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Abstract

Recent studies suggest CNNM2 (cyclin M2) to be part of the long-sought basolateral Mg2*
extruder at the renal distal convoluted tubule, or its regulator. In the present study, we explore
structural features and ligand-binding capacities of the Bateman module of CNNM2 (residues
429-584), an intracellular domain structurally equivalent to the region involved in Mg?* handling
by the bacterial Mg?* transporter MgtE, and AMP binding by the Mg2* efflux protein CorC.
Additionally, we studied the structural impact of the pathogenic mutation T568I located in this
region. Our crystal structures reveal that nucleotides such as AMP, ADP or ATP bind at only one
of the two cavities present in CNNM2429-584 Mg2* favours ATP binding by alleviating the
otherwise negative charge repulsion existing between acidic residues and the polyphosphate group
of ATP. In crystals CNNM2429-584 forms parallel dimers, commonly referred to as CBS
(cystathionine B- synthase) modules. Interestingly, nucleotide binding triggers a conformational
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change in the CBS module from a twisted towards a flat disc-like structure that mostly affects the
structural elements connecting the Bateman module with the transmembrane region. We
furthermore show that the T5681 mutation, which causes dominant hypomagnesaemia, mimics the
structural effect induced by nucleotide binding. The results of the present study suggest that the
T5681 mutation exerts its pathogenic effect in humans by constraining the conformational
equilibrium of the CBS module of CNNM2, which becomes ‘locked’ in its flat form.

Keywords
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INTRODUCTION

Magnesium (Mg2*), the most abundant divalent cation in cells, is essential for life and has a
crucial function in many biological processes such as ATP consumption, nucleic acid
synthesis, enzyme function and neuronal transmission [1,2]. Mg2* is unique among divalent
cations in that it has the smallest ionic radius and the largest hydrated radius, thus requiring
the action of specialized proteins known as Mg2* transporters to be shuffled into and out of
cells and intracellular organelles by mechanisms that differ from those used by other ions
[3-11]. Dysfunction of Mg2* handling is linked to different pathologies including
osteoporosis, diabetes, hypertension, neurological disorders and immunodeficiency [12,13].
To avoid the severe consequences of Mg?* deficiency, the body possesses a specialized
system that keeps Mg2* serum levels within narrow limits. The gross absorption of Mg2*
takes place in the intestinal epithelia, and is complemented by a reabsorption in the kidney.
There, 60-70% of the Mg2* dissolved in the pre-urine is reabsorbed paracellularly in the
TAL (thick ascending limb of the loop of Henle), whereas fine-tuning of serum Mg?* levels
occurs via active transcellular Mg2* reabsorption at the DCT (distal convoluted tubule) of
the nephron. In the DCT epithelium, Mg2* is transported from the pre-urine side by the
apical TRPM6 and TRPM7 (TRPM is transient receptor potential melastatin) channels,
through the cytosol, and secreted via an as yet unidentified basolateral extrusion machinery
to the blood side [14].

Interestingly, mutations in CNNMZ2 (cyclin M2) cause familial dominant hypomagnesaemia
[MIM613882] [15], a human disorder characterized by renal Mg2* wasting that may lead to
symptoms of Mg2* depletion such as tetany, seizures and cardiac arrhythmias [16]. The data
showed a predominant basolateral CNNM2 expression of cyclin M2 (CNNM2) in the DCT
[16,17] suggesting that CNNM2 could be (part of) the Mg?* extruder or, alternatively,
regulate it. On the other hand, mutations in CANNM4, the closest homologue of CNNMZ,
have clinical consequences that are limited to retinal function and biomineralization, and are
considered the cause of autosomal-recessive CRD (cone-rod dystrophy) with amelogenesis
imperfecta [MIM217080] [18,19]. In support of a role for CNNM2 in the basolateral
extrusion of Mg2*, a study by Yamazaki et al. [20] demonstrated that its homologue
CNNM4 is responsible for the extrusion of Mg2* by intestinal epithelial cells. CNNM4
apparently meets this need by exchanging Mg2* with Na* without energy input.
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CNNM2 and CNNM4 belong to the cyclin M family (CNNMs), also referred to as ACDPs
(ancient conserved domain proteins), a poorly studied family of putative Mg2* transporters
in mammals [3,14,21]. In humans, CNNMs are encoded by four genes, CNNMI-CNNM4
[3,22], and are evolutionarily expressed throughout development and in all adult tissues
except for CNNM1, which is mainly expressed in the brain [16,22,23].

All CNNMs show very strong homology with the bacterial CorC and yeast Mam3p proteins
that are involved in Mg2* efflux, and Co?* resistance and Mn2* toxicity respectively [24,25].

Structurally, CNNMs are multidomain proteins that contain an extracellular N-terminal
domain preceding a DUF21 transmembrane domain of unknown function (Pfam code
PF01595) and a ‘Bateman module’ that includes a tandem of interleaved CBS (cystathionine
B-synthase) motifs, CBS1/2 [22,26-28] (Figure 1). The structural difference between CorC
and CNNM proteins lies in their C-terminal motifs. While CorC presents a HlyC domain
involved in binding divalent cations (PDB codes 2R8D, 2P4P, 2PLI and 2PLS), CNNMs
contain a cNMP (cyclic nucleotide monophosphate)-like binding domain (Pfam code
PF00027) similar to that observed in some ion channels and cNMP-dependent kinases [29]
(Figure 1). At present, the function of the Bateman module of CNNM2 remains unknown.
However, taking into account that the equivalent region in CorC is involved in AMP binding
and Mg?2* concentration sensing by the bacterial transporter MgtE [30-32], it is not
unreasonable to assume that this Bateman module might similarly represent a region for
interaction with metal ions and/or nucleotides in CNNMs.

Alternative to its function as a Mg?* transporter [3,11,21-23,33], recent findings suggest
that CNNM2 might act as a sensor for Mg2* that indirectly regulates other Mg2* transporters
[16]. However, no direct evidence for CNNMZ2 interaction with metal ions (an obligate
requirement for Mg2* sensing and/or transport) and/or small molecules has been
demonstrated to date, and the information is limited to biocomputational modelling [17].

With the aim to gain insight into the molecular mechanisms by which CNNM2 regulates
Mg?2* homoeostasis, we have recently initiated a structural study to explore the ligand-
binding capacity and conformational space of human CNNMZ2 and its closest homologue
CNNM4 [34,35]. In the present paper we describe the crystal structure of the Bateman
module of CNNM2 (residues 429-584), from which we derive a putative molecular
mechanism by which nucleotide binding, involving Mg2* ions, modulates the activity of this
protein. We furthermore analyse the crystal structure of the T5681 mutant that was shown to
cause familial dominant hypomagnesaemia [16,17].

