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Abstract

CNNMs (cystathionine-B-synthase (CBS)-pair domain divalent metal cation transport
mediators) represent a conserved family of integral membrane proteins implicated in Mg?*
homeostasis and divalent cation transport in bacteria, plants, and animals. Seventeen years since
the discovery of CNNM proteins, the mechanism of Mg?* transport by CNNM remains unknown
and actively debated. Some groups suggest CNNMs directly transport divalent cations such as
Mg?* while other groups suggest CNNMs regulate other transporters. Structurally, CNNMs are
defined by a conserved transmembrane domain and a cytosolic CBS-pair domain. Eukaryotic
CNNMs contain an additional extracellular domain and a cytosolic C-terminal cyclic nucleotide-
binding homology (CNBH) domain. Here, I carried out a stepwise structural approach to
understand the function and mechanism of Mg?* transport by CNNM proteins. I first
characterized the structure and function of the C-terminal CNBH domain. I found that instead of
binding cyclic nucleotides, CNBH domain functions as a dimerization domain functionally
important for Mg?* efflux. Next, I characterized the interplay of the CNNM cytosolic domains. I
found that Mg?* efflux function is regulated by conformational changes associated with Mg?*-
ATP binding to the CBS-pair domain. Lastly, I determined the structure of a prokaryotic CNNM
consisting of the transmembrane domain and CBS-pair domain with Mg?*-ATP-bound. The
structure reveals a negatively charged cavity and a Na"-binding site on the cytosolic side of the
membrane. These results strongly suggest that CNNM proteins mediate ion transport across
membranes and provide a structural basis for future studies of the function of CNNM proteins in

health and disease.



Résumé

Les CNNMs (médiateurs du transport de cations métalliques divalents a domaine
cystathionine-béta-synthase (CBS)) sont une famille conservée de protéines membranaires
intégrales impliquées dans I'homéostasie du Mg?* et dans le transport de cations divalents chez
les bactéries, les plantes et les animaux. Depuis leur découverte il y a plus de 17 ans, le
mécanisme des CNNMs demeure inconnu et fait 1’objet de débats. Certains groupes pensent que
les CNNMs transportent directement les cations divalents (ex: Mg?"), tandis que d'autres
suggerent que ces protéines participent a la régulation d'autres transporteurs d’ions. La structure
générale des CNNMs est définie par un domaine transmembranaire conservé (DUF21) et un
domaine cytosolique CBS. Les CNNMs eucaryotes contiennent un domaine extracellulaire
supplémentaire, de méme qu’un domaine homologue de liaison au nucléotide cyclique (CNBH)
au C-terminus. Le but de mon projet est de caractériser les protéines CNNMs, en commengant
par les domaines cytosoliques individuels jusqu’a la protéine transmembranaire compléte, afin de
mieux comprendre leur fonction biologique ainsi que leur mécanisme de transport du Mg?*. J’ai
d’abord déterminé la structure du domaine CNBH et démontré I’importance de son interface de
dimérisation pour l'efflux de Mg?* chez les CNNMs. Ensuite, j’ai caractérisé une interaction
entre les deux domaines cytosoliques et démontré que la fonction d'efflux de Mg?* est régulée
par des changements de conformation associés 4 la liaison du complexe Mg?*-ATP au domaine
CBS. Enfin, j’ai déterminé la structure d'un CNNM procaryote contenant le domaine
transmembranaire 1ié au complexe Mg?*-ATP. Cette structure démontre que le domaine
transmembranaire possede une cavité centrale chargée négativement, ainsi qu’un site de liaison
pour le Na* sur son c6té cytosolique. Tous ces résultats suggérent fortement que les CNNMs
régulent le transport d’ions a travers les membranes cellulaires et constituent une base

structurelle pour de futures études du role de ces protéines dans les maladies.
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GWAS — genome-wide association studies

HDX-MS — hydrogen deuterium exchange mass spectrometry
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HPLC — high performance liquid chromatography

HSQC — '>N-'H heteronuclear single quantum correlation
IMAC — immobilized metal affinity chromatography
IMPDH - inosine-5’-monophosphate dehydrogenase
IPTG — isopropyl 1-thio-$-D-galactopyranoside

ITC — isothermal titration calorimetry

JM — juxtamembrane

KCNH - ether-a-go-go K*

K4 — dissociation constant

MpfA — magnesium protection factor A

MR — molecular replacement

mRNA — messenger RNA

NMDG — N-methyl-D-glucamine

NMR — nuclear magnetic resonance

PBS — phosphate buffered saline

PDB — Protein Data Bank

PRL — phosphatase of regenerating liver

RMSD - root mean square deviation

RNA — ribonucleic acid

SAD - single-wavelength anomalous dispersion

SBFI — sodium-binding benzofuran isophthalate
SDS-PAGE - sodium dodecyl sulfate polyacrylamide gel electrophoresis
SPC — signal peptidase complex

SUMO — small ubiquitin-related modifier

SV-AUC — sedimentation velocity analytical ultracentrifugation
TAL — thick ascending limb

TMD — transmembrane domain

TRPMG6/7 — transient receptor potential ion channel subfamily M member 6/7

TSA — thermal shift assay
UDM - n-undecyl-B-D-maltopyranoside
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Original Contributions to Knowledge

Chapter 2

Determined the first crystal structures of CNBH domains from two human CNNM
proteins.

Contrary to expectations, CNBH domains do not bind cyclic nucleotides but mediate
dimerization both in crystal and in solution.

Mutational analysis revealed that CNBH domain is required for Mg?* efflux activity.

Together, these results highlight the importance of CNBH domain in CNNM function.

Chapter 3

Determined crystal structures of cytosolic fragments of human CNNMs in two
conformations: Mg?*-AMP-PNP bound (closed) and ligand-free (open).

The structures reveal functionally important contacts not observed in structures of the
individual domains.

