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Abstract

ABC transporters form a superfamily of integral membrane proteins involved in translocation of
substrates across the membrane driven by ATP hydrolysis. Despite available crystal structures and
extensive biochemical data, many open questions regarding their transport mechanisms remain.
Therefore, there is a need to explore spectroscopic techniques such as solid state NMR in order to
bridge the gap between structural and mechanistic data. In this study, we investigate the feasibility
of using £. coli MsbA as a model ABC transporter for solid state NMR studies. We show that
optimised solubilisation and reconstitution procedures enable preparing stable and homogenous
protein samples. Depending on the solubilisation times, MsbA can be obtained in either an apo- or
in a native lipid-A bound form. Building onto these optimizations, the first promising MAS-NMR
spectra with narrow lines have been recorded. However, further sensitivity improvements are
required so that complex NMR experiments can be recorded within a reasonable amount of time.
We therefore demonstrate the usability of paramagnetic doping for rapid data acquisition and
explore dynamic nuclear polarisation as a method for general signal enhancement. Our results
demonstrate that solid state NMR provides an opportunity to address important biological
questions related to complex mechanisms of ABC transporters.
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Introduction

ABC (ATP Binding Cassette) transporters are a superfamily of membrane proteins that use
ATP as a source of energy to translocate a variety of substrates across the cell membrane.
Mammalian transporters such as P-glycoprotein are of great physiological importance and
belong generally to the exporters subclass (George & Jones, 2012; Higgins & Linton, 2004).
In prokaryotes, ABC transporters act as nutrient importers, -drug exporters and lipid
flippases. All ABC transporters show a similar modular topology with two highly conserved
nucleotide binding domains (NBDs) for ATP hydrolysis and two transmembrane domains
(TMDs), which are specialised towards binding and translocating a range of substrates. The
nucleotide binding domain consists of the canonical signature motif LSGGQ, also known as
the C-loop, and the conserved Walker A and B domains along with the D-, Q- and H- loops
(Jones & George, 2013). These modules are either fused into one single polypeptide chain or
assemble separately into homo- or heterodimers (Higgins & Linton, 2004).

The apparently similar architecture of ABC transporters implies a unified molecular
transport mechanism. There are however contradicting data questioning this assumption at
least for exporters. Nucleotide-bound outward facing structures have both NBDs in close
contact as found for MsbA and Sav1866 (Dawson & Locher, 2006; Ward et al, 2007), which
is in contrast to the apo-state structures of MsbA and PgP (Aller et al, 2009; Ward et al,
2007) in which a V-shape with well separated NBDs is observed. The latter contradicts
biochemical studies from which models were derived in which the NBDs are permanently in
contact with each other (George & Jones, 2012). Interestingly, a recent pulsed EPR study on
LmrA, a homologue to MsbA from L. /actis, revealed that the apo state covers a large
conformational space, which is restricted upon nucleotide binding (Hellmich et al, 2012b).
Such an apo state is not likely to be populated in the cell as the ATP concentration is
significantly higher than the K, of ATP hydrolysis, but particular sample preparation or
crystallisation conditions might favour certain apo state subpopulations.

So far, progress in ABC transporter research has relied on X-ray crystallography combined
with biochemical approaches. Furthermore, pulsed EPR spectroscopy, which provides
distance measurements via electron dipole-dipole couplings, has become very important for
identifying domain movements during the catalytic and transport cycles (Buchaklian &
Klug, 2005; Dong et al, 2005; Mishra et al, 2014). In addition, first applications of single
molecule methods for imaging as well as for spectroscopy have been reported (Cooper &
Altenberg, 2013; Kim et al, 2015). However, compared to other families of membrane
proteins, many spectroscopic techniques remain underrepresented although unique
mechanistic data could be obtained to complement crystallographic approaches. Especially
NMR spectroscopy could provide site-resolved data at atomic resolution, which would be
helpful in understanding details of ATP hydrolysis, substrate binding and release
mechanism, NBD-TMD cross talk and general structural dynamics.

In general, NMR spectroscopy on membrane proteins is challenging. Membrane-mimicking
environments suitable for different NMR approaches are illustrated in Figure 1. For liquid-
state NMR, the chosen protein/detergent complex has to be small enough to ensure fast
isotropic tumbling while preserving at the same time functional integrity. One possible
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disadvantage is the high curvature of detergent micelles creating an unnatural environment
for membrane proteins. A potential solution is offered by the use of isotropic bicelles or
nanodiscs, which are larger than micelles, but still soluble. All of these three systems have
been used successfully for liquid-state NMR (Raschle et al, 2010), but proteins of the size of
full length ABC transporters pose a general problem due to their molecular weight.

Solid state NMR does not suffer from line broadening due to increased molecular weight
and allows working under even more native-like conditions using lipid bilayers. Oriented
solid state NMR (O-SSNMR) relies on macroscopically ordered samples, which are either
prepared on glass plates as solid support or more elegantly by utilising the spontaneous
alignment of anisotropic bicelles within the magnetic field, which can be controlled by the
addition of lanthanides (De Angelis & Opella, 2007; Prosser et al, 1996) (Figure 1).
However, most applications rely on magic angle sample spinning for which proteoliposomes
can be used directly. Fast sample rotation about an axis inclined to the magnetic field at
54.7° (the “magic angle”™), averages all anisotropic interactions leading to well-resolved
spectra (Figure 1). This approach has been extensively used for hypothesis-driven studies or
for obtaining 3D structure models of membrane embedded proteins (Ader et al, 2009; Mao
et al, 2014, Park et al, 2012; Wang et al, 2013).

Due to their size and often challenging biochemical properties, ABC transporters are
especially difficult targets for NMR spectroscopy. Only a few initial studies on full
transporters, all of them based on solid state NMR, have been published so far. For L. /actis
LmrA, reconstitution conditions, time-resolved 3!P - magic angle sample spinning (MAS)
NMR (Hellmich et al, 2008) and wideline 2H-solid state NMR (Siarheyeva et al, 2007) have
been reported. The studies were later complemented by EPR spectroscopy (Hellmich et al,
2012b) and by solution state NMR on the isolated NBDs (Hellmich et al, 2012a). Optimized
reconstitution conditions and first MAS-NMR spectra were also reported for BmrA from B.
subtilis (Kunert et al, 2014). The first solid state NMR experiments on an ABC importer
were described for ArtMP in 2D-crystals (Akbey et al, 2014; Lange et al, 2010).