EXPERIMENTAL

Cloning, mutagenesis and purification
The CNNM2429-584 and T5681_CNNM2429-584 proteins were obtained following the
protocol described in [35] with some modifications. The T568]_CNNM2429-584 mytant was
generated with the QuikChange® mutagenesis kit (Stratagene), using the pET101D plasmid
as a template. The primers used to introduce the mutation were 5.
TGAAGTTCTGGGAATTGTCATCTTGGAAGATGTGATTGAAG-3 and 5 -
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CTTCAATCACATCTTCCAAGATGACAATTCCCAGAACTTCA-3 . The plasmids
obtained were transformed into Escherichia coli strain BL21-Codon Plus (Stratagene) for
overexpression of 15N-labelled CNNM2429-584 for NMR analysis. The procedure was
slightly modified with respect to that used for the WT (wild-type) protein according to the
protocol of Marley et al. [36]. After growth at 37°C in LB medium containing 0.1 mg/ml
ampicillin to a Dggg of 0.6, the culture was concentrated 3-fold in M9 medium with 1°NH,CI
and 0.2% glucose for 15N-labelled His— CNNM2429-584 The cultures were equilibrated at
20°C for 30 min before overnight induction with 0.5 mM IPTG. Cells were lysed by
sonication in 25 mM Hepes (pH 7.4), 0.4 M NaCl, 20 mM imidazole, 1 M 2-
mercaptoethanol, 0.1 mM PMSF, 1 mM benzamidine and 2.5 pg/ml DNase. After
centrifugation at 35000 g for 30 min, the extract was immediately subjected to affinity
chromatography on a 1 ml HisTrap FF crude (GE Healthcare) column pre-equilibrated in the
same buffer without DNase. Samples were eluted with 25 mM Hepes (pH 7.4), 0.4 M NaCl,
500 mM imidazole, 1 M 2-mercaptoethanol, 0.1 mM PMSF and 1 mM benzamidine. The
eluted single peak was then subjected to gel-filtration chromatography (HiLoad 16/60
Superdex-75; GE Healthcare) equilibrated in 150 mM Hepes (pH 7.4), 100 mM NaCl, 1 mM
2-mercaptoethanol, 0.2% NaN3, 1 mM benzamidine and 0.1 mM PMSF. Use of the
metalloprotease inhibitor EDTA was avoided in order to preclude Mg2* chelation in the
titration experiments with Mg2*. The resulting fractions with the target proteins were
concentrated in an Amicon-15 centrifugal filter device (Millipore) to a final concentration of
30 mg/ml (~1 mM).

Crystal structure determination

The native CNNM2429-584 protein was purified and crystallized as described in [35].
Crystals of nucleotide-bound CNNM242%-584 were obtained by co-crystallization with the
corresponding nucleotides (AMP, ADP and ATP, with/without addition of 5 mM MgCly).
Nucleotides were added to the crystallization drop at a final concentration of 10 mM,
resulting in an approximate 1:10 molar ratio (protein/nucleotide). Crystals of the nucleotide—
CNNM2429-584 complexes were obtained by mixing equal volumes (0.5 4) of the protein
solution and a well solution containing 0.1 M sodium acetate (pH 4.6) and 3.0 M ammonium
acetate. The final pH in the crystallization drop was 6.5. Crystals of the CNNM2423-584
T5681 mutant were obtained in 0.1 M sodium acetate (pH 4.6) and 2.5-2.8 M ammonium
chloride. Refinement statistics and collected data are summarized in Table 1. Diffraction
data were processed with HKL2000 [37]. Initial phases of CNNM2429-584 \were determined
by molecular replacement methods with Phaser [38], using the MJ0100 protein (PDB code
3KPC [39]) as the search model. All models were refined with PHENIX [40] or REFMAC5
[41]. Non-crystallographic symmetry averaging between appropriate regions of the
independent monomers in the asymmetric units was applied. Models were constructed with
Coot [42]. The geometric quality of the models was assessed with MolProbity [43], and
illustrations were prepared with PyMOL (http://www.pymol.org). The corresponding atom
co-ordinates have been deposited in the PDB with access codes 41YS, 4P1G, 41Y0, 4P10
and 41Y4 (Table 1).
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NMR analysis

For the NMR binding experiments we used samples of U-15N isotopically labelled
CNNM2429-584 construct. To avoid bias in the titrations, we changed the conventional PBS
(containing phosphate that might interact with MgZ* or compete with ATP for binding) to 50
mM Hepes. Although 50 mM Hepes was sufficient for the MgCl,, titrations, we increased its
concentration to 150 mM for the titrations with the salts of ATP. To minimize autonomous
ATP hydrolysis and to prevent a pH decrease from ATP hydrolysis, we used ADPNP
(5"adenosyl-p, y -imidodiphosphate) (an enzymatically less-well-hydrolysable analogue of
ATP; Sigma, catalogue number A2647) for the ATP titrations. The protein concentration was
200 M in all experiments. The pH was set to 7.4, and verified at the end points of titration
using a pH electrode. Moreover, the prominent 1H-NMR signals of Hepes (at 3.77, 3.08,
2.91 and 2.85 p.p.m.) allowed for direct and sensitive /n situ monitoring of the pH as their
relative positions (notably, the signal at 2.91 p.p.m.) shift upon even slight pH changes. Thus
the pH did not drop by more than 0.1 throughout the titrations. The samples furthermore
contained 100 mM NaCl, 0.02% NaN3, 1 mM benzamidine and 0.1 mM PMSF to increase
sample stability. All NMR experiments were carried out at 298 K on our 600 MHz Bruker
AVANCE 11 spectrometer. For each titration point (0.1, 0.5, 1.0, 2.5 and 10 mM ATP or
MgCl,), we recorded (i) a 1D H-NMR spectrum (with water suppression by excitation
sculpting) to monitor the pH (on the Hepes signals) and the amount of ATP added, and (ii) a
high-resolution 2D fast 1°N-HSQC (with water suppression by excitation sculpting and
broad-band 1H polarization flip-back) to monitor ligand-induced amide signal changes on
the protein. Residues were considered as ‘perturbed’ by ligand binding, when their NMR
signals experienced a CSP (chemical shift perturbation) larger than the average plus 1 S.D.,
or when their signal in the bound form could not be identified (due to intensity reduction
beyond or to very large CSP).

RESULTS

Taking into account the known capacity of CBS domains to interact with nucleotides and/or
metal ions [27,28,45-48] and former predictions suggesting the putative capacity of the
Bateman module of CNNM2 to bind ATP (or MgATP) [17], we proceeded to analyse the
independent and/or co-operative interaction of CNNM2429-584 wiith these potential ligands.
To that aim we first performed NMR titration experiments with observation of the protein’s
15N-HSQC fingerprint spectrum.

