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Abstract The ATP binding cassette (ABC) transporter LmrA
from Lactococcus lactis transports cytotoxic molecules at the
expense of ATP. Molecular and Kkinetic details of LmrA can
be assessed by solid-state nuclear magnetic resonance (ssNMR),
if functional reconstitution at a high protein-lipid ratio can be
achieved and the kinetic rate constants are small enough. In or-
der to follow ATP hydrolysis directly by *'P-magic angle spin-
ning (MAS) nuclear magnetic resonance (NMR), we generated
such conditions by reconstituting LmrA-dK388, a mutant with
slower ATP turnover rate, at a protein-lipid ration of 1:150.
By analysing time-resolved *'P spectra, protein activity has been
directly assessed. These data demonstrate the general possibility
to perform ssNMR studies on a fully active full length ABC
transporter and also form the foundation for further kinetic stud-
ies on LmrA by NMR.

© 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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1. Introduction

The 64 kDa membrane protein LmrA is a homologue of
P-glycoprotein (Pgp), which can confer resistance to chemo-
therapeutics in cancer patients [1]. ATP binding cassette
(ABCO)-transporters carry out their specific tasks by utilizing
energy released during ATP hydrolysis. Pgp and its bacterial
relative LmrA use this energy in order to transport lipophilic
substrates through the membrane. All ABC-transporters have
a similar domain architecture comprising of two transmem-
brane domains (TMDs) and two nucleotide binding domains
(NBDs). These domains can either be encoded on a single
polypeptide chain or as separate proteins. LmrA is a
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homodimer with one TMD and one NBD fused into a single
polypeptide [2]. The NBDs contain the signature motifs that
define the membership of a protein to the ABC-superfamily,
the Walker A and Walker B domain as well as the C-loop.
In this domain, ATP hydrolysis is carried out with the help
of the C-loop and the Walker B motif [3].

There has been great progress in structural biology of
ABC-transporters, as 11 crystal structures of full-length
ABC-transporters are available to date; the vitamin B12 im-
porter BtuCD from Escherichia coli [4], the putative multidrug
transporter Sav1866 from Staphylococcus aureus [5,6], the
molybdate/tungsten importer ModBC from Archaeoglobus ful-
gidus [7] and Methanosarcina acetivorans [8], the metal-chelate
importer HI1470/1 from Haemophilus influenzae [9], the lipid
flippase/multidrug transporter MsbA from E. coli, Vibrio chol-
era and Salmonella typhimurium [10], the maltose transporter
MalFGK, from E. coli [11] and the methionine uptake trans-
porter MetNI from E. coli [12]. In addition, many isolated
NBDs at different stages of ATP hydrolysis have been crystal-
lized, reviewed by Oswald et al. [13]. However, neither the
structures of full lengths transporters, which represent snap-
shots of the reaction cycle, nor those of isolated NBDs allow
a complete insight into the functional mechanism and the con-
formational dynamics of a complete ABC-transporter.

Thus, other complementary methods need to be utilized for
a meaningful structure-function characterization. Solid-state
NMR (ssNMR) offers such a possibility, as the full length
transporter can be studied within a lipid environment. So
far, studies on ABC-transporters [14] and secondary transport-
ers [15,16] were carried out in substrate—protein equilibrium.
In case of ABC transporters, non-hydrolysable ATP analogues
have been used in order to emulate a particular state of the
catalytic cycle. In contrast, real time ssNMR could provide
valuable kinetic data for both transport and catalytic cycle
but is challenged due to low sensitivity. However, this problem
could be overcome by higher protein concentration and/or
triggering and slowing the reaction cycle. Especially the use
of *'P nuclear magnetic resonance (NMR) could be usefully
as no further isotope labelling of ATP/ADP is required. >'P
NMR on a soluble nonspecific nucleoside triphosphatase
showed that this approach is generally feasible [17] and kinetic
31p solution NMR studies [18] and saturation transfer experi-
ments on nucleotides [20] in whole E. coli cells have been suc-
cessfully carried out. *'P NMR is mainly used as non-invasive
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method to study the metabolism of muscle in vivo as reviewed
by Kemp et al. [19]. So far, real time *'P ssNMR has never
been used on a purified membrane protein. Real-time measure-
ments of ATP hydrolysis always relied on a fluorescent probe
sensitive to the release of inorganic phosphate as shown for
actomyosin subfragment 1 ATPase [21]. An assay based on
the same fluorescent probe was later employed by He et al.
on muscle fibers [22]. This fluorescent probe only detects one
component of the ATP hydrolysis reaction, the released inor-
ganic phosphate. The same indirect principle underlies many
of the conventional ATPase assays. Either an inorganic com-
plex with free Pi is formed that can be detected colourimetri-
cally, for example by malachite green [23] or molybdate blue
[24], or the ATP/ADP ratio or the free Pi is measured using
a radioactivity assay after the reaction has been stopped [25].
Alternatively, a subsequent reaction by other enzymes makes
use of the released ADP to transform it back into ATP, there-
by triggering a second reaction that produces a detectable
product, such as NAD" in the coupled assay that utilize pyru-
vate kinase and lactate dehydrogenase [26]. *'P NMR on the
other hand can be used to measure changes of all phosphory-
lated compounds directly and simultaneously. Additionally, it
allows calculating the ATPase activity of the measured protein
as reliably as a conventional biochemical ATPase assay.

