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Magnesium (Mg*") uptake systems are present in all domains of life,

consistent with the vital role of this ion. P-type ATPase Mg** importers are
required for bacterial growth when Mg*" is limiting or during pathogenesis.
However, insights into their mechanisms of action are missing. Here we
solved the cryo-EM structure of the Mg** transporter MgtA from Escherichia
coli. We obtained high-resolution structures of both homodimeric (2.9 A)
and monomeric (3.6 A) forms. The dimer structure is formed by multiple
contacts between residues in adjacent soluble N and P subdomains.

Our structures revealed anion, assigned as Mg*, in the transmembrane
segment. Moreover, we detected two cytoplasmic ion-binding sites and
determined the structure of the N-terminal tail. Sequence conservation,
mutagenesis and ATPase assays indicate dimerization, the ion-binding sites
and the N-terminal tail facilitate cation transport or serve regulatory roles.

Magnesium (Mg*") is an essential divalent cation supporting core bio-
logical processes through its interactions with polyphosphate com-
poundssuch as ATP and itsroles in enzyme catalysis. Inbacteria, Mg**
translocation across the plasma membrane is carried out by the CorA
and MgtE families of channel proteins and the CorB/C and MgtA/B
families of transporters'. Bacterial CorA and MgtE are constitutively
expressed and are required for maintenance of intracellular levels of
Mg?* (ref.1). When Mg?* becomes less abundant, as during aninfection,
the homologous MgtA and MgtB transporters (Fig. 1a and Extended
DataFig.1) areinduced to ensure maintenance of adequate intracellular
Mg” concentrations*. Consistent with thisinduction, MgtAis required
for growthunderlow Mg? conditionsin Escherichia coli,and deletion
of Salmonella enterica mgtB results in decreased bacterial survival in
macrophages and in reduced pathogenicity®™’.

MgtA and MgtB are members of the broader family of P-type
ATPases that use ATP hydrolysis to fuel the transport of numerous
biologically important transition metals, as well as heavy metals and
lipids'®. They share a high degree of sequence similarity (Extended Data
Fig. 2a), particularly of functionally significant residues (Extended

DataFig.2b) and, based on AlphaFold™', are predicted to be structur-
ally similar. MgtA belongs to the P-type ATPase subfamily 3B and is a
sister clade of the 3A subfamily of proton pumps found in fungi, plants
and some archaea (Extended Data Fig. 2a). Of the vertebrate P-type
ATPases, those from the Ca** transporting clade, including the Ca*/
Mn?*-transporter SPCA1 (encoded by ATP2CIA) implicated in the skin
disease Hailey-Hailey and the extensively-studied Ca**-pump SERCA
(encoded by ATP2AI) mutated in Brody’s myopathy, are the closest to
MgtA in sequence.

P-type ATPases use a highly conserved post-Albers cycle mecha-
nisminvolving E1 and E2 states to coordinate transport of their respec-
tive ions across the membrane (Fig. 1b)'°">"*, The transition between
Eland E2 states is induced by ligand binding and ATP cleavage with
transfer of the y-phosphate to anaspartate within the conserved DKTGT
consensus motif (D373in £. coliMgtA)®. For MgtA, a D373N substitution
abolished ATP hydrolysis in vitro, emphasizing its importance in the
catalytic cycle’®. Uponion translocation, the aspartate is dephospho-
rylated by a glutamic acid (E215 in E. coli MgtA) from the TGES loop
in the soluble A domain, and the protein returns to the E1 state".
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Fig.1| Cryo-EM of Mg** transporter MgtA reveals a high-resolution dimer
and amonomeric structure. a, A schematic representation of MgtA/B
based on P-type ATPase structural homology predicting ten conserved

TM helices colored in purple (1-10), the actuator (A) domain in orchid, the
phosphorylation (P) subdomainin light blue, the nucleotide (N) binding or
CAP subdomaininlight green and the predicted unstructured N-terminal tail
inorange. The A domainis splitinto two regions a/b. The b segment of the A
domain comprises a double-stranded B-helix fold. The soluble P subdomain
isanoncontiguous segment comprised of two regions a/b that house the key
catalytic residues required for phosphorylation. The N subdomain binds the
nucleotide and aids in catalysis. The P and N subdomains together comprise
the HAD domain®. b, Post-Albers reaction scheme indicating the typical

cytoplasmic side-open (E1), ATP-bound cytoplasmic side-open (E1-ATP),
periplasmic side-open (E2P) and ion-occluded (E2) states. ¢, Representative
micrograph of purified E. coli MgtA. Representative image of the n >17,000
total micrographs. d,e, Representative final 2D class averages for the ~200 kDa
dimer (d) and the ~100 kDa monomer (e), with a box size of 384 pixels
(approximately 319 A). f,g, Cryo-EM reconstruction of the MgtA monomer

(f; also see Supplementary Figs. 2 and 3c,d and Supplementary Video 2) and

of the dimer (g; also see Supplementary Figs. 2 and 3a,b and Supplementary
Video1).Cryo-EM mapsinfand gare colored asina. A transparent gray map at
amuch lower threshold indicates the detergent micelle and the map features
for the more flexible loops and the A domain in the monomer map. Panel a
created with BioRender.com.

Many insights into P-type ATPase function have been gained through
work on SERCA, including 70 monomeric structures capturing vari-
ousstates of its transport cycle'. However, despite the wealth of data
about P-type ATPases and the potential clinical relevance of interfering
with Mg?" transporters to block infection, there is limited information
aboutthe MgtA structure and mechanism of action, with only asingle
structure of the soluble nucleotide-binding domain®.

The 100 kDa E. coli MgtA protein is predicted to consist of ten
transmembrane (TM) a-helices interwoven with cytosolic regions
(Fig. 1a and Extended Data Fig. 1). The cytosolic regions include an
N-terminal tail, an A (actuator) domain and a double-stranded 3-helix
fold domain, as well asa catalytic haloacid dehalogenase domain (HAD).
The HAD comprises the P (phosphorylation) subdomain, as it bears
the reversibly phosphorylatable aspartate, and the CAP subdomain,

termed N (nucleotide) as it binds the sugar and base moieties of the
nucleotide and excludes water during phosphotransfer®®. ATP hydroly-
sis by E. coli MgtA is regulated by both Mg?* levels and the presence of
the anionic lipid cardiolipin in vitro, and MgtA colocalizes with cardi-
olipininvivo™. Inboth E. coli and S. enterica, the stability of the trans-
porteralsois regulated by small proteins of less than 50 amino acids®?'.
Thesstructural basis for how Mg?* concentration, lipid composition and
small proteins modulate MgtA activity and stability is unclear.

Here, we used single-particle cryo-electron microscopy (cryo-EM)
to determine the full-length structure of E. coli MgtA at an overall
resolution of 2.9 A, illuminating several features of the transporter.
We found that MgtA exists as both a dimer and a monomer. Molecu-
lar dynamics (MD) simulations in a lipid environment together with
sequence conservation and biochemical assays showed the dimer is
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astable structure and capable of hydrolyzing ATP. The cryo-EM maps
revealed features for three ions we have assigned as Mg*": one in the
TMdomain and two between the cytosolic domains. The N-terminus,
previously predicted tobe disordered, also was resolved in our dimeric
structure. Conservation analysis combined with mutagenesis studies
revealed residues required for ion transport and possibly regulation,
adding insights to the diverse mechanisms by which P-type ATPases
areregulated.

Results

MgtA is detected as dimeric and monomeric forms

E. coli MgtA was previously found to bind and be stabilized by the
31amino acid MgtS protein®. We set out to purify this MgtA-MgtS
complex. Detergent solubilization of E. coli membranes containing
both overexpressed proteins revealed that weaker detergents such
as glyco-diosgenin (GDN) maintained MgtA-MgtS interactions, while
stronger detergents such as n-dodecyl-f3-D-maltoside (DDM) and lau-
ryl maltose neopentyl glycol (LMNG) disrupted the hetero-complex
(Extended DataFig. 3a). Intriguingly, LMNG and DDM-solubilized MgtA
migrated at -200 kDa by native PAGE, while GDN-solubilized MgtA
migrated at -400 kDa (Extended Data Fig. 3a-c).

We assessed ATPase rates of our purified MgtA protein and the
catalytically inactive D373N mutant solubilized with GDN. Previously,
ATPase activity for DDM-extracted MgtA was shown to require exoge-
nous lipids and was strongly inhibited by 1 mM MgCl, (ref. 16). We found
MgtA purified in GDN possessed substantial ATPase activity (-1,500
nmol ATP min™ mg™) with 0.5 and 10 mM MgCl,, which somewhat
increased with 2 and 5 mM MgCl,, but was inhibited at 20 mM MgCl,
even without exogenous lipid addition, though we observed some
increase with cardiolipin (Extended Data Fig. 3d-f). No contaminating
ATP-hydrolyzing enzymes were present in our sample since no activity
was detected for the GDN-solubilized D373N mutant. For our structural
studies, we proceeded with protein purified with GDN in the presence
of 5mM MgCl, given that these conditions preserved native protein-
proteininteractions and were associated with high ATPase activity.

Negative-staining electron microscopy (EM) showed that the
purified sample was homogeneous, containing individual particles of
the expected size of ~-8-11 nm (Supplementary Fig.1). Cryo-EM images
of purified MgtA (Fig. 1c) revealed particles of sizes between ~7 and
11 nm. Two-dimensional (2D) class averages showed particles with
larger (Fig.1d) and smaller (Fig. 1e) detergent micelles consistent with
the two forms of the transporter detected by native PAGE (Extended
Data Fig. 3) and negative-staining EM (Supplementary Fig. 1). The
characteristic soluble A and HAD (containing N and P subdomains)
domains were visible for some side view 2D class averages (Fig. le and
Supplementary Fig. 1d). The final dimer maps obtained here had an
overall resolution of 2.9 A (C2) and 3.0 A (C1) with local resolutions
ranging from-2.2to~3.5 A (Fig. 1g, Extended DataFig. 4, Supplementary
Figs.2and 3 and Supplementary Video1). The finalmonomer map had
anoverallresolution of 3.65 A, withlocal resolutions ranging from -2.8
to~7 A (Fig. 1f, Supplementary Figs. 2 and 3 and Supplementary Video
2). The lowest resolution corresponded to the A domain, indicating
a high degree of flexibility of that region. None of the maps revealed
densities for the small protein MgtS, possibly due to dissociation dur-
ing sample preparation or few homogeneous MgtA-MgtS particles.
We thus focused on features of MgtA.

We observed extra densities corresponding to detergent micelles
in the raw EM images and 2D class averages (Fig. 1c-e) as well as the
cryo-EM maps (Fig. 1f,g and Extended Data Fig. 5a). The locations of
theinnerand outer lipid membrane leaflet could be inferred from the
elongated densities corresponding to detergents or copurified lipids
detected directly adjacent to the TM a-helices. However, the local
resolution was insufficient to assign a molecular identity. The hydro-
phobic regions of the TM segments and the border of the inner lipid
membrane leaflet could be discerned from the electrostatic potential

surface representation of the final structural model as well as by the
hydrophobic region of the bilayer in the MD simulation (Extended
DataFig.5b). MD simulations in conditions that mimic the native lipid
environment revealed several arginine and lysine residues that werein
contact with the headgroups of anionic lipids for more than 20% of the
simulation (Extended Data Fig. 5b—d), withR893/R894 making multiple
contacts for the duration of the simulation. Interestingly, cardiolipin
was found to migrate toward the transporter during the simulation
(Extended DataFig. 5e).

To complementour structural analysis, we treated GDN-solubilized
MgtAwithazero-length crosslinker and identified crosslinked residues
by mass spectrometry (MS) (Supplementary Fig. 4). Based on the
dimeric structure, the distances between the crosslinked residues
ranged from 3.5t045.5 A. The crosslinks of <10 A were consistent with
nearby residues in our final dimeric reconstruction. Most long-range
crosslinks (>20 A) were between the end of the TM a-helix 2 (K144)
and the A domain or P subdomains and could indicate multiple con-
formational states especially since the A domains of P-type ATPases
undergo large structural rearrangements during the transport cycle.
However, it is possible that some of the crosslinks occurred between
neighboring molecules.

MgtA monomer is more splayed than the dimer

The root mean squared deviation (RMSD) comparison and morphing
between monomer and dimer (Extended Data Fig. 6 and Supplemen-
tary Video 3) showed the greatest differences in the A domain, but
several other notable differences were also observed. The TM1and TM2
a-helicesinthe monomer structure moved by ~1.5 helix turns toward the
cytoplasm (Extended Data Fig. 6d,e), possibly due to the Adomainrota-
tion. TM4, which harbors E331, comprising a well-conserved canonical
binding site (CBS) found to coordinate ions in other P-type ATPases,
appears to unwind inthe monomeric structure allowing E331torotate
(Extended DataFig. 6f). The Adomain and P and N subdomains also all
move farther away from each otherinthe monomer structure, adopting
amore splayed structure (Extended Data Fig. 6¢,h—j).

