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B I O C H E M I S T R Y

The ABC transporter MsbA adopts the wide 
inward-open conformation in E. coli cells
Laura Galazzo1,2†, Gianmarco Meier3†, Dovile Januliene4, Kristian Parey4, Dario De Vecchis5, 
Bianca Striednig3, Hubert Hilbi3, Lars V. Schäfer5, Ilya Kuprov6, Arne Moeller4, 
Enrica Bordignon1,2*‡, Markus A. Seeger3*‡

Membrane proteins are currently investigated after detergent extraction from native cellular membranes and 
reconstitution into artificial liposomes or nanodiscs, thereby removing them from their physiological environment. 
However, to truly understand the biophysical properties of membrane proteins in a physiological environment, 
they must be investigated within living cells. Here, we used a spin-labeled nanobody to interrogate the conformational 
cycle of the ABC transporter MsbA by double electron-electron resonance. Unexpectedly, the wide inward-open 
conformation of MsbA, commonly considered a nonphysiological state, was found to be prominently populated 
in Escherichia coli cells. Molecular dynamics simulations revealed that extensive lateral portal opening is essential 
to provide access of its large natural substrate core lipid A to the binding cavity. Our work paves the way to investigate 
the conformational landscape of membrane proteins in cells.

INTRODUCTION
MsbA of Escherichia coli is a homodimeric adenosine 5′-triphosphate 
(ATP)–binding cassette (ABC) exporter that flips core lipid A, the 
precursor of lipopolysaccharide (LPS), across the cytoplasmic mem-
brane (1, 2); it is a type IV transporter according to the newest no-
menclature (3) (type I exporter in the old nomenclature), which is 
formed through the dimerization of two identical half-transporters, 
each composed of a transmembrane domain (TMD) and a nucleotide-
binding domain (NBD) (4, 5). ATP binding and subsequent hydro-
lysis at the NBDs lead to the dimerization and dissociation of the 
NBD dimer, respectively (Fig. 1) (6). These large-scale conforma-
tional changes are coupled to the TMDs and result in the reorientation 
of a large cavity either oriented toward the cytoplasm [inward-
facing (IF) conformation with separated NBDs] or toward the peri-
plasm [outward-facing (OF) conformation with fully dimerized NBDs 
carrying two ATP molecules sandwiched at the dimer interface] 
(7, 8). An outward-occluded conformation (OFoccluded) with fully 
dimerized NBDs and a closed periplasmic gate at the TMDs has 
been described as well (9–11).

A hallmark of MsbA is the highly disputed wide inward-open 
conformation with large separation of the NBDs (IFwide). This peculiar 
conformation was first observed in crystal structures obtained in 
detergent in the absence of nucleotides (4) and later confirmed by 
double electron-electron resonance (DEER) analyses with detergent-
solubilized proteins and in proteoliposomes (12, 13). Molecular dy-
namics (MD) simulations suggested that MsbA is flexible in the 
absence of nucleotides and substrates and that the free energy land-
scape is shallow. Hence, conformations covering a broad range of 

NBD separation distances, including IFwide, are thermally accessible 
(14). The coexistence of multiple IF conformations with varying 
degrees of NBD separation was also observed in negative-stain electron 
microscopy (EM) using detergent-purified MsbA (15). The IFwide 
conformation with its widely opened lateral portals was suggested 
to grant access of the large substrate core lipid A to the substrate-
binding cavity (16, 17).

In contrast, high-resolution cryo-EM studies of MsbA reconsti-
tuted in nanodiscs or peptidiscs showed a much closer distance 
between the NBDs under apo conditions (IFnarrow conformation) 
(9, 18). In light of other ABC exporter apo structures exhibiting 
close inter-NBD distances (19–21), these more recently determined 
MsbA structures led to the prevailing opinion in the field that the 
IFwide conformation is a detergent and/or crystallization artifact of 
limited physiological relevance, in particular in the cellular context 
where ATP and adenosine 5′-diphosphate (ADP) are present at 
millimolar concentrations (22–25). Single-molecule fluorescence 
resonance energy transfer (FRET) (26) as well as small-angle neu-
tron scattering and x-ray scattering (27) studies indeed confirmed 
that only the IFnarrow conformation of E. coli MsbA is populated in 
nanodiscs. However, a very recent cryo-EM study on the MsbA of 
Acinetobacter baumannii revealed the IFwide conformation in nano-
discs, suggesting that major differences exist between different MsbA 
homologs (28).

The only way to address the controversy regarding the relevance 
of the IFwide conformation is to investigate MsbA in its native envi-
ronment, namely, the cytoplasmic membrane of E. coli. Although 
DEER, single-molecule FRET, and luminescence resonance energy 
transfer have been previously used to study purified and/or recon-
stituted MsbA (12, 13, 26, 29), these methods cannot be applied 
to carry out in vivo experiments with MsbA, because they would 
require the site-specific and near-complete labeling of engineered 
cysteines using thiol-reactive reporter dyes in the context of the 
cell’s proteome. In pioneering studies, in-cell DEER was successfully 
applied to spin-labeled cytosolic proteins upon electroporation into 
cells (30, 31), spin-labeled RNA injected into oocytes or cells (32), 
and bacterial outer membrane proteins directly spin-labeled in the 
extracellular regions (33). Recently, we used spin-labeled nanobodies 
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to study membrane transporters in cell-derived membranes (34). Nano-
bodies are the variable domains of heavy chain–only antibodies that can 
be obtained by immunizing camelids (35) or from synthetic libraries 
(36). Their robustness, high binding affinity, and excellent specificity 
predestine them as ideal tools for DEER applications to investigate wild-
type (WT) membrane proteins in their native, cellular environment.

RESULTS
We generated a nanobody called Nb_MsbA#1 and solved its crystal 
structure in complex with the isolated NBD of MsbA (fig. S1 and 
table S1). Nb_MsbA#1 binds at the bottom of the NBD and estab-
lishes contacts with around 15 NBD residues located close to the 
C terminus. Grating-coupled interferometry (GCI) using full-length 
detergent-solubilized MsbA as ligand revealed a dissociation constant 

(Kd) of 9 nM for the nanobody (fig. S2). Basal adenosine triphos-
phatase (ATPase) activity of MsbA was only moderately influenced 
in the presence of Nb_MsbA#1 when analyzed in detergent, nano-
discs, or proteoliposomes (fig. S3).

Taking known structures of MsbA into consideration (Fig. 1), 
we identified the amino acid positions A60 and T68 on the nano-
body (called 60Nb and 68Nb) as ideal spin-labeling sites with high 
distance contrast between different conformations of MsbA. To 
enable in-cell DEER, the chosen sites were mutated to cysteines and 
modified with maleimide-gadolinium(III)-DOTA (in the following 
named Gd-DOTA), which is stable under the reducing environ-
ment of the cytoplasm (30). Gd-DOTA labeling did not weaken the 
affinity of the nanobody for MsbA (fig. S2).

To benchmark the ability of spin-labeled nanobodies to report 
inter-NBD distances with high fidelity, we determined cryo-EM 

Fig. 1. Structure-based identification and experimental validation of spin-labeling sites. (A to D) Cryo-EM structures of nanodisc-reconstituted MsbA (cyan/blue) in 
complex with the nanobody (gray) containing Gd-DOTA either at position 60Nb (A and C) or 68Nb (B and D), obtained in the apo conformation (IFnarrow) or in the presence 
of AMPPNP-Mg (OFoccluded). Gd-Gd distances are shown as dotted lines in the bottom view of the structures. The bottom of (A) to (D) shows experimentally determined 
DEER distance distributions using the same samples used for cryo-EM structure determination. Uncertainties estimated from the neural network analysis are shown as 
gray contour of the distributions (39). Dotted vertical lines denote Gd-Gd distances measured in the respective cryo-EM structures. The blue and gray shaded areas are 
error margins that correspond to the resolution of the structures and the degree of conformational flexibility determined from multibody refinement as described in 
Methods. (E) Nanobody docked onto the crystal structure of IFwide MsbA. The in silico predicted rotamers of the Gd-maleimide-DOTA spin label (39) are displayed as or-
ange and purple sticks at nanobody positions 60Nb and 68Nb, respectively. The interspin distances are highlighted with dotted lines. The bottom panel shows simulated 
distance distributions for the two spin-label pairs of IFwide. Throughout the manuscript, we use the red shaded areas encompassing the full range of simulated distances 
to schematically represent the distances in the IFwide conformation. A table at the bottom summarizes the mean Gd-Gd distances for the respective conformation.
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structures of nanodisc-reconstituted MsbA in complex with Gd-
DOTA–labeled nanobodies in the presence and absence of the non-
hydrolyzable ATP analog AMPPNP-Mg (Fig. 1, A to D, fig. S4, and 
table S2). In parallel, DEER experiments on the same protein prepa-
rations were performed. In agreement with a previous cryo-EM 
study in nanodiscs (9), apo MsbA with bound nanobodies predom-
inantly assumes the IFnarrow conformation with bound core lipid A 
in the IF cavity, whereas incubation with AMPPNP-Mg resulted in 
the OFoccluded conformation with fully dimerized NBDs and no density 
for lipid A. Global resolutions for the IFnarrow conformation range 
from 3.7 to 4.1 Å, while both OFoccluded maps reached 2.8-Å resolution. 
Hence, the structures reported here are considerably improved over 
previously published cryo-EM structures of E. coli MsbA (9). The 
nanobodies are tightly bound to the NBDs, which is in line with MD 
simulations performed on the crystal structure of the isolated NBD-
nanobody complex (fig. S5 and table S3). A cryo-EM structure of 
apo MsbA determined with the same nanodisc preparation, but 
without the addition of nanobody, demonstrated that the nanobodies 
have only a small impact on the inter-NBD distance; therefore, they 
do not affect the stability of the IFnarrow conformation (fig. S6). This 
agrees with DEER control experiments performed in different envi-
ronments on the spin-labeled transporter in the presence and absence 
of the nanobody (fig. S7).