However, for the investigation of membrane proteins by
means of ssNMR, the amount of available protein, the quality
of the sample preparation, the concentration of the measured
sample and the careful reconstitution present major bottle-
necks. These can be overcome by careful screens leading to
the desired result of a reconstituted and functionally intact
full-length protein. Here, we show that sufficient sample
amounts of LmrA can be prepared and reconstituted using
an optimised protocol so that ATP hydrolysis can be followed
by real time *'P magic angle spinning (MAS) NMR. To slow
down ATP hydrolysis, we have used LmrA dK388, which
has a lysine deletion in the Walker A domain of the NBDs.
In biochemical assays such a mutant is often used as a negative
control [27], whereas for our purposes this mutant is ideal,
since its slow ATP turnover rate makes time-resolved NMR
detection at high protein concentrations easier. Using
3IP.MAS NMR, we were able to determine the rates of the for-
mation of ADP from ATP by following variations in the o, 8
and y phosphate signals. These rates are discussed in the con-
text of data from conventional biochemical assays.

2. Materials and methods

2.1. Materials

Difco M17 Medium was obtained from BD, Sparks, membrane do-
main (MD); n-dodecyl-B-p-maltoside (DDM) and TritonX-100 from
Applichem; Ni**-nitriloacetic acid (NI-NTA) resin from Qiagen,
Inc.; BioBeads SM2 from Bio-Rad Laboratories Inc.; 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine  (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG) from Avanti
Polar Lipids, Alabaster, AL. Adenosinetriphosphate was obtained
from Sigma. All other chemicals were of analytical grade or better.

2.2. Bacterial strains and growth conditions

Lactococcus lactis strain NZ9700 was used as a nisin producing strain.
L. lactis strain NZ9000 AlmrAAlmr CD with plasmids pNHLmrA-dK388
[27] or pNHLmrA-MD [27,28] was used for expression of membrane
protein. Twenty millilitres of cells per litre of main culture were grown
without shaking at 30 °C overnight in M17 medium with 0.5% glucose
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and 5 pg/mL chloramphenicol. These cells were used to start main
cultures (16 L) to grow at 30 °C without shaking to an ODgg of 0.8.
Cells were then induced with 1 mL per litre main culture of the superna-
tant of a L. lactis strain NZ9700 culture after centrifugation. Cells were
grown for 2 h and then harvested by centrifugation.

2.3. Sample preparation

Inside-out vesicles were prepared as previously described [29] with
slight modifications: 2 mg/mL lysozyme were used for digestion and
25 pg/mL of DNAse were added to the cell suspension after passage
through a cell disruptor and the cell suspension was then incubated
for further 30 min at 30°C. Total membrane protein yield was
determined with the colourimetric DC Protein Assay (Bio-Rad,
Hertfordshire, UK) and detected at 750 nm with a UV-550 Jasco spec-
trophotometer.

His-tagged protein was solubilized in 50 mM KPi pH8 with 1%
DDM, 100 mM NaCl and 10% glycerol over night and then purified
as described by [14] but with KPi buffer pH 7.0 instead of Tris—HCl
buffer pH 7.0. Pure protein yields were again determined with the
DC Protein Assay and verified with SDS-PAGE.

Lipids for reconstitution were weighed to give a 70:30 (w/w) ratio of
POPC to POPG and solubilized in chloroform for homogenous
mixing. They were then dried overnight and stored frozen until needed.
For liposomes, a 4 mg/mL solution of lipids was prepared in 50 mM
KPi buffer, pH 7 and extruded (Northern Lipid Extruder) 11 times
through a 400 nm filter (Whatman, Maidstone, UK). Liposomes were
then destabilized by titration with a 10% TritonX-100 solution and the
process was followed by UV-Vis spectroscopy at 540 nm. Destabilized
liposomes were combined with eluted protein in a ratio of 150:1 (mol/
mol) and incubated for 30 min at room temperature. Biobeads were
added to a final concentration of 80 mg/mL and incubated for 2 h at
room temperature. Biobeads were then exchanged to yield again a
concentration of 80 mg/mL and incubated for 2 h at 4 °C. Biobeads
were then exchanged a final time in the above manner and the solution
incubated over night at 4 °C. Reconstituted protein was harvested by
centrifugation (190000 x g, 40 min, 4 °C) and reconstitution efficiency
checked by freeze fracture electron microscopy.