Effect of Mg2* on CNNM2429-584

In the absence of ligands, [U-1°NJCNNM2429-584 (50 /MM in 150 mM Hepes, pH 7.4) shows
a well dispersed 1H-1°N spectrum with at least 126 backbone amide signals (out of 149
possible signals attributable to a unique conformation), indicative of a properly folded
protein. Addition of increasing concentrations (0.5, 1, 2.0 and 2.5 mM) of MgCl5 to
CNNM2429-584 produced barely no discernible spectral changes (three out of 120 well-
resolved signals) (Supplementary Figure S1). The relative signal intensities decreased with
increasing Mg?* concentration, leading (at 2.5 mM MgCly) to attenuation and/or even
complete disappearance of some signals (Figure 2 and Supplementary Figure S1). Signal
attenuation is mostly accompanied by line broadening and/or splitting into numerous
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contiguous signals, attesting to slow exchange between Mg?* -bound and free protein and/or
increased conformational heterogeneity. In contrast, only a few signal intensities appear to
increase. Gradual shifting of some signals (being the more typical and significant indicator
of weak ligand binding) was barely observed (Supplementary Figure S1). Overall, our NMR
titration studies reveal that the Bateman module of CNNM?2 interacts only very weakly with
Mg?*, if added alone, with a K3>10~2 M, and that the addition of Mg?* causes a general
conformational destabilization of CNNM2429-584,

Effect of ATP on CNNM2429-584

Next, we investigated the effect of adding ATP to the protein solution. To minimize
autonomous ATP hydrolysis, we used ADPNP (an enzymatically less-well-hydrolysable
analogue of ATP). ADPNP addition (0.1, 0.5, 1.0, 2.5 and 10 mM) produced more
significant and numerous changes in the 15N-HSQC spectrum of CNNM2429-584 and at a
distinctly lower concentration, than Mg?*. Discernible spectral changes appeared between
0.5 and 2.5 mM ADPNP (eight out of 120 signals, 7%, at 2.5 mM ADPNP; see those
marked with black arrows in Supplementary Figure S2). Again, line broadening upon
ADPNP addition is more prominent and abundant than signal shifting. The strong
attenuation of several signals appears maximal at ~5 mM ADPNP, suggesting a Ky in the
range 1073-1072 M, which is in the range of the intracellular ATP concentration (1-10 mM)
[49]. Still, a substantial number of signals also show distinct gradual signal shifting with
increasing ADPNP concentration to 10 mM (30 out of 120 signals, 25%, at 10 mM ADPNP;
see also Figure 2 and Supplementary Figure S2), corroborating the estimated low Kj. Of
special note, the vast majority of signals affected by ADPNP addition (Figure 2 and
Supplementary Figure S2) are distinct from the few signals affected by Mg2* addition
(Figure 2 and Supplementary Figure S1), suggesting that different (but possibly vicinal)
binding sites are occupied.

Mg?2* -dependent binding of ATP to CNNM2429-584

Addition of increasing concentrations (0.5, 1, 2.0, 2.5 and 10 mM) of MgCl, to the mixture
of CNNM2429-584 12 5 mM ADPNP produced spectral changes in the protein’s 15N-HSQC
fingerprint spectrum that occur at distinctly lower ATP concentration than in the absence of
Mg?2* (Figure 2, and Supplementary Figures S2 and S3). As with Mg2* or with ADPNP
alone, signal line width and intensity are primarily affected (i.e. commonly signal narrowing
with concomitant increase in intensity), but in this case changes in signal frequency are
clearly more abundant, affecting 53 out of 120 well-resolved signals (i.e. 44%) at 2.5 mM
ADPNP + 2.5 mM MgCls, (Figure 2 and Supplementary Figure S3). Neither increasing the
MgCl, concentration above 2.5 mM (i.e. to 10 mM), nor altering the order in which the
ligands were added to the protein solution (Supplementary Figure S4), involved further
structural changes. Yet some spectral changes induced by Mg?* and ADPNP co-addition
make the 15N-HSQC spectrum closely resemble the one obtained in the presence of high
ADPNP concentrations (10 mM) alone (see signals 4C and 4D compared with 4B in Figure
2). Thus Mg?* co-addition appears to reinforce and stabilize the spectral effects of ADPNP
binding by CNNM2429-584 (Eigure 2, and Supplementary Figures S2-S4). This positive co-
operative effect of Mg2* upon ADPNP binding may derive from the cation’s effect of
increasing the protein’s conformational heterogeneity (see above), where some of the newly
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populated conformations would be more favourable for ADPNP binding (i.e. Mg2* binding
would facilitate a conformational selection mechanism for ADPNP binding). Since ADPNP
and Mg?2* binding affect largely different sets of CNNM2429-584 signals, their binding sites
do not (fully) overlap, and Mg2* could therefore be considered an allosteric activator for
ADPNP binding. It is, however, also possible that Mg2* acts through conformational
selection on ADPNP. This confirms previous reports in the literature of weak Mg2* chelating
by adenine, mainly involving the y - and S-phosphate groups, and assisted by the basic N-7
of the purine [50]. Additionally, an elevated concentration of Mg?* ions may neutralize
otherwise repulsive forces between acidic clusters of the protein and the polyphosphate
chain of ATP, thus contributing to stabilize the nucleotide within a concrete protein cavity. In
this regard, we analysed whether a shorter polyphosphate chain in the nucleotide, with
nominally less negative charge than ATP, favours (or not) the protein—ligand interaction. As
shown in Figure 2 and Supplementary Figure S5, addition of increasing concentrations (0,
0.5, 1.0, 2.5 and 5 mM) of AMP to the protein solution indeed revealed changes in the 1°N-
HSQC fingerprint spectrum (20 out of 123 well-resolved signals, 16%) that resemble those
obtained at higher (10 mM) ADPNP concentrations (see signals 1B compared with 1E, or
4B compared with 4E in Figure 2) or, alternatively, obtained by co-addition of ATP and
Mg?2* (see, for instance, signals 2C and 2D compared with 2E, or 4C and 4D compared with
4E in Figure 2). We should note that the addition of Mg2* to the AMP—protein solution did
not involve further structural changes, and that spectral changes induced by AMP occur at
lower concentrations than those triggered by ATP. These results support a positive effect of
Mg?2* in reducing the charge repulsion between the protein and the nucleotide to favour
ligand binding.

Despite the well-known preference of CBS domains to bind adenosine derivatives [46,47],
the weak interaction observed between CNNM2429-584 and ATP, prompted us to check
whether CNNM2429-584 has higher affinity for guanosine derivatives.However, no
discernible changes were observed in the 1°N-HSQC spectrum upon addition of GTP (or
GDP) even when these molecules were added in high excess (up to 10 mM), either in the
absence or in the presence of Mg2* (10 mM MgCl,).