Densities for the Gd-DOTA labels at position 60Nb are well re-
solved in experimental cryo-EM maps of both IFnarrow and OFoccluded. 
This allowed for the accurate placement of the Gd ions and mea-
surement of interspin distances (Fig. 1, A and C, and fig. S8), which 
were in very close agreement with DEER measurements performed 
in parallel (Fig. 1, A and C, bottom). The Gd-DOTA densities at 
position 68Nb are less resolved, presumably because of a higher flex-
ibility of the nanobody loop where the label was located, but still 
allowed for placing Gd ions (Fig. 1, B and D). Increased motional 
freedom is also reflected by the broader distance distribution in DEER 
for the 68Nb-68Nb pair compared to the 60Nb-60Nb pair (Fig. 1, B and D).

Although IFnarrow displays a continuous movement of the NBDs, 
as observed in multibody refinement (movie S1), the average Gd-Gd 
distance for the 60Nb-60Nb pair is 3.1 nm, and the largest distance 
does not exceed 3.6 nm. Hence, the IFwide conformation described 
for the apo MsbA crystal structure (4) is not populated in nanodiscs. 
The expected Gd-Gd distances of the IFwide conformation were 
therefore predicted on the basis of the apo MsbA crystal structure 
using a rotamer library approach. For the 60Nb position, the simu-
lated Gd-Gd distance in the IFwide is about 7 nm and thus close to 
the DEER detection limit, while it is short (4 nm) and can be mea-
sured with high confidence for the 68Nb position (Fig. 1E).

Our nanobody-assisted DEER measurements cannot differentiate 
between the OFoccluded conformation present in nanodiscs (Fig. 1, 
C and D) and the OFopen conformation with the open periplasmic 
gate observed in crystal structures (4), because both conformations 
have the NBDs in close contact. We will thus simply refer to the OF 
conformation in the context of our DEER analyses.

Note that, owing to NBD rotation as part of the IF-OF transition 
(37), changes of interspin distances in response to conformational 
changes of MsbA strongly depend on the nanobody labeling posi-
tion (Fig. 1). For 60Nb, the interspin distance is long (7 nm) for IFwide 
and becomes shorter (3 to 4 nm) for IFnarrow and OF. The picture is 
inversed for 68Nb where the interspin distance is short for IFwide and 
IFnarrow (around 4 nm) but long (6 to 7 nm) for OF. Hence, by 
performing DEER experiments with the same nanobody, either 

spin-labeled at position 60Nb or 68Nb, all relevant conformations 
can be distinguished.

Gd-DOTA–labeled nanobodies were used to probe the confor-
mational space of WT MsbA either purified in detergent or recon-
stituted into proteoliposomes (Fig. 2 and fig. S9 for primary DEER 
data). In addition, we also probed overexpressed MsbA in inside-out 
membrane vesicles (ISOVs) derived from E. coli. Excellent specificity 
of the nanobody toward MsbA in ISOVs was demonstrated by con-
trol experiments with ISOVs containing the overexpressed ABC 
exporter TM287/288 (fig. S10) (38). DEER measurements were per-
formed in the absence of nucleotides (Fig. 2, red curves) or upon 
addition of AMPPNP-Mg (Fig. 2, black curves). The experimentally 
determined interspin distances (Fig. 2) were compared with the 
predicted Gd-Gd distances based on IFwide (red shaded area from 
Fig. 1E) or with the experimental Gd-Gd distances measured in 
the corresponding cryo-EM structures of IFnarrow (blue shaded area 
from Fig. 1, A and B) and OFoccluded (dark gray shaded area from 
Fig. 1, C and D). Data analysis was performed using a neural network–
based approach (39).

Fig. 2. Nanobody-assisted DEER analysis of MsbA embedded in different 
environments. Internanobody distance distributions between pairs 60Nb-60Nb 
(A) and 68Nb-68Nb (B) measured in the indicated environment in the absence of 
nucleotides (apo state, red curves) or in the presence of AMPPNP-Mg (black curves). 
Uncertainties estimated from the neural network analysis are shown as gray contour 
of the distributions. The blue and gray shaded areas are interspin distances including 
error margins obtained from the cryo-EM structures of IFnarrow and OFoccluded, re-
spectively (from Fig. 1, A to D). The red shaded areas represent the range of expected 
interspin distances predicted using a rotamer approach for IFwide (PDB: 3B5W; see 
Fig. 1E). The distances in nanodiscs correspond to a biological repeat different from 
that shown in Fig. 1. Primary DEER data are shown in fig. S9.
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In detergent-solubilized apo MsbA, the 60Nb-60Nb pair (red curve, 
Fig. 2A) showed distances larger than 6 nm, which is a characteristic 
feature of the IFwide conformation (see the red shaded area in Fig. 2). 
The existence of the IFwide conformation is further corroborated by 
the appearance of the 4-nm distance peak in the 68Nb-68Nb pair 
(compare the red curve with the red shaded area in Fig. 2B). Upon 
addition of AMPPNP-Mg, DEER measurements reported the dis-
tance characteristic of the OF conformation, namely, 3.5 nm for the 
60Nb-60Nb pair and about 6 nm for the 68Nb-68Nb pair (black curves 
in Fig. 2, A and B). The experimental distance for the 68Nb-68Nb pair 
in the OF state (Fig. 2B) was found to be longer and more broadly 
distributed than expected on the basis of the corresponding cryo-EM 
structure (Fig. 1D). This is mainly due to the larger uncertainty in 
determining distances >6 nm from traces with limited dipolar evo-
lution time (fig. S9).

The DEER data of MsbA in proteoliposomes largely agree with 
the measurements obtained in detergent micelles (Fig. 2, A and B) 
but show an overall increased conformational heterogeneity in the 
absence of nucleotides (red curves). In ISOVs, IFwide is clearly pop-
ulated in the absence of nucleotides, but other conformations corre-
sponding to IFnarrow and/or OF were detected as well. This indicates 
a larger heterogeneity in the relative displacement of the NBDs within 
the native lipid bilayer, which may originate from residual traces of 
nucleotides being still present in the preparations or a broad distri-
bution of vesicle sizes resulting in heterogeneous membrane curva-
tures. Addition of AMPPNP-Mg resulted in a complete transition 
to the OF conformation in ISOVs.

In stark contrast to all other environments, nanodisc-reconstituted 
MsbA predominantly adopts the IFnarrow conformation in the ab-
sence of nucleotides. This is clearly visible in the 60Nb-60Nb pair, which 
reports a defined distance distribution centered at 3.6 nm (Fig. 2A), 
which nicely agrees with the 3.1-nm mean distance extracted from 
the cryo-EM structure of the MsbA-nanobody complex in nano-
discs (Fig. 1A).

In contrast to the 60Nb-60Nb pair, the 68Nb-68Nb pair cannot nicely 
differentiate the IFwide (4.1 nm) from the IFnarrow (3.5 nm) confor-
mation (Fig. 1). Therefore, in nanodiscs, the distance distribution 

looks similar to the one measured in detergent (Fig. 2B). Upon ad-
dition of AMPPNP-Mg, DEER measurements reported the distance 
characteristic of the OF conformation for both pairs, namely, 3.5 nm 
for the 60Nb-60Nb pair, which is almost invariant with respect to the 
distance detected in the apo state in nanodiscs, and >6 nm for the 
68Nb-68Nb pair (black curves in Fig. 2, A and B), which is distin-
guishable from the peak centered at around 4 nm in the apo state.

Hence, the comparative analysis performed with spin-labeled 
nanobodies supports the notion that for apo MsbA, the NBDs are in 
closer proximity to each other in nanodiscs (IFnarrow) than in deter-
gent, proteoliposomes, and ISOVs, where the IFwide conformation is 
substantially populated. The nanodisc-specific IFnarrow conformation 
was additionally confirmed with nitroxide-labeled MsbA (fig. S11) 
and with nitroxide-labeled nanobodies (fig. S12). The almost invariant 
3.5-nm distance detected in the apo state and in the presence of 
AMPPNP-Mg in nanodiscs for the 60Nb-60Nb pair persists also in 
the presence of ADP-Mg (fig. S13). Therefore, if IFnarrow was the 
physiologically relevant IF conformation in the cellular environ-
ment, we would detect an invariant 3.5-nm distance peak for the 
60Nb-60Nb pair under ATP turnover conditions. Therefore, the 
60Nb-60Nb pair is an excellent tool to test the hypothesis whether 
IFwide is populated under physiologically relevant conditions.

