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Abstract (171 words)

CBS-pair domain divalent metal cation transport mediators (CNNMs) are a
broadly conserved family of integral membrane proteins with close to 90,000 protein
sequences known. CNNM proteins are associated with Mg?* transport but it is not known
if they mediate transport themselves or regulate other transporters. Here, we determined
the crystal structure of an archacal CNNM protein with Mg?*-ATP bound. The structure
reveals a novel transmembrane fold for the DUF21 domain, the largest family of domains
of unknown function. The protein has a negatively charged cavity that penetrates halfway
through the membrane suggesting it functions as a cation transporter. The cytosolic
portion of the protein is comprised of highly charged four-helix bundle and a CBS-pair
domain. HDX-MS experiments, molecular dynamics, and additional crystal structures
show that the cytosolic domains undergo large conformational changes upon nucleotide
binding suggesting a mechanism of regulation shared between human and bacterial
orthologs. The molecular characterization of CNNM proteins has profound implications
for understanding their biological functions in human diseases, including cancer, and in

animals, bacteria and plants.
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Introduction

CNNMs (CBS-pair domain divalent cation transport mediators) are a conserved
family of integral membrane proteins implicated in Mg?* homeostasis and divalent cation
transport (Funato and Miki, 2019; Wang et al., 2003). Also known as ancient conserved
domain proteins (ACDPs), they are found in all species from bacteria, yeast, plants and
animals (Fig. 1a). Although they have been genetically associated with Mg?" transport,
their biochemical function is disputed. Some researchers claim they are Mg?* transporters
while other believe they act as sensors (Arjona and de Baaij, 2018; Funato et al., 2018).
In humans, mutations in CNNM proteins are linked to two genetic diseases: dominant
CNNM?2 mutations cause hypomagnesemia (Arjona et al., 2014; Stuiver et al., 2011)
while recessive mutations in CNNM4 are associated with Jalili syndrome
(Daneshmandpour et al., 2019). CNNMs are also implicated in cancer through binding of
PRLs, highly oncogenic protein phosphatases involved in metastasis (Funato et al., 2014;
Hardy et al., 2015). PRL binding inhibits CNNM-associated Mg?" efflux and is in turn is
regulated by magnesium levels (Gulerez et al., 2016; Hirata et al., 2014; Kozlov et al.,
2020). In bacteria and yeast, mutations in CNNMs confer resistance to toxic metals and
sensitivity to elevated levels of Mg?".

Structurally, CNNMs are defined by a conserved core consisting of a
transmembrane domain and a cytosolic cystathionine-f-synthase (CBS)-pair domain (Fig.
1b). The transmembrane domain constitutes the largest family of protein domains of
unknown function (DUF21) in the Pfam database (EI-Gebali et al., 2019). The Interpro
database lists 87,000 known and predicted CNNM proteins (Blum et al., 2021). Outside

of the core, eukaryotic and prokaryotic CNNMs diverge. Eukaryotes have an
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extracellular domain and cytosolic C-terminal cyclic-nucleotide binding homology
(CNBH) domains. Prokaryotes lack the extracellular domain and have a distinct C-
terminal domain, CorC.

CBS-pair domains are composed of tandem CBS motifs and found in a wide
variety of proteins, including the bacterial Mg?* transporter MgtE, where they mediate
dimerization and Mg?*-ATP binding (Ereno-Orbea et al., 2013). The CBS-pair domains
of CNNMs have been characterized structurally and shown to undergo large
conformational changes upon Mg**-ATP binding (Chen et al., 2020; Corral-Rodriguez et
al., 2014). The domains are the site of PRL binding that regulates the activity of CNNM
proteins in humans (Gulerez et al., 2016; Kozlov et al., 2020).

Here, we determined the crystal structure of an archaeal CNNM in the presence
and absence of Mg?*-ATP. The structure reveals the protein acts to transport cations with
a highly acidic cavity and multiple regulatory cation binding sites. The cytosolic domains
undergo large conformational changes upon nucleotide binding suggesting a shared
mechanism of regulation from human to bacterial orthologs. The demonstration that
CNNMs are directly involved in Mg?* transport is of primary importance for

understanding their biological function in cancer and Mg?* homeostasis.


https://doi.org/10.1101/2021.02.11.430706
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.11.430706; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Results
Domain architecture

We screened CNNM orthologs and identified the protein from the archaeon
Methanoculleus thermophilus (MtCNNM) as the most promising candidate for structural
studies (Fig. S1). The full-length protein did not yield suitable crystals but deletion of an
internal loop and the C-terminal CorC domain (MtCNNMACaie0p) allowed determination
of structure of the transmembrane and regulatory cytoplasmic domain (Fig. S2a, Table
S1). MtCNNMACaloop forms a homodimer with each protomer consisting of three distinct
regions: a transmembrane domain (TMD), an acidic helical bundle (AHB), and a CBS-
pair domain (Fig. 1c-d). The TMD and AHB are unique with no similarity to known
structures.

Although MtCNNM is present as a dimer, it does not show C2 symmetry (Fig.
S3). The individual TMD, AHB and CBS-pair domains form symmetric dimers, but their
arrangement is not. Overlaying the TMD of two polypeptide chains reveals asymmetry in
the positions of the cytosolic domains, primarily due to differences in the linker between
the TMD and AHB. This suggests the interface between the transmembrane and cytosolic

domains is dynamic and may play a role in regulation of transporter activity.

Structure reveals MCNNM is a cation transporter

The TMD is a dimer with each chain composed of three transmembrane helices
(TM1-3), a pair of short helices exposed on the intracellular side, and a juxtamembrane
helix (JM) that forms a belt-like structure (Fig. 2a). The TMD forms a large, negatively

charged cavity in the membrane with a bound Na" ion (Fig. 2b). Dimerization is
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predominantly formed by hydrophobic contacts of TM2 and TM3 of each protomer
which also form the walls of the inward facing cavity (Fig. 2a). The cavity has a
maximum diameter of approximately 10 A and is lined with conserved polar and acidic
residues (Fig. 2c). Additional negative charge is present on the outer surface. Well-
defined electron density is observed in the cavity, which was identified as Na* based on
the interatomic distances and valance screening analysis (Zheng et al., 2014) (Fig. 2d).
The Na* is coordinated by hydroxyl groups of Ser21, Ser25, and Ser71; carboxyl group
of Glul11; and the main-chain carbonyl groups of Ser21 and Gly110. Residues
contributing to ion interactions are strongly conserved across species, suggesting these
are conserved features of the channel (Fig. S4).

