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ABSTRACT Quenching of the fluorescence of Trp residues in a membrane protein by lipids with bromine-containing fatty acyl
chains provides a powerful technique for measuring lipid-protein binding constants. Single Trp residues have been placed on the
periplasmic and cytoplasmic sides of themechanosensitive channel of large conductanceMscL fromMycobacterium tuberculosis
tomeasure, separately, lipid binding constants on the two facesofMscL. Thechain-lengthdependenceof lipid bindingwas found to
be different on the two sides ofMscL, the chain-length dependence beingmoremarked on the cytoplasmic than on the periplasmic
side. To determine if lipid binding constants are affected by the properties of the lipid molecules not in direct contact with MscL (the
bulk lipid), the amount of bulk lipid present in the system was varied. The binding constant of the short-chain phospholipid
didodecylphosphatidylcholine was found to be independent of the molar ratio of lipid/MscL pentamer over the range 500:1–50:1,
suggesting that lipid binding constants are determined largely by the properties of the lipidmolecules interacting directly withMscL.
These results point to a model in which lipid molecules located on the transmembrane surface of amembrane protein (the annular
lipid molecules), by playing a dominant role in the interaction between amembrane protein and the surrounding lipid bilayer, could
effectively buffer the membrane protein from changes in the properties of the bulk lipid bilayer.

INTRODUCTION

The lipid bilayer component of a biological membrane acts

both as a semipermeable barrier and as a support for the

intrinsic membrane proteins. Proper functioning of an in-

trinsic membrane protein requires a lipid bilayer of the

correct composition, since the lipid bilayer provides part of

the environment within which the protein has to function. In

some cases, this proper function requires the presence of a

particular species of lipid molecule, binding to a specific site

on a membrane protein (1–4). A clear example is provided

by the homotetrameric potassium channel KcsA, where a

lipid binding site with specificity for anionic lipid is resolved

in the crystal structure at each monomer-monomer interface,

with occupation of this site by anionic lipid being necessary

for channel opening (5,6). However, most lipid molecules do

not interact with membrane proteins in this way. Crystal

structures of membrane proteins generally contain either no

resolved lipid molecules or a small number, bound between

transmembrane a-helices, like those in KcsA (1). In the few

cases where a large number of lipid molecules are resolved

bound to the transmembrane surface of a membrane protein,

as in the cases of bacteriorhodopsin and aquaporin (7,8), this

is because the protein molecules are separated in crystalline

arrays by just a single layer of lipid molecules, so that the

resolved lipid molecules are trapped in the spaces between

the protein molecules. In general, lipid molecules bind to the

transmembrane surface of a membrane protein with rather

low specificity, with individual lipid molecules exchanging

rapidly between the protein surface and the bulk lipid

bilayer, the lack of order for the lipid molecules explaining

why they are usually not resolved in crystal structures of

membrane proteins (1–4,9–11). These experimental obser-

vations are consistent with the results of molecular dynamics

simulations that show that, although lipid molecules next to a

protein molecule are perturbed by the presence of the protein

molecule whereas the bulk lipid molecules not interacting

with the protein are not, the range of interaction energies

between bound lipids and the protein is very broad, with the

interaction energies fluctuating widely, so that there is no

deep energy well into which the lipid falls to give a single

favored conformation; the lipid molecules are not frozen in a

single long-lived conformation on the protein surface (12).

These results suggest that most of the lipid molecules that

interact with a membrane protein do so like a typical solvent

molecule, allowing parallels to be drawn between the sol-

vation of a membrane protein by lipid and the solvation of a

water soluble protein by water.

Studies of the solvation of water soluble proteins by water

have emphasized the importance of solvation in defining the

structure and function of such proteins (13). Although some

water molecules are bound in cavities on the protein surface,

others interact less specifically with rather featureless regions

of the surface. Water molecules in the hydration shell around

a protein have properties that differ significantly from those

of the bulk water, the effects of the protein extending only to

one or two shells of water molecules around the protein

(13,14). Effects of water on the structure and function of water

soluble proteins have generally been interpreted in terms of

the interactions between the protein and its surrounding hy-

dration shell, rather than in terms of the material properties of
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bulk water (13). In contrast, a wide range of experiments with

membrane proteins have been interpreted in terms of models

in which changes in membrane protein structure and function

are related to changes in the material properties of the bulk

lipid bilayer (for reviews see Lee (2) and McIntosh and

Simon (15)). For example, effects of hydrophobic mismatch

between a lipid bilayer and a membrane protein have been

considered in terms of models of this general type (16–19).