The IFwide conformation was shown to be populated in ISOVs in 
the absence of nucleotides (Fig. 2). To gain further insights into 
MsbA’s conformational spectrum in a near-physiological setting, we 
used the spin-labeled nanobodies to probe the overexpressed trans-
porter in ISOVs under ATP turnover conditions (see Fig. 3 and 
fig. S14 for primary data and comparative analysis with Tikhonov 
regularization or model-based Gaussian fit). DEER analyses of 
the 60Nb-60Nb pair revealed that in the presence of 5 mM ATP-Mg 
or 5 mM ATP-Mg/0.5 mM ADP-Mg, MsbA predominantly exhib-
its closed NBDs, indicating a major fraction of OF conformation. 
Nevertheless, as clearly shown by the 68Nb-68Nb pair, a small frac-
tion of IFwide is also present under these conditions (Fig. 3B and fig. 
S14). Upon inversion of the nucleotide mixture toward ADP (0.5 mM 
ATP-Mg/5 mM ADP-Mg), the conformational equilibrium of MsbA 
shifted toward the IFwide conformation (Fig.  3). Hence, DEER 

Fig. 3. DEER analysis of MsbA under ATP turnover conditions in inside-out vesicles from E. coli. Distance distributions of the inter-nanobody distances for the 
60Nb-60Nb pair (A) and 68Nb-68Nb pair (B) in ISOVs overexpressing WT MsbA under apo, AMPPNP-Mg, or ATP turnover conditions. The gray shaded areas represent the 
distance range of the OFoccluded conformation, estimated on the basis of the cryo-EM structures, and the red shaded areas correspond to the distance range predicted for 
the IFwide conformation using a rotamer approach (see Fig. 1). The apo and AMPPNP-Mg data are the same as shown in Fig. 2.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversit degli Studi di Padova on January 20, 2025



Galazzo et al., Sci. Adv. 8, eabn6845 (2022)     12 October 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 14

measurements in native membranes clearly demonstrate that the IFwide 
conformation is populated not only in the absence of nucleotides but 
also in the presence of physiological nucleotide concentrations reflect-
ing a low-energy metabolic state. Notably, biological repeats demon-
strate that the distance corresponding to the IFwide conformation is 
consistently present, whereas we noted some variability in the fraction 
of short to intermediate distances in the apo state (fig. S15A).

Last, we established an electroporation protocol to deliver the 
Gd-DOTA-labeled nanobodies into the cytosol of E. coli overexpressing 
MsbA (fig. S16) to directly monitor the conformational ensemble of 
this transporter in its physiological environment. We first used an 
MsbA mutant with the Walker B glutamate substituted by glutamine 
(EQ mutation), which is trapped in the OF conformation due to the cap-
ture of ATP at the NBDs (40). Control experiments with ISOVs indeed 
confirmed that MsbA mainly adopts the OF conformation even in 
the absence of externally added ATP (fig. S17), indicating efficient 
trapping of cell-derived ATP by the MsbA_EQ mutant as previously 
observed for an analogous EQ mutant of the ABC transporter 
TM287/288 (41). Supporting this notion, ATP hydrolysis induced by 
prolonged incubation of the MsbA_EQ-containing ISOVs in the 
presence of Mg2+ shifted the population toward the IFwide conformation 
(fig. S17). On the basis of this control experiment, the 60Nb-60Nb pair is 
expected to report a short distance (3.5 nm) in cells expressing MsbA_
EQ. As expected, we retrieved the short 60Nb-60Nb fingerprint distance 
that is characteristic for the OF conformation (Fig. 4A) in E. coli cells 
overexpressing MsbA_EQ and electroporated with the Gd-DOTA-
labeled nanobodies (Fig. 4A). The same experiment performed with the 
68Nb-68Nb pair yielded a distance distribution lacking short distances, 
confirming that MsbA_EQ was completely trapped in the OF confor-
mation within cells (Fig. 4B). As a control, cells containing the over-
expressed ABC transporter TM287/288 were electroporated under the 
same conditions. These control cells did not show dipolar modulation 
(Fig.  4A) despite the fact that echo-detected field-sweep (EDFS) 
measurements demonstrated the presence of trapped gadolinium 
ion within the cells (fig. S18A).

Protein production levels were found to be slightly higher for 
WT MsbA than for MsbA_EQ (fig. S18B). Accordingly, we electro-
porated the Gd-DOTA-labeled nanobodies into E. coli overexpressing 
WT MsbA under comparable experimental conditions, increasing 
the concentration range of the electroporated Gd-DOTA-labeled nano-
bodies from 15 to 25 M for MsbA_EQ to 20 to 30 M for WT 
MsbA (fig. S19). The in-cell distances obtained with the nanobodies 
labeled at position 60Nb were distinct from those detected in the 
MsbA_EQ mutant and showed the concomitant presence of short and 
long (>6 nm) distances (see Fig. 4A, biological repeats in fig. S19, and 
analysis with Tikhonov regularization and model-based Gaussian 
fit in fig. S20). This suggests that WT MsbA under physiological 
conditions adopts a conformational continuum with highly varying 
inter-NBD distances representing all known conformations, includ-
ing IFwide. Notably, the 60Nb-60Nb pair is perfectly suited to monitor 
the existence of IFwide in cells, because if IFnarrow had been the physio-
logical IF conformation, only short distances would have appeared 
in cells expressing WT MsbA, akin to the data obtained in nano-
discs with the 60Nb-60Nb pair (Fig. 2). The corresponding DEER 
data on the 68Nb-68Nb pair further corroborated the notion that all 
conformations of MsbA coexist within cells (see Fig. 4 and compara-
tive analysis with Tikhonov regularization and model-based Gaussian 
fit in fig. S20). Notably, the fraction of IFwide in cells cannot be 
inferred from the data presented. Although the cells electroporated 

with the nanobodies and recovered for 20 min were found to be 
intact and impermeable, as judged on the basis of fluorescence 
microscopy (fig. S16B) and external addition of ATP-Mg before 
freezing the DEER sample (fig. S21A), they exhibit high ADP/ATP 
ratios and thus are in a low-energy metabolic state (fig. S21B). 
Therefore, the fraction of IFwide in the ensemble was relatively high, 
as is the case in ISOVs at high ADP/ATP ratios (Fig. 3). A prolonged 
recovery time (4 hours) was found to be sufficient to restore ADP/
ATP ratios as present in metabolically active cells, but it was not 
suitable for reliable detection of long distances because of the poorer 
Gd signal in the samples. Nevertheless, short DEER traces recorded 
at 20 min or 4 hours of recovery time did not show relevant changes 
in the dipolar decay for the 68Nb-68Nb pair, suggesting that, within 
the sensitivity of our method, we can conclude that a fraction of the 
IFwide still appears to be present in fully recovered cells (fig. S21C).

To compare IFnarrow and IFwide in terms of their distinct capability 
to bind lipid A, multi-microsecond coarse-grained MD simulations 
were carried out on MsbA embedded in a mixed lipid bilayer with 
10 mole percent of core lipid A in the cytoplasmic leaflet. In the simu-
lations, a lipid A molecule spontaneously entered from the membrane 
via a lateral portal into the TMD cavity of IFwide (Fig. 5, A and B). 

Fig. 4. DEER analysis of MsbA in E. coli cells. Primary DEER data (left) and corre-
sponding distance distributions (right) of the 60Nb-60Nb pair (A) and the 68Nb-68Nb 
pair (B) in cells overexpressing mutant (EQ, black) or WT (red) MsbA. A control sample 
[gray in (A)] with the Gd-labeled nanobody (60Nb) electroporated in cells over-
expressing TM287/288 did not show dipolar modulation. The gray shaded areas 
represent the distance range of the OFoccluded conformation, estimated on the basis 
of the cryo-EM structures, and the red shaded areas correspond to the distance 
range predicted for the IFwide conformation using a rotamer approach (see Fig. 1). 
The obtained distance distributions are further validated by analyses performed 
with Tikhonov regularization and model-based Gaussian fit (fig. S20).
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Lipid A binding was not observed in the simulations of IFnarrow, where 
lipid A attaches from the outside to the lateral portals but does not 
enter the TMD cavity (Fig. 5C). The MD simulations thus show that 
the presence of the IFwide conformation plays a key role for lowering 
the kinetic barrier for lipid A binding to the MsbA cavity, which is 
a prerequisite for transport.