Superposition of the monomer and dimer structures on other
P-type ATPases revealed that the extended configuration of the cyto-
solic domains as well as the position of TM1-4 in the monomer are
structurally similar to assigned E2P and E2 states of the Ca**-pump
SERCA (Protein Data Bank (PDB) 3N5K (ref.22), PDB 2EAR (ref.23) and
PDB3NAL (ref.24)). In contrast, the closest structural similarity of each
monomer subunitin the dimer was with assigned El1 states of H pump
Pmal (PDB 7NXF (ref. 25)), H" pump (encoded by AHA2) (PDB 5KSD
(ref.26)) and Ca**/Mn*"-ATPase SPCAla (PDB 7YAH (ref.27)).

MgtA dimer structure is stable

The dimer interface of MgtA is composed of salt bridges, hydrogen
bonding between polar residues and hydrophobic contacts between
the N and P subdomains of neighboring MgtA subunits (Fig. 2a and
Supplementary Table1). The TM domains do not appear to be involved
indimerization since the closest distance between the two subunits
in the TM region is -8 A (between 1839 in TM9 of each monomer).
While MD simulations cannot easily assess the absolute stability of
aninterface, they can indicate the dynamic nature of interactions,
probably correlating with stability. Electrostatic and polar interaction
partners were all closely positioned and persistent throughout the
simulation of 2 pus (Q380-Q380 87%, N387-Q508 63%, K548-E549
88% and K382-E582 64%; Supplementary Table 1). Our simulations
alsorevealed an additional transiently (17%) populated salt bridge
(E386-K578) that was not present in our structure. The hydrophobic
interface was intact throughout the entire simulation (Supplemen-
tary Videos 4 and 5). The dimer interface residues are well conserved
among MgtA and MgtB family members butless soin the mammalian
homolog SERCA and not at allin distantly related P-type ATPase pro-
teins (Extended Data Fig. 2).
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Fig.2 | The dimer interface is formed by both hydrophobic and polar
interactions. a, Side view of the overall dimer structure with the left monomer
ingray and the right monomer colored as in Fig. 1. A close-up view of the
extensive dimer interface between the two N and P subdomains with sidechain
residues displaying charged interactions across the dimer interface is shown
below. Rotation of the structure highlights hydrophobicinteractions at

the dimer interface. MD simulations (Supplementary Videos 4 and 5) show
consistent interactions across the dimer interface between K382-E582 (64%),
Q380-Q380 (87%) and K548-E549 (88%) shown in bold. b, Native PAGE gel of
SEC fractions 1-6 following Superose 6 Increase 10/300 GL. Bolded fractions

2and 4 for 0.5 and 5 mM MgCl, were used in ATPase assays. ¢, ATPase activity
of dimer and monomer fractions purified in low and high Mg* conditions. The
assays were performed with 6.25 pg of MgtA and 2 mM ATP at 37 °C and the
phosphate released was quantified using molybdate/malachite green-based
assays. Data are shown for duplicate experiments with mean. d, Copurification
of two differentially tagged MgtA derivatives, one tagged with H, and the
other tagged with the larger SPA tag as shown in the top schematic reveals
copurification of the two proteins (right elution image). The experiment was
performed twice with consistent results. Proteins were visualized by western
blot analysis using MgtA antibodies.

To test whether dimerization was influenced by the Mg* present
during the purification, MgtA was solubilized and purified in the pres-
ence of 0.5 or 5 mM MgCl,. Native PAGE analysis of normalized protein
samplesrevealed that more dimer was present for MgtA purified with
higher MgCl, (Fig. 2b).In ATPase activity assays of predominantly dimer
or monomer fractions for both MgCl, concentrations, we observed that
dimer fractions possessed slightly higher ATPase rates than monomer
fractionsin5 mM MgCl,, while the hydrolysis rates for the protein puri-
fied in 0.5 mM MgCl, were similarly low (Fig. 2c). Attempts to disrupt

the dimer interface by mutagenesis failed despite introducing many
mutations along the interface (Supplementary Table 2). We also grew
cells expressing low levels of both MgtA with a small H, tag and MgtA
with alarge SPA tag and found when we purified MgtA-SPA from cells
expressing both proteins, the elution fraction contained MgtA-SPA and
MgtA-H, at anearly equal ratio (Fig. 2d). Together these data suggest
that the purified dimerisstablein vivoandinvitro, theratio of purified
MgtA monomer to dimer is influenced by the concentration of Mg,
and dimerization does not inhibit ATPase activity.
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nucleotide binding pocket of MgtA from E. coli, determined using LIGPLOT+"".

d, The D373N mutant is unable to complement a Mg*-auxotrophic E. coli strain,
indicating this mutant transporter does not import Mg ions. The D373 residue
becomes phosphorylated upon ATP hydrolysis. The E215A mutantis only
partially able to complement upon overexpression. The E215 residue is part of the
TGES loop involved in dephosphorylation. Overnight cultures were serial diluted
and spotted onto LB agar plates supplemented with high (100 mM) or low (1 mM)
MgSO, with (+) and without (-) 0.l MM IPTG for induction and grown at 37 °C (see
replicate and protein levels at ref. 58).

MgtA dimer can bind ATP

We also solved structures of dimeric MgtA (Extended Data Fig. 3c) with
Mg?* and either ATP, nonhydrolyzable ATPyS or ADP. Despite the pres-
ence of extramap features at the conserved nucleotide-binding sites in
ourmaps, no large structural rearrangements occurred upon nucleo-
tide binding (Supplementary Fig. 5). The ATP-binding site, resolved
locallyat2.9-3.2 A, is highly similar to other P-type ATPases (Fig. 3a-c,
Supplementary Figs. 5 and 6 and Supplementary Video 6). Unique to
the MgtA-MgtB clade is F447, which contacts the adenine ring of the
ATPonthe opposite side of the conserved F445residue (Fig. 3b,c). MD
simulations of ATP binding sampled a range of conformations in our
MgtA-ATP structure (Supplementary Fig. 6) with fluctuating inter-
actions of the ATP phosphates with other residues (Supplementary
Table 3). Hydrogen deuterium exchange MS (HDX-MS) showed the
biggest differences in deuterium uptake with ATP and ATPyS are in

theNand Psubdomains, with a decreasein uptake observedinseveral
peptide stretches containing residues required for ATP binding (Sup-
plementary Fig. 7) consistent with our cryo-EM and MD simulation data.
Collectively, these data show that the dimer can bind the nucleotides
similar to other P-type ATPases.

To assess the in vivo function of the DKTGT motif and the TGES
dephosphorylation loop, we introduced a D373N mutation in the
DKTGT motif, previously shown to abolish ATP hydrolysis in vitro'
(Extended Data Fig. 3f), and T213A and E215A substitutions in the
TGES loop. We assayed the ability of the mutants to complement an
E. coli strain deficient in all endogenous Mg?" uptake systems, which
requires Mg*" supplementation or a functional Mg uptake system
for growth’. Under low Mg conditions, wild-type (WT) MgtA and the
T213A mutant were capable of supporting growth uponinduction with
isopropyl-B-D-1-thiogalactopyranoside (IPTG) (Fig. 3d). In contrast,
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the D373N mutant did not grow and the E215A mutant had notably
less growth without MgSO, supplementation (Fig. 3d), despite being
stably expressed. Thus, D373 and E215 have important roles inthe MgtA
transport mechanism.

Multiple ion-binding sites are detected in MgtA

Our cryo-EM maps for dimeric MgtA show extra densities that we
assigned to three Mg? ions (denoted sites A, B and C) given our func-
tional characterization of these sites below (Fig. 4). We note that,
since our buffers contained high concentrations of potassium (K*),
there is a possibility that one or more of the sites might be occupied
by K'. However, the Mg?" assignments are supported by enhanced MD
simulations showing K" is bound substantially less strongly in site A
(by over 5 kcal mol™), along with equilibrium simulations showing
K" spontaneously leaving and returning to sites A, B and C with aver-
age occupancy below 70% compared with 100% occupancy for Mg?*
(Extended DataFig. 7a).

Site Acomprises neighboring polar residues D780,N709,S776 and
S813 residing in the middle of TM helices 5, 7 and 8, along with three
nearby molecules likely to be water (Fig. 4a). This Mg** feature was
observed at the same location in the MgtA monomer map (Extended
Data Fig. 6g) and all three nucleotide-bound dimer structures (Sup-
plementary Fig. 5d). The presence of Mg?* in the El-like MgtA dimer
appearstobeincontradiction to our structural state assignment since
other P-type ATPases in the E1 state are ion free or releasing the ion
(‘Discussion’). It is possible the Mg? binding at site A is stabilizing or
regulatory. Sequence conservation analysis comparing the MgtA clade
and the SERCA Ca* clade revealed that residue D780 is exclusively
present in the Mg*-transporter clade (Extended Data Fig. 7b). While
MgtA has the well-conserved CBS comprising residues E331and D738,
noion couldbe observed at this site inany of our cryo-EM maps. How-
ever, consistent with the importance of both E331 and D780, alanine
substitutions at these positions prevented complementation of the
transport-deficient strain (Fig. 4c). D738 appears to be less critical
giventhataD738A mutant could partially complement growth (Fig. 4c).
The D780A mutant purified in the presence of 5 mM MgCl, was still
capable of forming dimers (Fig. 4e) and hydrolyzing ATP (Fig. 4f). Thus,
this mutant is likely to be properly folded and inserted into the mem-
brane, but unable toimport Mg*. The strong growth phenotype, even
with full ATPase activity, is consistent with D780 directly or indirectly
beinginvolvedinion transport across the membrane bilayer.

We traced resolved watersin our structure and in our simulations
tolook for a path that could support the hydration of the TM Mg ion
duringtransport (Extended Data Fig. 8). A snapshot of the region after
onemicrosecond of simulation shows that this timeframe is sufficient
to hydrate the TM interior. A short water path terminates near TM6
with only transient connections of asingle-water channel width to the
periplasmic aqueous layer. A notable water chamber terminates near
E331in TM4 without sufficient width to maintain continuous hydration
of Mg?" all the way to the cytoplasmic aqueous layer. Transient, narrow
connections to the cytoplasmic side were formed more frequently
(47% without ATP, 33% with ATP and 8% for the monomer) than to the
periplasmic side (7% with ATP and none without); however, overall
thereis no clear access of the TM Mg?* to the cytoplasm or periplasm.

The soluble ion-binding site B is formed by P subdomain D663, A
domain D191, T156, T158 and E173 along with nearby water molecules,
whilesite Cisformed by N subdomain D441and D526, Adomain D204
and E220 along withneighboring water molecules (Fig.4aand Extended
DataFig.4). Enhanced sampling simulations perturbing each Mg? from
its aspartic acid binding residue indicate similar binding affinities (a
15 kcal mol™barrier to dissociate) (Extended Data Fig. 7a). We assessed
the ability of mutants with substitutions at site B (D191A and D663A)
and site C (E220A and D441A) to support growth of the Mg?* uptake
deficient strain. The site B mutants D191A and D663A and the site C
mutant E220A all allowed growth at low Mg? concentrations (Fig. 4d).

Intriguingly, the site C mutant D441A displayed anotablereductionin
growth under low Mg?* (Fig. 4d). Given the residues that comprise site
C are located near F445 and F447 that interact with ATP and residues
D204 and E220 that lie on either side of the TGES loop, it is possible
this site impacts the ATP hydrolysis cycle. Thus, we further exam-
ined the D441A protein. Purified D441A was capable of oligomerizing
(Fig. 4e); however, ATP hydrolysis was dramatically reduced (Fig. 4f).
Thus, mutation of D441is not sufficient to disrupt oligomerization but
dramatically reduces ATP hydrolysis, impacting the transport cycle.

Structure of MgtA N-terminus suggests aregulatory role

Poorly conserved N-terminal tails are unique to MgtA, several mem-
bers of the closely related fungal and plant H*-pumps Pmal/Pma2
and more distantly related Na*/K'- and H'/K"-ATPases (Extended Data
Fig. 9a). For the Na'/K'- and H'/K*-ATPases, the N-termini have been
proposed to be regulatory though the details remain obscure?. Previ-
ousinvitrostudies showed that, inisolation, the N-terminus of MgtA is
intrinsically disordered and interacts with anioniclipid vesicles, possi-
bly asamembrane tether”. The structure of this segment is uncertain
in AlphaFold predictions of MgtA and other P-type ATPases (Extended
DataFig. 9b). However, we observed well-resolved features for the
N-terminus in our MgtA dimer map (Figs.1g and 5and Extended Data
Figs. 4 and 9c) resulting in a structural model that is different from
the prediction. The N-terminus covers a negatively charged surface
spanning parts of TM2 and TM4, which are thought to be involved in
theion pathway and interacts with cytosolic A and P regions (Fig. 5b
and Extended DataFig. 9d). Interestingly, the N-terminus appears to
snorkel under the A domain forming a knot-like structure. Simula-
tions show that the N-terminus adopts a stable, short amphipathic
a-helix, consistent with the hydrophobicity of I5and L9 and charge of
K3 and RS, that interact with nearby lipid phosphate moieties (Sup-
plementary Video 8).

