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The ATP-binding cassette transporter MsbA is a lipid flippase, translocat-
ing lipid A, glycolipids, and lipopolysaccharides from the inner to the outer
leaflet of the inner membrane of Gram-negative bacteria. It has been used
as a model system for time-resolved structural studies as several MsbA
structures in different states and reconstitution systems (detergent/nano-
discs/peptidiscs) are available. However, due to the limited resolution of
the available structures, detailed structural information on the bound
nucleotides has remained elusive. Here, we have reconstituted MsbA in
saposin A-lipoprotein nanoparticles (Salipro) and determined the structure
of ADP-vanadate-bound MsbA by single-particle cryo-electron microscopy
to 3.5 A resolution. This procedure has resulted in significantly improved
resolution and enabled us to model all side chains and visualise detailed
ADP-vanadate interactions in the nucleotide-binding domains. The
approach may be applicable to other dynamic membrane proteins.

Abbreviations

ABC transporter, ATP-binding cassette transporter; cryo-EM, cryogenic electron microscopy; CTF, contrast transfer function; DDM,
n-dodecyl 3-0-maltoside; Dpyax, Mmaximum dimension; IMAC, immobilized metal affinity chromatography; IMP, integral membrane protein;
IPTG, isopropyl B-p-1-thiogalactopyranoside; K., Michaelis constant; LPS, lipopolysaccharide; NBD, nucleotide-binding domain; Ni-NTA,
Ni-nitrilotriacetic acid; POPC, 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (16:0-18:1 PC); Ry, radius of gyration; RT, room temperature;
Salipro, saposin-lipoprotein nanoparticles; SapA, saposin A; SAXS, small-angle X-ray scattering; SEC, size-exclusion chromatography; TEV,
tobacco etch virus; TMD, transmembrane domain; Vi, orthovanadate.
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Cryo-EM structure of MsbA (ADP-Vi) in Salipro

Introduction

Lipid asymmetry between the two leaflets of a bio-
membrane is fundamental for cellular life [1,2] and
often requires trans-bilayer movement of lipids facili-
tated by specific flippases [3,4]. MsbA is an ATP-
binding cassette (ABC) exporter located in the cyto-
plasmic membrane of Gram-negative bacteria, where it
acts as a lipid flippase, translocating lipid A, glyco-
lipids and lipopolysaccharides (LPS) from the inner to
the outer leaflet [5,6]. In addition, it can also function
as a multidrug-resistance transporter by exporting var-
ious hydrophobic small molecules [7].

MsbA is a prototypical homodimeric ABC trans-
porter composed of two transmembrane domains
(TMD; containing six transmembrane helices each)
and two nucleotide-binding domains (NBD) [8,9]. The
conformational cycle of MsbA follows a “power
stroke” mechanism [10]. It is triggered by ATP binding
to the NBDs, followed by NBD dimerisation, ATP
hydrolysis and subsequent NBD dissociation [9], all of
them coupled to movements of the transmembrane
helices switching between inward-facing, occluded, and
outward-facing conformations. The conformational
flexibility of MsbA has been demonstrated by a variety
of biophysical techniques, including luminescence reso-
nance energy transfer [11], electron spin resonance
spectroscopy [12], crosslinking [13], electron micros-
copy [14] and molecular dynamics simulations [15].
The well-characterized structural transitions of MsbA
occur in the millisecond timescale, making MsbA a
model system for time-resolved structural studies
[small-angle X-ray scattering (SAXS)] of integral mem-
brane proteins (IMPs) [16, 17].

Several MsbA structures have been determined in
different conformational states, using various reconsti-
tution systems, including crystal structures in detergent
[8,18-20] as well as single-particle cryogenic electron
microscopy (cryo-EM) structures in MSP1DI nano-
discs [9] or peptidiscs [21]. While these structures pro-
vide ample insights into LPS recognition and
conformational transitions during the lipid A transport
pathway as well as potential inhibition modes of
MsbA, details about nucleotide coordination are
limited.

