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Structural changes in channel proteins give critical insights
required for understanding the gating transitions that underpin
function. Tryptophan (Trp) is uniquely sensitive to its environ-
ment and can be used as a reporter of conformational changes.
Here, we have used site-directed Trp insertion within the pore
helices of the small mechanosensitive channel protein, MscS, to
monitor conformational transitions. We show that Trp can be
inserted in place of Leu at the twopore seal positions, Leu105 and
Leu109, resulting in functional channels. Using Trp105 as a
probe, we demonstrate that the A106Vmutation causes a mod-
ified conformation in the purified channel protein consistent
with a more open state in solution. Moreover, we show that sol-
ubilizedMscS changes to amore open conformation in the pres-
ence of phospholipids or their lysoforms.

Gating is a fundamental property of all ion and solute chan-
nels, and of some transporters, and involves structural transi-
tions that convert the protein from a nonconducting to a con-
ducting state. Channel gating is controlled by specific stimuli,
such as transmembrane voltage, a chemical ligand, or a
mechanical signal (1), and the coupling between the signal rec-
ognition and gating is a major focus of current channel
research. Channel activation is frequently rapid, often complex,
and may involve multiple states either as unstable intermedi-
ates or as well defined stable conformations (2). Channels may
be required to respond to more than one signal and/or partici-
pate in adaptation processes, where they cease to conduct
despite the continued exposure to the gating stimulus (3, 4). It
is, therefore, necessary to detect gating under multiple condi-
tions to understand channel mechanism and function. Patch
clamp techniques, which measure the core properties of the
channel signal sensitivity, conductance, open dwell time, selec-
tivity, and adaptation, have become a major means to study
channels in the membrane. However, this technology requires
the channel to be ion-conducting and thus, cannot inform on
structural conformations of the nonconducting states.
Our understanding of protein conformational changes has

been greatly facilitated by biophysical measurements of both
native and mutant proteins. In particular, fluorescent probes
have proved invaluable complements to spin probes in EPR and

related techniques. Tryptophan exhibits natural fluorescence
that is very sensitive to environmental changes (5). The peak
position in the emission spectrum reflects the polarity of the
immediate environment of the Trp residue, quenching by small
water-soluble agents is a measure of the accessibility of the res-
idue to the bulk water phase and anisotropy indicates the
mobility of the Trp residue. Trp is a rare amino acid in proteins,
and its role is often structural. Introduction of Trp is potentially
disruptive to the structure of the protein because of its bulky
side chain, but although it is the largest natural amino acid, it is
small for a fluorophore, particularly when compared with spin
labels usually used for EPR spectroscopy. Importantly, the Trp
aromatic group ismore closely attached to the backbone than is
either a spin probe or other fluorophores, which are connected
through an engineered Cys residue (see Fig. 1a). The danger for
modified residues to “snorkel” into environments moderately
remote from their backbone attachment site is significant. Con-
sequently, because Trp fluorescence reports local changes in
conformation of the protein, an understanding of the potential
of this reporter is important, whichwe have investigated here in
the small mechanosensitive channel, MscS.
MscS responds to increases in tension in the membrane

