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ABSTRACT Mechanosensitive channels, inner membrane proteins of bacteria, open and close in response to mechanical
stimuli such as changes in membrane tension during osmotic stress. In bacteria, these channels act as safety valves preventing
cell lysis upon hypoosmotic cell swelling: the channels open under membrane tension to release osmolytes along with water.
The mechanosensitive channel of small conductance, MscS, consists, in addition to the transmembrane channel, of a large cyto-
plasmic domain (CD) that features a balloon-like, water filled chamber opening to the cytoplasm through seven side pores and
a small distal pore. The CD is apparently a molecular sieve covering the channel that optimizes loss of osmolytes during osmo-
adaptation. We employ diffusion theory and molecular dynamics simulations to explore the transport kinetics of Glu~ and K™ as
representative osmolytes. We suggest that the CD indeed acts as a filter that actually balances passage of Glu~ and K*, and
possibly other positive and negative osmolytes, to yield a largely neutral efflux and, thereby, reduce cell depolarization in the

open state and conserve to a large degree the essential metabolite Glu™.

INTRODUCTION

MscS, the mechanosensitive channel of small conductance,
belongs to a family of pressure-sensitive channels that play
a major role in osmoadaptation of bacterial cells (1,2).
Bacteria experience changes in membrane tension as a
consequence of water influx and efflux induced by an imbal-
ance of osmolytes between intra- and extracellular spaces.
The channels perceive membrane tension resulting from
swelling and function as safety valves to alleviate cell turgor
by releasing osmolytes along with water and, thereby,
prevent cell lysis (3). The MscS channel opens at slight pres-
sure differences of tens of mmHg, assuming then a conduc-
tance of 1 nS.

Bacteria feature three functionally similar mechanosensi-
tive channels: MscM (M for mini), MscS (S for small), and
MscL (L for large). These channels respond in a graded
manner to relieve the cell from osmotic stress (4,5). MscM
opens most readily in response to membrane tension,
assuming then a conductance of 0.1-0.3 nS. MscL opens in
response to pressure changes approaching the cell lytic limit,
namely Ap < —40 mmHg (—40 torr), assuming a conduc-
tance of 3 nS (6); MscL opens only as a lastresort, i.e., it func-
tions as an emergency valve to release all contents, even
proteins, to help the cell escape imminent cell lysis
(3,5,7,8). Experiments have provided a great deal of pheno-
typic evidence to suggest the physiological role of these
channels in osmosensing and adaption during osmotic shock.

MscS is a homoheptameric complex, each monomer
(P1-P7) of the Escherichia coli channel consisting of 286
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amino acids. Two crystal structures of E. coli MscS have
been determined, one of the wild-type (PDB: 20AU) with
MscS in a putative closed state (9,10) and the other of
a mutant (A106V, PDB: 2VV5) with MscS trapped in an
open state (11). The channel subunits have two distinct
domains, a transmembrane (TM) domain and a cytoplasmic
domain (CD) (Fig. 1, a and ). Each TM domain comprises
three «-helices labeled TM1, TM2, and TM3. The seven
subunits form a central TM pore made of 21 helices that
sense tension and open and close the channel as discussed
in the literature (9,10,12-20).

The two crystal structures of MscS (9-11), although rep-
resenting different putative states of the TM domain, depict
the same architecture for MscS’ large cytoplasmic domain
(Fig. 1 b). The CD comprises ~65% of the total mass of
the protein and is a conserved structural feature in the
MscS family whose function remains unclear. The CD
(shown in Movie S1 in the Supporting Material) is mainly
composed of (-sheets that form a balloon-shaped, water-
filled chamber with a diameter of ~80 A. The CD has seven
distinct, roughly hourglass-shaped side openings, each ~7 A
wide in the middle, formed between adjacent MscS subunits
and has a single narrow axial opening distal to the pore. The
side openings (Fig. 1 ¢) are lined by side chains that are
basic, acidic, polar, and nonpolar, thus suggesting only
weak selectivity, if any at all, in regard to solutes allowed
to pass through. In accordance with this feature, both K*
and Cl™ have been observed in simulations to pass through
the openings (13,15). The narrow distal opening has its inte-
rior lined with hydrophobic residues which prevent easy
passage of hydrated solutes, such that this opening appears
to be effectively closed.
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FIGURE 1 Placement of MscS in the cell membrane. (a and b) Top and
side views of the homoheptameric MscS (PDB:20AU), respectively. The
latter view distinguishes clearly the transmembrane and the cytoplasmic
domains. The cytoplasmic domain contains seven equal openings on its
side, one being clearly visible and enlarged, exhibiting the 7 A opening
in panel c. Colors distinguish the seven MscS subunits. (c¢) (Circular inset)
View of the side opening showing MscS as a transparent surface with side
groups lining the opening in licorice representation (colors gray, green, red,
and blue denoting nonpolar, polar, negative, and positive side groups,
respectively). (d) Schematic illustration of MscS and the passage of cellular
material from the cytoplasm to the extracellular space upon opening of the
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The CD side openings are the only gateway for water and
cytoplasmic solutes to reach the cell exterior (see Fig. S1 in
the Supporting Material). Translocation of solutes involves
three steps as shown in Fig. 1 d: 1), diffusion of solutes
toward the CD requiring a time 7; to find a side opening;
2), passage of solutes through an opening requiring a time
7p; and finally 3), translocation through the TM pore to
the cell exterior requiring a time 73.