Saposin-lipid nanoparticles (Salipro) have been
recently introduced as a flexible reconstitution system
for IMP [22]. The system uses the lipid-binding protein
Saposin A (SapA) to form a discoidal scaffold to pro-
vide a lipidic environment for incorporated IMPs [22—
24]. Salipro reconstitution works for most lipids, is
independent of the size of the incorporated IMP, often
results in high activity of the IMP and has been
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successfully used in a number of cryo-EM structures
[25-29].

Here, we report the 3.5 A resolution cryo-EM struc-
ture of Salipro-reconstituted MsbA (from Escherichia
coli) in an ADP-vanadate(Vi)-bound state. The struc-
ture shows MsbA in an occluded conformation with
dimerized NBDs and allows clear visualization of the
bound nucleotides.

Results and Discussion

Overall structure of MsbA (ADP-Vi) in Salipro

MsbA from E. coli was purified from E. coli C43 cells
in dodecyl maltoside (DDM) detergent and reconsti-
tuted into Salipro using I-palmitoyl-2-oleoyl-glycero-
3-phosphocholine (16:0-18:1 PC) (POPC) as lipid
(Fig. 1A). This procedure resulted in a monodisperse
sample with significantly higher ATPase activity (and
stability) compared to the detergent sample and similar
activity compared to MsbA reconstituted in MSP1DI1
nanodiscs [9,30], indicating that a lipidic environment
as provided by nanodisc or Salipro carrier systems is
beneficial for structural studies of MsbA.

Orthovanadate can be used to mimic the transition
state after ATP hydrolysis (but before phosphate
release) by trapping the Mg>*-ADP-Vi complex in the
catalytic sites. In this transition state, the stability of
Salipro-reconstituted MsbA is significantly increased
compared to apo MsbA. While the melting transition
midpoint is 53 °C for apo MsbA, it increases to
62 °C for the Mg>*-ADP-Vi-bound complex and to
71 °C  for MsbA (ATPyS) (Fig. 1B). Salipro-
reconstituted MsbA also retained its specific activity
(Fig. 10).

Using SAXS we have detected significant differences
between apo and ADP-vanadate bound MsbA in Sali-
pro in the mid-q region from 0.5 to 3 nm~' (Fig. 1D),
which are similar to the X-ray scattering differences of
MsbA in nanodiscs [17]. The distance distribution
plots show very similar curve progressions and also
the values of the radius of gyration (R,) and maximum
dimension (D) are almost identical (Table 1), indi-
cating that the differences in the scattering reflect
internal structural rearrangements. These results show
that Salipro-reconstituted MsbA can indeed be trapped
in a distinct conformational state by adding Mg>'-
ADP-Vi.

Based on the increased thermal stability of Mg*'-
ADP-Vi bound complex incorporated in Salipro, we
set out to determine its structure using cryo-EM. We
hypothesized that this structure would result in a high
resolution and highlight key residues involved in
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Fig. 1. Characterization and cryo-EM of Salipro-embedded MsbA. (A) SEC profile and corresponding SDS/PAGE gel illustrating MsbA
reconstitution into Salipro. (B) Stabilization of Salipro-reconstituted MsbA by ADP-Vi. nDSF thermal melt profiles are shown for apo MsbA
(grey), MsbA +ADP-Vi (violet) and MsbA + ATPyS (orange), indicating a significant stabilization of MsbA. Measurements were performed in
triplicates. (C) Specific activity of Salipro-reconstituted MsbA measured by the Baginski assay. The maximal reaction speed (Vi,ax) of MsbA
in Salipro with the lipid POPC is 1110 & 292 nmol ATP-min~"-mg~" enzyme and the Michaelis constant (K,) is 1050 + 289 um. The
experiments were performed as biological triplicates at RT with errors shown as + SEM. (D) Comparison of SAXS profiles of MsbA in
Salipro in the apo state (black) and with ADP-vanadate (red). Scattering shows significant differences in the mid g-range, indicating structural
differences between the two states of MsbA. Distance distribution plots indicating that the differences in the scattering reflecting internal
structural rearrangements. (E) Representative cryo-EM image and selected 2D averages of Salipro-embedded MsbA. Box dimension of 2D
averages: 183 A. (F) Surface representation of the MsbA 3D reconstruction, filtered to 3.5 A resolution. MsbA subunits are coloured orange
and blue and the Salipro carrier system is shown as a grey outline. (G) Ribbon diagram of MsbA embedded in Salipro with the subunits
coloured in orange and blue. Structure figures were prepared using UCSF Chimera [52] and pymoL (Schrodinger Inc., New York, NY, USA).

