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ABSTRACT. Bacterial LmrA, an integral membrane protein b&ctococcus lactisconfers multidrug
resistance by mediating active extrusion of a wide variety of structurally unrelated compounds. Similar
to its eucaryotic homologue P-gp, this protein is a member of the ATP-binding cassette (ABC) superfamily.
Different predictive models, based on hydropathy profiles, have been proposed to describe the structure
of the ABC transporters in general and of LmrA in particular. We used polarized attenuated total reflection
infrared spectroscopy, combined with limited proteolysis, to investigate the secondary structure and the
orientation of the transmembrane segments of LmrA. We bring the first experimental evidence that the
membrane-embedded domain of LmrA is composed of transmembrane-omehtdites. Furthermore,

a new approach was developed in order to provide information about membrane domain dynamics.
Monitoring the infrared linear dichroism spectra in the courséHifH exchange allowed to focus the
recording of exchange rates on the membrane-embedded region of the protein only. This approach revealed
an unusual structural dynamics, indicating high flexibility in this antibiotic binding and transport region.

Multidrug resistance is an increasingly growing clinical transporter that has been discovered in bacteria. This protein
problem in the treatment of infectious diseases and cancercan extrude different drugs out of the cell including
Among the mechanisms responsible for this phenomenon iscompounds from different classes of antibiotics and antitu-
the active extrusion of a wide variety of structurally unrelated moral drugs %, 6). Thus, LmrA seems to be a good model
compounds by integral membrane proteins such as*ABC for the study of multidrug resistance in antibiotic treatments
transporters and secondary transportéjs The secondary  as well as in chemotherapy. Presently, different topology
transporters are the most represented in the bacterial king-models have been proposed on the basis of hydropathy
dom. They extrude toxic compounds using a proton motive profiles and sequence alignmemds ). The most commonly
force @). The ABC transporters use the energy of ATP accepted ones suggest that these proteins are constituted of
hydrolysis. two homologous halves composed of an ATP-binding

P-gp, a eucaryotic multidrug resistance protein, is the mostdomain and a membrane-embedded domdn [mrA
studied ABC transporteB}. This protein is often implicated  contains only one copy of each domain and seems to function
in resistance to chemotherapeutic compounds. Recently, a@n a dimeric form @). Different experiments on P-gp suggest
bacterial homologue of this protein, LmrA, has been that the membrane-embedded domain is responsible for the
discovered 4, 5). It is the first ABC multidrug resistance  recognition of the amphipathic substraté§12). Recent
experiments on LmrA support the idea of two different
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models suggest that the membrane-embedded domain is ReconstitutionLiposomes of acetone/ether-washedoli
constituted of sia-helices 4) and that dimerization of two  lipids andL-o-phosphatidylcholine from egg yolk, in a ratio
transmembrane domains allows the formation of a 12-helix (w/w) of 3:1, were made by dissolving lipids in 50 mM
translocation path. Spectroscopic studigd, (L5) of other potassium phosphate, pH 7, at a final concentration of 20
ABC transporters corroborate but do not confirm this model. mg/mL. Unilamellar liposomes with relatively homogeneous
Structural studies of synthetic CFTR transmembrane peptidessize were prepared by freezing in liquid nitrogen and slow
show also aro-helix arrangement1). Nevertheless, this  thawing at room temperature, followed by extrusion of the
does not constitute a proof of the-helical nature of the  liposomes 12 times through a 400 nm polycarbonate filter.
entire membrane-embedded domain in its native conforma- The reconstitution of LmrA into liposomes was carried out
tion. An alternative model has been proposed for P-gp, essentially as describe@%), using a protein:lipid ratio of
suggesting that the membrane-embedded domain would1:10 (w/w). The resulting proteoliposomes exhibited ATP-
adopt af-sheet structurel{). Polarized attenuated total dependent drug transport and inhibition by chemosensitizers
internal reflection infrared spectroscopy is presently one of (25). Proteoliposomes were resuspended at a final protein
the best tools available to gain information on the orientation concentration of 1 mg/mL in 3 mM potassium Hepes, pH

of membrane-embedded peptides and protein secondary’.4.

structures 18, 19). The method is simple, sensitive [less than
1 ug of peptide is required?Q)], and does not require specific
labeling [although specific labeling withC allows the study

of selected residue21)]. The use of this method, combined
with limited proteolysis, allowed us to provide the first
evidence for the presence ofhelices in the membrane-
embedded domain of LmrA. It also demonstrates the

Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR)ATR-FTIR spectra were recorded,
at room temperature, on a Bruker IFS55 FTIR spectropho-
tometer equipped with a liquid nitrogen-cooled merctiry
cadmium-telluride (MCT) detector at a nominal resolution
of 2 cmit and encoded every 1 cth The internal reflection
element (IRE) was a germanium plate (5020 x 2 mm)

perpendicular orientation of the helices with respect to the with an aperture angle of 4pyielding 25 internal reflections
membrane plane. Furthermore, infrared spectroscopy pro-(26). The spectrophotometer was continuously purged with

vides insight in protein dynamics through the recording of
1H/?H exchange kineticslé, 22—24). We combine here the
use of polarized light anéH/?H exchange kinetics to study

air dried on a FTIR purge gas generator 75-62 Balston
(Maidstone, England) at a flow rate of 5.8 L/min.
(A) Sample PreparatiarThin films of oriented multilayers

specifically the stability of the membrane-embedded domain were obtained by slowly evaporating the sample on one side

of LmrA.

