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ABSTRACT: Trp fluorescence spectroscopy is a powerful tool to study the structures of membrane proteins
and their interactions with the surrounding lipid bilayer. Many membrane proteins contain more than one
Trp residue, making analysis of the fluorescence data more complex. The mechanosensitive channels
MscL'’s of Mycobacterium tuberculos{@bMscL) andEscherichia col(EcMscL) contain no Trp residues.

We have therefore introduced single Trp residues into the transmembrane regions of TbMscL and EcMscL
to give the Trp-containing mutants FBOW-TbMscL and F93W-EcMscL, respectively, which we show are
highly suitable for measurements of lipid binding constants. In vivo cell viability assaisdoli show

that introduction of the Trp residues does not block function of the channels. The Trp-containing mutants
have been reconstituted into lipid bilayers by mixing in cholate followed by dilution to re-form membranes.
Cross-linking experiments suggest that the proteins retain their pentameric structures in phosphatidylcholines
with chain lengths between C14 and C24, phosphatidylserines, and phosphatidic acid. Quenching of Trp
fluorescence by brominated phospholipids suggests that the Trp residue in F8OW-TbMscL is more exposed
to the lipid bilayer than the Trp residue in FO3W-EcMscL. Binding constants for phosphatidylcholines
change with changing fatty acyl chain length, the strongest interaction for both TbMscL and EcMscL
being observed with a chain of length C16, corresponding to a bilayer of hydrophobic thickness ca. 24 A,
compared to a hydrophobic thickness for ToMscL of about 26 A estimated from the crystal structure.
Lipid binding constants change by only a factor of 1.5 in the chain length range from C12 to C24, much
less than expected from theories of hydrophobic mismatch in which the protein is treated as a rigid body.
It is concluded that MscL distorts to match changes in bilayer thickness. The binding constants for
dioleoylphosphatidylethanolamine for both TbMscL and EcMscL relative to those for dioleoylphospha-
tidylcholine are close to 1. Quenching experiments suggest a single class of binding sites for
phosphatidylserine, phosphatidylglycerol, and cardiolipin on ToMscL; binding constants are greater than
those for phosphatidylcholine and decrease with increasing ionic strength, suggesting that charge interactions
are important in binding these anionic phospholipids. Quenching experiments suggest two classes of lipid
binding sites on ThMscL for phosphatidic acid, binding of phosphatidic acid being much less dependent
on ionic strength than binding of phosphatidylserine.

Intrinsic membrane proteins sit within lipid bilayers, have a high affinity for anionic phospholipids. Other anionic
spanning the lipid bilayer as one or more transmembrane phospholipids will interact less specifically with the trans-
o-helices, except in the case of bacterial outer membranemembrane surface of the protein, the anionic phospholipid
proteins, which arg-barrels. Packing of the transmembrane headgroup interacting with the charged amino acid residues
o-helices in membrane proteins containing more than onethat often flank transmembranehelices. The structure of
transmembrane-helix will be affected by interaction with  the lipid fatty acyl chains will also be important, since this
the surrounding lipid bilayer, and thus, the structures of such defines the hydrophobic thickness of the lipid bilayer, defined
proteins must have coevolved with the lipid bilayer com- as the separation between the glycerol backbone regions of
ponent of the membrane to give a functional membrane the two leaflets making up the bilayer. The hydrophobic
system. Biological membranes contain mixtures of zwitter- thickness of the lipid bilayer surrounding a membrane protein
ionic and anionic lipids, and crystal structures of some is likely to match the thickness of the hydrophobic, trans-
membrane proteins such as bacterial photosynthetic reactiormembrane domain of the protein because the cost of exposing
centers 1), cytochromebc; (2), and KcsA 8) show the hydrophobic groups on either the protein or the lipid to water
presence of a small number of anionic phospholipids boundis very high @). The efficiency of hydrophobic matching
to specific sites on the protein, suggesting that these siteshas been confirmed in experiments with the potassium

channel KcsA, which show that the Trp residues in KcsA
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Any potential mismatch between the hydrophobic thick- any phase separation of the lipid molecules within the plane
ness of a membrane protein and the hydrophobic mismatchof the bilayer, for lipid mixtures in the liquid crystalline
of the lipid bilayer could be overcome by a distortion of the phase.
lipid bilayer around the protein, by a distortion of the A complication of the fluorescence quenching method for
membrane protein, or by some combination of both. The determining lipid binding constants is that most membrane
possibility that membrane proteins distort to help match the proteins contain several Trp residues. Analysis of Trp
hydrophobic thickness of the surrounding lipid bilayer is fluorescence quenching data for membrane proteins generally
suggested by the fact that the membrane proteins such asequires the assumptions to be made that all the Trp residues
C&*t-ATPase 6—8), Na",K™-ATPase 9), diacylglycerol that are quenched by the quenching lipid are quenched to
kinase (0), rhodopsin {1), and the glucose transporter of the same extent, and that all the lipid binding sites close to
red blood cells12) all show highest activities in bilayers of  quenched Trp residues have equal affinities for the quenching
phospholipids with a particular fatty acyl chain length, lipid. If a membrane protein contains only a single Trp
generally C18, activities decreasing as the chain lengthresidue, then it is no longer necessary to make these
increases or decreases from this optimal value. The mostsimplifying assumptions. Bacterial mechanosensitive ion
likely distortions of ana-helical membrane protein in  channels of large conductance (MscL’s) generally contain
response to a change in bilayer thickness are a change irfew Trp residues, those frofascherichia coliand Myco-
the tilt angle of the transmembrarehelices, a change in  bacterium tuberculosjsor example, containing non&7).
the tilt angle between the long axis of the helix and the We therefore have the opportunity of introducing single Trp
normal to the bilayer surface, changing the effective trans- residues into regions of interest in the protein. Although the
membrane thickness of the protein, or rotation of side chainsMscL’s are homopentameri@2), so that the intact channel
at the ends of the helices about the-6CS bonds linking will contain five Trp residues if one Trp residue is introduced
the side chains to the polypeptide backbone. into each monomer, lipid interactions with each monomer
The alternative possibility, that the lipid bilayer distorts in the pentamer will be identical so that the quenching
around a rigid membrane protein to achieve hydrophobic properties of each Trp residue will also be identical. MscL
matching, has been approached theoretically—(5). In from M. tuberculosi{TbMscL)! has the additional advantage
these models, if the hydrophobic thickness of the lipid bilayer that its crystal structure has been determin2g).(Each
is less than that of the protein, then the fatty acyl chains monomer in the homopentameric structure contains just two
will stretch to provide matching. If, on the other hand, the transmembrane-helices (Figure 1). We have chosen to
hydrophobic thickness of the bilayer is greater than that of replace the lipid-exposed Phe-80 toward the center of the
the protein, then the fatty acyl chains will compress to second transmembranrehelix of ToMscL with Trp. We
provide matching. Either stretching or compressing the fatty have also introduced a Trp residue into MscL fr&ncoli
acyl chains of the lipid requires work, so a lipid molecule (EcMscL) at Phe-93, equivalent to Tyr-87 or Phe-88 in
that has to change its hydrophobic thickness to bind to a TbMscL, both Tyr-87 and Phe-88 in TbMscL being lipid-
membrane protein would be expected to bind less strongly exposed residues located toward the C-terminal end of the
to the protein than a lipid for which no stretching or second transmembramehelix (Figure 1).
compressing is required. Thus, the possibility that hydro-  Here we report a procedure for the reconstitution of MscL
phobic matching between a membrane protein and theinto lipid bilayers of defined composition and report on the
surrounding lipid bilayer is achieved by distortion of the lipid dependence of phospholipid binding constants on fatty acyl
bilayer can be tested by measuring lipid binding constants chain length and headgroup structure.
as a function of lipid fatty acyl chain length. Lipid binding
constants have been obtained for a variety of membraneMATERIALS AND METHODS
proteins from measurements of the quenching of the fluo-
rescence of Trp residues in the protein by lipids containing
spin-labeled or brominated fatty acyl chaigs-(7, 16—18).
Because the time for two lipid molecules to exchange
between the bulk lipid phase and the annular shell of lipids
around a membrane protein is greater than the fluorescenc
lifetime (16, 19), the level of fluorescence quenching  AbDroviat —— " T ——
i i ini i reviations: CMSCL, mecnhanosensitive channe colr
Ic?b.ségrved in ?‘ mlxlt;"r?hOffa ntprma][ lipid Iand.ta quench.mg TbMscL, mechanosensitive channelldf tuberculosis di(C12:0)PC,
Ipid 1s proporuonal to the fraction of annular Sites 0CCUPIEd  yiqqqgecylphosphatidylcholine; di(C14:1)PC, dimyristoleoylphospha-
by the quenching lipid, and so is dependent on the binding tidylcholine; di(C16:1)PC, dipalmitoleoylphosphatidylcholine; di(C18:
constant of the quenching lipid. 1)PC, dioleoylphosphatidylcholine; di(C20:1)PC, dieicosenoylphos-
Phospholpids containing brominated faty acyl chains are ERELCholne, AIC2Z0EC, denconosthatayerome iCat
prepared by addition of bromine across the double bond in ethanolamine; di(C18:1)PA, dioleoylphosphatidic acid; di(C18:1)PS,
the corresponding phospholipid containioig-unsaturated diollgct)ytlph%slp;itigﬁylts?rinei; di(|Clé(31:_l)IPG,' g[olegz[%hgépr:jatgd)lllcg);lyc-
fatty acyl. chains. PhosphO“pldS Contalm.n g brominated fa_t ty 3irt?rc'Jmeoﬁ§/ristoyl))phds;h;%?jﬁggo(l:i?];;Igi&nl'&(;g%}c, di()fa,ld-dillgrémo-
acyl chains behave much like conventional phospholipids gmitoy)shosphatidyicholine; di(BE18:0)PC, di(d,10-dibromostearoyl)-
with unsaturated fatty acyl chains because the bulky bromine phosphatidylcholine; di(BE€20:0)PC, di(11,12-dibromoeicosanoyl)-