(Fig. 1E). This was followed by two rounds of 3D

Table 1. SAXS analysis of MsbA incorporated into Salipro with and . ] 3 .
classifications to obtain a homogenous set of particles

without ADP-Vi

- for the final 3D reconstruction. After further refine-
Sample Ay A) Dmax (M) ents and masking out the Salipro disc, a final map
MsbA:SapA:POPC 46.5 + 0.02 18.0 with a resolution of 3.5 A at gold standard FSC 0.143
MsbA:SapA:POPC with ADP-Vi 46.6 + 0.02 18.0 (Figs 1F,G, 2 and 3) was obtained.

The local resolution filtered map is presented in
Fig. 3. At this resolution, it was possible to resolve the
structure for the transmembrane helices as well as the
NBDs including the side chains. Overall, the transition
state structure of MsbA (with Mg**-ADP-Vi) in Sali-

nucleotide binding, thus filling a gap in our knowledge
of this important ABC transporter. We selected
Salipro-reconstitution with POPC as lipid to collect

cryo-EM data on the basis of the high stability and
activity of the sample [30] and the potential to com-
bine them with stealth carrier SANS data [31]. In
order to remove junk particles picked from the micro-
graphs, we performed two rounds of 2D classifications

pro presented here resembles an occluded conforma-
tion similar to the structure in nanodiscs [9] but
significantly different from the outward open confor-
mation observed in the crystal structure [8] (Fig. 1F,
G).
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Fig. 2. Image processing workflow for ADP-
vanadate bound MsbA in Salipro. (A)
Starting with 10 302 movies, the pre-
processing, including motion correction and
CTF estimation, was done in Scipion,
followed by particle picking in crYOLO

NU Refinement (C

NU Refinement (C2)
Per-particle CTF refinement
Naive Local Refinement

Salipro reconstitution resulted in cryo-EM
structure determination of MsbA to higher
resolution

With the ability to reach a higher resolution in the Sal-
ipro system, it is possible to determine the detailed
coordination of Mg?-ADP and vanadate between the
two NBDs of MsbA. While in the previous cryo-EM
structures of MsbA many side chains could not be
modelled due to limited resolution [9], the quality of

resulting 679 185 picked particles. (B) The
picked particles were subject to two rounds
of 2D classification (T = 13) to remove the
obvious junk particles. (C) Selected particles
were further cleaned up by a round of 3D
classification (T = 5). (D) Particles that fall
within the best 3D classes (class 1 and 2)
were further refined either separately or
merged together. Here, using the
reconstruction from particles that belong to
class 1 reached 7.4 A; reconstruction with
particles class 2 reached 4.0 A and the
merged particles from both classes reached
4.2 A. (E) Afterwards, a second 3D
classification was performed using class 2
particles, which yielded a final set of 83 278
particles. (F) After several refinement steps,
the final 3D reconstruction map reached a
resolution of 3.46 A (GSFC 0.143). Structure
figures were prepared using UCSF Chimera
[52].

our map at 3.5 A resolution has allowed us to unam-
biguously model the ADP, vanadate and Mg>" mole-
cules in their binding sites located in between both
NBDs (Fig. 4). The binding pocket for ADP (A) is
formed by D117 (chain A), Q485 (chain B), S380
(chain A), K382 (chain A) S383 (chain A) and T384
(chain A). The aromatic residue Y351 is forming n—n
stacking interactions to the adenosine. A similar inter-
action could be described for MsbA in liposomes with
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GSFSC resolution: 3.464