EXPERIMENTAL PROCEDURES
Materials

D,0 was from Merck, Ni-NTA resin was from Qiagen,
Bio-Beads SM2 were from Bio-Rad, polycarbonate filters
were from Avestin, and DDM was from Anatradesccheri-
chia colilipids andL-a-phosphatidylcholine from egg yolk
were purchased from Avanti Polar Lipids. Proteinase K was

from Sigma and PMSF from Serva. All sequencing reagents

were from Beckman. Homemade softwares necessary for th
analysis of infrared spectra were written in Matlab (The
Mathworks).

Methods

Purification. The purification of LmrA was carried out
essentially as described previoushp); Inside-out membrane
vesicles, containing overexpressed LmrA, were solubilized
in 50 mM potassium phosphate, pH 8, containing 10% (v/
v) glycerol, 100 mM NaCl, and 1% (w/v) DDM. After 30
min of incubation at 4°C, the insoluble material was

€

of the ATR plate, under a stream of nitrog@7). The ATR
plate was then sealed in a universal sample holder. The
sample contained 2@g of reconstituted LmrA.

(B) Secondary Structure Determinatiofhe sample on
the ATR plate was rehydrated by flushifig,O-satured N
for 2 h atroom temperature. A total of 512 scans were
averaged for each measurement. Secondary structure deter-
mination was based on the shape of the amide | band (1600
1700 cnt?), which is sensitive to the secondary structure
(28). The analysis was performed on the amide | region of
deuterated samples because #h#H exchange allows
differentiation of then-helical secondary structure from the
random secondary structure whose absorption band shifts
from about 1655 cmt to about 1642 cm' (29). Fourier self-
deconvolution was applied to narrow the different compo-
nents of the amide | region. Self-deconvolution was carried
out using a Lorentzian line shape for the deconvolution and
a Gaussian line shape for the apodizati28)(To quantify
the area of the different components of amide | revealed by
self-deconvolution, a least squares iterative curve fitting was
performed to fit Lorentzian line shapes to the spectrum
between 1700 and 1600 ci(30). To avoid the introduction
of artifacts due to the self-deconvolution procedure, the fitting

removed by centrifugation. The supernatant was mixed andwas then performed on the undeconvoluted spectrum. The

incubated for 1 h, at 4C, with Ni-NTA—agarose{8 mg

of LmrA/mL of resin) which was preequilibrated in buffer
A (50 mM potassium phosphate, 100 mM NaCl, 10%
glycerol, and 0.05% DDM) (pH 8) plus 10 mM imidazole.
The resin was transferred to a Bio-Spin column (Bio-Rad)
and washed with 20 column volumes of buffer A containing
10 mM imidazole and subsequently with 40 column volumes
of buffer A (pH 7) plus 40 mM imidazole. The protein was
eluted with buffer A, pH 7, supplemented with 150 mM
imidazole.

proportion of a particular structure was computed as the sum
of the area of all the fitted Lorentzian bands having their
maximum in the frequency region where that structure occurs
divided by the total area of the amide I. The frequency limits
for each structure were assigned according to theore8aal (
or experimental32) data: 16621645 cn?, a-helix; 1689~
1682 and 16371613 cn1?, -sheet; 164451637 cn?,
random; 16821662.5 cm?, S-turns @8).

(C) Orientation of the Secondary Structur&se molecular
orientations by infrared ATR spectroscopy were determined
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as previously described ). Spectra were recorded with the These data were recently reviewegb,(40). The area of
incident light polarized parallel and perpendicular with amide I, characteristic of thed)(N—H) vibration, was
respect to the incidence plane. Dichroism spectra wereobtained by integration between 1596 and 1502 cror
computed by subtracting the perpendicular polarized spec-each spectrum, the area of amide Il was divided by the
trum from the parallel polarized spectrum. The subtraction corresponding lipid/(C=0) area to take into account small
coefficient was chosen so that the area of the lipid ester bandbut significant variations of the overall spectral intensity due
at 1740 cm' equals zero on the dichroism spectrum, to take to swelling of the sample layer at the beginning of the
into account the difference in the relative power of the deuterationZ9, 41). This ratio, expressed in percentage, was
evanescent field for each polarization as described beforeplotted versus deuteration time. The 100% value is defined
(33). by the amide Il/lipid ratio obtained before deuteration. The

An upward deviation on the dichroism spectrum indicates 0% value corresponds to a zero absorption in the amide |
a dipole oriented preferentially near a normal to the ATR region, observed for a full deuteration of the protein.

plate. Conversely, a downward deviation on the dichroism (E) Kinetics of Deuteration of the Oriented Segments of
spectrum indicates a dipole oriented closer to the plane of the Protein.Film preparation and deuteration were carried
the ATR plate 26). The dichroic ratioR*™® is defined as oyt as described above except that parallel and perpendicular
the ratio of the amide | area recorded for the parallel pojarization spectra were recorded sequentially instead of a

polarization AY) and perpendicular polarizatior): simple unpolarized spectrum for each time point. Before
starting the deuteration, four spectra of the sample were
RATR = Al/A” o0 e sampie v
- recorded for each polarization. For each kinetic time point,
In ATR, the dichroic ratio for an isotropic sampR is 24 scans were recorded and averaged at a resolution of 2

different from unity and is computed on the basis of the area ¢ for each polarization. All of the spectra of the kinetics
of the lipid ester band (17621700 cntl). As described ~ Were corrected for atmospheric water absorption as described
previously, the presence in the sample of a fractioof above.

