained using the
“‘osmotic stress’” method is possible (Parsegian et al., 2000;
Timasheff, 1998b, 2002). The number of water molecules
released from the channel interior could not be estimated
precisely, and it is usually overestimated, taking into account
that cosolvents are excluded from the entire surface of the
protein (Shimizu, 2004). Despite the debate on interpretation
of the experimental results, there is a consensus that proteins
change their conformation in the presence of cosolvents, and
the state of smaller volume is favored upon supplementing
a protein solution with stabilizers.

It has been shown that in the presence of different-sized
PEGs and, to avoid any hydrostatic effect, at constant osmotic
pressure of all solutions tested, alamethicin channels that are
known to respond to mechanical stimuli (Bruner and Hall,
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FIGURE 1 Quaternary structure of MscS. (A) Side
view of the MscS heptamer shown in ribbons
representation with one subunit marked in black.
Transmembrane helices TM1, TM2, and TM3 are
indicated. (B) The left panel presents the side view of
the cross section of MscS shown in a surface re-
presentation. The box indicates the gate region
formed by the TM3 helices. A-A marks the cross
section through the cytoplasmic chamber of the
channel, and the cross section is shown in the right
panel. Sizes of the bottom (left panel) and of the side
(right panel) openings are indicated. Sizes of PEGs
used are shown as shaded spheres.

PEG 6000

1983) had reduced open probability (Vodyanoy et al., 1993).
The effect was stronger the higher the molecular weight of the
applied PEGs. We have applied a very similar approach to the
MS channel MscS—using cosolvents of different molecular
weight and expecting that MscS kinetic states are linked to the
conformational changes of the channel in their presence. We
have found that at constant osmotic pressure of all solutions
tested, the channels show faster adaptation upon supplement-
ing the solutions with different types of stabilizers. We have
applied PEGs of various molecular weights and found that
fewer channels opened when PEGs of lower molecular weight
were used; larger PEGs, however, affected mostly an inacti-
vation rate. These results indicate that the ‘‘preferential ex-
clusion’ approach is a more favorable method in proper
understanding and analysis of our data. We relate the ob-
served changes in the channel behavior in the presence of
cosolvents to the changes of its surface area. Based on the
crystal structure of the channel, we suggest possible con-
formational changes of the channel molecule upon transitions
between its functional states.

MATERIALS AND METHODS
Bacterial strains and protoplast preparation

All electrophysiological experiments were performed on Escherichia coli
strain MJF 379—Frag] kefA::kan. Fragl is a wild-type strain, a derivative of
E. coli K-12. The strain was kindly provided by I. R. Booth (University of
Aberdeen, UK). Protoplasts were prepared as described earlier (Kubalski,
1995).

Chemicals and solutions

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
Osmotic pressure of all experimental solutions containing ficoll, dextran,
glucose, and PEGs was 760 mOsm/kg H,O and was adjusted with sorbitol
using an osmometer (800, Trident, Warsaw, Poland). Additionally, we kept
the osmotic pressure of each PEG on a constant level of 30 mOsm, and the
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resulting concentrations of PEG 200, 600, 1450, 3350, and 6000 were the
following: 0.55%, 1.45%, 2.90%, 4.30%, and 4.90%, respectively.

Electrophysiology and data analysis

Single-channel recordings were obtained from inside out excised membrane
patches, and the experimental procedure and equipment used were the same
as described earlier (Koprowski and Kubalski, 1998). Bath and pipette
control solutions were the same and contained 150 mM KCI, 400 mM
sorbitol, 4 mM CaCl,, 5 mM MgCl,, and 5 mM HEPES, pH = 7.2.

Suction, at constant pipette voltage +15 mV, was applied pneumatically
to the patch pipettes using a 10-ml syringe, together with two in-line, three-
way valves, and was monitored by a pressure manometer PM015D (10.3
kPa or 1.5 psi; WPI, Sarasota, FL). This system allowed us to apply any
suction step with an error of <*29% of the required level. Intervals of 60 s or
longer were maintained between consecutive applications of suction. Data
were acquired (with a sampling rate of 2.5 kHz), filtered at 1 kHz, and
analyzed using pCLAMP®6 software.