Here, we explore MsbA as a potential target for further solid state NMR studies. As
mentioned above, MsbA has been in the focus of a number of studies, but additional
spectroscopic data can be especially useful towards completing the mechanistic picture.
MsbA is a 584 amino acid £. coli ABC exporter, functional as a homodimer of 130 kDa.
Absence of MsbA in £. colileads to cell death, which can partly be attributed to the toxic
nature of lipid A accumulating inside the cell, and partly because of reduced integrity of the
outer £. colimembrane, which consist of lipopolysaccharide (LPS) with lipid A as the core
moiety (Zhou et al, 1998).

An up to 4 fold /n-vitro stimulation of ATPase activity of MsbA in the presence of 3-deoxy-
D-manno-2-octulosonic-lipid A has been shown (Doerrler & Raetz, 2002). In addition,
transport or stimulated ATPase activity has been demonstrated for many other substrates
such as Hoechst 33342, daunomycin, daunorubicin, erythromycin, vinblastine and ethidium
(Eckford & Sharom, 2008c; Eckford & Sharom, 2010; Siarheyeva & Sharom, 2009).
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The Xray crystallographic data of MsbA from £. coli (pdb id: 3B5W; 5.3A), S. typhimurium
(pdb id: 3B5X; 5.5A) and V/ cholerae (pdb id: 3B5Y, 3B60; 3.7A) have shown an inward
facing V-shaped structure with separated NBDs in the apo-state and an outward facing
conformation upon nucleotide binding (Ward et al, 2007). It has also been observed by Cryo
EM studies that MsbA in complex with different nucleotides (AMP.PNP, ADP-Vi, ADP-
AlFx) forms a unique lattice under same crystallization conditions (Ward et al, 2009). Hints
towards association and dissociation of NBDs by ATP have also been provided by cross
linking studies (Doshi et al, 2010) and an intermediate closed state was suggested (Doshi et
al, 2013). MsbA was also subject to rather extensive and detailed cw- and pulsed EPR
studies, which has not only provided evidence for conformational changes but has also given
a first impression of the extent of conformational dynamics within defined catalytic states of
MsbA. Large amplitude domain movements between an open apo into the closed nucleotide-
bound state have been reported in both micelles and proteoliposomes. It was demonstrated
that lipid A binds at the surface of helix 6 and global conformational changes were observed
for adenosine-5"-(B,y-imido)triphosphate (AMP.PNP) binding and for the ADP.Vi bound
high energy state (Borbat et al, 2007; Mishra et al, 2014; Smriti et al, 2009).

Further in this paper, we present first solid state NMR data on MsbA, which could be
obtained through optimisation of key steps during sample preparation. Special emphasis has
been given to the reconstitution step, which is crucial for obtaining a homogenous stable
preparation and for keeping the membrane proteins stable /n vitro (Geertsma et al, 2008;
Rigaud et al, 1995; Rigaud & Levy, 2003; Sanders & Landis, 1995). The small sample
volume used for MAS NMR (10 — 40 pL) presents an additional constraint, which requires a
small lipid to protein ratio. We also evaluate concepts to improve sensitivity based on Gd3*-
doping with rapid data acquisition as well as dynamic nuclear polarisation. Finally, first data
of lipid A in complex with MsbA will be presented and discussed.

Results and Discussion

(a) Preparing MsbA for solid state NMR

In order to prepare isotope-labelled samples, MsbA was overexpressed in M9 minimal
medium resulting in a reproducible yield of approximately 10 mg per litre of culture. The
yield even increased to up to 35 mg when amino acids were added to the medium for reverse
labelling. It was found that MsbA in complex with lipid A could be purified from E£. coli
membranes solubilised with 1.25% n-Dodecyl p-D-Maltopyranoside (DDM) for 1 h, while a
duration of 12 h resulted in apo-state MsbA (see below). Sample homogeneity and stability
were verified by size exclusion chromatography (0.015% DDM) directly after purification
and after storage at room temperature for 24 h (Figure 2a). Purity of the preparation was
determined by SDS-PAGE (Figure 2b) and confirmed by Matrix Assisted Laser Desorption
lonisation Mass Spectrometry (MALDI-MS) (Figure 2e). The MALDI spectrum clearly
shows single, double and triple charged peaks of the MsbA monomer corresponding to its
molecular weight including the His-tag with its peptide linker. A western blot of the
preparation using Anti-His AP-conjugate was run for confirmation of sample purity (Figure
2d). Long-term stability was further checked by SDS PAGE on MsbA reconstituted in 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) / 1,2-dimyristoyl-sn-glycero-3-phosphate
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(DMPA) (9:1) (see below for choice of lipid mixture) stored at room temperature. No
degradation was observed for up to 30 days (Figure 2c).

The reconstitution of MsbA into liposomes has been tested for different lipids and for
different reconstitution conditions. Unilamellar vesicles were prepared by extrusion followed
by detergent destabilisation to aid homogeneous insertion of MsbA. As detergent is added,
liposomes start swelling resulting in a change of turbidity of the liposomal solution, which
can be followed by monitoring the optical density at 540 nm as shown in Figure 3a for
DMPC/DMPA (9:1). The liposomes are fully saturated at the detergent concentration Rgar
but dissolve completely at Rgg_ resulting in a clear solution. It has been described that
homogeneity and reconstitution efficiency of membrane proteins at Rgar is low but
improves at a slightly higher concentration further referred to as Ropt (Geertsma et al, 2008;
Rigaud & Levy, 2003). In order to find RgpT, We have reconstituted MsbA into DMPC/
DMPA liposomes destabilised by increasing DDM concentrations in the range between
RsaT and Rgg . Detergent was completely removed by Bio-Beads SM-2 and the resulting
proteoliposomes were analysed with respect to the amount of incorporated MsbA and with
respect to ATPase activity dependent on homogeneity of incorporation. The degree of MsbA
insertion, as determined using a Lowry assay after re-solubilising the proteoliposomes, was
found to be almost complete and independent of the level of liposome destabilisation. In
contrast, the ATPase activity of MsbA proteoliposomes showed a strong dependence on the
DDM concentration, which means that the homogeneity of MsbA orientation, or in other
words the NBD accessibility, varies. The highest activity implies most uniform orientation
and is observed for Ropt = 3 mM (Figure 3a). This reconstitution procedure allowed
preparing samples with a molar lipid-to-protein ratio (LPR) of approx. 50. Furthermore, a
clear effect on sample homogeneity due to the size of the unilamellar vesicles, which
depends on the pore diameter of the extrusion membranes, was seen (Figure 3b). The most
homogeneous samples were obtained for vesicles with an average diameter of 0.1 um.

