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ABSTRACT. The mechanosensitive channel of small conductance (MscS) plays a critical role in the
osmoregulation of prokaryotic cells. The crystal structure of MscS revealed a homoheptamer with three
transmembrane segments and a large cytoplasmic domain. It has been suggested that the crystal structure
depicts an open state, but its actual functional conformation remains controversial. In the pursuit of
spectroscopical approaches to MscS gating, we determined that standard purification methods yield two
forms of MscS, with a considerable amount of unfolded channel. Here, we present an improved high-
yield purification method based dfscherichia coliexpression and a biochemical characterization of the
reconstituted channel, optimized to yield approximately 4 mg of a single monodisperse product. Upon
reconstitution into lipid vesicles, MscS is unusually prone to lateral aggregation depending on the lipid
composition, particularly after sample freezing. Strategies for minimizing MscS aggregation in two
dimensions for spectroscopic analyses of gating have been developed.

Mechanotransduction plays an important role in a wide gathered on the prokaryotic mechanosensitive channel family.
range of physiological processes such as touch, pain, hearingElectrophysiological and spectroscopical approaches have
balance, proprioception, blood pressure regulation, turgor provided information about their conductance properties and
control in plant cells, and regulation of cell volume. It has activation processi@, 15—18). The crystal structures of
been suggested that mechanosensitive channels might havgiscL and MscS have revealed their three-dimensional
evolved as cellular osmoregulators that sensed changes irstructure 19, 20) and a critical starting point for mechanistic

the concentration of water across bacterial membrahes (  interpretations. Still, the gating mechanism in either of these
7). Mechanosensitive channels belong to a structurally -hannels is not fully understood.

heterogeneous group and have been classified according to
their function rather than topology. The group includes MscS (Figure 1A) belongs to a large and widespread
members of the two-pore domain potassium charBed)( family of membrane proteins2(), which is distributed
the amiloride-sensitive sodium chann&0), the TRP chan- ~ among prokaryotes, archaea, and pla@® g3), in which
nels (L1), and the prokaryotic mechanosensitive channels function is defined by interaction with the lipid bilayer and
(12). as such represents an ideal model system for studying the
The prokaryotic mechanosensitive channels are key com-biophysical basis of mechanotransduction. Besides, protein
ponents in the emergency response of prokaryotes to suddemembrane interactions are not unique to mechanosensitive
osmotic downshockl@, 14). These channels are classified channels since the open probability of several other ion
according to their conductance and to the amount of tensionchannels is modulated via membrane stretch or membrane
needed to activate them as MscL, MscS, and MscM composition 24—27). A high-quality biochemical prepara-
(mechanosensitive channel of large, small, and mini con-tion is required to routinely express and purify (at milligram
ductance, respectively). In particular, MscL and MscS have |eyels) MscS fromEscherichia coli which might help
been shown to play a critical role in osmoregulation, since jncrease crystal resolution and allow efforts aimed at the
cells lacking mechanosensitive channels lyse upon osmoticg) cigation of the molecular mechanisms of tension-depend-
downshock 13). Over the past several years, a considerable ent gating. Here, we present a new approach for high-level

amount of functional and structural information has been expression and purification of several MscS constructs in
different E. coli strains. We also present a strategy for
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Ficure 1: Functional characterization of different MscS constructs.
(A) Ribbon representation of MscS showing two subunits of the
heptamer. TM helices are colored blue and cytoplasmic (CYT)
domains red. (B) Viability assay of MscS constructs upon osmotic
downshock, following the protocol of Batiza et all4]. The
downshock was made by diluting the cells in various shock media
ranging from 0 to 500 mM NaCl. The MJF465 strain (black curve)

0.4 0.5

Biochemistry, Vol. 46, No. 23, 2006767

Functional AssayDownshock assays were developed as
described in refl4, with the following modifications.
Cultures growing in LB and 500 mM NacCl were induced at
an ODyo of 0.6 with 1 mM IPTG; after being induced for 1
h, the cells were adjusted to an @pof 1.0, pelleted down,
and then resuspended in aQ of fresh LB and 500 mM
NaCl. The downshock was made by diluting the cells 1:40
in various shock media ranging from 0 to 500 mM NaCl
(pH 7). After 5 min, the cells were serially diluted, angI5
aliquots were plated on LB agar. Plated cells were grown
overnight, and the colonies were counted and normalized
against the Ok, (measured right before the downshock).