The mean single-channel open probability, P, during the pressure pulse
was calculated by integrating the current passing through all active channels,
1, during the recording time and dividing this integral by the current through
a single open channel, i, multiplied by the number of active channels, N,
according to the formula P, = I/Ni. Data points were plotted and fitted to
Boltzmann functions using Origin 4.0 (Microcal Software, Northampton,
MA). The positions of the midpoints of Boltzmann curves and their average
shifts are presented as the mean £SD.
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RESULTS

A transition from the closed to an open state of the MscS
channels can be expressed by the number of activated
channels upon application of a defined suction step to the
patch and represented by the maximal total current /., at
this suction. At sustained suction, MscS inactivates and
undergoes a transition from the open to an inactivated state.
This process is described by a single exponential function
fitted to experimental traces, and the time constant, 7, is
defined as the inverse of the inactivation rate. In the exper-
iments presented below, we describe changes of /,,,,, and/or
7 in the presence of various cosolvents added to the channel
bath solutions.

Effect of ficoll on MscS single-channel currents

Ficoll (molecular weight 400,000) at concentrations 1%
n=3),2%n=12),3% (n=9),5% (n==6),and 10% (n =2)
was applied to the protoplast membrane patches to the cyto-
plasmic side of the membrane. Ficoll increased 7 (Fig. 2,
A and B) and reduced I, (Fig. 2, A and C). Both effects
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were reversible. The channel inactivation was faster, and we
conclude that inactivation is a preferred state in the presence
of ficoll. Since ficoll is preferentially excluded from protein
surfaces—and proteins are expected to lower their surfaces
in its presence—we conclude that the inactivated state of the
channel is associated with a configuration in which the
channel surface interacting with ficoll is lower. Since ficoll
molecules are too large to enter the channel interior, the
channel surface is represented in this experiment mostly by
the external surface of the large chamber on the cytoplasmic
side of the membrane.

The ficoll effect on I, suggests that the activation of the
channel is impaired. This effect can be observed in a limited
range of pressures since I;,x saturates at higher pressures.
MscS cannot be opened when it is in the inactivated state
(Koprowski and Kubalski, 1998). Thus lower I, in the
presence of ficoll may indicate that activation is impaired due
to the inability of the channel protein to undergo a transition
from the inactivated to the closed state and/or due to the
possibility that upon activation the channel increases its
external surface (being in contact with ficoll) and this in-
crement is partly blocked by the presence of ficoll.

The dependence of the single-channel open probabilities,
P, on suction in control and in the presence of 2% and 5% of
ficoll is shown in Fig. 2 D. The experimental points were
fitted to Boltzmann curves, and the midpoints of the
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Boltzmann curves in control and in solutions with 2% and
5% ficoll were 207, 230, and 244 mm Hg, respectively. The
average shift of the midpoint after channel exposure to 2%
ficoll was 20 = 7.2 mm Hg (n = 4).

In another set of experiments, we applied 2% ficoll from
the periplasmic side of the membrane. In three experiments,
in which the experimental pipette was perfused with the
ficoll containing solution, /., was not affected (Fig. 3). The
inactivation, however, unlike in the experiments when
cytoplasmic parts of the channel were exposed to ficoll,
was slower. Ficoll does not enter the cytoplasmic chamber of
the channel since it cannot pass the channel gate, therefore its
effect is associated with the parts of the channel exposed
to the periplasm. This result could be interpreted in the
following way: assuming that the periplasm-exposed parts
of the channel enlarge their surface upon inactivation,
the presence of ficoll would counteract this phenomenon. The
channel could inactivate but the process was slower. In the
course of the experiment, we added ficoll to the cytoplasmic
side of the membrane (ficoll concentration was symmetric
on both sides of the membrane), and this resulted in faster
inactivation than in control. We assume that large cytoplas-
mic parts of the channel change their surface upon exposure
to ficoll, and by the additivity principle both effects com-
pensate each other’s action. Since the channel surface areas
in contact with ficoll are larger on the cytoplasmic side of the