atoms have effects on lipid packing that are similar to those pEOSpEaEi_gy:CEOIIi_ne; d(ii('?é;czézz:toc));:cé di((jl&éall-gig_rgmodc:c?sanoyl)-
H H H H H phosphatiayicholine; | . s | ,Lo-aipromotetracosan-

of a CI.S double bond 7). Phosphollplq§ in_the liquid oyl)phosphatidylcholine; tetra(B218:0)CL, tetra(9,10-dirbomostearoyl)-

crystalline phase show close to ideal mixing 20) so that  cardiolipin; di(BrC18:0)PA, di(9,10-dibromostearoyl)phosphatidic acid:

analysis of the quenching results will not be complicated by di(Br,C18:0)PE, di(9,10-dibromostearoyl)phosphatidyethanolamine.

Materials and General ProcedureBimyristoleoylphos-
phatidylcholine [di(C14:1)PC], dipalmitoleoylphosphatidyl-
choline [di(C16:1)PC], dioleoylphosphatidylcholine [di(C18:
1)PC], dieicosenoylphosphatidylcholine [di(C20:1)PC],
edierucoylphosphatidylcholine [di(C22:1)PC], dinervonylphos-




14308 Biochemistry, Vol. 42, No. 48, 2003

Ficure 1: Structure of the TbMscL pentamer. The hydrophobic
thickness of the protein is defined by the positions of Asp-36, Asp-
68, and Asp-16, shown in space-fill format. Also shown in space-
fill format are Phe-80, Tyr-87, and Tyr-94. The figure was prepared
using Bobscript49) and the coordinates in PDB 1MSL.

phatidylcholine [di(C24:1)PC], dioleoylphosphatidylethanol-
amine [di(C18:1)PE], dioleoylphosphatidic acid [di(C18:1)-
PA], dioleoylphosphatiodylserine [di(C18:1)PS], dioleoylphos-
phatidylglycerol [di(C18:1)PG], and tetraoleoylcardiolipin
[tetra(C18:1)CL] were obtained from Avanti Polar Lipids.
Didodecylphosphatidylcholine [di(C12:0)PC] was obtained

Powl et al.

M15[pREP4] carrying the pQE-32 plasmid (Qiagen) with
the EcMscLgene were growmnni 6 L of Luria broth to mid

log phase (Ol = 0.6) and then induced fo4 h in the
presence of isopropy-b-thiogalactopyranoside (1.0 mM).
MscL was purified using a protocol modified from that
described by Williamson et al5). The cells were washed,
resuspended in PBS buffer (60 mL; 140 mM NacCl, 2.7 mM
KCI, 10 mM NgHPQ, 1.8 mM KH,PQy, pH 7.2), and lysed

by sonication. The sample was spun at 10@Pf@® 40 min,

and the membrane pellet was solubilized in 120 mL of PBS
containing 40 mMn-octyl 5-p-glucopyranoside (octyl glu-
coside; Bachem) at 4C for 4 h. The sample was spun at
800Q@ for 20 min and the supernatant applied to a 10 mL
Ni-NTA column (Qiagen). The column was washed with
PBS (6 times the agarose bed volume) containing 40 mM
octyl glucoside and 30 mM imidazole; the eluate was
monitored at 280 nm to ensure the removal of all nonbound
protein. MscL was eluted with PBS containing 40 mM octyl
glucoside and 400 mM imidazole and stored-80 °C until
use. The homogeneity of MscL was assessed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SBS
PAGE), using the method of LaemmR3).

Reconstitution of MsclPurified MscL was reconstituted
into lipid bilayers by mixing lipid and MscL in cholate,
followed by dilution into buffer to decrease the concentration
of cholate below its critical micelle concentration, as
described for KcsAg). For reconstitution into bilayers of a
single phospholipid, the required phospholipid (Owidol)

from Sigma. The phosphatidylcholines were brominated as was dried from a chloroform solution onto the walls of a

described by East and Le&)(to give the corresponding
brominated analogues, as follows: di(9,10-dibromomyristoyl)-
phosphatidylcholine [di(B€14:0)PC], di(9,10-dibromo-
palmitoyl)phosphatidylcholine [di(B€16:0)PC], di(9,10-
dibromostearoyl)phosphatidylcholine  [di@@18:0)PC],
di(11,12-dibromoeicosanoyl)phosphatidylcholine [diE20:
0)PC], di(13,14-dibromodocosanoyl)phosphatidylcholine

thin glass vial. Buffer (40@L; 20 mM Hepes, 100 mM KClI,

1 mM EGTA, pH 7.2) containing 15 mM cholate was added,
and the sample was sonicated to clarity in a bath sonicator
(Ultrawave). MscL (8Qug) was then added and the suspen-
sion incubated at 25°C for 15 min before use. For
reconstitution into bilayers containing a mixture of two lipids,
separate solutions of the two lipids were prepared in cholate-

[di(Br,C22:0)PC], di(15,16-dibromotetracosanoyl)phospha- containing buffer as described above. These were then mixed

tidylcholine [di(Br,C24:0)PC]. Similarly, di(C18:1)PE, di(C18:
1)PA, di(C18:1)PS, di(C18:1)PG, and tetra(C18:1)CL were

brominated to give the corresponding phospholipids contain-

ing 9,10-dibromostearoyl chains.