DISCUSSION
Using nanobody-assisted DEER, we demonstrated that the IFwide 
conformation of MsbA is populated in E. coli cells and in cell-
derived membranes in the presence of nucleotides added at the mil-
limolar concentration range. MD simulations in addition show that 
the large degree of opening of the lateral portal as present in IFwide 
is essential for lipid A binding. Owing to the fact that wide inward-
open structures have been described for a large number of ABC ex-
porters, including P-glycoprotein (42–45), it is plausible to assume 
that extensive lateral portal opening is a common mechanism by 
which ABC transporters capture substrates from the membrane. 
Intriguingly, the conformational equilibrium of MsbA in ISOVs is 
shifted in response to changes in physiologically relevant ADP/ATP 
ratios, suggesting that the transporter’s structural ensemble and, 
therefore, the substrate turnover are modulated in response to the 
availability of ATP. The higher abundance of the wide inward-open 
conformation at low ATP and high ADP concentrations could rep-
resent a mechanism to slow down lipid A flipping (and thus LPS 
incorporation and cellular expansion) under low-energy conditions, 
which would enable a faster physiological response than the shut-
down of lipid A biosynthesis. Our unexpected experimental findings 
stand in seeming contradiction to cryo-EM structures determined 

in nanodiscs and rebut the prevailing opinion that the IFwide confor-
mation is a detergent and crystallization artifact. Instead, our data 
indicate nanodisc-mediated funneling of the IFnarrow conformation. 
Since apo MsbA has a shallow energy landscape (14), allowing for 
the coexistence of both IFwide and IFnarrow conformations (15), small 
perturbations, such as differences in the membrane environment in 
nanodiscs versus ISOVs, or substrate availability, can have a major 
effect on the relative distribution of distinct conformations. It is 
therefore important to be cautious when interpreting transporter 
conformations observed in nanodiscs. Our work paves the way to 
investigate membrane transporters in situ with precise experimen-
tal tools to shed light on their molecular physiology in the context 
of the native cell membrane.

METHODS
Molecular biology
The generation of Cys-less MsbA and mutant N191C was described 
in a previous study (13). MsbA NBDs were amplified from pBAD24_
MsbA using primers EcMsbA_NBD_FX_for1 (5′-ATA TGC TCT 
TCT AGT GGC GAC GTG GAA TTC CGC) and EcMsbA_NBD_
FX_rev1 (5′-TAT AGC TCT TCA TGC TTG GCC AAA CTG CAT 
TTT GTG) and cloned into pETM11-small ubiquitin-related modifier 
(SUMO) (46) or pBXNH3CA vector using FX cloning (47). These 
vectors are called pETM11-SUMO-MsbA-NBD and pBXNH3CA-
MsbA-NBD hereafter. Cysteine mutants of Nb_MsbA#1 were generated 
by QuikChange site-directed mutagenesis. To introduce a cysteine at 
position A60 or position T68, primers Nb_MsbA#1_A60C_fw 
(5′-GGA CAA GCT ATT GCG ACT CCG TG) and Nb_MsbA#1_
A60C_rv (5′-CAC GGA GTC GCA ATA GCT TGT CC) or 

Fig. 5. Binding of core lipid A inside the TMD cavity of IFwide. (A) Shown are snapshots from a representative coarse-grained MD simulation of the IFwide conformation. 
The MsbA chains are colored as in Fig. 1. The lipid A molecule that binds inside MsbA is shown in yellow with the phosphate beads in orange. The bilayer lipids are shown 
in gray; solvent molecules are not shown for clarity. (B) Binding pathway of lipid A to the MsbA TMD cavity viewed from the cytosol. The dots represent the position of the 
phosphate groups in the lipid A headgroup and are colored from red to blue as a function of the simulation time to show the entrance pathway. Similar lipid A entry 
pathways were found in four independent repeat simulations (each 50 s long), whereas lipid A did not enter into the TMD cavity in the corresponding simulations of 
IFnarrow. (C) Left: Shown is the last snapshot from one of the simulations of the IFnarrow conformation viewed from the cytosol with a lipid A molecule located next to one 
of the lateral portals. Right: The same snapshot viewed from the side.
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Nb_MsbA#1_T68C_fw (5′-GGG CCG ATT CTG CAT CTC CAA 
AG) and Nb_MsbA#1_T68C_rv (5′-CTT TGG AGA TGC AGA 
ATC GGC CC) were used.

Purification of MsbA-NBD
Vectors pETM11-SUMO-MsbA-NBD and pBXNH3CA-MsbA-NBD 
were used to transform E. coli C43 (DE3) or E. coli MC1061, respec-
tively. A single colony was used to inoculate an overnight culture in 
terrific broth (TB) medium, supplemented with kanamycin (50 g/ml; 
pETM11-SUMO construct) or ampicillin (100 g/ml; pBXNH3CA 
construct). Fresh TB medium containing antibiotics was inoculated 
with 1:100 of overnight culture and grown for 1.5 hours at 37°C 
followed by 1.5 hours at 30°C to reach an optical density at 600 nm 
(OD600) of 1.0 to 1.5. Protein expression was induced by adding 
0.5 mM isopropyl--d-thiogalactopyranoside (for tag-less MsbA-NBD 
from pETM11-SUMO-MsbA-NBD) or 0.01% l-arabinose (for Avi-
tagged MsbA-NBD from pBXNH3CA-MsbA-NBD), and protein 
production proceeded for 3 hours at 30°C. Cells were collected at 
5000g for 10 min and resuspended in 20 mM tris-HCl (pH 7.5) and 
150 mM NaCl supplemented with deoxyribonuclease (DNase; Sigma-
Aldrich). Cells were lysed by passing three times through an M-110P 
Microfluidizer (Microfluidics) at 25,000 psi. Unbroken cells were re-
moved by centrifugation at 8000g for 30 min at 4°C. The superna-
tant was supplemented with 30 mM imidazole and loaded onto Ni-NTA 
(nitrilotriacetic acid) gravity flow columns. After washing with 20 
column volumes with 50 mM imidazole (pH 7.5), 200 mM NaCl, 
and 10% glycerol, the NBDs were eluted with 5 column volumes of 
200 mM imidazole (pH 7.5), 200 mM NaCl, and 10% glycerol. SUMO 
fusion was cleaved using SenP2 protease (50 g/ml) while dialyzing 
against 20 mM tris-HCl (pH 7.5) and 150 mM NaCl for 16 hours. 
Avi-tagged MsbA-NBD was first concentrated to 360 l using Amicon 
Ultra-4 concentrator units with a 10-kDa molecular weight cutoff 
(MWCO), and 3C cleavage and enzymatic biotinylation were per-
formed simultaneously in a total reaction mixture of 4 ml containing 
3C protease (0.2 mg/ml), 330 nM BirA (0.016 mg/ml), 20 mM imidazole 
(pH 7.5), 10 mM magnesium acetate, 200 mM ATP, 200 mM NaCl, 
10% glycerol (v/v), and a 1.2-fold molar excess of biotin. Using re-
verse immobilized metal affinity chromatography (IMAC), tags were 
removed by loading cleaved NBDs onto Ni-NTA gravity flow columns 
and directly collecting flow-through as well as three additional column 
volumes of 20 mM tris-HCl (pH 7.5) and 150 mM NaCl. NBDs 
were concentrated using Amicon Ultra-4 concentrator units with 
10-kDa MWCO and finalized by size exclusion chromatography 
(Superdex-200 10/300 GL) in 20 mM tris-HCl (pH 7.5) and 150 mM NaCl.

Purification of MsbA and MsbA_E506Q and preparation 
of spin-labeled MsbA
E. coli MsbA, MsbA_E506Q, and cysteine mutant MsbA_N191C 
were expressed from pBAD24 vector with an N-terminal His tag, 
3C-cleavage site, and a linker (D-E-A-E-K-L-F-N-Q) (13). The 
Avi-tagged version of MsbA was expressed from vector pBXNH3CA 
(46). TB medium containing ampicillin (100 g/ml) was inoculated 
1:100 (w/v) with an overnight culture of freshly transformed plas-
mid in E. coli MC1061 and grown at 37°C for 1.5 hours followed by 
incubation at 30°C until an OD600 of 1.2 to 1.5 was reached. Protein 
expression was induced by the addition of 0.01% (w/v) l-arabinose, 
and cells were harvested after 4 hours. Cell pellets were resuspended 
with 20 mM tris-HCl (pH 7.5) and 150 mM NaCl supplemented with 
DNase (Sigma-Aldrich) and disrupted with an M-110P Microfluidizer 