The simplest model for a membrane protein in a lipid

bilayer is one where the membrane protein has a smooth, fea-

tureless surface and the lipid bilayer is an elastic continuum

extending right up to the surface.When the hydrophobic thick-

ness of the protein is less than that of the undistorted lipid

bilayer, hydrophobic matching can be achieved by stretching

the lipid bilayer around the protein and, conversely, when the

hydrophobic thickness of the protein is greater than that of

the undistorted lipid bilayer, hydrophobic matching can be

achieved by compressing the lipid bilayer around the protein

(Fig. 1). The work required to stretch or compress the lipid

bilayer can be calculated in terms of mechanical properties of

the undistorted lipid bilayer such as the isothermal area

expansion/compression modulus, the bilayer bending mod-

ulus, and the spontaneous radius of curvature of the bilayer

(16–19). Of course, real membrane proteins do not have

smooth featureless surfaces; the transmembrane surface of a

multihelix membrane protein is rough, containing cavities of

various shapes and sizes, ranging from small gaps to large

crevices. As described above, the lipid molecules in contact

with the protein surface, commonly referred to as the boundary

or annular lipids, are perturbed by the protein, and so will

have material properties different from those of the lipid mol-

ecules not in contact with the protein surface, referred to as

the bulk lipids. The question then arises as to the relative

importance of the lipid annulus and the bulk lipid for mem-

brane protein structure and function. In particular, are the

physical properties of the bulk lipid bilayer transmitted via

the annular lipids to a membrane protein or is a membrane

protein responsive only to the properties of the annular lipids?

Lipid-protein interactions can be studied in functional

terms, observing the effect of lipid structure on protein func-

tion. However, membrane protein function generally involves

a series of conformational changes in the protein and lipid

structure can affect differently the rates of the different steps

in the reaction cycle, as established, for example, for the

Ca21-ATPase of sarcoplasmic reticulum (20). We therefore

decided to study effects of lipid structure on a simple thermo-

dynamic parameter, the binding constant describing lipid

binding to a membrane protein.

Fluorescence quenching studies with phospholipids con-

taining brominated fatty acyl chains provide a powerful

technique for probing lipid-protein interactions (21–25).

Quenching of Trp fluorescence by brominated phospholipids

is short range so that only a brominated lipid molecule bound

close to a Trp residue can quench its fluorescence (26). This

means that the level of quenching of the Trp fluorescence of

a membrane protein reconstituted into a mixture of bromi-

nated and nonbrominated lipids depends on the binding

constant of the protein for the brominated lipid relative to

that of the nonbrominated lipid (26). The technique has been

applied to the mechanosensitive channel of large conduc-

tance (MscL) fromMycobacterium tuberculosis (25,26). The
wild-type protein contains no Trp residues, allowing the

introduction of single Trp residues into areas of interest on

the protein. In the mutant F80W a Trp residue is located in

the middle of the lipid bilayer where its fluorescence will be

quenched by brominated lipid molecules in either monolayer

of the lipid bilayer (Fig. 2). In mutants L69W and Y87W,

Trp residues are located on the periplasmic and cytoplasmic

sides of MscL, respectively, and fluorescence will only be

quenched by brominated lipid molecules on the correspond-

ing sides of the lipid bilayer (Fig. 2).

In previous studies we have shown that lipid binding

constants for MscL vary with fatty acyl chain length, stron-

gest binding being observed when the fatty acyl chain length

is that giving a bilayer whose hydrophobic thickness matches

the hydrophobic thickness of MscL (26,27). If the effects of

lipid chain length on the strength of lipid binding to MscL

depend solely on the cost of distorting the lipid bilayer

around MscL to achieve hydrophobic matching, then effects

of chain length on lipid binding would be expected to be the

same on the cytoplasmic and periplasmic sides of MscL in a

symmetric lipid bilayer. Here we show that, in fact, effects of

lipid chain length on the strength of lipid binding are dif-

ferent on the two sides of the membrane. Further, if the

FIGURE 1 Distortion of a lipid bilayer to achieve hydrophobic matching

with a membrane protein. The figure illustrates the stretching (A) or

compression (B) of a lipid bilayer around a membrane protein required for

hydrophobic matching when the hydrophobic thickness of the lipid bilayer

(dl) is less (A) or greater (B) than that of the membrane protein (dp).
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properties of the bulk lipid component of a membrane had an

important influence on lipid interactions with a membrane

protein then lipid binding constants might be expected to

change as the molar ratio of lipid to protein in a membrane is

decreased, decreasing the amount of bulk lipid present in the

system. We show that the strength of binding of a short-chain

phospholipid to MscL is unaffected by changes in the amount

of bulk lipid present in the system.