Mutagenesis and Purification of MscRlasmids contain-
ing theE. coli and M. tuberculosis Msclgenes with poly-
His epitopes at the N-termini were the generous gifts of

Professors B. Martinac and D. C. Rees, respectively. Site-

in the appropriate proportions, incubated at °&5 for 30
min, and then mixed with MscL, as described above.
Gradient centrifugation was used to characterize the
reconstituted preparation. Di(C18:1)PE was labeled with
rhodamine isothiocyanate as describ@d)( Di(C18:1)PC
(1.8 umol) was mixed with rhodamine-labeled di(C18:1)PE
(94 nmol) in chloroform, and the mixture was dried onto
the walls of a glass vial. The mixture was resuspended in

directed mutagenesis was performed using the Quick-changebuffer (1.6 mL; 20 mM Hepes, 100 mM KCI, 1 mM EGTA,
protocol from Stratagene. Mutated MscL's were prepared pH 7.2) containing 15 mM cholate. The sample was sonicated
with a Phe residue substituted by Trp at position 80 (F80W) to clarity in a sonication bath (Ultrawave). EcMscL (0.32

in TbMscL and at position 93 (F93W) in EcMscL. F80W-
TbMscL was produced using synthetic oligonucleotide
primers 5>GCAGCGATCAACTTTTGGCTAATTGCGTTT-
GCGGTGTACTTCC-3and 3-GGAAGTACACCGCAAA-
CGCAATTAGCCAAAAGTTGATCGCTGC-3; the muta-

mg) was added and the mixture incubated at@5for 15
min. The sample was then dialyzed at@ against two lots

of buffer (500 mL; 20 mM Hepes, 100 mM KCI, 1 mM
EGTA, pH 7.2) for a total of 10 h. Samples of dialysate
(1.5 mL) were loaded onto sucrose gradients containing the

tions are italic. F93W-EcMscL was produced using synthetic following solutions of sucrose (w/w) in the above buffer:

oligonucleotide primers '5SGTGGCCTTTGCGATCT-
GATGGCGATTAAGCTAATC-3 and B-GATTAGCT-
TAATCGCCATCCAGATCGCAAAGGCCAC-3. Follow-

2.5%, 5.0%, 10.0%, 15.0%, 20.0%, and 30.0%; the 30%
sucrose solution also contained 0.05% (w/v) Triton X-100.
Samples were spun at 80@Pfor 18 h at 4°C, and then 1.5

ing PCR mutagenesis, the native methylated DNA templatesmL fractions were collected from the gradients and analyzed

were digested wittDpnl (Promega) fo 2 h at 37°C. The
mutations were confirmed by DNA sequencing.

E. coliBL21(DE3)pLysS transformants carrying the pET-
19b plasmid (Novagen) with th&bMscL gene orE. coli

for lipid and protein by, respectively, absorbance at 570 nm
and Bradford protein assay.

Cross-LinkingMscL was cross-linked with disuccinimidyl
suberate (DSS; Pierce). MscL (0.34 mg) was mixed with 2
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umol of lipid in cholate buffer, and the mixture was incubated 500 —————— — —— 12
at 25°C for 15 min. The sample was then dialyzed &Ct
against two lots of buffer (500 mL; 20 mM Hepes, 100 mM 400 r
KCI, pH 7.2) for 10 h using dialysis tubing with a molecular
weight cutoff of 7000. Aliquots of dialysate (1Q0.) were
cross-linked in the presence of DSS (2.18 mM) for 30 min
at room temperature. Tris (83 mM) was added and the
mixture incubated at room temperature for a further 15 min
to quench the reaction. MscL (14g) was subsequently
resolved by 10% SDSPAGE using the method of Laemmli
(BZﬁ)I_antdBtre protein visualized by staining with Coomassie 0 2 4 6 8 10 12 14 16 18 20 22 24

niliant Glue. Fraction Number

Phospholipid Analysis?hospholipids were extracted from  ggyre 2: Sucrose gradient analysis of the reconstituted EcMscL.
purified EcMscL and TbMscL with chloroform/methanol/ A sample of MscL reconstituted with di(C18:1)PC at a lipid:protein
water at a final ratio (v/v) of 2:1:1 using the method of Bligh g\rglgs}; r:f\#g n?f?) (:)Lgot:g 2w565 gﬁggrsa;egrggﬁgngigfcgrétirr:]ul_oyvz rzutg[(%sne
and Dyer g5). The p_hosp_holipid content was determined and analyzed for I(i) id .ar?d MscL . Lipid alone . and MscL
by phosphate analysis using the method of Bart).( alone (v)ywere aIsF()) zg(?l)alyzed emp:c))ying the sam(?gradient.

Fluorescence Measurements and Analysisr fluores-
cence measurements 2bD of the sample was diluted into
2.75 mL of buffer (20 mM Hepes, 100 mM KCI, 1 mM
EGTA, pH 7.2) and the fluorescence recorded on an SLM jncupated in the dark for 45 min at room temperature

8100 fluorimeter with excitation at 280 nm. followed by centrifugation at 14000 rpm for 10 min. The

_ Quenching of Trp fluorescence by brominated phospho- g peratant was assayed for release of DNA by measuring
lipids was fitted to a lattice model for quenching (6, 17, the fluorescence intensity at 2% using an SLM 8100

27). The probability that any particular Trp residue will give  ,qrimeter with excitation and emission wavelengths of 254

rise to fluorescence is proportional to the probability that 5,4 632 nm respectively. Results were corrected for
none of then lattice sites close enough to the residue to cause background Iiéht scatter.

guenching are occupied by a brominated lipid so that

300 r

200

nmoles MscL

100

nmoles di(C18:1)PC

of various osmotic strengths between 0.51dhM NacCl,
containing ethidium bromide (0.bg/mL). The cells were

RESULTS

Phospholipid Content of Purified MsclEcMscL and
whereF, andFmin are the fluorescence intensities for MscL  ThMscL purified using octyl glucoside as detergent were
in nonbrominated and brominated lipids, respectively, and analyzed for phospholipid content, but no phospholipid could
F is the fluorescence intensity in the phospholipid mixture be detected. Similarly, no phospholipids could be detected
when the mole fraction of brominated lipid Xg;. This can using thin-layer chromatography.
be extended to the case where the brominated and non- Reconstitution of MscLEcMscL and TbMscL were

brominated lipids have different affinities for MscL. The reconstituted into bilayers of defined composition by mixing
fraction of sitesfg; occupied by brominated lipid is given  the purified protein with phospholipid in cholate as detergent
by to give a 100:1 molar ratio of phospholipid to MscL
_ monomer, followed by 12-fold dilution into buffer to drop
fir = KXo/ (K + [1 = Xg.]) (2) the concentration of cholate below its critical micelle
concentration, thus re-forming membranes, as used for the
reconstitution of C&-ATPase, KcsA, and diacylglycerol
kinase b, 7, 10). This procedure gives large, unsealed
membrane fragments. Full reconstitution of MscL into lipid
F = Foin + (Fo = Frun)(1 = fg)" (3)  bilayers under these conditions was confirmed in a number
of ways. Reconstituted EcMscL was characterized by
Equations 1 and 3 were fitted to the experimental data usingcentrifugation on a discontinuous sucrose gradient (Figure
the nonlinear least-squares routine in the SigmaPlot package?). When EcMscL and lipid are run separately on the
In Vivo Cell Viability Assay. E. coMJF465 transformants ~ gradient, all the EcMscL is found at the bottom of the
(28) carrying the pET-19b plasmid with tHEbMscLgene gradient and all of the lipid is found at the top of the gradient.
or the pQE-32 plasmid with thEcMscLgene were grown  However, when EcMscL is reconstituted with di(C18:1)PC,
in 10 mL of Luira broth containing ampicillin (100g/mL) EcMscL is found at the 2630% sucrose interface along with
and supplemented with 0.5 M NaCl. Cells were grown in the lipid (Figure 2). The molar ratio of lipid to protein in
the presence of isopropy-p-thiogalactopyranoside (1.0 the EcMscL-containing fraction is about 60:1, compared to
mM) for 16 h at 37°C. Overnight cultures (20QL) were 100:1 in the original mixture. The calculated density of the
used to seed fresh cultures (10 mL) in the same mediumreconstituted sample was 1.114 g ¢mconsistent with its
and grown to mid exponential phase (8= 0.5). The cells location at the 26:30% sucrose interface (densities of 1.081
were harvested by centrifugation at 3000 rpm in a benchtop and 1.127 g ci®, respectively), showing that EcMscL has
centrifuge for 10 min. The culture supernatant was removed reconstituted with the phospholipid.
and the cell pellet resuspended in 0.5 M NaCl (1 mL). The  Reconstitution was also confirmed using fluorescence
cultures (3QuL) were diluted 50-fold into six shock solutions  spectroscopy. The fluorescence emission spectrum of F80OW-