The present study focuses on function and mechanism of
the MscS CD. Various investigations suggest the CD to play
a role in channel gating (21-25) and MscS conductivity
(17). Deletion studies suggest the domain to be required
for gating and stability of the channel (22,26). Here we
consider, however, another likely function of the CD,
namely that of a sieve that regulates the efflux of solutes
valuable to the cell. Such function is consistent with the
observation that MscS with a largely deleted CD remains
physiologically functional (26), the respective cells being,
however, less viable under high salt conditions (17). MscS
without its sieve could still protect the cell from osmotic
shock by opening and closing its TM domain, but would
do this at a higher cost to the cell as it would spill too
much of its valuable content during osmoadaptation.
Furthermore, the CD appears to be specifically designed
to prevent dominant efflux of negative ions, e.g., Glu,
an efflux which is favored by the cellular potential, and
instead appears to maintain, by mixing equal amounts of
Glu~ and K™ ions or other anions and cations, neutral efflux
that conserves the cellular potential.

In our study of MscS’ filter and mixing function, we
select two osmolytes for particular attention, namely,
Glu™ and K*. We consider Glu~ and K™ as exemplary cyto-
plasmic solutes that shed light on MscS’ function in general
due to their high concentration in E. coli cells. Our approach
involves mathematical and computational modeling. We
present a mathematical description of the diffusion-
controlled approach of Glu~ and K* to the MscS CD and
to the side opening, obtaining an estimate for the time 7,
(see Fig. 1 d). We then describe computationally the trans-
port of Glu™ through a CD opening providing an estimate
for the time 7,, and through an account of the transmem-
brane potential, we estimate the channel passage time 3.
Values 7y, 75, and 75 are also estimated for K*. The calcula-
tions lead us to the overall conclusion that the CD of MscS

channel due to an osmotic pressure difference. A negative intracellular
voltage drives negative ions, e.g., the osmolyte Glu , out of the cell.
MscS combines a transmembrane domain with a mechanosensitive channel
and a large cytoplasmic domain of unclear function. Here the possible func-
tion of the cytoplasmic domain as a filter is investigated. An intracellular
solute would leave the cell in three steps: 1), diffusion toward the cyto-
plasmic domain; 2), translocation through openings in this domain; and
3), translocation through the transmembrane channel. The values 7, 75,
and 73 denote the durations of the respective steps. Movie S1 provides
a close-up three-dimensional view of MscS and, in particular, of the CD
and its openings.
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balances passage of Glu™, K™, and other osmolytes. The key
finding is that MscS achieves its functionality seemingly
without its side openings getting clogged and with mini-
mizing loss of cell polarization.

METHODS
Systems modeled

The MscS cytoplasmic domain (CD) was modeled starting from the full
atomic structure obtained at a resolution of 3.9 A from x-ray crystallog-
raphy (PDB 20AU) (9,10). We note here that the crystal structure lacks
a six-amino-acid segment at the C-terminus which has zero net charge;
we do not model this segment in our system. The CD of the wild-type
protein modeled here is essentially similar to that found in the putative
open mutant A106V (11). The CD construct was obtained by removing
the N-terminal transmembrane residues 27—112; the resulting N-terminus
was modified with N-acetyl using the PSFGen plugin of VMD (27) to
have an uncharged N-terminus. The plugin also placed the missing
hydrogen atoms into the structure. The CD was solvated using the Solvate
plugin of VMD to add 13 A of water padding in each direction. In order to
compute the intrinsic electrostatics of the CD, the solvated system of the
MscS CD, which has an overall charge of —7.0e, was neutralized by placing
into the simulated volume seven K™ counterions using the clonize plugin of
VMD.

The resulting system of the CD in a water box, SimA, had 128,390 atoms
(ina 10.8 nm x 11.1 nm x 10.3 nm volume). System SimB was modeled
adding K™ and Glu™ ions to the solvated system at random positions using
the VMD ionize plugin such that the neutralized system contained 200 mM
KGlu. This concentration is within the typical KGlu range found in
bacterial cells (28). We modeled free glutamate molecules as zwitterions
carrying a net —1.0e charge due to its side chain. The resulting setup had
123,462 atoms (in a 10.8 nm x 10.8 nm x 10.1 nm volume). In all simu-
lations, constraints were imposed on the C, atoms of residues 274 and
120 of all subunits, P1-P7, to prevent the domain from drifting during simu-
lations; the constraint assumed for this purpose was harmonic with a spring
constant of 1.0 kcal mol~! A~2. Molecular dynamics simulations were per-
formed as described in the Supporting Material.

Electrostatic potential map

In order to evaluate the average intrinsic electrostatic map of the CD, 14.3 ns
equilibrium simulations of the SimA setup in the NVT ensemble were per-
formed at zero bias potential. The VMD PMEpot plugin (29,30), which
uses the particle-mesh Ewald method (31), was employed to compute the
electrostatic potential map for every frame (2 ps). This electrostatic potential
was evaluated using a three-dimensional grid of 108 x 112 x 108 points
(which ensured at least one grid point per A in each direction), and was aver-
aged over entire trajectories including all atoms of the system.