A second Mg?*-binding region in the CBS-pair domain and a different dimerization
interface for the CNBH domain were identified.

AUC and ITC experiments revealed a tight correlation between Mg?*-ATP binding and
CBS-pair domain dimerization.

Mutations that blocked either function prevented cellular Mg?* efflux activity.

These results suggest that Mg?" efflux is regulated by conformational changes associated

with Mg?*-ATP binding to the CBS-pair domains.

Chapter 4

Performed high-throughput expression and detergent screening of 20 prokaryotic CNNM
proteins.

Performed in vitro liposome transport assay demonstrating direct Mg?* transport by
MtCNNM.

Determined crystal structure of MtCNNM bound to Mg?*-ATP.

The structure reveals a novel transmembrane fold, representing the largest family of

domain of unknown function.
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The transmembrane domain exists in an inward-facing conformation with a highly
negatively charged cavity.

The m-helix in TM3 is involved in coordinating a Na* ion.

The structure reveals an acidic helical bundle enriched in acidic residues between TMD
and CBS-pair domain.

The results provide structural insights into the mechanism by which MtCNNM exchanges
Na* and Mg?>*.
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Chapter 1 — Introduction

1.1 Background on magnesium

Magnesium (Mg?*), the most abundant divalent cation in cells, is essential for life [1].
Mg?* is important for the maintenance of genomic stability as it acts as a counter ion for nucleic
acids. Mg?* forms complexes with ATP and is required for over 600 enzymatic reactions,
including topoisomerases, helicases, exonucleases, protein kinases, cyclases, and ATPases [2].
Mg?* is an essential co-factor for DNA and RNA polymerases and ribosomes [3-5]. Mg?* plays
key roles in the stabilization of cell membranes, neuronal transmission, and muscle contraction
as it regulates the permeability of various ion channels [6]. In essence, Mg?* is an important ion
that is involved in almost every biochemical process within the cell, and pathological serum
perturbations in Mg?* levels are associated with many diseases, such as osteoporosis, diabetes,
hypertension, neurological disorders, and immunodeficiency [7, 8].

Human adults contain approximately 25 g of magnesium unequally distributed across
different tissues [9]. The largest amount is found in bones (~60%), where it resides on the
surface of hydroxyapatite and in the hydration shell around the crystal, thus contributing to
maintaining the integrity of the skeleton [10]. Intracellular Mg?* concentrations range from 5 to
20 mM; 1-5% is free in solution (0.2 mM to 1 mM), the remainder is bound to proteins,
negatively charged molecules and ATP [1]. Extracellular Mg?* accounts for 1% of total body
magnesium, which is primarily found in serum and red blood cells [11]. Balance between
intestinal absorption and renal excretion is tightly regulated to keep the plasma Mg?*
concentration in its physiological range (0.7-1.1 mM) [12]. Mg?* is unique among divalent
cations in that it has the smallest ionic radius and largest hydrated radius [13]; therefore, the
transport of Mg?" across the membrane requires the action of specific channels and transporters,

including CNNM proteins [2].
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1.2 CNNM - functional characterizations

CNNMs (CBS-pair domain divalent metal cation transport mediators), discovered in
2003, are represented by four integral membrane proteins in humans called CNNM1, CNNM2,
CNNM3, and CNNM4. They are known by other names such as ancient conserved domain
protein (ACDP) or cyclin M (CNNM). They were named as ACDPs because they contain a

domain that is evolutionarily highly conserved in diverse species ranging from bacteria, yeast, C.

elegans, and Drosophila to mammals (Fig. 1.1) [14]. Later on, this family of proteins was

speciously named as cyclin M because they were thought to have a cyclin box motif and a role

n

cell cycle regulation. However, a cyclin function was never demonstrated. Instead, CNNMs have

been implicated in Mg?" homeostasis and divalent metal handling. Therefore, retaining the same

acronym, they have been renamed as CBS-pair domain divalent cation transport mediator,

reflecting their conserved CBS-pair domain and role in divalent cation transport.

100 cnnm2a (D. rerio)
0.20 54 L CNNM2 (H. sapiens)
|_| CNNM4 (H. sapiens)
46| CNNMA4 (X. tropicalis)
CNNM?1 (H. sapiens)

94
100 CNNMS3 (H. sapiens)

UEX (D. melanogaster)

100

99

99

cnnm-1 (C. elegans)

CBSDUF1 (A. thaliana)
83 MAMB3 (S. cerevisiae)

CBSDUFCH1 (A. thaliana chloroplast)

100 [~ CorB (S. typhimurium)
L yiD (E. coli

66 I MpfA (S. aureus)
100 | yhdP (B. subtilis)

Figure 1.1 Phylogenetic analysis of the CNNM family

Amino acid sequences of various CNNM orthologs were aligned using MUSCLE [15], and the
phylogenetic tree was generated using neighbor-joining method in MEGAX (Version 10.1.8)
[16]. The number beside the branches reflect the confidence level by bootstrapping of 1,000

replications. The listed CNNM orthologs and their UniProt accession numbers are: cnnm2a
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(Danio rerio; A2ATXT), CNNM2 (Homo sapiens; QOH8MS), CNNM4 (Homo sapiens;
Q6P4Q7), CNNM4 (Xenopus tropicalis; AOJPAQ), CNNMI1 (Homo sapiens; QONRU3),
CNNM3 (Homo sapiens; Q8NEO1), UEX (Drosophila melanogaster; AOAOB7P9GO0), cnnm-1
(Caenorhabditis elegans; A3QM97), CBSDUF1 (4rabidopsis thaliana; Q67XQ0), MAM3
(Saccharomyces cerevisiae; Q12296), CBSDUFCHI1 (A4rabidopsis thaliana; Q9LK65), CorB
(Salmonella typhimurium; Q8XFY3), yfjD (Escherichia coli; P37908), MpfA (Staphylococcus
aureus; AOAOH3JL60), and yhdP (Bacillus subtilis; O07585). Human CNNMs are bolded.