Expression and Purification of MscS in E. coli Cefsesh
competent cells were transformed with the desired construct
and the transformation mixture was grown overnight in the
presence of the proper antibiotics. The cells were diluted
1:100 in regular LB medium and grown at 32 to an ORQgo

was used as a negative control since it lacks native mechanosensitiv®f 1.0-1.2, and protein expression was induced with the
channels. The blue curve represents MscS expressed in pQE32 witraddition of 0.8 mM IPTG in the presence of 0.4% glycerol

six histidines at the N-terminus, and the red curve represents MscSfor 4 h at 26°C. The cells were harvested and homogenized

expressed in pQE70 with six histidines at the C-terminus. The inset
shows a representative result for MJF465 cells after a downshock
assay.

EXPERIMENTAL PROCEDURES

Materials. MJF429 (FraglAyggB AkefA) and MJF465
(Fragl, Amscl, AyggB AkefA (13) were kindly donated
by I. R. Booth from the University of Aberdeen (Aberdeen,
U.K.). E. coliRosetta and the vector pET28a were purchased
from Novagen (San Diego, CAE. coli M15, SG1300, and
the vectors pQE32 and pQE70 were bought from QIAGEN

(high-pressure homogenizer, EmulsiFlex-C3) immediately,
in the presence of PBS and 1 mM PMSE8). The
membranes were spun down at 100@0r 30 min, and
the pellet was resuspended in PBS and PMSF. Solubilization
was carried out with 1% Fos-Choline 120§, in the presence

of 10% glycerol in PBS and PMSF, at pH 7.5, overnight at
4 °C; solubilization with 6 mM DDM resulted in a
significantly lower protein yield. This homogenate was spun
down at 100,009 for 30 min, and the supernatant was
incubated with cobalt resin f&3 h at 4°C. The resin was
washed with 1 mM DDM (regardless of initial detergent)

(Valencia, CA). The IPTGand the detergents Fos-Choline and 10% glycerol in PBS buffer (pH 7.5; 10 times the resin
14 (solubilization grade) and DDM (solubilization grade) Vvolume), then with the same buffer at pH 6 (10 times the
were obtained from Anatrace (Maumee, OH). Talon cobalt resin volume), and the final wash was made with 5 mM, 1
resin was bought from Clontech (Mountain View, CA). The mM DDM, and 10% glycerol in PBS buffer (pH 6; 25 times
reducing agent TCEP was purchased from Pierce (Rockford,the resin volume). The channel was eluted with 300 mM
IL). The reducing agent TCYP, along with the fluorophores imidazole, 1 mM DDM, and 10% glycerol in PBS buffer
fluorescein 5-maleimide and tetramethylrhodamine 5-male- (PH 6). The typical yield of WT MscS was4 mg for M15,
imide, was bought from Molecular Probes (Carlsbad, CA). SG1300, and Rosetta ane® mg for MJF429 and MJF465
The spin-label was purchased from Toronto Researchper liter of LB culture. When MscS Cys mutants were
Chemicals Inc. (North York, ON). The lipids DOPC, POPG, purified for fluorescence or CW-EPR measurements, washing
POPE, andE. coli polar lipid extract were bought from  buffers were degassed and contained 0.5 mM TCEP and 0.5
Avanti Polar Lipids Inc. (Alabaster, AL). All other reagents mM TCYP. To check the oligomeric state of the protein,
were purchased from Sigma or Fisher. samples were run in a Superdex 200 HR 10/30 column
Construct and StrainsA 600 ng amount ofE. coli (Amersham Biosciences, Uppsala, Sweden) and monitored

genomic DNA was used as a template for PCR. The resultant’" @1 AKTA FPLC system (model P-920) from the same
product (846 bp) was gel purified and cloned in pQE32 and ¢°Mpany.