bilayer arising from sudden osmotic transitions (hypoosmotic
shock). It can also be triggered to open by the insertion of
amphipaths or lysophospholipids (e.g. lysophosphatidyl cho-
line, LPC)2 into the membrane bilayer (6–8). Gating is
extremely rapid (2) and results in the closed channel transition-
ing to an open state that conducts the passage of small solutes,
which releases the tension in the membrane by lowering the
osmotic gradient that drives water entry (9). The structural
organization of MscS is known through two complementary
crystal structures: the wild type in a nonconducting state and a
mutant, A106V, in an open state (10–12). MscS is a homohep-
tamer of 31-kDa subunits twisted around the central axis of the
pore (Fig. 1b). Each subunit contributes three transmembrane
helices (TM1–3). TM1 and TM2 form a paddle that is believed
to sense the membrane tension; the TM3a helix lines the pore
andTM3b,which lies along themembrane surface tangential to
the axis of the pore, forms a resistor (12). The overall character
of the pore is hydrophobic and residues Leu105 andLeu109 at the
lower (cytoplasmic) end of the pore create a hydrophobic seal
(10, 13). We have proposed that the structural transition from
closed to open involves the rotation and radialmovement of the* This work was supported by The Wellcome Trust (Grant 040174 and 086903).
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TM3a helices, and Ala106 is a critical residue due to its location
at the interhelix interface, where, in the closed state, it interacts
with Gly108 on the adjacent pore helix (14). Ala106 was mutated
to valine, and this protein variant was found to crystallize in an
open state ofMscS (12). In this structure, Val106 is positioned in
an open pocket created by rotation of the TM helices and their
radial movement. Themutated residue is not conformationally
constrained in the crystal structure. The A106V mutant chan-
nel retains function but requires greater pressure to open, and
at least two open states are detected by application of increased
pressure in patch clamp analysis (14). The current study was
undertaken to determine whether Trp substitutions in the pore
region could be used to monitor structural transitions associ-
ated with either mutation (A106V) or perturbation of the
MscS-containing detergent micelles by lipids or LPC.

EXPERIMENTAL PROCEDURES

Materials—1-Oleoyl-2-hydroxy-sn-glycero-3-phosphocho-
line (LPC); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE); 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1�-sn-
glycerol) (POPG); and 1,2-dioleoyl-sn-glycero-3-phosphocho-

line (DOPC) were obtained from Avanti Polar Lipids Inc. (Ala-
baster, Alabama). n-Dodecyl-�-D-maltopyranoside (DDM) Sol
grade was fromAnatrace Inc., whereas all other chemicals were
purchased from Sigma.
Mutantsweremadewith the StratageneQuikChangeTMpro-

tocol using the tryptophan-free MscS mutant, MscS�W
(W16Y/W240F/W251F) as template (15, 16). Primer sequences
are available on request. All mutants were sequenced on both
strands.
Physiological, Biochemical, and Electrophysiological Assays—

The survival assay of osmotic down shock was described previ-
ously (17). Purification ofMscS-H6was performed as described
(16), and Western blot analysis of whole-cell samples was
essentially as carried out previously (15), except that detection
was by Penta-His antibody (Qiagen). Patch clamp recordings
were conducted onmembrane patches derived from giant pro-
toplasts using the strain MJF429 (18) transformed with MscS
plasmids as described previously (14). Gene expression was
induced with 1 mM isopropyl 1-thio-�-D-galactopyranoside for
up to 60 min before protoplast generation. Excised, inside-out
patches were analyzed at a membrane potential of �20 mV
with pipette and bath solutions containing: 200mMKCl, 90mM

MgCl2, 10 mM CaCl2, and 5 mMHEPES buffer at pH 7. All data
were acquired at a sampling rate of 50 kHzwith 5-kHz filtration
using an AxoPatch 200B amplifier and pClamp software
(Molecular Devices). The pressure threshold for activation of
the MscS channels was referenced against the activation
threshold of MscL (PL:PS) to determine the pressure ratio for
gating as previously (19–21). Measurements have been con-
ducted on patches derived from a minimum of two protoplast
preparations. Pressure ratios are given as mean � S.E.
Fluorescence Spectroscopy—Steady-state and lifetime mea-

surements were performed with a fluorescence spectrometer
FLS920 (Edinburgh Instruments). For all steady-statemeasure-
ments, excitation and emission slits were set to 2 nm, the exci-
tation polarizer to 90°, and the emission polarizer was set to 0°
(22). Emission spectra were corrected with a buffer spectrum
and fitted to a skewed Gaussian curve to determine the emis-
sion maximum (23),

I � Imax exp���ln2��ln�1 � 2b�� � �max�/���/b	2
 � a (Eq. 1)

with fluorescence intensity I at wavelength � and Imax at �max,
skew parameter of b, peak width at half-height of ��, and base-
line offset of a.
Quantum yields (QYs) were determined relative to free Trp

with a reference value of QYst � 0.14 (24) at 20 °C. The absorb-
ance at 295 nm of the free Trp standard (ASt) was matched to
the sample (A) and was kept below 0.05. Emission spectra were
recordedwith an excitation slit of 1.5 nm tomatch the slit width
of our UV-visible spectrometer Varian Cary50. The emission
spectra were fitted with Equation 1, and the fit was integrated
over the whole peak range for both samples (I) and the standard
(ISt). The quantum yields were then calculated according to
Equation 2.