A second conserved feature is a m-helical turn in TM3 that forms a bulge in the
helix and contributes to Na* binding (Fig. 2¢ & S2a). The residues surrounding the
helical turn are highly conserved with Glul11 and Prol14 completely invariant from
archaea to humans (Fig. 2f). Glul11 points toward the negative cavity and is involved in
coordination of the Na* ion, whereas Prol14 acts as a helix-breaker to allow the shift in
hydrogen-bonding in the n-helical turn.

We used an in vivo complementation assay with MpfA (SA0657), a CNNM
ortholog in Staphylococcus aureus, to assess the functional importance of residues in the
TMD. MpfA is 27% identical to MtCNNM and required for growth of S. aureus in the
presence of high concentrations of Mg?* (Armitano et al., 2016; Trachsel et al., 2019). In
the complementation assay, growth of a AMpfA strain is rescued with a plasmid
expressing wild-type MpfA (Fig. 2g & S5). Mutation of MpfA residues equivalent to

Thr72, Ser75, Glul11, Prol14 and Lys115 of MtCNNM fully restored growth, while
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Glu28 partially restored growth, and Ser21 blocked rescue. This last mutation
corresponds to the human CNNM2 mutation (S269W) identified in patients with

hypomagnesemia (Arjona et al., 2014).

Lipid binding interface

The re-entrant JM helix following TM3 wraps around TM1 and TM2 like a belt
and interacts with hydrophobic residues in the protein and phospholipid headgroups in
the membrane. The helix is rich in aromatic residues and amphipathic. We observed
electron density for ten UDM molecules surrounding the JM helix (Fig. 3a-b). A helix-
turn-helix motif (a1 & a2) connects TM1 and TM2 and interacts with the JM helix
through hydrophobic contacts. The solvent-exposed portions contain several basic
residues, which may be involved in binding phospholipid headgroups. Supporting this,
strong density was observed in this region and assigned as a sulfate molecule due to its

presence in the crystallization buffer (Fig. S2b).

Acidic helical bundle

An unexpected feature of the MtCNNM structure is the existence of the four-helix
AHB domain following the TMD (Fig. 3c). The linker between the juxtamembrane helix
and AHB differs in the two protomers. It is extended and partially disordered in one and
coiled in the other. The AHB itself is a symmetric dimer composed of two helices from
each protomer and highly negatively charged. Thirteen of the 31 residues are acidic with
three stretches of three or more consecutive glutamic acids. These likely bind Mg?* and,

indeed, we observed density around Glu169, that could be modelled as a hydrated Mg?*
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ion (Fig. 3d). The bound Mg*" is anchored by carboxylate groups of three acidic residues
(Asp61, Glul62, and Glul69) and by the backbone carbonyl atoms of Pro163 and
Vall64. The Mg?*-O bond distances are between 3.1 A and 5.1 A, which is consistent
with a hydrated Mg?* ion.

The negative charge of the AHB is well conserved across evolution with the
exception of yeast and roundworms (Fig. 3f). At least two invariant glutamate residues
are present in all bacterial homologs, including the Mg?*-binding Glu169. To assess the
importance of these, we turned again to the S. aureus complementation assay. Mutation
of E185A in MpfA, which corresponds to loss of MtCNNM Glul69, was unable to
support growth whereas mutations S182A and E203A in the MpfA AHB were able to

complement the chromosomal MpfA deletion (Fig. 3g & S5).

Structural basis of Mg?>*-ATP binding by the CBS-pair domain

We crystallized the isolated MtCNNM CBS-pair to visualize the detailed
interactions of Mg?*-ATP binding at higher resolution (Fig. 3e; Table S1). As observed in
the structure with the TMD and AHB domains, two molecules of Mg**-ATP are bound to
the central cavity of the CBS-pair dimer. The adenine bases are sandwiched between
Phe233 and Ile311 in a hydrophobic pocket comprising Met298, Phe237, 1le236, Val212,
and Val213. The ATP ribose forms hydrogen bonds with the side chains of Thr207,
Asp316, and Thr313. The phosphate groups are stabilized with Arg235 and Ser234 with
the bound Mg?* coordinated in an octahedral arrangement with three phosphates and

three water molecules.
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We tested the functional importance of these contacts in MpfA with a focus on
mutations found in human diseases. Arg235 corresponds to the R407L mutation in
CNNM4 that causes Jalili syndrome (Parveen et al., 2019) and Thr313 corresponds to
T5681 in CNNM2 that causes a dominant form of hypomagnesemia (Stuiver et al., 2011).
Testing the mutations in MpfA demonstrated the importance of Arg235 but not Thr313
for rescue of the Mg?*-dependent growth defect (Fig. 3g & S5).

Measurements of the affinity of adenosine nucleotides by isothermal titration
calorimetry (ITC) showed MtCNNMAC has the highest affinity for ATP, followed by
ADP and AMP (Fig. 3h & S6a). While addition of Mg?* has a relatively large effect on
binding of ATP to the isolated CBS-pair domain in human CNNMs (Chen et al., 2020;
Hirata et al., 2014), the effect was more muted with MtCNNM. In presence of Mg?*, the
affinity for ATP was increased three-fold with MtCNNMAC and ten-fold with the
isolated MtCNNMcgs domain (Fig. S6b).

We used analytical ultracentrifugation (AUC) to characterize the effect of ATP
binding on MtCNNM. As observed for human CNNMs, dimerization of the CBS-pair
domain was tightly coupled with Mg?*-ATP binding. While the MtCNNMcgs in the
absence of ATP sedimented as a monomer, addition of adenine nucleotides triggered
dimerization (Fig. 3i & S7). Addition of Mg?" alone had no effect on the sedimentation of
MtCNNMCcss.