in pET28a, vectors containing a Kispitope at the N-termini, Mass Determination by Static Light Scatteringhe
and in pQE70, in which the Hisepitope was at the purified MscS was run on a Superdex 200 HR 10/30 column

C-terminus. MscS-pQE32 and MscS-pQE70 were used to coupled to a light scattering system, with a refractive index
express the channel . coli M15, SG1300, MJF429, and ~ (Wyalt Technology Corp.) and UV (Shimadzu) detectors.

MJF465; MscS-pET28 was used for expressiorEincoli The system was equilibrated with a buffer containing 1 mM
Rosetta., DDM, 1 mM EDTA, 150 mM NacCl, and 20 mM Hepes

(pH 7). The light scattering was measured using a linearly
polarized GaAs laser at 690 nm)(from 57° to 126 by
* Abbreviations: CW-EPR, continuous-wave electron paramagnetic nine detectors. The increment of refractive index over the

resonance; DDMp-dodecyls-p-maltopyranoside; DOPC, 1,2-dioleoyl- . . .
snglycero-3-phosphocholine; IPTG, isopropb-thiogalactopyrano- increment of protein concentration for the prote@etergent

side; PBS, phosphate-buffered saline; PMSF, phenylmethanesulfonylCOMpIeX, (a/dc)yq, was first determined using the following
fluoride; POPE, 1-palmitoyl-2-oleoydr-glycero-3-phosphoethanola-  equation:

mine; POPG, 1-palmitoyl-2-oleoydrglycero-3-[phosphaac-(1-
glycerol)]; spin-label, (1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl) methyl
methanethiosulfonate; TCEP, tris(2-carboxyethyl)phosphine hydrochlo-
ride; TCYP, tris(2-cyanoethyl)phosphine; TM, transmembrane.

(dn/dc), = (keRI/UV

wheree is the extinction coefficient of the protein at 280
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nm (mg* mL cm™), Rl is the value of the refractive index, and MscK. Figure 1B illustrates a typical survival experiment
and UV is the absorbance at 280 nm. Thkevalue was (13, 14) in which the cells are exposed to a sudden reduction
determined using a standard curve from soluble standardof the external osmolarity. MJF465 was used as a negative
proteins (bovine albuming-amylase, and apoferritin F;  control because it does not survive under extreme hypotonic
Sigma) whose ldc is constant at 0.187 mL/g. Using the conditions ([NaCl], = 0.24 + 0.01, black trace). We did
experimentally determined iftlc),q value (0.24), the protein  not find major differences in the midactivation point of MscS
molecular weight was determined from the Debye plot, where with six histidines at the N-terminus ([NaGl = 0.11+
the intensity of light scattering is plotted against the scattering 0.005, blue trace) and MscS with six histidines at the
angle (ASTRA software, Wyatt Technology Corp.). C-terminus ([NaClj, = 0.13 &+ 0.007, red trace); both of
MscS Reconstitutiomfter purification, MscS was recon-  the constructs were able to protect the cell against hypo-
stituted in preformed liposomes following the protocol 0smotic challenge.
described in reR9. For electrophysiological measurements, ~ The Oligomeric Behaor of MscS Depends on Purification
MscS was reconstituted in a protein:lipid ratio of 1:200 (mass Conditions.The purification methodology presented in this
to mass). For CW-EPR and FRET experiments, the recon-paper enables production of MscS at milligram scale in
stitution ratio was 1:750 (mole to mole). For patch-clamp detergent solutions. In an effort to develop a one-step
experiments, the lipids were resuspended in HEPES bufferpurification method suitable for labeling and spectroscopy
(pH 7.5) for fluorescence and EPR measurements, and thestudies, we tested the procedures already available in the
lipids were resuspended in PBS (pH 7.5). In either case, theliterature. Using the protocol previously described by Bass
dilution method (to decrease the DDM concentration below et al. €0), we were unable to obtain single monodisperse
its CMC), in the presence of Bio-beads, was used to peaks by the exclusion chromatography method (skipping
incorporate the channels into the liposomes. After incubation the anion exchange), as shown in Figure 2A (red trace; N-ter
for 3—10 h with Bio-beads (unless explicitly stated), the His Crystal refers to the conditions that were used for
proteoliposomes were pelleted down at 100g)O@sus-  crystallography). The purification protocol of Sukhar&t)(
pended, and used for spectroscopic measurements; fowvhich includes solubilization with OG and purification with
electrophysiological measurements, they were subjected toa mixture of OG-asolectin, yielded unexpectedly small
a dehydratior-rehydration cycle as previously describ88,(  amounts of the putative heptamer (see the column labeled
31). OG purification in Figure 2C), and the chromatogram showed