1.2.1 CNNMs are implicated in magnesium homeostasis

There is an abundance of evidence indicating CNNM proteins are involved in mediating
divalent cation transport. For example, CNNM1-4 alleles have been shown to strongly associate
with serum Mg?* concentrations in a genome-wide association studies (GWAS) [17]. In mice
studies, there is upregulation of CNNM2 mRNA in mice kept on a low-Mg?" diet and also
kidney cells grown in low Mg?" media, suggesting a role in Mg?* absorption and retention [18,
19]. More convincingly, CNNM4-- double knockout mice exhibit hypomagnesemia,
characterized by low magnesium serum level, indicating these mice have altered magnesium
regulation [20]. Under closer examinations, they found higher levels of magnesium in their feces
due to malabsorption of intestinal magnesium, suggesting a role in magnesium absorption in the
gastrointestinal tract [20]. In addition, when fed a Mg?*-deficient diet, these mice have a higher
mortality rate, indicating importance of CNNM proteins in coping with low Mg?*-diets [20]. On
the other hand, the CNNM2”- double knockout die in utero, and heterozygotic CNNM2*"" mice
have lower Mg?" serum levels than wild-type mice [21]. Altogether, these results strongly

suggest that CNNMs proteins play critical roles in magnesium homeostasis.

1.2.2 Tissue & cellular localization

CNNM1 is only expressed in brain and testis, while other three are ubiquitously
expressed with higher expressions in certain tissues [14, 22]. CNNM?2 is highly expressed in
kidney, brain, and heart [18, 21, 23]. Immunohistochemistry on human kidney sections showed
that CNNM2 is predominantly expressed in both distal convoluted tubule (DCT) and thick

ascending limb (TAL) of Henle’s loop, the two consecutive nephron segments primarily
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responsible for Mg?* reabsorption. CNNM3 is highly expressed in kidney, brain, lung, spleen,
and heart [24]. CNNM4 shows highest expression in small intestine and colon, where dietary
Mg?* absorption occurs [24].

In terms of cellular localization, immunostaining studies of kidney cells have shown that
CNNM2 localizes at the basolateral membrane of DCT epithelial cells [19, 21, 24]. Likewise,
CNNM4 has been shown to localize at the basolateral membrane of intestinal epithelia [20], and
the localization is dependent on AP-1 clathrin adaptor proteins, which recognizes multiple
dileucine motifs in the cytosolic domains of CNNM4 [25]. In both intestinal absorption and renal
reabsorption, Mg?" entry into the epithelial cells is mediated by apically localized Mg?*-
permeable channels, TRPM6/7 [26, 27]. However, the identities of Mg?" transporters involved in
Mg?* efflux at the basolateral membrane have remained unknown. Due to their basolateral

localization, CNNMs have been proposed to be the long-sought Mg?*-efflux proteins [20].

1.2.3 Mechanism of Mg?* transport by CNNM

In order to understand the molecular mechanism of Mg2?* transport by CNNM, several
groups have performed transport assays on cells overexpressing CNNMs with mixed
conclusions. Here are the studies listed in chronological order.

The first group is Goytain et al. In 2005, they injected mouse CNNM?2 cRNA into
Xenopus laevis oocytes and detected large inward Mg?*-evoked currents with a Michaelis
constant of 0.56 mM [18]. The Mg**-evoked currents were not altered with deletion of external
NaCl, arguing against Mg?*-Na* and Mg?*-CI- coupled transport [18]. They also tested transport
of other divalent cations. Mg>", Co**, Mn**, Sr?*, Ba?*, Cu?*, and Fe*" gave appreciable currents
while Ca?*, Ni?*, Zn?*, and Cd** did not, suggesting CNNM2 is a nonselective divalent cation
transporter [18].

In 2010, Sponder et al. overexpressed human CNNM2 in a Salmonella strain MM281
missing three major Mg?* influx systems (corA, mgtA, mgtB), which requires high Mg**-media
to proliferate. They found that CNNM?2 is able to partly restore the Mg?*-deficient growth
phenotype [28]. Using mag-fura-2 fast filter spectroscopy, they detected a large inward-oriented
Mg?* influx in CNNM2-expressing cells [28]. They concluded that CNNM2 is a functional Mg?*
transporting entity by itself [28].
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In 2011, Stuiver et al. performed patch clamp analysis of HEK293 cells transiently
transfected with mouse CNNM2, and they detected Mg?*-sensitive Na* currents rather than
Mg?*-induced currents [19]. Additionally, these Na* currents were blocked by increased
extracellular Mg?" concentrations (20 mM) as well as addition of 20 mM ZnSOs [19]. Therefore,
the authors suggested CNNM2 might contribute to a Mg?*-sensing mechanism rather than act as
a transporter itself [19].

In 2013, Yamazaki et al. performed a series of experiments that proposed CNNMs as
Na*/Mg?>" exchangers. They performed elemental analyses of CNNM4-overexpressing HEK293
cells and detected a decrease of Mg?* and an increase of Na* levels, without effects on other
major metals [20]. Imaging analyses with Magnesium Green, a fluorescent indicator for Mg?*
showed that the fluorescent signal in cells expressing CNNM4 rapidly decreased after
exchanging bathing solution from 40 mM to 0 mM Mg?*. They concluded CNNM4 is able to
stimulate Mg?" extrusion [20]. Performing the same assay with Na* replaced by N-methyl-D-
glucamine (NMDG) abolished the Mg?* efflux, suggesting the efflux is Na'-dependent [20].
They also performed electrophysiological analyses on CNNM4 or CNNM2-expressed HEK293
cells and found that CNNM4 expression induced no significant electronic currents while
CNNM2 expression generated an inward current of Na* [20]. Using ratiometric fluorescent
probes, sodium-binding benzofuran isophthalate (SBFI) and mag-fura-2, the molar ratio of
changes in Na* and Mg?* was close to 2:1, suggesting electroneutral exchange of Na* and Mg?*
by CNNM4 [20].

