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Abstract The human multidrug-resistance-associated

protein 1 (hMRP1/ABCC1) belongs to the large ATP-

binding cassette transporter superfamily. In normal tissues,

hMRP1 is involved in tissue defense, whereas, in cancer

cells, it is overproduced and contributes to resistance to

chemotherapy. We previously investigated the folding

properties of the predicted transmembrane fragments (TM)

TM16, and TM17 from membrane-spanning domain 2

(MSD2). These TMs folded only partially as an a-helix and

were located in the polar headgroup region of detergent

micelles used as membrane mimics (Vincent et al. in

Biochim Biophys Acta 1768:538–552, 2007; de Foresta

et al. in Biochim Biophys Acta 1798:401–414, 2010). We

have now extended these studies to TM4 and TM10, from

MSD0 and MSD1, respectively. TM10 may be involved in

the substrate translocation pathway whereas the role of

TM4 is less predictable, because few studies have focused

on MSD0, a domain present in some hMRP1 homologs

only. Each TM contained a single Trp residue (W142 or

W553) acting as an intrinsic fluorescent probe. The loca-

tion and dynamics of the TMs in dodecylphosphocholine

(DPC) or n-dodecyl-b-D-maltoside (DDM) micelles were

studied by Trp steady-state and time-resolved fluorescence,

including quenching experiments. Overall TM structure

was analyzed by far-UV circular dichroism studies in

detergent micelles and TFE. TM10 behaved similarly to

TM16 and TM17, with an interfacial location in micelles

consistent with a possible role in lining the transport pore.

By contrast, TM4 behaved like a classical TM fragment

with a high a-helical content, and its transmembrane

insertion did not require its interaction with other TMs.
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Abbreviations

hMRP1 (or ABCC1) Human multidrug-resistance

protein 1

BCRP (or ABCG2) Breast cancer-resistance protein

LTC4 Cysteinyl leukotriene C4

E217bG Estradiol 17-(b-D-glucuronide)

GSH Reduced glutathione

DDM n-dodecyl-b-D-maltoside

BrDDM (BrDM in

our previous papers)

7,8-Dibromododecylmaltoside

BrUM 10,11-Dibromoundecanoyl-

maltoside

DPC Dodecylphosphocholine

Cmc Critical micellar concentration

NATA N-acetyltryptophanamide

TOE Tryptophan octyl ester

DMSO Dimethylsulfoxide
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TFE Trifluoroethanol

TFA Trifluoroacetic acid

MSD Membrane-spanning domain

TM Transmembrane fragment

NBD Nucleotide-binding domain

MEM Maximum entropy method

CD Circular dichroism

FWHM Full width at half maximum

P3 K2WL9AL9K2A

P5 K2CLWL7AL9K2A

P7 K2CL3WL5AL9K2A

P9 K2CL5WL3AL9K2A

P11 K2CL7WLAL9K2A

P13 K2CL9WL9K2A

TM16 A1195NRWLAVRLECVGNCIV-

LFAALFAV1219

mTM16 A1195NRWLAVRLESVGNSIV-

LFAALFAV1219

TM17 A1227GLVGLSVSYSLQVT-

TYLNWLVRMS1251

mTM17 K1227GLVGLSVSYSLQVT-

TYLNWLVRMS1251

TM4 V132QSSGIMLTFWLVAL-

VCALAILRSK156

mTM4 V132QSSGIMLTFWLV-

ALVSALAILRSK156

TM10 S546AVGTFTWVCTPFL-

VALCTFAVYVT570

mTM10 S546AVGTFTWVSTP-

FLVALSTFAVYVT570

(all synthetic peptides

were Ac– and –Am)

Introduction

The 49 human ATP-binding cassette (ABC) transporters

constitute the largest family of integral membrane proteins

and are involved in various physiological processes involv-

ing the ATP-dependent translocation of endogenous com-

pounds and xenobiotics across intracellular membranes or

out of the cell (Holland and Blight 1999; Holland et al. 2003).

On the basis of sequence and structural analyses, the 49 ABC

transporters have been classified into seven subfamilies of

proteins: ABCA through ABCG (Dean and Allikmets 2001).

The human multidrug-resistance-associated protein 1

(hMRP1/ABCC1) was discovered in 1992 (Cole et al. 1992)

and was the first member of the ABCC subfamily, which has

13 members: ABCC1 through ABCC13 (http://nutrigene.4t.

com/humanabc.htm), although the ABCC13 gene is thought

to be a pseudogene that does not encode a functional protein.

The ABCC subfamily includes 10 transporters MRP1–10

(ABCC1–6 and ABCC10–13) together with a chloride

channel (CFTR/ABCC7) and the sulfonylurea receptors

(SUR1-2/ABCC8-9), which regulate a potassium channel.

Mutations in four genes encoding ABCC proteins have been

implicated in genetic diseases (Dubin-Johnson syndrome

(ABCC2), Pseudoxanthoma elasticum (ABCC6), cystic

fibrosis (ABCC7), and persistent hypoglycemia of infancy

(ABCC8) (Borst and Elferink 2002; Flanagan et al. 2007)).

The various MRPs have varied physiological functions,

which can be predicted on the basis of their levels of

expression, cellular location, and the nature of the compound

transported. hMRP1 is expressed constitutively at moderate

levels in most healthy tissues and is capable of transporting a

wide range of structurally unrelated molecules, including

amphiphilic anionic conjugates, for example glutathione

(GSH)-conjugated, glucuronate-conjugated, and sulfate-

conjugated aliphatic or heterocyclic compounds, across

membranes (Cole and Deeley 2006; Deeley and Cole 2006;

Deeley et al. 2006). hMRP1 also transports unconjugated

drugs in the presence of GSH, probably through a cotransport

mechanism (Borst et al. 2006; Cole and Deeley 2006; Grant

et al. 2008; Loe et al. 1996; Rappa et al. 1997; Rothnie et al.

2008). Together with the P-glycoprotein (P-gp or ABCB1)

(Ambudkar et al. 2003) and the breast cancer-resistance

protein BCRP (ABCG2/MXR) (Robey et al. 2009), hMRP1

and most of its homologs are, to different extents, associated

with the multidrug-resistance phenotype (MDR) (Haimeur

et al. 2004; Leslie et al. 2005; Marquez and Van Bambeke;

Sharom 2008). hMRP1 is strongly expressed in many drug-

resistant solid tumors and is probably a major obstacle to

successful chemotherapy in lung cancer (Deeley et al. 2006).

Moreover, it has recently been shown that the overexpression

of hMRP1 in patients with primary ovarian cancer is an

adverse marker for outcome and cancer aggressiveness

(Faggad et al. 2009). However, despite extensive studies, the

use of various transporter modulators in clinical trials for

cancer has proved disappointing to date (Fletcher et al.

2010). Finally, the fact that substances of toxicological rel-

evance are transported by hMRP1 and that this protein is

expressed constitutively in biological barriers, for example

the blood–brain barrier, suggests possible involvement in

defense against xenobiotics. The other MRPs may vary

substantially in their distribution in polarized tissues and

substrate specificity, reflecting differences in physiological

functions (Liu et al. 2010).

According to protein folding algorithms, hMRP1 (Gen-

Bank
TM

accession number: P33527) contains three mem-

brane-spanning domains (MSD). The current topological

model (Scheme 1), which is supported by epitope insertion

(Kast and Gros 1997, 1998) and glycosylation site mutation

data (Hipfner et al. 1997), includes a specific N-terminal

domain, MSD0, preceded by an extracytosolic N-terminus
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and followed by a cytosolic loop (L0), together with two

membrane domains, MSD1 and MSD2, each followed by a

nucleotide-binding domain (NBD). Five transmembrane

(TM1-5) helices are predicted for MSD0, whereas MSD1

and MSD2 each consist of six TM fragments, numbered

TM6–11 and TM12–17, respectively. This topology,

MSD0–MSD1–NBD1–MSD2–NBD2, is also displayed by

ABCC2, ABCC3, ABCC6 and ABCC8–10. All other known

human ABC full transporters lack the MSD0 domain

(Tusnady et al. 2006).

However, the length of the predicted extracytosolic

N-terminal segment is variable and the corresponding

sequences are not well conserved (Yang et al. 2002),

accounting in part for the differences in the functional

relevance of MSD0 in ABCC homologs. For example,

MSD0 is essential for the function of ABCC8 as a channel

regulator (Babenko and Bryan 2003; Chan et al. 2003). By

contrast, a truncated human ABCC1 from which MSD0 has

been deleted is able to transport LTC4 and is correctly

targeted to the plasma membrane (Bakos et al. 1998).