Liposome Patch ClampSingle-channel currents were additional peaks (data not shown). _
obtained in the inside-out configuration under symmetrical ~ Our failure to generate a consistent monodisperse peak
(200 mM KCI, 90 mM MgCh, 10 mM CaC}, and 5 mM with either of these methods prompted us to pursue an
HEPES) and asymmetrical conditions (100 mM KCl in the alternative protocol. Cultures were grown in LB medium
pipette and 300 mM KClI in the bath, with all of the other (instead of Terrific Broth medium) at 37C up to an Ol
salts kept constant), at pH 6. The pipettes were obtained outof 1.0-1.2, and induction of MscS was carried out with
of glass capillaries and were fire-polished before they were 0-8 MM IPTG in the presence of 0.4% glycerol at 26
used, until a resistance between 2 and 2@ Mas reached.  (different IPTG and glycerol concentrations strongly reduced
Negative pressure on the patch was obtained by applyingthe protein yield). Ce_lls were homqgenized after ind_uction
suction through a syringe and monitored with a homemade for 4 h, a key step to increase the yield of the monodisperse
piezo-electric pressure transducer. Single-channel and macPeak. Glycerol (10%) was used in the purification buffers
roscopic currents were recorded with a DAGAN 3900 patch- t0 increase the amount of functional channel. No significant
clamp amplifier, and currents were sampled at 10 kHz with differences were observed between cold purifications and
an analog filter set to 2 kHz. Single-channel analyses were "00m-temperature ones. Finally, although gel filtration chro-
conducted using pCLAMP9 (Axon Instrument$y). matography on Superdex 200 can be used as an additional

EPR Spectroscopy and Analygi4scS-Cys mutants were cleanup step, we have found this not to be necessary unless
purified and spin-labeled using a 1:10 molar excess of the W€ @ré evaluating a new condition or construct.
label. After reconstitution, their spectra were obtained at Once we obtained a single monodisperse peak of M_SCS
room temperature in a Bruker EMX X-band EPR spectrom- from the same construct that was used for the crystal trials
eter, and the mobility of the probe was obtained from the (Figure 2A, black trace, N-ter His), the same purification
inverse central line width of the EPR spectruttH, %) (29). protocol was used for the construct with the His tag at the

Fluorescence Spectroscopyor FRET experiments, single CCc;tneSrtrPulgtu ?,':islljrrg r;sgngi); éh;Lm glﬂtigﬁa\fognfge rgc-jt?:agtlas)
MscS-Cys mutants were purified and labeled with fluorescein g P '

: i . .was significantly shifted from that of the N-ter His
and tetramethylrhodamine, at a 1:10 molar ratio (monomer: ,_.
fluorophore) f)c/JIIowing ref33. After the samplefs were (Figure 2A,B, 11.3 mL, black trace) even though the latter

. . . fas only 12 additional residues. Both constructs were quite
reconstituted, measurements were taken in a Shimadzu 150 stable in solution even after several weeks of storage at 4
spectrofluorimeter. g

°C; however, the N-ter His construct could be stored for up

RESULTS to 3 months, whereas the C-ter His unfolds after 4 weeks
(data not shown). The long stability of both constructs makes

Functional Characterization of His-Tagged MscS Con- them suitable for crystal trials.