QY � QYStI/IStASt/A (Eq. 2)

An excitation wavelength of 295 nm was taken for quenching

FIGURE 1. A, structure of the fluorescence label tryptophan and for compari-
son, structure of the spin label MTSL. B, structure of MscS on the basis of the
closed crystal structure (10). One subunit is shown in blue. Residue Leu105 in
the pore that was changed against tryptophan is marked in red.
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experiments with acrylamide, and fluorescence intensities at
340 nm were recorded. Data were corrected for the inner filter
effect of acrylamide (5) and were analyzed with the Stern-
Volmer equation,

I0/I � 1 � KSV[Q] (Eq. 3)

where I0 is the fluorescence intensity without quencher, I is in
the presence of quencher, and KSV is the Stern-Volmer value.

Steady-state anisotropy was measured with an excitation at
295 nm and emission between 340 and 360 nm. The anisotropy
in this range showed no wavelength dependence and was aver-
aged. Measurements were also performed with a horizontally
oriented excitation polarizer to correct with the instrumental
factor G � Ihv/Ihh according to Equation 4,

r � �Ivv � GIvh�/�Ivv � 2GIvh� (Eq. 4)

where the fluorescence intensities I are labeled with a sub-
script indicating the orientation of the excitation and emis-
sion polarizers (v, vertical; h, horizontal), respectively.
Apparent correlation times were calculated with the Perrin
equation (Equation 5):

�app � r � �av/�r0 � r� (Eq. 5)

with anisotropy as r, mean lifetime as �av (see below), and fun-
damental anisotropy as r0, with a value of 0.232 for Trp at an
excitation wavelength of 295 nm (25). Excitation anisotropy
spectra were recorded with an emission wavelength of 360 nm
to avoid Raman scattering in the recorded excitation range
from 260 to 310 nm.
Fluorescence lifetimes were obtained in the time domain by

single photon counting using a nanosecond-flashlamp with
hydrogen filling. 10,000 counts were accumulated in the peak.
Excitation and emission slits were set to 17 nm at 295 and 340
nm, respectively. The excitation polarizer was set to 0°, and the
emission polarizerwas set to themagic angle of 54.7°. Datawere
fitted to a sum of exponentials.

I�t� � 
 i� iexp��t/�i� (Eq. 6)

The average lifetime is calculated by the following equation.

�av � 
i�i�i
2/
i�i�i (Eq. 7)

To investigate the effect of LPC on the spectroscopic properties
of MscS, a stock solution of 50 mg/ml LPC in methanol was pre-
pared and added to a final concentration of 0.25 mg/ml. This
corresponds to a finalmolar ratio of 1:2 LPC:DDM.Other lipids
were dissolved in a buffer (50 mM phosphate, pH 7.5; 150 mM

NaCl) containing 0.4% DDM and were added to a final concen-
tration of 0.25 mg/ml with a final molar ratio of 1:5 lipid:DDM.
All measurements have been repeated at least in triplicate on

at least two independent protein preparations, andmean values
with standard deviations are given. The protein concentration
in steady-state fluorescence experimentswas 5	Mand 20	M in
lifetime experiments. Data were analyzed with the software
Origin 8.0 (OriginLab) and F900 (Edinburgh Instruments).