F=Funt (Fo = Frin)(1 — XBI’)n 1

where K is the binding constant of the brominated lipid
relative to that of the nonbrominated lipid. Fluorescence
guenching then fits the equation
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Ficure 4: Sodium dodecyl sulfatepolyacrylamide gel electro-
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phoresis of MscL after cross-linking with DSS (2.18 mM) for 30
min at room temperature. Protein was visualized by staining with
) . Coomassie Brilliant Blue. Lanes 1 and 3 contain EcMscL and
FIGURE 3: Fluorescence emission spectra for FBOW-TbMscL and pvsei - respectively, before cross-linking. Bands correspond
FO3W-EcMsCL. Fluorescence emission spectra are shown for o qely to monomeric proteirM, of 15000 and 17000 for EcMscL
F8OW-TbMscL (A) and FO3W-EcMscL (C) reconstituted into 5,4 ThmscL, respectively) with small amounts of dimer. Lane 2
bilayers of di(C18:1)PC, and F8OW-TbMscL reconstituted into  .,ntaing EcMsclL cross-linked after reconstitution in di(C18:1)PC.
bilayers of di(BeC18:0)PC (B). The concentration of MSCL Was | anes 4-8 contain TbMscL cross-linked after reconstitution in
098‘LLM at a molar ratio Of ||p|d to MSCL of 100:1. The emission dI(Cl41)PC, dI(C181)PC, dl(C241)PC, dl(ClSl)PS, and dl(C18
spectrum of 0.9¢:M Trp in buffer (D) is also shown. The buffer  1)pa “respectively. The arrows show the expected positions of
was 20 mM Hepes, 100 mM KCI, 1 mM EGTA, pH 7.2. monomeric MscL and of dimeric, trimeric, tetrameric, and pen-
tameric species. In the reconstituted systems the molar ratio of
phospholipid to MscL was 100:1.

Table 1: Effect of the Method of Reconstitution on Fluorescence
Quenching of FBOW-TbMscL by Di(B€18:0)PG

method FIF, Table 2: Fluorescence Quenching of FBOW-TbMscL and
15 mM cholate/12-fold dilution 018 0.02 igBI\I\érI]E;il:]/lchel_nnlﬁBromlnated Phospholipids as a Function of Fatty
15 mM cholate/60-fold dilution 0.1 0.04 y —eng
30 mM cholate/12-fold dilution 0.1# 0.02 . pfOPS]ItIOH
30 mM cholate/60-fold dilution 0.18 0.03 atty of thecis
15 mM cholate/dialysis 0.2@ 0.01 acyl double F80W-TbMscL FO3W-EcMscL
aF andF, are fluorescence intensities for TbMscL reconstituted in chain _bond FIFo n FIFo n
di(Br,C18:0)PC and di(C18:1)PC, respectively. Fluorescence was C14:1 9  0.14:0.01 2.67+0.13 0.24+0.01 1.314+0.06
excited at 280 nm, and emission was monitored at 322 nm. C16:1 9  0.15:0.01 2.44+0.06 0.26+0.02 1.224+0.07
C18:1 9 0.19%+ 0.01 2.46+ 0.05 0.34+ 0.01 1.35+ 0.02
C20:1 11 0.24+ 0.02 2.54+ 0.21 0.43+0.01 1.28+ 0.07
TbMscL reconstituted into bilayers of di(C18:1)PC by mixing C22:1 13 0.3H0.02 2.64+0.27 0.51+0.01 1.44+0.09
Cc24:1 15 0.4 0.01 2.47+£0.21 0.61+ 0.01 1.39+ 0.03

in 15 mM cholate followed by a 12-fold dilution to re-form
membranes is shown in Figure 3. The emission spectrum is *F, andF are fluorescence intensities for MscL reconstituted in
centered at 322 nm, indicating a very hydrophobic environ- nonbrominated phospholipid and the corresponding brominated phos-
ment for the Trp residue. The fluorescence emission maxi- pholipid, respectively, measured at pH 7.2. The valur isfthe value

" . . obtained by fitting the data in Figure 5 to eq 1.
mum for FO3W-EcMscL is at 328 nm (Figure 3), shifted

slightly to longer wavelengths compared to that of FSOW-  Fluorescence Quenching by Brominated Phospholipids.
TbMscL. Reconstitution of FBOW-TbMscL into bilayers of  Fluorescence quenching of FBOW-TbMscL in mixtures of a
di(Br.C18:0)PC led to quenching of 82% of the Trp brominated phospholipid and the corresponding nonbromi-
fluorescence of TbMscL (Figure 3, Table 1). Increasing the nated phospholipid fit eq 1 with the parameters listed in Table
dilution factor used to re-form membranes 60-fold had no 2 (Figure 5). Values of are identical within experimental
significant effect on the level of fluorescence quenching, and error for all the phospholipids with an average value of 2.54.
increasing the cholate concentration to 30 mM also had no For F93W-EcMscL the values ofwere again the same for
significant effect (Table 1). The level of fluorescence quench- all the phospholipids but with an average value of 1.33
ing observed using dialysis to remove detergent was the samgFigure 5, Table 2). The maximum levels of quenching of
as that observed using the dilution method (Table 1). F80W-TbMscL and F93W-EcMscL decrease with increasing
MscL crystallizes as a pentamer, and cross-linking MscL chain length (Figure 5, Table 2). The level of fluorescence
in the native membrane results in a ladder-like pattern on quenching of FBOW-TbMscL observed in brominated phos-
SDS gels, corresponding to multiples of the monomeric phatidylethanolamine is the same as that seen with bromi-
protein up to a pentamer or highe2q 30). SDS gels of nated phosphatidylcholine (Figure 6, Table 3), but the level
EcMscL and TbMscL before cross-linking show the presence of quenching observed with brominated anionic phospho-
of predominantly monomeric species, with small amounts lipids is slightly greater (Figure 6, Table 3). The valuesof
of dimer (Figure 4), as previously reported by Chang et al. for all the lipid headgroups are very similar, except for
(22). Cross-linking EcMscL or TbMscL reconstituted in  phosphatidic acid and for cardiolipin. The value fis
di(C18:1)PC results in a ladder-like pattern of bands extend- significantly greater for di(C18:1)PA than for di(C18:1)PS
ing up to the pentameric species (Figure 4), consistent with or di(C18:1)PG, possibly because of the small size of the
MscL retaining its pentameric structure after reconstitution. phosphatidic acid headgroupl). The value fom for tetra-

Reconstitution of TbMscL in short- or long-chain phospha-
tidylcholines or in di(C18:1)PS or di(C18:1)PA also results
in a cross-linking pattern consistent with formation of a
pentamer (Figure 4).