We turned to hydrogen-deuterium exchange mass spectrometry (HDX-MS) to
detect conformational changes in full-length MtCNNM upon ATP binding and deletion
of the CorC domain. MtCNNM and MtCNNMAC were reconstituted into nanodiscs and

hydrogen exchange monitored in the presence and absence of Mg?*-ATP (Fig. S8a).


https://doi.org/10.1101/2021.02.11.430706
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.11.430706; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

While peptide coverage of the hydrophobic TMD was limited, coverage of the cytosolic
domains was excellent and revealed large conformational changes. Addition of Mg?'-
ATP significantly reduced exchange in the CBS-pair domain dimerization interface and
ATP-binding site (Fig. 3j & S8b-c). Similar changes were observed with both the full-
length and truncated protein, which is consistent with the absence of a role of C-terminal
domain in Mg?*-ATP binding. This is different from human CNNMs where the C-
terminal CNBH domain promotes CBS-pair domain dimerization and Mg?*-ATP binding.
Comparison of full-length and truncated MtCNNM showed changes in the second CBS
motif of the CBS-pair domain, suggesting that this is the primary site of interaction of the

CorC domain.

Conformational changes in MtCNNM upon loss of Mg?*-ATP binding

Further insight into the conformation in the absence of bound ATP came from the
crystal structure of an MtCNNMAC mutant that is unable to bind ATP (Fig. 4a, Table
S1). The R235L mutant shows major rearrangements in the structure of the cytosolic
domains with dissociation of the AHB and CBS-pair dimers and generation of a novel
domain-domain contacts (Fig. 4b). In agreement with the AUC results, loss of ATP
binding disrupted dimerization of the CBS-pair domain. Release of this interface allows
the negatively charged helices of AHB to bind to the CBS-pair domain ATP-binding site,
dramatically changing the interface between the TMD and cytosolic domains (Fig. 4c).
The arrangement of AHB helices and CBS-pair domain is symmetric with about 10% of
the solvent surface (~835 A?) of each protomer buried in the interface. Dimerization is

primarily driven by contacts between the AHB helices and CBS2 motif (Fig. 4d). The

10
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CBS-pair domains from both structures are very similar with differences limited to the
AHB helices (Fig. 4e). The R235L mutation is not directly involved in contacts between
the domains and appears to act simply through the disruption of nucleotide binding.
Despite the large change in the cytosolic domains, the structure of the TMD was
unaffected by the loss of Mg?*-ATP; the backbone atom RMSD between the two
structures is 0.65 A (Fig. 4). The negatively charged cavity is present in the R235L
structure and fully accessible to ions on the cytosolic side. One consequence of the
conformational change in the cytosolic domains is that the linkers following the TMD no
longer come together to join the four-helical AHB. This might constrain the TMD from
adopting an open conformation to allow ions access from the extracellular side. The
ATP-less structure is more symmetric overall than the Mg?*-ATP structure but there are
still differences between the protomers. In one, an exposed helix from the TMD binds the

CBS2 motif while the other chain has no direct contact.

Molecular modeling of MtCNNM

We used molecular modeling to improve our understanding of mutations in
human (HsCNNM) proteins that cause diseases. Previous attempts to predict the structure
of HsSCNNM2 were confounded by the hydrophobicity of the HSCNNM2 JM helix (de
Baaij et al., 2012) (Fig. S9a). Using the Mg?*-ATP bound structure of MtCNNM, we
generated a homology model of HSCNNM2, which showed good geometry and allowed
the positions of the helices in the TMD domains to be reliably positioned (Fig. 5a & S9).
The main differences lie in the length of linkers connecting the TM helices. The

HsCNNM2 model reproduced the nt-helix in TM3, the Na* ion binding site, and the
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presence buried polar residues (e.g. Thr331, Asp335, and Ser 348), supporting the
importance of these features for CNNM function (Fig. 5b).

We used the model to understand the molecular basis for human disease
mutations (Fig. 5c¢). Four missense mutations in HSCNNM?2 are responsible for
hypomagnesemia. T5681 in the CBS-pair domain prevents ATP binding and Mg?*
transport (Chen et al., 2020; Hirata et al., 2014). In the TMD, S269W and L330F both
likely disrupt TM helix packing and E357K is a charge reversal mutation located on the
surface of the negatively charged cavity. While the MpfA mutant equivalent to E357K
was active in S. aureus, the mutant corresponding to S269W was not (Fig. 2g). The high
degree of sequence conservation (60% identity) between HsSCNNM?2 and HsCNNM4 also
allowed us to use the model to interpret HSCNNM4 mutations that cause Jalili syndrome.
Of particular interest are mutations that occur in the TMD. S196P and S200Y both map
to the negatively charged cavity (Fig. 5¢c). HSCNNM4 S196P affects the same residue as
CNNM2 S269W, confirming the importance of this position for function. R236Q, S245L,
and L324P are located at the inner surface of the membrane, in TM3, and the
juxtamembrane helix, respectively.

We next used molecular dynamics simulations to study asymmetry and
conformational changes in the MtCNNM structure with Mg?*-ATP. As expected from the
asymmetry in the structure, the interface between the TMD and cytosolic domains was
flexible and large movements were observed (Video S1). At the end of the simulation, the
conformations of the two protomers were essentially switched while the individual

domains all retained their symmetry.
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Targeted molecular dynamics was used to gain insight into the conformational
changes in the TMD required for ion transport (Video S2). Pulling a Na* through the
TMD in 10 ns simulation generated a possible outward-facing conformation (Fig. 5d).
The conserved residues Glul0, Ser80 and The83, which are buried in the membrane in
the inward-facing conformation, become solvent exposed and available for ion binding.
The conservation of the m-helix and buried polar residues suggest that the mechanism of

ion transport is conserved across all CNNM family members.

13


https://doi.org/10.1101/2021.02.11.430706
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.11.430706; this version posted February 11, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Discussion

Mg?* is the most abundant divalent cation inside cells and essential for a wide
variety of biochemical and enzymatic reactions (de Baaij et al., 2015). Despite this, our
structural knowledge of Mg?* ion transporter is limited to three proteins: MgtE, CorA,
and TRPM?7 (Duan et al., 2018; Eshaghi et al., 2006; Hattori et al., 2007; Lunin et al.,
2006; Payandeh and Pai, 2006). The structure of MtCNNM defines a new class of Mg?*
transporter, highly conserved, and present in all organisms.