(Microfluidics). Intact cells and cell debris were removed by centrifu-
gation at 8000g for 30 min, and membranes were collected by cen-
trifugation of the supernatant at 170,000g for 1 hour. Membranes 
were resuspended in 20 mM tris-HCl (pH 7.5), 150 mM NaCl, and 
10% glycerol; snap-frozen in liquid nitrogen; and stored at −80°C 
until further use. MsbA was solubilized with 1% (w/v) -DDM 
(n-dodecyl-b-d-maltoside) for 3 hours at 4°C, and the insoluble 
fraction was removed by centrifugation at 170,000g for 1 hour. 
The cleared lysate was supplemented with 30 mM imidazole (pH 7.5) 
and loaded onto Ni-NTA gravity flow columns. After washing 
with 20 column volumes of 50 mM imidazole (pH 7.5), 200 mM 
NaCl, and 0.03% (w/v) -DDM, MsbA was eluted with 4 column 
volumes of 200 mM imidazole (pH 7.5), 200 mM NaCl, and 0.03% 
(w/v) -DDM. The eluate was concentrated to 2.5 ml using Amicon 
Ultra-4 concentrator units with a 50-kDa MWCO and loaded onto 
a PD10 desalting column (GE Healthcare) equilibrated with 20 mM 
tris-HCl (pH 7.5), 150 mM NaCl, and 0.03% (w/v) -DDM. MsbA 
was eluted with 3.5 ml of 20 mM tris-HCl (pH 7.5), 150 mM NaCl, 
and 0.03% (w/v) -DDM and incubated with 400 g of 3C protease 
overnight at 4°C. Reverse IMAC was performed to remove His-tag 
and 3C protease by loading cleaved MsbA onto Ni-NTA gravity 
flow columns and directly collecting flow-through as well as three 
additional column volumes of 20 mM tris-HCl (pH 7.5), 150 mM 
NaCl, and 0.03% (w/v) -DDM. The sample was again concentrated 
and separated by size exclusion chromatography (Superdex-200 
10/300 GL) in 20 mM tris-HCl (pH 7.5), 150 mM NaCl, and 0.03% 
(w/v) -DDM. For mutant MsbA_N191C, 2 mM dithiothreitol was 
included in the solubilization and IMAC buffer, and purification 
proceeded as described for MsbA. After IMAC, the protein was 
concentrated to 2.5 ml, loaded onto a PD10 desalting column, and 
eluted with 3.2 ml of 20 mM tris-HCl (pH 7.5), 150 mM NaCl, and 
0.03% (w/v) -DDM. Immediately after, a fivefold excess of MTSSL 
[(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate] 
was added, and the samples were incubated at 4°C overnight. Ex-
cess of spin label was removed by size exclusion chromatography on 
a Superdex-200 10/300 GL column with 20 mM tris-HCl (pH 7.5), 
150 mM NaCl, and 0.03% (w/v) -DDM. For Avi-tagged MsbA, 
enzymatic biotinylation was performed during 3C cleavage using 3C 
protease (0.2 mg) and 330 nM BirA (0.016 mg/ml) in a buffer con-
taining 20 mM imidazole (pH 7.5), 10 mM magnesium acetate, 
200 mM ATP, 200 mM NaCl, 10% glycerol (v/v), 0.03% (w/v) -DDM, 
and a 1.2-fold molar excess of biotin.

Nanobody selection
To obtain nanobodies against MsbA, an alpaca was immunized four 
times in biweekly intervals with purified MsbA in 20 mM tris-HCl 
(pH 7.5), 150 mM NaCl, and 0.03% (w/v) -DDM, and phage libraries 
were generated as described previously (41, 48). Immunizations of 
alpacas were approved by the Cantonal Veterinary Office in Zürich, 
Switzerland (animal experiment license no. 188/2011). Two rounds of 
phage display were performed against detergent-solubilized, Avi-tagged 
MsbA (13), and nanobody enrichment was determined by quantitative 
polymerase chain reaction (605-fold enrichment after the second and 
final round of phage display) (36). The enriched library was then sub-
cloned into the pSb_init vector by FX cloning and subsequently 
used for screening with enzyme-linked immunosorbent assay (ELISA) 
using biotinylated full-length MsbA and MsbA-NBD as targets (36). 
Ninety-four single clones were screened, and 86 gave ELISA signals 
against the full-length MsbA, out of which 11 were also positive against 
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MsbA-NBD. Sanger sequencing revealed three distinct families based 
on the CDR (complementarity determining region) composition. From 
each family, one candidate was subcloned into vector pBXNPHM3 
(Addgene #110099) and attempted to crystallize, of which one nano-
body called Nb_MsbA#1 yielded diffracting crystals.

Purification and spin labeling of Nb_MsbA#1
Nb_MsbA#1 was expressed in E. coli MC1061 from vector pBXNPHM3 
(Addgene #110099) for the production of tag-free binder for crystalli-
zation (48). Cysteine mutants Nb_MsbA#1_A60C and Nb_MsbA_
T68C were expressed from the same vector, purified under reducing 
conditions, and labeled with a 3.6 molar excess of Gd-DOTA as previ-
ously described (34).

Crystallization and structure determination
MsbA-NBD at 10 mg/ml was mixed with a 1.1 molar excess of Nb_
MsbA#1 and incubated for 5 min. Sitting drop vapor diffusion was 
used to obtain crystals after 3 days. Crystals were grown at 20°C in 
100 mM Na-acetate (pH 5.5), 0.15 M KSCN, and 15% (w/v) poly-
ethylene glycol 6000. Crystals were cryoprotected in reservoir solu-
tion containing 30% (v/v) ethylenglycol and flash-frozen in liquid 
nitrogen. Data were collected at beamline X06DA of the Swiss Light 
Source (SLS; Villigen, Switzerland), setting the wavelength to 1 Å at 
100 K. XDS was used to process diffraction data, and molecular re-
placement was performed in Phaser2 using MsbA-NBD [Protein Data 
Bank (PDB): 3B5W] and a nanobody backbone as search models. 
Models were refined using PHENIX (49), and Coot (50) was used for 
model building (Ramachandran favored/outliers: 97.14%/0.29%).

Affinity determination by GCI
Affinity of nanobodies was determined using GCI on the WAVEsystem 
(Creoptix AG, Switzerland), a label-free biosensor. Avi-tagged full-
length MsbA was captured onto a streptavidin PCP-STA WAVEchip 
(polycarboxylate quasi-planar surface; Creoptix AG) to a density of 
2564 pg/mm2. Binding kinetics were measured at 25°C with increasing 
concentration ranging from 1 to 243 nM (threefold serial dilution, six 
concentrations) in 20 mM tris (pH 7.5), 150 mM NaCl, and 0.03% (w/v) 
-DDM. Nanobodies were injected at a flow rate of 50 l/min for 
500 s, and dissociation was continued for 1500 s. Data were analyzed on 
the WAVEcontrol (Creoptix AG) software. After double-referencing 
by subtracting the signals from blank injections and from the refer-
ence channel, a Langmuir 1:1 model was used for data fitting.

ATPase activity assays
ATPase activity of MsbA in detergent, nanodiscs, and proteolipo-
somes was determined with or without 200 nM Nb_MsbA#1 and 
labeled variants thereof. Nanobodies were dialyzed three times 
against 20 mM tris-HCl (pH 7.5) and 150 mM NaCl to remove the 
remaining traces of phosphate before use in the assay. ATPase as-
says were performed in 150 mM NaCl and 10 mM MgSO4, containing, 
in addition, 0.03% (w/v) -DDM in case the detergent-purified MsbA 
was analyzed. ATPase activities were measured using 8 nM reconsti-
tuted MsbA (proteoliposomes or nanodiscs) or 20 nM detergent-
purified MsbA at 30°C for 15 min with 2 mM ATP. Liberated 
phosphate was detected using the molybdate/malachite green 
method (38). To this end, 90 l of the reaction mixture was mixed 
with filtered malachite green solution [150 l, ammonium molyb-
date (10.5 mg/ml), 0.5 M H2SO4, malachite green (0.34 mg/ml), and 
0.1% Triton X-100], and absorption was measured at 650 nm.

Reconstitution of MsbA into nanodiscs
Membrane scaffold protein MSP1E3D1 was produced as previously 
described (41). E. coli polar lipids (Avanti, 100600C) were mixed 
3:1 (w/w) with l--phosphatidylcholine from egg yolk (Sigma-Aldrich, 
P3556), and chloroform was removed by evaporation. The optimal 
ratio of 1:36 (MSP1E3D1 to lipids) was determined by reconstituting 
empty nanodiscs and assessing the size exclusion profiles using a 
Superdex-200 10/300 GL column. Detergent-purified MsbA was 
reconstituted into nanodiscs using MSP1E3D1 and E. coli polar lip-
ids (Avanti Polar Lipids) at a ratio of 1:7:250 MsbA monomer/MSP/
lipids in Na-Hepes (pH 8.0) with 30 mM cholate in a total volume of 
800 l. The reconstitution mixture was incubated at room temperature 
(RT) for 30 min. Two hundred milligrams of bio-beads was added and 
incubated overnight at 4°C while rocking at 650 rpm. After removing 
the bio-beads, reconstituted MsbA was mixed with a threefold molar 
excess of Gd-labeled nanobodies, and the complex was further purified 
by size exclusion chromatography using a Superdex-200 10/300 GL 
column equilibrated with 20 mM tris-HCl (pH 7.5) and 150 mM NaCl. 
MsbA-nanodiscs were concentrated using Amicon Ultra-4 concentra-
tor units with a 100-kDa MWCO, split into aliquots, flash-frozen in 
liquid nitrogen, and stored at −80°C. These aliquots stemming from 
the exact same reconstitution were then used for cryo-EM structure 
determination, DEER measurements, and ATPase activity assays.