Potential of mean force

The potential of mean force (PMF) of glutamate (Glu™) translocating
through the MscS side opening was evaluated from equilibrium adaptive
biasing force (ABF) simulations (32-36). The ABF method has been widely
used in conjunction with molecular dynamics simulation for the evaluation
of the PMF of many biologically and chemically interesting systems
(35,37-39). In ABF simulations, the system is subject to a continuously
updated biasing force designed to eventually remove all energetic barriers
along a chosen coordinate and, thus, allow free diffusion of the system
along that coordinate. Once the calculation converges, a PMF along the
chosen coordinate is obtained through thermodynamic integration (34).
The details of the calculations are described in the Supporting Material.
Movie S2, a visualization of the ABF trajectory, is also provided there.
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Rate of diffusion-controlled reaction

Here we derive, following Schulten and Schulten (40), the rate of diffusion-
controlled approach of Glu™ in the cellular cytoplasm to the CD followed
by successful entry into one of the side openings of the CD. The derivation
is provided for the sake of completeness, as the one in Schulten and Schul-
ten (40) is extremely brief. The theory of diffusion-controlled reactions is
due to Debye (41) and Eigen (42).

As not every diffusive encounter between solute and CD leads to entering
of an opening, the diffusive encounter is characterized as a reaction with
a finite, in fact, small, reaction probability, controlled through the parameter
w employed below, w = 0, corresponding to no reaction and w — o
corresponding to every encounter leading to a reaction. We approximate
the CD as a sphere as we are only interested in a rough estimate of the diffu-
sion rate.

The diffusion-reaction process (reaction = entrance into an opening),
described through the probability distribution p(7,¢) for finding Glu™ at
position 7 at time ¢ near the CD, is governed by the Smoluchowski
equation (43)

dp(F,1) = V+D(F)V — BF(F)p(7,1). (1)

—

Here F(7) is the force acting on the solute and D(7) is the local diffusion
coefficient. The solution of Eq. 1 is subject to the boundary condition

i(r) « D)V — BE(W)p(F,1) = wp(F,1)  at

for some constant w that has been introduced above (n(F) is the normal to
the surface). Assuming that the concentration, cs, of Glu™ in the cytoplasm
at a far distance from the CD remains constant, i.e., each translocated Glu ™,
upon reaction, is immediately replaced at a random location in the cyto-
plasm, one can assume that the solution of Eq. 1 is time-independent,
such that the Smoluchowski equation becomes

7

=R, 2)

VDAV - BE(F)lp(7) = 0, 3
with the additional (Eq. 2 also holds) boundary condition
rl‘im p(F) = cs. “)

This approach describes well the initial phase of Glu™ depletion, when cg
is still at a maximum. The later phase of depletion of cg around the CD
would have to be described through a more cumbersome, time-dependent
solution of Eq. 1. The occurrence of an entrance of the solute into a CD
opening implies that a stationary current develops which describes the
diffusive approach of Glu~. We consider in the following the case that
the interaction between CD and Glu™ is due to a Coulomb potential
U(r) = qcpys/er (¢ = dielectric constant), which depends solely on the
distance || of Glu™ from the CD center. We also assume that the diffusion
coefficient D depends solely on ||. The stationary Smoluchowski equation
(Eq. 3) is then angle-independent and reads

129,57 *D(r)[d, — BF(r)]p(r) = 0 5)
to which is associated the radial current
Jior(r) = 4mr*D(r)[9, — BF(r)]p(r) (©6)

where we have integrated over all directions 7 obtaining the total current,
Jion» at radius . Employing F(r) = —3,U(r), one can express Eq. 6 as

Jio(r) = 47’ D(r)exp[—BU(r)]0, exp[8U(r)|p(r). (7)

However, according to Eq. 5 J,,, (r) is independent of r. It must hold, in
particular,

Jtot(Ra) = er(")~ (8)
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The boundary condition, from Eq. 2, together with Eq. 7, yields

*D(r)exp[—BU(r)]d, exp[8U(r)lp(r)-
©

This relationship, a first-order differential equation, allows one to determine

p).
For the evaluation of p(r), we write Eq. 9 as

47R2wp(R,) = 4mr

R*w
r2D(r)

9, [ p(r)] = p(R,)e™"). (10)

Integration [ dr--- yields

© {3U("’)
p()e™ =) —p(r)e’") = Row p(R,) / ar' gy (D

or, using Eq. 4 and U(®) = 0,

N\ BU(r) _ p2 (
p(’ )e = Cs R()WP(RU)/r d’ /zD( /) (12)
Evaluating this at r = R, and solving for p(R,) leads to
o BUR)
Cse
R,) = .33
P(R,) 1+ R2w e~6UR) [ dr e8U0) [r2D(r) (13)

We are presently interested in the rate at which the diffusive approach to the
CD and entering into the CD openings proceeds. This rate is given by
JiolRy) = 47TR(,2W p(R,). Hence, we can state

A7tR? —BU(R,)
Rate — il L . (4
1 4 R2w e=0UR) [™ dr e8U0) /r2D(r)

This expression is proportional to cs, a dependence expected for the mono-
molecular reaction between solute and a single CD.
We define a corresponding, cs-independent, rate constant k through