2% Ficoll on
periplasmic and
cytoplasmic side

L R A W

cytoplasmic side
washout

control
Ficoll on periplasmic side
Ficoll on periplasmic and cytoplasmic side

FIGURE 3 Effect of ficoll applied to the periplasmic side of MscS on the channel currents. (A) Ficoll changed reversibly the time constant of inactivation, 7,
inactivation was slower, and the number of activated channels was unaffected. Addition of ficoll to the cytoplasmic side of the channel accelerated inactivation.
All traces were recorded from the same patch at +15 mV. Suction pulse (indicated by the downward arrow) was 232 mm Hg and its duration was 12 s. ¢ marks
the closed level of the channels. (B) Change of the inactivation time constant, 7, as a function of pressure in the experiment shown in A.
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membrane, the effect of reduction of the inactivation rate
prevails.

The effect of ficoll when it was applied from the
periplasmic side of the membrane was not strong, and any
strong statements are not justified. This result, however, is
significant, since the effect of ficoll is asymmetric to that
observed when it was applied from inside. This indicates
that the observed effects may not be associated with the
cosolvent-driven changes of the membrane properties, and
they reflect a change of a preferred conformation of the
channel protein in the presence and in the absence of ficoll.

Effects of dextran and glucose

In the next series of experiments, we wanted to test if other
cosolvents/stabilizers of different molecular weight, and
whose interactions with proteins are of different chemical
nature, affect the channel kinetics the way ficoll did. We
applied dextran (molecular weight 35,000; n» = 11) and
glucose (molecular weight 160; n = 8) to the cytoplasmic
side of the membrane, and osmotic pressure of each solution
was the same as the osmotic pressure of the ficoll solution
(760 mOsm/kgH,0). We found that dextran and glucose—as
ficoll—reduced the inactivation rate, but the effects were
inversely proportional to their molecular weight, i.e., in-
activation of the channels in dextran was faster than that in
glucose and slower than that observed in the presence of
ficoll. Fig. 4 shows the effect on inactivation of each cosolvent
as a function of its fractional osmotic pressure. .« in these
experiments was more strongly affected in the presence of
glucose than in the presence of cosolvents of higher molecular
weight (not shown; effect of glucose on I, is presented in
Fig. 7).

Ficoll °
dextran

glucose
24 m]

Alnt

0 100 200 300 400 500 600 700
I(mOsm/KgH,0)

FIGURE 4 Ficoll, dextran, and glucose applied from the cytoplasmic side
of MscS changed the inactivation time constant, 7, of the channels in
a manner inversely proportional to their molecular weight. Change of 7 is
presented as a function of a fractional osmolarity of each cosolvent. Black,
shaded, and open symbols represent effects of ficoll, dextran, and glucose,
respectively, and each symbol type (squares, triangles, or circles) represents
one experiment.
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The channel open probabilities, P,, at different pressures
were fitted to Boltzmann curves. After the channels were ex-
posed to dextran or glucose, the curves were shifted toward
higher pressures. The average change of their position was
124 =28 (n=4)and 14.3 = 7mm Hg (n = 3) in 4.57%
dextran and in 10 mM glucose, respectively.