While the N-terminus is poorly conserved, it is consistently pre-
sent and tends to be amphipathic across the MgtA-like clade of Mg**
transporters. In previous studies using DDM to extract MgtA, aderiva-
tive lacking the N-terminal 31amino acids (A1-31) had ATPase activity
similar to WT MgtA'®. When we purified the A1-31 mutant in GDN, we
founditstill formed dimers (Extended DataFig. 9e), and both dimer and
monomer fractions had ATPase activity like the WT protein. However,
in 20 mM MgCl,, the A1-31dimer fraction had slightly higher activity
than the WT dimer fraction, while the A1-31 monomer fraction had
lower activity (Extended Data Fig. 9f). For MgtA expressed at endog-
enous levels, truncations and mutations in the N-terminus resulted in
decreased stability preventing functional analysis in vivo (Extended
Data Fig. 9g). Given the unique configuration, interdomain contacts
and interactions with residues comprising the CBS, we hypothesize
that the N-terminus may help stabilize a structural state and have a
regulatory function.

Discussion

Here, we presented high-resolution structures of the P-type ATPase Mg**
transporter MgtA in dimeric and monomeric states. We also reported
structures of dimeric MgtA bound to ATP, ATPyS and ADP revealing
MgtA residues involved in nucleotide binding. However, unlike what
has been observed for most monomeric P-type ATPase structures,
the cytosolic domains did not show large structural changes upon
nucleotide addition. We observed an ion assigned as Mg** surrounded
by residues within TM a-helices 5, 7 and 8. Mutational analysis of this
site as well as others, chosen on the basis of sequence conservation
andion coordination in other P-type ATPases, resulted in impaired
growth under Mg*-limiting conditions suggesting these residues are
involvediniontranslocation across the membrane. We also identified
two potential cytosolic Mg?*-binding sites, probably of low affinity,
which, according to mutational analysis, might functionin a regu-
latory manner. Additionally, this work provides the structure of the
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and colored by heteroatom.

N-terminal tail, which is found in some P-type ATPases and is not cor-
rectly predicted by AlphaFold. These data provide structural insights
into the function of the MgtA family of bacterial Mg?" importers and
underscore the importance of mild extractions of membrane proteins
toretainoligomeric states or complexes. Given the conservationamong
the P-type ATPase family of transporters, our work hasimplications for
other members of this large protein family.

We performed structural comparisons between our structures,
with those of closely related members of the 3A subfamily (Pmal) and
more distantly related 2A subfamily (SERCA). This analysis revealed
that the dimer most closely resembles an E1 or El-ion bound state
and the dimeric nucleotide-bound structure probably represents
an E1-ATP state (Fig. 6a). The dimer was the major species upon GDN
solubilization of membranes in 5 mM MgCl,, and it is possible the
resolved monomeric form of MgtA is only a product of dimer dissocia-
tion during protein purification. However, the monomer is structur-
ally most similar to other P-type ATPases in their E2 state due to its
moresplayed cytosolic soluble domains as well as the conformational
changes observed in TM1-4.

On the basis of what is known about other P-type ATPases, the
MgtA importer is expected to bind Mg?* from the periplasmic side in
the E2Pstate. The Mg?'is then expected to transition through the CBS
and bereleased onthe cytoplasmicsidein the E1state. We also expect
there to be a counter ion that is exported from the cell analogous to
what is known for SERCA Ca®* pumps (Fig. 6a). This raises the ques-
tions of why we detected a Mg?* ion in the membrane domain of the
El-like dimer and why thision was notin the CBS. Additionally, why are
there no obvious openingsto either side of the membraneinany of the
structures and only transient openings to the cytoplasm during MD
simulations? Itis possible that we have captured anintermediate step
of transport. Alternatively, since many members of the P-type ATPases
can be inhibited and the Mg?' bound to site A is distant from the CBS,
the monomeric and dimeric states may represent inhibited off-shoots
of the normal post-Albers cycle, though we did not observe inhibition
of ATP hydrolysis at the MgCl, concentration used for the cryo-EM
samples. D780 islocated inanion-binding region of the TM that shares
positional similarities to Na’/K*-ATPases Na*-binding site IIl, which
allows for sequential/cooperative binding of the additional cations™.
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P-type ATPases. Given that MgtA transports Mg?* from the periplasminto the
cytoplasm, acounterion may be needed to complete the transport cycle. These
states associate with a cytoplasmicion-dependent autophosphorylation and
periplasmicion-dependent dephosphorylation, respectively. In the E1 state,
P-type ATPases adopt a cytoplasmic side-open conformation where the ion-
binding sites are open to the cytoplasm, allowing the cytoplasmicion to access
the transmembrane binding sites. Upon Mg-ATP and ion binding, P-type ATPases
undergo autophosphorylation at the conserved aspartate residue in the P
subdomain, thereby switching to anion-occluded E1.P-ADP state where the ion-
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binding sites are not accessible to the cytoplasm. Upon ADP release, the P-type
ATPases switch to an E2P state and the ion-binding sites open to the periplasmic
side for ion release and subsequent periplasmic ion binding. The binding of

the periplasmicion triggers dephosphorylation and drives the conformational
change of the P-type ATPase to anion-occluded state (E2.P;). The P-type ATPase
subsequently switches to the E2 state after the release of the phosphate, and
finally back to an E1 state releasing the ion into the cytoplasm allowing for the
transport cycle to begin again. b, An overview of putative regulatory features of
MgtA including the dimer interface, cytoplasmic Mg?-binding sites, N-terminal
domain, lipid environment and small protein binding. Green circles represent
Mg?* ions. The color scheme is the same as in Fig. 1.

Inseveral P-type ATPases, ion transport and ATP hydrolysis are coupled,
and mutation of ion-binding sites reduces ATP hydrolysis®*%. The MgtA
D780A mutant retained high ATPase activity in vitro, suggesting ion
transport may be uncoupled from ATP hydrolysis. However, given the
strong growth deficiency, the D780 site may be regulatory and required
to facilitate the transport cycle. Additional structures and functional
analysis are needed to gain further insights into the Mg?" transport
cycleandits regulation.

We suggest the two Mg?* ion densities detected between the A
domain and N or P subdomains in our dimeric MgtA structure have
regulatory roles (Fig. 6b). The strong reductionin transport and ATPase
activity for the D441A mutant and the proximity of D441to F445, which
forms interactions with ATP, indicates site C isimportant for regulat-
ing ATP binding and/or hydrolysis. The functional significance of site
Bwillrequire additional probing since no defects were observed after
mutating a limited number of surrounding residues.

Regulation also might be provided by dimerization, which could
allow for functional coupling of the two monomer subunits in a con-
certed effort to reduce the overall activation energy required for the
rate-limiting steps in the ion transport cycle (Fig. 6). This model is
plausible given that the ATP-binding pocket of the dimeris accessible
to nucleotides and that dimer-containing fractions of the protein
have slightly higher ATP hydrolysis rates than monomer-containing
fractions. Furthermore, enzyme coupling has previously been shown
inother family members of the P-type ATPases such as the H*-ATPase,
Na*/K*-ATPase and the SERCA Ca*"-ATPase*>>**, Alternatively, our
dimeric structure might only represent one state of the transport
cycle, oroligomerization might regulate the stability of the protein. We
suggest other members of the P-type ATPase subfamily 3B including
S. entericaMgtB also form stable oligomers. A hexameric structure of
the fungal H*-transporter Pmal has already been solved”. Early studies
of the SERCA Ca* transporter also showed that SERCA can oligomerize,
dependent on detergents and lipid membrane composition®*, Fur-
thermore, recent work onthe SERCA pump suggests that dimerization
takes place in vivo** and is required for function®*, and the plasma
membrane calcium ATPases have been reported to be regulated by

dimerization*. Itisincreasingly evident that oligomerization of P-type
ATPases should not be overlooked and warrants further studies.

The N-terminal tail of MgtA similarly may have a regulatory
role (Fig. 6b). We observe that the putative ion-binding residue E331
contained within TM4 and the CBS is rotated outward toward the
N-terminal tail in the dimeric structure and remains in close proxim-
ity during the entire 2 us MD simulation. In the monomeric structure,
TM4 unwinds and residue E331appears to rotate toward TM a-helices
1,2and 6, presumably making it more accessible toionbinding. The A
domain appears to be highly flexible in the monomeric form, and we
were unabletoresolve the N-terminus in this structure. We suggest that,
inthe dimer, the N-terminus regulates the translocation of ions across
the membrane by preventing E331 from interacting with Mg?* and
restricting the large-scale rearrangements of the Adomainand TM1-4
observed in the monomer. Consistent with these observations, our
ATPase assays showed that truncation of the N-terminus reduced Mg*
inhibition of ATPase activity, but did not abolish dimerization. Acompa-
rableregulatory role of the N-terminus could be extrapolated to fungal
andplantH' pumps and the more distantly related Na'/K*-ATPases and
H*/K*-ATPases, which possess equivalent extended N-termini.

Oneadditional level of MgtA regulation already proposed by oth-
ers is the lipid environment®. Given that P-type ATPases have been
shown to be sensitive to detergents used for solubilization®® and that
they canrespond tolipids suchas cardiolipin, these transporters need
to be characterized in their native lipid environments to further elu-
cidate the impacts of oligomerization and lipid composition. Finally,
small proteins of <50 amino acid in length control FtsH-mediated
degradation of MgtA in both E. coli and S. enterica®'. FtsH substrate
recognition and degradation is sensitive to the oligomeric state of
some substrates®, but whether MgtA oligomerizationis controlled by
small proteins and whether dimerization affects degradation by FtsH
are open questions. AlphaFold multimer analysis suggests that the
small proteins share acommon binding site on MgtA (Extended Data
Fig.10). However, the predicted binding site differs from a common
interface bound by multiple small proteins, including Sarcolipin (SLN),
Myoregulin (MLN), Phospholamban (PLN) and DWOREF, that regulate
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the SERCA Ca* transporter**~' and from the site bound by the small
KdpF subunit of the bacterial KApFABC K* importer®*>* and the FXYD
subunit of the Na*/K' pump*>>°® (Extended Data Fig. 10).

Future biochemical and structural studies of Mg?* transporters
will provide further mechanistic understanding of the unique MgtA
features described here. This understanding, in turn, could provide
insight into other P-type ATPases and ultimately aid in the design of
therapeutic approaches targeted at this disease-relevant family of
transporters.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41594-025-01593-7.

References

1. Moomaw, A. S. & Maguire, M. E. The unigue nature of Mg
channels. Physiology 23, 275-285 (2008).

2. Franken, G. A. C., Huynen, M. A., Martinez-Cruz, L. A., Bindels, R.
J. M. & de Baaij, J. H. F. Structural and functional comparison of
magnesium transporters throughout evolution. Cell. Mol. Life Sci.
79, 418 (2022).

3. Jin, F., Huang, Y. & Hattori, M. Recent advances in the structural
biology of Mg* channels and transporters. J. Mol. Biol. 434,
167729 (2022).

4. Groisman, E. A., Duprey, A. & Choi, J. How the PhoP/PhoQ system
controls virulence and Mg? homeostasis: lessons in signal
transduction, pathogenesis, physiology, and evolution. Microbiol.
Mol. Biol. Rev. 85, e00176-00120 (2021).

5. Cunrath, O. & Bumann, D. Host resistance factor SLC11A1 restricts
Salmonella growth through magnesium deprivation. Science 366,
995-999 (2019).

6. Neef, J., Andisi, V. F., Kim, K. S., Kuipers, O. P. & Bijlsma, J. J. E.
Deletion of a cation transporter promotes lysis in Streptococcus
pneumoniae. Infect. Immun. 79, 2314-2323 (2011).

7. Park, S.-Y. & Groisman, E. A. Signal-specific temporal response by
the Salmonella PhoP/PhoQ regulatory system. Mol. Microbiol. 91,
135-144 (2014).

8. Yeom, J., Shao, Y. & Groisman, E. A. Small proteins regulate
Salmonella survival inside macrophages by controlling
degradation of a magnesium transporter. Proc. Natl Acad. Sci.
USA 117, 20235-20243 (2020).

9. Hattori, M. et al. Mg*-dependent gating of bacterial MgtE channel
underlies Mg? homeostasis. EMBO J. 28, 3602-3612 (2009).

10. Dyla, M., Kjeergaard, M., Poulsen, H. & Nissen, P. Structure and
mechanism of P-type ATPase ion pumps. Annu. Rev. Biochem. 89,
583-603 (2020).

1. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

12. Varadi, M. et al. AlphaFold Protein Structure Database: massively
expanding the structural coverage of protein-sequence space
with high-accuracy models. Nucleic Acids Res. 50, D439-D444
(2022).