EXPERIMENTAL PROCEDURES

Dimyristoleoylphosphatidylcholine (di(C14:1)PC), dipalmitoleoylphospha-

tidylcholine (di(C16:1)PC), dioleoylphosphatidylcholine (di(C18:1)PC),

dieicosenoylphosphatidylcholine (di(C20:1)PC), dierucoylphosphatidylcho-

line (di(C22:1)PC), and dinervonylphosphatidylcholine (di(C24:1)PC) were

obtained from Avanti Polar Lipids (Alabaster, AL). Didodecylphosphati-

dylcholine (di(C12:0)PC) was obtained from Sigma (St. Louis, MO). Di(9,10-

dibromomyristoyl)phosphatidylcholine (di(Br2C14:0)PC), di(9,10-dibromo-

palmitoyl)phosphatidylcholine (di(Br2C16:0)PC), di(9,10-dibromostearoyl)

phosphatidylcholine (di(Br2C18:0)PC), di(11,12-dibromoeicosanoyl)phos-

phatidylcholine (di(Br2C20:0)PC), di(13,14-dibromodocosanoyl)phosphatidyl-

choline (di(Br2C22:0)PC), and di(15,16-dibromotetracosanoyl)phosphati

dylcholine (di(Br2C24:0)PC) were prepared as described (21). A plas-

mid containing the M. tuberculosis mscL gene with a poly-His epitope at

the N-terminus was the generous gift of Professor D. C. Rees (California

Institute of Technology, Pasadena, CA). Site-directed mutagenesiswas per-

formed using the Quick-change protocol from Stratagene (La Jolla, CA).

Following polymerase chain reaction mutagenesis the native methylated DNA

templateswere digestedwithDpnI (Promega,Madison,WI) for 2hat37�C.The
mutationswere confirmedbyDNAsequencing.Escherichia coliBL21(lDE3)-

pLysS transformants carrying the pET-19b plasmid (Novagen, Madison, WI)

with the mscL gene were generally grown in 6 L Luria broth to mid-log phase

(OD600 ¼ 0.6) and then induced for 3 h in the presence of isopropyl-b-D-

thiogalactopyranoside (1.0mM).MscLwas purified as described by Powl et al.

(26) and stored at�80�C until use.

Fluorescence measurements

PurifiedMscLwas reconstituted into lipid bilayers by mixing lipid andMscL

in cholate followed by dilution of 250 ml of the detergent-lipid-protein

mixture into 2.75ml buffer (20mMHepes, 100mMKCl, 1mMEGTA, at pH

7.2) to decrease the concentration of cholate below its critical micelle

concentration, as described in Powl et al. (26). The final protein concentration

was 1mM, based on amolecularweight of 93,000 for theMscL pentamer, and

themolar ratio of lipid/MscLpentamerwas 500:1. Fluorescencewas recorded

on an SLM 8000C fluorimeter (Urbana, IL) with excitation at 280 nm, at

25�C. Fluorescence emission spectra were corrected for light scatter by

subtraction of a blank consisting of lipid alone in buffer. The quoted values for

fluorescence emission intensity are the averages of duplicate measurements

from two separate reconstitutions.

Analysis of fluorescence quenching results

Quenching of Trp fluorescence in a mixture of a brominated phospholipid

with the corresponding nonbrominated phospholipid was fitted to the

following equation to give the value of n, the number of lipid binding sites

on MscL from which the fluorescence of the Trp residue can be quenched

(21,28).

F ¼ Fmin 1 ðFo � FminÞð1� xBrÞn: (1)

Here Fo and Fmin are the fluorescence intensities for MscL in nonbro-

minated and in brominated lipid, respectively, and F is the fluorescence

intensity in the phospholipid mixture when the mol fraction of brominated

lipid is xBr. For the mutants L69W, F80W, and Y87W n was found to be

independent of fatty acyl chain lengths and to have values of 2.1 6 0.15,

2.5 6 0.1, and 1.9 6 0.15, respectively.

In a mixture of a nonbrominated lipid A and a brominated lipid B, an

equilibrium will be established at each lattice site:

PA1B$PB1A;

where PA and PB are protein bound to lipids A and B, respectively, and the

binding constant for B relative to A is given by

K ¼ ð½PB�½A�Þ=ð½PA�½B�Þ: (2)

Fluorescence quenching in the mixture is described by the equation

F ¼ Fmin 1 ðFo � FminÞð1� fBrÞn; (3)

where fBr, the fraction of sites on MscL occupied by brominated lipid, is

given by

fBr ¼ KxBr=ðKxBr 1 ½1� xBr�Þ: (4)

Relative binding constants were determined from fluorescence quenching

plots of the MscL mutants in mixtures of di(Br2C18:0)PC with di(C12:0)PC,

di(C14:1)PC, di(C16:1)PC, di(C18:1)PC, di(C20:1)PC, di(C22:1)PC, or

di(C24:1)PC and from mixtures of di(C18:1)PC with the corresponding

brominated lipid. Equations 1 and 3 were fitted to the experimental data

using the nonlinear least-squares routine in the SigmaPlot package (SPSS,

Chicago, IL).