Rate = k(R,,w)cs (15)

where we state explicitly the dependence of k on R, and w. This rate
constant is then, in the present case,

47
k(Royw) = ij dr R(r) + efUR:) /R2y (16)

Here, we defined

R(r) = YO /r’D(r). A7)

We consider first the case of very ineffective reactions described by small
w values. In this case, the time required for the diffusive encounter of solute
and CD can become significantly shorter than the time for the local reaction
to proceed, if it proceeds at all. In this case, it may hold that

BURD)
2
Row

> /°° dr R(r) (18)
R

0

and the reaction rate Eq. 16 becomes

k(R,,w) = 4mR2w e UKo, (19)

This expression conforms to the well-known Arrhenius law.
‘We want to apply Eqs. 16 and 17 to two cases—free diffusion (U(r) = 0)
and diffusion in a Coulomb potential (U(r) = ¢,q,/er). We assume in both
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cases a distance-independent diffusion constant. In the case of free diffusion
holds R(r) = D~'r~2 and, hence,

/ dr R(r) = 1/DR,. (20)
R,
From this results
47wDR
k(R,,w) = —"o 21
(Ro, ) 1 +D/Rw b

In the case of very effective reactions, i.e., for very large w, this becomes
k(R,,w) = 4w DR, (22)

which is the well-known rate constant for diffusion-controlled reaction
processes. In the case of a Coulomb interaction between Glu~ and CD,
one obtains

* 1 * 1 Bqco gs
drR(r) = — | dr=exp|1R2L
/R,, r R(r) D/R(, Irz exp{ -

_ ITID(eRL/RU ~1), 23)

where

R, = Bqcp gs/€ (24)

defines the so-called Onsager radius. Note that R;, can be positive or nega-
tive, depending on the sign of gcp gs, but that the integral over R(r)
(Eq. 23) is always positive. The rate constant derived in Eq. 16 can then
be written as

47TDRL
(RLD/R2w)eR/Ro + eRi/Ro — 1

k(Ry,w) = (25)

Quantum yield of diffusion-controlled reaction
One can express the rate constants derived above in the form
k(R,w) = k(R', @ )$(R',R,w), (26)

where, according to the definition above, k(R’, ) is the rate constant for
the case that every encounter at R’ leads to a reaction and where ¢(R’, R,
w) is then the probability, referred to as the quantum yield, that for a finite
w the reaction actually occurs at R when diffusion started at R'. From Eq. 16
follows

Jor dr R(r)
(eSUR) /R?w) + me dr R(r)

o(R,R,w) = 27)

In the case of free diffusion and when R’ = R holds, using Eq. 20, we obtain

1

R =RRwW) = ———

(28)

RESULTS

MscS furnishes a cell’s initial defense against cell lysis,
being gated at low osmotic pressure differences, namely,
of a few tens mmHg. At this low pressure point, i.e., without
threat of imminent lysis, the cell may protect itself while
preventing cell depolarization and loss of particularly
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valuable osmolytes, employing for this purpose the cyto-
plasmic domain (CD) as a filter.

One such osmolyte should be the Glu™ ion, the main nega-
tive counter charge for the cell’s positive ions like K™ and
also an essential metabolite. In this section we investigate,
hence, the role of the CD as a filter that controls Glu™ and
K" efflux. This can be achieved by the CD acting as what
we like to refer to as an entropic filter that prevents Glu™
from reaching the CD pores, but once Glu™ enters a pore,
lets it pass unhindered due to favorable enthalpic interactions
to prevent unclogging of the pores. We note that the cell
potential of ~—100 mV tends to expel Glu™ from the cell
and retain K*. The CD can act by slowing efflux of Glu™,
while attracting K, achieving thereby a neutral osmolyte
current and conserving partially the cellular potential along
with retaining as much as possible the valuable Glu™ ion.

In the following we demonstrate theoretically and compu-
tationally CD’s action as such entropic filter. We first describe
mathematically the diffusion-controlled approach of Glu™ to
the CD and its side opening entrance (see Fig. 1 d and Movie
S1 and Movie S2). We then demonstrate that Glu™ can
readily pass the pores by computing Glu™’s potential of
mean force in the pores and then calculating on this basis
the mean time of passage through the pore (see Fig. 1 d).
Our conclusions regarding CD’s function can be based on
a solely qualitative treatment of the overall translocation
behavior of Glu™, as the filter effect of the CD turns out to
be quite drastic.

Electrostatic potential

The first step in Glu™ translocation involves the diffusive
approach to the CD and Glu™ entering one of CD’s pores,
in the following referred to as the “openings.” As Glu™
carries a —e charge it experiences a repulsive, long-range
interaction with the —7e overall charge of the CD, screened
by the water dielectric property. Fig. 2 shows the electro-
static potential inside and outside of the CD averaged over
a molecular dynamics (MD) trajectory as described in
Methods. The potential is weakly repulsive for Glu™ outside
and inside the CD, in particular in the vicinity of the side
openings whereas the inaccessible protein part is attractive.