However, if the C-terminal part of ABCC1 is modified by

mutation, MSD0 becomes essential for protein trafficking

(Westlake et al. 2005). Moreover, it has recently been

suggested that about 32 amino acids from the extracyto-

solic N-terminal end of the protein form a U-shaped

structure that functions as a gate (Chen et al. 2006).

High-resolution crystal structures were initially deter-

mined for ABC transporters from various prokaryotes

(Hollenstein et al. 2007). Two of these transporters were

exporters, similar to hMRP1: the bacterial lipid transporter

MsbA (Ward et al. 2007) and the Sav1866 transporter from

S. aureus (Dawson and Locher 2006, 2007), both crystal-

lized in various conformations (recently reviewed by Kerr

et al. 2010). Models of hMRP1 MSD1, and MSD2 have

been proposed on the basis of these structures (DeGorter

et al. 2008 and references cited therein). For eukaryotic

ABC transporters, an X-ray structure of mouse P-gp in an

inward-facing conformation was recently determined at a

resolution of 3.8 Å, revealing the presence of a large

internal cavity for drug-binding (Aller et al. 2009). For

hMRP1, a 3D density map has been constructed from data

obtained by electron cryomicroscopy of 2D crystals and

this may suggest that there is extensive contact between

MSD0 and the core domains, MSD1 and MSD2 (Rosen-

berg et al. 2010). However, in the absence of a high-

resolution crystal structure for hMRP1, complementary

biophysical approaches remain informative. Investigation

of the structural properties of membrane proteins by study

of isolated transmembrane (TM) fragments is a widely

recognized approach (Hunt et al. 1997; Rath et al. 2009).

This approach is based on a two-stage model (Popot and

Engelman 1990, 2000) that emerged from early studies of

bacteriorhodopsin refolding (Liao et al. 1983), according to

which the folding of membrane proteins includes an initial

step in which independently stable transmembrane helices

are formed, this step being followed by the association of

these helices within the membrane. A more comprehensive

view includes additional stages, for example helix–helix

association, leading to further folding events (Engelman

et al. 2003). Initial events, for example the interfacial
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binding and folding of a TM fragment, have also been

rationalized thermodynamically (White and Wimley 1999).

The way in which proteins are inserted into membranes in

vivo, by interaction with the translocon, is also becoming

clearer (Bernsel et al. 2008; Lundin et al. 2008) and recent

progress in studies of membrane protein folding has been

reviewed (Bowie 2005; Fiedler et al. 2010).

We previously studied the hMRP1 TM16 and TM17

fragments (and their Trp variants) from MSD2 (de Foresta

et al. 2010; Vincent et al. 2007) because mutagenesis

studies showed that both these fragments contained polar

and ionizable amino acids important for the transport

function of the protein (Ito et al. 2001; Situ et al. 2004;

Zhang et al. 2002). According to molecular modeling

(DeGorter et al. 2008), these fragments are part of the

transmembrane pore. Moreover, they each also contain a

single Trp residue that could be used as a fluorescent

reporter. Our experimental results for Trp fluorescence

and circular dichroism (CD), with detergent micelles as

membrane mimics, were consistent with these TMs being

located close to the surface of the mixed peptide-deter-

gent complexes. These fragments were only partly struc-

tured into a-helices. These TM characteristics are

consistent with these fragments lining the hydrophilic

transport pore.

In this work, we extended this approach to two other

fragments from the other two membrane-spanning

domains: TM4 from MSD0 and TM10 from MSD1. TM4 is

the only predicted fragment from MSD0 containing a sin-

gle Trp residue. As MSD0 is probably not directly involved

in the transport pore, we hypothesized that its TM char-

acteristics might differ from those previously described for

TM16 and TM17. TM10 is also the only predicted TM

fragment from MSD1 with a single Trp residue. The

functional importance of TM10 has been demonstrated by

photolabeling with an analog of glutathione (Karwatsky

et al. 2003) and by mutagenesis studies. Mutations result-

ing in the replacement of two of its threonine residues

(T550A and T556A) modulated the drug-resistance profile

of hMRP1 and a mutation affecting the tyrosine residue

(Y568A) reduced the affinity of hMRP1 for E217bG

(Zhang et al. 2006). In addition, mutations affecting the

single proline (P557A) or the single Trp (W553A) residue

decreased the transport of various organic anion substrates

(Koike et al. 2002, 2004).

The isolated TMs were obtained by chemical synthesis

and their sequences are shown in Table 1. According to the

topological model (Scheme 1), their N-termini face the

intracellular space and their C-termini face the extracellu-

lar space in the folded protein. Mutations were introduced

to convert Cys residues into Ser residues, to prevent the

formation of disulfide bonds. The TMs were then studied

in dodecylphosphocholine (DPC) and dodecylmaltoside

(DDM) micelles and mixed micelles of DDM with two

brominated analogs of DDM described elsewhere (de

Foresta et al. 1996, 1999). These non-ionic detergents were

chosen as appropriate membrane mimics, as previously

discussed (de Foresta et al. 2010; Vincent et al. 2007 and

references cited therein). We can, in particular, emphasize

that they form optically clear systems wherein scattering

artifacts in the UV range are minimized compared with

lipid vesicles. In addition, because of the highly dynamic

properties of the micelles, a thermodynamic equilibrium

with peptides can be rapidly obtained (Bordag and Keller

2010). We also used TFE (or mixed TFE–water), a solvent

known to promote the formation of a-helical structures

(Buck 1998). The binding and location of peptides in

micelles, and Trp environment and dynamics were studied

by steady-state and time-resolved fluorescence spectros-

copy, including Trp quenching with acrylamide and the

two brominated analogs of DDM (de Foresta et al. 1996,

1999). The secondary structure of the TMs was analyzed

by far-UV circular dichroism studies. Striking differences

in insertion behavior and structure were found between

TM4 and TM10 in membrane mimics. These differences

can be interpreted on the basis of differences in the func-

tional roles of TMs and the recently reported low-resolu-

tion structure of hMRP1 (Rosenberg et al. 2010).

Table 1 Sequences of the 25-amino acid synthetic peptides with their corresponding wild-type TMs from hMRP1

Peptide name Amino acid sequence Charge DGu
a (kcal/mol)

TM4

mTM4b

V132QSSGIMLTFW142LVALVC148ALAILRSK156

Ac-V132QSSGIMLTFW142LVALVS148ALAILRSK156-Am

??

??

-5.78

-5.41

TM10

mTM10b

S546AVGTFTW553VC555TPFLVALC563TFAVYVT570

Ac-S546AVGTFTW553VS555TPFLVALS563TFAVYVT570-Am

0

0

-8.18

-7.44

The residues are numbered as in hMRP1. All three aromatic amino acids are shown in bold characters
a Interfacial partitioning free energy for unstructured peptide, calculated with MPEX 3.0, for partitioning from water to the bilayer, for the

N-terminal-acetylated and C-terminal-amidated peptide
b From the 21 amino acid sequences predicted for hMRP1 (from Swissprot-Uniprot-hMRP1, code P33527) to which were added the two

N-terminal and C-terminal amino acids of the same sequence. Mutations introduced: C148S in mTM4, C555S and C563S in mTM10
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Materials and methods

Chemicals

We obtained n-dodecyl-b-D-maltoside (DDM) from Calbio-

chem. Its brominated derivatives 7,8-dibromododecylmalto-

side (BrDDM) and 10,11-dibromoundecanoylmaltoside

(BrUM) were synthesized by Insavalor (Villeurbanne,

France), as previously described (de Foresta et al. 1996,

1999). DPC was obtained from Anatrace (OH, USA). Stock

solutions of these detergents were prepared in Milli-Q water,

at concentrations of 100 or 200 mM. N-Acetyltryptophana-

mide (NATA) and acrylamide were purchased from Sigma–

Aldrich. We prepared a stock solution of 5 M acrylamide in

water. 2,2,2-Trifluoroethanol (TFE) (for synthesis) was

obtained from Merck. Buffers were filtered through Millex-

HA filters (0.45 lm pore size; Millipore).