Effects of PEGs of different molecular weight

We wanted to verify our previous observation that
cosolvents of higher molecular weights had a more pro-
nounced effect on the time course of the channel in-
activation, 7, than those of lower size. We also wanted to
show that the observed difference could result from a size of
the cosolvent and not from its chemical properties. For this
reason we used a set of PEGs of different molecular weights.
PEGs 200 (n =21), 600 (n = 10), 1450 (n =9), 3350 (n =7),
and 6000 (n = 40) were applied to the cytoplasmic side of
the membrane patch containing MscS channels. Initially the
patch was exposed to the control bath solution, and then
the solutions containing various PEGs were subsequently
introduced to the chamber (Fig. 5 A). Our experiments
showed that PEGs of lower molecular weight (200, 600)
affected mostly /.« (Fig. 5 B). The effect of PEGs of higher
molecular weights (1450-6000) on I,,,.x Was slight or there
was a lack of it; the inactivation rate, however, was much
more reduced than in the presence of PEGs of lower
molecular weights (Fig. 5). These results are very similar to
those obtained with glucose, dextran, and ficoll and show
that cosolvents of smaller molecular weight affect primarily
I1hax, Whereas cosolvents of higher molecular weight have
a more pronounced effect on the rate of inactivation. These
results may also indicate that the two processes—activation,
a transition from the closed to open state (represented by
Ihax) and inactivation, a transition from the open to in-
activated state (represented by 7)—are associated with dif-
ferent surface changes of the channel molecule.

Open probabilities, P,, from experiments with PEG 200
and PEG 6000 are shown in Fig. 5 (D and E, respectively).
The data points were fitted with Boltzmann curves, and the
midpoints of the curves in the control and in the presence of
PEG were 180 and 190 mm Hg for PEG 200 (Fig. 5 D) and
169 and 220 mm Hg for PEG 6000 (Fig. 5 E). The average
shift of the midpoint of the Boltzmann curve was 7.9 * 4.5
and 61.7 = 10.4 mm Hg in the presence of PEG 200 and
PEG 6000, respectively (n = 3, in both cases).

Our routine experimental procedure was such that each
suction pulse was applied 1-2 min after suction of the pre-
vious pulse was released. This time was necessary for a
recovery of the channels from the inactivated state. In experi-
ments when the experimental chamber was perfused, we
waited 5 min after the end of perfusion and before application
of the next suction pulse. In a few cases we observed that after
removal of the control solution from the chamber and
introduction of the PEG 200 solution, the initial response to
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suction of the channels was a double-step response and
contained a fast initial peak, which disappeared when the next
suction pulse was applied (Fig. 6). At first, we considered this
fast step as an artifact, but since we have observed it several
times we thought it could be associated with the time course of
our experiments and eventually with the entrance of PEG 200
molecules into the MscS cytoplasmic chamber. We changed
the procedure and shortened the time between removal of the
control bath devoid of PEG and application of the first suction
pulse in the presence of PEG 200. Under these conditions, the
initial peaklike response was seen repeatedly. Our conclusion
is the following: after transfer of the channel protein from the
water bath solution to the cosolvent (PEG 200) solution, there
was a gradient of cosolvent concentration outside and inside
of the channel cytoplasmic chamber until eventually PEG 200
entered the chamber through its openings. When concentra-

180
Pressure [mmHg]

200 220 240 260

tion of PEG 200 outside the chamber was larger than inside,
the cosolvent interacted with the outer surface of the chamber
(as larger PEGs do), which resulted in the initial peak
response. After PEG 200 entered the chamber and the inner
and outer side of the chamber were in contact with it, the peak
disappeared. This hypothesis is supported by the fact that the
channels responded to pressure in a peaklike fashion in the
presence of PEGs 1450-6000, which could not penetrate the
chamber, and their contact with the channel was restricted to
its outer surface. In conclusion, under asymmetric distribution
of the cosolvent and when the outer side of the cytoplasmic
chamber interacted with it, a decrease of the inactivation rate
was a predominant effect observed. When there was a
symmetric distribution of cosolvent and the channel interior
including the pore region interacting with it, we observed
a decrease in /.