-

134 664 444 334 264 224 194

Cryo-EM structure of MsbA (ADP-Vi) in Salipro
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Fig. 3. Single-particle cryo-EM analysis of MsbA trapped with ADP- vanadate in Salipro. (A) Final 3D reconstitution filtered to 3.5 A, coloured
according to the local resolution and corresponding FSC plots. (B) FSC curves of the refined model versus the unmasked (black) and
masked (red) full map and versus the map of half A (unmasked: blue, masked: green) and half B (unmasked: purple, masked: yellow). (C)
Angular distribution of the particles included in the final reconstitution. (D) Selected cryo-EM densities (grey mesh) with the atomic model in
orange. Structure figures were prepared using UCSF Chimera [52] and pymoL.

ATP [32] and in the crystal structure with AMPPNP
(pdb:3B60) [8]. Vanadate (A) is also coordinated by
residues from different NBDs: AS510 (chain B) and
H537 (chain A), G483 (chain B), K382 (chain A),
S378 (chain A) and S482 (chain B; Fig. 4C). The Mg?*
is coordinated between the vanadate, ADP, S383
(chain A) and Q424 (chain A). The joint coordination
of ADP-Vi by residues from both NBDs locks MsbA
in an occluded state.

The improved resolution also allowed the modelling
of a lipid bound in a conserved binding pocket between
transmembrane helices TM3, TM4, TM6 and the N-
terminus (Fig. 5). Interestingly, TM4 and TMG6 are
important for switching from apo to Vi-trapped state
[33]. MsbA often co-purifies with several lipids as
observed by native MS [34]. The odd positioning of the
lipid could imply a stabilising role within the cavity,
rather than the POPC we added during Salipro recon-
stitution. The stability and activity of MsbA requires
the presence of directly bound lipids [30]. Interestingly,
the recent cryo-EM reconstruction of MsbA with first-

generation inhibitors [35] also contains several unmo-
delled lipid-like densities in many pockets.

Comparison with existing MsbA structures

Several structures of MsbA in different states along the
functional cycle have been determined in the last decade
by X-ray crystallography or single-particle cryo-electron
microscopy (cryo-EM). These structures range from
inward-open conformations (pdb: 5TV4 [9], 6030 [20],
6BL6 [20], 3B5X [8], 3B5SW [8], 6BPL [19], 6BPP [19],
6UZ2 [21], 6UZL [21]) via occluded states (pdb: STTP
[9) to outward open conformations (pdb: 3B5Y [9],
3B60 [9], 3B5Z [9]). Our structure of MsbA with Mg>*-
ADP-Vi in Salipro can be classified as an occluded state
and is most similar to the previously determined
occluded model in nanodiscs (pdb: 5STTP) (Fig. 6).
Several structures of MsbA have been previously
reported in ADP-vanadate trapped states. One was the
cryo-EM structure of MsbA with ADP-vanadate in
nanodiscs (pdb:5STTP), determined at 4.8 A resolution
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[9]. In this structure, neither amino acid side chains nor
ADP-Vi could be modelled due to limited resolution.
Apart from the improved resolution and occupied
nucleotide binding site, we see just minor differences to
our structure in Salipro (RMSD: 2.4 A; Fig. 6A). The
other models include a crystal structure of ADP-
vanadate trapped MsbA from Salmonella typhimurium
determined to 4.2 A, which only allowed modelling of

A510 (B)
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Fig. 4. Details of ADP and vanadate
coordination in the NBDs of full-length
MsbA. (A) Density of the complex of ADP,
vanadate and Mg?" (shown in grey mesh)
between the two NBDs (orange and blue)
of MsbA. (B) Detailed coordination of
vanadate (shown in grey) to A510 of chain
B (blue) and H537 of chain A (orange). (C)
ADP (A) is coordinated in the catalytic site
via n—7 stacking interaction with Y351
(chain A) as well as hydrogen bonds to
D117 (chain A), Q485 (chain B), S380 (chain
A), T384 (chain A), S383 (chain A), which is
also coordinating the Mg?* and K382 (chain
A), which is also coordinating the vanadate.
Furthermore, the vanadate (A) is
coordinated to H537 (chain A), A510 (chain
B), S482 (chain B), S378 (chain A) and G483
(chain B). Structure figures were prepared
using PYMOL.