Cryo-EM structure determination
Three microliters of E. coli MsbA in complex with Gd-DOTA–
labeled nanobody Nb_MsbA#1 (or without, in the case of Apo con-
trol) was applied onto freshly glow-discharged C-flat holey carbon 
grids (CF1.2/1.3) at a concentration of 2.6 to 2.9 mg/ml and plunge-
frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher 
Scientific) with the environmental chamber set to 100% humidity 
and 4°C. To obtain structures in OF conformation, MsbA-nanobody 
complexes were incubated with 1 mM AMPPNP-Mg for 1 min be-
fore plunge-freezing. Micrographs (fig. S4) were recorded automat-
ically with EPU, using a Titan Krios microscope (Thermo Fisher 
Scientific) operated at 300 kV and equipped with a BioQuantum 
energy filter and a K3 camera (Gatan), at a nominal magnification of 
×105,000, corresponding to a pixel size of 0.837 Å. Dose-fractionated 
movies, composed of 50 frames, were acquired at an electron flux of 
15 e−/pixel per second over 2.3 s, resulting in a total electron dose of 
approximately 50 e−/Å2. Images were recorded in the defocus range 
from −0.5 to −2.5 m. Data collection quality was monitored in 
CryoSPARC Live. Frame-based motion correction was performed 
in RELION-3.1 (51), using its own implementation of MotionCor2 
(52), and the contrast transfer function was estimated, using CTFFIND-4.1. 
For the first dataset of Msba-60Nb apo, the particles were picked, 
using template picker in RELION-3.1. For all other datasets, the 
particle picks were obtained with Topaz (53), using the model pre-
trained on the subset of selected particles from CryoSPARC Live. 
CryoSPARC Live was also used to generate the initial models. Picked 
particles were extracted at a box size of 64 pixels with 4.185 Å/pixel and 
directly subjected to a single round of multimodel three-dimensional 
(3D) classification in RELION-3.1 to eliminate bad picks. The selected 
particles were reextracted at full pixel size and refined using C2 
symmetry. The particles were then polished and ctf-refined as 
implemented in RELION-3.1. To further sort out conformational 
variability, refined particles were subjected to the next round of 
3D classification with no alignment. The resulting best classes 
were then refined, and an additional round of polishing and CTF 
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refinement was performed. The polished particles were transferred 
to CryoSPARC to yield the final maps, using nonuniform refine-
ment (54). CryoSPARC was also used for local resolution estima-
tion. All datasets were processed in a similar manner, but because of 
the larger degree of flexibility, Apo datasets required an additional 
round of 3D classification. Msba-60Nb apo particles were additionally 
subjected to multibody refinement (55) in RELION-3.1, treating each 
MsbA “leg” as an individual body. To aid model building, density 
modification with phenix.resolve_cryo_em (56) was carried out, us-
ing the final half-maps, obtained in CryoSPARC. The previous cryo-
EM structures in nanodiscs (PDB: 5TV4 and 5TTP for the IFnarrow and 
OFoccluded conformations, respectively) were used as initial templates 
together with the crystal structure of Nb_MsbA#1, solved in this study. 
All structures were manually edited in COOT and refined using phe-
nix.real_space_refine (57) in combination with rigid-body refine-
ment and several rounds of rebuilding in COOT. The quality check 
for each structure was performed with MolProbity (49). Refinement 
and validation statistics are summarized in table S2. All structural fig-
ures were generated, using UCSF Chimera or ChimeraX (58). The un-
certainties in the Gd-Gd distances shown in Figs. 1 to 4 were extracted 
from the four cryo-EM structures and represent the ± interval. For 
the OFoccluded structures determined in the presence of AMPPNP-Mg, 
 corresponds to the nominal resolution of the respective cryo-EM 
structures. In case of the IFnarrow conformations, where multibody 
refinement revealed continuous motion of the NBDs (movie S1), the 
largest and smallest distances, extracted from the multicomponent 
analysis, plus the resolution of the structure were used to estimate .

Reconstitution of MsbA into proteoliposomes
E. coli polar lipids and l--phosphatidylcholine were mixed at a ratio of 
3:1 and dissolved in chloroform (20 mg/ml). Chloroform was evaporated, 
and the dried lipid film was dissolved in 50 mM K-Hepes (pH 7) to a 
final concentration of 20 mg/ml. Lipids were sonicated in six cycles at an 
intensity of 4 m on ice to obtain small unilamellar vesicles (SUVs), 
which were then flash-frozen in liquid nitrogen and stored at −80°C un-
til further use. Three freeze-thaw cycles converted SUVs into large mul-
tilamellar vesicles, which were extruded 11 times through a 400-nm 
polycarbonate filter prewashed with methanol, ethanol, and 50 mM 
K-Hepes (pH 7) to obtain large unilamellar vesicles (LUVs) at a final 
concentration of 4 mg/ml. LUVs were destabilized with 2.5 mM Triton 
X-100. Detergent-purified MsbA or MsbA_N191C-MTSL was added to 
5 ml of destabilized LUVs at a protein/lipid ratio of 1:50 and incubated 
at 25°C for 30 min. Two hundred milligrams of bio-beads was added, 
and the mixture was incubated for 30 min at 25°C. Bio-beads were re-
placed three times with 200 mg of fresh beads and incubated at 4°C for 
1 hour, 16 hours, and 1 hour in between. Proteoliposomes were sep-
arated from bio-beads and harvested by ultracentrifugation at 120,000g 
for 40 min. Proteoliposomes were resuspended to 20 mg/ml in 50 mM 
K-Hepes (pH 7), and the protein concentration was determined by 
SYPRO Ruby Protein Gel Stain (Bio-Rad, #1703126) using a dilution 
series of detergent-purified MsbA as a standard curve. Labeled nano-
bodies were added at a threefold molar excess to MsbA reconstituted 
in proteoliposomes and incubated on ice for 3 min. Proteoliposomes 
were washed using two rounds of centrifugation (170,000g, 30 min, 
4°C) and resuspension [2 ml of 50 mM K-Hepes (pH 7)] to remove 
unbound nanobodies. The last resuspension was done with 90 l of 
50 mM K-Hepes (pH 7) (prepared with deuterium oxide) and 20% 
glycerol-d8 (Sigma-Aldrich), and 40 l was added to electron paramag-
netic resonance (EPR) tubes and snap-frozen in liquid N2.

Preparation of inside-out vesicles containing overexpressed 
MsbA, MsbA_E506Q, or TM287/288
Plasmids pBAD24_MsbA, pBAD24_MsbA_E506Q (13), and pBXNH3L_
TM287/288 (19) were freshly transformed into chemically competent 
E. coli MC1061 cells and streaked onto agar plates containing ampi-
cillin (100 g/ml). From a single colony, overnight cultures were 
prepared in TB medium containing ampicillin (100 g/ml), from 
which 10 ml was used to inoculate 1 liter of TB containing ampicillin 
(100 g/ml). The culture was grown at 37°C for 1.5 hours followed 
by incubation at 30°C until an OD600 of 1.2 to 1.5 was reached. Protein 
expression was induced by the addition of l-arabinose [0.01% (w/v) 
for MsbA and 0.0017% (w/v) for TM287/288], and protein was 
produced for 4 hours at 30°C. Cells were harvested and diluted in 
20 mM tris-HCl (pH 7.5) and 150 mM NaCl supplemented with 
DNase (Sigma-Aldrich). The cell solution was passed three times 
through an M-110P Microfluidizer (Microfluidics) at 25,000 lb. in−2 
while cooling to 4°C. Intact cells and cell debris were removed by 
centrifugation at 8000g for 30 min, and vesicles were harvested by 
ultracentrifugation at 170,000g for 1 hour and resuspended with 
4 ml of 20 mM tris-HCl (pH 7.5) and 150 mM NaCl per liter of ex-
pression culture. ISOVs were then aliquoted, flash-frozen in liquid 
nitrogen, and stored at −80°C until further use or used directly. To 
100 l of ISOVs, 18 M Gd-labeled nanobodies was added and in-
cubated for 3 min on ice. After two rounds of washing by centrifu-
gation (170,000g, 1 hour, 4°C) and resuspension in phosphate-buffered 
saline (PBS), the ISOVs containing bound nanobody were resus-
pended in 90 l of PBS (prepared with deuterium oxide) and 20% 
glycerol-d8 (Sigma-Aldrich). Nucleotides (ATP, ADP, or AMPPNP) 
were added at a concentration of 5 or 0.5 mM (as indicated in Results), 
and the mixtures were filled into EPR tubes, incubated for 3 min at 
37°C, and directly snap-frozen in liquid N2.