13. Albers, R. W. Biochemical aspects of active transport. Annu. Rev.
Biochem. 36, 727-756 (1967).

14. Post, R. L. Seeds of sodium, potassium ATPase. Annu. Rev. Physiol.
51, 1-15 (1989).

15. Lutsenko, S. & Kaplan, J. H. Organization of P-type ATPases:
significance of structural diversity. Biochemistry 34, 15607-15613
(1995).

16. Subramani, S., Perdreau-Dahl, H. & Morth, J. P. The magnesium
transporter A is activated by cardiolipin and is highly sensitive to
free magnesium in vitro. eLife 5, €11407 (2016).

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Meller, J. V., Olesen, C., Winther, A.-M. L. & Nissen, P. The
sarcoplasmic Ca?-ATPase: design of a perfect chemi-osmotic
pump. Q. Rev. Biophys. 43, 501-566 (2010).

Aguayo-Ortiz, R. & Espinoza-Fonseca, L. M. Linking biochemical
and structural states of SERCA: achievements, challenges, and
new opportunities. Int. J. Mol. Sci. 21, 4146 (2020).

Hakansson, K. O. The structure of Mg-ATPase nucleotide-binding
domain at 1.6 A resolution reveals a unique ATP-binding motif.
Acta Crystallogr. D 65, 1181-1186 (2009).

Burroughs, A. M., Allen, K. N., Dunaway-Mariano, D. & Aravind, L.
Evolutionary genomics of the HAD superfamily: understanding
the structural adaptations and catalytic diversity in a superfamily
of phosphoesterases and allied enzymes. J. Mol. Biol. 361,
1003-1034 (2006).

Wang, H. et al. Increasing intracellular magnesium levels with
the 31-amino acid MgtS protein. Proc. Natl Acad. Sci. USA 114,
5689-5694 (2017).

Bublitz, M. et al. lon pathways in the sarcoplasmic reticulum
Ca*-ATPase. J. Biol. Chem. 288, 10759-10765 (2013).

Takahashi, M., Kondou, Y. & Toyoshima, C. Interdomain
communication in calcium pump as revealed in the crystal
structures with transmembrane inhibitors. Proc. Natl Acad. Sci.
USA 104, 5800-5805 (2007).

Winther, A. M. L. et al. Critical roles of hydrophobicity and
orientation of side chains for inactivation of sarcoplasmic
reticulum Ca®-ATPase with thapsigargin and thapsigargin
analogs. J. Biol. Chem. 285, 28883-28892 (2010).

Heit, S. et al. Structure of the hexameric fungal plasma membrane
proton pump in its autoinhibited state. Sci. Adv. 7, eabj5255 (2021).
Focht, D., Croll, T.l., Pedersen, B.P. & Nissen, P. Improved model of
proton pump crystal structure obtained by interactive molecular
dynamics flexible fitting expands the mechanistic model for proton
translocation in P-type ATPases. Front. Physiol. 8, 202 (2017).
Chen, Z. et al. Cryo-EM structures of human SPCA1a reveal the
mechanism of Ca?/Mn* transport into the Golgi apparatus. Sci.
Adv. 9, eadd9742 (2023).

Diaz, D. & Clarke, R. J. Evolutionary analysis of the lysine-rich
N-terminal cytoplasmic domains of the gastric H',K*-ATPase and
the Na*,K*-ATPase. J. Membr. Biol. 251, 653-666 (2018).
Jephthah, S., M&nsson, L. K., Beli¢, D., Morth, J. P. & Skepd, M.
Physicochemical characterisation of KEIF—the intrinsically
disordered N-terminal region of magnesium transporter A.
Biomolecules 10, 623 (2020).

Kanai, R., Ogawa, H., Vilsen, B., Cornelius, F. & Toyoshima, C.
Crystal structure of a Na*-bound Na*,K*-ATPase preceding the E1P
state. Nature 502, 201-206 (2013).

Zhang, Z. et al. Detailed characterization of the cooperative
mechanism of Ca*+ binding and catalytic activation in the Ca*
transport (SERCA) ATPase. Biochemistry 39, 8758-8767 (2000).
Nielsen, J. M., Pedersen, P. A., Karlish, S. J. & Jorgensen, P. L.
Importance of intramembrane carboxylic acids for occlusion

of K ions at equilibrium in renal Na,K-ATPase. Biochemistry 37,
1961-1968 (1998).

Bovo, E. et al. Dimerization of SERCA2a enhances transport rate
and improves energetic efficiency in living cells. Biophys. J. 119,
1456-1465 (2020).

Clarke, R. J. & Kane, D. J. Two gears of pumping by the sodium
pump. Biophys. J. 93, 4187-4196 (2007).

Dean, W. L. & Tanford, C. Reactivation of lipid-depleted
Ca%-ATPase by a nonionic detergent. J. Biol. Chem. 252,
3551-3553 (1977).

Hidalgo, C., Thomas, D. D. & lkemoto, N. Effect of the lipid
environment on protein motion and enzymatic activity of
sarcoplasmic reticulum calcium ATPase. J. Biol. Chem. 253,
6879-6887 (1978).

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.1038/s41594-025-01593-7

Article

https://doi.org/10.1038/s41594-025-01593-7

37.

38.

30.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Jilka, R. L., Martonosi, A. N. & Tillack, T. W. Effect of the purified
(Mg?* + Ca?")-activated ATPase of sarcoplasmic reticulum upon
the passive Ca% permeability and ultrastructure of phospholipid
vesicles. J. Biol. Chem. 250, 7511-7524 (1975).

Maire, M. L., Lind, K. E., Jgergensen, K. E., Rgigaard, H. & Mgaller, J.
V. Enzymatically active Ca*" ATPase from sarcoplasmic reticulum
membranes, solubilized by nonionic detergents. Role of lipid for
aggregation of the protein. J. Biol. Chem. 253, 7051-7060 (1978).
Mgller, J. V., Lind, K. E. & Andersen, J. P. Enzyme kinetics

and substrate stabilization of detergent-solubilized and
membraneous (Ca* + Mg*')-activated ATPase from sarcoplasmic
reticulum. Effect of protein-protein interactions. J. Biol. Chem.
255, 1912-1920 (1980).

Taylor, K., Dux, L. & Martonosi, A. Structure of the vanadate-
induced crystals of sarcoplasmic reticulum Ca*-ATPase. J. Mol.
Biol. 174, 193-204 (1984).

Vanderkooi, J. M., lerokomas, A., Nakamura, H. & Martonosi, A.
Fluorescence energy transfer between Ca? transport ATPase
molecules in artificial membranes. Biochemistry 16, 1262-1267
(1977).

Maire, M. L., Moller, J. V. & Tanford, C. Retention of enzyme activity
by detergent-solubilized sarcoplasmic Ca%*-ATPase. Biochemistry
15, 2336-2342 (1976).

Toyoshima, C., Sasabe, H. & Stokes, D. L. Three-dimensional
cryo-electron microscopy of the calcium ion pump in the
sarcoplasmic reticulum membrane. Nature 362, 467-471(1993).
Blackwell, D. J., Zak, T. J. & Robia, S. L. Cardiac calcium ATPase
dimerization measured by cross-linking and fluorescence energy
transfer. Biophys. J. 111, 1192-1202 (2016).

Ushimaru, M. & Fukushima, Y. The dimeric form of Ca*-ATPase is
involved in Ca® transport in the sarcoplasmic reticulum. Biophys.
J. M4, 357-361(2008).

Cali, T., Brini, M. & Carafoli, E. Regulation of cell calcium and role
of plasma membrane calcium ATPases. Int. Rev. Cell. Mol. Biol.
332, 259-296 (2017).

Hari, S. B., Morehouse, J. P., Baker, T. A. & Sauer, R. T. FtsH degrades
kinetically stable dimers of cyclopropane fatty acid synthase via
an internal degron. Mol. Microbiol. 119, 101-111 (2022).

Akin, B. L., Hurley, T. D., Chen, Z. & Jones, L. R. The structural
basis for phospholamban inhibition of the calcium pump in
sarcoplasmic reticulum. J. Biol. Chem. 288, 30181-30191 (2013).

49.

50.

51.

52.

53.

54.

56.

56.

57.

58.

59.

60.

Winther, A.-M. L. et al. The sarcolipin-bound calcium pump
stabilizes calcium sites exposed to the cytoplasm. Nature 495,
265-269 (2013).

Anderson, D. M. et al. A micropeptide encoded by a putative
long noncoding RNA regulates muscle performance. Cell 160,
595-606 (2015).

Nelson, B. R. et al. A peptide encoded by a transcript annotated as
long noncoding RNA enhances SERCA activity in muscle. Science
351, 271-275 (2016).

Silberberg, J. M. et al. Inhibited KdpFABC transitions into an E1
off-cycle state. eLife 11, e80988 (2022).

Huang, C.-S., Pedersen, B. P. & Stokes, D. L. Crystal structure of
the potassium-importing KdpFABC membrane complex. Nature
546, 681-685 (2017).

Stock, C. et al. Cryo-EM structures of KdpFABC suggest a K*
transport mechanism via two inter-subunit half-channels. Nat.
Commun. 9, 4971 (2018).

Morth, J. P. et al. Crystal structure of the sodium-potassium
pump. Nature 450, 1043-1049 (2007).

Shinoda, T., Ogawa, H., Cornelius, F. & Toyoshima, C. Crystal
structure of the sodium-potassium pump at 2.4 A resolution.
Nature 459, 446-450 (2009).

Laskowski, R. A. & Swindells, M. B. LigPlot+: multiple
ligand-protein interaction diagrams for drug discovery. J. Chem.
Inf. Model. 51, 2778-2786 (2011).

Storz, G. Zeinert, R. Sodt, A. & Matthies, D. P-type ATPase
magnesium transporter MgtA acts as a dimer. figshare
https://doi.org/10.6084/m9.figshare.26820568.v1

(2025).

Toyoshima, C., Nomura, H. & Tsuda, T. Lumenal gating mechanism
revealed in calcium pump crystal structures with phosphate
analogues. Nature 432, 361-368 (2004).

Nyblom, M. et al. Crystal structure of Na*, K’-ATPase in the
Na*-bound state. Science 342, 123-127 (2013).

Publisher’s note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

This is a U.S. Government work and not under copyright protection in
the US; foreign copyright protection may apply 2025

Nature Structural & Molecular Biology


http://www.nature.com/nsmb
https://doi.org/10.6084/m9.figshare.26820568.v1
https://doi.org/10.6084/m9.figshare.26820568.v1

Article

https://doi.org/10.1038/s41594-025-01593-7

Methods

Plasmid and strain construction

All primers, plasmids and strains used in protein expression, comple-
mentation studies and co-immunoprecipitation studies canbe foundin
Supplementary Tables 4-6, respectively. The pGEX-MgtA, pGEX-empty,
pGEX-MgtAD373N, pGEX-MgtA E331A, pGEX-MgtA D738A, pGEX-MgtA
D780A and pGEX-MgtA dimer (12-mer) plasmids were de novo gene
synthesized by GenScript. Plasmids created in this study were assem-
bled using the Gibson Assembly Cloning Kit (New England Biolabs).
All plasmid sequences were confirmed by whole plasmid sequences
services provided my Plasmidsaurus Inc.

Protein expression and membrane preparation

E. coli C43 (DE3) (Sigma, CMCO0019) cells were transformed with
the following plasmids pETDuet-1-MgtAS, pETDuet-1-MgtA,
pETDuet-1-MgtAp;;3y, PETDuet-1-MgtAp 504, PETDuet-1-MgtAp 44 OF
pETDuet-1-MgtA,,_5; and allowed to recover for 1 h at 37 °C with shak-
ing at 250 rpm. Following recovery, the cells were grown overnight at
37°Cwith shaking in Luria-Bertani (LB) media containing 100 pg ml™
ampicillin (amp) (GoldBIO). The saturated cultures were diluted 1:100
into LB mediawith100 pg ml™ amp and incubated at 37 °C to OD¢,~0.2.
The2Icultures were cooled to 18 °Cbefore induction with 0.5 mMIPTG
(GoldBIO) and then grown overnight at 18 °C shaking at170-200 rpm.
Cellswere collected after 16 h by centrifugationat5,000gfor 10 minat
4 °C.Asindicatedin the text and figures, the following buffers were sup-
plemented with either 0.50or 5 mM MgCl,. Cell pellets were resuspended
in 50 mM Tris/HCI pH 7.5, 50 mM K,SO,, 1 mM dithiothreitol (DTT)
(wash buffer), Roche cOmplete Protease Inhibitor Cocktail (Sigma)
and 5% glycerol (for ATPase assays). The cell resuspension was passed
through amicrofluidizer processor (Microfluidics) at 20,000 psithree
times. Crude cell lysate was cleared by centrifugation at 15,000g for
30 min. The cleared supernatant was centrifuged at100,000g for 1 h.
The membrane pellet was rinsed or washed by homogenizationin 50 ml
with wash buffer to remove residual soluble proteins. Membranes
were resuspended using a Potter-Elvehjem-type tissue homogenizer
at a final concentration of 10 mg ml™. All cell lysis steps were carried
out at 4 °C. Glycerol was added to resuspended membranes at a final
concentration of 20%. Aliquots were flash frozenin liquid nitrogen and
stored at -80 °C until further use.