Peptide synthesis

Two 25-amino acid peptides were synthesized as trifluo-

roacetate salts by Jerini (Berlin, Germany), as shown in

Table 1:

1. a peptide referred to as mTM4 (Mw = 2745),

encompassing predicted transmembrane fragment 4 of

hMRP1 but with replacement of the native Cys148

residue by a Ser residue (amino-acid sequence num-

bering corresponds to the full-length published

sequence of human MRP1); and

2. a peptide referred to as mTM10 (Mw = 2706),

encompassing predicted transmembrane fragment 10

of hMRP1, but with replacement of the native Cys555

and Cys563 residues by Ser residues.

These peptides were acetylated at the N-terminus and

amidated at the C-terminus. They were delivered at a purity

of 85–90%, according to matrix-assisted laser desorption

ionization time-of-flight (MALDI/TOF) mass spectrometry

or HPLC–MS. These peptides were freeze-dried and stored

at -20�C, and were used as supplied.

Peptide solubilization in solvent and detergent micelles

The hydrophobic nature of TM fragments makes them

difficult to handle and great care must be taken to avoid

their aggregation. As for TM16 and TM17 (de Foresta et al.

2010), 1 (or 2) mM peptide stock solutions were prepared

in TFE, an a-helix-promoting organic solvent. mTM4

dissolved instantaneously in TFE, whereas vortex mixing

and an equilibration period of *30 min were required for

solubilization of mTM10.

Peptide concentrations were estimated from the

absorption spectra in TFE, at 20�C, using molar absorption

coefficients at *278–280 nm (emax) of 5,600 M-1 cm-1

and 7,000 M-1 cm-1 for mTM4 and mTM10, respectively,

based on the absorption coefficients determined for Trp and

Tyr model compounds in aqueous solutions (Pace et al.

1995). TFE only resulted in a small (1–2 nm) blue shift of

the absorption spectra, as determined by comparison of the

spectra of NATA in TFE and water, and the spectra of

mTM4 in TFE and 4 mM DPC in buffer (not shown). The

concentrations were consistent, to within *15%, with

those based on weight measurements.

Unless otherwise stated, the mixed peptide-detergent

micelles were prepared by adding an aliquot of the peptide

stock solution to 10 mM potassium phosphate buffer,

pH 7.5, at 20�C, supplemented with 4 mM detergent

(DDM, DPC, or mixtures of DDM with BrDDM or BrUM),

with a dilution factor of 100–200. The average number of

peptides per micelle was calculated from peptide to

detergent concentrations in the different experiments, tak-

ing into account two characteristics of the detergent, the

cmc and the aggregation number N. For each detergent:

c½ �m¼ c½ �det�cmc
� �

=N

where [c]m and [c]det are, respectively, the micelle and

detergent molar concentrations. Cmc values used were

170–180, 220, and 320 lM for DDM, BrDDM, and BrUM,

respectively (de Foresta et al. 1999; Møller and le Maire

1993) and 1.1 mM for DPC (Lauterwein et al. 1979).

Under our usual experimental conditions, [c]det is 4 mM, so

that [c]m * 30 lM and *50 lM for DDM (N = 125;

Tortech et al. 2001) or DPC (N = 55; Tortech et al. 2001),

respectively. Therefore, in most experiments, with peptide

concentration of 5 or 10 lM, there is much less than one

peptide per micelle, and self-association is unlikely.

Absorption measurements

Absorption spectra were recorded on an HP8453 diode-

array spectrophotometer with a thermostatically controlled

sample holder (20�C). The sample was continuously stirred

in a cuvette with a path length of 1 cm.

Steady-state fluorescence measurements

Fluorescence data were obtained with a Spex Fluorolog

spectrofluorimeter under the control of the Spex DM3000F

spectroscopy computer. The temperature in the cuvette

was controlled with a thermostat and the sample was

stirred continuously. We used standard quartz cuvettes

(1 9 1 cm2). Emission spectra were corrected for fluctua-

tions in lamp intensity (usually very small, \1%) by

operating in the ratio mode, in which the fluorescence

signal was automatically divided by the exciting beam

intensity measured by a reference photodiode.
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Fluorescence quenching by acrylamide

Fluorescence was quenched with acrylamide, as previously

described (Tortech et al. 2001). Peptide quenching was

analyzed by use of the classical Stern–Volmer equation

(reviewed by Eftink 1991):

F0=F ¼ 1þ Ksv Q½ �

where F0 and F are, respectively, the fluorescence

intensities in the absence and presence of quencher, Ksv

is the Stern–Volmer quenching constant, and [Q] is the

quencher concentration. Ksv is related to the bimolecular

quenching constant kq by the formula:

Ksv ¼ kqs0

where s0 is the lifetime of the fluorophore in the absence of

quencher.

In our case, intensity decays are multiexponential, so s0

was replaced by the intensity average lifetime hsii, as

suggested by Sillen and Engelborghs (1998). For NATA,

taken as a reference, we used the nonlinear Stern–Volmer

equation:

F0=F ¼ 1þ Ksv Q½ �ð Þ exp V Q½ �ð Þ

where V may be regarded as a sphere of action around the

fluorophore in which the presence of a quencher molecule

results in instantaneous (static) quenching.

Fluorescence quenching by brominated detergents

Assessments of the quenching of hMRP1 fragment fluo-

rescence in mixed micelles of DDM with a brominated

analog (BrDDM or BrUM) were performed essentially as

previously described (de Foresta et al. 2002; Vincent et al.

2007). Data were analyzed with a lattice model of

quenching (East and Lee 1982; London and Feigenson

1981; see also Powl et al. 2005). This model was originally

designed to describe the quenching of membrane fluoro-

phores (e.g. protein Trp) by spin-labeled or brominated

phospholipids. It considers two populations of fluoro-

phores: one completely inaccessible to the quencher and

responsible for the residual fluorescence Fmin (e.g. Trp

embedded in a protein) and one in which each fluorophore

has n neighbors (phospholipids) and for which fluorescence

is completely quenched if at least one of these sites is

occupied by a modified phospholipid (corresponding to a

quenching efficiency of 100% upon contact). It is thought

that phospholipids do not change position during the life-

time of the fluorophore. If X is the molar fraction of

quenchers in the membrane, then (1 - X)n is the proba-

bility that none of the n sites is occupied by a quencher.

The fluorescence ratio is therefore given by: F/F0 =

(1 - Fmin/F0)(1 - X)n ? Fmin/F0. In a micellar environment,

unlike lipid bilayers, the ‘‘lattice parameter’’ n is not

expected to enable exact determination of quenchers

around Trp because, in addition to static quenching, some

dynamic quenching occurs (de Foresta et al. 1999, 2002),

and because the transverse inaccessibility of Trp is not

taken into account directly in the model. n is, however,

correlated with the accessibility of this residue to bromi-

nated alkyl chains. We used a set of six model peptides Pn

with Trp at different positions in the sequence (positions 3,

5, 7, 9 and 13 in the 25-amino acid sequence) to establish

calibration curves for n (de Foresta et al. 2002). We used

these data as a reference, for comparison with the results

obtained.

Time-resolved fluorescence

Fluorescence intensity and anisotropy decay were mea-

sured by the time-correlated single-photon counting tech-

nique from the polarized Ivv(t) and Ivh(t) components.