In 2014, Arjona et al. performed 2Mg?* uptake in HEK293 cells transiently transfected
with mouse CNNM2 and found that CNNM2-transfected cells displayed a higher >Mg?" uptake
compared to control cells [29]. They also found that the CNNM2-dependent 2>Mg?* uptake was
significantly inhibited by addition of 2-APB, an inhibitor of TRPM7 [29]. Additionally, uptake
was found to be independent of Na™ and Cl- availability and present in assays performed with
NMDG or gluconate buffers [29]. These results suggest that CNNM2 is not a Mg?* transporter
itself but a regulator of TRPM7 [29].

In 2016, Sponder et al. changed their original stance and claimed that CNNM2 is not a
Mg?* transporter by itself, but a Mg?* homeostatic factor. They performed patch-clamp analyses
on HEK?293 cells overexpressing CNNM2. They were not able to detect constitutive membrane

currents above the control, concluding CNNM2 is unable to mediate Na* or Mg?* currents [30].
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In summary, there are many conflicting conclusions. Some groups suggest CNNMs
mediate Mg?" influx, some suggest they mediate efflux, and yet others suggest that they do not
mediate transport at all. A debate on this subject with more complete arguments has been
published in the Journal of Physiology [31-33]. Currently, the field has not come into a

consensus on the function of CNNMs.

25



1.3 CNNM orthologs in other species
In addition to studies on human and mouse CNNMSs, there is an abundance of evidence
that CNNM orthologs mediate metal handling in species such as zebrafish, roundworm, yeast,

and bacteria.

1.3.1 Zebrafish

In zebrafish (Danio rerio), there are five CNNM genes. Phylogenetic analysis of CNNM
sequences shows that the separation of CNNM paralogs preceded the divergence of boney fish
and tetrapods. In addition to Cnnm1, Cnnm3, and Cnnm4, there are two distinct zebrafish
CNNM2 orthologs, Cnnm2a and Cnnm2b. Their amino acid sequence identity with human
CNNM2 is 79% [34]. Cnnm2a and Cnnm2b were ubiquitously expressed in all adult zebrafish
tissues. Cnnm2a was most abundantly found in the brain and ovary; and Cnnm2b found in the
gut, brain, and testis [34]. In the gut of fish fed a Mg?*-deficient diet, both Cnnm2a and Cnnm2b
expression levels showed significant upregulation [34]. Knockdown of both CNNM2 orthologs
in zebrafish resulted in impaired development of the brain with abnormal altered locomotor and
touch-evoke escape behaviors, and Mg?* wasting. These phenotypes could be rescued by
injection of mouse CNNM2 cRNA, demonstrating the functional complementation between

mammalian CNNM2 and the zebrafish orthologs [29].

1.3.2 Roundworm

In C. elegans, there are five CNNM orthologs (CNNM-1 to CNNM-5); each sharing
significant identity with human proteins (24 - 47%) [35]. Mutational studies showed that worms
missing both CNNM-1 and CNNM-3 were smaller in size, had shorter lifespan, and were sterile.
The sterility phenotype could be rescued by Mg?* supplementation [35]. Further studies
indicated that the sterility was caused by gonadogenesis defect [35]. The sterility could be
restored by inactivation of aak-2, which encodes a-subunit of AMP-activated protein kinase

(AMPK) [35].
1.3.3 Yeast

In studies of bakers’ yeast (Saccharomyces cerevisiae), MAM3 gene deletions confer

high levels of manganese resistance as well as increased resistance to zinc and cobalt [36].
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MAM3 gene encodes Mam3p, a CNNM ortholog with 39% sequence identity to human
CNNM2. Studies showed that yeast Mam3p functions at the site of the vacuolar membrane and
affects manganese toxicity through a mechanism that does not involve vacuolar sequestration of
the metal or the manganese homeostasis pathways mediated by Pho84p, Pmrlp or Smf2p [36].
The role of Mam3p in manganese metabolism appears unique and the exact mechanism is still

unknown.

1.3.4 Bacteria

In 1986, characterization of cobalt resistant mutants in Sa/monella typhimurium by the
group of Michael E. Maguire first identified CorA, the major Mg?" uptake system in prokaryotes
[37]. In 1991, the same group additionally identified three genes from cobalt resistant mutant
screening called corB, corC, and corD. CorB is the CNNM ortholog in S. typhimurium. The
authors found that although CorA alone is necessary and sufficient for influx of Mg?*, efflux
requires the presence of a co-effector, either CorB, CorC, or CorD. Mutation of CorB, CorC, and
CorD individually or in combination markedly reduced the ability of extracellular Mg?* to elicit
efflux via CorA [38].

Studies in Staphylococcus aureus identified a CNNM ortholog called MpfA (magnesium
protection factor A). MpfA deletion mutants are unable to grow in the presence of high
concentrations of magnesium [39]. Complementation by MpfA-containing plasmids can reverse
these phenotypes, indicating perturbation of magnesium homeostasis [39]. Using a Mg?*-sensing
riboswitch, the authors showed that loss of MpfA results in an increase of internal magnesium
concentrations consistent with MpfA acting as a Mg?* exporter itself or promoting Mg?" export
via another protein [40]. The AMpfA mutants also showed moderate resistant to cobalt and
manganese which the authors attributed to increased competition for Co?* and Mn?* binding sites

by intracellular Mg?* [39].
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1.4 CNNM - disease relevance
CNNMs are associated with a myriad of genetic diseases linked to abnormal Mg?*
handling, such as hypomagnesemia, Jalili syndrome, cancer, hypertension, infertility, and

schizophrenia.