oriented helices and a fraction-1 x of randomly oriented Proteolysis of LmrAProteoliposomes (1 mg of LmrA/
dipoles results in an experimental dichroic ra&dR whose mL) were incubated with proteinase K (4 mg/mL) [proteinase
value lays between the value of the oriented helices dichroic K:LmrA ratio of 1.5 (w/w)] at room temperature for

ratio R* and of the randomly oriented dipolé¥°. Deter- increasing periods of time from 1 min to 1 h. In all cases
mination of R* from x, Rs°, andRATR can be obtained from  the proteolytic digestion was stopped by addition of phen-
(26) ylmethylsulfonyl fluoride to a final concentration of 1 mM

(19). The proteoliposomes were then diluted in 2 mM

RATR _ RR + 2( ~ %) NaHepes and 0.6 M NaCl, pH 7.4, and centrifuged for 90

o 2R + 1 min at 42000 rpm in order to eliminate soluble and

Rf=AJIA, = RATR electrostatically bound peptides. The pellet was finally
_*1_—“(1_ X) resuspended in 2 mM NaHepes, pH 7.4. Samples corre-

R°2R%°+ 1 sponding to different times of incubation were analyzed by

SDS-PAGE 15% #42) and stained with silver nitratet8).
One hour incubation was carried out for samples used for

a review, see re35). The mean orientation of the helix axis sequencing and infrared spectroscopy. For sequgncing, lipids
with respect to the membrane plane was estimated asvere extracted by a chloroforamethanol extraction4d).
described before (for a review, see ). N-Terminal Amino Acid Microsequence Analydisag-

(D) Kinetics of Deuteration of the Whole Proteifilms ments were separated by SBBAGE, 15%, and electro-
containing 2Qug of reconstituted LmrA were prepared on a blotted on a PVDF membrane. The fragments were then
germanium plate as described above. Nitrogen was saturatedtained with Coomassie blue. The spots on the PVDF
with 2H,0 by bubbling in a series of three vials containing membrane were excised, and the protein N-terminal amino
2H,0. Before starting the deuteration, 10 spectra of the acid sequence was determined at the picomole level by
sample were recorded to test the stability of the measure-automated Edman degradation of 1 pmol of protein using a
ments. At zero time, théH,O-saturated MNflux, at a flow Beckman LF3400D proteinpeptide microsequencer equipped
rate of 100 mL/min (Controned by a Brooks flow meter), with an on-line model 168 diode array detector (Beckman
was connected to the sample. For each kinetic time point, instruments) 45). Carboxylmethylcysteine eluted just after
24 scans were recorded and averaged at a resolution of glutamic acid in the PTH chromatograms. All samples were
cmL. All of the spectra of the kinetics were corrected for Sequenced using the standard Beckman sequencer procedure
atmospheric water absorption and side chain contribution. 4. For internal sequencing, samples were treated with CNBr
The subtraction of atmospheric water was done automaticallyin acidic conditions (chemical cleavage at methionine), and
by a home-written software which computed the subtraction Peptides were purified by capillary RP HPLC.
coefficient as the ratio of the atmospheric water band between Amino acid comparisons were carried out using the
1579 and 1572 cmit on the sample spectrum and on a FASTA or the TFASTA computer program of the Genetics
reference atmospheric water spectrid6, 37). The contri- Computer Group for screening protein or nucleic acid
bution of the amino acid side chains was computed as adatabases. The international databases were SWISS-PROT
function of the extent of deuteration as previously described (release 34), PIR (release 50), Genpept, Genpeptnew, Gen-
(37). This was done using the published contributions of the EMBL (release 53), GenBank (release 105), GenEMBLnew
side chains in their protonate88) and deuterate®) forms. (release 53t), and IMGT (release 97.06).

In the a-helical structure, the amide | dipole is oriented
between 27 and 38 (34) with respect to the helix axis (for
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Ficure 1: Schematic representation of the internal reflection
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the 1456-1490 cn1? region where it mixes with other modes
to yield a new band called amidé.lAnalysis of nondichroic
amide | shape reveals the secondary structure of the
protein: a-helix, 35%;3-sheet, 24%; turns, 28%; unordered,
14% (L4). Amide | displays a strong positive dichroism with
a maximum at 1659 cm (Figure 2), indicating that (1) the
oriented structure is essentially helical in nature since the
maximum of the dichroism is characteristic of-helix
structure and (2) the helices are oriented mainly perpendicular
to the IRE surface, i.e., perpendicular to the membrane plane.
Quantitative evaluation of the helix mean tilt requires the
evaluation of the dichroic rati®™ = AYA" for amide |
and of Rs°, which is the dichroic ratio measured for a
transition dipole either spatially disordered or oriented at the

element (IRE) and of the light pathway. The Cartesian components Magic angle 26, 33). As indicated above and developed in

of the electric field are shown along th€ Y, andZ axes. Two
possible planes of polarization of the incident light are indicated
by E, (polarization parallel to the incidence plane) ahg

(polarization perpendicular to the incidence plane). The incident

beam makes an angl with respect to the normal to the IRE

detail elsewhere 3Q3), the lipid v(C=0) was used to
determineRs°, For the example presented on FigureR>?