The ATPase activity in different proteoliposomes is compared to detergent solubilised MsbA
in Figure 3c. Very similar values were observed. The slightly higher activity in DDM could
be caused by some inaccessible NBDs in proteoliposomes. The activity in £. colipolar lipids
and in DMPC/DMPA is almost identical and their values are consistent with previously
reported data (Zou & McHaourab, 2009).

Our data show that active and homogeneous MsbA proteoliposomes with a lipid to protein
ratio (LPR) compatible with the requirements of MAS-NMR can be prepared. One of the
most important criteria for NMR spectroscopy is spectral resolution. Therefore, [U-1°N]-
MsbA has been reconstituted into proteoliposomes containing different lipid compositions
(see Figure 3d). We have carried out 15N spin-echo experiments to determine the 1°N
transverse relaxation time T,” (De Paepe et al, 2003). Spin echo decays are shown in Figure
3d. Their values clearly depend on LPR and/or on the lipid composition and are found
between 7.2 ms and 11.4 ms corresponding to homogeneous linewidths of 45 and 27 Hz.
MsbA in DMPC/DMPA (9.1) at an LPR of 50 in mol/mol has been used for all further
experiments as it shows the longest T, and also the same activity as in E. coli polar lipids.
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(b) 2D-MAS NMR spectra on MsbA containing proteoliposomes

Based on these optimised conditions, uniform- and extensive selective labelled samples were
prepared. Temperature dependent 13C - cross polarisation (CP) - MAS NMR spectra were
recorded to probe the effect of the lipid and water phase on resolution and signal intensity
(Figure 4a). The overall signal intensity is almost the same in frozen samples (255 K)
compared to the lipid gel phase (273 K), but resolution improves in the non-frozen case. In
the liquid-crystalline phase at 313 K, CP signal intensities decreased compared to 273 K due
to increased mobility on the intermediate timescale (ps) interfering with cross polarisation
and proton decoupling. On the other hand, the directly measured averaged C-H dipole
couplings in MsbA are close to the rigid limit of 21.5 kHz (order parameter Sc=0.9) and
are not significantly reduced when comparing all three cases (Figure 4c). This means that
fast and large amplitude motions do not play a major role, at least not for the residues, which
can be cross-polarised. The temperature dependence of all resonances as seen by direct
polarisation is shown in Figure 4b. In principle, the same trend as for cross polarisation is
observed. Usually, highly mobile region undergoing fast, large-amplitude fluctuations will
be suppressed in CP experiments, but become visible under direct polarisation. As this is not
a dominating phenomenon here, MsbA must be relatively rigid and well structured.

Two-dimensional 13C-13C Proton Driven Spin Diffusion (PDSD) spectra were recorded to
assess spectral resolution (Figure 5a). In order to avoid spectral overcrowding in this initial
analysis due to the large size of the MsbA dimer, we have used extensive reverse labelling in
order to simplify our spectra. In the resulting protein, only eight types of amino acids (D, E,
Q, G, H, K, T, S) are 13C- and 15N labelled corresponding to 35% of all residues. In order to
minimize isotope scrambling, the amino acids used for reverse labelling were carefully
chosen. This choice was based on the work of Bellstedt and co-workers who performed
individual amino acid-selective unlabeling experiments in E. co/i BL21(DE3) (Bellstedt et
al, 2013). Their data indicate residual carbon scrambling for Ala but not for Arg, Cys, lle,
Leu, Met, Phe, Pro, Tyr and Val. Indeed, unwanted signals in the Ala Ca-Cp region of our
PDSD spectrum are observed (Figure 5a). Overall, good spectral dispersion is obtained and
resolution and sensitivity is good enough to identify individual cross peaks with linewidth
between 0.5 and 0.7 ppm (Figs. 5b and c). These values are slightly larger than the
homogenous linewidth (Figure 5b), which is due to 13C-13C and 13C-15N J-couplings as well
as due to remaining sample heterogeneities. The resolution of individual cross-peaks is
further illustrated for an MsbA sample in which only lysines are 1°N and 13C labelled.
Based on the secondary structure dependent chemical shift index (Wang & Jardetzky, 2002),
the NCA spectrum of [13C-15N-K]-MsbA can be divided into regions originating from a.-
helices, pB-sheets and random coils (Figure 5c). MsbA contains 22 lysines (plus one in the
linker between His-tag and protein). Based on the crystal structure, 15 lysines are located in
the N-terminal TMDs (9 x a-helix, 6 x turns/loops/end-residues of helices) and 7 are found
in the C-terminal NBDs (4x a-helix, 1x B-sheet, 2 x turns/loops/end-residues of helices)
including K382 in the Walker A motif. Therefore, the B-sheet resonances in Figure 5¢ can be
mainly assigned to the B-sheet regions found in the NBDs around residue K365.
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(c) Options to improve NMR sensitivity

Although the spectra described above demonstrate that site-resolved data can be successfully
obtained from MsbA, further improvements in detection sensitivity would be helpful in
order to carry out a resonance assignment and/or to obtain site-resolved structural details.
Here, two different approaches have been evaluated with respect to their compatibility with
this ABC exporter. In the following part, improving the signal-to-noise ratio (SNR) per unit
time by rapid data acquisition based on paramagnetic doping is described. This is followed
by a comparison with the signal enhancements achieved by dynamic nuclear polarisation.