Biophysical Journal 88(4) 3050-3059
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FIGURE 6 Effect of PEG 200 on the MscS currents was time-dependent.
After introducing PEG 200 into the experimental chamber, we observed the
initial peaklike response (B), which disappeared in the course of the
experiment (C). For explanation, see the text. All traces were recorded from
the same patch at +15 mV. Suction pulse (indicated by the downward
arrow) was 155 mm Hg and its duration was 12 s. ¢ marks the closed level of
the channels.

The initial peak response was observed when the time
between the introduction of PEG 200 into the chamber and
the first application of pressure was short. Long exposure of
the closed channels to PEG 200 eliminated this response.
This result indicates that PEG 200 could enter the inner
volume of the chamber in the closed state of the channel and
thus the openings of the cytoplasmic chamber exist in this
state. This finding is supported by the recent molecular dy-
namics study of MscS revealing that the side openings did not
assume a completely closed state in all simulations explored
(Sotomayor and Schulten, 2004).

Double-pulse protocol

Each of the experiments presented above exploited a simplest
experimental design: we applied suction pulses to the MscS
channels in the presence of various cosolvents present on the
cytoplasmic or/and periplasmic side of the membrane. In
these experiments, we were able to observe changes in
activation and inactivation of the channels resulting from
preferential interactions of the cosolvents being in contact
with them. Analysis of the data allowed for detection of the
channel surface area changes upon transitions from the closed
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to open state and from the open to inactivated one. To observe
changes of the channel surface upon transition from the
inactivated to the closed state, which is a time-dependent
process, we employed a double-pulse protocol. In this
protocol, two identical suction pulses separated by 10-90 s
were applied. We expected that /,,,x of the channel response to
the second pulse might be affected in the presence of
cosolvents. We tested glucose and ficoll, and we found that
ficoll (n = 6) did not change the properties of the response.
Glucose affected I,,,x (three experiments), and a set of traces
from one of them is shown in Fig. 7 A. Both traces were
recorded from the same patch perfused during an experiment
with a solution containing 30 mM glucose. In this experiment,
time intervals between pulses were 10, 20 (shown in Fig. 7 A),
and 30 S. Inaxo/Imaxi max1 and Inaxo represent maximal
currents upon responses to the first and second pulse,
respectively) from this experiment are plotted against the
time interval between the first and the second pulse (Fig. 7 B).
The effect, as expected, was stronger when the time interval
between the pulses was shorter. From the traces shown in Fig.
7 A, one can notice that glucose also affected inactivation (in
the control, 7; and 7, were 0.27 s and 0.26 s, and in the
presence of glucose 0.20 s and 0.10 s, respectively; 7, and 7,
represent the inactivation time constants during the first and
the second suction pulse, respectively), however, in other
experiments a similar effect was not observed. The lack of
consistency among all double-pulse experiments may be due
to the protocol employed in which low suction pulses
(sufficient just to activate all channels in the patch) were
applied to ensure a fast recovery from an inactivated state.
From our previous studies, we know that upon application of
higher pressures, spontaneous process of inactivation was not
observed (Koprowski and Kubalski, 1998).

In an additional double-pulse experiment that was per-
formed in the presence of another small cosolvent, PEG 200,
a similar effect on I,,,, was observed (not shown).

DISCUSSION

Addition of cosolvents to the biological reactive system
modulates the reaction by a displacement of the system
equilibrium. These additives change preferential interactions
of the solvent components with the reacting protein, in our
case with the channel molecule. All cosolvents used in this
study belong to the group of cosolvents that are preferentially
excluded from the channel surface and thereby cause the
channel preferential hydration. Large cosolvents that did not
enter the channel interior, except by causing a change in the
channel free energy by being preferentially excluded from its
external surface, also exerted their effect on the channel
interior by reducing the activity of water inside the chamber.
In these cases the observed effects consisted of two com-
ponents: the stabilizing component, reflecting an increase of
the channel surface free energy, and the volume-related
component, a result of the difference in osmolarity between
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FIGURE 7 Transition of the channel from the inactivated to the closed
state was affected in the presence of glucose as revealed by the two-pulse
protocol. Two identical suction pulses (120 mm Hg) were applied 10, 20,
and 30 s apart. The traces shown in A were recorded from the same patch at
+15 mV, and the time interval between the suction pulses was 20 s (as
indicated at the bottom of the panel). The ratio Iyaxo/Imax1 Umax2 and Inaxi
are the total currents observed during the second and the first pulse,
respectively) changed in the presence of glucose, and it is plotted against the
time interval between pulses (B). The traces in A and the data points in B
come from the same experiment.