Optimization of membrane solubilization

Membranes (4-10 mg ml™) were solubilized with 1% GDN (Anatrace), a
synthetic drop-insubstitute for digitonin, 1% DDM (Sigma) or 1% LMNG
(Anatrace) for16 hrotating at4 °C.Insoluble membranes were pelleted
by centrifugation at100,000gfor1 hat4 °C. The supernatant contain-
ing detergent solubilized membrane proteins were then normalized
for protein concentration, analyzed by native PAGE using 4-16% BisTris
polyacylamide gels (blue native PAGE was used throughout). For native
PAGE, samples were run1h at 150 V, followed by an additional 1 h at
250V onice. To allow for efficient transfer to PVDF membranes, the
cathode buffer wasreplaced with diluted 1/10 (light blue) buffer when
the protein had migrated 1/3 of the gel. The gels were then transferred
to PVDF membranes for 1h at 100 V. To mark the protein ladder, the
membranes were stained with Ponceau S. Following Ponceau S stain-
ing, the blots were blocked with Tris-buffered saline with 0.1% Tween-
20 detergent (TBST) + 5% milk and probed using TBST + 5% milk with
anti-Flag (anti-Flag(R) M2-peroxidase (horseradish peroxidase (HRP))
(Sigma) or anti-His.y (His—-HRP conjugate) (Qiagen) antibodies at a
1:1,000 dilution. Blots were washed three times with TBST for 5 min
andimaged.

Protein purification

Membranes (10 mg ml™) were solubilized with 1% GDN for 16 h rotat-
ing at 4 °C. Insoluble membranes were pelleted by centrifugation
at 100,000g for 1 h at 4 °C. Imidazole was added to the solubilized

membrane proteins at a final concentration of 10 mM and the sample
was batch bound with Ni-NTA resin for 3 h at 4 °C. For ATPase assays,
5% glycerolwas added to the following buffers. Resin was washed with
30 column volumes of buffer A (50 mM Tris/HCI pH 7.5, 50 mMK,SO,,
0.5 or 5 mM MgCl,, 10 mM imidazole, 0.007% GDN and 1 mM DTT).
MgtA was eluted from Ni-NTA resin with buffer B (50 mM Tris/HCI pH
7.5,50 mMK,SO,, 0.5 or 5 mM MgCl,, 200 mMimidazole, 0.007% GDN
and1mMDTT). Eluted MgtA was spin concentrated to -15 mg ml™ using
100 kDa Amicon centrifuge tubes. Then concentrated MgtA was spun
at15,000g for 30 min at 4 °C to remove aggregates before size exclu-
sion chromatography (SEC) using a Superose 6 Increase 10/300 GL
with buffer C (50 mM Tris/HCI pH7.5,50 mMK,SO,, 0.50r 5 mM MgCl,,
0.007% GDN and 2 mM DTT). Fractions were analyzed by SDS-PAGE
and blue native PAGE using 4-16% BisTris polyacrylamide gels. For
SDS-PAGE, samples were run at 200 V in Tris-glycine SDS buffer on
ice until the dye front reached the bottom of the gel. For native PAGE,
samples were run1h at 150 V, followed by an additional 1h at 250 V
on ice using cold buffer. The desired fractions were pooled, and spin
concentrated using 100 kDa Amicon centrifuge tubes to -2-3 mg ml™
before cryo grid preparations.

ATP hydrolysis assay

MgtA was purified as described above with slight modifications. All
buffers were supplemented with 5% glycerol and aliquots after SEC
were flash frozen in liquid nitrogen before storage at —80 °C. MgtA
ATPase assays for WT,D373N, D441A, D780A and A1-31 were performed
at 37 °Cin 50 mM Tris/HCI pH 7.5, 50 mM K,SO,, 5 mM MgCl, (unless
otherwise indicated), 0.007% GDN, 2 mM DTT and 5% glycerol. As
previously described', buffers were supplemented with 0.25 mM
Na,MoO,, 5 mM NaN, and 20 mM KNO; to inhibit any contaminating
F-type ATPases, phosphatases and pyrophosphatases. MgtA was used
at 6.25 ugin a 200 pl reaction in the presence of 2 mM Na*™-ATP pH
7.5 with NaOH (Sigma, A2383-10G). The protein concentration was
determined by Bradford protein assay according to the manufacturer’s
guidelines (Bio-Rad). Aliquots (20 pl) of the reactions were quenched
with20 plof 500 MM EDTAat1,2,3,4,5,7.5and 15 mintime points. Free
phosphate was measured using a modified Malachite green reagent
(BIOMOL Green, Enzo) following the manufacturer’s guidelines. Briefly,
phosphate standards were made to calculate free phosphate. Reaction
absorbances were measured at 620 nm and converted to phosphate
based onstandard curves using the phosphate standard. Linear regres-
sions and slopes were measured from linear portions of the graph
using GraphPad Prism (version 10.2.1). ATP turnover as a function of
enzyme concentration were calculated by dividing the slopes by MgtA
inmilligrams to calculate ATP per min per mg. Enzymatic assays were
performedinduplicate. Standard deviation and mean were calculated
and graphs were plotted using GraphPad Prism.

Crosslinking and MS

MgtAS was purified as described above with slight modifications. To
remove amines which interfere with crosslinking, HEPES was used
in place of Tris. Purified MgtAS at a concentration of 1 mg ml™ was
crosslinked with 0.5% 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide hydrochloride (Thermo Fisher Scientific) in 50 mM HEPES pH
7.5,50 mM K,SO,, 5 mM MgCl,, 0.007% GDN and 2 mM DTT at room
temperature for 1 h. The protein samples were then quenched with
equal volumes of 2x Laemmli loading buffer and heat-denatured at
95 °C for 5 min. Crosslinked MgtA was resolved using SDS-PAGE fol-
lowed by Coomasie Blue G-250 staining. The ~-100 kDa band for MgtA
was cut and stored at -20 °C.

Gel bands were digested with the In-Gel Tryptic Digestion kit
(Thermo Fisher Scientific) with minor adaptations. The excisions
were destained, reduced and alkylated according to the manufac-
turer’s protocol and digested overnight with trypsin (SERVA) followed
by 4 h of digestions with chymotrypsin (Sigma-Aldrich) at 37 °C.
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The digested peptides were transferred to a clean tube and solvents
were evaporated in a speed vac (Eppendorf). Dried peptides were
reconstituted in 5% acetonitrile (ACN) with 0.1% formic acid (FA).
Peptides were loaded onto an Acclaim PepMap C; capillary trapping
column (particle size 3 pm, L =20 mm) and separated on a ReproSil
C,s-PepSep analytical column (particle size 1.9 pm, ID 75 um, L =50 cm,
Bruker Corporation) using nano-high-performance liquid chromatog-
raphy (Dionex U3000 RSLCnano) at atemperature of 55 °C. Trapping
was carried out for 6 min with a flow rate of 6 pl min™ using a loading
buffer composed of 0.05% trifluoroacetic acid in H,O. Peptides were
separated by a gradient of water (buffer A:100% H,0 and 0.1% FA) and
ACN (buffer B:80%ACN, 20% H,0, and 0.1% FA) with a constant flow rate
of 250 nl min™.. The gradient went from 4% to 48% buffer B in 45 min.
All solvents were liquid chromatography-mass spectrometry (LC-
MS) grade and purchased from Riedel-de Hien/Honeywell (Seelze).
Eluting peptides were analyzed in data-dependent acquisition mode
on an Orbitrap Eclipse mass spectrometer (Thermo Fisher Scientific)
coupledto nano-high-performanceliquid chromatography by aNano
Flex ESI source. MS' survey scans were acquired over a scan range of
350-1,400 mass-to-charge ratio (m/z) in the Orbitrap detector (reso-
lution 120k, automatic gain control 2e* and maximum injection time
50 ms). Sequence information was acquired by a‘ddMS*OT HCD’ MS?
method with afixed cycle time of 5 s for MS/MS scans. MS? scans were
generated from the most abundant precursors with aminimum inten-
sity of 5e*and charge states from two to eight. Selected precursors were
isolatedin the quadrupole using al.4 Dawindow and fragmented using
higher-energy C-trap dissociation at 30% normalized collision energy.
For Orbitrap MS?, an automatic gain control of 5¢* and a maximum
injection time of 54 ms were used (resolution 30k). Dynamic exclusion
was set to 30 swithamasstolerance of 10 ppm. Each sample was meas-
ured in duplicate LC-MS/MS runs. MS raw data were processed using
the MaxQuant software (version 2.1.0.0) with customized parameters
for the Andromeda search engine. Spectra were matched to a FASTA
file containing the MgtA (POABBS8) and MgtS (A5A616) sequences
downloaded from UniProtKB (April 2021), a contaminant and decoy
database, with a minimum tryptic peptide length of six amino acids
and amaximum of five missed cleavage sites. Precursor mass tolerance
wassetto4.5ppmand fragmentiontolerance to 20 ppm, with astatic
modification (carbamidomethylation) for cysteine residues. Acetyla-
tion on the protein N-terminus and oxidation of methionine residues
were included as variable modifications. A false discovery rate below
1% was applied at crosslink, peptide and modification levels. Identified
crosslinked peptides were manually curated and high-score crosslinks
were mapped on a monomeric subunit of our dimeric MgtA cryo-EM
structure (PDB 8UY7) using UCSF Chimera (version 1.18)®, in which
the distances between the sidechain of the residues was calculated.

HDX-MS

MgtAS was purified as previously described with slight modifications.
For solubilization and purification the protein wasinitially solubilized
from membranes using 1% DDM and the subsequent buffers were
supplemented with 0.05% DDM. The final SEC buffer was adjusted to
contain 5% glycerol as a cryo protectant and aliquots were flash fro-
zen in liquid nitrogen before storage at —80 °C. Frozen samples were
freshly thawed before every HDX-MS experiment. Equilibration (E)
and labeling (L) buffers (50 mM Tris/HCI, 50 mM K,SO,, 5 mM MgSO,,
2mMDTTand 0.05% DDM, pH7.5) with H,0 or D,0, respectively, were
equilibrated at 20 °C. Quench (Q) buffer (150 mMKPO,and 0.05% DDM,
pH 2.20) with H,0 was equilibrated at O °C. For ATP binding, L-buffer
was split, one for a control and the other for the binding condition
where we added 5 mM ATP (disodium salt, Sigma, A3377). Next, the
sample was diluted from17 pM to 15 pM with E-buffer containingno ATP
and equilibrated at O °C. For ATPyS binding, we used the same buffers
and conditions except 5 mM ATPYS (tetralithium salt, 119120-25MG)
was added to the E- and L-buffers. Both samples (control and binding)

were diluted with their respective E-buffers (without and with ATPYS)
to afinal concentration of 15 pM.

The HDX-MS experiments were carried out as described previously
inref. 62. In brief, the experiment was carried out using a fully auto-
mated HDX-2 system supplied by Waters. Protein samples were diluted
in E-buffer for references measurements or L-buffer to start labeling
for2,20, 60 and 120 min for the ATPyS experiment. In the ATP-binding
experiment, the protein was labeled for 2 and 120 min. All time points
weremeasured in quadruplicates. Next, the samples were quenched with
ice-cold Q-bufferand immediately injected to the LC for online digestion
with a Pepsin/Nepenthensin-2 column and C18 reverse phase peptide
separation. Eluting peptides were measured on a Synapt-G2-Si mass
spectrometer operated in HDMSE mode including ion mobility separa-
tion for 3D peptide identification (room temperature, m/z, drift time).

Nondeuterated peptides were identified using ProteinLynx Global
Server (version 3.0.3, Waters) for each condition (control and bind-
ing). Only peptides with a high confidence score (over 6) identified
in at least three out of four replicates were retained for further HDX
evaluation. Peak picking of all corresponding peaks was performed
with HDExaminer software package by Sierra Analytics (version 3.0.3).
All mass spectra of every peptide, time points and replicates were
manually analyzed and curated for correct peak identification. Next,
all peptides that displayed statistically significance deuterium uptake
differences, based ona Student’s t distribution with a 95% confidence
interval (P<0.05) in at least three out of four time points for ATPyS
and all time points for ATP were used for further evaluation and visu-
alization. Deuterium uptake difference maps created were plotted on
our cryo-EM sstructures of MgtA (PDB 8UY7 (apo-dimer, C2) and 8UY9
(apo-monomer)) using UCSF Chimera®..