Generally, an experiment requires long recycle delays (seconds) between successive scans
for the recovery of spin polarization, which depends on the size of the spin lattice relaxation
time T,. For quantitative spectra, a recycle delay time of 5 x T4 is required, while the
optimum between magnetisation recovery and data acquisition per unit time results in 1.3 x
T1. One possibility to improve the SNR per unit time is therefore given by reducing T
through the addition of suitable paramagnetic relaxation agents to the protein sample so that
more spectra can be accumulated within the same period of time. It has been successfully
demonstrated that 1H-T1, which determines the recycle delay time in cross polarisation
experiments, is significantly reduced in a homogeneous manner in microcrystalline samples
by doping with Cu2*-EDTA. In combination with very fast MAS rates, low power
decoupling schemes, perdeuterated samples and short recycle delays (0.2 - 0.3 s), a
significant improvement in SNR per unit time has been achieved (Linser et al, 2007;
Wickramasinghe et al, 2009). We could show for green proteorhodopsin (GPR) that doping
with Gd3*-DOTA results in dramatically reduced 1H-T; at much lower dopant
concentrations compared to Cu2*-EDTA (Ullrich et al, 2014). Rapid data acquisition at
moderate MAS rates (10 kHz) was achieved by utilising MAS probes with a reduced electric
field component of the applied RF during decoupling, which reduces sample heating.

Due to its very high relaxivity and its successful demonstration on GPR we have applied
Gd3*-DOTA doping to [U-15N]-MsbA containing proteoliposomes in order to improve SNR
per unit time. In Figure 6a, the averaged amide proton spin lattice relaxation time (*H-T;) of
MsbA as a function of dopant concentration is shown. It changes from 650 ms for the
diamagnetic sample to 80 ms in presence of 1ImM Gd3*-DOTA, which is a reduction by
almost 90%. By reducing the recycle delay accordingly, the theoretical gain in SNR per unit
time compared to the non-doped sample could be 3-fold as shown before for GPR. However,
such an improvement is hardly possible considering the limited duty cycle of conventional
MAS probes, but even with longer recycle delays of 1 s, a 20% better SNR is achieved upon
doping (Figure 6a).

The effect of paramagnetic doping on multidimensional spectra of MsbA was then examined
in order to test whether the relaxation enhancement spreads homogeneously through the
sample and whether additional line broadening occurs. In Figure 6b 13C-13C PDSD spectra
of [U-13C,15N]-MsbA with and without doping are compared. Recycle delays of 3sand 1's,
respectively, were chosen to obtain quantitative spectra. Under these conditions the spectrum
of the doped sample was recorded three times faster compared to the non-doped sample.
Neither significant peak shifts nor line broadening were observed and, as already observed
for GPR (Ullrich et al, 2014), the paramagnetic relaxation enhancement occurs within the
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whole protein. These results confirm the great advantage of using Gd3*-DOTA as
paramagnetic doping to enhance sensitivity through a better SNR per time unit in solid state
NMR spectroscopy of membrane proteins.

A more general approach is given by dynamic nuclear polarisation (DNP), which allows
transfer of the large electron polarization to nuclei (y¢/yn ~ 660) (review see e.g. (Maly et al,
2008)). The most commonly used mechanism for DNP enhanced solid state NMR relies on
the cross effect using allowed transitions in a three spin system consisting of two dipolar
coupled electron spins and a nearby proton from which magnetization spreads throughout
the sample. The polarization transfer from electrons to the nuclear spins is most efficient
when using bi-radicals with strongly dipolar coupled paramagnetic centres such as in
AMUPol (Sauvee et al, 2013) (Figure 6c¢). The basic experimental scheme is illustrated in
Figure 6¢: A high power microwave source (gyrotron) is coupled to a NMR spectrometer.
The microwaves are directed directly at the rotating sample through a waveguide. The
microwave frequency has to match the electron Larmor frequency in the NMR magnet (e.g.
263 GHz vs. 400 MHz at 9.4 T). Using this setup, NMR experiments are conducted as usual
but under continuous microwave irradiation using an additional channel (Figure 6d). For
these experiments, low temperatures are needed (~100 K) to reach sufficiently long electron
relaxation times of the polarizing agents added to the sample. In addition, it is also required
to immerse water-containing samples in a glass-forming matrix acting as cryo-protectant and
at the same time preventing radical aggregation (Zagdoun et al, 2013). Here, MsbA
containing proteoliposomes prepared as described above were incubated with D8-
glycerol/H,0O/D,0 mixture containing the radical AMUPol (20 mM). Performing DNP
experiments at 263 GHz/400 MHz at 100 K on these samples resulted in 20-fold signal
enhancement (Figure 6d), which enables a 400-times faster data acquisition. Comparable
enhancements on other membrane proteins using the same experimental setup but different
polarizing agents have been reported from our group (Mao et al, 2013; Mao et al, 2014; Ong
etal, 2013).

Upon comparing both approaches, it seems obvious that Dynamic Nuclear Polarization
(DNP) clearly outperforms PRE in terms of sensitivity. However, the best choice of methods
depends on a number of boundary conditions, which need to be considered. Paramagnetic
Relaxation Enhancement (PRE) experiments can be performed at high fields and non-frozen
samples ensuring best spectral resolution especially in case of extensively labelled samples.
Fast data acquisition bears the risk of sample heating due to high power proton decoupling.
However, this approach will become fully accessible once MAS probes with reduced electric
fields and higher duty cycles become available, which are currently being developed. In
contrast, DNP works best at lower fields and especially requires performing such
experiments under cryogenic conditions. This requirement is often associated with freezing-
induced heterogeneity resulting in line-broadening as seen in Figs. 6d and 7d. Therefore, this
approach is best applied to cases with reduced spectra complexity. Furthermore, working at
low temperatures is especially useful when particular states need to be trapped or
unfavourable dynamics has to be quenched (Bajaj et al, 2009; Ong et al, 2013).
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(d) MsbA in complex with lipid A