structs.MscS was cloned in several vectors that mainly differ A summary of all the different cells, constructs, detergents,

in the position of the His tag. To test the functional behavior and conditions tried for MscS purification is shown in

of these constructs, a downshock assay was carried out inFigure 2C. The efficiency of each condition was determined

MJF465, arE. coli strain that lacks genomic MscL, MscS, by comparing the relative amount of large oligomer (presum-
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Ficure 2: Evaluation of different MscS constructs and purification conditions. (A) Gel filtration chromatogram of MscS-pET28 expressed

in Rosetta cells. Comparison of the purification of MscS constructs containing six histidines with 12 amino acid residues at the N-terminus
(PET28 vector in Rosetta cells). The black (N-ter His) curve represents the conditions under which MscS is induced with the addition of
0.8 mM IPTG and 0.4% glycerol at 2& for 4 h, and the purification buffers containing 10% glycerol. The red dashed line (N-ter Crystal)
corresponds to induction of MscS with 1 mM IPTG at 37 for 2 h. The inset represents the amount of putative heptamer per preparation
that was obtained for both conditions. (B) Comparison of two different MscS constructs using the first condition described above (in both
cases). The black curve represents the construct with six histidines with 12 amino acid residues at the N-terminus, and the red curve
represents the one with six histidines at the C-terminus (pQE70 vector in M15 cells). The inset shows the amount of putative heptamer per
preparation that was obtained for both constructs. (C) Yield of purified oligomeric MscS obtained from the expression in Hiffepént

cells and from variations in the purification protocol, evaluated from the elution time in a gel filtration column. The red dashed line denotes
those conditions that give less than 70% of the large oligomer. (D) Oligomeric behavior of purified MscS exhibited in-RASES
Coomassie-stained gel. The 4 to 20% gradient gel shows four possible oligomeric states of MscS after purification; molecular mass (kilodaltons)
markers are shown at the right.

ably heptamer) obtained per preparation. We found that of labs @1, 34—36). It is noteworthy that MscS, after
freezing the cells (not the membranes), longer induction purification, has some level of resistance to SDS, a strong
times, or even inducing in the presence of 500 mM NaCl anionic detergent that promotes oligomer dissociation in most
diminished the amount of the large oligomer peak (gray bars). membrane proteins. When the sample corresponding to the
Unexpectedly, we could not obtain a stable protein prepara-second peak in Figure 2A (13.8 mL elution volume) was
tion when we solubilized and purified our constructs with run, only bands that might correspond to the dimer and the
OG, a detergent widely used in the solubilization of integral monomer were observed (data not shown). The difference
membrane proteins and also used for other MscS constructdetween the two fractions is not due to proteolysis, since
as previously describe®1). Solubilization with Fos-Choline  mass spectrometry (MS/MS) showed that there were no
14 or DDM vyields, in both cases, a very stable preparation, changes in amino acid content for the monomer.
the only difference being the amount of protein obtained To further evaluate the hydrodynamic behavior of the
(twice as much for Fos-Choline 14). The best results with purified protein, we used light scattering/refractive index
regard to oligomeric stability and protein yield were obtained analysis to accurately determine the absolute molecular mass
with systems in whictE. coli was tightly regulated (pET  of heptameric MscS, under native conditions. The sample
and pQE systems) and no protein leak was present (data notorresponding to the 11.3 mL fraction of the Superdex
shown). column (Figure 2A) was homogeneous in size, and its mass
Figure 2D shows the SDSPAGE profile corresponding  was 220 kDa. This measurement indicates that we have the
to the first peak in the gel filtration chromatogram (11.3 mL proper assembly for the heptamer since the theoretical
elution volume in Figure 2A). Four major bands, possib- molecular mass of the monomer is 30,896 Da (Figure 3).
ly corresponding to the heptamer-Z00 kDa), trimer On the other hand, the refractive index and UV values for
(~75 kDa), dimer £50 kDa), and monomer{25 kDa) of the 13.8 mL sample (Figure 2A) were off and close to the
MscS, were observed. At 25 kDa, MscS in SEFFAGE gels detergent micelle peal3{) so that we could not precisely
runs smaller than its theoretically predicted molecular mass determine its exact mass. However, a rough estimate of
(31 kDa). This behavior was previously reported by a number ~50 kDa suggests the presence of a mixed population of
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Ficure 3: Determination of masses of purified MscS through
ASTRA software analysis (Wyatt Technology Corp.) of SEC-LS/
UV/RI data. The calculated molecular mass value for heptameric
MscS (triangles) is plotted. The solid line corresponds to the UV