1.4.1 Hypomagnesemia

Mutations in CNNM2 were first identified in patients with dominant hypomagnesemia in
two families (Table 1.1). The patients suffered from muscle weakness, tremor, and headaches
accompanied by low Mg?* serum concentrations (0.3-0.5 mM) [19]. Analysis of the
heterozygous missense mutation T5681 shows that the mutant protein was properly localized to
the plasma membrane but caused a significant decrease in CNNM2 activity in Mg?*-sensitive
Na* currents [19] and Mg?" efflux activity [41]. In 2014, Arjona et al. identified new mutations
in CNNM2 in five unrelated families suffering from hypomagnesemia with cerebral seizures,
mental retardation, and brain malformations [29]. In the first family, the patients had a
homozygous missense mutation of E122K inherited recessively [29]. The four remaining cases
consisted of dominant, de novo heterozygous mutations: S269W, L330F, or E357K [29]. All of
these mutants except for L330F exhibited severely reduced 2>Mg?* uptake, possibly due to
destabilization of CNNM2. The E112K and S269W mutants showed reduced plasma membrane
expression [29]. Recently, two papers identified additional mutations associated with
hypomagnesemia in the CNNM2 cytosolic domains [42, 43]. Together with the finding that
knockdown of CNNM2 orthologs in zebrafish resulted in impaired brain development and
reduced body Mg?* content [29], these results demonstrate a strong link between CNNM2-

induced hypomagnesemia and brain development.
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Table 1.1 Disease-associated mutations in CNNM proteins

Disease Protein Location Missense Nonsense  References
mutations mutations
Hypomagnesemia CNNM2  Extracellular E122K 140Sfs*15 [19, 29]
Transmembrane S269W, L330F, - [29]
E357K
CBS-pair V548M, T5681 - [19, 42]
CNBH - S795%* [43]
Jalili syndrome ~ CNNM4  Extracellular - L21Hfs*185, [44-46]
D63Efs*12,
F93Lfs*31
Transmembrane S196P, S200Y, 1232Pfs*&0, [44, 45,
R236Q, A300Cfs*22 47-51]
R236W,

S245L, L.324P
CBS-pair R407L, P409L, G364V{s*9, [44, 45,
G492C, T4951, L438Sfs*41, 50, 52-56]

V499M L438Pfs*9
CNBH N594S R519%, [44, 45,
Q564%*, 50, 51, 57-
Y581%, 59]
R605%,
Q717*
Schizophrenia =~ CNNMI1 CBS-pair H528Y - [60]
CNNM3 CNBH Y628D - [60]
CNNM4 Transmembrane G249R - [60]

1.4.2 Jalili syndrome

A large number of mutations in CNNM4 are associated with Jalili syndrome, a rare
disease characterized by recessively inherited amelogenesis imperfecta and cone-rod dystrophy
(Table 1.1) [61]. Amelogenesis imperfecta is caused by defects in dental enamel formation,
which negatively affects the structure, composition, and thickness of both primary and secondary
teeth, causing unusually small, discolored, pitted or grooved teeth [62]. Cone-rod dystrophy is
characterized by dysfunction of cone receptors, which results in reduced central visual acuity,
photophobia, and loss of color vision [63]. Defects in amelogenesis were also observed in
CNNM4 knockout mice, in which levels of both calcium and phosphorus in the incisors were
significantly decreased, confirming the occurrence of hypomineralization [20].
Immunohistochemical staining showed CNNM4 localization to the basolateral membrane of

ameloblasts, the enamel-forming epithelial cells [20]. Mg?" efflux assays on two Jalili syndrome-
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associated mutations (S200Y and L324P) showed abolishment of Mg?* efflux activity by both
mutants, suggesting dysfunction of Mg?* extrusion probably underlies this rare disease [20].
However, the precise role of Mg?* in the enamel-forming process remains unknown, although
there has been reports that the magnesium content of the enamel is inversely correlated with the

extent of mineralization [64].

1.4.3 Cancer

CNNM4 has been shown to act as a tumor suppressor in a mouse model of colon cancer.
Knockdown of CNNM4 significantly augmented the number of tumor nodules on the mice
lungs, confirming the tumor-suppressing role of endogenous CNNM4 [65]. In addition, in
Apc®'** mice, which spontaneously form benign polyps in the intestine, deletion of CNNM4
promoted malignant progression of intestinal polyps to adenocarcinomas [65]. CNNM4 mRNA
levels in colon cancer were significantly reduced, and this reduction was more evident in
metastatic colon cancer than non-metastatic ones, implicating CNNM4 down-regulation in
human colon cancer development [65].

Two groups independently identified an interaction between CNNM proteins and
phosphatases of regenerating liver (PRLs), a family of potent oncogenes frequently
overexpressed in malignant human cancers [65, 66]. Both groups found that CNNM-PRL
interaction promoted oncogenesis and disruption of interaction abolished tumor progression [65,
67]. Mechanistically, the two groups proposed different mechanisms but with the same
downstream effect. Funato et al. postulated that CNNM4 mediates Mg?" efflux with PRL3
inhibiting CNNM4 activity and increasing intracellular Mg?* [65]. In contrast, Hardy et al.
postulated that CNNM3 mediates Mg?* influx with PRL2 enhancing influx activity to again
increase intracellular Mg?* levels [66]. Both groups suggested that increased binding of Mg?" to
ATP would promote the activity of enzymes associated with energy metabolism and protein

synthesis, thereby promoting cellular proliferation and tumor invasiveness [68-71].

1.4.4 Hypertension

Several genome-wide association studies have identified CNNM?2 as a candidate gene
associated with blood pressure variation and hypertension [72-76]. Studies of CNNM2 and
CNNM4 knockdown mice suggested opposing roles of CNNM proteins on blood pressure:
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CNNM2"- mice had lower blood pressure, while CNNM4~~ mice had increased blood pressure
[21]. The authors proposed the following explanation: CNNM2 is involved in renal absorption of
Mg?*, and when CNNM2 expression is knocked down, it leads to impaired activity of renal
reabsorption, thus leading to lower blood pressure [21]. On the other hand, knockdown of
CNNM4 results in lower intestinal Mg?* absorption and lower serum magnesium level. This in
turn upregulates renal Mg?* reabsorption by CNNM2, and the increased renal activity leads to

increased blood pressure [21].