N-terminus E; & b

Fig. 5. Detailed view on a bound lipid in the TMD of MsbA. With the improved resolution of the cryo-EM map, bound lipids can be
identified in the TMD of MsbA. (A) Lipid with density. (B, C) Location of bound lipid within MsbA. The lipid is bound between the
transmembrane helices TM3, TM4, TM6 and the N-terminus of MsbA. It is shown as sticks with the corresponding density in a grey
surface and the different subunits coloured in orange and blue. Structure figures were prepared using UCSF Chimera [52] and pymoL.

the protein backbone as dummy atoms (pdb:3B5Z),
and the crystal structure of AMPPNP-bound MsbA
(pdb:3B60) [8]. For these structures the protein was
crystallised in undecyl-B-p-maltoside detergent. Interest-
ingly, these crystal structures show significant differ-
ences in the orientation of the transmembrane helices in
particular on the periplasmic side (Fig. 6A) compared
to both cryo-EM structures in lipidic environment
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Cryo-EM structure of MsbA (ADP-Vi) in Salipro

MsbA in Salipro

Fig. 6. Comparison of Salipro-reconstituted MsbA (ADP-Vi) with existing MsbA structures. (A) Comparison of ADP-Vi-bound MsbA
structures reconstituted in Salipro (this study, blue) and nanodiscs (pdb: 5TTP, green) [9] as well as with the crystal structure of ADP-Vi-
bound MsbA in detergent in outward-facing state (pdb: 3B5Z, red) [8]. (B) The structure of MsbA in nanodiscs without nucleotides shows
an inward open state (pdb: 5TV4) [9], while the addition of ADP-vanadate leads to an occluded state of the protein (5TTP) [9]. MsbA in deter-
gent in complex with AMPPNP adopts an outward open state (3B60) [8]. MsbA in Salipro and ADP-vanadate (this study) also adopts an
occluded state. (C) View from the cytoplasm to the ADP-Vi-bound MsbA structure in Salipro with C-alpha distances between S482 (Walker
A motif) and S378 (signature motif) in opposing NBD. Furthermore, the C-alpha distance between Y351 and Q485 from the different chains

is shown. Structure figures were prepared using PYMOL.

(pdb:5TTP and this structure) and can be classified as
outward-open conformation. It is tempting to speculate
that the higher flexibility in detergent allows MsbA to
transition to the outward-open state while in nanodiscs
and saposins it is harder to reach this conformation.

For efficient nucleotide binding and hydrolysis in
ABC transporters the Walker A and signature motifs
from opposing NBDs have to come together [36]. The
C-alpha distances between S482 (Walker A motif) and
S378 (signature motif) in the opposing NBD are 7.9 A
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for our (occluded state) structure in Salipro (Fig. 6C),
6.2 A for the ADP-Vi-bound (occluded state) cryo-EM
structure in nanodiscs (pdb:5TTP) [9], 6.0 A for the
ADP-Vi-bound and 7.5 A for the AMPPNP-bound
(outward-open) crystal structures, respectively, in deter-
gent (pdb:3B5Z/3B60) [8]. Similarly, the distance of the
C-alpha atoms of Y351 (A) and Q485 (B) is 16.3 A in
Salipro (Fig. 6C), 15.8 A for STTP [9] and 18.0/16.8 A
for 3B5Z/3B60 [8], indicating a similar and optimal ori-
entation of the NBDs for nucleotide binding, details of
which could now be visualized with our improved reso-
lution obtained by Salipro-reconstitution. The compari-
son with the AMPPNP-bound crystal structure of
MsbA [8] (pdb:3B60) in outward-open conformation
reveals only minor differences with respect to the NBDs
(RMSD: 1.0 A). The side chain of Glu424 coordinates
the Mg2+ in our structure, while it adopts a different
rotamer in pdb:3B60. Overall, the nucleotide-binding
pocket is slightly more closed in our structure compared
to AMPPNP-bound state, due to a different orientation
of loop T350-P357. The similarity between NBD dis-
tances of different states indicates that the switch in the
transmembrane region between occluded and outward-
open conformations of ADP-Vi-bound states is not
accompanied by major rearrangements of the NBDs.