For time resolved NMR data acquisition, liposome pellets contain-
ing 15 mg total membrane protein of the reconstituted protein was
spun into the NMR rotor at 4 °C as a first step. 20 uL of the precooled
ATP solution (100 mM KPi, 100 mM ATP, 10 mM MgCl,, pH 7.0)
were then pipetted into the rotor. The rotor was quickly closed with
a top insert, screw and cap and then vortexed. The sample was then
inserted into the prewarmed spectrometer and measurement began
within 1 min of start of reaction. After NMR measurements, samples
were measured once more by freeze fracture electron microscopy.

2.4. Activity assay

ATPase activity of purified protein was determined using a linked
assay: pyruvate kinase turns ADP generated by LmrA back into
ATP by producing pyruvate from phosphoenolpyruvate. Pyruvate is
used by the second enzyme, lactate dehydrogenase, to yield lactate un-
der the consumption of NADH. The turnover of NADH is observed
spectroscopically and can be related to the LmrA ATP activity. The as-
say was carried out as described previously [26] but without B-octyl
glucoside, dimyristoylphosphatidylcholine, EGTA and sn-1,2-dihexa-
noylglycerol. 100 pL assay buffer containing 25 mM PIPES, pH 6.8,
50 mM LiCl, 0.1 mM EDTA, 0.5 mM NADH, 3 mM ATP, 15 mM
MgCl,, 1 mM phosphoenolpyruvate and 5uL of pyruvate kinase
(200 U/mg) and lactate dehydrogenase (550 U/mg) (both Roche, mixed
at a ratio 100:72.7) were incubated at 30 °C for 5 min. LmrA dK388
was then mixed with the assay buffer and NADH decrease was moni-
tored at 340 nm.

2.5. Electron microscopy

Freeze-fracture replicas produced in the freeze-fracture unit BAF
060 (Bal-TEC Inc., Principality of Liechtenstein) were analyzed in an
EM208S electron microscope (FEI Company).

2.6. ssSNMR

All experiments were carried out using a Bruker Avance 11 400 MHz
Spectrometer with a 4 mm MAS DVT Triple Resonance probe in
double resonance mode. Direct polarization of *'P was carried out at
161.923 MHz with a pulse length of 6.5 us. Protons were decoupled
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during acquisition with 70 kHz using spinal64 [30]. All experiments
were carried out at 290 K. All spectra were processed using Topspin
2.0 (Bruker, Karlsruhe, Germany). Spectra were referenced with re-
spect to phosphoric acid.

3. Results and discussion

In order to carry out ssNMR experiments on ABC trans-
porters, it is necessary to find conditions under which large
amounts of the isotope labelled protein can be fully function-
ally prepared at high concentration within the lipid bilayer.
Mason et al. already showed that isotopic labelling is possible
with L. lactis as an overexpression host [31].

For biochemical analysis, LmrA is usually reconstituted at a
ratio of approximately 1:100 (w/w) (1:~8000 (mol:mol) pro-
tein:lipid) [29]. For ssNMR measurements however, a much
higher protein density needs to be achieved. In a previous
paper, we have shown that LmrA could be overexpressed in
L. lactis and then reconstituted into E. coli full lipid extract
with a molar ratio of approximately 1:250 (protein:lipid)
[31]. Here, we have further lowered the reconstitution ratio
down to 1:150 (mol/mol) which allows us to accommodate
more protein in the limited volume of a MAS NMR sample ro-
tor. Additionally, we have changed the reconstitution protocol
from E. coli full lipid extract to a mixture of the synthetic lipids
POPC and POPG (70:30, w/w) which did allow higher repro-
ducibility between preparations. The successful homogenous
reconstitution was examined with freeze fracture electron
microscopy before and after MAS NMR experiments; no
aggregates were detected (Fig. 1), which shows that spinning
the sample at 10 kHz does not lead to aggregation of the sam-
ple during measurement. This high reconstitution efficiency en-
abled us to fit 15 mg of purified and reconstituted protein into
the MAS rotor volume of about 70 pL.