(C18:1)CL is about half that for di(C18:1)PS, consistent with
the four-chain structure of cardiolipin compared to the two-
chain structure of the other phospholipids. Values dbr

guenching of F93W-EcMscL by phosphatidylethanolamine



Lipid Binding Constants for MscL

1.0%
0.8
06|

0.4

02+

FIFo

0.0

1.05

0.8

06 r

0.4

0.2

0.0 ‘ : - ‘
00 02 04 06 08 10

Mole Fraction Brominated Phospholipid
Ficure 5: Quenching of F80W-TbMcsL and F93W-EcMscL
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Table 3: Fluorescence Quenching of FBOW-TbMscL and
FI93W-EcMscL in Brominated Phospholipids as a Function of Lipid
Headgroup

F80W-TbMscL F93W-EcMscL
phospholipid FIF, n FIF, n

di(C18:1)PE  0.25:0.02 2.59+0.29 0.30+ 0.02 1.36+0.13
di(C18:1)PS  0.12:0.01 2.95+0.22 0.25+ 0.01 1.48+0.04
di(C18:1)PG  0.12:0.01 3.12+0.10 0.24+ 0.01 1.42+0.03
di(C18:1)PA  0.11:0.01 3.62+0.27 0.23+ 0.01 1.89+ 0.09
tetra(C18:1)CL 0.0% 0.01 1.39+ 0.05

aF, and F are fluorescence intensities for MscL reconstituted in
nonbrominated phospholipid and the corresponding brominated phos-
pholipid, respectively, measured at pH 7.2. The value isfthe value
obtained by fitting the data in Figure 6 to eq 1.
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fluorescence by brominated phosphatidylcholines. F8OW-TbMscL
(A) and F93W-EcMscL (B) were reconstituted into bilayers
containing mixtures of nonbrominated lipid and the corresponding
brominated lipid. Fluorescence intensities are expressed as a fraction
of the fluorescence for MscL reconstituted in the nonbrominatd
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lipid. Chain lengths were as follows®j C14, ©) C16, (v) C18,
(V) C20, @) C22, O) C24. The solid lines show fits to eq 1 giving
the values fon listed in Table 2. The concentration of MscL was
0.98uM, and the molar ratio of lipid to MscL was 100:1.
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Ficure 6: Quenching of fluorescence by brominated phospholipids.

08r

06|

04r

02r

0.0
0.0 0.2 0.4 0.6 0.8 1.0

Mole Fraction Brominated Phospholipid
FIGURE 7: Quenching of F8OW-TbMscL in mixtures with bromi-
nated phosphatidylcholines. (A) FBOW-TbMscL was reconstituted
into mixtures of di(BgC18:0)PC andd) di(C12:0)PC, ) di(C16:
1)PC, ©) di(C18:1)PC, and4) di(C24:1)PC. (B). F8OW-TbMscL
was reconstituted into mixtures of di(C18:1)PC a®) ¢i(Br,-
C14:0)PC, ©) di(Br,C16:0)PC, ¥) di(Br,C18:0)PC, ) di(Br-
C20:0)PC, Q) di(Br,C22:0)PC, and4) di(Br.C24:0)PC. The solid
lines show best fits to eq 3 giving the relative binding constants
listed in Table 4.

the value oh is again greater than for the other phospholipids
(Table 3).

Relatiwe Lipid Binding Constants for MscEluorescence
guenching curves for FBOW-TbMscL in mixtures of di§Br
C18:0)PC and phosphatidycholines of chain lengths C12,
C16, C18, and C24 are shown in Figure 7A. Fluorescence
guenching is slightly more marked in mixtures of di(C12:

F8OW-TbMscL (A) and F93W-EcMscL (B) were reconstituted into  0)PC and di(ByC18:0)PC at intermediate mole fractions of
bilayers containing mixtures of nonbrominated lipid and the di(Br,C18:0)PC than in mixtures of di(C18:1)PC and diBr
corresponding brominated lipid, all the lipids having C18 chains. C18:0)PC (Figure 7A). This shows that di(C12:0)PC binds

Fluorescence intensities are expressed as a fraction of the fluores

cence for MscL reconstituted in the nonbrominatd lipid. Lipid
headgroups were as follows®) di(C18:1)PE, ©) di(C18:1)PS,
() di(C18:1)PG, ¥) di(C18:1)PA, Q) tetra(C18:1)CL. The lines
show fits to eq 1 giving the values far listed in Table 3. The
concentration of MscL was 0.98M, and the molar ratio of lipid
to MscL was 100:1.

to ThMscL with a binding constant slightly smaller than that
for di(C18:1)PC. In contrast, quenching in mixtures of
di(C16:1)PC and di(BC18:0)PC is slightly less at interme-
diate mole fractions of di(B€18:0)PC than in mixtures of
di(C18:1)PC and di(B£€18:0)PC, showing that di(C16:1)PC
binds slightly more strongly to TbMscL than does di(C18:

and by anionic phospholipids are similar to those for 1)PC. Quenching profiles for other chain length lipids were
phosphatidylcholine, except for phosphatidic acid, for which intermediate between those shown in Figure 7A. Data were
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Table 4: Relative Lipid Binding Constants for FBOW-TbMscL and
FI93W-EcMscL for Phosphatidylcholines

rel binding constant

rel binding constant

fatty measured using measured using

acyl chain di(Br,C18:0)PC di(C18:1)PC
TbMscL

C12:.0 0.78+ 0.08

Cl4:1 1.05+ 0.10 1.08+ 0.08

Cle6:1 1.13+£0.11 1.09+ 0.08

C18:1 1 1

C20:1 0.85+ 0.07 0.83+ 0.06

C22:1 0.79+ 0.08 0.84+ 0.11

C24:1 0.72+ 0.05 0.78+ 0.02

EcMscL

C12:.0 0.73 0.02

Cl4:1 1.06+ 0.05 1.13+0.04

Cl6:1 1.13+ 0.06 1.35+ 0.06

Ci18:1 1 1

C20:1 0.614+ 0.04 0.83+ 0.08

Cc22:1 0.53+ 0.03 0.70+ 0.06

C24:1 0.464+ 0.03 0.65+ 0.08

2 Binding constants relative to that for di(C18:1)PC were calculated
from quenching data for F80W-TbMscL and F93W-EcMscL in
mixtures of di(BeC18:0)PC with nonbrominated lipid or di(C18:1)PC
with brominated lipid, at pH 7.2, using values foifrom Table 2.

1.0

0.8

0.6

0.4

0.2

° 0.0

FIF

1.0¢
0.8
06

0.4

0.2

0.0

0.0 0.2 0.4 0.6 0.8

Mole Fraction Phosphatidylcholine

Ficure 8: Quenching of FBOW-TbMscL in mixtures with phos-
phatidylethanolamine (A) or cardiolipin (B). FBOW-TbMscL was
reconstituted into mixtures containing di(C18:1)PC and gi(B8:
0)PE or tetra(B#C18:0)CL () or di(Br,C18:0)PC and di(C18:1)PE

or tetra(C18:1)CL Q). The solid lines show best fits to eq 3 giving
the relative binding constants listed in Table 5. In (B), mole fractions
are calculated on the basis of the number of moles of fatty acyl
chains to account for the fact that tetra(C18:1)CL contains four
chains and di(C18:1)PC contains two chains.

1.0

analyzed in terms of eq 3 with a value foof 2.54, giving
the relative binding constants listed in Table 4.