The reason why our reconstitution in Salipro resulted
in a significantly improved resolution for the ADP-Vi-
bound state of MsbA compared to other reconstitution
systems is still not understood. One possibility would be
that MsbA is less dynamic in Salipro (when trapped
with ADP-Vi). As these effects, however, are difficult to
predict our results further illustrate that many reconsti-
tution systems should be tried for improving the resolu-
tion of any membrane protein of interest.

Materials and methods

Materials

Detergents and lipids were purchased from the following
companies: DDM (#D310/Anatrace), cholate (#3407.1/
Roth), POPC (#850457P/Avanti Polar Lipids). All other
chemicals were of analytical grade and obtained from Roth
(Karlsruhe, Germany) or Sigma Aldrich/Merck (Darm-
stadt, Germany). MsbA and Salipro were produced in
ILL’s Life Sciences Group [37] as described below.

Protein expression and purification

MsbA was expressed and purified as previously described
[16]. Briefly, MsbA (from E. coli) containing an N-terminal
Hisg-tag in a pNEK vector was expressed in the E. coli strain
C43 (DE3) and grown in 2x TY medium at 37 °C. At an
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ODyggp of 1.5, the temperature was decreased to 20 °C and
protein expression was induced with 0.1 mm isopropyl B-p-1-
thiogalactopyranoside (IPTG) overnight. Cells were har-
vested and resuspended in lysis buffer (30 mm Tris pH: 8,
300 mm NaCl, 10% glycerol, 5 mm MgCl,) and disrupted in
four cycles in a high-pressure homogenizer (EmulsiFlex-C3;
Avestin, Ottawa, ON, Canada). After -centrifugation
(20 000 g, 25 min, 4 °C) the supernatant was spun down at
100 000 g for 100 min at 4 °C to obtain the membrane frac-
tions. Membranes were solubilised in 1% (w/v) DDM,
30 mm Tris (pH 8), 300 mm NaCl, 10% glycerol, 10 mm
imidazole and gently stirred for 90 min at 4 °C. For the puri-
fication of MsbA pre-equilibrated Ni-nitrilotriacetic acid
(Ni-NTA) resin was added to the solubilised protein and
incubated for 60 min at 4 °C. The resin was washed with
washing buffers with an increasing imidazole concentration
(0.03% DDM, 30 mm Tris pH: 8, 300 mm NaCl, 10/30 mm
imidazole), and the purified MsbA was eluted [0.03% DDM,
30 mm Tris (pH 8), 300 mm NaCl, 400 mMm imidazole]. Frac-
tions containing MsbA were pooled and concentrated to 2—
5 mg-mL~! before reconstitution into Salipro.

Saposin A in a pNIC28-Bsa4 vector was expressed with
an N-terminal Hisg-tag and tobacco etch virus (TEV) cleav-
age site in the E. coli strain Rosetta-gami 2 [22] and grown
in terrific broth (TB) media at 37 °C until an ODggy of 1.5
was reached. The temperature was lowered to 20 °C, and
0.1 mm IPTG was added for an overnight induction. After
harvesting the cells, the pellet was resuspended in lysis
buffer (20 mm sodium phosphate (pH 7.4), 300 mm NaCl,
5% glycerol, 15 mm imidazole) and the cells were lysed via
sonication. The cell suspension was heated to 70 °C for
20 min to precipitate all thermolabile components. After a
centrifugation step (16 000 g, 20 min, 4 °C) an immobilized
metal affinity chromatography (IMAC) step was performed
to purify SapA. Pre-equilibrated Ni-NTA resin was added
to the supernatant of the centrifugation step and gently
mixed for 90 min at 4 °C. The resin was washed, and the
protein eluted with buffers with an increasing imidazole
concentration (20 mM sodium phosphate (pH 7.4), 300 mm
NaCl, 5% glycerol, 30/400 mm imidazole). TEV-protease
was added to the eluted protein and dialysed overnight at
4 °C against dialysis buffer (20 mm sodium phosphate
(pH 7.4), 300 mm NaCl, 5% glycerol, 1 mm DTT). In a
second IMAC step, the TEV-protease and the cleaved Hisg-
tag were removed. The cleaved protein was concentrated
and applied to an S75 16/600 (GE Healthcare, Chicago, 1L,
USA) column [size-exclusion chromatography (SEC) buffer:
20 mm HEPES, pH 7.4, 200 mm NaCl] to perform a SEC
to yield the pure SapA. The protein was concentrated and
stored at —80 °C.