Diffusion of Glu~ and K™ to cytoplasmic domain
and its openings

A mathematical description of the diffusive approach for the
realistic geometry and potential of the CD shown in Fig. 2
requires a numerical approach which would not be very illu-
minating at this point, but should be furnished eventually. For
the sake of qualitative argument, a simplification to a radially
symmetric geometry and potential, that permits an analytical
treatment, is sufficient and will be pursued now. For this
purpose we employ the stationary rate constant of the diffu-
sion-controlled binding to the CD opening, k(R,, w), as
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FIGURE 2 Time-averaged electrostatic potential due to the MscS cyto-
plasmic domain. The potential shown has been determined through aver-
aging over our all-atom MD simulations as described in Aksimentiev and
Schulten (30). The transmembrane domain of MscS, shown in shading as
an overlay over a standard membrane, has not been included in the calcu-
lation. The potential has been obtained under zero biasing potential. The
structure of the cytoplasmic MscS domain is superimposed to facilitate
the interpretation of the electrostatic features shown.

derived in Methods for the case of a Coulomb potential
(see Eq. 25). In the case of the potential U(r) = gcpgaGii/er
with gcp = —7e, ggra = —e, and ¢ = 80 (approximate relative
dielectric constant of water), one determines for R; = 7,862/8
the value R; = 49 A. The radius of the CD at the level of the
side openings is R, = 43 A (as measured using VMD). We
assume for the diffusion constant an r-independent value of
D = 0.75 x 10" A%/s (44). To determine k(R,, w), one
needs to specify the reaction constant w accounting for the
probability, once Glu~ has encountered the CD surface,
that the ion actually enters an opening.

To estimate w for the case of a CD surface dotted with
seven openings we envision the following process: when
Glu™ has approached the CD surface it diffuses around until
it hits the mouth of a CD opening (see Fig. 1 c¢) and then
enters the opening. The probability of this to happen is the
quantum yield Q(R, R, w) of a diffusion process starting at
the surface of the CD and being absorbed by an opening,
i.e., for R = R,. Because the electrostatic potential near
the surface of the CD is largely negative, as seen in
Fig. 2, we assume that openings are entered only for more
or less direct hits, such that we choose w through the
condition

Q(R7R7W) = 4o, (29)

where ¢q, = 7r02/4R02 is the ratio of the combined area of
seven openings, i.e., of 7 X 7rr,,2, to the total CD surface,
ie., 4R, Using r, = 4.5 A (this value will be rationalized
below) and R, = 43 A, we estimate q, = 0.02. We derived
in Methods the expression Eq. 28 for Q(R, R, w), which can
be written as
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D

RRwW) =1—————.

(30)

From this follows the desired expression for w, namely,

q() E
= . 31
w ] - (31)

Rewriting the last result as D/wR = (1 - ¢,)/q,, one can
express Eq. 25 as

-1

Rl . (32)

k(R,,w) = 4w DRy 7 2o prusr, + ft/Re

o Yo

For R, =43 A, the term exp(R;/R,) — 1 = 2.12is of order 1,
i.e., is much smaller than the term (R;/R,)[(1 — q,)/q,]
exp(R;/R,), which for the present value of ¢, is of order
100 and, hence, exp(R;/R,) — 1 can be neglected, leaving
one with the expression

k(R,,w) = 47 D R(,lq—”q e~RLRo, 33)
Approximating exp(—R;/R,) = 1 and 1 — g, = 1, one
obtains the rate constant k = 4wDR,q,, i.e., the diffusion-
controlled rate constant reduced by the factor g, (for
comparison, see Eq. 22). This is the expected result in the
case of weak Coulomb repulsion and a small reaction
probability.

We conclude from the mathematical description provided
that the approach of Glu™ to the CD is governed roughly by
the rate constant stated in Eq. 33. The factor 47DR,
describes the rate constant for diffusion toward the CD
(radius R,), the factor ¢,/(1 — g,,) accounts for the time delay
due to the small size of the CD openings, and the Boltzmann
factor exp(—R;/R,) includes the effect of the electrostatic
repulsion between Glu~ and the CD. Employing the
already stated numerical values for R, and R; along with
the stated diffusion coefficient Dg;, and a concentration
¢ = 0.2 mol/L (28), one obtains for the time 7, of diffu-
sion-controlled entering of the CD openings by Glu™

71 = 1/k(R,, w)cgu =32 ns, (34)

i.e., on average, approximately one Glu™ per 32 ns enters
a CD opening.

If the entire CD would be porous for Glu™, the average
time 7, of reaching the pores would be 0.6 ns, i.e., 50 times
shorter than without the filter function of the CD openings.
Clearly, the CD acts as an entropic filter, turning randomly
a large fraction of approaching Glu™ away, preventing,
thereby, a quick loss of Glu™.

For K™ the electrostatic potential around the CD is attrac-
tive. One can assume that, once the ion has reached the CD
surface, the quantum yield of finding a pore opening is close
to one as K™ remains attracted to the surface long enough to
eventually find an opening. The rate of K* entering the CD
openings is then given by Eqs. 24 and 25 for w — o and
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gs = e, ie., R, = —49 A, which is 47Dg|R;|cx/(1 —
exp(—|Rr/R,|)); here we assume that the search time of K*
on the CD surface is negligible. With Dg = 2 x 10" A%s
(45), cxk = 0.2 mol/L, and for |R;/R,| = 1.139, one obtains
71 = 0.045 ns. To this time should be added the search time,
Tsearchs Of @ few nanoseconds. Even though 7., is larger
than 7, the added contribution does not matter, as we will

see below.