Crystal structure of CNNM2429-584

With the aim to explore the structural basis for the detected interactions, we solved the
crystal structure of WT-CNNM2429-584 i the presence and in the absence of nucleotides
and/or Mg2*.The overall structure show the fold for a Bateman module made up of two
consecutive CBS motifs (CBS1 and CBS2) preceded by flexible linkers (HA and HB) that
comprise residues Lys*4-Cys#56 and Asp96—Leu®22 respectively (Figures 3A and 3B).
CBS1 and CBS2 comprise, approximately, residues Phe>7—Pro®05 and His®23-Lys>78
respectively. Both motifs with SaBBa folds contact each other via their three-stranded -
sheets (where the first two g strands run parallel, the third one antiparallel), and both long
edges of this bilayer interface are suggested nucleotide-binding sites (Figure 3) [46,47].
Furthermore, each N-terminal helix of the flexible linker (HA or HB) forms an integral part
of the other CBS motif by antiparallel packing between its C-terminal g-strand (53 or 56)
and a-helix (H4), such that both CBS motifs form a nested overall structure with pseudo-C,
symmetry. Despite low internal sequence homology, both CBS motifs structurally differ only
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in that the same secondary structure elements are less well defined and extended in CBSL.
Thus the S-sheet in CBS1 is smaller, the N-terminal helix HA is shorter and adopts a
stretched 319 conformation, and H2, also a 31 helix, is split into two sections by an
extended bend. Our CNNM2429-584 construct also comprises the native N-terminal
extension (Leu32—Thr443) that connects to the preceding DUF21 transmembrane domain
and forms an a-helix (HO) which packs against helices H3 and H4 of CBS2 and is orientated
towards the transmembrane region (Figure 3). As described below, the orientation of this
helix can vary which, together with a concomitant shift of helix H4, represents the major
structural change observed in the protein monomer. An extensive network of direct or water-
mediated hydrogen-bond interactions involving residues Thr479, Arg#80, His520, His544,
Thr68, GIu570 and Asp®"L, together with a salt bridge between Arg*8® (N-terminus of strand
2) and Glu®"0 (first turn in helix H4) strengthens the interaction between both CBS motifs,
and plays a crucial role in maintaining their relative orientation in the Bateman module.

Nucleotide binding occurs at site S2 of the Bateman module

The structure of CNNM2429-584 features two major cavities (S1 and S2) at opposite ends of
the central B-sheets (Figure 3), which are equivalent to the canonical clefts that usually
accommodate nucleotides in other CBS domain proteins [39,45-48]. These cavities are
formed by three structural blocks: (i) residues from the linker regions preceding the first g
strand (B1/p4) of each CBS domain, (ii) residues from the second g-strand (52//5), and (iii)
residues located at the third strands (86/43) of each S-sheet and the first two turns of the
following helices (H4/H2,) (Figure 3). On the basis of our current structural knowledge of
CBS domains, both clefts in CNNM2429-584 may potentially host a nucleotide. Site S1
shows a hydrophobic cage (residues 11e491, Leu494, Phe96, His®20, |eu®22, His®*4, Leu®43,
Ala®¥6 and 11e347) to accommodate the adenine ring, a conserved aspartate residue (Asp*9°)
for interaction with ribose, and several positively charged residues (Arg#80, Lys*98 and
His®*4) plus a threonine residue (Thr479) for stabilizing a phosphate moiety (Supplementary
Figure S6). On the opposite side of the Bateman module, S2 likewise features a hydrophobic
environment (Phe?>7, Met4°8, Tyr478 11e481 Leu®45, 11566 and Val®67), a conserved
aspartate residue (Asp°’1) and a threonine residue (Thr>8), but an acidic cluster (GIu®7°,
Asp®’ and Glu>"4) on a-helix H4 (Figure 4). In principle, charge repulsion between this
acidic cluster and the nucleotide’s phosphate moieties should disfavour nucleotide binding.
The negative charge may, however, be neutralized or even inverted by (i) local cation
binding, (ii) the positive dipole end of helix H4, and (iii) the nearby Arg#80 that forms a salt
bridge with Glu>0 (Figure 4). Indeed, co-crystallization of CNNM2429-584 with metal ions
and/or nucleotides (AMP, ADP and ATP) never yielded ligand binding at site S1
(Supplementary Figure S6); instead, all obtained holo structures contained nucleotide bound
only at site S2 (Figure 4). Preference for S2 may be due to better accessibility granted by the
HAZ1-p1 connecting loop, as opposed to the analogous HB-B4 connecting loop that partially
occludes the S1 cavity (Figure 3 and Supplementary Figure S6). Moreover, steric hindrance
by residues Phe?% and Lys#98 (which occupy positions equivalent to Thr®®8 and GIu®70 in
S2) maycontribute to impaired nucleotide binding at S1 (Supplementary Figure S6). The apo
structure shows that Thr568 at site S2, at the C-terminus of strand 46 in the CBS2 motif, is at
the centre of an extensive network of direct or water-mediated hydrogen-bond interactions
involving Thr#51, Thr479, GIu®70 and Asp®’1, and helps to orientate Glu®7 in forming a salt
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link with Arg#80, located at the opposite side of the crevice (Figure 4). Nucleotide binding of
AMP, ADP or ATP at S2 disrupts the Glu570—Arg#80 salt bridge and the network of
interactions centred on Thr®68, and induces a relative shift of both CBS motifs that results in
an expansion of the Bateman module. The nucleotide’s adenine ring remains stacked
between Tyr478 and 11386 in a hydrophobic pocket comprising Pro#82, 11e481, Cys456, phe457
and Met#38 (Figure 4), whereas the ribose ring forms hydrogen bonds with the side chains of
Thr568 and Asp®7L. In contrast, the orientation of the nucleotides’ ribose ring and the
polyphosphate chain varies depending on the number of phosphates attached to its adenosyl
group and, hence, total negative charge. In a complementary manner, there are subtle
differences mainly in the side-chain orientation of polar amino acids at site S2 (Figure 4).
Although the guanidinium group of Arg#80 always forms a stabilizing salt bridge with the
common a-phosphate, the Thr472 hydroxy group detaches from Arg*80 to instead engage in
hydrogen-bonding with the g-phosphate of ADP or ATP and with the y -phosphate present
only in ATP; the released Glu®70 carboxy group rotates slightly upon AMP binding, but is
significantly repelled upon ADP or ATP binding; and the more distant Glu®’4 side chain
flips away only from bound ADP. Thus all residues from the acidic cluster (Glu®70, Asp>7!
and Glu®74) respond strongly to nucleotide binding at site S2, presumably for both steric and
electrostatic (repulsive) reasons, in a manner that discriminates between distinct
phosphorylation states.