= 1.5. The perpendicular orientation of the lipid acyl chains
with respect to the IRE surface is demonstrated?biR =

surface. The edges of the IRE are beveled so that the incident beami-9 forva{CHs) andRA™ = 1.4 forv{CH), i.e., respectively
penetrates the IRE through a surface that is perpendicular to itsabove and belowRs. As RATR = 1.9 for amide I, it confirms

propagation.
RESULTS

Orientations in LmrAPolarized spectra recorded with the
electric field vector of the IR radiation polarized parall&l)(
or perpendicular4”) to the incidence plane appear in Figure
2. The lipid-associateth,{ CH,) andvs{CH,) appear at 2918
and 2849 cm?, respectively 27). The lipid vo{CHz) and
v{(CHy) are present at 2961 and 2873 dmrespectively.

that the preferred orientation of the protein helices is
perpendicular to the membrane. Quantitative results will be
discussed later. Yet, it remains to be determined whether
these oriented helices are part of the membrane-embedded
domain of the protein or are located in its cytoplasmic
domain. The fact that the dichroism of amide Il is also
positive could suggest that ti° value is not large enough.

In fact, it is possible to select a scaling coefficient (which
turns out to be close to the one used here) that would leave

Dichroism of these bands (see dichroic ratios below) reflects amide | dichroism positive and amide Il dichroism negative

the orientation of the lipid acyl chains in the multilayer stack
of lipid bilayers. A weak absorption at 3030 cincan be
assigned to/(CH)gouble bond@Nd Signs the presence of double
bonds in the lipid acyl chains. The lipid intense band found
between 1762 and 1705 cfncan be safely assigned to the
lipid estery(C=0). Globally, the dichroism of this band is

as expected. The decisive advantage of the procedure we
have been following here is that it allows us to take into
account the film thickness. Considering tRP values range
between 1.1 for the thin film hypothesis and 2.0 for the thick
film hypothesis, it is necessary to take this problem into
account. Comparison of IR dichroism data using the ester

close to zero and can be used as a good approximation of a/(C=O) band to determin&s° with solid-state NMR data

magic angle dichroism2g, 33). It presents, however, a
positive deviation at 1748 crhand a negative deviation at

indicated that the approximation is good for quantitative
analyses as demonstrated earlgsd)(The fact that we obtain

1729 cnm. The causes of these internal deviations have beenonly an approximation dRsis obvious, but this approxima-

investigated before. A major contribution of the lipids also
appears at 1468 crhand can be assigned &§CH,).

Two important protein bands are found in the spectral
window that exists between 1700 and 1500 &nAmide |
(1700-1600 cn1?) is the most intense absorption band of
the polypeptides. Amide(C=0O) has a predominant role in
amide I. It accounts for 7085% of the potential energy.
v(C—N) follows with 10—-20% of the potential energy, and
the C-CN deformation may account for about 10% of the
potential energy. Amide | also contains some in plane NH
bending, which is mainly responsible for the downshifts in
the amide | frequency on N-deuteratid@l). Amide | shape

tion has been shown to be good enough to establish the
orientation of various peptides in films of different thick-
nesses and will be used in the present work.

Proteolysis of LmrATo isolate the membrane-embedded
domain of LmrA, proteoliposomes were treated with pro-
teinase K (see Experimental Procedures). With this proce-
dure, we potentially removed the cytoplasmic domain of
LmrA, leaving intact the membranous and vesicle interior
parts of the protein. Proteinase K was added to the LmrA-
containing proteoliposomes in a 1:5 (w/w) protein ratio for
1, 5, 15, and 30 min in order to remove the cytoplasmic
domain of the protein. Figure 3 indicates a fast cleavage of

is conformational sensitive and generally used for secondarythe protein as no band of the intact protein (65 kDa) is

structure determination (for a review, see résaand46). It
shifts toward shorter wavenumbers by 20 cnt* upontH/

°H exchange30). Amide Il occurs in the 15861510 cnt?
region. It mainly derives from the in-plane-NH bending
(40—60% of the potential energy). The rest of the potential
energy arises from(C—N) (18—40%) andv(C—C) (~10%).
Upon!H/?H exchange, the in-plane-NH bending appears
in the 1046-940 cm?! region, and the/(C—N) moves in

observed after the beginning of the proteolysis. Among the
peptides generated by proteolysis, the one at 35 kDa apparent
molecular mass is stable (for at least 6 h; result not shown)
and remains the main species present after 15 min. To
eliminate a maximum of the other peptides generated by
proteolysis, we selected an incubation timfeloh for the
samples used for further analysis. Centrifugation of the
sample was carried out to eliminate any peptide not associ-
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Ficure 2: Polarized infrared and dichroism spectra of LmrA. ATR-FTIR spectra Qi@6f LmrA recorded with incident light polarized

parallel (A) or perpendicular (B) to the incidence plane. The dichroism spectrum (C) is obtained by subtraction of the perpendicular polarized
spectrum from the parallel polarized one as described in Experimental Procedur&ssddie is given in reference to spectrum A; spectra

B and C were offset for clarity. The difference spectr@nscale has been increased 4-fold.

kDa ) - B smaller fragments of the 35 kDa peptide cut in the loops
45— P~ that connect the transmembrane segments.