Gradient centrifugation

Gradient centrifugation was used to characterize the reconstituted prepara-

tion. For the sample containing a 100:1 molar ratio of lipid/MscL pentamer,

FIGURE 2 The structure of the MscL pentamer showing the positions of

the three residues L69, F80, and Y87 mutated to Trp. For clarity, residues are

shown in only one of the subunits of the homopentameric structure. The

horizontal lines show the approximate positions of the glycerol backbone

regions on the two sides of the membrane. Coordinates from Chang et al.

(35).
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di(C18:1)PC (9.12 mmols) was mixed with rhodamine-labeled phosphati-

dylethanolamine (0.48 mmols) in chloroform and dried onto the walls of a

glass vial. The lipid mixture was resuspended in buffer (1.6 ml; 20 mM

Hepes, 100 mM KCl, 1 mM EGTA, pH 7.2) containing 15 mM cholate and

sonicated to clarity in a sonication bath. F80W (8.93 mg) was added and the

mixture incubated at 25�C for 15 min. The sample was then dialyzed at 4�C
against two lots of buffer (500 ml; 20 mM Hepes, 100 mM KCl, 1 mM

EGTA, pH 7.2) for a total of 16 h. Samples of dialysate (1.5 ml) were then

loaded onto sucrose gradients containing the following solutions of sucrose

(w/v) in the above buffer: 10, 20, 30, 40, 50, and 60%; the 60% sucrose

solution also contained 0.05% (w/v) Triton X-100. Samples were spun at

80,0003 g for 18 h at 4�C and then 1.5 ml fractions were collected from the

gradients and analyzed for lipid and protein by, respectively, absorbance at

570 nm and BioRad (Hercules, CA) protein assay. Similar protocols were

used for samples with a lower molar ratio of lipid/protein except that for

samples at 30:1 and 20:1 molar ratios of lipid/MscL pentamer a lipid mixture

containing 20 mol % of rhodamine-labeled phosphatidylethanolamine was

used to allow for accurate determination of lipid amounts.

RESULTS

Relative binding constants on the two sides
of MscL

The MscL mutants L69W and Y87W contain Trp residues

on what would be the periplasmic and cytoplasmic sides of

MscL, respectively, in the native membrane (Fig. 2). Mea-

suring fluorescence quenching of L69W and Y87W in

mixtures of brominated and nonbrominated phospholipid

therefore enables us to measure lipid binding constants for

the periplasmic and cytoplasmic sides of MscL, respectively,

even though in these experiments MscL is reconstituted

randomly into a symmetric lipid bilayer.

Fluorescence quenching curves for L69W in mixtures of

di(Br2C18:0)PC and phosphatidylcholines of chain lengths

of C12, C16, C18, and C22 are shown in Fig. 3 A. The curves
are all very similar, showing that all these lipids bind to the

periplasmic side of MscL with a similar affinity. In contrast,

for Y87W fluorescence quenching is more marked in

mixtures of di(C12:0)PC and di(Br2C18:0)PC at intermedi-

ate mol fractions of di(Br2C18:0)PC than in mixtures of

di(C16:1)PC and di(Br2C18:0)PC, showing that di(C12:0)PC

binds to the cytoplasmic side of MscL with an affinity less

than that for di(C16:1)PC (Fig. 3 B). Similarly, fluorescence

quenching for Y87W is more marked in mixtures of

di(C22:1)PC and di(Br2C18:0)PC at intermediate mol frac-

tions of di(Br2C18:0)PC than in mixtures of di(C16:1)PC

and di(Br2C18:0)PC, showing that di(C22:1)PC also binds

to the cytoplasmic side of MscL with an affinity less than that

for di(C16:1)PC. Quenching profiles for other chain-length

lipids were intermediate between those shown in Fig. 3 B.
Data were fitted to Eq. 3, giving the relative binding con-

stants plotted in Fig. 4. Lipid binding constants clearly vary

more with chain length on the cytoplasmic than on the peri-

plasmic side of MscL.

A potential complication in analyzing the data in exper-

iments with mixtures of two lipids with different chain

lengths is that varying the relative proportions of the two

lipids will change the thickness of the bulk lipid bilayer and

this could change the distance of separation between the Trp

residue in MscL and the bromines in the brominated phos-

pholipid, so affecting the efficiency of quenching. However,

this appears not to be the case. Table 1 lists values of

fluorescence quenching for L69W and Y87W in bilayers of a

series of brominated phospholipids of chain lengths between

C14 and C24. For chain lengths between C14 and C18, the

level of fluorescence quenching changes only vary slightly

with changing chain length, and thus is almost independent

of bilayer thickness. Although levels of fluorescence quench-

ing are different for di(Br2C18:0)PC and the longer-chain

brominated phospholipids, this can be attributed to changes in

the positions of the bromines within the longer chains (Table

1); changing the positions of the bromines within a lipid chain

has been shown to affect the efficiency of quenching of the

Trp residue in a transmembrane a-helix (29).