These measurements were carried out as previously

described for the TM16 and TM17 fragments (de Foresta

et al. 2010), unless otherwise stated. Briefly, a light-emit-

ting diode (PLS 290, serial number PLS-8-2-421 from

Picoquant, Berlin-Adlershof, Germany) (maximum emis-

sion at 290 nm) working at 10 MHz was used as an exci-

tation source and a Hamamatsu photomultiplier (model

R3235-01) was used for detection. LED emission, focused

with a UV lens, was filtered through a short-pass Asahi

Spectra UV filter ZUS300. The fluorescence emitted was

collected through a 306AELP Omega long-pass filter and a

UG11 Schott broad-band glass filter. The instrument

response function was obtained at the excitation wave-

length, with a glycogen scattering solution. As previously

described, fluorescence intensity I(t) and anisotropy decays

r(t) were analyzed as sums of 150 or 100 exponential

terms, respectively, by the maximum entropy method

(MEM) (Livesey and Brochon 1987; Vincent et al. 1988;

Vincent and Gallay 1991) according to the equations:

I tð Þ ¼ R
i
ai expð�t=siÞ

where ai is the normalized amplitude and si the excited

state lifetime, and

r tð Þ ¼ R
i
bi expð�t=hiÞ

where bi is the anisotropy and hi the rotational correlation

time. In this analysis, we assume that each lifetime si is

associated with all rotational correlation times hi. The main

advantage of MEM is that it does not impose any particular

number of significant parameters for the decay. Skilling–

Jaynes entropy maximization was subjected to a v2 con-

straint, to ensure consistency of the recovered distributions

with the data.
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Circular dichroism

Far-UV circular dichroism spectra were recorded on a

Jobin–Yvon CD6 spectrodichrograph calibrated with

ammonium d-10 camphorsulfonate. For measurements in

TFE, we used a peptide concentration of 100 lM in a

cuvette with a 0.01 cm path-length (Hellma). For mea-

surements in detergent, the peptide concentration was

20 lM in 10 mM potassium phosphate buffer, pH 7.5,

supplemented with 4 mM detergent, and a quartz cuvette

with a path-length of 0.1 cm was used. Spectra were

recorded at 20�C in the 185–250 (or 260) nm wavelength

range, with 0.5 nm wavelength increments, a 2 nm spectral

bandwidth, and an integration time of 2 s. Spectra were

averaged over six scans and corrected for background.

Unsmoothed spectra are presented. For comparisons of the

effect of DDM, BrDDM, and BrUM on mTM4 spectra, the

measurements conditions were modified slightly to

improve the resolution, as indicated in the legend to Fig. 6.

The CD units used are the mean residue ellipticity (MRE or

[h]), expressed in degrees square centimeter per decimol of

residue (deg cm2 dmol-1) and were calculated from:

h½ � ¼ 100hmð Þ= ClNð Þ

where hm is the measured ellipticity in degrees, C is the

concentration in moles per liter, l is the path length of the

cell in centimeters, and N is the number of residues (Chenal

et al. 2009).

Secondary structure was analyzed with the Dichroweb

web server (http://dichroweb.cryst.bbk.ac.uk/html/home.

shtml) (Whitmore and Wallace 2004, 2008). Two differ-

ent methods for analyzing protein CD spectra (CONTIN/

LL for Fig. 5 and CDSSTR for Fig. 6, the latter method

requiring data up to 260 nm) were used, with reference

protein set 6. The quality of the results were judged by the

NRMSD (normalized root-mean-square deviation) values,

a goodness-of-fit variable, and comparisons of the calcu-

lated and experimental spectra. Note, however, that a low

NRMSD is a necessary but not sufficient condition for an

accurate result.

Results

Steady-state fluorescence spectra of mTM4

and mTM10 in various media

We first examined the binding of mTM4 to DDM and DPC

micelles in phosphate buffer (pH 7.5) (online Fig. I), from

the resulting fluorescence changes of its single Trp (W142)

that reflect changes in the microenvironment of this resi-

due. In the absence of detergent, Trp fluorescence intensity

decreased with time and intensity fluctuations became

significant, reflecting aggregation of the peptide, as previ-

ously reported for other TMs. With DPC, these effects

were progressively reversed with increasing detergent

concentration and the final fluorescence intensity was

strongly enhanced, reflecting peptide insertion into DPC

micelles. With DDM, intensity fluctuations did not com-

pletely disappear and the final fluorescence intensity was

only slightly enhanced. Thus, DDM solubilizes mTM4

oligomers less efficiently than DPC. Therefore, all sub-

sequent experiments in the presence of detergent were

performed after directly adding TM4 and TM10 peptides to

an excess of detergent (usually 4 mM).

Figure 1 shows the fluorescence emission spectra of

mTM4 and mTM10 under different conditions. For mTM4

in buffer (Fig. 1a) Trp fluorescence intensity was signifi-

cantly lower than that of NATA in water (which provides a

reference value for a Trp residue exposed to an aqueous

medium). In addition, emission was blue-shifted

(kmax = 328.5 nm), consistent with the formation of olig-

omers, as suggested by the kinetic data (online Fig. I). In

contrast, fluorescence increased strongly after addition of

mTM4 to preformed detergent micelles (fluorescence in

DPC up to 2.4 times that of NATA in water) and a blue

shift was observed, to 318.5 nm in DDM and 320 nm in

DPC. We previously generated calibration curves for Trp

kmax as a function of Trp depth in DDM and DPC micelles,

with a set of model polyLeu peptides containing a single

Trp residue in different positions (de Foresta et al. 2002;

Vincent et al. 2007). Comparison of the data presented here

with these curves suggested that W142 in mTM4 (in

position 11 relative to the N-terminus of the peptide) was

embedded in the core of the peptide-detergent complex,

with kmax values intermediate between those of the P9 and

P11 model peptides (Table 2 in Vincent et al. 2007). This

provides a first indication that mTM4 spans the peptide-

detergent complexes rather than remaining at their surface

as described for TM16 and TM17.

The fluorescence intensity of mTM10 is also low in

buffer, with kmax at 329.5 nm (Fig. 1b). It increases in the

presence of detergent micelles, but to a much lesser extent

than that of mTM4. The maximum emission wavelengths

also show a smaller blue shift, with the values obtained

(327 and 331 nm in DDM and DPC, respectively) within

the range of those observed for the P3, P5, and P7 model

peptides (de Foresta et al. 2002; Vincent et al. 2007). This

provided the first evidence that the position of W553 in

mTM10 (in position 8 relative to the N-terminus of the

peptide) was closer to the surface of the micelle than that of

W142 in mTM4.

The fluorescence emission spectra of mTM4 and

mTM10 were also recorded in TFE and in TFE/water

(50:50, v/v), in which the helix-promoting effects of TFE

may already be maximum (online Fig. II, A and B). Under
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these conditions, Trp fluorescence was strongly quenched

by TFE, as described elsewhere (Chen et al. 1995). The

maximum emission wavelength (kmax) of mTM4 in TFE is

340 nm, consistent with exposure of the Trp residue to this

solvent (dielectric constant e = 26 at 25�C). For mTM10,

in addition to Trp fluorescence, Tyr (Y568) fluorescence

was also visible, as a shoulder in the spectra at 307 nm.

Trp fluorescence quenching by acrylamide in mTM4

and mTM10 fragments incorporated into DDM

and DPC micelles

We further evaluated Trp insertion into detergent micelles

by assessing the accessibility of this residue to the neutral

water-soluble fluorescence quencher acrylamide (Eftink

1991). The Stern–Volmer fluorescence quenching plots

obtained for the mTM4 and mTM10 fragments in the

presence of DDM or DPC micelles are shown in Fig. 2,

panels a and b, respectively. Linear regressions were

appropriate and typical of a collisional (dynamic) mecha-

nism. The apparent accessibility to acrylamide of the Trp

residues in mTM4 and mTM10 incorporated into detergent

micelles was significantly lower than that of NATA in

buffer, taken as a reference (Fig. 2a, b and Ksv in Table 2).

In addition, for each fragment, Trp appeared less accessible

to acrylamide in the presence of DDM than in the presence

of DPC micelles. Comparisons of accessibility based on

bimolecular quenching constants kq are more accurate than

those based on Ksv, because differences in the mean excited

state lifetime of the Trp residue in the absence of quencher

are taken into account (kq = Ksv/hsii, where hsii is the

intensity-averaged lifetime) (Table 2). kq values showed

that the Trp residue of mTM4 was significantly shielded

from the solvent (relative accessibility of 13 and 23% with

NATA as reference, in DDM and DPC, respectively). By

contrast, the Trp residue of mTM10 was more accessible to

acrylamide than that of mTM4, in both detergents. These

results are consistent with the finding that the Trp residues

of both peptides were less accessible to aqueous solvent in

DDM micelles than in DPC micelles.

Quenching by brominated detergents

of the fluorescence of mTM4 and mTM10 fragments

incorporated into DDM micelles

We investigated the location of the Trp residues of the TMs

in the DDM micelles in more detail, by carrying out Trp

quenching experiments with two brominated analogs of

DDM: BrDDM, brominated at the C7 and C8 positions of

the alkyl chain, and BrUM, brominated at the C10 and C11

positions, as previously described (de Foresta et al. 2010;

Vincent et al. 2007). The two bromine atoms on the alkyl

chain act as high-efficiency short-range quenchers. They

enable detection of Trp–alkyl chain contacts.