CNNM2429-584 forms dimers that suffer a conformational change upon nucleotide binding

In our crystal structures, two Bateman modules of CNNM2429-584 associate as a head-to-
head dimer (a ‘parallel CBS module’) (a detailed explanation on how Bateman modules
usually associate is given in [47]) where both CBS1 and CBS2 motifs pack against their
equivalent in the other monomer. Within the crystal, and in the absence of bound nucleotide,
the CNNM242%-584 dimer adopts a Y-shaped (“twisted”) conformation (Figure 5A and Table
1), where both CBS2 domains still contact each other closely while the CBS1 motifs have
separated and retain only scarce hydrophobic contacts between residues at the C-terminus of
helix HB (Phe®1” and Tyr>18) and a hydrogen bond between Lys*%8 (helix H2,4) and Gly®41
(H3). Upon binding of nucleotides (AMP, ADP, ATP or MgATP) at site S2, however, the
CNNM2429-584 dimer adopts a disc-like (‘flat’) structure in which also both CBS1 motifs
interact symmetrically through hydrophobic and hydrogen-bond contacts between helices
H1 and H2a/H2g (Figure 5B), thereby mimicking the holo structures of CorC (the bacterial
orthologue of CNNM proteins; PDB codes 4HGO and 3JTF) with AMP, and MgtE with
Mg?2* [30-32].

In the “flat” form, the bipartite dimer interface (comprising both CBS1-CBS1* and CBS2-
CBS2* interfaces) is stabilized by an extensive network of hydrophobic side-chain
interactions. Interactions between CBS1 and CBS1* motifs are symmetrical, with reciprocal
H1-H2* and H2-H1* helix contacts involving residues Phe67, Met470, Met474, Val497,
Lys#98, Leu®00, Phe®02 Val303 and Pro®0°. Similarly, interaction between both well-
structured CBS2 moatifs is largely symmetrical, with reciprocal H3-H4* and H4-H3* helix
contacts involving Leu®3® (H3) and Leu®59, 11573, 11376 and 11e377 (H4).
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Among the distinct dimer forms, monomers differ markedly in the orientation of helix HO
from the N-terminal extension that does not form part of the canonical Bateman module, and
of helix H4 at the C-terminal end of the CBS2 motif (Figure 5). In our apo-CNNM2429-584
structure, HO participates in the CBS2 dimer interface via residues lle34 and 11435, Upon
dimerization, the HO helices lie crossed in the “twisted’ dimer (Figure 5A), but run
antiparallel in the ‘flat’ dimer (Figure 5B) where they show tight hydrophobic contacts for
residues Ala%31, Leu?32, 11434, 11435, Ala?38, Leu?39 and Leu?4. The crystal structures of
CNNM2429-584 fyrthermore indicate several salt bridges that possibly contribute to the high
thermal stability observed by CD (results not shown). These include Glu#39-Lys®39 (HO-
H3), GIu%0_ Lys#4, GIuA62_| ys512_ G485, AspA99_His520, GIuS36_[ ys540_Gy537,
GluS>-Arg®0-Glud62, GluS75—Lys*44—Glu80, Lys>78—Glu®7® and the notable Glu®70—
Arg?80 that disrupts upon nucleotide binding. The salt bridge Glu®’4-Lys>39 connects
complementary monomers in apo-CNNM2429-584 \yhereas Glu439-Lys®39 stabilizes the flat
nucleotide-bound conformers. Apart from these directed salt bridges, clusters of
complementary charged residues are found in the dipolar helix H3 (GIu®36, Glu537, Lys>40
and Lys®42), adjacent acidic helix H4 (Glu®74 and GIu®7%), and basic helix HO (Lys**4)
within CBS2.

The pathological mutation T5681 impedes the interaction with nucleotides, but mimics the
conformational effect of nucleotide binding

Overall, the crystal structures of apo and nucleotide-bound CNNM2429-584 monomers show
major differences that include helices HO and H4 (in CBS2), the flexible linker region
comprising helix HA1, and the loop connecting helix H3 with strand g5 (in CBS1) (Figures
3 and 5). AMP, ADP and ATP induce similar structural effects (Figure 6). In the apo form,
helices HO and H4 run antiparallel, where H4 is closer to the S2 cavity, crosses with H4* of
the second monomer (Figure 5) and is fixed by a network of polar interactions around
Thrd68 Glu570 and Asp®’L. Thr568 hydrogen bonds with GIu®70 that in turn forms a salt
bridge with Arg#80, and with Asp®’1 that contacts with Val*4®, Met#%0, Thr451 and Glu474
(Figure 4A). Hydrophobic interactions between Leu#*1, Leu®31, Val®’2 and 11e®81, and a
double salt bridge between Glu#49, Lys##* and GIu®7® further stabilize the H4 orientation,
particularly with respect to helix HO. Our crystal structures of holo-CNNM2429-584 revea|
that nucleotide binding in the S2 cavity causes electrostatic repulsion that affects most of the
interactions described above. Thus it disrupts the salt bridge Glu>"%-Arg*80 by negative
charge repulsion between the a-phosphate and the carboxy group of GIu®70, but also by salt
bridging Arg#80 with the a- and S-phosphates of the nucleotide (Figures 4B—4D). The
polyphosphate chain orientation is further stabilized through hydrogen bonds with Thr>68
and Thr47°. The negative charge repulsion caused by nucleotide binding is alleviated by
shifting helix H4 to allow reorientating of Glu®"> and GIu®80 towards Lys*** and Lys°’8. As
a consequence, helix HO moves from an antiparallel orientation with helix H4 to one with
helix HO* from the complementary monomer, leaving an angle of approximately 45°
between HO and H4 (Figures 5 and 6). All of these structural rearrangements eventually
transmit to the dimer interface, and result in a conformational change for the CBS module
from a “twisted’ to a “flat” conformation (Figures 5 and 6, and Supplementary Movies S1-
S4).
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Remarkably, mutation of Thr®68 to isoleucine, as found in patients suffering from familial
dominant hypomagnesaemia [16] mimics the structural effect of nucleotide binding and
stabilizes the “flat” conformer (Figure 6). This can be explained by the central role of Thr°68
in the network of polar interactions that stabilize the orientation of helices H4 and HO, as
detailed above, and are lost by mutation to a hydrophobic isoleucine residue (Figure 4B).
This more bulky residue also causes steric hindrance that pushes Glu®"0 from its original
position (in apo WT-CNNM2429-584) a5 by the cascade of electrostatic repulsions described
above. Our crystal structures demonstrate that helices HO and H4 reorientate in a co-
ordinated manner, and are directly involved in the change from a “twisted’ to a “flat’
conformation of the CBS module (Supplementary Movies S1-S4). Thus the pathogenic
T5681 mutation locks the CNNM2429-584 dimer in its “flat” conformation (Figure 6), and
probably impedes its return to the “twisted’ state.