The appropriateness of the analysis of the fluorescence

data was checked by determining fluorescence quenching

curves for the reverse experiment, in which MscL was

FIGURE 3 Quenching of fluorescence by di(Br2C18:0)PC. L69W (A) and

Y87W (B) were reconstituted into bilayers containing mixtures of

di(Br2C18:0)PC and (n) di(C12:0)PC, (s) di(C16:1)PC, (=) di(C18:1)PC,

and (h) di(C22:1)PC. The solid lines show best fits to Eq. 3 giving the

relative binding constants plotted in Fig. 4. Experimental values of fluore-

scence intensity are averages of duplicate measurements from two separate

reconstitutions.
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reconstituted in mixtures of di(C18:1)PC with brominated

phospholipids with chain lengths between C14 and C24 (Fig.

5). If changing bilayer thickness as such had any significant

effect on the efficiency of fluorescence quenching, then the

results of the two sets of experiments would be different. For

example, in the pair of experiments with mixtures of lipids

with C14 and C18 chain lengths, adding di(C14:1)PC to

di(Br2C18:0)PC would result in a thinning of the bilayer

whereas adding di(C18:1)PC to di(Br2C14:0)PC would re-

sult in a thickening of the bilayer. However, the relative lipid

binding constants obtained from experiments with mixtures

of di(C18:1)PC and brominated phospholipids (Fig. 6) agree

within experimental error with those obtained from the

experiments with di(Br2C18:0)PC (Fig. 4). In particular, the

more marked chain-length dependence of binding for Y87W

than for L69W is again apparent.

An interesting comparison can be made with the chain-

length dependence of lipid binding to MscL previously pub-

lished using the mutant F80W (26). In F80W the Trp residue is

located toward the center of the lipid bilayer (Fig. 2), where it

will be quenched by brominated lipids bound on either side of

the protein. As shown in Fig. 7, relative lipid binding constants

measured using F80W agree well with the average of the lipid

binding constants on the periplasmic and cytoplasmic sides of

MscL. In previous studieswith the F93Wmutant ofMscL from

E. coli (26) we established a more marked chain-length de-

pendence of lipid binding than that measured with the F80W

mutant ofMscL fromM. tuberculosis. It is now clear that these

differences do not reflect differences between MscL from E.
coli andM. tuberculosis but rather reflect the fact that the Trp
residue in the F93Wmutant of MscL from E. coli is located on
the cytoplasmic side of the membrane.

Minimum amount of lipid required for
incorporation of MscL into a lipid bilayer

Studies with simple hydrophobic Trp-containing peptides

have shown that fluorescence intensities are high when the

FIGURE 4 Relative lipid binding constants for the two faces of MscL.

Lipid binding constants for a series of phosphatidylcholines relative to that

for di(C18:1)PC were determined from the data plotted in Fig. 3 for the

periplasmic face of MscL, using L69W (h), and for the cytoplasmic face,

using Y87W (s), with di(Br2C18:0)PC as the quenching lipid. All the lipids

contained monounsaturated fatty acyl chains except for di(C12:0)PC.

FIGURE 5 Quenching of fluorescence by brominated lipids in mixtures

with di(C18:1)PC. L69W (A) and Y87W (B) were reconstituted into bilayers
containing mixtures of di(C18:1)PC and (d) di(Br2C14:0)PC, (s)

di(Br2C18:0)PC, (n) di(Br2C22:0)PC, and (h) di(Br2C24:1)PC. The solid

lines show best fits to Eq. 3 giving the relative binding constants plotted in

Fig. 6. Experimental values of fluorescence intensity are averages of dupli-

cate measurements from two separate reconstitutions.

TABLE 1 Fluorescence quenching as a function of

phospholipid chain length

Chain length

Position of bromines

within the chain

F/Fo

L69W Y87W

C14 9,10 0.36 6 0.04 0.27 6 0.02

C16 9,10 0.42 6 0.01 0.29 6 0.01

C18 9,10 0.43 6 0.01 0.30 6 0.02

C20 11,12 0.57 6 0.01 0.33 6 0.01

C22 13,14 0.64 6 0.01 0.41 6 0.02

C24 15,16 0.71 6 0.01 0.48 6 0.02

F and Fo correspond to fluorescence intensities for L69W or Y87W in

bilayers of brominated or nonbrominated phosphatidylcholines, respec-

tively, of the given fatty acyl chain length. The molar ratio of lipid/MscL

pentamer was 500:1. Measurements are the averages of duplicate mea-

surements from two separate reconstitutions.
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peptides are incorporated into lipid bilayers but are low for

aggregates of the peptides in water (30). Plots of fluores-

cence intensity versus molar ratio of lipid/peptide define the

minimum amount of lipid required for full incorporation of

the peptides into lipid bilayers (30).