Powl et al.
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Ficure 9: Quenching of FBOW-TbMscL in mixtures of anionic
lipid and phosphatidylcholine. FBOW-TbMscL was reconstituted
into mixtures containing di(C18:1)PC and brominated anionic
phospholipid 0, B, V), or nonbrominated anionic phospholipid
and di(BkC18:0)PC O, @, 2): (A) phosphatidylglycerol, (B)
phosphatidic acid, (C) phosphatidylserine. The concentration of KCI
was (7, A) 26 mM, @, O) 100 mM, and &, ®) 1 M. The solid
lines show best fits to eq 3 giving the relative binding constants
listed in Table 5.

1.0

analysis was performed for F93W-EcMscL (data not shown),
giving the binding constants listed in Table 4.
Fluorescence quenching curves for F8OW-TbMscL in
mixtures of phosphatidylcholine and phosphatidylethanol-
amine or anionic phospholipid are shown in Figures 8 and
9. The binding constant for di(C18:1)PE relative to di(C18:
1)PC is close to 1 (Figure 8, Table 5). Binding constants for
phosphatidylglycerol and phosphatidylserine obtained from
experiments with di(C18:1)PC and brominated anionic lipid
or from experiments with di(B€18:0)PC and nonbromi-
nated anionic phospholipid are the same (Figure 9, Table
5), consistent with simple competition between phospha-
tidylcholines and phosphatidylglycerol or phosphatidyl-
serine for binding to MscL. Similarly, binding constants
obtained for cardiolipin from experiments with mixtures of

Fluorescence quenching curves were also determined fordi(C18:1)PC and tetra(B€18:0)CL or di(BgC18:0)PC and

the reverse experiment in which FBOW-TbMscL was recon-
stituted in mixtures of di(C18:1)PC with brominated phos-
pholipids with chain lengths between C14 and C24 (Figure

tetra(C18:1)CL are the same, when concentrations are
expressed in terms of fatty acyl chains (Figure 8, Table 5).
However, for phosphatidic acid, binding constants for

7B). The data were again analyzed using eq 3, giving the phosphatidic acid relative to phosphatidylcholine obtained

relative binding constants listed in Table 4. The close

from experiments with mixtures of di(C18:1)PC and diBr

agreement between the two determinations of relative binding C18:0)PA do not agree with those obtained from experiments
constant gives confidence in the analysis. A correspondingwith mixtures of di(BeC18:0)PC and di(C18:1)PA (Figure
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Table 5: Relative Lipid Binding Constants for FBOW-TbMscL as a 4
Function of Lipid Headgroup 2
[}
rel binding constant rel binding constant g3
[KCI] measured using measured using %
phospholipid  (mM) di(Br,C18:0)PC di(C18:1)PC Q2
Q
di(C18:1)PE 100 1.04 0.07 1.14+ 0.01 ;&)
di(C18:1)PG 100 1.840.20 1.92+0.12 5! - 1
di(C18:1)PS 26 3.88:0.40 3.57+0.31 & é’ﬁ
100 2.24+0.14 2.31+0.19 0 =2 o}
1000 1.26+ 0.10 1.37+0.01
di(C18:1)PA 100 1.8%+0.21 3.49+0.25 0.5 0.4 03 0.2 0.1 0.0
1000 1.62+ 0.09 2.44+ 0.05 NaCl (M)
tetra(C18:1)CL 100 1.96 0.21 1.82+0.14

Ficure 10: In vivo cell viability assay for the function of MscL.

2 Binding constants relative to that for di(C18:1)PC were calculated Cells were grown in the presence of 0.5 M NaCl to mid exponential
from quenching data for F8OW-TbMscL in mixtures of dif818:0)PC phase as described in the text, followed by a 50-fold dilution into
with nonbrominated lipid or di(C18:1)PC with brominated lipid, at pH  solutions containing the given concentrations of NaCl, supplemented
7.2, using the values fargiven in Table 3 for experiments with di(C18:  with 0.5ug/mL ethidium bromide. The samples were centrifuged,
1)PC anch = 2.54 for experiments with di(B€18:0)PC. For tetra(C18: and the fluorescence emission of the supernatant was recorded at
1)CL the mole fraction is calculated on the basis of the number of 632 nm to assay for released DNA. Kefz. coli strain MJF465
moles of fatty acyl chains to account for the fact that tetra(C18:1)CL (M) and MJF465 expressing wild-type EcMsc®)( wild-type
contains four chains and di(C18:1)PC contains two chains. TbMscL (©), F93W-EcMscL §), and FBOW-TbMscL ¥).

9, Table 5). The marked quenching observed in mixtures ﬂuo_rescence studies would therefore contain a single Trp
with di(Br.C18:0)PA suggests that di(&18:0)PA binds resu:jue since then, for example_, _fluorescence que_nchlng
strongly to TbMscL, but the experiments with di(C18:1)PA Studies with brominated phospholipids would provide infor-
suggest that di(C18:1)PA is unable to displace di(RS: mation pnly about lipid interactions in Fhe vicinity of. that_
0)PC from around TbMscL with the efficiency expected from TP residue. In the case where the single Trp residue is
the experiments with di(BE18:0)PA. Similar observations ~ Introduced by mutagenesis into a Trp-free protein, there is
have been made previously in studies of anionic lipid binding the additional advantage that it is possible to change the
to the potassium channel KcsA, and to simple transmembrandcation of the Trp residue and so provide information about
a-helices 7, 31). The most obvious explanation for this lipid interactions with a variety of sites on the protein,
result is that there are two classes of binding sites arounddePending on the location of the Trp residue.

MscL for phospholipid, one class of sites showing a higher Here we show that this approach can be adopted to study
affinity for phosphatidic acid than the other. Increasing ionic lipid interactions with MscL. Because MscL is a homo-
strength leads to a decrease in the relative affinities of both Pentamer, introduction of a single Trp residue into the

phosphatidylserine and phosphatidic acid for F8OW-TbMscL monomer will result in a channel containing five Trp
(Figure 9, Table 5). residues. However, each monomer in the pentamer is in an

identical environment so that the quenching properties of
each Trp residue will also be identical. We chose to introduce
SEhe Trp residue in TbMscL at the position of Phe-80, a
residue on the second transmembrankelix that will be
exposed to the surrounding lipid bilayer, close to the middle
k_of the bilayer (Figure 1). This would be expected to introduce
the minimum perturbation into the protein, since lipid-
d exposed residues are generally not conserved and since Trp
residues are well accommodated in the middle of a trans-
membranen-helix, as shown by studies with simple model
transmembranex-helices (see refl8). The in vivo cell
viability assay shown in Figure 10 shows that the mutant
TbMscL is functional inE. coli. We also replaced Phe-93
DISCUSSION in EcMscL with Trp; Phe-93 is also a lipid-exposed residue,
but located toward the cytoplasmic end of the second
Introduction of Trp Residues into MscLtp fluorescence  transmembranec-helix. The fact that the mutant EcMscL
spectroscopy is a powerful technique for studying the was also active in the in vivo cell viability assay (Figure
structures of membrane proteins because of the environmen-10) suggests that this mutation also does not block the
tal sensitivity of Trp fluorescence emission. It is also possible function of the channel.
to use fluorescence spectroscopy to study interactions Reconstitution of MsclWe have shown that a variety of
between membrane proteins and the surrounding lipid membrane proteins can be reconstituted by mixing with
bilayer, making use of the ability of phospholipids containing phospholipid in a suitable detergent such as cholate or
spin-labeled or brominated fatty acyl chains to quench Trp octylpolyoxyethylene (octyl-POE) followed by dilution
fluorescence§—7, 16—18). However, analysis of fluores-  below the critical micelle concentration of the detergent to
cence data for a membrane protein can be complicated ifre-form membranes5( 10, 17, 32). Here we reconstitute
the protein contains a large number of Trp residues, all in TbMscL and EcMscL using the cholate dilution procedure.
different environments. An ideal membrane protein for Reconstituted protein was characterized on a discontinuous