Preparation of E. coli cells loaded with Gd-labeled 
nanobodies
To generate electrocompetent cells, 600 ml of TB medium supple-
mented with ampicillin (100 g/ml) was inoculated 1:100 with 
overnight cultures of E. coli MC1061 containing either plasmid 
pBAD_MsbA, pBAD_MsbA_E506Q, or pBXNH3L_TM287/288 
(control) and grown for 1.5 hours at 37°C and 1.5 hours at 30°C 
until OD600 reached 1.2 to 1.5. Expression was induced by adding 
l-arabinose [0.01% (w/v) for MsbA and 0.0017% (w/v) for TM287/288] 
and proceeded for 2.5 to 3 hours at 30°C. Cells were harvested at RT 
at 3300g for 10 min. Cells were washed twice with sterile ddH2O at 
RT and resuspended with 0.5 ml of sterile ddH2O. Gd-labeled na-
nobodies spin-labeled either at position 60 or 68 and purified in 
20 mM tris-HCl (pH 7.5) and 150 mM NaCl were concentrated to 
0.5 to 1 mM and dialyzed against 2 mM tris-HCl (pH 7.5) and 
15 mM NaCl. Two hundred microliters of competent cells in ddH2O 
was then mixed with stock solutions of Gd-labeled nanobodies to 
reach final concentrations of 20, 25, or 30 M (15-20-25 for the 
MsbA_E506Q mutant) (fig. S16). The mixture was transferred to 
cooled 2-mm electroporation cuvettes (Bio-Rad, 1652082) and elec-
troporated at 2.5 kV, 200 ohms, and 25 F. After electroporation, 
1 ml of cooled LB was added immediately to the cuvettes, and the 
mixture was transferred to 100 ml of LB. Cells were recovered at 
37°C for 20 min and then harvested by centrifugation at 3300g for 
10 min. To remove noninternalized nanobody, the recovered cells 
were washed at 4°C by centrifugation at 3300g (fig. S16). The first 
washing step was performed with 5 ml of PBS, 0.005% Triton X-100, 
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and 100 mM NaCl, followed by a washing step with 5 ml of PBS. The 
cell pellet was lastly resuspended with 500 l of PBS, loaded to two 
0.45-m spin filters (Ultrafree_CL, Millipore) prewashed with PBS, 
and centrifuged for 3 min at 800g. The cells were washed two more 
times by resuspending them with 500 l of PBS, applying them to 
the same spin filters and centrifugation at 800g for 3 min. Washed 
cells were then collected with 1 ml of PBS per spin filter and pooled 
into a 15-ml falcon tube. Washed cells were pelleted at 3300g for 
10 min, and the pellet was 1:1 (v/v) diluted and resuspended with PBS 
(prepared with deuterium oxide) and 20% glycerol-d8 (Sigma-Aldrich). 
Forty microliters of the suspension was filled into EPR tubes and 
flash-frozen in liquid nitrogen. For control experiments, cells were 
incubated for 20 min at 4°C with 500 M nonlabeled Nb_MsbA#1, 
pelleted at 3300g for 10 min, and the pellet was 1:1 (v/v) diluted and 
resuspended with PBS (prepared with deuterium oxide) and 20% 
glycerol-d8 (Sigma-Aldrich).

Test experiments to assess the electroporation protocol 
using fluorescently labeled nanobodies
Nb_MsbA#1_T68C was labeled with a 3.6 molar excess of Alexa 
Fluor 594 maleimide (Thermo Fisher Scientific) following the same 
protocol used to attach Gd-DOTA labels. Electroporation of E. coli 
cells with fluorescently labeled nanobody was carried out as de-
scribed above, using 25 M nonlabeled nanobody during electropo-
ration. Fluorescence was assessed in a microplate reader (Cytation 
5, BioTek) with the following settings: excitation at 575 nm and 
emission at 620 nm. For fluorescent micrographs of E. coli cells 
loaded with fluorescently labeled nanobody, cells were fixed in an 
eight-well -Slide (ibidi). One microliter of bacterial suspension in 
PBS was added. To a corner of the well, 50 l of dissolved and warm 
1% agarose in PBS was added and allowed to solidify at RT. Micro-
scopic images were observed at ×63 magnification using a Leica HC 
PL APO CS2 63×/1.40 objective with Leica Type F immersion oil on 
a Leica SP8 X CLSM microscope. Fluorescence of Alexa Fluor 594 
was detected with a red light filter (excitation at 598 nm and emis-
sion at 603 to 766 nm), and images were processed with Leica LAS 
X software. Image overlaying was done by combining the consecu-
tive images with and without a red light fluorescence filter. Images 
were processed with ImageJ image processing software.

Determination of ADP/ATP ratios in E. coli cells
Cells (1.5 ml) at an OD600 of 1 were collected by centrifugation 
(3 min, 3300g), and the pellet was resuspended with 50 l of ddH2O.  
Cell suspensions were added to 50 l of ice-cold 10% trichloroacetic 
acid (w/v) supplemented with 10 mM EDTA, vortexed for 10 s, and 
incubated on ice for 20 min. After centrifugation (5 min, 20,000g, 4°C), 
the supernatant was aliquoted and stored at −20°C for up to 5 days. 
Sample (10 l) was neutralized with 40 l of 0.5 M Na-Hepes (pH 8.5) 
and the ADP/ATP ratio was determined with the ADP/ATP Ratio 
Assay Kit (Sigma-Aldrich, MAK135).

MD simulations
All-atom MD simulations of NBD-nanobody complexes were per-
formed with GROMACS version 2020.1 (59) using the AMBER 
ff99SB-disp (60) protein force field with the corresponding modi-
fied TIP4P-D water model (61). The sizes and compositions of all 
the simulated systems are listed in table S3. From the x-ray crystal 
structure of the NBD-nanobody tetramer complex, two dimeric 
simulation systems were generated, each composed of one NBD 

chain (residues 340 to 580 and 340 to 579 for chains A and B, re-
spectively) in complex with one nanobody chain (residues 1 to 113). 
Crystal water molecules were kept upon setting up the simulations. 
The dimers were solvated with ca. 45,000 water molecules in periodic 
cubic boxes with an edge length of ca. 11.2 nm; ions were added to 
neutralize the systems (see table S3). After energy minimization 
with steepest descent (for about 1000 steps), the systems were equil-
ibrated for 20 ns with harmonic position restraints on all protein 
heavy atoms, followed by subsequent 30 ns with only the protein 
backbone atoms restrained, using force constants of 1000 kJ/mol 
per square nanometer. The initial equilibrations were performed 
under NPT conditions at 300 K and 1 bar, using the v-rescale ther-
mostat (62) (coupling time constant t = 0.5 ps) and the Berendsen 
barostat (63) (coupling time constant p = 2.0 ps and a compress-
ibility of 4.5 × 10−5/bar), respectively. Nonbonded Coulomb and 
Lennard-Jones interactions were treated up to a cutoff of 1 nm. 
Long-range electrostatics were treated with the particle-mesh Ewald 
method (64) with default settings. The LINCS algorithm was used 
to constrain bond lengths (65), allowing the integration of the equa-
tions of motion with 2-fs time steps. For each NDB-nanobody 
dimer complex, two unrestrained production simulations of 800 ns 
were carried out, starting from different initial atomic velocities and 
with the same parameters as described above, except that the pres-
sure was controlled by the Parrinello-Rahman barostat (66). Coor-
dinates were saved to the disk every 50 ps. All analyses were carried 
out on the trajectories from the production runs. The GROMACS 
analysis tools gmx rms, gmx rmsf, and gmx distance were used to 
calculate the root mean square deviation (RMSD), root mean square 
fluctuation (RMSF), and distances, respectively. For the RMSF cal-
culation, the first 200 ns of the production run was discarded. 
Molecular graphics were generated with VMD 1.9.4 (www.ks.uiuc.
edu/Research/vmd/). Data were plotted using Grace (http://plasma-
gate.weizmann.ac.il/Grace/).