CNNMs had previously been suggested to be too small function in ion transport
due to the small number of predicted TM helices (Arjona and de Baaij, 2018). CorA is a
pentamer with a total of 10 TM helices, MgtE is a dimer with 10, and TRPM7 has 24.
Our structure shows that 6 helices suffice to form a large cavity with ion binding sites
deep within the membrane. The structure clearly demonstrates CNNMs are ion
transporters rather than regulators of other proteins.

The specificity of the archaeal MtCNNM is unknown. The majority of studies of
CNNM proteins have suggested that they transport Mg?* ions. In S. aureus, MpfA likely
functions to export Mg?* as deletion mutants are unable to grow in the presence of high
concentrations of Mg?* (Armitano et al., 2016; Trachsel et al., 2019). Disruption of the
homologous gene in Bacillus subtilis leads to increased cellular Mg?* content, again
supporting a role in Mg?" efflux (Akanuma et al., 2014). In Salmonella enterica, a
CNNM ortholog is required for reducing cytoplasmic concentration of the diamines,
cadaverine and putrescine (Iwadate et al., 2021). In yeast, deletion of the CNNM
ortholog, Mam3, confers resistance to high levels of manganese, cobalt and zinc (Yang et

al., 2005). This could be an indirect, protective effect of elevated cytosolic Mg?* levels;

14
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the Co?" and Mn?* resistance of CNNM mutants has been reported in multiple bacterial
species including S. aureus (Armitano et al., 2016; Gibson et al., 1991; Pi et al., 2020).

Studies of the mammalian CNNMs have demonstrated an essential role in Mg?*
homeostasis. CNNM2 is essential in mice while loss of CNNM4 leads to male infertility
and susceptibility to cancer (Funato et al., 2014; Yamazaki et al., 2019; Yamazaki et al.,
2016). CNNM proteins act as tumor suppressors by depressing Mg?*-dependent energy
metabolism and AMPK/mTOR signaling (Funato et al., 2014). CNNM2 and CNNM4 are
abundant in the basolateral membranes of kidney and colon epithelial cells, where
renal/intestinal (re)absorption of Mg?* occurs (Stuiver et al., 2011; Yamazaki et al.,
2013). Cellular studies have suggested that mammalian CNNMs act as a Na*/Mg?*
antiporters (Funato et al., 2014; Hirata et al., 2014; Yamazaki et al., 2013). Our
observation of bound Mg?" and Na* ions in the MtCNNM structure is consistent with
Na*/Mg?>" exchange driven transport. How this occurs is unknown, but one possibility is a
rocker-switch mechanism with alternating access for ion binding on the two sides of the
membrane (Fig. 5e).

The crystal structure of R235L MtCNNM provides insight into the regulatory
function of the cytosolic domains. In humans, mutations that prevent Mg?*-ATP binding
cause Jalili syndrome, hypomagnesemia, and block Mg?* efflux in cellular assays (Chen
et al., 2020). An analogous mutation, R251L, in S. aureus MpfA blocks protection
against high concentrations of Mg?* (Fig. 3g). Structurally, the loss of Mg?*-ATP binding
disrupts dimerization of both the CBS-pair and AHB domains. The acidic residues in the
AHB are reminiscent of the acidic patches in the cytosolic domains of CorA and MgtE

that are involved in Mg?* sensing and regulation of channel activity (Payandeh et al.,
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2013). Disruption of the AHB dimer could play a regulatory role through the loss of Mg?*
binding sites. Although not directly involved in Mg?*-ATP binding, the domains that
follow the CBS-pair domains are also required for CNNM function. In human CNNM4,
deletion of the CNBH domain decreases nucleotide binding and Mg?* transport in cells
likely due to a loss of CBS-pair dimerization (Chen et al., 2018). Deletion of the S.
aureus MpfA CorC domain similarly blocks protection against Mg?* (Fig. S5).

In animals, PRL phosphatases provide an additional level of regulation. PRL
binding to CNNMs is regulated by PRL phosphorylation in response to Mg?* levels
(Gulerez et al., 2016; Kozlov et al., 2020). PRLs are highly oncogenic and promote
cancer metastasis through their suppression of CNNM proteins (Funato et al., 2014;
Yamazaki et al., 2019). The structures of a CNNM protein in both an active and inactive
conformation provides a framework for understanding human CNNMs and the

development of therapeutic approaches for regulating their activity.
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Methods
Construction of phylogenetic tree

Amino acid sequences of various CNNM orthologs were aligned using MUSCLE
(Edgar, 2004). The phylogenetic tree was generated using neighbor-joining method and
bootstrapping of 1,000 replications in MEGAX (Version 10.1.8) (Kumar et al., 2018).
The CNNM orthologs and their UniProt accession numbers are: cnnm?2a (Danio rerio;
A2ATXT), CNNM2 (Homo sapiens; QIHEMS), CNNM4 (Homo sapiens; Q6P4Q7),
CNNM4 (Xenopus tropicalis; AOJPAQ), CNNMI1 (Homo sapiens; QINRU3), CNNM3
(Homo sapiens; Q8NEO1), UEX (Drosophila melanogaster; AOAOB7P9GO0), cnnm-1
(Caenorhabditis elegans; A3QM97), MAM3 (Saccharomyces cerevisiae; Q12296),
CBSDUFI1 (4rabidopsis thaliana; Q67XQ0), CBSDUFCHI1 (4rabidopsis thaliana;
QI9LK65), MtCNNM (Methanoculleus thermophilus; AOA1G8XA46), CorB (Salmonella
typhimurium; Q8XFY?3), yfjD (Escherichia coli; P37908), MpfA (Staphylococcus

aureus; AOAOH3JL60), and yhdP (Bacillus subtilis; O07585).

Cloning of prokaryotic CNNMs

Codon-optimized cDNA of 20 prokaryotic CNNM orthologs were synthesized
(Bio Basic Inc., Markham, Canada) and sub-cloned into Ncol and Xhol sites of pCGFP-
BC vector(Kawate and Gouaux, 2006) with a C-terminal GFP-His8-tag for small-scale
expression and detergent screening. Promising orthologs were subcloned into Ndel and
Xhol sites of pET29a vector (Millipore Sigma) with a C-terminal His6-tag for large-scale
expression and crystallization experiments. Constructs for Methanoculleus thermophilus

CNNM (UniProt entry AOA1G8XA46): MtCNNM (residues 1-426), MtCNNMAC
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(residues 1-322), MtCNNMACaloop (residues 1-322 A259-262), and MtCNNMAC
R235L. For constructs lacking TMD, MtCNNMcas:+corc (residues 199-417),
MtCNNMCcss (residues 199-322), and MtCNNMcorc (residues 333-417) were subcloned
into BamHI and Xhol sites of pGEX-6P-1 vector (GE Healthcare) with an N-terminal

GST-tag.