the channel interior and the external solution. The effects of
large molecules of different chemical natures but applied at
the same osmotic pressure (dextran and ficoll) should be
similar if they depended on their osmotic gradient across the
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chamber wall. We have observed, however, that in their
presence the rate of the channel inactivation was changed in
an inversely proportional manner to their molecular weight
(Figs. 4 and 5 C). This suggests that the preferential exclu-
sion of cosolvents from the channel external surfaces was a
predominant process in effect in these experiments.

Surface changes of proteins are associated with changes of
their conformations, which in the case of ion channels may
reflect their functional states. Our results indicate that the
surface changes of the MscS channel in the presence of
cosolvents reflect conformational changes of the channel
upon its activation, inactivation, and closure. When the
cytoplasmic side of the membrane was exposed to non-
penetrating cosolvents, the process of inactivation was faster.
Activation was impaired in their presence but to a lesser
degree than in the presence of cosolvents that could enter the
cytoplasmic chamber of the channel. Application of ficoll
(a large-molecule cosolvent) from the extracellular side of
the membrane slowed down the inactivation. Recovery of
the channel from an inactivated state was slower when
cosolvents of smaller molecular size were present at the
cytoplasmic side of the membrane. Based on these results,
we propose a model indicating which surface areas of the
channel are affected when the channel goes from one state to
another (Fig. 8). It has been recently suggested that the MscS
crystal structure represents a nonconductive state of the
channel (Anishkin and Sukharev, 2004). Another recent
study revealed widening of the channel upon molecular
dynamics simulation, when restraints imposed on the chan-
nel to keep it in the crystal structure conformation were
abolished and the surface tension was applied (Sotomayor
and Schulten, 2004). These data suggest that the channel
may become larger than revealed by the crystal structure, and
since the pore radius increases in the expanded conforma-
tion, this conformation may represent the open channel state.
For these reasons, in our model (Fig. 8) the crystal form of
the channel is presented as the conformation of its inactivated
state. The solid lines in Fig. 8 indicate the surface areas of
the channel which become larger upon the channel transition
to the conformation indicated. The dotted lines indicate sur-
faces which become smaller. In summary:

i. Activation (represented by I,.x) is associated with an
increase of the area of the channel inner surface (the
chamber and the transmembrane gate) accessible to
small cosolvents and possibly with an increase of the
volume of this entire part of the channel. Large
cosolvents that interact with the outer side of the channel
cytoplasmic domains also affected /,,,x but to a lesser
degree.

ii. Inactivation is associated with a decrease of the external
surface of the cytoplasmic chamber of the channel and
probably with a decrease of its volume. It is likely that
the periplasm-exposed parts of the channel enlarge their
surface upon inactivation.

Biophysical Journal 88(4) 3050-3059
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closed

inactivated

FIGURE 8 MscS surface areas change upon transitions between different
conformational states as revealed by the channel behavior in the presence of
cosolvents. Solid lines indicate the surfaces that expand upon transitions,
and dotted lines those that shrink. Activation is associated with an increase
of the outer and inner surfaces of the channel including the gate. The area of
external surfaces of the channel decreases when it inactivates. Upon closure
of the channel, the area of its inner surface decreases. The crystal form of
MscS represents here the inactivated state.

iii. Upon closure (a transition from inactivated to closed
state), the channel increases its inner surface area.