We first recorded the fluorescence emission spectra of

both fragments incorporated into DDM/BrDDM and DDM/

BrUM mixed micelles containing different molar fractions

of brominated detergent, ranging from 0 (pure DDM

micelles in buffer) to 1 (pure BrDDM and BrUM micelles

in buffer) (see online Fig. III, for mTM4). With both

BrDDM (panel A) and BrUM (panel B) as quenchers,

fluorescence intensity gradually decreased with increasing

brominated detergent molar fraction, until almost complete

quenching was achieved in pure brominated detergent

micelles. The shape of the fluorescence spectra did not vary

significantly with brominated detergent molar fraction,

suggesting homogeneous location of the quenched Trp.

Similar results were obtained with mTM10, but with

Wavelength (nm)
300 350 400 450

0.0

1.0e+7

2.0e+7

3.0e+7

4.0e+7

B

300 350 400 450

F
lu

or
es

ce
nc

e 
in

te
ns

ity
 (

a.
u.

)

0.0

2.0e+7

4.0e+7

6.0e+7

8.0e+7
A

Fig. 1 Fluorescence emission spectra of the hMRP1 fragments in

different media. a Emission spectra for 10 lM mTM4 in 10 mM phos-

phate buffer, pH 7.5, alone (short dashed line) or supplemented with

4 mM DPC (continuous line) or DDM (blue long-dashed line), at

20�C. kex was set at 280 nm. Slit widths were 1.25 mm (bandwidths

*5 nm) for both excitation and emission. Spectra were recorded after

a short period of equilibration (2–3 min) and the readings for

background spectra (same solvent or detergent in buffer) were

subtracted. b Emission spectra for 10 lM mTM10. Same symbols as

in panel a. In both panels, the emission spectrum of 10 lM NATA in

pure water is indicated as a reference (green line)
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significantly lower levels of fluorescence quenching (not

shown).

We generated fluorescence quenching curves for mTM4

and mTM10 by plotting the fluorescence intensity at kmax as

a function of the molar fraction of BrDDM (Fig. 3a) or

BrUM (Fig. 3b). Visual observation of the raw data sug-

gests that the fluorescence of W142 in mTM4 is more

sensitive to quenching by both brominated detergents than

that of W553 in mTM10. A curve was fitted to the data, as

described in ‘‘Materials and methods’’. The two parameters

of the fit, n, the lattice parameter, related to the curvature,

and Fmin/F0, the residual fluorescence in pure brominated

detergent (i.e. at X = 1) are given in Table 3. In both

detergents, the fluorescence of mTM4 was quenched more

efficiently than that of mTM10, resulting in higher n values

(e.g. with BrDDM, n = 4.90 and 3.48 for mTM4 and

mTM10, respectively) and lower Fmin/F0 values (Table 3).

Consistent with the differences in kmax values (*8 nm blue

shift of mTM4 relative to mTM10 in DDM; online Table I)

and relative accessibility to acrylamide (13 and 20% for

mTM4 and mTM10, respectively, in DDM; Table 2), these

results strongly suggest that the W142 residue of mTM4 is

located in the hydrophobic core of the micelles, whereas the

W553 residue of mTM10 is in a more polar region. More-

over, a significant fraction of W553 (*20% according to

Fmin/F0) is not in contact with the brominated chains of the

detergent, even in pure BrDDM or BrUM. The insets in

Fig. 3 provide a comparison of n values with the calibration

data obtained with the set of PolyLeu model peptides (de

Foresta et al. 2002; Vincent et al. 2007). In BrUM (Fig. 3b),

the n value for mTM4 corresponds to that obtained for the

model peptide P11 whereas n for mTM10 is lower than that

for any of the model peptides, consistent with the conclu-

sion drawn above. Surprisingly, in BrDDM, the n value for

mTM4 was higher than those obtained for the model pep-

tides. This may be because of the various approximations

made in the model (including, in particular, the differences

in lifetime between the various peptides not being taken into

account) and/or differences in local conformations.

Time-resolved fluorescence intensity measurements

for mTM4 and mTM10 in detergent micelles

MEM analyses of fluorescence intensity decays for both

peptides in detergent provided the classic pattern of three

excited-state lifetime populations with similar barycenter

values (Fig. 4; Table 4). The major differences between

the two peptides were the relative amplitudes of these

populations. The excited-state lifetime distributions of

W142 in mTM4 were dominated by the longest lifetime,

s3 * 4 ns (relative amplitude a3 of *70%) in DPC or

DDM. The lifetime populations of W553 in mTM10 were

more equally distributed, resulting in a significantly lower

mean lifetime in each detergent, consistent with the lower

steady-state fluorescence intensity of mTM10 than of

mTM4. These differences between mTM4 and mTM10

probably result from differences in the type of secondary

structure adopted by the segment bearing the Trp residue

(Willis et al. 1994; and see ‘‘Discussion’’, below). For each

fragment, the distributions differed only slightly between

DPC and DDM.
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Fig. 2 Stern–Volmer plots of the quenching, by acrylamide, of the

fluorescence of hMRP1 fragments in DPC and DDM micelles. a We

added 5 lM mTM4 to 10 mM potassium phosphate buffer pH 7.5

supplemented with 4 mM DPC (circles) or DDM (blue squares), at

20�C. Aliquots of acrylamide were then added sequentially, at

constant intervals (100 s). Fluorescence intensity was recorded

continuously, with kex set at 295 nm and kem set at 320 nm. Slit

widths were 1.25 mm for excitation and 2.5 mm for emission. The

fluorescence intensities obtained at each acrylamide concentration

were corrected for blank values. The Stern–Volmer plot for NATA

(5 lM) in buffer (kem = 354 nm in this case) is also shown, as a

reference (continuous green line). A straight line was fitted to the data

for MRP1 fragments, whereas the modified Stern–Volmer equation

was used for NATA. b Similar experiment to those in panel a, but

with 5 lM mTM10. kem was set at 340 nm in this case
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Time-resolved fluorescence anisotropy measurements

for mTM4 and mTM10 in detergent micelles

The time-resolved fluorescence anisotropy of W142 in

mTM4 incorporated into DPC or DDM micelles followed a

double-exponential pattern of decay, with a *1 ns time

component (h1) probably reflecting local indole rotation

and a time component one order of magnitude larger, h2

(Table 5). The values obtained for this time component

were consistent with the Brownian rotational correlation

time of the DPC and DDM micelles calculated with a

spherical model (7.4 and 21 ns, respectively; Coı̈c et al.

2005). Thus, mTM4 was probably incorporated as a

monomer into both types of detergent micelle. The

amplitude of the internal motion of the indole ring, esti-

mated from the semi-angle of the wobbling-in-cone model

(Kinosita et al. 1977), was slightly smaller in DDM than in

DPC micelles.

For W553 in mTM10, anisotropy showed an additional

infinite time component (h3) in DPC, indicating probable

partial association of mTM10 in these detergent micelles,

as previously reported for mTM16 (de Foresta et al. 2010).

In DDM, the longest rotational correlation time was in the

same range as that for pure micelles (Table 5). The initial

anisotropy values At=0 for mTM4 in both DPC and DDM

and for mTM10 in DPC were similar to the intrinsic

anisotropy of NATA in vitrified medium at the same

excitation wavelength (290 nm) (Rouvière et al. 1997),

indicating the absence of rotational motion occurring over

less than *0.7–0.9 ns in these experiments. For mTM10,

subnanosecond rotation probably occurred in DDM,

because the At=0 value was lower than the intrinsic

anisotropy of NATA.

Far-UV circular dichroism (CD) study of mTM4

and mTM10 in different media

We investigated the secondary structure of mTM4 and

mTM10 in different media, by conducting a far-UV CD

study. The CD spectrum of mTM4 in pure TFE is

indicative of a predominantly a-helical conformation, with

a characteristically high maximum at *192 nm and two

minima at 208 and 220 nm (Fig. 5a). Deconvolution of this

spectrum indicated the presence of 72% a-helix, with

minor contributions of other non-helical structures (b-

strands, turns, and unordered). This folding of mTM4 into

a-helix was already achieved at 50% (v/v) TFE in buffer

(not shown). Unlike the hMRP1 TM16 and TM17 frag-

ments previously studied, mTM4 conserved its a-helical

folding when this fragment was incorporated into DPC and

DDM micelles (with a-helix contents of *70 and 60%,

respectively).

mTM10 also adopted a principally a-helical structure in

pure TFE (55% a-helix according to the deconvolution;

Fig. 5b), but this was significantly less marked than for

mTM4. Furthermore, this structure was not fully achieved

in 50% TFE (40% a-helix content, not shown). In the

presence of DPC or DDM micelles, the a-helix content of

mTM10 fell below 20 and 10%, respectively, with a cor-

responding increase in the contribution of non-helical

structures.