Small-scale expression and detergent screening of prokaryotic CNNMs

Prokaryotic CNNMs cloned in pCGFP-BC were transformed into E. coli strain
C41 (DE3). Cells were grown in Luria Broth (LB) at 37°C to an optical density of 0.6
and induced with 1 mM IPTG for 4 hours at 30°C. Cell pellet was obtained by
centrifuging at 5,000 g for 10 min. The pellet was re-suspended in lysis buffer (50 mM
HEPES, 500 mM NaCl, 5% glycerol, pH 7.5) supplemented with cOmplete™ protease
inhibitor cocktail (Roche) and split into 6 fractions. Lysis was performed using a 24-
probe sonicator. Each fraction was solubilized with a different detergent (DDM; LMNG;
OGNG; LDAO; C12E9; OG) to final concentration of 1%, then purified by IMAC in the
same detergent (3x CMC). Elutions were analyzed by SDS-PAGE and size-exclusion
chromatography on SEPAX Zenic-C SEC-300 connected to fluorescence detector (Ex
480 nm/ Em 510 nm) in buffer (50 mM HEPES pH 7.5, 150 mM NacCl, 0.5 mM TCEP,

3x CMC of detergent).

Expression and purification of MtCNNM and MtCNNMAC

Constructs were transformed into E. coli strain C41 (DE3). Cells were grown in

Luria Broth (LB) at 37°C to an optical density of 0.6 and induced with 0.5 mM IPTG
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overnight at 18°C. Cell pellet was obtained by centrifuging at 5,000 g for 20 min. The
pellet was re-suspended in lysis buffer (50 mM HEPES, 500 mM NaCl, 5% glycerol, pH
7.5) supplemented with cOmplete™ protease inhibitor cocktail (Roche), 10 pg/mL
DNAse I, 1 mM CaCls, 0.1 mg/mL lysozyme. Cells were lysed by passing through
Avestin Emulsiflex-C3 homogenizer (10,000 — 15,000 p. s.i.). Cellular debris were
removed by centrifugation at 27,000 g for 10 min at 4°C (this step is omitted for full-
length MtCNNM). Membranes were pelleted by ultracentrifugation at 150,000 g for 1
hour at 4°C. The membrane fraction was collected, flash frozen in liquid nitrogen, and
stored at -80°C for later use. The membrane fraction after thawing was solubilized in
lysis buffer supplemented with 1% DDM for 1 hour at 4°C on a rotator, then
ultracentrifuged at 150,000 g for 30 min at 4°C. The supernatant was loaded onto Qiagen
Ni-NTA resin by batch binding, and incubated with gentle shaking for 1 hour at 4°C. The
resin was then washed with wash buffer (50 mM HEPES, 500 mM NacCl, 5% glycerol, 30
mM imidazole, pH 7.5) containing 0.03% DDM or 0.05% UDM and eluted with elution
buffer (50 mM HEPES, 500 mM NaCl, 5% glycerol, 300 mM imidazole, pH 7.5)
containing 0.03% DDM or 0.05% UDM. The affinity-purified protein was further
purified by size exclusion chromatography on a Hil.oad 16/600 Superdex 200 pg column
(GE Healthcare) in HPLC buffer (20 mM HEPES, 150 mM NaCl, pH 7.5) containing
0.03% DDM or 0.05% UDM. The final purified proteins were concentrated using 50 kDa
(MtCNNMAC) or 100 kDa (MtCNNM) cutoff concentrators (Amicon Ultra, Millipore),
flash frozen in liquid nitrogen, and stored at -80°C for later use. The protein
concentration is determined spectrophotometrically using Nanodrop, and purity is

verified by SDS-PAGE.
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Expression and purification of MtCNNM constructs lacking TMD

Constructs were transformed into E. coli strain BL21 (DE3). Cells were grown in
Luria Broth (LB) at 37°C to an optical density of 0.8 and induced with 1 mM IPTG
overnight at 20°C. Cell pellet was obtained by centrifuging at 5,000 g for 20 min. The
pellet was re-suspended in lysis buffer (50 mM HEPES, 500 mM NaCl, 5% glycerol, pH
7.5) supplemented with cOmplete™ protease inhibitor cocktail (Roche), 10 pg/mL
DNAse I, 1 mM CaCl,, and 0.1 mg/mL lysozyme. Cells were lysed by sonication.
Cellular debris were removed by centrifugation at 44,000 g for 45 min at 4°C. The
supernatant was loaded onto Glutathione Sepharose resin (GE Healthcare), washed with
lysis buffer and eluted with lysis buffer containing 20 mM glutathione. The GST-tag was
removed by overnight incubation with PreScission Protease, leaving an N-terminal Gly-
Pro-Leu-Gly-Ser extension. The protein was further purified by size exclusion
chromatography on a HiLoad 16/600 Superdex 75 pg column (GE Healthcare) in HPLC
buffer (20 mM HEPES, 100 mM NacCl, pH 7.5). The protein was diluted to 5 uM,
dialyzed overnight in dialysis buffer (20 mM HEPES, 100 mM NaCl, 5 mM EDTA, pH
7.5), and re-injected onto Superdex-75 to remove bound nucleotides. The final purified
protein was concentrated to around 10 mg/mL (measured by NanoDrop), and the purity

verified by SDS-PAGE.

Crystallization
Crystals of MtCNNMCcgs co-crystallized with 5 mM ATP were obtained by

equilibrating 0.4 pL of protein (20.8 mg/mL MtCNNMAC purified in 0.03% DDM) and
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0.4 pL of reservoir solution (0.1 M MOPS, pH 7.0; 9% PEG 8000; 20 mM MgCl,) in
sitting-drop vapor diffusion system incubated at 22°C. Rod-like crystals appeared after 2
weeks. The crystal was cryo-protected with reservoir solution supplemented with 5 mM
ATP and 30% ethylene glycol, picked up in a nylon loop, and flash-cooled in a N; cold
stream.