We have applied glucose, ficoll, and dextran at the same
osmotic pressure (760 mOsm/kgH,0) to the MscS channels
from their cytoplasmic side. Glucose, the smallest molecule
from all three cosolvents tested, was expected to enter the
channel chamber and, according to the ‘‘osmotic stress’’
analysis, not affect the channel activity. Both dextran and
ficoll, due to their high molecular weight, did not enter the
channel chamber. Glucose affected mostly I,.x, Whereas
dextran and ficoll decreased the rate of the channel
inactivation. We hypothesized that size and not the chemical
nature of the cosolvent molecule was the primary cause of
the observed effects. Experiments with various-sized PEGs
confirmed our hypothesis and implied that *‘steric exclu-
sion’’ (Timasheff, 1998a) was a mechanism in effect in these
experiments since molecular sizes of all cosolvents used
were larger than water. The difference came from the fact
that smaller cosolvents entered the chamber and were able to
interact with the inner surface of the channel as well as with
the pore region. The larger ones interacted with the external
surface of the cytoplasmic chamber but to a different extent
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due to their size. It is worthwhile to note at this point that the
single-channel amplitudes were not changed in the presence
of small cosolvents. We did not observe a reduction of the
channel conductance, and thus we may conclude that glucose
and PEG 200 did not penetrate the MscS pore region. The
Boltzmann curves fitted to the experimental points obtained
before and after application of cosolvents were shifted
toward higher levels of pressure. The shift of the midpoints
of the Boltzmann curves was higher when larger-sized
cosolvents were applied. This implies that in their presence
the change in the rate of the channel inactivation had a more
pronounced effect on the channel open probability than
a decrease of I,,,x observed upon exposure of the channels to
the smaller cosolvents. Glucose affected the transition from
an inactivated to the closed state, and we argue that it
counteracts a possible increase of the surface of the inner side
of the channel (accessible to glucose) upon this transition.
Cosolvents of larger size when applied from the cytoplasmic
side of the membrane had no effect. This suggests that the
primary changes in the surface area upon exiting the in-
activated state occur within the channel ion-conducting path-
way and they may be associated with rearrangements of the
TM3 helices and their close proximities.

Small cosolvents penetrating the channel are effective in
reduction of I, when the channel undergoes a transition
from the closed to open state. We assume that an increase of
the channel inner surface, including the gate, is most
significant upon activation. An increase of the external
surface also occurs during activation, and it could be ob-
served in the reduction of /.« in the presence of ficoll and
dextran at lower applied pressures (Fig. 2 A). At higher
pressures, I, saturated and the effect of its reduction was
not seen, but then we were able to observe the effect of the
cosolvents on the rate of inactivation (Fig. 2, B and C).

From experiments on alamethicin channels, it is known
that small PEGs that enter the channel pore did not influence
channel activity, and all three large PEGs used (molecular
weights 2000, 3400, and 17,000) changed the channel open
probability in a similar fashion (Vodyanoy et al., 1993). At
first glance, these results may seem to be incompatible to
ours, since in our hands the effects of large cosolvents not
entering the channel interior depended on their size. It is very
likely that the difference reflects diversity of both channels in
size and organization. Unlike MscS, alamethicin channels
are composed of short membrane-spanning subunits lacking
extramembranous domains (Fox and Richards, 1982) that
preferably interact with large-molecule cosolvents.

Our experiments were performed in the presence of
sorbitol, and we are aware that its presence also affected the
channel behavior. In all our experimental solutions, sum-
marized osmolarity of each cosolvent and sorbitol was main-
tained at a constant level of ~460 mOsm/kgH,O (the total
osmolarity of all solutions was kept constant and it was 760
mOsm/kgH,0). Sorbitol is smaller than glucose; their diam-
eters are 5.8 A and 7.5 A, respectively, and they both can
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penetrate the channel interior. Addition of glucose to the
sorbitol solution exerted a well-pronounced effect on the
channel behavior, and we assume that in this case too ‘‘steric
exclusion’” was a principal source of the observed changes.
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