Reconstitution of MsbA in Salipro

Reconstitution of MsbA into Salipro was performed similar
as previously described [30]. Briefly, POPC was
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resuspended from a dry lipid film in 100 mm cholate to
obtain a 50 mm lipid stock solution. For the reconstitution
of MsbA in Salipro the molar ration of 1:4:20
(MsbA : SapA : POPC) in buffer containing 20 mm
HEPES, pH 7.4, 200 mm NaCl was mixed and incubated
at 4 °C for 30 min. The Salipro formation was initiated by
adding 0.8 gmL ™' equilibrated biobeads and under con-
stant agitation overnight at 4 °C. The reconstituted MsbA
was extracted from the biobeads, concentrated and purified
on a S200 column (GE Healthcare) in a buffer containing
20 mm HEPES, pH 7.4, 200 mm NaCl.

MsbA activity assay

MsbA activity was measured in Salipro using the Baginski
assay [38,39], similar as previously described [30,40]. About
S pg MsbA in Salipro in a buffer containing 30 mm Tris
(pH 7.5), 150 mm NaCl and 5 mm MgCl, were incubated
in 50 pL with different ATP concentrations (0/100/200/300/
500/1000/2000/4000 um) for 12 min at room temperature
(RT) before the reaction was stopped by adding 50 pL
ascorbic acid solution (140 mMm ascorbic acid, 0.5 m HCI,
0.1% SDS, 5 mM ammonium heptamolybdate). The addi-
tion of 75 pL solution B (75 mm sodium citrate, 2% (w/v)
sodium metaarsenite and 2% (v/v) acetic acid) was used to
stop the colorimetric reaction and the absorbance at

Cryo-EM structure of MsbA (ADP-Vi) in Salipro

subtraction were performed by the automatic procedures
on the beamline [42]. The radii of gyration were extracted
by the Guinier approximation. The program GNOM [43]
was used to calculate the distance distribution function (P
(r)) and the maximal protein dimension (Dy,,x) from the
scattering curve.

Cryo-EM grid preparation

To the purified MsbA sample, 1 mMm vanadate, 1 mm ATP
and 1 mm MgCl, were added and incubated for 3 days at
4 °C. The sample was prepared for cryo-EM by applying
4 pL of the sample (0.6 mgmL™") to a glow-discharged
Quantifoil holey carbon grid R2/2 (CU, 200 mesh). The
grids were blotted with filter paper and plunge-frozen in
liquid ethane using an FEI Vitrobot Mark IV (Thermo
Fisher Scientific Ltd, Waltham, MA, USA) with zero blot
force, 6 s blot time at 4 °C and 95% humidity.