F80W was reconstituted into bilayers of di(C18:1)PC at

various molar ratios of di(C18:1)PC/MscL. A plot of Trp

fluorescence intensity as a function of molar ratio suggests

that a minimum of ;40–50 lipid molecules per MscL

pentamer are required for complete incorporation into the

bilayer (Fig. 8). A similar estimate is suggested from ex-

periments measuring fluorescence quenching in bilayers of

di(Br2C18:0)PC where incorporation of MscL into the

bilayer leads to fluorescence quenching (Fig. 8).

Effect of lipid/protein molar ratio on lipid
binding constants

To study the effect of lipid/protein molar ratio on lipid binding

constants, F80W was reconstituted into lipid bilayers from

detergent solutions containing different molar ratios of lipid

to protein. Sucrose gradient centrifugation was used to con-

firm homogeneous mixing of lipid and protein in these

mixtures. With a discontinuous gradient from 10 to 60 mol %

sucrose, lipid without MscL is found at the top of the gra-

dient (26). As shown in Fig. 9, when lipid and MscL are

mixed at a molar ratio of lipid/MscL pentamer of 100:1 or

50:1 the lipid colocalizes with MscL toward the center of the

gradients. When reconstituted at a molar ratio of 30:1 or 20:1,

the majority of the lipid and protein again colocalize, but now

toward the bottom of the gradient, due to the greater density

of the reconstituted membrane. The results of these exper-

iments therefore show that the mixing of lipid and protein in

the reconstituted membranes is largely homogeneous.

To determine the effect of lipid/protein ratio on lipid

binding constants, F80W was reconstituted into mixtures of

di(C12:0)PC and di(Br2C18:0)PC and fluorescence intensities

were recordedasa functionof themol fractionofdi(Br2C18:0)PC

in the mixture, at molar ratios of total phospholipid/MscL

pentamer between 500:1 and 20:1. Fluorescence quenching

curves at molar ratios of lipid/MscL pentamer greater than

40:1 were superimposable but quenching at a molar ratio

of lipid/MscL pentamer of 20:1 was less extensive and the

quenching curve was shallower than that observed at higher

molar ratios of lipid (Fig. 10). Binding constants for

di(C12:0)PC relative to di(C18:1)PC derived from these

data are listed in Table 2 as a function of the molar ratio of

total phospholipid/MscL pentamer. When the molar ratio

of lipid/MscL pentamer is less than that required to form a

complete annular shell around the protein, all the lipid will

FIGURE 6 Relative lipid binding constants for the two faces of MscL,

determined using brominated lipids of different chain lengths. Lipid binding

constants for a series of phosphatidylcholines relative to that for di(C18:1)PC

were determined from the data plotted in Fig. 5, for the periplasmic face of

MscL, using L69W (h), and for the cytoplasmic face, using Y87W (s), from

mixtures of di(C18:1)PC and the corresponding brominated lipid.

FIGURE 7 Average relative lipid binding constants for MscL. The average

of the lipid binding constants determined for the periplasmic and cytoplasmic

faces of MscL (s) are compared to those determined using F80W (h). The

data for F80W is taken from Powl et al. (26).

FIGURE 8 Effect of molar ratio of lipid/MscL pentamer on bilayer

incorporation of MscL. Fractional changes in fluorescence intensity [(F� Fw)/

(FO � Fw)] are plotted as a function of molar ratio of phospholipid/MscL

pentamer in di(C18:1)PC (left axis;s) or di(Br2C18:0)PC (right axis;h). FO
is the fluorescence intensity at a 300:1 molar ratio of lipid/MscL pentamer and

FW is the fluorescence intensity in the absence of lipid. Measurements are the

averages of duplicate measurements from two separate reconstitutions.
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be annular lipid and the fraction of annular sites occupied

by brominated lipid will be equal to the fraction of bromi-

nated lipid in the total lipid mixture; the fluorescence anal-

ysis should then return a value for K of 1, as observed

experimentally when the molar ratio of lipid/MscL pentamer

is 20:1 (Table 2). At higher molar ratios of lipid/MscL

pentamer the binding constant for di(C12:0)PC relative to

di(C18:1)PC is ;0.7 and does not change significantly

over the molar ratio range 50:1–500:1 (Table 2).

DISCUSSION

Hydrophobic matching on the two sides
of a membrane

The efficiency of hydrophobic matching between a mem-

brane protein and the surrounding lipid bilayer is high (23).

Any mismatch between the hydrophobic thicknesses of an

undistorted membrane protein and an undistorted lipid

bilayer could, in principle, be overcome by distorting the

lipid bilayer with no changes in the protein, by distorting the

protein with no changes in the lipid bilayer, or by distorting

both the lipid bilayer and the protein. These distortions will

be reflected in the values of the binding constants describing

the strength of lipid binding to the protein; the binding con-

stant of a lipid whose binding involves no distortion will be

greater than that of a lipid whose binding requires distortion

of either the lipid bilayer or the protein (26).