Membrane proteins are usually extracted from their native membrane using buffers with
high (1-1.5%) detergent concentration and solubilisation times of 30 min to 1 h. MsbA
extracted with DDM as detergent, applied in a concentration of 1.25% w/v for 1 h showed a
high basal activity and its activity could not be stimulated with Hoechst 33342 (see Figure
7a). We tested the effect of different solubilisation times on the activity of MsbA in
detergent micelles. The basal activity of MsbA was elevated at short solubilisation times (2.8
pumol/mg/min after 1 h) and it decreased as the solubilisation time was increased (1.43
umol/mg/min after overnight). A clear stimulation in the activity of protein by Hoechst
33342 could only be observed for the sample prepared by overnight solubilisation.
Practically no stimulation was seen for shorter solubilisation times. We explain this
phenomenon with the presence of the native substrate, Lipid A, in the binding pocket of
MsbA, which could only be effectively removed when the protein was exposed to detergent
for 12 h or longer.

Lipid A is the hydrophobic membrane anchor of the LPS from the outer membrane of Gram-
negative bacteria. It is an endotoxin, responsible for the activation of the host innate immune
system (Zhou et al, 1998). Lipid A is structurally heterogeneous. It consists of a conserved
diglucosamine disaccharide backbone with fatty acids attached as ester- or amide linked
substituents. Phosphate groups are also attached to 4" and/or 1 positions. Variations in its
structure can usually occur in the number, position and type of fatty acids and also in
number of phosphate groups to which additional monosaccharides might be attached. The
structural variation of lipid A can also vary from bacteria to bacteria or/and depend on
environmental factors such as the presence of divalent cations, temperature and other growth
conditions (Erridge et al, 2002; Raetz & Whitfield, 2002; Rebeil et al, 2004). The standard
and most abundant structure of lipid A from E£. coliis depicted in Figure 7a. However, many
different variants have been isolated so far from different £. coli strains (Baltzer &
Mattsbybaltzer, 1986; EI Hamidi et al, 2005; Henderson et al, 2013; Jones et al, 2008).

We used solid state NMR in order to demonstrate the presence of lipid A in our preparations.
In the 31P MAS-NMR spectrum of MsbA solubilised for only one hour, two signals could be
seen at 6.57 and 2.06 ppm, which were not present when the protein was solubilised
overnight (Fig 7b). Baltzer and Mattsby-Baltzer (Baltzer & Mattsbybaltzer, 1986) measured
the 31P NMR spectra of seven different lipid A fractions isolated from £. colistrain 0111.
Their 31P chemical shifts were ranging between 5.5 and 1.7 ppm. Taking into account the
different experimental conditions (solution state NMR at 45°C of isolated lipid A molecules
in chloroform/methanol/water mixture vs. solid state NMR at 3°C of lipid A bound to MsbA
embedded within liposomes at pH 7.4) these results correspond well to our 31P NMR data
and support the assignment of the two 31P resonances as lipid A signals.

13¢C-13C PDSD spectra of [13C,1°N-DEQGHKTS]-MsbA prepared by one hour
solubilisation recorded with 20 and 100 ms mixing time (Figure 7c and d, black) also
showed additional cross peaks as compared with the spectrum of an overnight solubilised
sample (Figure 7c, red). The 1D chemical shifts of these signals at 81.5, 101.2 and 103.0
ppm and two additional resonances in the spectrum recorded with longer mixing time at 97.2
and 104.0 ppm are typical for cyclic sugars. Ribeiro et al. assigned all 13C chemical shifts of
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standard lipid A from E. coli by multidimensional solution NMR techniques. Based on their
results the signal at 97.2 ppm can be assigned to C-1 from the second glucosamine unit and
those with a chemical shift at around 100 ppm should arise from the C-1" of the first
glucosamine monomer. These carbon atoms are highlighted in red on Figure 7a. The
observation of three peaks with chemical shifts of approx. 100 ppm indicates that three
structurally different types of lipid A are present. Additional cross-peaks could be detected
between C-1 and the other carbons from the glucosamine moiety at 68.5, 61.7 and 55.0 ppm
by DNP-enhanced MAS-NMR at low temperature. These 13C spectra show that the co-
purified Lipid A was at least partially 13C labelled using the expression protocol described
here.

Based on these observations, it can be concluded that MsbA in DDM can only be prepared
in a pure apo-state by overnight solubilisation. Other types of detergents (e.g. DM, LDAQO)
were used successfully also with one hour of solubilisation and the activity of the obtained
protein showed clear stimulation with Hoechst 33342 (Doerrler & Raetz, 2002; Eckford &
Sharom, 2008b; Eckford & Sharom, 2008c; Siarheyeva & Sharom, 2009).

Conclusions and Perspective

We have shown that milligram quantities of isotope labelled, pure, stable and mono-disperse
MsbA can be produced. Reconstitution into DMPC/DMPA liposomes represents the
optimum in terms of homogeneity, dense packing, ATPase activity and spectral resolution.
First 2D-MAS NMR experiments of extensively and selectively labelled samples show that
individual sites can be resolved. We have successfully demonstrated the applicability of
Gd3*-doping to improve signal-to-noise per unit time, which is especially useful for studies
at high field and at non-frozen samples. Furthermore, we have demonstrated a large signal
enhancement by DNP, which will become essential for freeze-trapping functional states on
selectively labelled MsbhA. These approaches allowed us to identify 13C-labelled lipid A in
complex with labelled MsbA by utilising the duration of detergent solubilisation. These
initial experiments confirm that MsbA is a promising target for further in-depth solid state
NMR studies especially with respect to nucleotide and lipid interactions, which are currently
in progress and will be reported elsewhere.