Fig. 1. Electron microscopy freeze fracture image of reconstituted
LmrAdK388 in POPC/POPG (7:3 w/w) at a total molar protein:lipid
ratio of 1:150 shows a homogeneous protein incorporation into the
liposome without apparent aggregation. Images were taken after
subjecting the sample to MAS NMR spectroscopy.
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Using these conditions, we tried to observe ATP activity
directly by *'P-MAS NMR. For this purpose, samples of
purified and reconstituted LmrA with a deletion in the Walker
A domain (LmrAdK388) have been prepared. This mutant
shows a much slower ATP hydrolysis and is therefore better
suited for real time NMR experiments than the wild type
protein: Due to the limited sample volume of ca. 70 uL only
a limited amount of ATP can be added which will be hydroly-
sed during the experiment. The longer this takes, the better will
be the signal-to-noise and the time resolution of the MAS
NMR experiments. An earlier study from our lab by Mason
et al has shown that reconstituted LmrA has a basal activity
of 47 nmol Pi/min*mg [31] which indicates that the ATPase
activity of LmrAdK388 according to our data is about 4-6%
of the wildtype (see below). Changes in the sample are
therefore slow enough to record spectra with a sufficient sig-
nal-to-noise ratio and a time resolution of minutes. In a previ-
ous study, no ATPase activity of LmrAdK388 was detectible
because the amount of protein used was some orders of
magnitude lower than here [27].

Reconstituted samples were placed into a MAS rotor,
incubated with ATP, transferred quickly into a MAS NMR
probehead within the NMR spectrometer and spun up to
10 kHz sample spin rate. The recording of the first FID began
1 min after starting the reaction. Two-hundred and fiftysix
FIDs were accumulated resulting in a *'P spectrum every
8.8 min. Representative spectra are shown in Fig. 2. The reso-
nances of all three phosphate atoms Pa, PB and Py of ATP as
well as of the two phosphate atoms Pa and P of ADP are well
separated from each other and from the PC/PG lipid reso-
nances. During the time course of the experiment, the intensity

POPC
Py—ATP PB-ADP Po-ADP Po-ATP

ADP

|20 22 24 |
L

4 2 0 2 -4 6 § -10 -12 -14 -16 -18 20 22 -24
3P [ppm]

Fig. 2. A series *'P-MAS NMR spectra of LmrA dK388 reconstituted
in POPC/POPG in KPi buffer were recorded after adding ATP. The
reduced catalytic activity of the dk388 mutant allows directly following
ATP hydrolysis in real time: The signal of Pa-ATP at —11.1 ppm
decays with time and reappears at —10.8 ppm as Pa-ADP (inset
middle). The same signal decay is observed for PB-ATP at —21.8 ppm
(inset right). The terminal Py-ATP and PB-ADP resonances cannot be
resolved and overlap with a peak maximum apparently shifting from
—6.7 ppm to —7.0 ppm (inset left). For comparison, spectra of an
identical sample containing ADP only are shown on top of each inset.
Spectra were acquired at 290 K, at >'P Larmor frequency of 160 MHz
using 'H decoupling, rotating the sample at 10 kHz. For each
spectrum, 256 scans were accumulated giving a time resolution of
8.8 min.
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Po-ATP at —11.1 ppm decreases while Pa-ADP at —10.8 ppm
increases. Similarly, at —21.8 ppm a decrease of PR-ATP is ob-
served. The signal of terminal Py-ATP which is cleaved off dur-
ing hydrolysis cannot be clearly resolved from PB-ADP
(previously the beta-phosphate of ATP). Both resonances
overlap to form a broad peak with a time dependent maximum
shifting from —6.7 to —7.0 ppm. These kinetic changes in the
3P spectra are directly caused by the hydrolysis of ATP
through LmrAdK388. As a control for ATP hydrolysis, puri-
fied and reconstituted LmrA-MD at a molar ratio of 1:150
in POPC:POPG (70:30, w:w), comprising only of transmem-
brane helices, has been measured under the same conditions.
This protein has been shown to act as a secondary multidrug
transporter under the influence of a pH gradient, but does
not display ATPase activity [28]. The reconstituted truncated
membrane protein did not show any changes in the time-re-
solved *'P spectra, hence no ATP hydrolysis activity (data
not shown). This is the first time that a kinetic measurement
of an active ABC-transporter has been carried out by MAS
NMR. To our knowledge, related measurements on a compa-
rably large system with ssNMR have previously only been car-
ried out with '*C-labelled ATP on Na, K-ATPase (~150 kDa)
[32]. In that specific example however, unbound components
were filtered out and thus binding rather than kinetics were
investigated.