Orientation in the Membrane Peptide of Lmrixfrared

29 3 “ S spectra of the proteolyzed sample were recorded as described
18.4 S a— for the intact protein (spectra not shown). Analysis of amide
pove | shape, in Figure 4, reveals that thehelix content of the
143 ﬁ ;e v protein rises from 35% in the intact protein to 65% in the
6.2 prr S8 ﬁ _—~ membrane-bound peptides left after proteinase K treatment.

Furthermore, only 7% of5-sheet structure was found for

the cleaved sample. Nevertheless, it has to be stressed that
these percentages are not absolute values because of the
presence of the smaller fragments associated with the

proteinase K. LmrA was proteolyzed with proteinase K in a 5:1 membrane, although the duration of the proteolysis step has

(w/w) ratio. Each lane contains &y of LmrA, before proteolysis ~ Peen chosen in order to minimize their effect. Dichroism
(lane 1) or proteolyzed during 1 (lane 2), 5 (lane 3), 15 (lane 4), analysis (not shown) yield®s° = 1.5 andRA™? = 2.4 for
and 30 (lane 5) min. The band present at 40 kDa is due to the amide |. Again, the frequency of the dichroism maximum
presence of ethanol in the sample and is not observable after the(1 656 cnr) indicates that it arises from helical structures.
centrifugation step. If we assume that all of the helices present in the proteolyzed
sample are transmembrane helices and that the remaining
ated with the lipids. Gel electrophoresis of the pellet showed structures (mainly loops) display no preferential spatial
the same bands as before centrifugation, suggesting thabrientation of their amide €0 groups, then, using the
cytoplasmic peptides are digested by proteinase K (resultsequation described in Experimental Procedud&s, {t comes
not shown). The 35 kDa peptide was then blotted on a PVDF that R* = 2.7 (with Rs° = 1.5 andRATR = 2.4). Similarly,
membrane and sequenced as explained in ExperimentaBhssuming that the only oriented structures are the transmem-
Procedures. Because it was blocked at the N-terminus, thebrane helices (20% of the amino acid residues according to
peptide was submitted to CNBr cleavage. The following the six transmembrane segment model) in the intact protein
sequence was then obtained: VQPLINSFGHGYV correspond-(Rs° = 1.5 andRA™R = 1.9), it comes thaR* = 2.6. The
ing to the sequence of the protein starting after® 4). nonsignificant difference between tiR¢ values estimated
Because of its size, the 35 kDa peptide is therefore expectedor the entire protein and for the membrane-bound proteolytic
to encompass just the six transmembrane helices and the loopeptides indicates that all of the dichroism present in the
connecting them according to the protein predicted model. intact protein can be explained by the dichroism associated
Since the other minor peptides visible on the gel are with the membrane-embedded helices. The mean orientation
membrane bound and resistant to proteolysis, they might beof the helices obtained from the dichroic ratios is evaluated

3 —
1 2 3 4 5
Ficure 3: Gel electrophoresis after proteolysis of LmrA by
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| (23). Each exponential corresponds then to a grauof
015, (] A A 7~ amide bonds characterized by a common time constant,
| S o 4 R o LN, o

HE) = Y @ exp(-T)

01f

i whereag; is the proportion of residues belonging to graup
0.05; Fot SR For three populations of amide protons< 1, 2, 3), least
A f . squares curve fitting yields three time constafis ; and
~Se three proportionsy » 3 We foundT; = 0.2 min, 31%,T, =
2 min, 15%, andl'; = 500 min, 54%.
i LmrA Membrane Domain Stabiliy*H/’H Exchange
005 i Kinetics.While the global exchange kinetics of the protein
\ A can be evaluated from the amide Il area decrease as a
function of time, amide | experiences only limited shifts-(5
15 cntl) (30). Even though the relation between the

Absorbance

o

-0.1

) i . ‘_,f’ - P s i, N
1800 1750 1700 1650 1600 1550 1500 1450 1400

o frequencies of the different components of amide | and
secondary structures is better established (for a review, see
Psheets  pums  abelices  random P sheets refs 30 and 46), the component large width at half-height
A e and the comparatively small shifts upon deuteration make
o : : 5 these shifts difficult to investigate in terms of secondary