We then compared the structure of mTM4 in the pres-

ence of pure DDM, BrDDM, and BrUM micelles in buffer

(Fig. 6). As in DDM, this fragment was also mostly

a-helical in pure brominated detergent micelles, and its

helical content was even slightly greater (up to 67% in

BrDDM). These results demonstrate that the brominated

detergents used as fluorescence quenchers in mixed

micelles do not themselves induce significant changes in

peptide structure.

Discussion

Most membrane proteins are poorly abundant in their

native environment. Unlike functional studies, structural

studies of these proteins require significant amounts of

highly purified protein. These proteins are therefore gen-

erally produced in various heterologous systems (E. coli,

yeast, insect cells etc.), and purified, with appropriate

Table 2 Results from the quenching, by acrylamide, of the fluorescence of mTM4 and mTM10 in DPC and DDM micelles

Sample Medium hsii
(ns)

Ksv

(M-1)

kq

(M-1 s-1) (% of reference)

NATA Buffer 3.0 17.5 5.83 9 109 (100%)

mTM4 DPC micelles 3.92 5.26 1.34 9 109 (23%)

mTM4 DDM micelles 3.75 2.94 0.78 9 109 (13%)

mTM10 DPC micelles 3.11 5.68 1.83 9 109 (31%)

mTM10 DDM micelles 2.65 3.1 1.17 9 109 (20%)

For peptides, the intensity-averaged lifetime values hsii were taken from Table 4. For NATA, hsi was taken from a previous study (Rouvière

et al. 1997)

Ksv is the slope from Fig. 2. kq = Ksv/hsii
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detergents. This procedure has proved successful for some

proteins, but the isolation of others remains difficult. Thus,

although *5,500 human genes are thought to code for

membrane proteins identified by seven topology prediction

methods (Fagerberg et al. 2010), high-resolution structures

are currently only available for 14 such proteins from

humans. For all the species studied, only *250 such

structures are available (http://blanco.biomol.uci.edu/

Membrane_Proteins_xtal.html#Latest). An alternative

method for studying the structural properties of membrane

proteins is to study isolated parts of these proteins, for

example transmembrane fragments incorporated into

membrane-mimic systems, for example detergent micelles

or liposomes. This ‘‘divide and conquer’’ approach sur-

mises that the isolated predicted TM peptides behave in

these membrane mimics as in the full-length parent protein.

Important results obtained with this approach have recently

been extensively reviewed (Bordag and Keller 2010). Our

understanding of the membrane interactions of TM frag-

ments has recently been improved by studies of their native

insertion mechanism, which involves a membrane com-

plex, the Sec61 translocon (White and von Heijne 2005).

However, whatever the folding pathway, membrane pro-

teins are expected to be at a free energy minimum, at least

a local one. Global minima have been directly demon-

strated in a few membrane protein refolding experiments

only (Di Bartolo et al. 2011; Stanley and Fleming 2008 and

references cited therein).

hMRP1 is a high-molecular-weight membrane protein

with 17 predicted TM fragments. Such large membrane

proteins are relatively scarce, because only 5% of mem-

brane proteins are predicted to have more than 12 TMs,

Fig. 4 Time-resolved fluorescence of hMRP1 fragments in DPC

micelles. Fluorescence intensity decays of mTM4 (red trace) and

mTM10 (blue trace) in DPC. Instrumental response function (black
trace). Inset excited-state lifetime distribution obtained from MEM

analysis for mTM4 (red trace) and mTM10 (blue trace) in DPC
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Fig. 3 Quenching of the fluorescence of hMRP1 fragments in mixed

micelles of BrDDM/DDM (a) or BrUM/DDM (b). a The maximum

fluorescence intensity of the spectra for mTM4 at kem = 318.5 nm

(black symbols) (from online Fig. III) and mTM10 at kem = 327.5 nm

(violet symbols) is plotted as a function of the molar fraction (X) of

BrDDM. A curve was fitted to the data, as described in ‘‘Materials

and methods’’. The inset show the calibration curves of n against Trp

position, for six model peptides in BrDDM/DDM (de Foresta et al.

2002). The horizontal lines represent the n values obtained here for

the hMRP1 fragments. b Similar experiment to that in panel a, but

with BrUM as the brominated detergent

Table 3 Fluorescence quenching curve data for mTM4 and mTM10

in mixed micelles of DDM with BrDDM or BrUM

Fragment Mixed micelles n Fmin/F0 (%)

mTM4 DDM/BrDDM 4.90 2

mTM4 DDM/BrUM 4.75 2

mTM10 DDM/BrDDM 3.48 17

mTM10 DDM/BrUM 3.10 24

n and Fmin/F0 were obtained from the fit of the quenching curves in

Fig. 3

Eur Biophys J (2011) 40:1043–1060 1053

123

http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html#Latest
http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html#Latest


with some having up to 33 TMs (Fagerberg et al. 2010).

Partial insight into the structure of hMRP1 (MSD1 and

MSD2, containing 12 TMs) was initially obtained by

homology modeling based on the crystal structure of the

bacterial ABC transporter Sav 1866 from Staphylococcus

aureus (DeGorter et al. 2008). A 3D structure was recently

proposed for hMRP1 on the basis of electron cryomicros-

copy data for 2D crystals (Rosenberg et al. 2010) and the

core structure was compared with the structure of murine

PgP (Aller et al. 2009). Various reviews have dealt with the

transport mechanism, which may have general character-

istics common to other ABC transporters (Jones et al. 2009;

Locher 2009; Rees et al. 2009) but also has specific char-

acteristics, because of GSH cotransport, in particular (Borst

et al. 2006; Chang 2010; Cole and Deeley 2006; Deeley

and Cole 2006; Deeley et al. 2006). The general transport

cycle may be analyzed structurally with data for the bac-

terial ABC lipid flippase MsbA, for which four X-ray

structures have been generated: two apo-bound and two

nucleotide-bound states (Ward et al. 2007). In the absence

of nucleotide, one structure (open apo) has a V shape, with

the opening facing the intracellular medium, for the bind-

ing of intracellular substrates. A more closed structure is

also obtained (closed apo). ATP binding triggers a con-

formational change resulting in the opening of the binding

pocket toward the extracellular medium (outward facing

conformation) (Kerr et al. 2010; Ward et al. 2007).

We recently began a study of hMRP1 predicted TM

fragments, focusing initially on TM16 and TM17, which

have been implicated in transport in various functional

studies. The work described here highlights striking dif-

ferences in the membrane insertion features, in membrane

mimics composed of detergent micelles, of two predicted

TM fragments, TM4 and TM10, from MSD0 and MSD,

respectively. The function of MSD0 remains unclear,

whereas MSD1 is probably involved in transmembrane

substrate transport.

We chemically synthesized two 25-amino acid peptides

with sequences similar to those of the predicted native

fragments (Table 1). Both TMs are hydrophobic, as shown

by their interfacial partitioning free energy for unfolded

peptide (DGu), which was -5.4 kcal/mol for mTM4 and

-7.4 kcal/mol for mTM10 (Table 1). For all predicted

TMs, DGu values ranged from -0.82 (for TM9) to

-14.7 kcal/mol (for TM1) (online Table II). We obtained

stable peptide–detergent complexes by solubilizing the

TMs in the a-helix-promoting solvent TFE and then

diluting them in an aqueous micellar solution of DPC, a

zwitterionic detergent, or DDM, a neutral one. Our expe-

rience of such peptides has led us to favor the use of

detergents (and these two in particular) as membrane

mimics (de Foresta et al. 2010; Vincent et al. 2007), along

with other authors (Bordag and Keller 2010). The assess-

ment of mTM4 insertion into micelles of both detergents

Table 4 Fluorescence intensity decay data for the Trp residue in mTM4 and mTM10 in DPC and DDM micelles