Upon inspecting the data shown in Fig. 2, it seems surprising
why ATP hydrolysis is associated with changes in spectral
intensities for Pa-ADP, Pa- and PB-ATP but with a shift of
the peak maximum of the Py-ATP/PB-ADP resonance. The
reason is found in the complex formation of ATP and ADP
with Mg?*, which has an ion strength and pH dependent effect
on the chemical shifts and lineshapes of the terminal phosphate
groups [33,34]. For our experimental situation, an initial
Mg**:ATP ratio of 1:10 was found as an optimum in order
to fully exploit the volume of the rotor which causes a charac-
teristic lineshape (supporting information, Fig. S1). With
ongoing ATP hydrolysis, the peak for Py-ATP becomes smal-
ler and the ATP:Mg>* ratio decreases. At the same time the
intensity of PB-ADP increases and also the ADP:Mg?" ratio
increases with subsequent chemical shift changes. Both peaks
overlap which results in an apparently shifting peak maximum.

A quantitative analysis of the time-resolved *'P-MAS NMR
spectra is shown in Fig. 3. The signal intensities of Pa-ATP,
Pa-ADP and PB-ATP can be described with a single exponen-
tial function. As one would expect, very similar rate constants,
given in the legend to Fig. 3, have been obtained (average
5.5%107*s7"). The chemical shift changes of the Py-ATP/
PB-ADP peak maximum can also be described empirically by
an exponential function with a rate constant similar to the
intensity changes of the other phosphate groups.

In order to compare the observed rate constant with conven-
tionally obtained data for ATPase activity, we have to consider
one important difference between both approaches: In the en-
zyme coupled biochemical assay used here, the amount of ATP
remains constant during the reaction and in excess of ADP be-
cause pyruvate kinase turns ADP generated by LmrA back
into ATP (see Section 2). During the NMR experiment, the
amount of ATP decreases exponentially. To make these data
comparable, we have analyzed the exponential time traces
for Pa- and PB-ATP (Fig. 3a and b) close to t =0 when
ATP is still in excess of ADP. Close to zero, these traces have
been approximated by a linear function using a Taylor series
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Fig. 3. Time course of ATP hydrolysis obtained from the *'P-MAS
NMR spectra shown in Fig. 2. The decay of Po-ATP and the
formation of Pa-ADP can fitted with a single exponential function
with rate constants of 5.8 +0.7x10™*s™" and 5.6 £ 1.0x 107*s7",
respectively (a). PB-ATP decays exponentially with 5.0 + 0.9 x 107 s~}
(b). The peak maximum of the overlapping Py-ATP/PB-ADP reso-
nance shows a continuous chemical shift change 4 = 6(0) — d(¢) which
can also be fitted empirically with a single exponential rate constant of
57+0.7x107%s7! (¢).

expansion, which results in an average ATP turnover activity
of 3.1 £ 0.5 nmol ATP/min * mg for LmrAdK388. This is in
good agreement with our biochemical data which returned
4.1 £ 0.5 nmol ATP/min * mg, showing that kinetic data of a
fully active ABC transporter can be obtained by real-time
ssNMR. The activity obtained by NMR is slightly lower than
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the value obtained biochemically. This could be simply caused
by the approximation used here. A reduced NBD accessibility
during the MAS NMR experiment could also be considered,
because the liposomes are centrifuged onto the inner surface
of the MAS rotor. But mixing takes place before sample spin-
ning starts, so this effect is not expected to be significantly
large. Sample aggregation due to spinning can also be excluded
as the freeze fracture analysis in Fig. 1 was carried out after
sample spinning.

4. Conclusion

Our studies show that MAS NMR can be used to probe
kinetics of membrane proteins occurring on a time-scale of
minutes. It is possible to follow the course of all phosphory-
lated compounds of an ATP hydrolysis reaction directly and
simultaneously with *'P NMR. This holds advantages over
biochemical assays and could even be expanded to membrane
protein reactions in which also phosphorylated substrates are
involved. Additionally, side reactions e.g. ATP/AMP or the
reversibility of ATP hydrolysis could be easily monitored.

Further studies will include the effect of substrates on ATP
hydrolysis, the use of caged ATP for studies on wildtype
LmrA, or to probe the reversibility of such reactions.

It should also be pointed out, that the experimental condi-
tions used here correspond to the requirements of MAS
NMR on uniformly '*C and/or °N or site-directed labelled
protein: We were able to show that ssNMR experiments at a
high protein:lipid ratio with up to 15mg of this ABC
transporter in its active state can be carried out.
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in the online version, at doi:10.1016/;.febslet.2008.09.033.
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