If hydrophobic matching is achieved solely by distortion

of the lipid bilayer, and if the protein surface is assumed to be

smooth and featureless (Fig. 1), then the effects of lipid chain

length on lipid binding would be expected to be the same on

the two sides of a symmetric membrane. Using the mutants

L69W and Y87W (Fig. 2) it is possible to measure,

separately, relative lipid binding constants on the periplasmic

and cytoplasmic sides of MscL. As shown in Figs. 4 and 6,

the chain-length dependencies of lipid binding detected by

the mutants L69W and Y87W are distinctly different. These

results suggests either that the chain-length dependence of

binding at each lipid binding site on MscL is different, or that

the chain-length dependence of lipid binding is different on

the two sides of the membrane. Experiments changing the

brominated lipid species suggest that the latter is more likely.

The circumference of the transmembrane domain of the

FIGURE 9 Sucrose gradient analysis of the reconstituted MscL. Samples

of F80W reconstituted with di(C18:1)PC at various lipid/protein molar ratios

were separated on a discontinuous sucrose gradient from 10 to 60% sucrose;

1.5 ml fractions were taken and analyzed for lipid (d,;) and MscL (s, =).

Molar ratios lipid/MscL pentamer are: (A) (s, d) 100:1 and (=, ;) 30:1;

(B) (s,d) 50:1 and (=, ;) 20:1.

FIGURE 10 Effect of molar ratio of lipid/MscL pentamer on fluores-

cence quenching in mixtures of di(C12:0)PC and di(Br2C18:0)PC. F80W

was reconstituted into bilayers containing mixtures of di(C12:0)PC and

di(Br2C18:0)PC at molar ratios of total phospholipid/MScL pentamer of:

(n) 100:1; (s) 50:1; (=) 40:1; (h) 20:1. The solid lines show best fits to Eq.

3 giving the relative binding constants listed in Table 2. Measurements are

the averages of duplicate measurements from two separate reconstitutions.

TABLE 2 Effect of lipid/protein molar ratio on the relative lipid

binding constant for di(C12:0)PC

Molar ratio

lipid/MscL pentamer

Binding constant di(C12:0)PC

relative to di(C18:1)PC

500:1 0.71 6 0.06

100:1 0.67 6 0.06

50:1 0.69 6 0.08

40:1 0.78 6 0.08

20:1 0.94 6 0.09

Relative lipid binding constants for F80Wwere determined at pH7.2 fromplots

of fluorescence quenching in mixtures of di(C12:0)PC and di(Br2C18:0)PC,

with a value for n, the number of lipid binding sites fromwhich the Trp fluores-

cence can be quenched, of 2.5.
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MscL pentamer can be estimated from the crystal structure

(35) to be;135 Å, which, together with a diameter for a lipid

molecule of 9.4 Å, suggests that ;30 lipid molecules are

required to form a complete bilayer shell around the protein,

giving approximately three lipid binding sites per monomer

on each side of the membrane. The number of lipid binding

sites from which the fluorescence of a Trp residue in MscL

can be quenched (n in Eq. 1) is;2. If the relative lipid binding

constants are the same at these two sites, the same binding

constant for lipid X relative to di(C18:1)PC will be obtained

from experiments with mixtures of di(Br2C18:1)PC and lipid

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

brominated lipid X. However, if the two sites have different

relative affinities for lipid X and di(C18:1)PC, the results

obtained from the two sets of experiments will be different

(25). For example, if the first site has a higher affinity for

lipid X than for di(C18:1)PC and the second site has a higher

affinity for di(C18:1)PC than for lipid X, experiments with

brominated lipid X will be dominated by binding of lipid X

with high affinity to the first site, returning a high binding

constant for lipid X relative to di(C18:1)PC, whereas exper-

iments with di(Br2C18:1)PC will be dominated by binding of

di(Br2C18:1)PC with high affinity to the second site, return-

ing a low binding constant for lipid X relative to di(C18:1)PC.

In fact binding constants returned from the two sets of ex-

periments agree within experimental error (Figs. 4 and 6)

showing that the chain-length dependencies of binding at the

two sites around the Trp residue in L69W are the same, as are

those around the Trp residue in Y87W. A similar result was

obtained previously for the sites around the Trp residue in

F80W (26). We conclude therefore that it is most likely that

the different chain-length dependencies reported by L69W

and Y87W reflect different chain-length dependencies of

binding on the two sides of the membrane, with the chain-

length dependence being more marked on the cytoplasmic

than on the periplasmic side. This result suggests that a more

complex model may be required to describe lipid-protein

interactions than that provided by current theoretical models.