Potential Mg2* -binding sites

Our crystal structures revealed that CNNM2429-584 contains several clusters of acidic
residues (called M1 to M4 below) that might represent potential Mg2* -binding sites. Cluster
M1 (Thr%68 Glu70, Asp®’! and Glu®"4 in strand 6 and helix H4) is located at the canonical
S2 cavity (Figure 4) and shows a similar geometry to that found in MgtE to bind cations
Mg4, Mg5 and Mg7 [30,31]. As mentioned above, these residues are also involved in
nucleotide binding. Interestingly, residue Thr®®8 occupies the same position as Thr244 in
MgtE that participates in Mg2* -binding [30,31] and, if mutated to isoleucine (T568I-
CNNM?2) is linked to the development of familial hypomagnesaemia [16,17]. Cluster M2 in
CBS2 comprises residues within and near helix HA (Thr#45, Glu*4’, Asp*48 and Asp°28),
whereas clusters M3 and M4 in CBS1 include residues in the adjacent loops S1-H1 and S2—
B3 (Glu*®2, Glu*85 and Glu87) and around helix H2g (Asp®%4, Asp>96 and Asp®07)
respectively.

Taking into account the effect of Mg2* on CNNM2429-584 (see NMR section), we explored
whether Mg2* binds at any of the acidic clusters revealed by the crystal structure. To that
aim, we soaked CNNM2429-584 protein crystals in solutions containing MgCl, (1-10 mM
MgCly) or, alternatively, co-crystallized the protein in solutions containing the Mg2*cation
(1-10 mM MgCly). However, and despite the similarities observed between MgtE and
CNNM?2 in this protein region, all crystals of CNNM242%-584 grown in the presence of
MgCl, alonedid not show residual electron density in the F, —F electron density maps that
could be unequivocally attributed to Mg2*. These data confirm the results obtained using
NMR techniques mentioned above (Supplementary Figure S1). In contrast, co-
crystallization of 1 mM CNNM2429-584 with 5 mM MgCl, and 10 mM ATP yielded ternary
CNNM2429-584_MgATP complexes with MgATP bound at site S2 (Figure 4 and
Supplementary Figure S7). The crystal structure reveals a Mg2* cation interacting with the
a- and y -phosphate groups of ATP (Supplementary Figure S7), thereby stabilizing a bent
conformation of the triphosphate group. In the absence of MgCl,, no residual density that
could be attributed to Mg?* cations was detectable in the crystals.
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DISCUSSION

In continuation of recent studies on how CBS domains regulate protein activity and how
mutations in their sequence lead to human pathologies [16,17,28,34,35,45,46], we have
explored the structure and ligand-binding capacity of the truncated CNNM2429-584 protein
comprising the Bateman module of CNNM2. This intracellular region [17] is structurally
equivalent to the one present in the bacterial CorC and the MgtE proteins (Figure 1), where
it binds AMP (PDB codes 4HGO and 3JTF) and acts as MgZ* sensor (PDB code 2YVY)
respectively [30-32]. In MgtE, the Bateman module forms a head-to-head (parallel) dimer
called a CBS module (see [30-32,47]) that switches from an ‘open’ to a ‘closed’
conformation upon Mg?* binding without requiring additionally bound nucleotides [30-32].
This conformational change in the CBS module is transmitted to the transmembrane region
of the transporter through the C-terminal a-helices connecting both Bateman modules with
the transmembrane domains, thus regulating the Mg2* intake. On the other hand, the AMP-
bound complexes of CorC from E. col/i (PDB code 4HGO0) and the Bateman module of CorC
from Bordetella parapertussis (PDB code 3JTF) show that CorC dimerizes into flat parallel
CBS modules that host AMP at their S2 cavity. However, no apo form of CorC is available,
limiting our knowledge about the structural impact of AMP binding.

Our crystal structures reveal similarities between CNNM2429-584 and the Bateman modules
of both CorC and MgtE. For instance, all form parallel dimers and are enriched in acidic
residues. More interestingly, the canonical binding site S2 (Figure 4) between both
constituent CBS domains is versatile enough to bind both metal ions (as in MgtE) and
nucleotides (as in CorC). Beyond these common characteristics, however, we found that
CNNM2429-584 has topological and physicochemical features suggesting that it behaves
more like prokaryotic CorC, while obeying a different regulatory mechanism from that of
MgtE. This is supported by distinct orientations of the secondary structure elements
connecting the transmembrane and intracellular regions (Figure 1) and, more importantly, a
different distribution of acidic residue clusters (M1-M4) that might act as Mg2* -binding
sites, with the exception of M1 within the S2 cavity. In contrast with MgtE, most acidic
clusters in CNNM2429-584 participate in salt bridges to neutralize charge repulsion between
monomers even without inclusion of Mg2* ions. An exception is cluster M3 (with residues
Asp594_Asp506_Asp307) that concentrates negative charges at the connecting loop between
helices H2g (in CBS1) and HB (in CBS2) (Figure 3). Despite no Mg2* ions having been
found at this cluster in our crystals, cluster M3 should not yet be discarded as a potential
binding site for free Mg2* ions since cations bound at this position would significantly
neutralize the otherwise existing electrostatic repulsion between M3 clusters from
complementary subunits in the flat protein conformer. Further studies are in progress to
confirm this hypothesis.

Interestingly, ATP binding is clearly favoured in the presence of Mg?* (Figure 2, and
Supplementary Figures S3 and S4). Indeed, our X-ray complex structure reveals one Mg2*
cation ligated to the triphosphate moiety of CNNM2429-584_hound ATP (Supplementary
Figure S7). This chelation of Mg?* by ATP is known to perform already in solution, i.e.
Mg?2* directly interacts with nucleotides NP; at physiological pH, and the prevailing
interacting species is therefore the complex [Mg-NP;]2~ (2) [50]. There, Mg?2 * directly binds

Biochem J. Author manuscript; available in PMC 2020 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Corral-Rodriguez et al. Page 13

to the » - and B-phosphate groups, and additionally to the basic imidazole N-7 in purine
nucleobases (although less tightly and primarily via a bridging water molecule). This
macrochelate formation stabilizes an ATP conformation (i.e. a rotamer that buries the
imidazole and exposes the pyrimidine ring) which might be favoured for binding by
CNNM2429-584 Additionally, the barrier to ligand entry is significantly reduced by Mg2* co-
binding, suggesting that negative charge repulsion between the acidic cluster M1 (Glu®,
Glu®" and GIu®"4) (Figure 4 and Supplementary Figure S8) and the nucleotide’s
polyphosphate chain might play a major role in inhibiting ligand entry.