Crystals of MtCNNMACaio0p co-crystallized with 5 mM ATP were obtained by
equilibrating 1 uL of protein (19.5 mg/mL MtCNNMACaioop purified in 0.05% UDM)
and 1 pL of reservoir solution (0.1 M sodium citrate, pH 5.5; 0.1 M Li,SO4; 0.1 M NaCl;
20 mM MgClz; 34% PEG400; 10 mM Na;HPOs) in hanging-drop vapor diffusion system
incubated at 22°C. Petal-like crystals appear after 1 week. The crystal was directly picked
up in a nylon loop and flash-cooled in a N> cold stream.

Crystals of MtCNNMAC R235L were obtained by equilibrating 1 pL of protein
(4.6 mg/mL MtCNNMAC R235L purified in HPLC buffer containing 20 mM HEPES,
500 mM NacCl, 0.05% UDM, pH 7.5) and 1 pL of reservoir solution (0.1 M sodium
citrate, pH 5.5; 0.1 M Li2SO4; 13.5% PEG4000) in hanging-drop vapor diffusion system
incubated at 22°C. Rod-like crystals appear after 1 day. The crystal was cryo-protected
with reservoir solution supplemented with 20% glycerol, picked up in a nylon loop, and

flash-cooled in a N> cold stream.

Data collection and structure determination
The MtCNNM_cgs dataset from a single crystal was collected using a Pilatus3 6M
detector at beamline 5.0.2 of Advanced Light Source (ALS). Data processing and scaling

were performed with HKL-2000 (Otwinowski and Minor, 1997) with auto-corrections
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enabled. Initial phases were obtained by molecular replacement with Phaser (McCoy et
al., 2007) in PHENIX (Adams et al., 2010) using CBS-pair domain structure of CorC
(PDB: 5YZ2) (Feng et al., 2018). The model was subsequently improved through
iterative cycles of manual building with Coot (Emsley et al., 2010) and refinement with
phenix.refine (Afonine et al., 2012). TLS parameters were included at later stages of the
refinement (Painter and Merritt, 2006).

The MtCNNMACai00p dataset from a single crystal was collected using a Pilatus3
6M detector at beamline 08ID-1 of the Canadian Macromolecular Crystallography
Facility (CMCEF) of the Canadian Light Source (CLS). The dataset showed anisotropic
diffraction up to 3.25 A. Data processing and scaling were performed with HKL-2000
(Otwinowski and Minor, 1997) with auto-corrections enabled, in which ellipsoid
truncation was performed automatically. Resolution cut-off is based on CCi12 = 0.3
(Karplus and Diederichs, 2015). Resolution limits after ellipsoid truncation were a*= 4.07
A, b*=3.71 A and c* = 3.25 A. Initial phases for the CBS-pair domain were obtained by
molecular replacement with Phaser (McCoy et al., 2007) in PHENIX (Adams et al.,
2010) using MtCNNMcps structure (determined in this study). Then AutoBuild
(Terwilliger et al., 2008) was used to build in the missing domains (TMD and AHB). The
model was then improved through iterative cycles of manual building with Coot (Emsley
et al., 2010) and refinement with phenix.refine (Afonine et al., 2012). TLS parameters
were included at later stages of the refinement (Painter and Merritt, 2006).

The MtCNNMAC R235L dataset from a single crystal was collected using
Pilatus3 6M detector at beamline 5.0.2 of Advanced Light Source (ALS). The dataset was

processed with DIALS (Winter et al., 2018) and scaled with Aimless (Evans and
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Murshudov, 2013). Initial phases were obtained by molecular replacement with Phaser
(McCoy et al., 2007) in PHENIX (Adams et al., 2010) using the CBS-pair and TMD
structures (determined in this study). The model was subsequently improved through
iterative cycles of manual building with Coot (Emsley et al., 2010) and refinement with
phenix.refine (Afonine et al., 2012).

The final structures were validated with MolProbity (Chen et al., 2010).
Crystallographic data collection and structure refinement statistics are shown in Table S1.
Structural images were prepared with PyMOL, Version 2.3.4 (Schrédinger LLC, New
York). Electrostatic surface potentials were calculated using the APBS plugin within

PyMOL (Jurrus et al., 2018).

In vivo complementation assays of various MpfA mutants in Staphylococcus aureus

Various point mutants of mpfA were cloned on a multicopy plasmid (pCN47
based) under the control of a xylose inducible promoter (Charpentier et al., 2004; Tu
Quoc et al., 2007). All mutated alleles were obtained by fusion PCR and cloned between
restrictions sites Sphl and Ascl.

The functionality of the alleles was assessed by testing their ability to complement
the magnesium sensitivity of an Staphylococcus aureus AmpfA strain (PR01-36)
(Armitano et al., 2016). Overnight cultures of strains carrying various plasmids were
serially diluted in Mueller Hinton (MH) media and 10 pL of each dilution were spotted
onto MH plates containing media (MH 211443, BD Biosciences, Allschwil, Switzerland)
supplemented with 10 mg/L uracil, 10 mg/L erythromycin, 13 g/L of agar and as

necessary, varying concentrations of MgCl, and xylose. Plates were incubated for 20
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hours at 37°C. Only relevant dilutions (10 to 10°) are shown in figures. All experiments
include three controls: WT strain (PRO1) carrying an empty vector, AmpfA strain
carrying an empty vector, and AmpfA strain carrying a vector containing mpfA G326C

(an inactive allele).

Isothermal titration calorimetry

ITC experiments were performed on a MicroCal VP-ITC titration calorimeter
(Malvern Instruments Ltd) at 20°C with stirring at 310 rpm. TMD-containing constructs
(15 uM final concentration) and ligands were prepared in HPLC buffer containing 0.05%
UDM (£ 50 mM MgCl). Cytosolic constructs (30 uM final concentration) were prepared
in HPLC buffer (= 10 or 50 mM MgCl,). The ligands were injected 19 times (5 pL for
the first injection, 15 pL for subsequent injections), with 4 min intervals between
injections. Results were analyzed using ORIGIN software (MicroCal) and fitted to a

binding model with a single set of identical sites.