Coarse-grained MD simulations of full-length MsbA were car-
ried out with GROMACS version 2021.1 with the Martini 2.2 force 
field (67). For modeling the IFwide conformation of full-length MsbA, 
the E. coli MsbA protein sequence (UniProt ID: P60752) was aligned 
to the Salmonella typhimurium MsbA (UniProt ID: P63359) using 
Clustal Omega (68). The 2.80-Å-resolution x-ray crystal structure 
from S. typhimurium (PDB: 6BL6) (16) was used as a template. Target 
and template share 96% of sequence identity, and the structural 
superposition over the C atoms of the target 6BL6 and the E. coli 
IFwide C structure PDB: 3B5W (4) yielded an RMSD of 1.29 Å. The 
homology modeling was carried out using the MODELLER soft-
ware (69), and after 300 iterations, the best MsbA E. coli structural 
model was selected according to the discrete optimized protein en-
ergy (DOPE) score. For modeling the IFnarrow conformation of full-
length MsbA, the starting coordinates were taken from the MsbA 
E. coli cryo-EM structure PDB: 6UZ2 (4.20-Å resolution). Missing 
C-terminal residues and side chains in the NBD domains were add-
ed with UCSF Chimera, and the coordinates of the first 10 N-terminal 
residues were taken from the IFwide model described above. The 
E. coli MsbA atomistic models described above were converted 
to the coarse-grained resolution using the martinize.py script. An 
elastic network with a cutoff distance of 12 Å was used (eu 1.2 and 
ef 1000 settings in martinize.py) to maintain the structural integrity 
of the protein. The protein structure was initially energy-minimized 
and inserted into a bilayer resembling the E. coli lipid composi-
tion using an in-house modified version of the insane.py tool (70) to 
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include E. coli lipid A (see below). The composition of the outer leaflet 
was 67% 1-palmitoyl-2-oleyl-phosphtidylethanolamine (POPE), 
23% 1-palmitoyl-2-oleyl-phosphtidylglycerol (POPG), and 10% 
cardiolipin. The composition of the inner leaflet was 62% POPE, 
18% POPG, 10% cardiolipin, and 10% lipid A. The total number of 
lipids in the outer and inner bilayer leaflets was 291 and 270, respec-
tively. The Martini topology for the E. coli lipid A was adapted from 
that of the Campylobacter jejuni lipid A (71) by removing the beads 
C4C2 and C3D2 from tails C and D, respectively. The solvated 
systems were neutralized with a 150 mM concentration of NaCl and 
subsequently energy-minimized with steepest descent until machine 
precision. The minimized systems were equilibrated by 100 ns 
of MD simulation with the protein backbone beads restrained (force 
constants of 2000 kJ/mol per square nanometer) to allow the bilayer 
to equilibrate around MsbA. The integration time step for the coarse-
grained simulations was 20 fs. The “new-RF” simulation parame-
ters were used, as suggested by de Jong et al. (72). Equilibration was 
performed at 330 K, with protein, lipids, and solvent separately 
coupled to an external bath using the v-rescale thermostat (62) 
with coupling time constant T = 1.0 ps. Pressure was maintained 
at 1 bar using the stochastic cell rescaling (c-rescale) barostat 
(73) with semi-isotropic conditions (coupling time constant p = 
12.0 ps and compressibility = 3.0 × 10−4/bar). For both IFwide and 
IFnarrow, four independent production simulations (each 50 s in 
length) were carried out using different random seeds for the initial 
velocities.

Distance distribution simulations and EPR experiments
Interspin distances between two Nb_MsbA#1 nanobodies spin-
labeled at position 60 or 68 were performed with a rotamer-based 
approach in MMM 2018.2 (39, 74). Simulations were carried out 
using the available ambient temperature rotamer libraries for MTSL 
and Gd-DOTA. The nanobody-NDB crystal structure was super-
imposed to the available crystal or cryo-EM structures by aligning 
the NBDs in PyMOL (75).

The labeling efficiency for the MTSL-labeled nanobody was de-
termined via CW-EPR spectroscopy by comparison of the double 
spectral integrals with a nitroxide standard at a known concentra-
tion, resulting in values of 90% for A60C and 100% for T68C. Labeling 
efficiencies of the Gd-DOTA-labeled nanobodies were determined 
by mass spectrometry as previously described (fig. S2) (34).

The final concentration of the WT MsbA used for DEER mea-
surements was 20 M for the detergent-purified protein and 10 and 
20 M for the reconstituted transporter in proteoliposomes and 
nanodiscs, respectively. The nanobody was added to the transporter 
in a 1:2 transporter/nanobody stoichiometric ratio. All AMPPNP-
Mg samples contained 5 mM AMPPNP and 5 mM MgCl2 and were 
incubated at 298 K for 8 min. Glycerol-d8 (10%, v/v) was added as a 
cryoprotectant to all samples immediately before shock-freezing in 
liquid nitrogen. Forty microliters of the sample was loaded in quartz 
tubes (Aachener Quarzglas Heinrich) with an outer diameter of 
3 mm. The preparation of ISOVs and cells for DEER has been de-
scribed in the previous dedicated sections.

Biological repeats were performed for samples in each environ-
ment. In particular, two batches of MsbA WT reconstituted in nano-
discs (fig. S22), two batches of MsbA reconstituted in proteoliposomes 
(see fig. S23 for the data on the second batch), four batches of ISOVs 
overexpressing MsbA WT [see fig. S15 (B and C) for comparison of 
AMPPNP-Mg states on different batches], and several batches of E. coli 

cells overexpressing MsbA WT or EQ (fig. S19) were prepared. More-
over, all conditions (apart from in-cell data) were tested with gadolinium- 
and nitroxide-labeled nanobodies to corroborate the conclusions.

EDFS (echo-detected field sweep) spectra (see fig. S18 for some 
examples) were recorded using a 16- to 32-ns sequence with Gaussian 
pulse shapes with an interpulse delay of 400 ns, and the echo was 
integrated over 32 ns. The field axis of the spectra was frequency-
normalized in the figures for better comparison. The Hahn echo decays 
were recorded with a 16––32 ns sequence with Gaussian pulses, with 
 incremented in steps of 32 ns starting from 180 ns. The echo intensity 
(integrated over 32 ns) was plotted versus 2. The optimal microwave 
power for the pulses was determined via nutation experiments re-
corded at the maximum of the spectra. An example of Hahn echo 
decay for each investigated environment is shown in fig. S24.

DEER measurements were performed at 50 K (nitroxide-nitroxide) 
or 10 K (Gd-Gd) on a Bruker ELEXSYS E580Q-AWG (arbitrary 
waveform generator) dedicated pulse Q-band spectrometer equipped 
with a 150-W TWT amplifier and a homemade resonator. A four-
pulse DEER sequence with a Gaussian, nonselective observer and 
pump pulses of 32 ns length (corresponding to 13.6 ns full width at 
half maximum) with 100-MHz frequency separation was used (76). 
The pump position was always chosen as the maximum of the gad-
olinium or nitroxide signal.

DEER experiments were performed using the dead-time free four-
pulse DEER sequence (/2)obs-(d1)-()obs-(d1 + T)-()pump-(d2-T)-
()obs-(d2)-(echo) with a 16-step phase cycling. For the Gd-Gd 
measurements, we found that a small zero-time artifact due to pulse 
overlap could be removed by using 10 dB of attenuation in the main 
attenuator. The initial value of the interpulse delay 1 was set to 400 ns 
for nitroxide DEER and 800 ns for gadolinium DEER. Deuterium 
ESEEM was suppressed incrementing 1 eight times by 16 ns and 
summing the individual traces (nuclear modulation averaging). The 
dipolar evolution time 2 ranged from 2000 to 5000 ns in the differ-
ent samples, according to the dipolar frequency contained. The shot 
repetition time was set to 1 ms for nitroxide DEER and 1 or 2 ms for 
gadolinium DEER.

Data were analyzed using DEERNet (39, 77, 78), a neural network–
based approach recently implemented in Spinach (79) that enables to 
extract distance distributions from DEER traces with an error estima-
tion. Moreover, this analysis removes the user bias in the choice of the 
background function. In its latest version, the program provides esti-
mation on the background function and fitting of the primary trace, 
with relative uncertainties. The output distributions, which are 
normalized by the modulation depth, have been intensity-normalized 
for better visualization, with the modulation depth being slightly 
different in different environments because of mismatch in the 
MsbA-nanobody stoichiometric ratio, which can be caused by the dif-
ficulty in determining protein concentration in certain environments. 
The distance distributions obtained by DEERNet for ISOVs and cells 
were further validated by analysis with Tikhonov and a model-based 
Gaussian fit from DeerAnalysis (80) to provide an independent data 
analysis. Details of the fitting and of the validations are reported in 
the corresponding legends in the Supplementary Materials.

DEER data processing in DEERNet
DEER data processing was performed using the DEERNet mod-
ule (39) of Spinach 2.6 (79). Each DEER trace was resampled to 512 
time points and fed into a set of fully connected neural networks 
with the following topology: vector input–(fully connected–batch 
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normalization–softplus)5–probability normalization–vector regression. 
The weight matrices in the fully connected layers had dimensions of 
512 × 512; the probability normalization layer divides the vector by 
its sum to ensure that the statistical requirement for the probabilities 
to add up to 100% is fulfilled.

Output confidence interval estimation was done by running 
statistics over a set of normalized distance distributions {pk(r)} ob-
tained from 32 networks trained from different random initial 
guesses against different databases. To obtain background and 
modulation depth confidence intervals, distance distributions were 
converted back into form factors {fk(t)} using the analytical DEER 
kernel (r, t) (39). The form factors were mixed with the back-
ground signals

	​​ s(t ) = ​[​​(1 −  ) +  ∫ p(r ) (r, t ) dr​]​​exp​[​​ ​(− kt)​​ N/3​​]​​​​	 (S1)

using modulation depth  and a stretched exponential background 
model with an effective dimension N and a decay rate constant k. 
The resulting function was fitted to the experimental DEER trace 
to extract a set of backgrounds and modulation depths. Confidence 
intervals were obtained by running statistics over the resulting 
set of 32 background signals and 32 modulation depths. The anno-
tated MATLAB source code for the procedures described in this 
section is available as part of the Spinach library version 2.6 (http://
spindynamics.org).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn6845

View/request a protocol for this paper from Bio-protocol.
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