structure 48, 49). In the present case, however, the experi-
ments carried out above suggest that the dichroism spectrum
(Figure 2, spectrum C) arises only from the oriented helices
embedded in the membrane. As the amide Il presents no
strong dichroism property, we may not use it to monitor the
1H/?H exchange. On the other hand, the shift of the amide |
dichroism spectrum can provide us with the necessary tool
s 10 g 1 - e to evaluate specifically the exchange rate of the transmem-
om” brane helices. The advantage of this approach resides in the
FiGURE 4: ATR-FTIR spectra of the intact and cleaved samples. POSSibility of monitoring the oriented transmembrane helices
(A) Polarized and dichroic spectra of the intact (solid line) and only, ignoring the rest of the protein which does not
proteolyzed (dashed line) samples. From the bottom to the top: contribute to the dichroism spectrum. For this purpose a
parallel polarization, perpendicular polarization, and dichroic ggries of polarized spectra were recorded in the course of
spectra. (B) Spectra of the deuterated intact (thin line) and the exchange process. Dichroism spectra were generated as
proteolyzed (thick line) sample. . L9 . . . :
explained in Figure 2. A time series of such dichroism spectra
between 18 and 35 with respect to the IRE normal, appears in Figure 7. To monitor quantitatively the exchange
depending on the orientation of the amide | dipole [from process, we fitted the amide | dichroism peak as the
27° to 38 (34, 35)]. Such a tilt is found for most of the  combination of two Lorentzian/Gaussian (Cauchy functions)
transmembrane segments in membrane proteins. bands. The first one at higher frequency would represent the
LmrA Stability-'H/°H Exchange KineticsAt constant pH H form of the helices and is expected to decrease in the
and temperature, the rate of amide hydrogen exchange bycourse of the exchange process. The second one at lower
deuterium is related to the stability of the secondary structuresfrequency would represent tRe form of the helices and is
and to the solvent accessibility to the NH amide groups. In expected to increase in the course of the exchange process.
Figure 5, a series of spectra recorded as a function of theA first unconstrained curve fitting carried out on the
deuteration time is reported. Upon deuteration, there is aundeuterated sample and on a sample deuterated for 4 days
limited shift in the amide | region, a decrease of the amide (not shown) indicated that the frequency of t&and?H
Il intensity near 1550 crt, and an increase of the amidé Il contributions were 1658 and 1648 chrespectively. The
intensity near 1450 cm. Amide hydrogen exchange was width at half-height was found to be 25 and 30 ém
followed by monitoring the amide Il absorption peak respectively. These values were then used in a constrained
decrease as a function of the time of exposureHgO- curve fitting to analyze the time series presented in Figure
saturated M flow (from 10 s to 240 min; for details, see 7. The intensity of the band at 1658 chwas scaled between
Experimental Procedures). Integration of lipilC=0) and 100% and 0% and plotted in Figure 8. It appears, according
amide Il bands was performed using the baselines drawn onto Figure 8, that after 20 min 60% of the oriented helix amide
the figure. The decreasing area of amide Il computed betweengroups have been exchanged, i.e., an unexpected fast
0 and 100% (see Experimental Procedures) is reported inexchange for the transmembrane region of the protein.
Figure 6. Further insight into the process was obtained Furthermore, it is obvious that several distinct rate constants
considering that the hydrogen/deuterium exchange is the sumare necessary to describe the exchange curve reported in
of first-order reactions. The fraction of unexchanged amide Figure 8. A decomposition of this exchange curve indicates
protonsH(t) can therefore be described as a sum of individual that 48% of the amino acid residues belonging to the oriented
exponentials. Practically, considering only a few classes of membrane helices of the protein experience a very fast
exchange rates (three classes in the present case) allows thexchange (time constant 0.2 min). Conversely, another 37%
description of the data within the experimental error limits seem almost inaccessible by solvent and do not experience
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FiIGURE 5: H/?H exchange kinetic spectra of LmrA. Spectra ofi@pof LmrA recorded as a function of the deuteration time. The spectrum
at the bottom has been recorded before deuteration and the one at the t@phaftedeuteration. The other spectra have been recorded at
intermediate times (1, 4, 7, 11, 14, 18, 21, 25, 29, 42, and 93 min, respectivelyy. 3¢ade is given in reference to the spectrum at the
bottom; other spectra were offset for clarity.

1o 1 i DISCUSSION

1800 1750 1700

—————— - Due to the presence of lipids, information about the
A structure of integral membrane proteins remains difficult to

T A obtain. For most of the membranous proteins, the only
z ‘ el el S N N S structural information relies upon predictive models based
LR e N A N on hydropathy profiles and sequence alignments. For ABC
B i R A A transporters, the crystal structure of HisP, the ATP-binding
A I A A 1o subunit of a histidine transporter &. coli, has brought
N A A i information about the structure of the nucleotide binding
S o R domain 60). For the entire transporter, the most precise
P 2 s 4 5 & 1 8 s 1 structure is the one determined for P-gp by electron
Time (min) microscopy with a resolution of 2.5 nn%1). However, it

FIGURE 6: Exchange curve of LmrA. Evolution of the proportion ~ Provides no information about the secondary structure and
of unexchanged amide bonds of LmrA({)] computed between 0 organization of the peptide chains within each domain.
and 100% presented as a function of the deuteration time. Only Because the membrane-embedded domain seems to be

the first 10 min are shown. Error bars represent the standard aggential in the recognition and transport of substrates (

deviation computed for four independent experiments. The full line . . .

was obtained by a fitting procedure of exponential decay. 12), qharacterlzmg the structure of this domain in LmrA
remains necessary.