RESULTS

MscS Tryptophan Mutants Are Stable and Functional—Pre-
viously, we constructed MscS�W (W16Y/W240F/W251F), in
which the natural Trp residues were replaced with phenylala-
nine or tyrosine, creating stable Trp-free channels. The Trp-
free channels gated at a slightly higher tension than wild type
MscS but exhibited normal electrophysiological profiles (16)
andwere found to protect cells against hypoosmotic shock (Fig.
2a). All subsequent mutants in this study used thisMscS�Was
the framework into which new Trp residues were introduced.
Unique Trp residues were substituted at the seal (L105W and
L109W) in the presence and absence of anA106Vmutation (12,
14). The L109W channel was incorporated into the membrane
and was functional in protecting cells against osmotic down-
shock (data not shown). However, the protein was found to be
unstable in detergent (Fig. 2b) and was not used further in this
study. In contrast, both the L105W mutant channel (subse-
quently referred to as L105W/Ala106) and the L105W/Val106

mutant channel were expressed, incorporated into the mem-
brane, and retained the heptameric structure in detergent (Fig.
2b). Protection against hypoosmotic shock was diminished rel-
ative to the parent protein. This effect was most marked when
channel expression was not induced, and only low levels of
channel proteins are produced from the plasmid borne genes.
However, the channels carrying L105W mutations retained
activity and protected when the expression was induced by
addition of isopropyl 1-thio-�-D-galactopyranoside (Fig. 2a).
We have previously shown that the A106Vmutation alone pro-
vides slightly diminished protection against hypoosmotic shock
(12), but this effect was not significantly enhanced by the pres-
ence of the L105Wmutation (Fig. 2a).
An explanation for the poor protective ability of the L105W

channel became evident from the electrophysiology. The
L105Wsingle poremutation shortens the opendwell time lead-
ing to a rapidly transitioning channels (Fig. 2c, upper panel
versus inset) but the pressure required to open the channel,
expressed as the PL:PS ratio (19, 21, 26) was not changed in
comparison to that for MscS�W (1.34; n � 4 versus 1.33; n � 6
for MscS�W/L105W and MscS�W, respectively). Introduc-
tion of theA106Vmutation intoMscS�W/L105Wresulted in a
PL:PS ratio of 1.29 (n � 7) and sometimes a distinct separate
state with a longer dwell time (Fig. 2c, lower panel). In �30% of
patches (3/10) the sustained open state observed in L105W/
Val106 channels was superimposed on the unstable openings
initially observed with L105W/Ala106. Two open states were
previously described for the A106V mutant, that differed in
their open dwell time; however, stable openings were observed
for both states, compared with the unstable openings seen here
for L105W/Val106 (14). The L105W mutation destabilizes an
open state, whereas A106V can cause an additional stable open
state; both these properties are found in the doublemutant. The
combined effect of the two mutations was a mild gain-of-func-
tion phenotype. Wild type MscS channels can be expressed
from plasmids without changing the growth behavior of cells
but gain-of-function mutations cause immediate growth inhi-
bition upon induction (27). In contrast, cells induced for
L105W/Val106 expression exhibited normal growth for up to
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�45–60 min (� two generations) and then exhibited severe
inhibition (supplemental Fig. S1a). Such behavior would be
consistent with the combination of L105W and Val106 causing
infrequent but persistent transitions to an open state, such that
growth inhibition only becomes evident after accumulation of
higher levels of the channel protein. Western blot analysis of
whole-cell samples suggests that growth inhibition correlates

with themaximum level ofMscS protein, suggesting that lower
levels are tolerated, but high levels allow for rare stable open-
ings (supplemental Fig. S1b). Although the mutations in
L105W/Val106 are adjacent in the linear sequence of MscS
and both produce bigger side chains, this does not disrupt
packing, as this mutant is functional and forms a stable com-
plex. The Leu side chains, and therefore the presumed loca-
tion of the Trp groups, are oriented into the lumen of the
pore, even in the closed structure. Although Trp side chains
are bigger than Leu, the lumen location reduces the expected
effect on packing caused by the mutation. Given the struc-
ture of the �-helix, Val106 and Trp105 side chains cannot
interact directly with each other as they are exposed on dif-
ferent sides of the helix.
Fluorescence Analysis Is Consistent with Different Conforma-