trace of MscS eluting from the SEC column. 1 r T
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monomer, dimer, and micelle. We have found that, in a %—H—/— H-H—[_
manner independent of the construct and the strain, the e mmne chmme
second peak (13.8 mL, Figure 2A) essentially disappearSFlGURE 4: Single-channel records from purified MscS in asym-

. ) . metric solutions (100 mM KCI pipette and 300 mM KCI bath at
when the induction temperature is 26, IPTG levels are 1176 0y " Channel activity was elicited by applying negative

less than 1 mM, glycerol is kept throughout the induction transbilayer pressure under patch-clamp conditions. (A) Elution
and purification, the induction time does not exceed 5 h, profile of MscS when the two kinds of oligomers are present in
and. more imporianty. the ellspture occurs mmediatly U8 PUNESIT 18, SLEME EONL° (Lo et S
after the cells are hz_irves'ged_. We found that some .CyStemechannel traces oF:‘ purified ar?d reconstituted hpeptameric Mscg in
mutants promote dissociation of the heptamer into an jiposomes made wit. coli polar lipids in a protein:lipid ratio of
unfolded channel, particularly cysteine substitutions on the 1:200 (mass to mass). (C) Reconstitution of small oligomer yields
TM3 segment (positions 93101, 107, and 115) which are  no activity under the same conditions as in panel B.

located along the channel 7-fold axis of symmetry.

Functional Behaior of the Purified ChanneMe assessed  0.22 for MscL) suggests that there is a limited lipijorotein
MscS functionality after lipid reconstitution using the patch- interface for MscS, typical of aggregated samp&8}.(MscS
clamp technique. Gel filtration fractions corresponding to aggregation was also apparent when we compared this data
the heptamer and the small oligomer were reconstituted in set with peripherally located TM segments of ion channels
E. coli polar lipids, at a 1:200 protein:lipid mass ratio. known to be monodisperse, such as TM1 in Kc88)( and
For the 11.3 mL peak, shown in Figure 2A (heptamer, S3 and S4 in KVAP 33).

Figure 4B), we found the same conductance reported To decrease the level of aggregation in DOPC vesicles,
elsewhere (1 nS) under symmetric and asymmetric conditionswe included in the mixture POPG, reported to reduce the
(16, 31, 32, 38). However, we were unable to detect current level of aggregation in KvAP proteoliposomeS). Addition
activity out of the reconstituted 13.8 mL peak (Figure 2A), of POPG to the liposomes (6:1 DOPC:POPG) resulted in
even though the protein was well reconstituted as suggestednore mobile EPR spectra (Figure 5C). When we plotted the
by delipidation experiments (data not shown). These resultsmobility profiles for MscS reconstituted in DOPC (gray
imply that the second peak (Figure 2A) derives from an trace) and in DOPC and POPG (black trace), there were large
unfolded or partially assembled channel (Figure 4C). differences in spin-label dynamics (Figure 5D), and the