In Vivo Cell Viability Assay for the Function of MscL.
An in vivo assay was used to show that the mutant McsL's
were functional, using a fluorescence assay to measure level
of the release of DNA following osmotic shock. Wild-type
and mutant EcMscL and TbMscL were expresseH.icoli
strain MJF465 lacking mechanosensitive ion channels, mal
ing them sensitive to osmotic downsho@8). As shown in
Figure 10 both the wild-type and mutant EcMscL an
TbMscL are able to rescue tlie coli cells from the effects
of osmotic downshock, confirming that introduction of the
Trp residues into the channels does not inactivate the
channels.
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sucrose gradient, confirming that the protein and lipid mix gives a value folR, of 7.8 A, in good agreement with the
in the reconstitution procedure (Figure 2). Cross-linking value of 8.2 A estimated by Mall et al34) for quenching
experiments suggest that TbMscL and EcMscL maintain their of Trp by dibromotyrosine. For energy transfer by the Forster
pentameric structures when reconstituted into bilayers of mechanism the quencher must absorb light at the wavelengths
phosphatidylcholines with chain lengths between C14 and of Trp emission 86). The dibrominated alkane 2,3-dibromo-
C24 or into bilayers of di(C18:1)PS or di(C18:1)PA (Figure butane shows weak absorption at wavelengths below ca. 320
4), confirming that the reconstitution procedure does not nm with, for example, an extinction coefficient of 0.4 M
result in denaturation of the protein. cmt at 290 nm. The overlap integral between the
Fluorescence Properties of F8OW-TbMscL and F93W- absorption spectrum of 2,3-dibromobutane and the emission
EcMscL.We replaced Phe-80 in TbMscL and Phe-93 in spectrum of Trp is 2.8< 10° M~* cm® nnt* for a Trp in a
EcMscL with Trp residues; Phe-93 in EcMscL is equivalent hydrophilic environment and 8.4 10° M~* cm® nmt for a
to Tyr-87 or Phe-88 in TbMscL, and Phe-80, Tyr-87, and Trp in a hydrophobic environment, givirg, values of 3.2
Phe-88 in TbMscL are all lipid-exposed residues (Figure 1). and 3.8 A, respectively. These values are significantly less
The fluorescence emission spectrum for FBOW-TbMscL than the value oR, determined experimentally, but it is
reconstituted into di(C18:1)PC shows the Trp residue to be possible that molecular motion on the fluorescence time scale
located in a very hydrophobic environment (Figure 3). The will lead to a significant increase in the effecti®g value,
small shift of the emission spectrum for F93W-EcMscL to and clearly, the assumption of point dipoles in the derivation
longer wavelengths (Figure 3) is consistent with a location of the Forster equation will not be valid at very short
for the Trp residue in the hydrophobic core of the bilayer, distances. It is also possible, of course, that fluorescence
but slightly closer to the membrane interface. guenching could be by a mechanism other than Forster
The Trp fluorescences of both F8OW-TbMscL and FO3W- transfer 87, 38). Indeed, Ladokhin48) has shown that the
EcMscL are quenched by brominated phospholipids (Figures data of Bolen and Holloway3@) can be interpreted in terms
3 and 5). Fluorescence quenching in mixtures of a brominatedof a collisional model for quenching when account is taken
lipid with the corresponding nonbrominated lipid has been of the depth distributions of the fluorophore and quencher
fitted to a lattice model (eq 1), whereis the number of in the membrane. Nevertheless, the observation that the
lipid molecules close enough to the Trp residue to cause experimental data fit reasonably well to Bhcurve suggests
quenching 6, 16, 17, 27). For FBOW-TbMscL the value of  that an analysis in these terms can be used to estimate
n for the phosphatidylcholines is independent of chain length separation distances in our experiments.
(Table 2) and has a value comparable to those observed for The rate of energy transf&f for a single donoracceptor
simple Trp-containing transmembramehelices, which have  pair can be written as36)
n values in the range from 2.3 to 2.18). This suggests
that the Trp residue in FBOW-TbMscL is fully exposed to kr = (Lrp)(R/N)° (4)
the lipid bilayer. The value af in the four-chain lipid tetra- ) ) .
(diC18:1)CL is half that in the two-chain phosphatidyl- Wherezp is the decay rate of the donar,is the distance
cholines (Table 3), consistent withbeing a measure of the ~ between the donor and acceptor, aRdis the distance
number of lipid molecules close to a Trp residue. Changes Petween the donor and acceptor at which the efficiency of
in n with lipid headgroup are generally small, except for energy transfer is 50%. The efficien&yof energy transfer
phosphatidic acid, for which the number is significantly IS given by
higher than for the other phospholipids (Table 3); a similar _
observation has been made for quenching of the fluorescence E=ki/(ky + 75 ) (5)
of KcsA by brominated phospholipids and attributed to the
small size of the phosphatidic acid headgrogf)( Values
of n for FO3W-EcMscL are smaller than those for F80W-
TbMscL (Tables 3 and 4), with values comparable to those
observed previously for quenching of the Trp fluorescence
of KcsA, for which the value oh was ca. 1.695). The
smaller value fom suggests that the Trp residue in FO3W- — up 6//,6 6
TbMscL is more buried within the protein than that in F80W- E=xRI(™+xR,) 6)

TbMscL. _ In di(Br.C18:0)PC the efficiency of quenching of the
The level of fluorescence quenching observed for FBOW- ,orescence of FSOW-TbMscL is 0.81. The value fois
TbMscL can be compared with the expectations of a simple o5 > 5 (Taple 3), meaning that ca. five brominated fatty acyl

model for quenching. Quenching of Trp fluorescence by ¢ jins are close enough to the Trp residue in FSOW-TbMscL
dibrominated quenchers fits an equation with a sixth-power -5 se quenching. Putting= 5.0 in eq 6 gives a distance
dependence on the distance of separation between the Trp ;¢ 102 A

residue and the quencher, as in Forster energy trar&3er (
34). Bolen and Holloway 33) estimated a value fdR,, the
distance at which energy transfer is 50% efficient, of 9.25
A for quenching of a Trp-containing peptide by brominated
phospholipids containing one dibrominated fatty acyl chain d= 1750, — 1) (7)
but did not take into account the fact that quenching of the

Trp residue, located in the middle of the lipid bilayer, could wherenc is the number of carbon atoms in the fatty acyl
take place from both monolayer85). Refitting their data chain @9, 40). The thickness of a bilayer of a phospha-

In the presence of more than one acceptor, the rate of transfer
can be written as the sum of thevalues for all the doner
acceptor pairs3p). Thus, in the presence a&facceptors all

at the same distance from the donor the efficiency of energy
transfer becomes

The hydrophobic thicknessl of a lipid bilayer of a
saturated phosphatidylcholine in the liquid crystalline phase
is related to fatty acyl chain length by the equation
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tidylcholine with two monounsaturated chains was estimated 1.4
by Lewis and Engelman3g) to be about 2.5 A less than
that of the corresponding phosphatidylcholine with two
saturated chains calculated from eq 7. The bromine atoms
in di(Br,C18:0)PC are at the C9 and C10 positions, which
can be estimated from eq 7 to be about 6.4 A from the bilayer
center. If it is assumed that the Trp residue in FBOW-TbMscL
is located at the bilayer center, then the distanbetween

the Trp residue and the bromine atoms will be given sy (

+ 6.49°5 wherea is the distance between the Trp residues 0.0
and the bromine atoms along the bilayer surface. With