Free energy of Glu~ and K* translocation

The entropic filter mechanism of the CD is based on the
premise that CD wall openings do not get clogged by
substances like Glu™, i.e., that the passage (through the
CD openings) time of Glu™, 7, is very short compared to
the open-time of MscS. The value 7, is estimated computa-
tionally in the next section.

The free energy profile characterizing Glu™ translocation
through the side openings, calculated as described in
Methods, is shown in Fig. 3. The profile shows Glu ™, initially
at a distance 51 A away from the center of the CD, moving
toward the entrance of the opening subject to a slightly attrac-
tive potential due to interaction with positively charged
residues, lysines and arginines, that line the walls of the open-
ings. The openings establish a barrier of only ~2 kcal/mol
for the translocation of Glu™ which is sufficiently low to
prevent Glu™ from clogging the opening. It is important to
note that throughout the 0.38 us of ABF simulations, the
opening remained quite stable with only minute fluctuations
in structure detected. The distance RMSD computed for the
backbone of residues lining the opening never exceeded
1.45 A. We note that the harmonic restraints applied to the
C, atoms of residues 274 and 120 in subunits P1-P7 (see
Methods) should not affect the stated RMSD values because
residues 274 and 120 are far away from the side openings.
Once Glu™ enters the CD interior, it experiences mainly unfa-
vorable Coulomb interactions of 0.5 kcal/mol; this slightly
unfavorable interaction is also discernable in Fig. 3 as well
as in the electrostatic potential Fig. 2.

We note from Fig. 3 that from the cytoplasmic direction,
a first barrier arises inside the side opening at { = 20 A;
Fig. 3 d shows that at this {-value, the opening has a radius
of 4.5 A, which is why we assumed in our calculation of
k(R,,w) above this as the r, value.

The small barrier for Glu™ ion suggests 7, for Glu™ ion to
be small such that these ions may readily pass through the
openings. This is consistent with spontaneous diffusion of
Glu™ ions passing through the side openings of CD; such
diffusion was observed during our simulations. Indeed,
during 0.38 us, four events of spontaneous diffusion of
Glu™ ions were observed. In one of the four cases, a Glu™
ion transited from the bulk to the CD interior, whereas, in
other cases, the ions moved out of the CD. We also observed
spontaneous transit of a K™ ion moving from bulk to the
interior of the CD. Spontaneous diffusion of K™ and CI~
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FIGURE 3 Free energy profile for Glu™, a key
cellular osmolyte, translocating a side opening in
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open. The protein is shown in surface representa-
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the protein shown in red in ribbon representation
with external side groups in licorice representation.
Tons (K") are shown as gold spheres; water is not
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rium ABF simulation totaling 0.38 us of sampling,
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potential. (b) Potential of mean force for translo-
1 cating Glu™. The potential of mean force in panel
a is shown again with fully labeled axes. The
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30 domain side opening is ~20 A long; the distance
from the inside end of the opening and the domain
center is ~20 A with the center of CD correspond-
ing to —14 A on the Z-axis; the potential of mean
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force varies over a range of 2 kcal/mol, i.e., only by 4 kgT. (c) Close-up view of MscS amino-acid side groups lining the domain opening. The residues coming
within 4 A of Glu~ along the translocation pathway are depicted in licorice representation in white, green, red, and blue for nonpolar, polar, negative, and
positive amino-acid side groups, respectively; the protein distant from the opening is shown in dark gray ribbon representation; K™ ions are shown in gold.
The Glu™ ion, shown at locations B—D (compare to panels @ and b) is colored in light blue. The green line shown passing through the Glu™ snapshots corre-

sponds to the {-axis in panel b. Glu™ position C corresponds to an enthalpic energy minimum where the ion is stabilized by interactions with Lys

161 of subunit

P7, Arg'® of subunit P6, and with Arg®*® and Arg'® of subunit P5. Movie S2 provides a view of Glu™ moving through a CD opening and interacting with
side groups lining the opening. (d) Size of the openings in the MscS cytoplasmic domain. The graph shows the radius profile of the side opening as determined
by the program HOLE (50); the radius is smallest at the center of the opening (compare to panel b); the opening stretches from 5 A to 25 A.

ions through the side opening were also reported in earlier
studies (13,15). These observations suggest that the free
energy barrier for K™ is as small as for the Glu ™~ ion, allowing
unhindered permeation of K™ ions via the openings. Using
free-energy perturbation (see the Supporting Material),
replacing Glu™ by a K*, at positions A, C, and E (Fig. 3,
a and b) along the translocation pathway, the barrier at the
opening was estimated to be ~3.1 kcal/mol. These observa-
tions also suggest that the passage times 7, for Glu™ and
K™ ions are comparable.