The crystal structure of the AMP—, ADP— and MgATP— CNNM2429-584 complexes provide
the strongest evidence for specific nucleotide and Mg?* binding to the Bateman module of
CNNM2. Until now, both ATP (or MgATP) binding as well as its location, had been
hypothesized based on computational models [17]. The high sequence identity between
CNNM2 and CNNM4 strongly suggests that S2 also hosts MgATP in CNNM4. Our data
show that nucleotide binding does not induce large structural changes in the CNNM2429-584
monomer, except for local structural rearrangements of helices HO and H4 near the dimeric
interface (Figure 6). However, the structures reveal that these apparently small changes
confer a remarkable conformational variability to the protein dimer, that varies from a
“‘twisted’ to a ‘flat’ conformation under different circumstances (Figures 5 and 6, and
Supplementary Movies S1-S4). Thus, in the absence of bound nucleotides, it preferably
rests in a Y-shaped (‘twisted”) conformation (Figures 5 and 6). Conversely, binding of AMP,
ADP or MgATP fosters the conformational equilibrium towards a disc-like ‘flat’ state
(Figures 5 and 6, and Supplementary Movies S1-S4). The seemingly inconspicuous changes
observed in the NMR titration experiments apparently contrast with the rather substantial
change in the domain orientation in the crystal structure, but can be explained by the fact
that only a small hinge region of the CBS module varies along the conformational change
(Figure 5, and Supplementary Movies S1-S4).

Taking into account the central location of the Bateman module in the polypeptide chain
(Figure 1), it seems reasonable to assume that the structural changes suffered by helix HO are
transmitted to the intermembrane region. Similarly, shifts in helix H4 probably affect the
subsequent intracellular cNMP-binding domain.

Interestingly, the positioning of ATP and its surrounding amino acid residues within the S2
cavity, are somewhat reminiscent of the ATP-binding site of ABC transporters
(Supplementary Figure S8) [51]. There a glutamate residue C-terminal to the Walker B motif
and a conserved histidine residue of the Walker A motif, act as a linchpin holding together a
complicated network of interactions that provide the framework that allows ATP hydrolysis
[51]. The crystal structure of the ADP-CNNM2429-584 complex indeed shows the Thr479-
OH group within Van der Waals distance to the nucleotide’s g-phosphate, suggesting a direct
Thr479-0-p-phosphate bond (Figure 4 and Supplementary Figure S8). Moreover, and similar
to endonuclease G [52], the conserved His>** and Arg*80 (Supplementary Figure S8) are
positioned so close to the polyphosphate chain that they might assist in ATP hydrolysis by
activating a nucleophilic water molecule and neutralizing the phosphate leaving group.
These structural similarities open the door for future experiments aimed at exploring the
potential ATPase capacity of the Bateman module of CNNMs and its role in Mg2* efflux.
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We speculate that reducing the electrostatic repulsion within the S2 site through ATP
hydrolysis might be a possible mechanism by which Mg2* is released from ATP (and thus
from the Bateman module) for its subsequent transport through the basolateral membrane.
However, further studies are needed to confirm this hypothesis.

In the kidney, fine-tuning of serum Mg?2* levels occurs via active transcellular Mg2*
reabsorption at the DCT. In the DCT, Mg?2" is transported from the pre-urine side by the
apical TRPM6 channel, through the cytosol, and via an as yet unidentified basolateral
extrusion mechanism to the blood [14]. Recent data showed a predominant basolateral
CNNM?2 expression in the DCT [16,17], and the recently discovered Mg2* -extrusion
capability of its closest homologue CNNM4 across intestinal epithelia [20], suggest that
CNNM2 could be (part of) this Mg?* extruder or, alternatively, regulate it. The recently
discovered Mg?* -extrusion capability of its closest homologue CNNM4 across intestinal
epithelia [20] enhances the probability that the MgATP-binding capacity of CNNM2429-584
is key in the extrusion of Mg2* ionsthrough the basolateral membrane in the DCT. Taking
into account that Mg2* is predominantly complexed to ATP (MgATP), an increase in the
intracellular Mg2* concentration may favour binding of MgATP at the S2 cavity of the
Bateman module and foster the conformational equilibrium towards the ‘flat’ state (Figures
5 and 6, and Supplementary Movies S1-S4). In agreement with the co-operative effect
between ATP and Mg2* observed by NMR (Figure 2, and Supplementary Figures S2-S4)
and crystallography (Figure 4 and Supplementary Figure S7), the electrostatic potential of
the protein surface suggests that at high Mg2* concentrations, free Mg2* ions (and probably
other metal ions) might complement the effect of MgATP binding by contributing to
neutralize the otherwise repulsive forces existing between M3 acidic clusters from
complementary monomers in the flat conformer.

Strikingly, we have found that the T5681 mutation in CNNMZ2 that causes familial
hypomagnesaemia [16,17] infers a steric hindrance that avoids nucleotide binding at site S2
and disrupts the hydrogen-bond network centred on Thr°%8, causing a small rearrangement
in the orientation of helices HO and H4 that subsequently favours the flat conformation of
the CBS module (Figures 5 and 6). Thus, unexpectedly, the T5681 mutation impedes
nucleotide binding but mimics the structural effect of binding nucleotides at the CBS
module. As shown in the present study, disruption of the intramolecular interactions
participated in by Thr268  i.e. by mutation of this residue to isoleucine, impairs the
conformational equilibrium of CNNM2429-584 which becomes ‘locked’ in a nucleotide-
bound-like state. As a result, the protein dimer remains as a ‘flat’ disc-like structure that
most probably is unable to return to the “‘twisted’ state, thus becoming nonfunctional.
Consequently, it is reasonable to assume that the function performed by this region of the
protein gets hindered by a loss of its natural conformational flexibility. Such failure may be
the cause of an impaired transport of MgZ* ions through the basolateral membrane or
alternatively alter the regulation of other basolateral transporters which CNNM2 might
regulate, leading to hypomagnesaemia. Alternatively, we can speculate that DCT cells with a
T5681 mutation, even under low intracellular MgATP levels, might falsely sense high
MgATP levels. Thus inadvertently high MgATP sensing by CNNM2 in the DCT could be a
cause of hypomagnesaemia. Most hereditary primary hypomagnesaemia mechanisms known
to date are caused by impaired transcellular Mg2* reabsorption at the renal distal tubule [53],
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mostly by affecting the apical entry pathway TRPM6 [53-56]. Such an effect on TRPM6 via
indirect signalling to the apical side could be the case for the false high MgATP sensing state
of the T5681 mutation. In such a situation, CNNM2 does not necessarily need to transport
Mg?2* itself. In light of this it is of particular interest that bacterial CorC, the bacterial
orthologue of CNNMs in Sa/monella, is involved in Mg2* efflux [24], but until now, has
never been shown to transport Mg?* itself.