Two-Dimensional Aggregation of Reconstituted M&s. average mobility for the latter was similar to the averages
membrane proteins, aggregation is a critical issue, sincereported for other peripheral TM segments. The fact that the
spectroscopic measurements of local dynamics and solveni@verage mobility is high, with few motionally restricted
accessibility are dependent on the channel being monodis-positions, indicates that this TM segment is not tightly packed
perse on the plane of the bilayer. Two-dimensional aggrega-against the rest of the protein.
tion has been reported for ion channe3s,(39) and other We further investigated this phenomenon using reconsti-
membrane proteins4Q, 41). To check if MscS tends to  tuted channels labeled with either fluorescein or tetrameth-
aggregate in DOPC membranes, we mutated residues toylrhodamine, at positions that are putatively exposed to the
cysteine and spin-labeled 21 residues (Figure 5A) on the membrane (Figure 6A). When these two labeled populations
TM1 segment (the most exposed TM segment) to analyzeare mixed before reconstitution, channels that aggregate in
its mobility profile. Figure 5B clearly shows the differences liposomes should produce a strong FRET signal but mono-
found in local dynamics between the peripheral TM segments disperse channels should not. Using this readout, we
in MscL (TM2) (42) and MscS (TM1). The difference in  determined that aggregation is critically dependent on the
average mobility for both TM segments (0.16 for MscS and type of lipid used (Figure 6B), as well as on the protein:

<0
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Ficure 5: MscS mobility profiles monitored by CW-EPR from spin-labels attached to Cys residues in TM1. (A) Ribbon diagram of the
TM segments of MscS showing in red spheres the TM1 residues that were mutated to cysteine and spin-labeled. (B) Aggregation was
detected by comparing the mobilitAH,™*) profiles obtained for TM1 in MscS (red trace) and TM2 in MscL (gray trace); both channels
were reconstituted in DOPC vesicles. (C) Representative first-derivative EPR spectra of spin-labeled mutants (A28C, V32C, and 144C),
reconstituted in DOPC (gray spectra) and in DOPC:POPG liposomes (3:1 ratio, black spectra). (D) Comparison of iidbifijyptofiles

between MscS reconstituted in DOPC:POPG liposomes (black trace) and in DOPC vesicles (gray trace).

A . -
< 3¢5
< )

S 2’ )
- ,l‘
~, e LA Y
~ > “rﬂ.,
L
\

B C MscS:PCPG 1:750
1.04 =] 1.04 — 1 hour
= 2 hours
/O o 084 —— 3 hours
08 —— 4 hours
= 5 hours
£ 06 6 hours
& g —— 20 hours
0.6 L= —— Frozen
£ o o 044
MAéf ﬁéA z
d -0 P E 0.2+
0.4 .
OBReO— 4= PCPE
i ¢ —o—rors 04
o —o=— £ colllipids
T T T T T T T L
02— T —s 480 500 520 540 550 5B0 600 620 640
0 5 15 20 Frozen Wavelength (nm)
Time (h) g

Ficure 6: MscS two-dimensional aggregation in liposomes measured by fluorescence energy transfer (FRET), after co-reconstitution of
channels labeled with fluorescein and tetramethylrhodamine. Excitation was at 491 nm and emission collected from 480 to 660 nm. (A)
Ribbon diagram of the TM segments of MscS showing in red spheres the Cys residues that were labeled with two different fluorophores
(Y27C, V32C, R46C, and R59C). (B) Aggregation time course in several systems of lipids: DOPC (PC, black trace), DOPC:POPE (PCPE,
blue trace), DOPC:POPG (PCPG, red trace), Bndoli polar lipid extract E. coli lipids, green trace). (C) Aggregation profile for MscS

in DOPC:POPG liposomes, reconstituted in a 1:750 protein:lipid molar ratio. Measurements were taken at different times after reconstitution
and also after the reconstituted samples were frozen.