tions Caused by the A106V Mutation—During purification,
L105W/Ala106 and L105W/Val106 proteins behaved almost
identically. Both proteins were purified to homogeneity by a
two-step process involving a metal chelating column and size
exclusion chromatography. The peak position during size
exclusion chromatography indicated that both proteins retain
the heptameric state in detergentmicelles (Fig. 2b). This simple
purification regime provided reproducible samples of stable
and functional MscS proteins with the Trp probe introduced
into the pore for fluorescence spectroscopy. A summary of flu-
orescence spectroscopic properties is given in Table 1. A small
but significant red shift in the peak position was observed for
the L105W/Val106 protein (�max, 329.5 nm) relative to L105W/
Ala106 (�max, 327.7 nm) as shown in Fig. 3. In comparison toTrp
fully accessible to water (�max, 347 nm), both mutants seem to
retain the Trp in an apolar environment, which may reflect the
close packing of the Trp residues expected in both the closed
and open states. However, the quantumyield for L105W/Val106
was increased 1.5-fold relative to L105W/Ala106, suggesting a
significant environmental change (Table 1).
When fluorescence decay was analyzed, three exponential

contributions were required to explain the data for both
mutants (Fig. 4). The calculated weighted mean lifetime was
slightly longer for L105W/Val106 (4.53 ns) than for L105W/
Ala106 (4.11 ns). Side chains of certain amino acids like tyrosine
or histidine are known to quench Trp fluorescence intrinsically
(28).However, the onlyHis residues inMscS are in the carboxy-
terminal tag, and no Tyr residue is close to L105W in MscS, as
judged from the crystal structures. However, in recent years, it

FIGURE 2. Functionality and stability of MscS mutants. A, osmotic down
shock assay. Shown are the survival percentages relative to control samples.
Samples that were induced with isopropyl 1-thio-�-D-galactopyranoside
(IPTG) are shown as black bars, and samples without induction are shown as
white bars. B, size exclusion profiles of the mutants MscS �W L109W, L105W/
Ala106, and L105W/Val106. To determine the typical positions of heptameric
and monomeric MscS in the elution profile (marked) fractions were taken for
blue native electrophoresis and were observed to have masses typical of the
heptamer and monomer, respectively (16). Intensities have been normalized
and offset for clarity. C, examples of electrophysiological traces are shown.
For comparison, a trace of the tryptophan-free mutant MscS �W is given in
the inset.

TABLE 1
Comparison of fluorescence spectroscopic properties
of L105W/Ala106 and L105W/Val106

L105W/Ala106 L105W/Val106

�max in emission spectrum 327.7 � 0.6 nm 329.5 � 0.7 nm
Quantum yield 0.10 � 0.01 0.16 � 0.01
Lifetime �1 1.44 � 0.26 ns 1.81 � 0.73 ns
Amplitude factor �1 0.48 � 0.11 0.38 � 0.02
Lifetime �2 3.74 � 0.61 ns 4.73 � 1.11 ns
Amplitude factor �2 0.39 � 0.05 0.53 � 0.07
Lifetime �3 7.05 � 0.75 ns 7.84 � 1.12 ns
Amplitude factor �3 0.13 � 0.08 0.09 � 0.06
Average lifetime �av 4.11 � 0.20 ns 4.53 � 0.29 ns
Anisotropy r 0.135 � 0.012 0.106 � 0.017
Apparent correlation time �app 5.7 ns 3.8 ns
Stern-Volmer quenching constant KSV 2.49 � 0.30 M�1 3.13 � 0.45 M�1