Materials and methods

(&) Reagents

Luria broth, Tris and HEPES were obtained from Carl Roth GmbH & Co. Ni-NTA beads
were purchased from Qiagen and Biobeads were ordered from Bio-Rad. ATP and sodium
meta-arsenite were purchased from Sigma-Aldrich. Complete EDTA free protease inhibitor
cocktail tablets were bought from Roche and Run Blue precast SDS-PAGE gels from
Expedeon. Lipids were obtained from Avanti Polar Lipids. All other compounds were from
PanReac AppliChem reagents. For size exclusion chromatography Sephadex 200 10/300GL
and PD10 column for buffer exchange were from GE Healthcare Life Sciences. Labelled
glucose (13C) and other amino acids were ordered from Cambridge Isotope Laboratories
(CIL) while ammonium chloride (1°N) was obtained from Cortecnet. The Gd3*-DOTA
complex was bought from BOC sciences.

Biol Chem. Author manuscript; available in PMC 2021 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaur et al. Page 11

(b) Expression and Purification of MsbA

MsbA was cloned into a pET 19b vector containing an N-terminal Hisqq tag connected via
an 11 amino acid peptide linker (Borbat et al, 2007). The plasmid was transformed into
C43(DE3) cells for protein expression. For obtaining a high yield of isotope labelled MsbA,
cells were grown initially in LB-medium, collected by centrifugation and transferred to M9
minimal medium (Marley et al, 2001). Expression was started by adding 10 ml of preculture
to one liter of LB at 37 °C and 220 rpm. When the ODgggnm reached 0.6 — 0.7, cells were
harvested and then resuspended into 500 ml of M9 minimal medium. The cells were further
incubated at 37 °C, 220 rpm for one hour for adaptation. The protein expression was induced
with ImM IPTG at 20 °C and 260 rpm once the ODggonm has reached a value between 1.7
and 2.1 After 17 h of expression, the cells were harvested and resuspended in buffer A (10
mM Tris, 250 mM Sucrose, 150 mM NaCl, 2.5 mM MgSOy4, pH 7.5) with protease inhibitor,
0.5 mM dithiothreitol (DTT) and DNAase. Membranes were prepared by passing the
resuspended cells through a cell disrupter at a pressure of 1.5-1.7 kbar (2-3 times), followed
by centrifugation at 8000 rpm for 10 min to remove cell debris and a final ultracentrifugation
step at 55000 rpm for one hour. Membranes were solubilised in buffer B (50 mM HEPES,
300 mM NacCl, 5 mM MgCly,, 10% Glycerol, pH 7.5) with 1.25% DDM, 0.5mM DTT and
10 mM imidazole at 4°C either overnight (apo sample) or for one hour (lipid A bound
sample). The insoluble fraction was removed by ultracentrifugation at 55000 rpm for 1 h.
The remaining supernatant was loaded onto Ni-NTA prewashed with buffer B containing 50
mM imidazole. After 1.5 -2 h binding, elution was carried out using buffer B containing
0.015% DDM and 400 mM imidazole. SDS - PAGE, size exclusion chromatography using
Sephadex 200 column and MALDI-MS were done to confirm purity and homogeneity of the
protein. Using this procedure, [U-15N]-MsbA, [U-13C,15N]-MsbA, [13C,15N-K]-MsbA and
[13C,15N-DEQGHKTS]-MsbA were produced. Samples were prepared by supplemented M9
with 13C-glucose (2 g/l M9 minimal media) and 15NH,CI (1 g/l M9 minimal media). For
[13C,15N-DEQGHKTS]-MsbA, unlabelled amino acids Ala (0.5 g/1), Cys (0.05 g/l), Val
(0.23 g/1), Leu (0.23 g/l), lle (0.23 g/}, Met (0.25 g/l), Pro (0.1 g/l), Phe (0.13 g/l), Tyr (0.17
g/l), Trp (0.05 g/1), Asn (0.4 g/l), Arg (0.4 g/1) were added for extensive reverse labelling. In
case of [13C,15N-K]-MsbA, 13C-15N-Lys together with all other unlabelled amino acids was
added to M9 minimal medium.

(c) Reconstitution of MsbA

The following lipid mixtures were used for reconstitution: DMPC:DMPA (9:1), E. coli polar
lipids, E. coli PE:PG:CA (65 : 25 : 10) and POPC:POPG:CA (65 : 25 : 10) at molar lipid to
protein ratios of 75 : 1 and 50 : 1. Each lipid mixture was solubilised in CHCI3:CH30H (2:1)
and drying under a stream of nitrogen gas followed by vacuum rotor evaporation. The dried
lipids were resuspended in buffer C (50 mM HEPES, 50 mM NacCl) and extruded 11 times
through membranes with pore diameters of 0.1, 0.2 and 0.4 um. Liposomes were
destabilised with 3 mM DDM. After dropwise addition of protein in the DDM/liposome
solution, the mixture was allowed to incubate at room temperature for 30 min. Detergent
was removed by biobeads (80 mg/ml), which were first added for 12 h at 4 °C and then
twice for one hour at room temperature. Sample homogeneity was verified by a
discontinuous sucrose gradient prepared by layering 1 ml of 10, 30, 50 and 70% (w/v)
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sucrose in 50 mM HEPES, 50 mM NaCl. About 400 pL of sample was layered on top of the
sucrose solution and centrifuged at 28,000 rpm for 16 h at 4 °C.

(d) ATPase activity

The activity of MsbA was determining by monitoring the release of inorganic phosphate.
Each reaction mixture containing MsbA (solubilized in detergent or reconstituted into
liposomes) and ATP (0.2 — 5 mM) in buffer (50 mM HEPES, 50 mM NacCl, 10 mM MgCl,)
was incubated at 37 °C for 20 min. Control samples for each reaction were kept on ice. The
reaction was stopped by adding 12% SDS. The release of inorganic phosphate (Pi) was
measured using the molybdenium blue method (Chifflet et al, 1988; Gonzalez-Romo et al,
1992). Stimulated activity was observed by determining the release of Pi upon adding
Hoechst 33342 at increasing concentrations of 0.001, 0.01, 0.1, 1, 10, 100, 1000 and 10000
UM in the presence of 0.2 mM ATP (Eckford & Sharom, 2008a).