Mean passage time 7, of Glu~ and K™ passing
through a CD opening

To further illustrate that Glu™ can readily pass through with
only a short residence time inside the CD openings, we eval-
uate the mean passage time, 7,, from the obtained PMF,
U(x), according to (46,47)

T, = l/m dx VW) /X0 dy e PV
D X X

Here, we assume the same diffusion coefficient of glutamate
in water as above, i.e., Dg, = 0.75 x 10" A%/s. The inte-
gration limits x; and x( correspond to Glu™ set at an initial
position outside the CD, x;, and reaching the center of the
CD, x, (see Fig. 3 b). Numerical integration of the above
expression yields 1, ~40 ns. MscS channel open times

(35)
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from patch-clamp measurements are ~100 ms (12); 75 is
extremely short in comparison such that one can conclude
the CD openings to remain unclogged.

To obtain the corresponding value of 7, for K*, Eq. 35
was numerically integrated after splining over U(x) obtained
at three positions, namely, A, C, and E (Fig. 3, a and b), and
estimated from free-energy perturbation calculations as
described in Methods (see also Supporting Material).
Here, the same integration limits x; and x, were used as
for Glu™. Assuming for the K* ion a diffusion coefficient
Dy = 2.0 x 10! A%s, 7, for K* ion is =20 ns. The stated
7, values for Glu~ and K" suggest that both ions permeate
the CD openings quickly.

Mixing of ions

The simulated CD contains ~2600 water molecules. At the
molar concentration of 56 mol/L, the water molecules
occupy ~8 x 10* A and in equilibrium with Glu™ and K*
concentrations of 0.2 mol/L, should harbor ~10 ions of
each type delivered with a time constant of 7 = 7| + 7, where
71 and 7,, already discussed, are given in Table 1. We derive in
the Supporting Material that the ions in a spherical cavity
prefer, energetically, an equal number of positive and nega-
tive ions due to Coulomb interaction; for a cavity the size
of the CD, a balanced state is being favored by several kgT.
We conclude that the CD maintains, on average, a state of
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TABLE1 Computed mean passage times 7, 75, 73, and 73’ for
Glu~ and K™ ions

Ton 71 (ns) 7, (ns) 73 (n8S) 73 (ns) T=7T; + T, + 73 (nS)
Glu™ 32 40 10 260 82
K" 0.045 20 35 375 55

Value 73 is the mean first-passage time through the actual transmembrane
channel (see text); 73’ is the mean first-passage time from the center of
the CD through the transmembrane channel.

~10 Glu™ and 10 K" ions. The ions spread diffusively
throughout the CD interior such that there are always some
ions near the membrane channel exit. The scenario suggested
depends critically on the entrance times 7’ for the ions being
short compared to their exit times 75 being evaluated now.
According to Table 1, the entrance time is 72 ns for Glu™
and 20 ns for K.

Times 73 of Glu™ and K™ exiting through
transmembrane channel

The exit times 73 can be estimated as mean first-passage times
of the ions permeating from inside the CD to the extracellular
space, assuming the open state conformation of MscS
(PDB:2VV5) (11). The value 73 can be evaluated for a
passage governed by an effective potential, U(x), and then
is given by the expression (see the Supporting Material)

T = /‘xom dx D™'(x) exp [5{]()()} /x dx’exp{ - ,8(7()(’)}.

Xcenter Xapex

(36)

In the above expression, U(x) = U(x) — kgT In Z(x) com-
bines enthalpic [U(x)] and entropic [—kgT In Z(x)] contribu-
tions. U(x) is the transmembrane potential characterized
through the resting potential of the E. coli cell, namely,
V, = —100 mV (48,49); Z(x) accounts for the CD geometry
along the conduction path CD — channel and is Z(x) =
7r(r2(x)/r02), where r(x) is the radius of the cross section
along the symmetry axis, x, of the MscS and ry is a reference
radius, the value of which drops out of the evaluation. The
HOLE program (50) was used to determine the radius profile
of MscS and, thus, Z(x). In Eq. 36, Xapex> Xcenter» and Xoy are
positions along the CD axis located at the CD apex, CD
center, and end-point of the transmembrane channel. We
note that the integration limit x,pex in Eq. 36 accounts for
the possibility that an ion diffuses in the direction away
from the channel mouth before it exits the CD.

Z(x) accounts for an effective entropic barrier arising
from the need that the diffusing ions have to find the channel
mouth. In case of well-mixed ions of sufficient density, one
can assume that there are always Glu™~ and K™ ions near the
mouth such that little time may need to be spent to find it. To
estimate the time to exit the CD, one can determine 75 for
two scenarios, 1), starting near the channel mouth (in which
CaSe Xapex aNd Xeneer in Eq. 36 are replaced by xeyi), and 2),
starting from the center, with Z(x) included.
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Table 1 lists for the two scenarios the times 10 ns and
260 ns in the case of Glu™, and 35 ns and 375 ns for K.
Comparing these times with the entrance times, 7 , dis-
cussed above we conclude that the times to search and
exit the CD, 75/, are significantly longer than the entrance
times whereas the pure exit times, 73, are shorter in the
case of Glu™ and longer in the case of K. We conclude
then that the CD, in mixing the ions, keeps always some
Glu~ and K" ions ready near the channel mouth, to exit faster
than a new ion could that had just permeated a CD side pore.