The chain-length dependencies of lipid binding to a

number of a-helical membrane proteins have been shown to

be less marked than expected if hydrophobic matching relied

solely on distortion of the lipid bilayer around a rigid protein

molecule (26). Further, it has been shown that the chain-

length dependencies of lipid binding to a-helical membrane

proteins are less marked than that for binding to the b-barrel
protein OmpF (21–23,26). Given the relative ease of tilting

of an a-helix in a lipid bilayer (30–32), these results suggest

that hydrophobic matching for a-helical proteins could

involve tilting of transmembrane a-helices as well as dis-

tortion of the lipid bilayer. Distortion of a-helical membrane

proteins as part of the process of hydrophobic matching

would be consistent with the known effect of fatty acyl chain

length on membrane protein function (2). The data in Figs. 4

and 6 would then suggest that MscL distorts more easily on

the periplasmic side than on the cytoplasmic side. Different

responses to hydrophobic matching on the two sides of the

membrane implies that hydrophobic matching for MscL

involves bending of transmembrane a-helices because a

simple tilting of a rigid helix would result in the same

changes in hydrophobic thickness on the two sides of the

protein. A molecular dynamics simulation of MscL in thin

lipid bilayers detected bending in the second transmembrane

a-helix (33) and a normal mode analysis of MscL suggested

that magnitudes of motion increased from the cytoplasmic to

the periplasmic end of the helix (34).

The observation that the lipid chain length giving stron-

gest binding to MscL is approximately C16 (Figs. 4 and 6) is

consistent with the hydrophobic thickness of MscL of 26 Å

estimated from Trp scanning fluorescence studies since a

bilayer of di(C16:1)PC has a hydrophobic thickness of ;24

Å (27).

The relative importance of annular and bulk lipid

To determine whether lipid-protein interactions are affected

by the presence of bulk lipid in the membrane, mediated via

the annular lipid molecules, we studied the effect of reducing

the amount of bulk lipid. As shown in Table 2, binding

constants for di(C12:0)PC remained constant on decreasing

the molar ratio of lipid/MscL pentamer from 500:1 to 50:1.

Although, as described above, the relative dimensions of the

lipid and MscL molecules suggest that ;30 lipid molecules

are required to form a complete bilayer shell around the

protein, if the distribution of lipid molecules between annular

and bulk lipid not in contact with protein is close to random,

then the molar ratio of lipid/MscL pentamer required to give

a complete annular shell around each MscL pentamer would

be somewhat .30:1 (see East et al. (11)). This would be

consistent with the data in Fig. 8 showing that complete

incorporation of MscL into a lipid bilayer requires a molar

ratio of lipid/MscL pentamer of ;50:1. Over the lipid/MscL

pentamer molar ratio range of 500:1–50:1 the number of

lipid shells around each MscL pentamer will decrease from

;7 to ;1.5. With further decreases in the molar ratio of

lipid/MscL pentamer the value of the relative binding con-

stant for di(C12:0)PC increases toward 1, as it must do, since

when all the lipid in the system is annular lipid, the pro-

portion of lipid in the annulus that is di(C12:0)PC will be

equal to the proportion of the total lipid in the system that is

di(C12:0)PC.

The constancy of the binding constant for di(C12:0)PC

over the lipid/MscL pentamer molar ratio range of 500:1–

50:1 suggest either that the properties of the bulk lipid

bilayer do not significantly affect the strength of binding of

di(C12:0)PC to MscL or that the relevant properties of the

bulk and annular lipids are the same. Arguing against the

latter possibility is much evidence that suggests that the an-

nular lipid molecules have properties that differ significantly

from those of the bulk lipid molecules. For example, ESR
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studies suggest that the rotational mobilities of annular lipid

molecules are impeded by interaction with the protein sur-

face (36). Similarly, molecular dynamics simulations suggest

that fatty acyl chain and lipid headgroup conformations and

mobilities for the annular lipid molecules differ from those of

bulk lipid molecules, and that the effects of a membrane

protein on the properties of the lipid molecules in a mem-

brane are largely restricted to the annular lipids, the prop-

erties of the bulk lipids being largely unaffected (reviewed in

Lee (37)). Thus the mechanical properties of a lipid molecule

on the surface of a membrane protein are unlikely to be the

same as those of a bulk lipid molecule. It has been shown, for

example, that the presence of cholesterol has a very large ef-

fect on the elastic properties of a lipid bilayer that can be

understood in terms of different elastic properties for free

lipid molecules and for lipid-cholesterol complexes (38).

These results would then suggest that the strength of the

lipid-protein interaction is dominated by direct interactions

with the annular lipids, any effects of the bulk lipid bilayer

on the interaction being small. If these results can be

extended to effects on membrane protein function then they

would suggest that the lipid annulus, by playing a dominant

role in the interaction between a membrane protein and the

surrounding lipid bilayer, will effectively buffer the mem-

brane protein from changes in the properties of the bulk lipid

bilayer.
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