(e) Sample preparation for NMR

For MAS-NMR, proteoliposomes were pelleted and centrifuged into 3.2 or 4 mm MAS
rotors. Usually, an amount of 10 — 15 mg of MsbA was used. For paramagnetic relaxation
enhancement, samples were doped with the appropriate amount of gadolinium- 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (Gd3*-DOTA) (Ullrich et al, 2014). The
Gd3*-DOTA powder was dissolved in NMR buffer and added to the sample at the desired
concentration. The sample was incubated for 15 minutes at 4 °C followed by
ultracentrifugation and transfer into a 4 mm MAS rotor.

For DNP, reconstituted samples were incubated overnight at 4 °C with 20 mM AMUPOL in
a buffer containing 10 % H,0, 30 % Dg-glycerol and 60 % D,0O. The solution was removed
carefully and the pellets were transferred to a 3.2 mm zirconium oxide rotor by
centrifugation.

(f) Solid state NMR

For all NMR experiments, standard settings for cross polarisation (CP) and decoupling were
used. A typical 1H 90° pulse had a duration of 3 ps, the CP contact time was chosen between
0.8 and 1 ms and high power proton decoupling of 70-100 kHz was applied using
SPINALG64 (Fung et al, 2000). Spectra were processed using TOPSPIN 3.2. An exponential
window function was applied to 1D data and a shifted cos? function was used for 2D
spectra. Depending on the experiment, between 10 and 20 mg of MsbA were used.

I5N-T,” measurements (Figure 3d): 1°N-spin echo experiments on [U-1°N]-MsbA
were recorded at 270K at 10kHz sample spinning using a Bruker 600WB Avance |
spectrometer with a 4 mm DVT-HCN E-free MAS probe. The rotor-synchronized spin echo
was acquired after a CP step under high power proton decoupling with a 3 s recycle delay.
The full integral intensity of the amide region (109 — 121 ppm) was used for data analysis.

Temperature-dependent spectra (Figure 4): The temperature-dependant experiments

on [U-13C]-MsbA were recorded at 10 kHz sample spinning using a Bruker 600WB Avance
| spectrometer with a 4 mm DVT-HCN E-free MAS probe. Order parameters were derived
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from 13C-1H dipolar couplings measured from PISEMA experiments (Dvinskikh et al, 2003;
Wu et al, 1994). A 50 kHz RF field was used during the Lee—Goldberg spin exchange at the
magic angle.

13¢-13C and 13C-15N correlation spectra (Figure 5): The 13C-13C through space
correlation spectra on [13C,15N-DEQGHKTS]-MsbA were recorded using a proton-driven
spin diffusion experiment (PDSD) (Szeverenyi et al, 1982) at 14 kHz sample spinning and
270K using a Bruker 850WB Avance Il1 spectrometer equipped with a 3.2 mm DVT-HXY
MAS probe. Spectra were recorded with 800 increments and 128 scans each, with a 20 ms
mixing time and a 3 s recycle delay. Spectral widths were 80 kHz in w, and 52 kHz in w1.
The NCA spectrum of [1°N-Lys]-MsbA was recorded at 11.4 kHz sample spinning at 270 K
using a Bruker 600WB Avance | spectrometer with a 4 mm DVT-HCN E-free MAS probe.
For the NC cross polarisation step, a mixing time of 6 ms was applied. A constant 15N lock
field of 28.5 kHz (2.5 x -v;) and a linearly ramped (90-100) 13C field around 1.5 x v, was
used. The CW decoupling during this step was set to 100 kHz. The spectrum was acquired
with 200 increments with 512 scans each and 3 s recycle delay. Spectral widths were 60 kHz
in wy and 5.5 kHz w;.

Gd3*-DOTA doping (Figs. 6a,b): All experiments were carried out using a Bruker
600WB Avance | spectrometer with a4 mm DVT-HCN E-free MAS probe. Amide proton
T4 values (Figure 6a) were obtained by saturation recovery experiments following a 1°N CP
step. Relaxation times were determined by analysing the full intensity of the 1°N amide
resonances (109 — 121 ppm). The 13C-13C PDSD spectrum (Figure 6b) was recorded with a
20 ms mixing time and 512 increments with 144 scans each. Spectral widths were 60 kHz in
w7 and 40 kHz in wq. Upon Gd3*-DOTA doping, the recycle delay was reduced from 3 to 1
s.

DNP-enhanced MAS-NMR (Figs. 6d, 7a): The DNP enhanced MAS NMR spectra
were recorded using a Bruker DNP system consisting of a 400 MHz WB Avance 11
spectrometer, a 263 GHz Gyrotron as a microwave source and a 3.2 mm HCN-DNP-MAS
probe. The temperature was set 105K and a sample-spinning rate of 8 kHz was used. The
13¢-13¢ PDSD spectrum was acquired with a 100 ms mixing time and 256 increments with
32 scans each. Spectral widths were 40 kHz in w; and 25 kHz in w1. A recycle delay of 2.5 s
was used.

MsbA in complex with Lipid A (Figure 7): The 13C-13C PDSD spectrum of [13C,15N-
DEQGHKTS]-MsbA were acquired at 14kHz sample spinning and 270 K using a Bruker
850WB Avance 111 spectrometer equipped with a 3.2 mm DVT-HXY MAS probe. Mixing
times of 20 and 100 ms were applied and spectra were recorded with 800 increments with
128 scans each. Spectral widths were 80 kHz in wy and 52 kHz in w;. A recycle delay of 3 s
was used. 3IP MAS NMR spectra (Figure 7b) were recorded at 10kHz sample spinning and
270K using a Bruker 600WB Avance | spectrometer with a 4 mm DVT-HX MAS probe. A
CP contact time of 3 ms was applied followed by high power proton decoupling.
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nanodisc
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Figure 1:
Membrane mimicking environments for investigating membrane proteins by NMR

spectroscopy. Micelles, bicelles and nanodiscs are used to keep the protein soluble, which
would make them suitable to solution state NMR but their total molecular weight when
incorporating proteins such as ABC transporters limits this approach. Oriented solid state
NMR exploits the spontaneous alignment of bicelles in magnetic fields. The most universal
approach is based on MAS-NMR, which enables experiments directly on proteoliposomes
as demonstrated in this paper for the ABC exporter MsbA.
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Figure 2:
Purification and stability of MsbA. (a) Size exclusion chromatogram of MsbA in DDM,