1.4.5 Infertility

Evidence of CNNM involvement in infertility comes from CNNM knockout studies in C.
elegans and mice. In C. elegans, CNNM-1 and CNNM-3 double mutant worms were sterile due
to gonadogenesis defect that severely attenuated proliferation of germ cells [35]. In mice,
CNNM47~ males are almost infertile because of loss of sperm mobility and fertility [77]. Detailed
analyses of these sperm revealed that their lack of hyperactivation motility is due to defects in
activation of CatSper, a sperm-specific Ca?* channel required for hyperactivation [77]. These
sperm also showed higher levels of magnesium, in which excessive Mg?* accumulation was
considered to impair the CatSper Ca?* channel function, suggesting a functional relationship
between Mg?" homeostasis and Ca®* signaling [77]. In addition, Cnnm2*~ Cnnm4~~ mice were
infertile, and their sperm showed a more severe motility-defective phenotype than those from

Cnnm4”~ mice, thus also implicating the role of CNNM2 in sperm motility [78].

1.4.6 Schizophrenia

Many genome-wide association studies have identified CNNM?2 as a risk locus for
schizophrenia [79-83]. A study found that a CNNM2 SNP variant (rs7914558; located within an
intron) is associated with grey matter morphological vulnerability of the bilateral inferior frontal
gyri, which may represent the mechanism by which CNNM2 increases the risk for schizophrenia
[84]. Rose et al. also investigated the effect of CNNM2 rs7914558 variant and showed that this
variant has an effect on both social cognition (i.e. attributional style) and grey matter volume in
regions previously implicated in the processing of social stimuli [85]. Large-scale phenotypic
landscape characterization of schizophrenia-association genes in zebrafish also identified

CNNM2 as a promising candidate for the disease; CNNM2 mutants caused decreased brain
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activity in retinal arborization field, tectum, and hypothalamus [86]. Together with previous
findings mutations in CNNM?2 results in hypomagnesemia and impaired brain development [29],
these studies strongly suggest that CNNM2 plays important roles in brain development and
pathophysiological of schizophrenia. In addition, genome sequencing of individuals affected
with schizophrenia have identified missense mutations in CNNM1, CNNM3, and CNNM4,
thereby linking all four members to schizophrenia (Table 1.1) [60]. Recently, two studies in flies
have implicated the CNNM ortholog, Uex, in brain development and function. Prl-1, which acts
upstream of Uex, was shown to be required for proper synapse formation and fly movement [87].
Prl-1 and Uex were also found to play neuroprotective roles. Loss of either Uex or Prl-1 led to

neural dysfunction characterized by a wing up phenotype upon CO: exposure [88].
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1.5 CNNM - domain organization and structure

CNNMs are multi-domain proteins. Eukaryotic CNNMs contain four domains: the
extracellular domain, transmembrane domain (TMD), CBS-pair domain, and cyclic nucleotide-
binding homology (CNBH) domain (Fig. 1.2). The transmembrane and CBS-pair domains are
the most conserved domains and found associated together in essentially all organisms from
humans down to bacteria. Prokaryotic CNNMs lack the extracellular domain and have a smaller

C-terminal domain, termed CorC, that is unrelated to the eukaryotic CNBH domain.

ancient conserved domain (ACD)

I 1
Eukaryotic CBS-pair CNBH
CNI\)l/M N4 Extracellular TMD C

domain of unknown Mg2+-ATP and Dimerization
function 21 (DUF21) PRL-binding sites

Prokaryotic CBS-pair CorC
CNNM N_< T™MP domain J ¢

domain of unknown Mgz2*-ATP
function 21 (DUF21) binding site

Figure 1.2 Domain architecture of eukaryotic and prokaryotic CNNMs

1.5.1 Extracellular domain

Based on sequence analysis, all four human CNNMs contain a signal peptide prior to the
N-terminal extracellular domain [89]. In CNNM2, the signal peptide has been experimentally
determined to be 64 amino acid long and is cleaved by signal peptidase complex (SPC) in the ER
[24]. The structure and function of the extracellular domain is unknown. de Baaij et al. identified
a glycosylation site in CNNM2 at Asn-112 [24]. Mutation of Asn-112 to alanine resulted in 90%
reduction in plasma membrane expression, suggesting glycosylation is necessary for localization
or protein stability [24]. The domain is the site of a hypomagnesemia-associated mutation

(CNNM2 E122K) that similarly reduces in plasma membrane expression [29].
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1.5.2 Transmembrane domain (TMD)

The transmembrane domain is the defining feature of CNNM proteins. The domain is
very broadly conserved and constitutes the largest family of protein domains of unknown
function (DUFs) on the Pfam database [90]. Called domain of unknown function 21 (DUF21),
there are close to 20,000 protein sequences from over 7,000 species ranging from bacteria to
plants and animals. Transmembrane prediction software predicts four transmembrane helices.
However, since the preceding domain is extracellular and following domain is intracellular, it
must have an odd number of transmembrane sequences. Thus, De Baaij et al. has predicted the
DUF21 to be composed of three transmembrane helices and one re-entrant helix [24]. They
predicted the second helix to be the re-entrant helix since it is the shortest and the least
hydrophobic (Fig. 1.3) [24]. Several Jalili syndrome mutations reside in this domain of CNNM4,
such as S196P, S200Y, R236Q, R236W, S245L, and L324P [44, 48-51] (Table 1.1). Mg?" efflux
studies on S200Y and L324P mutants in CNNM4 showed diminished efflux activity [20]. In
addition, several hypomagnesemia-associated mutations also reside in DUF21 of CNNM2:

S269W, L330F, and E357K [29].
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Figure 1.3 Topological model of CNNM proteins

Prior to this thesis, the only structures of eukaryotic CNNM protein known were fragments
comprising the CBS-pair domain. The CNNM TMD is predicted to consist of three
transmembrane helices and 1 re-entrant helix. The structure of CBS-pair domain shown (PDB:
4P10 [91]) crystallized as a dimer with two Mg?*-ATP bound in the central cavity. CNNMs are

predicted to be dimers due to dimerization of the CBS-pair domains.