Complementation assays

Function of MgtA and mutant alleles were assessed using a strain
of E. coli lacking Mg?" importers (BW25113 AmgtA AcorA AyhiD DE)°.
Briefly, pGEX plasmids containing WT MgtA or mutants were trans-
formed into the Mg?'-auxotrophic strain with selection on plates sup-
plemented with the appropriate antibiotics (50 pg ml™ kanamycin
(kan) or 100 pg mI™ amp) and 100 mM MgSO, followed by growth at
37 °Covernight. Transformants were grown in LB supplemented with
appropriate antibiotics and 100 mM MgSO, at 37 °C and 250 rpm shak-
ing overnight. The overnight cultures were normalized to 0.10D,,and
tenfold serially diluted before plating 3 pl of cells onto LB + agar (1.5%
w/v) supplemented with antibiotics and either 100 mM, 1 mM or no
additional MgSO,. Cell samples were taken from overnight cultures,
normalized by OD,,, and immediately resuspended in 1x Laemmli
loading buffer and stored at -20 °C before western blot analysis. For
plated growth with induction, IPTG was added at 0.1 mM. Plates were
incubated at 37 °C overnight before being imaged with a ChemiDoc
MP Imaging System (Bio-Rad).

Immunoblot analysis

Frozen cell lysates were boiled at 95°C for 10 min 1x Laemmli loading
buffer followed by centrifugationat15,000g for 10 minto clear cellular
debris. The resulting supernatant was run on precast 4-15% Tris—gly-
cinegels (Bio-Rad, 4561086) at 200 V for 1 h. Proteins were transferred
to nitrocellulose membranes at 100 V for 1 h. Following transfer, the
blots were blocked with TBST + 5% milk and probed overnight at 4 °C
using TBST + 5% milk with anti-MgtA (1:2,500; generated in this study).
After overnightincubation, blots were washed three times with TBST
for 5 minand probed with goat anti-rabbit HRP antibody (1:10,000) for
1hatroomtemperature. Blots were washed three times with TBST for
5 minand visualized using a ChemiDoc MP Imaging System (Bio-Rad).

Invivo dimerization assay
BW25113 AmgtA AcorA AyhiD DE cells were transformed with the
plasmids pBAD24-MgtA-H6 and pACYC-MgtA-SPA or pBAD-MgtA-H6
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and empty pACYC vector, allowed to recover for 1 h at 37 °C with
shaking at 250 rpm. Following transformation cells were plated onto
LB + agar plates containing 100 pg ml™ ampicillin and 50 pg mi™
kan,and 100 mM MgSO, and grown at 37 °C overnight. Large culture
overnights wereinoculated with single colonies and grown overnight
at 37 °C with shaking in LB media containing 100 pg ml™ amp and
50 pg ml™ kan. Cells were collected by centrifugation at 5,000g for
10 min at 4 °C. Cell pellets were resuspended in 50 mM Tris/HCI pH
7.5,50 mM K,SO,, 5 mM MgCl, (wash buffer) and Roche cOmplete
Protease Inhibitor Cocktail. Membranes were isolated as previously
described for MgtAS purification and resuspended at a final concen-
tration of 10 mg ml™.

Membranes (10 mg ml™) were solubilized with 1% GDN for 16 h
rotating at 4 °C. Insoluble membranes were pelleted by centrifuga-
tion at 100,000g for 1 h at 4°C. The sample was batch bound with
Flag resin for 2 h at 4 °C. Resin was washed with 30 column volumes
of Buffer A (50 mM Tris/HCI pH 7.5, 50 mM K,SO,, 5 mM MgCl, and
0.007% GDN). MgtA was eluted from Flag resin with 0.2 M glycine
pH 2.4 and neutralized in 1x Laemmli loading buffer. Elutions were
analyzed by western blot using polyclonal anti-MgtA as described for
the complementation assays.

Negative-staining EM

First, 3 ul diluted MgtA (0.01 mg ml™) was deposited on a
carbon-coated 400 mesh copper grid (EMS, CF400-CU) following
glow discharging (PELCO easiGlow Glow Discharge Cleaning System)
for 1 min at 15 mA. The liquid drop was allowed to incubate on the
grid for 1 min. The liquid was then wicked away with blotting paper
(Whatman) and quickly washed with 3 pl of Nano-W Negative Stain
(2% methylamine tungstate, Nanoprobes) followed by immediate
incubation with 3 pl of Nano-W for one additional min. Filter paper
was used to wick away excess stain, followed by gently waving the
grid for 1 min to produce different thicknesses or waves of stained
areas. Transmission electron microscopy (TEM) was performed
using an FEI Tecnai T20 transmission electron microscope (Thermo
Fisher) operated at a voltage of 200 kV with adirect electron detec-
tor K2 Summit (Gatan Inc.) using SerialEM (version 3.2)%*. Data were
collected at anominal magnification of 25,000x, abinned pixel size
of 3.04 A px ' and a defocus ranging from -1.3 to ~2.4 um. At a dose
rate of 5e” px's™, 10 s exposures with 0.2 s frames were collected.
Each 50-frame movie was motion corrected using SerialEM®, and a
total of 343 images were collected. Data were unpacked using Bsoft®*
and processed in CisTEM (version 1.0.0)%. Aligned images were
imported, contrast transfer function (CTF) was estimated and par-
ticles picked using a maximum radius of 90 A and a characteristic
radius of 30 A and a threshold of 5. 76,993 particles were extracted
using a box size of 84 px (-255 A) and multiple rounds of 2D classifi-
cation were performed.

Cryo-EM grid preparation

For apo-MgtA grids, Quantifoil R1.2/1.3400 mesh copper grids (EMS,
Q4100CR1.3) were glow discharged in a PELCO easiGlow Glow Dis-
charge Cleaning System (PELCO easiGlow Glow Discharge Cleaning
System) at 15 mA for 1 min. MgtAS sample (3 pl) at a concentration of
3.2 mg ml™ (Extended Data Fig. 3b) was applied to the glow discharged
grids. After blotting for 4-5sin a Leica EM GP2 plunge freezer (Leica
Microsystems) with the chamber setto 5 °C and 95% humidity, the grids
wereimmediately plunge frozeninto liquid ethane and stored in liquid
nitrogen. Grids were initially screened on an FEI Tecnai T20 transmis-
sion electron microscope operated at a voltage of 200 kV withadirect
electron detector K2 Summit using SerialEM®.

For nucleotide-MgtA grids, Quantifoil R1.2/1.3 400 mesh cop-
per grids were prepared as described above. Before grid prepara-
tions, MgtAS consisting of a predominantly dimer species wasisolated
using SEC and spin concentrated to a final concentration of 2.3 mg ml™

(Extended Data Fig. 3c). After spin concentration, 10 pl of MgtAS was
incubated with 0.5 pl of 100 mM ATP (disodium salt hydrate, Sigma,
A2383-10G) (for 2 min), ATPyS (tetralithium salt, Sigma, 119120-25 mg)
(for15 min) or ADP (sodium salt, Sigma, A2754-1G) (for 15 min) and 3 pl
were applied to the glow discharged grids. After blotting for 6 s using
aLeica EM GP2 plunge freezer with the chamber kept at 4 °C and 95%
humidity, the grids wereimmediately plunge frozeninto liquid ethane
and stored in liquid nitrogen.

Cryo-EM data collection

After the grid-making conditions were optimized, high-resolution
movies were collected on a Gl or G4 Titan Krios electron microscope
(Thermo Fisher) operated at 300 kV witha K3 direct electron detec-
tor in correlated double sampling mode and energy filter using a
20 eV slit (Gatan Inc.). The image acquisition was operated with
SerialEM® at a nominal magnification of 105,000x, a physical pixel
size of 0.83 (G1Krios) or 0.85 (G4 Krios) A px™ in super-resolution
mode (0.415 or 0.425 A px™") and a defocus ranging from approxi-
mately -0.7to-2.0 um. Afirst dataset was collected with adose rate
of 9.5 A px's™ (-7.5 on the camera through the sample), exposure
time 0.0712 s per frame (-1 e~ A) and total exposure time of 4.31s
per movie (-60 e” A), resulting in a total of 10,246 movies with 60
frames each. An additional six datasets were collected in a similar
manner and the data collection details can be found in Supplemen-
tary Information.

Cryo-EM data processing

The overall workflow of image processing of E. coliMgtA isillustratedin
and additional details can be found in Supplementary Information. All
processing of MgtA without the addition of any nucleotides (datasets
1and 2) was performed within cryoSPARC (version 3.2)°. Datasets 3-7
of MgtAinthe presence of different nucleotides were processed using
cisTEM (version 1.0.0)*° and cryoSPARC®®.

For datasets 1 and 2, movies were processed with full-frame
motion correction and patch CTF estimation. CryoSPARC’s blob
picker with a minimum and maximum particle diameter of 110
and 130 A was used for automatic particle picking. Particles were
extracted using a box size of 768 px (-319 A), fourier cropped to 384
px.For datasets1and 2,1,578,214 and 1,775,726 particles were picked
from 10,164 and 5,778 selected aligned micrographs. Particles were
then subjected to 2D classification to remove junk particles. Then,
1,068,828 and 725,244 particles selected from one round of 2D clas-
sification were subjected to a second round of 2D classification. At
this point, particles from 2D class averages showing clear side views
for dimer and monomer species were separated, while particles from
less clear views including top and tilted views were added to both
subsets. Ab initio reconstruction followed by nonuniform refine-
ment led to initial dimer and monomer reconstructions that were
used for heterogeneous refinement using all particles to include
possible discarded particles during earlier classifications. Additional
ab initio reconstructions followed by nonuniform refinement was
used to cluster the best aligning particles and toimprove resolution
further, and local motion correction and CTF refinement to correct
for beamtilt, spherical aberrations and per-particle defocus param-
eters was applied before merging dimer or monomer particles from
the two different datasets. Final rounds of 2D classification, ab initio
reconstruction, and nonuniform refinements were used to produce
the final reconstructions that were used to estimate and filter to
local resolution. All refinements of the dimer were run with (C2)
and without (C1) symmetry, while all refinements of the monomer
were performed without symmetry. The final dimer map was recon-
structed from 160,139 particles to an average resolution of 2.93 A
(C2) or3.03 A (C1), while the final monomer map was reconstructed
from 78,231 particles to an average resolution of 3.65 A according
to the gold-standard Fourier shell correlation (FSC) 0.143 criterion.
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For datasets 3-7, movies were imported and binned to a pixel
size of 0.83 (G1Krios data, datasets 3-6) or 0.85 (G4 Krios, dataset 7),
processed with full-frame motion correction and patch CTF estimation
using CisTEM®. After image selection, particles were picked using a
maximum radius of 70 A, a characteristic radius of 50 Aand athreshold
of 3. Particles were extracted using a box size of 384 px (-319 or ~326 A)
and one round of 2D classification was performed before only getting
rid of particlesinjunk 2D class averages and exporting the selected par-
ticle stacks for further processingin cryoSPARC®®. Additional rounds of
2D classification, abinitio reconstructions, nonuniformand heteroge-
neous refinements were performed before ending up with final maps
atanaverage resolution of 3.72 A, 3.87 Aand 3.75 A for the MgtA dimer
inthe presence of 5mM ATP, ATPYyS and ADP, respectively.

Model building, refinement and validation

A preliminary structural model was generated using both an Alpha-
Fold prediction (AF-POABBS8) and the 1.6 A crystal structure of the
MgtA nucleotide-binding subdomain spanning residues 382-545 of
the total of 898 residues (PDB 3GWI (ref. 67)). Using UCSF Chimera
(version1.18)*', the AlphaFold model was separated into overlapping
fragments (fragment 1, containing residues 1-86 and 149-281; frag-
ment 2, containing residues 366-548; fragment 3, containing resi-
dues 540-700; fragment 4, containing residues 375-548; fragment
5, containing residues 86-144 for TM1-2; and fragment 6, containing
residues 270-347 and 697-898 for TM3-4 and TM5-10) and rigid body
docked into our 3D dimer map. Following docking, regions that did
notfitincluding the N-terminal tail were removed and built manually
followed by flexible fitting in Coot (version 0.8.9.3)%. Inregions of the
structure that were less clearly resolved, the local resolution filtered
as well as the nonsharpened map were used to trace the backbone
and to connect segments. Further refinement of the structures was
performed using real-space refinement in PHENIX (version 1.20)%.
Thegeometry of the structural model was additionally validated using
MolProbity (version 4.02)’°. UCSF Chimera and ChimeraX (version
1.8)"" were used for visualization of the structures and to generate
figures inthe manuscript. Videos, not including MD simulations, were
created using UCSF Chimera. The statistics for the model refinements
arepresentedin Table 1and Supplementary Tables 7 and 8. The fitted
PDBs have been made available together with the EM maps with the
following PDBIDs: 8UY7 (apo-dimer, C2), 8UY8 (apo-dimer, C1), 8UY9
(apo-monomer, Cl1), 8UYA (ATP-dimer, C2), 8UYB (ATPyS-dimer, C2)
and 8UYC (ADP-dimer, C2).