Bimolecular quenching constant kq 6.1�108 M�1 s�1 6.9�108 M�1 s�1
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has become clear that the carbonyl group of the peptide bond is
also an important relaxation pathway for Trp by excited state
electron transfer (29). The fluorescence lifetime and quantum
yield strongly depend on the protein conformation (30, 31).
Therefore, the difference in lifetimes between L105W/Ala106
and L105W/Val106 indicates a changed orientation of the Trp
side chain relative to the backbone or a change in backbone
conformation itself.
Anisotropy can also give an indication of the packing around

the fluorophore thatmay restrict the free rotation of the fluoro-
phore around its covalent bond. The anisotropy changes with
themobility of the fluorophore caused by the overall rotation of
the protein, segmental movements, and the side chain mobility
of the fluorophore itself. The steady-state anisotropy for
L105W/Val106 was lower (r � 0.106) than for L105W/Ala106
(r� 0.135), which is partly explained by the longer fluorescence
lifetime for L105W/Val106. However, apparent correlation
times calculated from the anisotropies take the lifetime into
account and still show a difference. For L105W/Val106 and
L105W/Ala106, much higher anisotropies are expected only if

the mobility is considered. The large complex of 210 kDa, plus
the attached detergent and lipid molecules, will cause a slow
overall tumbling of the protein and side chain mobility within
the pore will be restricted. The low anisotropies can also be
explained by a second effective mechanism to lower anisotro-
pies, Förster resonance energy transfer (FRET). Because the
distance between the Trp residues contributed from each sub-
unit at position 105will be small, an efficient homoFRET can be
expected. The Förster distance R0, the characteristic distance
with 50% efficiency of energy transfer, for a Trp couple is 6–12
Å, which is close to the predicted separation expected in the
MscS open state and greater than that predicted for the closed
state (32). To explain the difference of the anisotropy for both
mutants, either homoFRET in L105W/Val106 is more efficient,
or the side chain mobility is increased. A more efficient homo-
FRET is expected if the distance between the Trp side chains in
L105W/Val106 is smaller in comparison to L105W/Ala106 or
the orientation between the Trp residues is more favorable for
FRET. We recorded excitation anisotropy spectra to distin-
guish between the possible causes, mobility or homoFRET.
Weber reported (33, 34) that no homoFRET is observed at the
red edge of the excitation spectrum. Because the excitation ani-
sotropy spectra of L105W/Ala106 and L105W/Val106 do not
approach each other at high wavelengths (Fig. 5a), we conclude
that the difference in anisotropy is caused by a change of the
mobility of the Trp side chain. Thus, the mobility is increased
for L105W/Val106, consistent with a widened pore. Preliminary
time resolved anisotropy experiments show a fast and a very
slow decay (data not shown). The fast contribution is presum-
ably due to homoFRET and side chain movements. This is
faster and not resolved in the experiment for L105W/Val106 in
comparison to L105W/Ala106, which can be explained by the
change in side chain movements as suggested above. The slow
contribution is caused by overall tumbling of the complex.
Fluorescence quenching was used to determine the accessi-

bility of the pore Trp residue in both mutants (Fig. 5b). Acryl-
amide, which has no charge and therefore shows nomisleading
contributions from electrostatic interactions, was used as a
small, water soluble quencher. The Stern-Volmer quenching

constant is increased for L105W/
Val106 (KSV � 3.13 M�1) in compar-
ison to L105W/Ala106 (KSV � 2.49
M�1). This is also reflected in the
bimolecular quenching constants
(kq � 6.9 108 M�1s�1 versus 6.1 108
M�1s�1 for L105W/Val106 and
L105W/Ala106, respectively). These
data indicate increased accessibility
of Trp105 from the bulk water phase
in L105W/Val106 in comparison
with L105W/Ala106, consistent with
a modified protein conformation.
Structural Modifications Caused

by Lipids and LPC—Spectroscopic
properties change if solubilized lip-
ids or their lysoforms are added to
solubilized MscS, indicating a more
open conformation. LPC caused a

FIGURE 3. Emission spectra of MscS mutants. The emission spectrum of
L105W/Ala106 (black) is compared with L105W/Val106 (gray). An excitation at
295 nm was used. The protein concentration was 5 	M.