In support of the data of the present study, a report by Hirata et al. [57] published during the
revision of the paper, shows that gradual and dose-dependent SPR (surface plasmon
resonance) responses using Mg2* itself as an analyte, indicate a direct, although weak,
interaction between Mg2* and a truncated protein (CNNM2469-578) containing the CBS pair
of CNNM2 but lacking the N-terminal helix HO (see Figure 3). Also, in agreement with the
weak interaction that we have detected by NMR, no significant SPR responses are observed
at increasing concentrations of ATP in the absence of Mg2*. More interestingly, the authors
report the Mg2* -dependency of ATP binding to the CBS domains of CNNM2, as we have
found by means of other techniques. Surprisingly, and in contrast with our NMR and
crystallographic data, Hirata et al. [57] claim no AMP-binding capacity for CNNM2469-578,
This observation contrasts with the role of Mg2* in neutralizing the negative charge of the
polyphosphate chain of ATP to favour its binding to site S2, which would otherwise be
disfavoured by the presence of the acid cluster formed by residues Glu®’0, Asp>’! and
Glu®™. In this regard, the crystal structure of the AMP-CNNM2429-584 complex provides
the strongest evidence for specific AMP binding to the Bateman module of CNNM2.

The data of the present study do not assign a definite biological function for CNNMZ2, but
provide the first structural data for members of the cyclin M family and should help to
understand the molecular mechanisms by which these proteins mediate the homoeostasis of
Mg?2* and/or other metal ions as well as the role played by mutations in the development of
human disease. It also provides a framework for rational design of drugs that specifically
modulate the activity of these proteins. Noteworthily, the conformational change of
CNNM2429-584 described in the present paper may also help us to understand how MgATP
binding to the Bateman module of CNNM3 affects its interaction with protein PRL-2 [58],
an important issue to unravel the molecular mechanism by which Mg2* transport may
promote tumour progression [58].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Domain distribution of CNNM2, MgtE and CorC

- CorC-HIyC—

In CNNM2, the Bateman module (white), consisting of a pair of CBS motifs [45-48],
connects with the transmembrane region (DUF21 domain, in black) through its N-terminal

a-helix. CorC is structurally equivalent in this regard. The location of the

hypomagnesaemia-causing mutation T568I [16,17] is indicated. In contrast, in MgtE the
Bateman module connects with the transmembrane region through its C-terminal a-helix.
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Figure 2. Effect of Mgz+ and/or nucleotides on the Bateman module of CNNM2
The Figure shows five representative groups of signals (columns 1-5) selected from the 15N-

HSQC CNNM2429-584 protein spectrum and affected upon addition of Mg2+ and/or
nucleotides to the protein solution. The signals obtained in the absence of Mg2+ (black) are
overlapped with those obtained after addition of: (A) 2.5 mM MgCl, (green); (B) 0.5 mM
ADPNP (red) and 10 mM ADPNP (magenta); (C) 2.5 mM ADPNP+0.5 mM MgCl; (green),
2.5 mM ADPNP+1 mM MgCl, (orange), and 2.5 mM ADPNP+2.5 mM MgCl,, (red); (D)
10 mM MgCI2 +2.5 mM ADPNP (red) or 2.5 mM ADPNP+10 mM MgCI2 (blue); and (E)
0.25 mM AMP (green), 2.5 mM AMP (blue) and 5 mM AMP (red). Note: no additional
spectral changes are observed in the range 0.25-2.5 mM AMP. The protein concentration is
200 M in all cases. The exact position of each group of signals (1-5) within the
corresponding spectra is marked in Figures S1-S5.
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Figure 3. Crystal structure of the CNNM2429-584 monomer
(A) CNNM,*29-584 adopts the overall fold of a Bateman module and contains two

consecutive CBS motifs (CBS1, residues 445-508; CBS2, residues 509-578). A long loop,
which is disordered in most of the crystals analysed, connects strands 55 and 6. Of note,
the equivalent loop in the magnesium transporter CNNM3 mediates the interaction with
protein tyrosine phosphatase PRL-2 [58]. The HO helix connects the flexible linker
preceding the Bateman module with the DUF21 transmembrane region in the full-length
protein. Of the two main cavities present in the protein (referred to as S1 and S2), only S2
hosts nucleotides (see Figure 4). The pseudo two-fold symmetry axis relating CBS1 and
CBS2 is indicated by a broken line. (B) Sequence alignment of the Bateman modules region
in CNNM2 and its closest homologue CNNM4. The secondary structure elements shown on
top of the sequences are extracted from the crystal structures. Vertical red broken lines
indicate the few residues that are different between the CNNM2 and CNNM4 proteins in
this region. Location of Thr568 affected by the pathogenic mutation T568I is marked with
an asterisk.
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Figure 4. Stereo pairs of the S2 nucleotide-binding site of CNNM2429-584 i the g oprotein
(yellow), and in the AMP (blue), ADP (green) and Mg-ATP (silver, where the Mg=* ion bound to

ATP is represented with a grey sphere) complexes

The lowest stereo pair corresponds to the S2 site of mutant T568I.
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TM region

)i “Twisted”

Figure 5. Conformations of the apo and nucleotide-bound CNNM2429-584 complexes
The Figure shows three different views of the two different types of CNNM2429-584 dimers

that are present in our crystals: (A), a ‘twisted’ dimer in which one of the Bateman modules
rotates away from the original plane containing the protein disc (see also Figure 6) and (B),
a ‘flat’ disc-like dimer formed upon binding of AMP/ADP or Mg-ATP (the ADP is
represented). These conformers represent the initial and final steps of the conformational
change suffered by the CNNM2429-584 dimer upon nucleotide binding. a-Helices HO (red)
and H4 (marine blue) are the main structural elements affected upon nucleotide binding in
each monomer. The two complementary monomers are represented in cyan and green
respectively
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JADP
ATP/Mg-ATP

Figure 6. Effect of ligands and mutations on CNNM2429-584
(A) Top panel: overlap of apo-CNNM242%-584 (yellow), AMP-, ADP- and MgATP-bound

CNNM2 (blue, green and silver respectively), and T5681 mutant (red). The main distinct
feature is the orientation of a-helices HO and H4, and also of the short helical region HA;.
Bottom panel: magnified view of a section of two different views showing the rotation of the
ribose ring of the bound nucleotides around the C1°-N9 bond. (B) Side view of the
CNNM2429-584 dimer showing the conformational change suffered upon binding of
nucleotides to both monomers. The broken line represents a plane perpendicular to the
image that contains the disc-like CNNM2423-584 flat dimer. Of note, mutation T5681 mimics
the effect of nucleotide binding to site S2.
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