10.2 A, abecomes 8.0 A. Bolen and Hollowa$d) estimated

that the combined radius of an indelbromine pair was 7 Ficure 11: Dependence of lipid binding constants on chain length.
The chain length dependencies of the binding constants for

A. Thus, the estimated value af is consistent with the  ,p5phatidyicholines relative to di(C18:1)PC are plotted for FSOW-
proposal that quenching of the Trp fluorescence of FBOW- ThMscL (O, solid line) and F93W-EcMsclLy, long-dashed line).
TbMscL arises from the 2.5 lipid molecules in the annular The short-dashed line shows the dependence of the lipid binding
shell of lipid molecules surrounding ToMscL that are closest constant on chain length calculated from the data of Fattal and Ben-
to the Trp residue. It is also possible to calculate the expectedShaul &4) for a protein with a hydrophobic thickness of 30 A, as

- - ) described in the text.
efficiency of energy transfer to lipid molecules in the second

shell around ThMscL. Assuming a diameter of 9.4 A for a native M. tuberculosismembrane will have a hydrophobic
lipid molecule, the distanaebecomes 18.5 A for the closest  thickness close to 24 A since the predominant phospholipids
lipid molecules in the second shell, giving a value Eoof of M. tuberculosiscontain C18:1 and C16:0 chains at the
0.03, assuming again that five chains are close enough tog1 andsn2 positions, respectively4p).
the Trp residue to result in quenching. Thus, the assumption |n pjlayers containing shorter or longer chains than C16
that quenching arises predominantly from the annular shell there will be a mismatch between MscL and the lipid bilayer
of lipids around the protein is valid. that would be expected to result in distortion of the lipid
Effects of Fatty Acyl Chain LengtBinding constants for  pjlayer or the protein or both, to avoid exposure of
phosphatidylcholines for both FBOW-TbMscL and FO3W- hydrophobic groups to water. Most models of hydrophobic
EcMscL vary by only a factor of ca. 1.5 over the chain length  mismatch assume that the lipid chains in the vicinity of the
range from C12 to C24 (Table 4). The phosphatidylcholine protein adjust their length to the hydrophobic thickness of
binding most strongly to FBOW-TbMscL and FO3W-EcMscL  the protein, with the protein acting as a rigid bodB{ 15).
is di(C16:1)PC, and the hydrophobic thickness of a bilayer when the thickness of the bilayer is less than the hydrophobic
of di(C16:1)PC, estimated from eq 7, is about 24 A. The |ength of the protein, the lipid chains must be stretched.
crystal structure of TbMscL2?) does not include any  Conversely, when the thickness of the bilayer is greater than
resolved lipid molecules, and thus, it cannot be said for the hydrophobic length of the protein, the lipid chains must
certain where the lipid bilayer is located around the protein. pe compressed. Fattal and Ben-Shal) (have estimated
For many membrane proteins the probable location of the the membrane deformation energy due to inclusion in the
lipid bilayer around the protein can be deduced from the bilayer of a rigid protein with a 30 A long hydrophobic
location of Trp and Tyr residues in the protein because Trp domain, over the range of bilayer hydrophobic thicknesses
and Tyr residues are often found at the ends of trans-from 40 to 20 A. For a protein of radius 21.5 A, the estimated
membranex-helices of membrane proteins, where they have radius of MscL, the deformation energies calculated using

been suggested to act as “floats” at the interface betweenthe equations of Fattal and Ben-Shald)(fit the following
the hydrocarbon core of the bilayer and surrounding medium, quadratic:

serving to fix the helix within the lipid bilayer4(d, 42).

However, TbMscL contains no Trp residues and only two AG = 1275— 86.18 + 1.45%3 (8)

Tyr residues per monomer (Tyr-87 and Tyr-94), both on the

same side of the membrane (Figure 1). The ends of whereAG is the membrane deformation energy (kJ mpl
transmembrane-helices can also be marked by the presence andx is the membrane thickness (A). The circumference of
of unpaired charged residues; the high cost of burying a MscL is about 135 A, and with a diameter of a lipid molecule
charged residue within the hydrocarbon core of the bilayer of 9.4 A, ca. 29 lipid molecules are required to form a
makes it unlikely that unpaired charged residues will be complete annular shell around MscL. Assuming that all the
buried within the hydrocarbon core. For TbMscL, Asp-36 lipid perturbation energy is concentrated in the annular shell
and Asp-68 are likely to define the hydrocarbon ceneter of lipids around the protein, the perturbation energy per lipid
interface on the periplasmic side of the membrane, and if molecule due to hydrophobic mismatch will be givenkg/

the interface on the cytoplasmic surface is defined by the 29. Equations 7 and 8 can be used to calculate lipid binding
position of Asp-16, then the thickness would be 26 A (Figure constants relative to that of the lipid giving optimal matching
1). Asp-16 and Asp-36 are conserved in most MscL'’s, and to the protein, as a function of the number of carbon atoms
although Asp-68 is not conserved, the position is generally in the lipid fatty acyl chains. As shown in Figure 11, eq 8
occupied by a charged residue and is usually followed by a predicts a much steeper dependence of the relative binding
Tyr or Trp residue. A hydrophobic thickness of 26 A is constant on chain length than observed experimentally.
consistent with the observation that the phosphatidylcholine Similar results have been obtained with?GaATPase and
binding with highest affinity to TbMscL is di(C16:1)PC. The KcsA (5, 7), both showing only a small dependence of the

Chain length
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binding constant on chain length. In contrast, thbarrel on the binding of phosphatidic acid than on the binding of
protein OmpF shows a much steeper dependence of thephosphatidylserine (Table 5), suggesting that interactions
binding constant on chain length, the variation in binding other than charge interactions are important in the binding
constant over the chain length range from C12 to C20 being of the small phosphatidic acid headgroup to ThMscL.
close to that expected theoretically for a rigid protei)( The major membrane lipids of thdycobacteriaare the
The observation that the rigid protein approach of Fattal and anionic phospholipids cardiolipin and phosphatidylinositol-
Ben-Shaul {4) works reasonably well for &-barrel protein mannosides, with the zwitterionic phospholipid phospha-
but not for thea-helical membrane proteins €a ATPase, tidylethanolamine making up about a third of the total
KcsA, and MscL suggests thathelical membrane proteins  phospholipid 43). Thus, given the slightly stronger binding

should not be considered to be rigid in the sense of Fattal of anionic than zwitterionic phospholipids to TbMscL (Table

and Ben-Shaull@). That is, whereag-barrel proteins cannot
distort to match the surrounding lipid bilayea-helical
membrane proteins can. Distortion @fhelical membrane

5), the majority of the lipids surrounding TbMscL in the
native membrane are likely to be anionic phospholipids. In
contrast, the major phospholipid in the cytoplasmic mem-

proteins to match the hydrophobic thickness of the surround- brane ofE. coli is phosphatidylethanolamine, with 24 mol
ing lipid bilayer is consistent with the observation that the % phosphatidylglycerol and 4 mol % cardiolipi7). Thus,

activities of manyo-helical membrane proteins change with
changing bilayer thicknes${12).
The most likely distortion of amo-helical membrane

if binding constants for anionic phospholipids for EcMscL
are similar to those for TbMscL, then the lipid environment
for EcMscL in the native membrane will be enriched in

protein to match the thickness of the surrounding lipid bilayer phosphatidylethanolamine compared to that for ToMscL.

is a tilting of the transmembranehelices, although rotation

of side chains for residues at the ends of the helices aboutACKNOWLEDGMENT
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lipid binding constants on changing the fatty acyl chain

length from C16 to C24 is about 1.5 (Table 4), corresponding REFERENCES
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