Analytical ultracentrifugation

Sedimentation velocity AUC experiments were performed at 20°C using a
Beckman Coulter XL-I Optima analytical ultracentrifuge and an An-60Ti rotor at 98,000
g (35,000 rpm) for 18 hours with scans performed every 60 seconds. A double-sector
cell, equipped with a 12 mm Epon centerpiece and sapphire windows, was loaded with
380 and 400 pL of sample and HPLC buffer. MtCNNMcgs (100 uM) with various
ligands were monitored using interference optics. The data were analyzed with Sedfit

v1501b (Schuck, 2000) using a continuous c(s) distribution. Numerical values for the
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solvent density, viscosity, and partial specific volume were determined using Sednterp
(Laue et al., 1992). Buffer density and viscosity were calculated to be 1.0039 g/cm? and
0.01026 mPa-s, respectively (20 mM HEPES, 100 mM NaCl, pH 7.5). Partial specific
volumes for MtCNNMcgs was calculated to be 0.7464 cm?/g. The frictional ratio (f/fo)
value for MtCNNMcgs was calculated using US-SOMO (Brookes et al., 2010) to be 1.26.

Residual and c(s) distribution graphs were plotted using GUSSI (Brautigam, 2015).

Production and purification of MSP1D1

pMSPID1 was a gift from S. Sligar (Addgene plasmid 20061). MSP1D1
production was carried out according to published protocols (Ritchie et al., 2009). In
brief, E. coli BL21 (DE3) cells transformed with pMSP1D1 were grown in LB at 37°C to
an optical density of 0.8 and induced with 1 mM IPTG for 4 hours at 30°C. MSP1D1 was
purified by nickel affinity chromatography according to standard conditions described in
(Ritchie et al., 2009). The polyhistidine tag was removed by overnight incubation with
TEV protease and further purified by Superdex-75 size-exclusion column (GE

Healthcare) in HPLC buffer (20 mM HEPES, 150 mM NaCl, pH 7.5)

Reconstitution into nanodisc

MtCNNM and MSP1D1 were mixed with soybean polar extract (Avanti)
solubilized in 40 mM DDM at a MtCNNM:MSP1D1:lipid molar ratio of 2:10:550 in
HPLC buffer. Detergent was removed by incubation with Bio-Beads (Bio-Rad SM-2
Resin) at 4°C overnight with constant rotation. Bio-beads were removed via filtration and

the reconstitution mixture was re-loaded onto Qiagen Ni-NTA resin to remove empty
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nanodiscs. The resin was washed with wash buffer (20 mM HEPES, 200 mM NacCl, 20
mM imidazole, pH 7.5) and eluted with wash buffer with 300 mM imidazole. The eluted
protein was further purified by size exclusion chromatography on a Superdex 200
Increase 10/300 GL column (GE Healthcare) in HPLC buffer (20 mM HEPES, 150 mM

NaCl, pH 7.5).

Hydrogen deuterium exchange mass spectrometry

HDX-MS reactions were performed in a similar manner as described previously
(Jenkins et al., 2018; Lucic et al., 2018). In brief, HDX reactions for MtCNNM and
MtCNNMAC were conducted in a final reaction volume of 10 pL with a molar quantity
of 20 pmol of MtCNNM and MtCNNMAC. The reaction was started by the addition of
9.0 uL of D20 buffer (100 mM NaCl, 20 mM HEPES pH 7.5, 94% D,O (V/V)) to 1.0 uL
of protein solution (final D>O concentration of 84.9%). The reaction proceeded for 3, 30,
300, or 3000 s at 20°C, before being quenched with ice cold acidic quench buffer,
resulting in a final concentration of 0.6 M guanidine-HCl and 0.9% formic acid post
quench. All conditions and timepoints were created and run in triplicate. Samples were
flash frozen immediately after quenching and stored at -80°C until injected onto the ultra-
performance liquid chromatography (UPLC) system for proteolytic cleavage, peptide
separation, and injection onto a QTOF for mass analysis, described below.

Protein samples were rapidly thawed and injected onto a UPLC system kept in a
Peltier driven cold box at 2°C (LEAP). The protein was run over two immobilized pepsin
columns (Trajan; ProDx Protease column PDX.PP01-F32) and the peptides were

collected onto a VanGuard Precolumn trap (Waters). The trap was eluted in line with an
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ACQUITY 1.7 um particle, 100 x 1 mm? C18 UPLC column (Waters), using a gradient
of 5%-36% B (Buffer A 0.1% formic acid, Buffer B 100% acetonitrile) over 16 min. MS
experiments were performed on an Impact HD QTOF (Bruker) and peptide identification
was done by running tandem MS (MS/MS) experiments run in data-dependent
acquisition mode. The resulting MS/MS datasets were analyzed using PEAKS7 (PEAKS)
and a false discovery rate was set at 1% using a database of purified proteins and known
contaminants. HDExaminer Software (Sierra Analytics) was used to automatically
calculate the level of deuterium incorporation into each peptide. All peptides were
manually inspected for correct charge state and presence of overlapping peptides.
Deuteration levels were calculated using the centroid of the experimental isotope clusters.
Differences in exchange in a peptide were considered significant if they met three of the
following criteria: > 5% change in exchange, > 0.4 Da mass difference in exchange, a p-

value < 0.01 using a two-tailed Student’s t-test, and change spanned by multiple peptides.

Homology modeling of human CNNM2

The homology model of human CNNM2 was constructed with MODELLER
Version 9.25 (Webb and Sali, 2016) using MtCNNMAC structure as the template. The
sequence alignment was performed using Clustal Omega (Madeira et al., 2019). The
model was evaluated using PROCHECK (Laskowski et al., 1993). Conservation coloring

was done with ProtSkin (http://www.mcgnmr.mcgill.ca/ProtSkin/).