Peptide Detergent micelles a1 a2 a3 s1 (ns) s2 (ns) s3 (ns) hsii (ns)a

mTM4 DPC 0.12 ± 0.02 0.20 ± 0.04 0.68 ± 0.04 0.43 ± 0.05 1.93 ± 0.24 4.25 ± 0.12 3.92 ± 0.07

mTM4 DDM 0.14 ± 0.01 0.15 ± 0.05 0.71 ± 0.05 0.54 ± 0.03 1.69 ± 0.04 4.01 ± 0.20 3.75 ± 0.04

mTM10 DPC 0.32 ± 0.03 0.40 ± 0.06 0.28 ± 0.08 0.58 ± 0.01 1.91 ± 0.18 4.28 ± 0.37 3.11 ± 0.01

mTM10 DDM 0.34 ± 0.01 0.36 ± 0.02 0.30 ± 0.01 0.53 ± 0.07 1.63 ± 0.04 3.57 ± 0.04 2.65 ± 0.03

Mean values ± standard errors for two measurements are given
a hsii, the intensity-averaged lifetime was calculated as hsii = Raisi

2/Raisi

Table 5 Fluorescence anisotropy decay data for the Trp residue in mTM4 and mTM10 in DPC and DDM micelles

Peptide Detergent

micelles

b1 b2 b3 h1 (ns) h2 (ns) h3 (ns) xmax (�) At=0

mTM4 DPC 0.040 ± 0.002 0.094 ± 0.004 – 0.9 ± 0.1 8.5 ± 0.2 – 27 ± 2 0.134 ± 0.006

mTM4 DDM 0.023 ± 0.003 0.112 ± 0.001 – 0.7 ± 0.2 15.1 ± 0.6 – 20 ± 1 0.135 ± 0.004

mTM10 DPC 0.054 ± 0.001 0.058 ± 0.003 0.036 ± 0.007 0.4 ± 0.1 5.9 ± 0.5 ? 27 ± 4 0.148 ± 0.011

mTM10 DDM – 0.024 ± 0.008 0.084 ± 0.001 – 1.6 ± 0.2 26 ± 1 22 ± 4 0.108 ± 0.009

The anisotropy bi is the area and the rotational correlation time hi is the barycenter of peak i for the rotational correlation time distribution. At=0 is

the anisotropy at time zero, with At=0 = Rbi. The semi-angle xmax of the wobbling-in-cone subnanosecond motion was calculated from: Rbns/
A0 = [1/2cosxmax(1 ? cosxmax)]2, which gives: xmax = Arccos1/2[(1 ? 8(Rbns/A0)1/2)1/2 - 1], where A0 is Trp anisotropy in the absence of

depolarization and bns is the anisotropy of the nanosecond components. The A0 value at an excitation wavelength of 290 nm was 0.134, as

measured for NATA in vitrified medium (Rouvière et al. 1997). Mean values ± standard errors for two measurements are given
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was sensitive, as demonstrated by the *30 nm blue shift

in Trp fluorescence kmax and in the doubling of fluores-

cence intensity relative to NATA in aqueous buffer, which

was used as a soluble, uncharged Trp model. For mTM10,

a *20 nm blue shift for kmax was observed, with respect to

NATA, with no significant change in fluorescence inten-

sity. Furthermore, the interaction of mTM4 and mTM10

with DDM micelles was also clearly demonstrated by the

almost 100 and 80% fluorescence quenching observed in

the brominated detergent micelles, indicating almost per-

manent contact between the Trp residues of these TMs and

detergent acyl chains.

For mTM4, the peptide-detergent micelles were similar

in size to the corresponding pure detergent micelles, given

the longer rotational correlation time values obtained in

time-resolved fluorescence anisotropy measurements. For

mTM10, complexes larger in size than the pure micelles

may have been formed.

Four principal properties were used to characterize the

depth of Trp insertion within the peptide-detergent com-

plexes: kmax, which is sensitive to polarity and rate of

relaxation of polar groups in the Trp microenvironment; kq,

which characterizes Trp accessibility to acrylamide, mea-

sured in the presence of DPC or DDM micelles; n, and

Fmin/F0, which characterize Trp accessibility to brominated

acyl chains in the presence of DDM/BrDDM and DDM/

BrUM mixed micelles. The results obtained for all four

were consistent with deeper insertion of the Trp residue of

mTM4 than of that of mTM10 in the peptide–detergent

assemblies. Indeed, a smaller kmax was observed for mTM4

than for mTM10, corresponding to an environment of

lower polarity, together with a lower kq corresponding to

lower accessibility to the water-soluble acrylamide in the

presence of DPC or DDM. We also obtained greater

n values for mTM4 than for mTM10, n reflecting the

number of brominated groups that may be simultaneously

(or within a very short time interval) in contact with Trp,

and lower Fmin/F0 values indicating stronger quenching in

pure brominated detergent micelles (BrDDM or BrUM).

The Trp residue of each peptide was accessible to at least

one of the two quenchers, as the two quenching processes

resulted in the quenching of almost 100% of the observed

fluorescence (as seen from the relative accessibility to

acrylamide in Table 2 and that to brominated detergent,

‘‘100 - Fmin/F0’’, from Table 3).
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Fig. 5 Far-UV CD spectra for mTM4 and mTM10 in various media.

a CD spectra for mTM4, normalized in mean residue ellipticity. The

medium was TFE (green continuous line), or buffer containing

4 mM DPC (black long-dashed line) or DDM (blue dashed–dotted
line). T = 20�C. b CD spectra for mTM10. Same symbols as in panel a
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Fig. 6 Far-UV CD spectra for mTM4 in DDM, BrDDM, and BrUM

micelles. CD spectra for mTM4. The medium was buffer containing

2 mM DDM (dark blue continuous line), BrDDM (blue dashed-

dotted line), or BrUM (cyan dotted line). T = 20�C. These experi-

ments were performed with 0.2 nm wavelength increments, an

integration time of 1 s, and five scans
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These values were compared with those of appropriate

calibration data, obtained with a-helical transmembrane

model peptides bearing a Trp residue at different positions

in the sequence, in DDM (de Foresta et al. 2002) and in

DPC micelles (Vincent et al. 2007). For mTM4, most of the

values obtained were most similar to those for P9 and/or

P11, whereas, for mTM10, they were more similar to those

for P3, P5, or P7. However, some of the values were out of

the calibration range: for instance, n for mTM10 (3.1) was

smaller than any of the n values for the model peptides

(range 3.7–5.6). Similar behavior has previously been

observed with other biological peptides studied in the same

micellar systems (for example fragment 94–102 of caveo-

lin-1, and mTM16 and mTM17; de Foresta et al. 2010; Le

Lan et al. 2010; Vincent et al. 2007). There are several

possible reasons for this, including partial self-association

of the peptides on the micellar surface (mTM16 and

mTM17), heterogeneity in the location of the Trp residue

(caveolin fragment), and/or differences in the local con-

formation of the Trp residue, as inferred from a comparison

of excited-state lifetime distributions with those for model

transmembrane Pn peptides.

We first studied the secondary structure of these pre-

dicted TMs in TFE, to determine experimentally their

tendency to fold into an a-helix. TFE has long been known

to reveal the tendency of otherwise unfolded peptides to

form helices (Jasanoff and Fersht 1994) or b-sheet struc-

tures (Reiersen and Rees 2000). The structures adopted by

various peptides as a function of TFE–water mole fraction

often have a sharp transition at a concentration well below

pure TFE, often at *20% TFE (v/v), with a maximum at

40–50% TFE, but these values may vary with the pro-

pensity of the peptide to form helices (Bouhss et al. 1996;

Buck 1998; Jasanoff and Fersht 1994; Lequin et al. 2006;

Montserret et al. 1999). The basis of this effect has long

been a matter of debate and various mechanisms have been

suggested (Buck 1998). Consistent with previous propos-

als, molecular dynamics simulations of peptides for a

duration of 20 ns in TFE–water mixtures indicated that

TFE molecules aggregated around the peptides, thereby

removing the hydrogen-bonding partner and providing a

weakly dielectric environment favoring intrapeptide

hydrogen bonding (Roccatano et al. 2002).

In pure TFE, mTM4 was predominantly folded as an

a-helix ([70%), to a substantially greater extent than was

mTM10 (55%). The different tendency of the two TMs to

form helices was further exemplified by the higher TFE

concentration required for the random coil to a-helix

transition for mTM10 than for mTM4.