Cryo-EM data acquisition

Cryo-EM data were collected on the Titan Krios micro-
scope at the ESRF [44] operated at 300 kV using EPU

Table 2. cryo-EM data collection and refinement statistics

860 nm was detected using a Tecan Infinite200 microplate E'\DAEE) B7B1 (:2\;\/45
reader after 20 min. All experiments were performed as
biological triplicates. Data
Magnification 165 000
Voltage (kV) 300
Differential scanning fluorimetry (nDSF) Electron exposure (e /A?) 39.55
Thermal protein unfolding was measured by differential Eiizcsfera(g?e (krm) 82'28;0 —30
fluorescence fluorimetry using a nanoDSF instrument (Pro- . y
. ) Symmetry imposed C2
metheus, NanoTemper Technologies, Munich, Germany) Final particle images (no.) 83278
that monitors intrinsic tryptophan fluorescence. Protein GS-FSC resolution at 0.143 (A) 35
and ligand concentrations were 0.5 mg-mL~! and 0.5 mm, Initial model used PDB 5TTP
respectively, in 10 mm HEPES, pH 7.4, 150 mm NaCl, Map sharpening B factor (A?) —94
S mm MgCl, buffer. The ADP-Vi state was prepared in a Model
forward reaction by mixing ATP and vanadate and incu- FSC model (0/0.143/0.5) 3.0/3.3/3.6
bating the sample for 2-3 h. A thermal gradient from 20 to Nonhydrogen atoms 9023
90 °C with a heating rate of 1 °C-min~' was applied. All P_rotein residues 1148
measurements were performed in duplicates. The ratio was Ligands Vo4 (2
. . POV (2)
calculated from fluorescence intensities measured at 350 ADP (2)
and 330 nm. Bond (RMSD)
Length (A) 0.005
Small-angle X-ray scattering Angles (°) 0.663
MolProbity score 1.77
The analysis of MsbA incorporated into Salipro nanoparti- Clash Score 9.26
cles in the apo and the ADP-Vi state by SAXS was per- Rotamers outliers (%) 0
formed at the Bio-SAXS beamline P12 [41] on the storage Ramachandran Plot
ring PETRA III (DESY, Hamburg, Germany). All mea- Favored (%) 95.72
surements were performed at 10 °C in 20 mm HEPES, pH Allowed (%) 4.28
7.4, 200 mm NaCl, with protein concentrations of 1-— Ou'tllers (%) 0
. o EMRinger score 2.27
5SmgmL™". The normalization and the background
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(Thermo Fisher Scientific) equipped with a Quantum LS
energy filter and Gatan K2 summit direct electron detector.
Movies were recorded in counting mode at a nominal mag-
nification of 165 000x, corresponding to a pixel size of
0.827 ;“-pixel*1 at the specimen level. The defocus range
was set from —0.8 to —3.0 um. The exposure time was 5 s
for each movie at a dose rate of 5.42 e -pixel 's~!, accu-
mulating to a total dosage of 39.55 ¢ -A~2 over 40 frames.
A total of 10 302 movies were recorded. Data collection
parameters are summarized in Table 2.

Image processing

Pre-processing was carried out in Scipion [45] using scripts
implemented on CMO1 at the ESRF, which perform beam
induced motion correction [46] and contrast transfer func-
tion (CTF) estimation [47]. Particle picking and initial 2D
classification were carried using crYOLO [48] and RELION
[49], respectively, as implemented in Scipion [50]. The
cleaned-up set of particles were exported and used for fur-
ther processing in cryoSPARC [51]. Particles were further
clean-up in a 3D classification follow by a heterogeneous
refinement step to remove bad particles. The best classes
were used for a non-uniform refinement (C1) and a second
round of 3D classification was performed. All 3D classifica-
tions and refinements were carried out in cryoSPARC. The
best resolved class was selected for particle CTF refinement
followed by non-uniform refinement (C2). The final map
consists of a set of 83287 particles. Post-processing and
local resolution estimation were done in cryoSPARC. Refer
to Fig. 2 for the cryo-EM data processing pipeline.

Model building and refinement

The coordinates of MsbA that were available from the
Protein Data Bank under accession number 5TTP were
used as starting model. This model was placed in the
cryo-EM map using UCSF Chimera [52]. The cryo-EM
map was autosharpened using PHENIX prior to model
building (B factor: —94 A?). The model was rebuild and
refined iteratively using Coot [53], ISOLDE [54] and the
PHENIX suite [55]. The later was also used for real space
refinement and model validation [56,57]. The final model
is available in the protein data bank under accession num-
ber pdb:7BCW.
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