Molecular dynamics simulation
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MtCNNMAC structure was used as the starting model for MD simulations. The
transporter was embedded in a bilayer of 3POPC:1POPG lipids and solvated in 150 mM
NaCl (neutral with 277 Na* and 139" Cl ions) using the web service CHARMM-GUI (Jo
et al., 2008; Wu et al., 2014). Most residues were assigned their standard protonation
state at pH 7. The total number of atoms in the atomic model is on the order of 200,000.
The all-atom CHARMM force field PARAMS36 for protein (Best et al., 2012; MacKerell
et al., 1998; MacKerell et al., 2004), lipids (Klauda et al., 2010), and ions (Beglov and
Roux, 1994) was used. Explicit water was represented with the TIP3P model (Jorgensen
et al., 1983). The model was refined using energy minimization for at least 2,000 steps.
All the simulations were performed under NPT (constant number of particle N, pressure
P, and temperature T) conditions at 303 K and 1 atm, and periodic boundary conditions
with electrostatic interactions were treated by the particle mesh Ewald method (Darden et
al., 1993) and a real-space cutoff of 12 A. The simulations use a time step of 2 fs, with
bond distances involving hydrogen atoms fixed using the SHAKE algorithm (Ryckaert et
al., 1977). After minimization, positional restraints on all of the Ca atoms were gradually
released after which a trajectory of 500 ns was generated using NAMD version 2.11

(Phillips et al., 2005).

Targeted molecular dynamics simulation

For preparing the target (open) model, the interface helices of MtCNNMAC were
pulled upward around the region of Glul11, causing the TMD to open. All forces were
then removed and the whole system was equilibrated for ~ 8 ns. For the targeted MD

simulation, the MtCNNMAC structure was used as the starting model. During the
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simulation, forces were applied on the backbone of the transmembrane helices with a
force constant 200 kcal-mol!-A2 for a period of 10 ns. This decreases the RMSD value

linearly to reach the final target conformation.

Data availability
Atomic coordinates and structure factors for MtCNNMcgs with Mg?*-ATP, MtCNNMAC
with Mg?*-ATP, and MtCNNMAC R235L mutant have been deposited to the Protein

Data Bank (www.rcsb.org) under accession numbers 7LJ6, 7LJ7, and 7LJ8, respectively.
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Figure 1. Crystal structure of MtCNNMAC bound to Mg?*-ATP. a, Phylogenetic
analysis of CNNM orthologs generated using neighbor-joining method. b, Domain
organization of eukaryotic and prokaryotic CNNMs. TMD, transmembrane domain;
AHB, acidic helical bundle; CNBH, cyclic nucleotide-binding homology domain; CorC,
cobalt resistance C domain. ¢, Crystal structure of MtCNNM without the C-terminal
CorC domain as a homodimer. One chain is colored by domains. d, Topology of a
MtCNNM monomer showing the transmembrane and juxtamembrane helices of the TMD
(residues 1-154, cyan), the two helices of the AHB (residues 166-199, yellow), the Mg?*-
ATP-binding CBS-pair (residues 200-324, green), and the CorC domain (residues 325-

426, grey).
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Figure 2. TM domain has negatively charged cavity on intracellular side. a, TM

domain homodimerizes with interface formed by TM2 and TM3 of each protomer. b,

Electrostatic surface potential representation (+5 kT ') of MtCNNM TM domain of

cross-sectional (/eft) and intracellular (right) views of the acidic cavity. ¢, Close-up view

of the residues forming the acidic cavity. d, A sodium ion (Na") bound in the cavity with

Fo-F¢ omit map contoured at 4.0 c. e, m-helical turn preceding Prol114 in TM3. f,

Conservation of residues in the m-helix turn from archaea to humans. g, Mutational

analysis of MpfA, a CNNM ortholog in S. aureus. TI9W, corresponding to mutation of

S21 in MtCNNM, blocked complementation of a chromosomal deletion (AMpfA) and

growth on plates with 140 mM MgCl..
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Figure 3. Juxtamembrane helix and conformational change in cytosolic domains. a-
b, UDM detergent molecules bound by the juxtamembrane helix and 2F,-F. map
contoured at 1.0 ¢. ¢, Conservation of acidic residues in the AHB domain. d, Hydrated
magnesium bound between TMD and AHB and Fo-F. omit map contoured at 3 c. e,
Structural basis of Mg?*-ATP binding. Mg?* ions and water molecules are shown in
magenta and red, respectively. The Mg?*-ATP F,-F. omit map was contoured at 3.0 c. f,
Sequence conservation of conserved glutamates in the AHB. g, Mutational analysis of
MpfA in S. aureus. Mutation of a glutamate in the AHB and the CBS-pair domain
arginine involved in ATP binding blocked growth. h, Affinities of MtCNNMAC to
adenosine nucleotides with and without 50 mM Mg?" measured by ITC. i, Dimerization
of the MtCNNM CBS-pair domain in the presence of 1 mM adenosine nucleotides as
measured by SV-AUC experiments. j, Conformational change in the MtCNNMAC in the
presence and absence of Mg?*-ATP measured by HDX-MS. Regions that showed

significant decreases in exchange (defined as >5%, 0.3 kDa, and a Student’s #-test
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p<0.01) in the presence of Mg?"-ATP are colored blue. Peptides in the CBS-pair domain

dimerization interface show the most protection from deuterium exchange upon Mg?*-

ATP binding.
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Figure 4. Apo conformation of MtCNNMAC captured by R235L mutant. a, Overall
structure of MtCNNMAC R235L mutant. b, Contact surface between TMD and CBS-pair
domain. ¢, AHB binds to CBS-pair domain and competes for Mg?*-ATP site. d, Large
conformational change in the AHB and CBS-pair domains upon Mg?*-ATP binding. e,

Structural comparison of apo and ATP-bound conformations.
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Figure 5. Molecular modeling. a, Homology model of human CNNM2 (HsCNNM?2)
color-coded according to identity to CNNMs shown in Fig. S4. The HSCNNM2 domains
are 26% identical to MtCNNM. Conservation is highest around the Na* binding site in
the TMD, negatively charged cavity and the CBS-pair dimerization interface. b,
Electrostatic surface potential representation (+5 kT e!) of HSCNNM TMD in cross-
sectional (fop) and intracellular (bottom) views. ¢, Mutations in CNNM2 and CNNM4
responsible for hypomagnesemia and Jalili syndrome cluster around the core of the TMD
and nucleotide-binding site. For clarity, mutations are only shown on one chain. d,
Outward-facing conformation generated by MD simulations. e, Proposed model of

MtCNNM transport and regulation.
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