freshly eluted (black) and after 24 h at room temperature (red). The intensity differences are
due the different amounts of protein used. (b) SDS PAGE of MsbA in DDM after NiNTA
purification. (c) SDS PAGE of MsbA reconstituted in DMPC:DMPA (9:1) mol/mol) at LPR
= 75 mol/mol) after storage for 30 days at room temperature. (d) Western blot analysis of
MsbA using an anti His-conjugate antibody. () MALDI mass spectra of MsbA in detergent.
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Reconstitution of MsbA. (a) Optimised DMPC/DMPA (9:1) liposome destabilisation for
homogenous MsbA proteoliposome preparation. Destabilisation was followed by changes in
optical density at 540 nm (black squares). Liposomes are fully saturated at Rsag and fully
solubilised at Rgp . The ATPase activity determined from proteoliposomes after detergent
removal (bars) shows a maximum at Ropt. Since the amount of MsbA within the
proteoliposomes is the same for all destabilisation conditions starting from Rgpt, ATPase
activity reports on NBD accessibility / homogeneity of MsbA orientation. ATPase activities
were determined at an ATP concentration of 6mM. (b) Effect of extrusion of lipids through
membranes of different pore size used to prepare unilamellar vesicles (MsbA in DMPC/
DMPA (9:1), LPR=50 mol/mol) on sample homogeneity as seen by sucrose density
gradients (10-70% wi/v). (c) Characterisation of basal ATPase activity using the colorimetric
molybdate blue assay for MsbA in 0.015% DDM (black), reconstituted in destabilised
DMPC/DMPA (9:1) (red), reconstituted in £. colipolar lipids (blue), reconstituted in
DMPC/DMPA (9:1) (magenta). A LPR of 75 mol/mol was used in all cases. (d)
Determination of the 15N transversal relaxation time T,’ of [U-1°N]-MsbA reconstituted into
different lipid mixtures. The largest value is obtained for DMPC/DMPA (9:1) with a LPR of
50 mol/mol, which corresponds to the smallest homogeneous 1°N linewidth (27 Hz)
indicating good spectral resolution.
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Figure 4.
(a) 13C-CP spectra, (b) directly polarised (DP) spectra and (c) C-H dipolar spectra of MsbA

in DMPC/DMPA in the gel phase and below the freezing point of water (255 K), in the gel
phase above the freezing point of water (273 K) and in the liquid-crystalline phase (313 K).
Resolution in both (a) and (b) is better compared to frozen samples. Sensitivity slightly
decreases with increasing temperature, but there is no direct dependence on the lipid phase
transition. DP spectra visualize all regions of the protein while CP filters mainly regions,
which are less flexible. This is also seen in (c), which displays the average C-H dipole
coupling in MsbA from cross-polarised segments. The splittings are close to the rigid limit
of 21.5 kHz indicating that these parts of the protein are not involved in large amplitude
fluctuations.
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Figure5.

(a?AIiphatic region of the 13C-13C PDSD spectrum (20 ms mixing time) of [13C,15N-
DEQGHKTS]-MsbA reconstituted in DMPC/DMPA (9:1) at LPR=50 mol/mol. Labelling
was achieved using extensive reverse labelling (see materials and methods). The
homogeneous sample preparation results in a number of individually resolved cross peaks.
(b) A 1D trace taken at 62.5 ppm shows a 0.5 ppm linewidth (106 Hz) at half height for an
isolated peak. (c) 1°N-13C NCA spectrum of [13C, 1°N-K]-MsbA with secondary structure
regions highlighted (1- and 2-times standard deviation) (Wang & Jardetzky, 2002). MsbA
contains 22 lysines.
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Figure®6.
Approaches to improve the detection sensitivity for MAS-NMR on MsbA. (a) Sample

doping with Gd3*-DOTA reduces the averaged amide 1H-T in 15N-MsbA significantly. In
presence of 1 mM Gd3*-DOTA, 1H-T; was reduced by almost 90%. A comparison of 1°N-
CP MAS spectra of dia- and paramagnetic MsbA samples recorded each with a recycle
delay of 1 s shows a 20%-fold better SNR upon doping. (b) Superposition of 13C-13C PDSD
spectra of diamagnetic (black) and paramagnetic (red) MsbA samples recorded with recycle
delays of 3 and 1 sec, respectively. The number of scans and the amount of sample was the
same in both spectra. The spectrum of the doped sample was recorded three times faster.
Cross sections along w, for Ca-Cp cross peaks show no doping induced line broadening
and no relevant peak shifts. (c) Basic setup for dynamic nuclear polarisation (DNP). Samples
are doped with suitable biradicals such as AmuPOL. NMR experiments are conducted under
continuous microwave irradiation resulting in a large sensitivity enhancement. (d) 1D 13C-
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CP spectra of MsbA with and without microwave irradiation demonstrate a 20-fold signal
increase.
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Figure7.
(a) Stimulation of MsbA ATPase activity by Hoechst-33342 depending on the duration of

detergent solubilisation prior to purification. The longer the sample has been solubilised the
more pronounced is substrate-stimulated ATPase activity. (b) 31P-CP spectra of MshA
reconstituted in DMPC/DMPA lipid bilayers after one hour and after overnight solubilisation
from E. coli membranes. The sample exposed for only one hour to detergent shows two
additional 3P signals, which are tentatively assigned to the phosphate groups of Lipid A
within the binding pocket of MsbA. Shown here is the structure of the most abundant and
toxic form of £, coli Lipid A. (c) 13C-13C PDSD spectra (20ms mixing time) of MsbA
samples prepared using overnight (red) and one hour (black) solubilisation. The latter
spectrum (black) shows signals typical for sugar molecules (box). (d) 13C-13C PDSD spectra
(100ms mixing time) of MsbA samples exposed to one hour solubilisation at 270K (black)
and 110K under DNP-conditions (blue). In the spectrum recorded under DNP condition
additional signals from the sugar backbone of Lipid A can be clearly assigned.
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