any exchange (time constant 2000 min). To make sure that ABC transporters are made of two homologous halves
this analysis is robust, we checked the effect of varying the composed of a nucleotide binding domain and a transmem-
scaling factor used for generating the dichroic spectra. We brane domain. Although g-sheet model has been proposed
increased the scaling factor by up to 25%. In these conditions,(17), the most accepted theoretical model of LmrA and other
dichroism spectra obtained by subtracting the perpendicularABC transporters suggests that the transmembrane segments
polarized spectra from the parallel polarized spectra displayedare helical 4, 8). To confirm experimentally this model, we

a positive deviation in the amide | frequency range and a have, in a first step, demonstrated the presence in LmrA of
negative deviation in the amide Il frequency range (not o-helices oriented perpendicularly to the membrane plane.
shown). Yet, analysis of the exchange curve performed asThe membrane-embedded domain of LmrA was then isolated
described above revealed that the proportion of the fastafter digestion of reconstituted LmrA by proteinase K. This
exchanging component was stable within 2% (results not produced a fragment that has been shown to include the six
shown). predicted transmembrane segments and the loops connecting
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Ficure 7: Dichroic spectra of intact LmrA recorded in the coursété’H exchange. Polarized spectra of 2§ of LmrA were recorded
as a function of deuteration time, and dichroism spectra were obtained as described in Figure 2. The dichroism spectrum at the bottom has
been recorded before deuteration and the one at the taBaftef deuteration. The other spectra have been recorded at intermediate times
(1, 4,7,11, 14, 18, 21, 25, 29, 42, and 93 min, respectively).Ybeale is given in reference to the spectrum at the bottom; other spectra
were offset for clarity.

i
1650

Interestingly, the entire dichroism contained in the protein
arises from helical structures, suggesting that no other
secondary structure has, on the average, a specific orientation
with respect to the membrane. Even more interesting is the

100

60 fact that the dichroism present in the intact protein can be
g completely explained by the dichroism of the helices which
o remain associated with the membrane after proteinase K

treatment. This observation strongly suggests that only the
transmembrane helices contribute significantly to the dichro-
0| ism. If we accept this hypothesis, it makes it possible to
2 i s . R monitor the 'H/°H exchange rate of the transmembrane
Time {min) domain only while working with the intact protein. However,
FiGURE 8: Exchange curve of transmembrane domains of LmrA. the possibility that oriented segments in the region of the
Evolution of the proportion of exchanged amide bonds of trans- protein that protrude from the membrane may have opposing

membrane segments of LmrA computed between 0 and 100% is . :
presented as a function of the deuteration time. Only the first 10 dichroism and, consequentely, cancel each other should be

min are shown. Error bars represent the standard deviation computedOnsidered. There would then be no net contribution to the
for four independent experiments. The full line was obtained by a dichroism before deuteration, but change in the dichroism

fitting procedure of exponential decay. could occur as a function of the exchange. We shall examine
here three potential situations:

them. The ATR-FTIR spectrum of the proteolyzed sample (1) Nonmembrane helical contribution: To obtain a

demonstrated that the membrane-embedded domain of LmrAsignificant effect we need to imagine that a number of

is indeed helical. Furthermore, the small quantityefheet conditions are fulfilled simultaneously:

structure found in the cleaved sample strongly suggests the Among the nonmembrane helices, only the ones with an

absence of a transmembrgiarrel, at least for LmrA. This  orientation close to a parallel or a perpendicular to the

is the first direct experimental evidence of the helical nature membrane do contribute with a significant intensity to the

of the transmembrane segments for an ABC transporter. Thedichroism spectrum.

homology of LmrA with P-gp mainly, but also with the other Among the latter population of helices, it should happen

ABC transporters, suggests that this may be a commonthat they form a pair with orientations normal with respect

feature for most proteins of this superfamily. Furthermore, to each other, leading to no net dichroism.

infrared dichroism confirmed the perpendicular orientation  The latter pair of helices should display exchange constants

of these helices with respect to the membrane plane. dramatically different.
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Finally, all the fast-exchanging helices should be the ones amide groups remain unexchanged (60% for rhodopsin).
perpendicular to the membrane in order to contribute to a These values roughly correspond to the membrane-embedded
fast, transiently uncompensated, intensity decrease at 165&elical fraction of the protein. They also agree with ATR
cmt data obtained on a film which show 80% of unexchanged

As LmrA contains 35% ofa-helices, considering 6 amide afte 2 h exposure téH,O and 73% unexchanged
transmembrane helices of ca. 20 residues each, it comes thaamide after 48 h exposure 1,0 (56). Exchange kinetics
only 14% of the helices belong to nonmembrane parts of for individual backbone amides has been found by NMR to
the protein. Simple computation indicates that only one-third present a periodicity in melittin reconstituted in bilayers (PC:
of the observed fast-exchanging contribution at most could PS 88:12 mol/mol) with an exchange rate 20-fold slower
be explained if all of the conditions above are simultaneously for the amino acids located on the hydrophobic face of the
fulfilled. helix (57). Insertion of the transmembrane segment of

(2) Nonmembrane, nonhelical contributions: According to glycophorin results in the presence of an amide population
published assignments, only a “random coil” contribution which is virtually unexchangeabl&§, 59). Similarly, stable
could also be present at 1658 cinlt has been shown before  o-helices from pulmonary surfactant SP-€D,(61) and SP-B
that random structures always undergo very fast exchange(62) exchange very slowly. Conversely, some helices from
(48, 49). Therefore, within a few seconds, all the coil integral membrane proteins display fast exchange rates. The
contributions should reach the same state of full deuterationhuman erythrocyte glucose exchanger exhibits a fast ex-
with no effect on the dichroism. change rate63): at p’H 7, 81% of the amide groups are