The tendency of amino acids to form helices differs

between different membrane environments and in buffer,

and was quantified for uncharged amino acids with a set of

designed model peptides solubilized in SDS micelles (Li

and Deber 1994). Comparisons of TM amino acid content

on this scale showed that mTM4 contained more a-helix-

promoting amino acids (with two Ile, three Val, and five

Leu residues, with the strongest helical propensity) than

mTM10 (with five Thr residues with a lower helical pro-

pensity), consistent with our experimental data.

The folding differences between mTM4 and mTM10

were even more marked in the presence of DPC or DDM

micelles. The major structural component of mTM4 con-

tinued to be a-helix in both detergents (*60% on average),

whereas the a-helix became a minor component for mTM10

in detergent (10%, on average). Our findings for mTM4

suggest that 15 of the 25 residues adopted an a-helical

conformation, corresponding to at least four helix turns.

These differences in folding between the two peptides

affected the local conformation of the Trp residue, as

shown by excited-state lifetime measurements. The multi-

exponential pattern of Trp fluorescence intensity decay,

with three lifetime populations, as observed for W142 in

mTM4 and W553 in mTM10, is also frequently observed

for many peptides or proteins containing a single Trp res-

idue (Lakowicz 2006). This multiexponential nature of Trp

fluorescence intensity decay can sometimes be explained

by dipolar relaxation of the environment, as demonstrated

for indole (Vincent et al. 1995) and shown for some pro-

teins (Vincent et al. 2000). However, it is more generally

interpreted in the context of the rotamer model (Szabo and

Rayner 1980), in which a variety of structural constraints

are imposed by the folding of the main peptide chain and

specifically favor each of the Trp rotamer populations. The

multiple fluorescence lifetimes are attributed to differences

in the rate of excited-state electron transfer from Trp to

peptide bonds between rotamers (Ababou and Bombarda

2001; Adams et al. 2002). A clear relationship has been

established between the relative amplitude of the longest

excited-state lifetime, characterizing the t rotamer, which

has the smallest number of steric contacts with the peptide

skeleton, and a-helix content (Bouhss et al. 1996; Willis

et al. 1994). In the work presented here, the excited-state

lifetime values of W142 in mTM4 and W553 in mTM10

were very similar and within the range characteristic of Ca-

Cb Trp v1 rotamers in conformationally constrained pep-

tides (Pan and Barkley 2004), but very different amplitudes

were obtained. The excited-state lifetime distribution of

W142 in mTM4 was principally dominated, in both DDM

and DPC micelles, by the long lifetime signature of the

t rotamer, consistent with the principally a-helical structure

of the peptide, as demonstrated by CD measurements.

Conversely, the excited-state lifetime distribution of W553

in mTM10 was more heterogeneous, consistent with a

predominance of non a-helical structures.

The principally a-helical folding of mTM4 may make a

major contribution to the free energy of partition of this
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peptide in micelles: if, as estimated by the MPEX site, each

residue involved in an a-helix contributes approximately

-0.4 kcal/mol to the DG of the folded peptide, the DG

value is approximately -11.4 kcal/mol. Together with the

fluorescence data locating W142 in the core of the micelle,

these results strongly suggest that mTM4 is inserted radi-

ally into the micelle. A U-shape configuration of mTM4

would not be excluded by the fluorescence data but the lack

of helix-breaker amino-acid in the center of the peptide

makes this configuration less probable than the presence of

a single straight helix crossing the micelle. The size of both

DPC and DDM pure micelles, respectively spherical and

ellipsoidal with at least one diameter of *40–50 Å (Dupuy

et al. 1997; Lauterwein et al. 1979; see also Abel et al.

2010), enables such a configuration with polar and charged

ends of the peptide being in contact with the solvent. This

configuration would be expected for a predicted TM frag-

ment, but this remains the only hMRP1 fragment shown to

behave in this way. We previously showed that isolated

TM16 and TM17 seemed to be interfacial and that TM16

seemed to self-associate at the micelle surface. Such an

interfacial position was also supported by recent molecular

dynamics simulation (50 ns long) of these peptides in

DDM micelles (S. Abel et al., in preparation). These results

also show that TM10 is probably confined to the polar

region of the micelles, with its low a-helix content making

only a minor contribution to its free energy of partition into

the micelles.

In our experience, for amphiphilic peptides located at/

close to the surface of the detergent micelles (hMRP1

TM10, TM16, and TM17 (de Foresta et al. 2010; Vincent

et al. 2007) and a small caveolin1 fragment (Le Lan et al.

2010)), and for transmembrane peptides (TM4), CD spectra

systematically indicate a slightly lower helical content in

DDM than in DPC. Caution is required when interpreting

small differences between CD spectra obtained in hetero-

geneous media, such as micelles or membranes (different

local refraction indices), but these differences were often

found to be correlated with a weaker solubilization effect

of DDM observed by other methods (e.g. fluorescence). For

our peptides, DPC is, therefore, probably the better deter-

gent for revealing the tendency to form a-helix structures.

If TM10 does not spontaneously adopt a transverse

position within the membrane, its insertion may be driven

by TM–TM interactions. According to the resolved struc-

tures of other ABC transporters, the packing of TMs within

the membrane suggests that individual TMs do not neces-

sarily interact with their closest neighbors in the sequence.

These structures are indicative of substantial twisting of the

various helices and, based on the schematic V-shaped

model, each side of the V is formed from TMs belonging

to both the MSD1 and MSD2 domains. Furthermore,

TM packing differs between the inward and outward

conformations. For ABC homodimers, TMs 1–3 and 6

from one subunit (or MSD) interact with TMs 4–5 of the

other subunit in the inward state, and TMs 1–2 from one

subunit interact with TMs 3–6 from the other subunit in the

outward state (Rees et al. 2009). For hMRP1, this corre-

sponds, for the side containing TM10, to a packing of TMs

9–10 (from MSD1) with TMs 12–13–14 and 17 (MSD2) in

the inward state, and of TMs 8–9–10–11 (MSD1) with

TMs 12–13 (MSD2) in the outward conformation, as

modeled in a previous study (DeGorter et al. 2008). In this

outward conformation, TM10 may be spatially close to

TMs 9, 11, 12, and 13 (DeGorter et al. 2008). TM10 is

uncharged, so no ionic interactions would be predicted.

TMs 9, 10, and 11 each contain a central proline residue

that may facilitate the twisting of the helices.

By contrast, TM4 spontaneously inserts into the mem-

brane as an a-helix. It may also interact with the TMs of the

other domains, as a helix–helix interaction motif, AxxxA

(ALVCA), has been identified in the C-terminal half of the

peptide.

Conclusion

This report describes the behavior of two predicted trans-

membrane fragments of hMRP1, TM4 from MSD0 and

TM10 from MSD1, in various media including detergent

micelles and TFE. Taking into account our previous studies

of TM16 and TM17 from MSD2 (de Foresta et al. 2010;

Vincent et al. 2007), we are now able to compare fragment

properties from the three membrane domains of this pro-

tein. We show here that TM4 seems to be structured as an

a-helix and to span as a monomer the micellar complex

it forms with DPC or DDM. By contrast, TM10 is located

in the polar headgroup region of membrane mimics, as

already described for TM16 and TM17. In this location,

these three fragments are only partially folded into a-helix

and tend to self-associate. These results add to our

knowledge of membrane protein folding and provide new

examples of marginally hydrophobic TMs which do not

spontaneously insert in a transmembrane position. The

insertion of such TMs into the membrane should be guided

by local sequence context (loops and neighboring TMs) or

interaction with more distant parts of the protein (Hedin

et al. 2010 and references cited therein). Such TMs are

more frequently found in ion channels and small molecule

transporters (other ABC proteins, for example P-glyco-

protein, the cystic fibrosis transmembrane conductance

regulator, or EmrD; Hedin et al. 2010). For hMRP1, we

notice that TM10, TM16, and TM17 contain amino-acid

residues shown to take part in substrate translocation (Ito

et al. 2001; Karwatsky et al. 2003; Situ et al. 2004; Zhang

et al. 2002). As for TM4, its stable transverse insertion into
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membrane mimics suggests that, in the context of the full-

length hMRP1 transporter, this insertion does not require

other protein loops and TMs. MSD0 as a whole, which

contains the most hydrophobic hMRP1 TMs (online Table

II) is likely to be more stable in the membrane than MSD1

and MSD2, both these domains requiring more flexibility

because they are directly involved in the transport pathway.
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