FIGURE 4. Fluorescence lifetime traces for L105W/Ala106 and L105W/Val106. Experimental decays are
shown in black, instrumental response functions are shown as dashed lines, and fits are shown as gray lines.
Residuals are shown below. The protein concentration was 20 	M.
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red shift of the emission spectrumofTrp in both L105W/Ala106
and L105W/Val106 by 6 and 4 nm, respectively (Fig. 6, a and b),
resulting in the Trp residue in both proteins approaching the
same �max of 333 nm. A similar red shift is observedwhen lipids
are added to L105W/Ala106, azolectin as well as single synthetic
lipids DOPC, DOPE, or POPG all have a comparable effect to
LPC (Fig. 6c and data not shown). In addition, the fluorescence
intensity for L105W/Ala106 increased in the presence of LPC
and lipids, such that its quantum yield approached that of
L105W/Val106. In both incubations, theMscS channel retained
the homoheptameric structure as evidenced by blue native gel
electrophoresis (data not shown). Finally, quenching by acryl-
amide increased for the L105W/Ala106 mutant in the presence
of LPC consistent with greater access to the aqueous phase of
the Trp residue (Fig. 6d). As controls, fluorescence of free Trp
does not change after addition of LPCnor does the fluorescence
of L105W/Ala106 or L105W/Val106 change upon addition of
methanol or concentrated DDM solutions, which were used to
make up the stock solutions of LPC or lipids, respectively (data
not shown). These data are consistentwith lipids andLPC caus-
ing conformational changes in MscS even when the protein is
dissolved in detergent micelles.

DISCUSSION

Crystal structures ofmembrane proteins are often difficult to
obtain and are almost exclusively not embedded into the natu-
ral lipid bilayer. This leads to unanswered mechanistic ques-
tions, even whenmultiple structures are available, as is the case
for MscS. Ultimately, dynamic information is required that
provides insights not only into the relevance of the crystal states
but also into the potential conformational pathways under-
taken during channel gating. Clues emerge from electrophysi-
ology, but these are restricted to open and subconducting
states. We show here that a Trp probe introduced within the
pore of a channel can be used as a gating probe applying fluo-
rescence spectroscopy.
Replacing Leu105, which is one of the key seal residues in the

pore ofMscS, with Trp resulted in a functional and stableMscS
complex. In the nonconducting (Ala106) crystal structure, the
Leu residues are tightly packed, and it was a surprise that the
protein tolerated the Trp substitution at this position, as intro-
duction of Trp increases the volume by 72 Å3 per subunit (35).
The L105W protein was clearly able to pack the Trp residues
and attain a stable conformation as it could be solubilized by
detergent and retained its heptameric structure. This is in con-
trast to L109W,whichwas expressed, integrated into themem-
brane and was functional but was unstable after detergent sol-
ubilization. The L105W substitution causes disruption of the
open state, because stable openingswere not observed in patch-
clamp analysis. Steric hindrance caused by the Trp side chains
may explain this observation, as in the Val106 (i.e. more open)
structure the Leu105 side chains are separated by only �6 Å.
Addition of the A106V mutation could produce stabilized
channel openings in the membrane patch, consistent with the
ability of MscS A106V to attain a long lived stable open state
(14).
A significant difference between the two mutants L105W/

Ala106 and L105W/Val106 was detectable by fluorescence spec-
troscopy. Introduction of the A106V mutation causes the
reporting Trp residue to reside in a more polar environment,
to be more accessible from the bulk water phase, and less
restricted in its side chain motions. These data are consistent
with solubilization, allowing some relaxation of the subunit
packing, causing the pore in theA106Vmutant to be openmore
frequently than in the wild type. A fully and stable open state
might be expected to cause more drastic effects on the fluores-
cence properties of the protein. However, only a small portion
of the L105W/Val106 channels might be in the open state in
solution. Our approach looking at averaged properties cannot
resolve populations.
In contrast to the finding that the MscS A106V mutation is

found in an open conformation in crystals andwhen solubilized
in solution, electrophysiological experiments indicate that it is
more difficult to open when embedded in the membrane than
wild type MscS. However, for two reasons, the conformer dis-
tribution in solution and the required membrane tension in
electrophysiological experiments cannot be directly compared.
The tension in themembrane in comparison to themicelle and
direct interaction with detergent or lipid molecules is different,
which, in turn, will change the energetically favorable confor-