(3) Nonmembrane helical/coil contributions: Assuming exchanged aftel h in the presence ofH,O. Very little
that all of the hypotheses developed about the nonmembranesxchange takes place during the following 3 days. Yet, a
helical contribution are fulfilled, the possibility should be model of this protein proposes 1®-helices crossing the
envisaged. To rule out this possibility, we recorded the membrane accounting for about 50% of the 492 amino acids
evolution of dichroic spectra on the digested protein. In this of the protein. The lactose permease also displays an
new situation, the large majority of the nonmembrane helices unusually fast exchange as shown by Le Coutre et ak-(90
and random coil structures have been removed by the95% exchange completion$4). Fast exchange rates have
proteolytic activity. The results clearly indicated that the also been reported for the gastrict K"-ATPase 47).
oriented part of the membrane region of LmrA isolated after Finally, the water channel CHIP28 presents 80% of exchange
proteolysis also displays a fast component (data not shown).within 5 min (65). Other membrane-interacting proteins

In conclusion, we think that we can rule out the possibility display fast exchange. Binding of cytochroroeonto the
that the fast-exchanging fraction of amino acid residues negatively charged surface of DMPG or DOPG vesicles
detected in the polarized experiments can be assigned taresults in destabilization of the-helices as indicated by
nonmembrane residues. In turn, the fact that the dichroismdifferential scanning calorimetry and by the immediate and
present in the intact protein can be completely explained by complete *H/?H exchange recorded6®, 67). A similar
the dichroism of the helices which remain associated with behavior is observed for apolipoproteins with amphipathic
the membrane after proteinase K treatment strongly suggestselices such as apolipophori8). Fast exchange is associ-
that only the transmembrane helices contribute significantly ated to either large protein structural fluctuations or to large
to the dichroism. If we accept this hypothesis, it makes it accessibility of membrane-bound domains to the solvent. The
possible to monitor théH/?H exchange rate of the trans- present work reveals that the transmembrane helices of LmrA
membrane domain only while working with the intact display a rate of exchange that is fast, implying that the

protein. transmembrane helical segments of LmrA are more flexible
The rate of exchange of protein hydrogens is one way to and accessible than most (but not all) of the transmembrane
approach a description of structure fluctuatiofdbl/?H helical segments described so far in the literature. This could

exchange rate measurements yield information not availablebe related to the specific function of LmrA, which is to
from equilibrium methods. In ATR-FTIR spectroscopy transport structurally unrelated amphipathic molecules across
experiments, the exchange rate is similar to the one foundthe membrane. Furthermore, experimental data on related
in solution 62, 53). Furthermore, after resuspension of the proteins support this interpretation. Indeed, electron micro-
film of LmrA in 2 mM Hepes, pH 7.4, no loss of ATPase scopy images of P-gp clearly show the presence of an
activity was observed (not shown), confirming that film aqueous chamber in the membrab&)( This chamber has
preparation does not alter the protein conformation and an aperture of as much as 5 nm in diameter (compared to
activity. Secondary structures stabilized by hydrogen bonds0.3 nm for bacteriorhodopsin) on the external surface,
are resistant to exchange to an extent that depends on theiallowing solvent accessibility in the membrane domain.
stability. Furthermore, burial of peptide groups in the Furthermore, cysteine cross-linking experiments on P-gp
hydrophobic region of the folded protein prevents the accessdemonstrate that consecutive residues of helices 4 and 10
of the solvent required for the exchange and stabilizes thecan be cross-linked with residues of helices 12 and 6,
secondary structure. Hetbhelix interactions have also been respectively §9). These data implicate the occurrence of
shown to modulate the exchange raid)( large translational and rotational movements of the trans-
Numerous examples indicate that th#&?H exchange of membrane helices. This high flexibility is in agreement with
membrane-embedded helices from integral membrane pro-the high exchange rate observed. Therefore, we think that,
teins is extremely slow. Monitoring the exchange of bacte- although a high exchange rate in the membrane domain is
riorhodopsin between 1.5 and 25 h after additiorftafO exceptional, it is not so surprising when dealing with
was carried out by Downer et ab%). The authors found a  multidrug resistance proteins. We believe that the protein
plateau reached after about 10 h where some 70% of themay function as a hydrophobic vacuum cleaner as suggested
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by van Veen et al.q, 13). The substrates bind to the
membrane and, after hydrolysis of ATP and concomitant

change of conformation, are released at the level of an
aqueous chamber connected to the extracytoplasmic space.

22.

Biochemistry, Vol. 40, No. 39, 200111885

Sonveaux, N., Shapiro, A. B., Goormaghtigh, E., Ling, V.,
and Ruysschaert, J. M. (1998) Biol. Chem. 27124617
24624.

23. Goormaghtigh, E., Vigneron, L., Scarborough, G. A., and

Conversely, another fraction of the membrane-embedded 24,
domain of LmrA (37%) has a very low rate of exchange.
They may represent the amino acids that are in direct contact 25.
with the lipid phase.

In conclusion, we present here the first experimental
evidence of the structure and orientation of the membrane- 57
embedded domain of LmrA or any ABC transporter.
Furthermore, we designed a method which permitted us to 28.

investigate structural dynamics of the membrane part of the
protein. This approach revealed an unusual structure dynam- 29.

ics in the membrane region of the protein which is to be
related to the particular function of this protein domain. This
new experimental approach is of general interest for the study 31.
of other membrane proteins. This possibility to specifically
study the dynamics of the oriented domain of a protein
without altering its integrity may bring information on the
mechanism of numerous membranous processes.
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