lipid ratio of the reconstitution, since a molar ratio higher required, since DOPC:POPE proteoliposomes (PCPE, blue
than 1:750 produced aggregation (data not shown). Astrace) help reduce the level of aggregation, while DOPC:
expected from the EPR results, MscS reconstituted in DOPCPOPG (PCPG, red trace) proteoliposomes did not show
membranes (PC, black trace) shows significant FRET signalsaggregation at all, unless the samples were frozen
within 3 h atroom temperature and is fully aggregated (Figure 6B,C). Freezing the samples promoted aggregation,
overnight. The presence of anionic lipids in the mixture is under most conditions, in a manner independent of the lipid
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mixture used in the reconstitution. FRET signals were also  Previous electrophoretic analysis of membrane prepara-
found after reconstitution i&. colipolar lipids extract (green  tions and purified channel showed that MscS monomer
trace), but the magnitude was not as high as that of the DOPCmigrates as a 2530 kDa band31, 34) and that the heptamer
signal. can only be observed in the presence of chemical cross-
linkers, or using LDS detergent as recently shown inl®ef
DISCUSSION We were surprised to see the heptamer on SBAGE gels
Prokaryotic mechanosensitive channels represent a uniquefter purification (Figure 2D), since most membrane proteins
model system for studying the molecular basis of mechan-tend to fully dissociate even at very low concentrations of
otransduction and the role of lipiehrotein interactions in ~ SDS; however, oligomeric stability for harsh detergents has
membrane protein function. With recent advances in mem- been observed for other membrane proteins like glycophorin
brane protein crystallization, structures are being obtained A (46) and KcsA @8). Sukharev has also reported that even
at an unprecedented rate, yet as demonstrated, complemerwithout the cross-linker (DSS) MscS exhibits a small amount
tary dynamic information is required to ultimately understand of dimer 31). We also found that a fraction of MscS dimer
the membrane protein functional mechanism, in addition to (along with the monomer) was always present on the
the structure 18, 43). electrophoresis gels, even under the harshest conditions.

Ouir first step prior to purification was to test the function ~ Mechanosensitive channel function relies on their interac-
of our constructs. Even though both constructs were func- tion with the membrane, making reconstituted systems a
tional, the ability of the C-terminal His tag construct of MscS requisite for their study 18, 43, 47). The ability to
to protect the cell from the downshock seems to be weakerreconstitute MscS in liposomes allows experimental control
than that of the construct with the N-terminal His tag. A of intrabilayer forces using a variety of lipid mixtures and
study by Schumann and collaborato8$)(on the carboxy  conditions that have specific influence over the TM pressure
terminus showed that alterations on this domain affect the profile and thus influence channel conformation. Here, we
recovered activity of MscS after the first pulse of tension, offer a reliable purification system along with the charac-
under patch-clamp conditions. The mechanism by which the terization of MscS in liposomes that will open the door to
presence of the histidines at the end of the barrel alters thethe application of multiple structural approaches. Our elec-
response of MscS to sudden osmotic changes remaingrophysiological results, inE. coli polar lipids, are in
unknown. agreement with previous reports regarding single-channel

Here, we have developed and optimized a one-stepconductance and inactivatioBZ, 38).
protocol for routinely purifying large quantities of functional The determination of the topology and three-dimensional
MscS. In a manner independent of the construct orhe  grchitecture of membrane proteins by spectroscopic ap-
coli strain, we found that the key steps in obtaining a singlé proaches relies on the fact that proteins have to be mono-
monodisperse peak of heptameric MscS are (1) low- gisperse on the plane of the bilayer; otherwise, the acquired
temperature induction, (2) a low IPTG concentration, (3) jnformation will be affected by expurious proteiprotein
addition of glycerol during expression and subsequent contacts, especially on those segments that are at the
purification, (4) short induction times, and (5) cell rupture  periphery of the molecule. The results obtained from EPR
immediately after harvesting. An important feature of this 5nq FRET experiments show that the lipid systems com-
purification protocol is that the channel remained monodis- monly used for electrophysiological measurements, such as
perse after several weeks of storage afG@ and the  popC orE. coli polar lipids, cannot be used for MscS
purification tags did not interfere with the assembly or g ctural determination, since they promote two-dimensional
oligomeric state of MscS. aggregation of MscS. Perhaps MscS aggregation naturally

However, we were surprised by the small amount of occyrs inE. coli membranes, and it might be essential for

heptamer obtained when the cells were induced in the s function; however, more studies are required to assess
presence of 0.5 M NaCl. Stokes et add] were able to this phenomenon.

measure an increment of expression on genomic MscS and

MscL when the cells were grown under high-osmolarity ACKNOWLEDGMENT
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