MD simulations

Simulations were built with the CHARMM-GUI (version 3.7) web
interface’” using an early cryo-EM resolved dimer structure of
MgtA with only the TM Mg?*" cation included. Symmetric bilayers
were constructed with 16:0,18:1(A11)-phosphatidylglycerol (PVPG,
20%), 16:0,16:1(A9)-phosphatidylethanolamine (PPPE, 75%) and
16:0,18:1(A11),16:0,18:1(A11)-cardiolipin (PVCL2, 5%), mimicking the
headgroup chemical composition of the E. coliinner membrane, if not
the potential (dynamic) asymmetry”>. The CHARMM C36m forcefield
was used for proteins™ and lipids™. Following initial equilibration and
minimization with NAMD’®, production simulations were run with the
Amber software package (Amber20 version 20.0). Temperature was
maintained at 310 K using a Langevin thermostat. Constant atmos-
pheric pressure and zero surface tension was maintained using a
Monte Carlo semi-isotropic barostat. Standard CHARMM forcefield
parameters were applied (Particle Mesh Ewald for electrostatics,a12 A
cutoff for nonbonded interactions with force switching between 10
and 12 A). Simulations of the early cryo-EM resolved MgtA dimer, the
ATP-bound configuration and the monomer were run for 2, 1.8 and
2.3 total microseconds, respectively. Simulations of the dimer withK*
substituted at site Awere run for 800 ns. Enhanced sampling perturb-
ing Mg?”K*ions were computed in AMBER with the adaptive biasing

MD modulein flooding mode using a100 ps time constant, applying
biasing to the aspartic acid gamma carbon to Mg?/K" distance. Three
replicas for each Mg?*'site, and one for K' in site A, were run for 440 ns
each. Trajectories and AMBER input files for simulations with and
without ATP are publicly available via Zenodo””. Water paths were
identified using a 3.4 A cutoff between water oxygens.

Lipid solvation shell composition is resolved by a Voronoi
decomposition as in ref. 78. Five representative protein-bound ATP
configurations were found via K-medoids” clustering on ~1,800 con-
figurations. Lipid shell analysis® and ATP clustering® were performed
with public-domain software developed in house.

Static molecular images from simulations were created using
UCSF Chimera®. Simulation movies were created with Tachyon (version
0.98.9) (written by John Stone) and assembled with ffmpeg.

Sequence analysis

MgtA (National Center for Biotechnology Information (NCBI) Gen-
bank database accession: NP_418663.1) was used as starting query
for sequence similarity searches using PSI-BLAST program against
the nonredundant clustered down to 50% sequence identity using
the MMseqs program with a profile-inclusion threshold set at an
e-value of 107°. Multiple sequence alignments were constructed
using the MAFFT programs. Sequence logos were constructed using
these alignments with the ggseqlogo library for the R language. Sig-
nal peptides and TM regions were predicted using hidden Markov
model specifying different sequence regions of a signal peptide and
TMproteinsinseries of interconnected states asimplemented inthe
Phobius program.

Structure analysis

The JPred program was used to predict secondary structures using
multiple sequence alignments (see above). Structural models were
generated using the RoseTTAfold*? and AlphaFold2 (ref.11) programs.
Multiple alignments of related sequences (>30% similarity) were used
toinitiate HHpred searches for the step of identifying templates to be
used by the neural networks deployed by these programs.

Comparative genomics and phylogenetic analysis

Clustering of proteins was done using the MMseqs program adjusting
the length of aligned regions and bit-score density threshold empiri-
cally. Divergent sequences or small clusters were merged with larger
clusters if other lines of evidence, including shared sequence motifs,
reciprocal BLAST search results and/or shared genome context associa-
tions, supported theirinclusion. Phylogenetic analysis was performed
using the maximum-likelihood method with the WAG or JTT models
(determined empirically from data) with the IQTree (version 1.6.12).
The FigTree program (version 1.4.4) (ref. 83) was used to render phy-
logenetic trees.

Statistics and reproducibility
Unless otherwise noted, experiments showninallfigures wererepeated
independently at least two times with similar consistent results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-42794 (apo-dimer,
C2), EMD-42795 (apo-dimer, C1), EMD-42796 (apo-monomer, C1),
EMD-42797 (ATP-dimer, C2), EMD-42798 (ATPyS-dimer, C2) and
EMD-42799 (ADP-dimer, C2). The atomic coordinates have been
deposited in the PDB under accession codes 8UY7 (apo-dimer, C2),
8UY8 (apo-dimer, C1), 8UY9 (apo-monomer, C1), SUYA (ATP-dimer,
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Table 1| Cryo-EM data collection, refinement and validation statistics

No.1MgtA, dimer

No.2 MgtA, dimer

No.3 MgtA, monomer No. 4 MgtA, dimer,

No.5 MgtA, dimer, No.6 MgtA,

(c2) (c1) (o)} with ATPyS with ADP dimer, with ATP
(EMDB-42794) (EMDB-42795) (EMDB-42796) (C2) (C2) (C2)
(PDB 8UY7) (PDB 8UY8) (PDB 8UY9) (EMDB-42798) (EMDB-42799) (EMDB-42797)
(PDB 8UYB) (PDB 8UYC) (PDB 8UYA)
Data collection and processing
Magnification 105,000x% 105,000x 105,000x% 105,000x% 105,000x% 105,000x%
Voltage (kV) 300 300 300 300 300 300
Electron exposure (eA?) 50-60 50-60 50-60 50 50 50
Defocus range (um) -1to -2 -1to-2 -1to -2 -07t0-1.8 -0.8to-15 -0.8t0-1.8
Pixel size (A) 0.83 0.83 0.83 0.83 0.83 0.85
Symmetry imposed (67 C1 C1 Cc2 C2 C2
Initial particle images (no.) 3,353,940 3,353,940 3,353,940 1,783,325 1,456,447 2,339,956
Final particle images (no.) 160,139 160,139 78,231 28,120 28,666 48,080
Map resolution (A) 2.93 3.03 3.65 3.87 3.75 372
FSC threshold (FSC 0.143) (FSC 0.143) (FSC 0.143) (FSC 0.143) (FSC 0.143) (FSC 0.143)
Map resolution range (A) 1.9-3.3 2.0-3.7 2.3-8.0 2.5-5.0 2.5-4.5 2.5-4.0

Refinement

Initial model used (PDB code)

AF-POABB8, 3GWI

MgtA dimer (C2)

MgtA dimer (C2)

MgtA dimer (C2)

MgtA dimer (C2)

MgtA dimer (C2)

Model resolution (A)

3.0

3.1

37

3.9

3.8

37

FSC threshold (FSC 0.5) (FSC 0.5) (FSC 0.5) (FSC 0.5) (FSC 0.5) (FSC 0.5)
Map sh@rpening B 104 92 106 123 110 133
factor (A%

Model composition

Nonhydrogen atoms 14,038 13,930 6,587 13,882 13,828 13,904

Protein residues 1,796 1,794 859 1,796 1,796 1,796

Ligands 6 6 1 8 6 10
Bfactors (A2)

Protein 70.57 82.25 931 115.65 69 56.5

Ligand 62.47 73.88 53.08 137 58.8 46.6
Root mean squared deviations

Bond lengths (&) 0.003 0.003 0.003 0.002 0.002 0.002

Bond angles (°) 0.612 0.551 0.652 0.5M 0.517 0.54
Validation

MolProbity score 1.62 1.64 1.64 175 1.64 1.82

Clashscore 7.49 6.73 9.69 8.53 764 6.44

Poor rotamers (%) 0.06 0.00 0.00 0.00 0.00 0.00
Ramachandran plot

Favored (%) 96.65 96.20 97.32 95.81 96.54 92.63

Allowed (%) 3.29 3.74 2.68 419 3.46 7.37

Disallowed (%) 0.06 0.06 0.00 0.00 0.00 0.00

C2),8UYB (ATPYS-dimer, C2) and 8UYC (ADP-dimer, C2). Trajectories Code availability

and AMBER input files for simulations with and without ATP are pub-
licly available viaZenodo at https://doi.org/10.5281/zenod0.10017395
(ref. 77). The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium via the PRIDE partner repository®* with
the dataset identifier PXD047999. The MgtA (POABBS8) and MgtS
(A5A616) sequences can be readily downloaded from UniProtKB.
Additional source datafor Figs.2-4 and Extended Data Fig. 2 are avail-
ableviafigshareathttps://doi.org/10.6084/m9.figshare.26820568.v1
(ref. 58). All other data supporting the findings of this study are avail-
able from the corresponding authors on reasonable request. Source
dataare provided with this paper.

Calculation of water pathway code is available via GitHub at https://
github.com/alexsodt/WaterPathMGTA.
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TM?7 (769-791) TMB8 (802-821)
765 LGRFMIFFGPI SSIFDILTFCLMWWVFHANTPETQTLFQSGWFVVGLLSQTLIVHEMIRTRRVPFIQSCASWP 836
769 LGRFMVFFGPISSIFDILTFCLMWWVFHANTPETQTLFQSGWFVVGLLSQTLIVHMIRTRRLPFIQSRAAWP 840
774 IGRF,HLWIGPTES IFE ITTFALMWYVFAANNVEAQALFQSGWF IEGLLSOTLVVHMLRTQKIPFIQSRATLP 845

TM9 (835-854) TM10 (868-888)
837 LMIMTVIVMIVGIALPFSPLASYLOLOQALPLSYFPWLVAILAGYMTLTQLVKGFYSRRYGWQ- 898
841 LMAMTLLVMVVGVSLPFSPLASYLOLOALPLSYFPWLIAILVGYMTLTQLVKGFYSRRYGWQ- 902
846 VLLTTGLIMAIGIYIPFSPLGAMVGLEPLPLSYFPWLVATLLSYCLVAQGMKRFYIKRFGQWF 908

Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Multisequence alignment of MgtA and MgtB illustrating
conserved structural and functional features. Sequence alignment of £. coli
MgtA (EcMgtA), S. enterica serovar Typhimurium MgtA (SeMgtA), and

S. enterica serovar Typhimurium MgtB (SeMgtB) generated using Clustal Omega.
Domains are colored and named according to Fig. 1. Both the canonical P-type
ATPase nomenclature and more detailed description of the fold of the domain
withboundaries are given. The soluble A domain s splitinto two regions: aand

b. The b segment of the A domain is comprised of a Double Stranded beta-Helix
fold (DSbH). The soluble P subdomain is a noncontiguous segment comprised
oftwo regions aand b that house the key catalytic residues required for
phosphorylation. D373 is phosphorylated in EcCMgtA. The N or CAP subdomain
isacontiguous sequence that binds the nucleotide and aids in catalysis. The P

and N subdomains comprise the haloacid dehalogenase (HAD) domain®. The
TM-spanning alpha-helical regions, as determined by a residue’s alpha-carbon
position residing, on average, within the hydrocarbon bilayer interior of the
molecular dynamics (MD) simulations (+/- 15 Angstroms from the bilayer
midplane) are denoted by TM1-10. Gray circles denote residues present at the
dimer interface, red circles denote residues near ATP, green circles denote
residues near Mg?" in the transmembrane domain, and black circles denote
residues near Mg?* in the cytoplasmic domain in our dimeric cryo-EM structures,
asannotated in Figs. 2-4. Black dashed boxes indicate sequences conserved
across all P-type ATPases as shown in the logos in Extended Data Fig. 2b. Red
dashed boxes indicate sequences specific to Mg importers as shown in the logos
in Extended Data Fig. 7b.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

https://doi.org/10.1038/s41594-025-01593-7

Article

THI g
T
Tmln 1
e
Ol fovee
g o c
bl 0o |z m a
1= W e >
= TSy e c o
= LI rwe8 8 8
—m _°xc o & =
: ; o]
= %o & § 3
= T i |oger < g 3
= ok N3 =
M. -  |woze a
(= I |wsze
- ™ [ RTE
S1) S P
- .3 EZE
<1 — 2
e R s
18
2
o
- =
g i
5]
~NE g
55 5 S
g 2 s
T <
@
35 @ m
[= R c
o o
(2] £
% =
= <
S p
Zo61
i) f=em 2
St g
b =, |20t c
e 2
1z ]
- | oo 5
E A e =
W W m m £
E S oy M
o = YT m = )
& 17 losa o 3
o D s g
wrn o
- 'y w ZEL .m
5 o and® el bem =
Ca2+. . coupted 10" R [ mon il
-pump (2A); [ i founct ]
= &
0 s

Extended Data Fig. 2 | See next page for caption.
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Extended DataFig. 2| Tree of P-type ATPases and amino acids related to
catalysis and structural architecture that are highly conserved across the
P-type ATPase family. a, In the tree, the clades are labeled and colored as per
their known or predicted transport substrates. The P-type ATPase subclass is
provided in brackets next to the aforestated label. All the major clades with
IQtree bootstrap sport of 90% or higher are marked with afilled circle. Branches
of special representatives, namely MgtA, MgtB, SERCA and SPCA1 are separately
labeled and indicated with bold branches. The tree is based on amultiple
sequence alignment of representatives of the major clades of P-type ATPase,
whichisin figshare. b, Sequence logos showing conservation of amino acid
residues involved in ATP hydrolysis and structural architecture conserved among

entire family of P-type ATPases (indicated by black dashed boxes in Extended
DataFig.1). Letters represent amino acid abbreviations and height represents
the probability of conservation in the P-type ATPase family. As in Extended Data
Fig.1, gray circles denote residues present at the dimer interface, red circles
denoteresidues involved in ATP hydrolysis, green circles denote residues near
Mg?"in the transmembrane domain, and black circles denote residues near Mg**
in the cytoplasmic domain in our dimeric structures, as annotated in Figs. 2-4.
Gray, red, green and black arrows, respectively, indicate residues located at the
dimer interface, involved in ATP hydrolysis, surrounding the transmembrane or
cytoplasmic Mg, which were mutated in subsequent experiments.
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Extended DataFig. 3 | See next page for caption.