1.5.3 CBS-pair domain

The TMD is followed by a cytosolic domain called cystathionine-f-synthase (CBS)-pair
domain (Fig. 1.3). CBS-pair domains, also known as Bateman modules, consist of two repeated
60-residue CBS motifs that fold together. CBS-pair domains are found in many proteins: AMP-
activated protein kinase (AMPK), inosine-5"-monophophate dehydrogenase (IMPDH), chloride
channel (CIC), and bacterial Mg?* transporter MgtE [92, 93]. In AMPK, this domain acts as an
energy sensor as it is able to bind different adenine nucleotides, such as AMP, ADP, and ATP
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[94]. In CNNM, this domain also binds ATP and is also the site of PRL binding. This domain
has been characterized most extensively and is the only CNNM domain with a known structure

prior to this thesis.

1.5.3.1 CNNM CBS-pair domains bind ATP

Hirata et al. measured the affinity of ATP to CBS-pair domain of CNNM1-4 using a
[*’P]ATP filter binding assay (Table 1.2) [41]. They observed that the CBS-pair domains of
CNNM2 and CNNM4 bound ATP in a Mg?*-dependent manner (10 mM Mg?*). The domains of
CNNMI1 and CNNM3 showed negligible binding [41]. The affinities of ATP binding to CNNM2
and CNNM4 are considerably lower than the ATP concentration found in the cells (1-2 mM)
[95], which led the authors to conclude that ATP is constitutively bound irrespective of the

energetic state of the cells [41].

Table 1.2 Binding affinities of CBS-pair domains for ATP [41].
CBS-pair domain  ATP (uM) Mg?"-ATP (uM)

CNNMI1 No binding 915+ 389
CNNM2 No binding 159 + 28

CNNM3 No binding No binding
CNNM4 No binding 43.4+8.9

1.5.3.2 Crystal structures of CBS-pair domain
In order to characterize the structural basis of ATP binding, Corral-Rodriguez et al.

determined crystal structures of the CNNM2 CBS-pair domain without ligand and in complex
with different adenine nucleotides. The CBS-pair domain is made up of two consecutive CBS
motifs (CBS1 and CBS2) that fold together (Fig. 1.4) [91]. Both CBS motifs adopt affa folds
and contact each other via three-stranded B-sheets (where the first two 3 strands run parallel, the
third one runs antiparallel) [91]. The CBS-pair domain exists as a dimer in which two CBS-pair
domains associate to form a disk, commonly referred to as a CBS module. The dimer of CBS-

pair domains binds nucleotides and metal ions in the central cavity [91].
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Figure 1.4 Structural basis of Mg?*-ATP binding by CBS-pair domain
Crystal structure of CNNM2 CBS-pair domain bound to Mg?*-ATP (PDB: 4P10 [91]). ATP

binds to the canonical nucleotide-binding site. Mg?* ions are represented as magenta spheres.

In the three structures, CBS-pair domain of CNNM2 binds adenine nucleotides (AMP,
ADP, or Mg?*-ATP) in the central cavity (Fig. 1.4). In the Mg?*-ATP-bound structure, the
adenine ring is sandwiched between Tyr478 and Ile566 in a hydrophobic pocket comprising
Pro482, 1le481, Cys456, and Phe457, while the ribose ring forms hydrogen bonds with the side
chains of Thr451 and Asp571 [91]. For the phosphate groups, the a-phosphate is stabilized by
Thr568. When present, the B-phosphate and/or y-phosphate are hydrogen-bonded by Thr479 and
Arg480 [91]. In hypomagnesemia patients, this Thr568 residue is mutated to a bulkier isoleucine
residue, consequently causing steric clashing with the ribose moiety, thus inhibiting adenine
nucleotide binding [19]. In the Mg?*-ATP-bound structure, the Mg?* is coordinated by all three
phosphates and is considered an allosteric activator for ATP binding as Mg?* binding alleviates
the otherwise negative charge repulsion existing between acidic residues and phosphate groups
of ATP [91].

Additionally, Corral-Rodriguez et al. obtained the CBS-pair domain structure of CNNM2
in an unliganded form. In absence of bound nucleotide, the dimer adopts a twisted conformation,
in which both CBS2 motifs remain in contact while CBS1 motifs have separated (Fig. 1.5) [91].
In addition, the monomers differ markedly in the relative orientation of helix a0 that leads to the

TMD and helix 04 that connects to the following CNBH domain. These changes suggest that the
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movements induced by nucleotide binding could be translated to the two neighboring domains

[91].
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Figure 1.5 CBS module adopts different conformations depending on Mg?*-ATP binding
In presence of Mg?*-ATP, the CNNM2 CBS-pair domain adopts a flat, disc-like dimer (PDB:
4P10 [91]). Without ligand, the domain forms a twisted shape similar to a lock washer (PDB:
41YS [91]). The alpha helices, a0 and o4, that connect to neighboring domains undergo major

conformational rearrangements.

1.5.3.3 Co-crystal structures of CBS-pair domain and PRL

Our group reported the first co-crystal structure of a CBS-pair domain (CNNM3) and
phosphatase (PRL2) [96]. Additional structures of CNNM?2 and CNNM3 with different PRL
proteins were subsequently reported [97, 98]. In the structures, the CBS-pair domain is always
present as a flat disc-like dimer, similar to the nucleotide-bound conformation. The complexes

are very similar. The CBS-pair domain interacts with PRL using the extend loop that connects 5
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and B6 (Fig. 1.6). The extended size of the loop is unique to CNNMs and absent in other CBS
domain-containing proteins. PRL binding is mainly mediated by an aspartic acid (Asp558 in
CNNM2; Asp426 in CNNM3) in the CBS-pair domain that inserts into the catalytic pocket of
PRL mimicking a phosphorylated substrate. The interaction is abolished by phosphorylation or
oxidation of the catalytic cysteine in PRL (e.g. Cys101 in PRL2), suggesting additional layers of

regulation.