FIGURE 5. A, excitation anisotropy spectra of L105W/Ala106 (black) and
L105W/Val106 (gray). B, Stern-Volmer plot of acrylamide quenching. Quench-
ing experiments for L105W/Ala106 (open circles) and for L105W/Val106 (closed
squares) are shown. Linear fits to these data are shown as lines. The protein
concentration was 5 	M.
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mations. Furthermore, the population of the open state de-
pends on the required tension but also on the open dwell time
of the channel. The observed growth inhibition suggests that
occasional spontaneous gating leads to the formation of stable
open channels. Themost surprising observation was that lipids
and LPC modified the behavior of the Trp residues in both
L105W/Ala106 and L105W/Val106. The greatest change was
observed for the former, and the observed properties of the Trp
fluorescence in L105W/Ala106 were close to those observed for
the effect of introducing the A106V mutation. The simplest
interpretation of these data is that lipids and LPC cause struc-
turalmodifications in both proteins, but that their effects on the
Ala106 protein are to generate a more open state. Two immedi-
atemechanismsmay account for these changes. First, lipids and
LPC could bind directly to MscS channels and thereby cause
the structural change. The binding could influence the position
of the sensor paddle and thereby cause an opening. Second, the
detergent may exert some tension on the protein, which would
account for the observation that the first crystallized forms of
MscS andMscL are in closed states (10, 36). Lipids or LPCmay
thenmodify the tension resulting in a transition to amore open
state. This interpretation would be consistent with the obser-
vation that when A106V was crystallized, it was found to be in

an open state (12). A titration of LPC to L105W/Ala106 (supple-
mental Fig. S2) exhibited a half-saturation at �0.25 mM, which
indicates that rather high amounts are required to observe the
effect. The required concentration is also dependent on the
detergent concentration. Both observations would support
the second explanation that the effect is through the bulk phase
rather than specific lipid-binding sites (37). Furthermore, the
purified MscS still has about three phospholipid molecules
associated with each subunit, which corresponds to 30–40% of
the boundary layer of lipid (supplemental Fig. S3) (38, 39), con-
sistent with phospholipids bound toMscS that are not removed
under our purification regime.
The Trp fluorescence data are all consistent with detergent

solubilization, allowing the L105W/Val106 protein tomove into
a conformation closer to the open state. Given that this channel
is predominantly in the closed state in cells and in membrane
patches, the data are consistent with the channel in detergent
experiencing a modified tension that is insufficient to generate
the completely open state unless augmented by mutations that
stabilize it. Thus, it is possible that the properties of the MscS
channel proteins in detergent reflect an intermediate state,
close to the closed state, that can be relaxed by lipids or LPC.
This observation opens a novel pathway to analysis of MscS

FIGURE 6. Effect of LPC and DOPC on emission properties. Emission spectra of L105W/Ala106 (A) and L105W/Val106 (B) before (black) and after (gray) addition
of 0.25 mg/ml LPC. The inset in A shows the emission intensity change at 350 nm over time. C, addition of 0.25 mg/ml DOPC to L105W/Ala106. D, Stern-Volmer
plots of acrylamide quenching experiments with L105W/Ala106 in the absence (black) or presence (gray) of 0.25 mg/ml LPC. The protein concentration was
5 	M.
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channels outside of membrane patches. It has to be stressed, to
avoid confusion, that the observed effect of LPC is not related to
experiments described earlier where LPC was introduced
asymmetrically to one side of the lipid bilayer in liposomes to
change the bilayer tension and cause an opening of the recon-
stitutedMscS channel (8, 40). This is particularly clear as “nor-
mal” lipids in our experiments have the same effect as LPC.
Finally, we have demonstrated that Trp, one of the smallest

spectroscopic probes, is extremely useful as a conformational
probe within the pore of a channel. It will allow researchers to
detect channel gating independent from the patch clamp tech-
nique, for example, in reconstituted systems under changing
conditions or in the living cell. These spectroscopic approaches
will help to elucidate structural properties of unstable yet
mechanistically important states of channels that are generally
too unstable to crystallize.
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