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

Article

https://doi.org/10.1038/s41594-025-01593-7

Extended Data Fig. 3 | Purification of MgtA and ATPase activity of purified
protein. a, Solubilization of membranes expressing MgtA or MgtAS with
detergents of varying strengths show differences in native proteininteractions
when analyzed by Native-PAGE and Western blot analysis. Membranes from
cells overexpressing MgtA or MgtAS were solubilized with the detergents LMNG
(L), DDM (D), or GDN (G) before Native-PAGE and Western blot analysis using
o-FLAG antibodies against tagged MgtS (left two panels; middle panelis alonger

exposure of the left panel) or a-His, antibodies against tagged MgtA (right panel).

b, Purification of MgtA results in two distinct MW protein complexes. SEC profile
(left) of MgtA used to solve the dimer and monomer structures of MgtA in Fig. 1.
Fractions were analyzed by SDS-PAGE (middle) and Native-PAGE gels (right). V
indicates the void volume of the SEC column. Fractions that were used to solve
the structure are referred to as pooled. ¢, Dimeric MgtA can be separated from

monomeric MgtA. SEC profile (left) of MgtA used to solve the nucleotide-bound
dimer structures of MgtA in Fig. 3 and Supplementary Fig. 3 and 5. Fractions were
analyzed by SDS-PAGE (middle) and Native-PAGE gels (right). Fraction 18 which
possessed predominantly dimer species was used for structural analysis. d, SDS-
PAGE gel showing purity of purified WT and D373N mutant proteins assayed in
f.e, ATPase activity of WT MgtA in GDN in the presence of 0.5 or 5 mM MgCl, and
with and without the addition of cardiolipin. f, ATPase activity of WT and D373N
mutant MgtA in GDN in different concentrations of MgCl, between 0.5 to 20 mM.
For eandf, protein was purified in 0.5 mM MgCl, and assays were supplemented
with theindicated concentrations of MgCl,. Assays were performed with 6.25 ug
MgtA and 2 mM ATP at 37° C. Free phosphate was quantified using molybdate/
malachite green-based assays (see methods). Data are shown for duplicate
experiments with mean. Separate preparations of WT MgtA were assays for e and f.
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Extended Data Fig. 4 | Quality of cryo-EM dimer map for key structural each structural element is shown in stick representation, the atoms are colored
features. Cryo-EM map and atomic model of the TM segments (1-10), soluble by heteroatom within the cryo-EM map and the corresponding map features are
domains (A, P,N), N-terminus, and Mg?" ions colored as in Fig. 1. Atomic model of represented in gray mesh.
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Extended DataFig. 5| Experimental support of transmembrane borders and
lipid distribution. a, Side views of cryo-EM maps at different thresholds showing
extradensities in orange corresponding to the detergent micelle, detergent
molecules, or potential copurified lipids near the transmembrane region.
b, Side view of MgtA simulated in a native lipid environment displayed in surface
representation colored by electrostatic potential (UCSF Chimera coloring varies
fromred [-10 kcal/mol/e] to blue [+10 kcal/mol/e] with distance-dependent
dielectric constant 4, distance from surface 1.4). Phospholipids corresponding
to phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin
are colored tan, yellow, and green, respectively. ¢, Arginine and lysine residues
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membrane borders highlighted in blue spheres. e, Voronoi decomposition of
lipid centers-of-geometry in the cytoplasmic leaflet initially (initial) and at the
end of the simulation (final). Yellow and green are anionic PG and cardiolipin
lipids, respectively. At right, average enrichment or depletion of lipids based
onsolvation shell as assigned by Voronoi decomposition averaged over the
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simulation with mean and standard deviation (error bars) for each solvation shell.

o
-
[

Nature Structural & Molecular Biology


http://www.nature.com/nsmb

https://doi.org/10.1038/s41594-025-01593-7

RMSD (A)

>12

T™5 ™7
(701-721)  (769-791)

N subdomain (375-548)

P subdomain (352-374/549-686) J A domain (37-87/155-278)

Extended Data Fig. 6 | More splayed conformation of monomeric MgtA
structure relative to the dimer with major changes in TM1-4, N and A domains.
a, Dimeric structure with two subunits in two different gray tones and Mg ions
as green spheres. b, Monomeric structure colored as in Fig. 1. ¢-d, To visualize
structural changes the colored monomer and a single dimer subunitin gray were
superimposed (c) and RMSD was calculated (d). The monomer structure is shown
colored by RMSD indicating the largest differences when comparing the two

structures by high RMSD valuesin red. e-f, Structural differences between the
dimer (gray) and monomer (purple) for TM1-2 (e) and TM3-4 (f). The monomer
colored according to RMSD is on the right with densities in mesh indicating
the fit. g, Monomer density features and fitted model of TM5 and TM7 near
ion-bindingsite A in the middle of the membrane which is similar to the dimer
structures. h-j, Differences in position in the overall conformation between the
soluble domains of the dimer (gray) and monomer (colored).
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Extended Data Fig. 7 | Stability of Mg>' binding in simulation and conservation
ofkey Mg*-binding residues. a, Adaptive-biasing MD simulations perturbing
Mg? from the three binding sites and K* from site A. Simulated barriers are
similar for Mg?* at each site at 13-15 kcal/mol, with K* much weaker. Data are for
independent simulations (n = 3) with mean (colored solid line) and standard
deviation (shaded band) indicated. b, Sequence logos displaying conservation

of amino acids in different members of the P-type ATPase transporters. Letters

represent amino acid abbreviations; the height of each letter represents the
relative probability of conservation among members of the P-type ATPase family.
Logos correspond to the Mg TM binding site A to illustrate residues conserved
in the MgtA clade (top) compared to the Ca* clade (bottom). The sequence logos
arealso highlighted in the reduced multisequence alignment in Extended Data
Fig. 1. Green circles denote residues near Mg?* in the transmembrane domain.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Water accessibility in the TM domain of MgtA. Figures
are arranged such that rows correspond with overlapping 1.5 nanometer

thick cuts spaced every 1 nanometer. The left columnis the side view from

the simulation, while the middle column is from the top-down starting on

the periplasmic side of the transporter. For the simulation, waters (including
hydrogens) are shown in sphere representation. At right is the corresponding

top-down view of the MgtA dimer from cryo-EM, with resolved water molecules
shown asred spheres. The protein ribbon model is shown opaque through the cut
of the simulation, while outside of the cut waters are not shown, and the protein

is transparent. The transmembrane Mg?**is a green sphere and residues E331and
D780 are shownin stick representation.
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Extended Data Fig. 9| See next page for caption.
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Extended Data Fig. 9| Extended N-terminus cannot be predicted by
AlphaFold, conceals negative patches but does not affect ATPase activity.

a, Alignment showing extended N-terminus presentin MgtA, H*-pumps, H'/K"-
ATPases and Na'/K*-ATPases but not Ca®-pump SERCA. The sequence alignment
of E. coliMgtA (EcMgtA), Plant Pma2, Fungal Pmal, ATP4A (H/K" transporter)
from pig and human, ATP1A1 (Na*/K* transporter) from pig and human, and
SERCA (ATP2A1) from rabbit and human was generated using Clustal Omega.
Domains are colored and named according to Fig. 1. Amore complete alignment
canbe foundin figshare. b, AlphaFold models of Fungal Pmal, SeMgtB and
EcMgtA. AlphaFold’s low confidence score for the N-terminal tails predicts them
to be disordered. ¢, RMSD calculated between the AlphaFold model and asingle
subunit of the dimeric MgtA structure to visualize differences. d, Front and side
view of the surface representation of the electrostatic potential displayed for WT
and the deletion of the N-terminus (A1-36). Side view is rotated 90°. e, Native-

PAGE gel of SEC fractions 1-6 following Superose 6 fractionation of A1-31in 5 mM
MgCl,.Bolded fractions 2 and 5 were used in the ATPase assay. f, ATPase activity
of dimer and monomer fractions with either 5 mM or 20 mM MgCl,. Assays

were performed with 6.25 pg MgtA and 2 mM ATP at 37° C and free phosphate
was quantified using molybdate/malachite green-based assays (see methods).
Data are shown for duplicate experiments with mean. g, Levels of MgtA are
reduced by mutations of the N-terminus, to either eliminate the N-terminus

or mutate residues conserved in the Mgt family and suggested to play arole in
membrane sensing”. Cells were grown uninduced (- IPTG) overnight at37°Cin LB
supplemented with100 mM MgSO, and normalized in lysis buffer before western
blot analysis with polyclonal anti-MgtA antibodies. Non-specific bands, also
observed with just the vector control, are detected with the native antibody for
the low levels of MgtA assayed here. Ponceau S-stained membrane (right) serves
asaloading control.
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Extended Data Fig. 10 | Predicted and documented interactions of small
proteins with P-type ATPase proteins. a, Dimer cryo-EM structure of E. coli
MgtA from this study with E. coli MgtS binding predicted by AlphaFold Multimer
beta. b, Models of £. coli MgtA monomer and £. coli MgtS and S. enterica MgtA
and S. enterica MgtS, MgtU and MgtR predicted by AlphaFold Multimer beta.

ATP1A1 E. coli
Na*/K* transporter KdpABC
+ FXYD2 subunit + KdpF
(PDB 4HQJ) (PDB 5MRW)

¢, Selected structures of indicated P-type ATPases solved with small a-helical
proteins: SERCAla + phospholamban (PLN)*, SERCAla + sarcolipin (SLN)?,
ATP1A1+FXYD2 subunit®®, and KdpABC + KdpF**. P-type ATPases are in gray with
small proteininred.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender n/a

Reporting on race, ethnicity, or n/a
other socially relevant

groupings

Population characteristics n/a
Recruitment n/a
Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For in vivo growth and viability, we performed distinct biological duplicate measurements. Biological replicates are defined as two separate
transformants colonies. The data are highly reproducible with little variability from across the entire study. Results are described in the proper
qualitative manner. ATPase measurements were performed with distinct replicates as defined as two replicates of measured reagents and
reactions. Separate purifications across different weeks have consistent results. These sample sizes are appropriate due to the high
reproducibility of measurements and complementary but distinct experimental validations.

Data exclusions  No data were removed from analyses.

Replication All experiments were independently repeated during the duration of the study with all attempts at replication being successful (performed at
least twice).

Randomization  No randomization of samples was used in our study because single-particle cryo-EM analysis is based on randomly distributed single particle
subsets. All additional data are supported by multiple lines of complementary but independent experiments to eliminate experimental bias.

Blinding Investigators were not blinded to this study as no subjective allocation was involved. The investigators performed all experiments with no bias
with openly eager anticipation for any resulting outcomes.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

>
Q
Q
(e
=
)
§o;
o)
=
o
=
_
D)
§o)
o)
=
S
Q
wv
(e
=
S}
QD
<L

£zoz |udy




Materials & experimental systems

Methods
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Plants

Antibodies

Antibodies used We used polyclonal MgtA antibody derived from rabbits that were created by LabCorp. The Monoclonal anti-FLAG M2-peroxidase
(HRP) antibody produce in mouse is from MilliporeSigma, catalog number A8592. The Penta His HRP conjugated antibody is from
Qiagen, catalog number 34460.The polyclonal goat anti-Rabbit IgG secondary antibody conjugated to HRP is from ThermoFisher
Scientific, catalog number 32460.
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Validation We validated our primary MgtA antibody at 1:2,500 dilution against a wt and deletion background to confirm that the correct MgtA
band is assigned to our protein of interest. Monoclonal anti-FLAG M2-peroxidase (HRP) antibody produce in mouse has a minimum
detection of FLAG-Fusion protein (N-BAP) when using 1:100 dilution of conjugate Dot Blot. detection of FLAG-Fusion protein (N-BAP)
when using 1:1,000 dilution of conjugate Immunocytochemistry. Anti-Rabbit secondary antibodies are affinity-purified antibodies
with well-characterized specificity for rabbit immunoglobulins and are useful in the detection, sorting or purification of its specified
target. Pentahis HRP conjugate kit from Qiagen used at 1:1,000. Anti-His HRP. Conjugate Kits consist of the QlAexpress Anti-His
Antibodies chemically coupled to the reporter enzyme horseradish peroxidase (HRP). They can be used for highly specific and
sensitive, direct detection of any recombinant protein that has an accessible His tag.

Plants

Seed stocks n/a

Novel plant genotypes  n/a

Authentication n/a
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