‘We compare finally scenario 1) exit times, 753, with the ion
conductances measured for the respective ions. The 10-ns
value for Glu™ corresponds to a current of 100 x 10° ions/s
or a channel conductance of =230 pS. Because an open
MscS channel can accommodate two Glu™ ions at any one
time, the channel conductance for Glu™ increases by a factor
of two and should then be ~500 pS, which is in agreement
with the experimentally measured channel conductance for
Glu™ (2). This agreement is an argument in favor of the
scenario described for the overall ion conduction of MscS
in which the CD provides an ion buffer that effectively accel-
erates ion permeation as mixed ions search for the channel
mouth in parallel, rather than sequentially.

Taken together, the total passage time (see Table 1), 7 =
T + 7, + 73, is nearly the same for the two ions, irrespective
of the time T¢.acn (discussed above), which should only be
a few nanoseconds. The values suggest that the CD serves
to maintain an overall balance between positively and nega-
tively charged osmolytes leaving the cell, precluding loss of
cell polarization. The overall balance of osmolytes is also
enforced by electrostatic interaction between osmolytes
inside the CD.

DISCUSSION

The cytoplasmic domain (CD) is a conspicuous component
of the mechanosensitive channel, MscS. It is not directly
involved in the protein’s TM channel. Yet, it makes up the
major body of the protein. Given the CD’s sievelike and
mixing bowl-like architecture along with its cytoplasmic
position, a filter and mixer function suggests itself and has
been investigated in this study.

The filter function is more complex than one realizes right
away, the key problem arising from the need to avoid
clogging the filter. A naive solution regarding the filter mech-
anism would be to involve in the filter openings an enthalpic
barrier to solutes. However, this would be the worst solution
because it would promote clogging. In fact, the opposite solu-
tion is more advisable, namely, that valuable solutes pass
openings quickly, but that they do not reach the openings in
the first place. We call this an entropic filter mechanism.

In our study we have identified indeed such property for
the CD openings of MscS. We focused first on Glu™, a key
osmolyte and metabolite in E. coli, present at high concentra-
tion. We find that Glu™ passes the CD openings readily
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without significant enthalpic barrier, which suggests that
the CD acts as an entropic filter. The average electrostatic
field around the CD supports this notion, because the CD
surface potential is repulsive in the case of the negative
Glu™ osmolyte. We provide in our study a formal description
of the entropic filter function employing the theory of diffu-
sion-controlled reaction processes. Clogging of the CD
openings is investigated through calculation of the mean
first-passage time 7, of Glu™ making it through the channel,
which was determined from a potential of mean force
obtained through simulation: 7, turned out to be much shorter
than typical “open” times of MscS, which implies that the
CD openings remain basically unclogged as regards Glu™.
We then calculated the mean passage time for Glu™ to leave
the CD and reach the extracellular space. The total time 7 =
71 + 7> + T3 is estimated to be ~80 ns.

We then focused on K™, also present at high concentration
in E. coli cells. In this case, the overall exit time 7 is ~55 ns,
i.e., close to the 80 ns Glu~ value, but 7; is shorter and 73
is longer than for Glu™. Based on these times for Glu™
and K", we conclude the filter function of the CD shown in
Fig. 4. MscS, through the combination of CD and channel,
manages an amazing feat, namely even though the cell

FIGURE 4 Diffusion of Glu~ and K ions through the cytoplasmic
domain of MscS. Due to the topology of the electrostatic potential in
conjunction with the intrinsic characteristics of the osmolytes, K ions
diffuse faster than Glu™ ions toward the CD (7). They permeate through
the pores at comparable times (75), but exit the channel slower than their
anionic counterpart (73) (fast translocation shown as thick, solid arrows
and slow one as thin, dashed arrows).
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potential by itself clearly favors expulsion of Glu™, compen-
sation through a short K* 7, makes the overall exit times of
Glu~ and K™ about the same. This impressive balance is
likely stabilized through electrostatic interactions in the
CD. The size of the CD with an inside opening of volume
8 x 10* A® permits that at any one time ~10 positive and
~10 negative ions are being harbored, given the cytoplasmic
ion concentration of 0.2 mol/L. The lowest electrostatic
energy is assumed when the CD harbors the same number
of positive and negative ions, thereby favoring a neutral os-
molyte current through MscS in the open state.

Our study is but a first step into the filter and mixing
function of the MscS CD. Given the many types of solutes
that need to be considered in this regard, the study needs
to be extended, though for a first investigation it seemed
wise to concentrate on just two ions, Glu™ and K*. Future
studies should involve a multiscale approach that combines
transport theory with MD simulations, finite element
method of the bulk cytosol with the detailed geometry of
MscS CD and membrane surface, and covers the entire
solute translocation, i.e., from cytoplasm to the extracellular
space, as a nonstationary process. A particularly exciting
aspect of future studies should be ion-ion interaction effects
in the CD that favor neutral efflux and preserve cell polarity.

SUPPORTING MATERIAL

Four figures, additional information with equations, and two movies
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(11)00612-6.

All-atom MD simulations discussed here were performed using the package
NAMD (31). Molecular images in this article were rendered using the
molecular visualization software VMD (27).
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Whitney Foundation. This work was supported by grants from the National
Institutes of Health (1 RO1-GM067887). Computer time was provided by
the National Center for Supercomputing Applications and the Texas
Advanced Computing Center via Large Resources Allocation Committee
grant MCA93S028.
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