Figure 1.6 Structural basis of CNNM-PRL interaction
Crystal structure of CNNM3 CBS-pair domain in complex with PRL2 (PDB: 5K22 [96]). The
interaction is mediated by the extended loop structure from CNNM into the catalytic pocket of

PRL.

1.5.3.4 CBS-pair domain of bacterial CNNMs

Several bacterial CNNM orthologs have had their CBS-pair domain structures
determined (PDB: 3LV9; 3LHH; 30CO; 3HF7; 3I18N). The structures resemble those of human
CNNMs with the exception of the extended loop that is only present in higher eukaryotes. Some
of the bacterial proteins have been crystallized in presence of adenine nucleotides and form

dimers.
1.5.4 Cyclic nucleotide-binding homology domain

Eukaryotic CNNMs contain a cyclic nucleotide-binding homology (CNBH) domain after

the CBS-pair domain. Little is known about this domain other than its sequence similarity to
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cyclic nucleotide-binding (CNB) domains [14]. The CNBH domains of CNNMs are well-

conserved across isoforms with the exception of a large variable loop. The similarity to CNB
domains suggested that CNNMSs could be regulated by cyclic nucleotide binding. The CNBH
domain does not interact with CBS-pair domain, nor does it interact with PRLs [98]. Several

mutations in the domain has been linked to Jalili syndrome (Table 1.1).

1.5.5 CorC domain

In prokaryotes, instead of CNBH domain, the CBS-pair domain is followed by a smaller
C-terminal domain called CorC domain. Structures from several CNNM orthologs have been
determined (PDB: 20AI; 2R8D; 2NQW; 3DED; 2P3H; 2PLS; 2RKS). The domain is made up
of a five-stranded anti-parallel B-roll and two a-helices. Structure of full-length CorC (PDB:
4HGO), a bacterial CNNM ortholog that lacks the DUF21, has been determined in complex with
AMP (Fig. 1.7). The CBS-pair domain forms a dimer while the CorC domain hangs on opposite

sides, most likely representing the structure of cytosolic region of prokaryotic CNNMs.
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Figure 1.7 Crystal structure of CorC, a bacterial CNNM ortholog that lacks TMD
The CBS-pair domains of CorC bind AMP in the central cavity forming a flat, disc-like
homodimer while CorC domains resides on either side of CBS-pair domains (PDB: 4HGO).

1.5.6 Oligomerization state

Since all the CBS-pair domain structures are dimers, it suggests that the oligomerization
state of CNNMs is a dimer. Indeed, additional complexes have been observed on immunoblots at
~200 kDa (monomer = 105 kDa), suggesting the functional unit is a dimer [24]. Assuming
CNNM forms a dimer, then there would be six transmembrane helices, which is thought to be
too few for a transporter [24]. Therefore, some groups suggest CNNM2 might function as a

sensor indirectly regulating Mg?" transport instead of performing direct transport [24].
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1.6 Thesis objectives and overview

Seventeen years since the discovery of CNNM proteins, the mechanism of Mg?* transport
by CNNM remains unknown and actively debated. Is it a direct transporter or a regulator of other
transporters? If direct transport, what is the mechanism? Does it form a continuous pore or act as
a secondary transporter? Is the transport voltage-dependent, ligand-gated, ATP-driven, or cyclic
nucleotide-gated? Prior to this work, only the CBS-pair domain of CNNM proteins had been
studied functionally and structurally.

In this thesis, I describe a stepwise structural approach to understand the function and
mechanism of Mg?* transport by CNNM proteins. In Chapter 2, I characterized the
uncharacterized C-terminal CNBH domain and observed that the domain functions as a
dimerization domain and is important for Mg?* efflux. In Chapter 3, I studied the structures of
the two cytosolic domains (CBS-pair and CNBH domains) and found that Mg?" efflux function
is regulated by conformational changes associated with Mg?*-ATP binding to the CBS-pair
domain. Lastly, in Chapter 4, I solved the structure of an archaeal CNNM ortholog by X-ray
crystallography. The structure of the transmembrane domain shows a dimeric configuration with
negatively charged cavity consistent with a direct function of CNNM in ion transport. To test
this, I reconstituted the purified archaeal protein in vesicles and measured Mg?* transport. The
results of this work are an improved understanding of the three-dimensional structures and

biochemical functions of CNNMs.
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Chapter 2 — The cyclic nucleotide—binding homology domain of the integral membrane protein

CNNM mediates dimerization and is required for Mg?* efflux activity

Chen, Y. S., Kozlov, G., Fakih, R., Funato, Y., Miki, H., and Gehring, K. (2018). Journal of
Biological Chemistry 293, 19998-20007.

2.0 Connecting text
The presence of cyclic nucleotide-binding homology (CNBH) domain suggests CNNM
could be regulated by cyclic nucleotides. In this chapter, I carry out structural and functional

characterization of the C-terminal CNBH domain to learn about this domain.

2.1 Summary

Proteins of the cyclin M family (CNNMs; also called ancient conserved domain proteins,
or ACDPs) are represented by four integral membrane proteins that have been proposed to
function as Mg?* transporters. CNNMs are associated with a number of genetic diseases
affecting ion movement and cancer via their association with highly oncogenic phosphatases of
regenerating liver (PRLs). Structurally, CNNMs contain an N-terminal extracellular domain, a
transmembrane domain (DUF21), and a large cytosolic region containing a cystathionine-[3-
synthase (CBS) domain and a putative cyclic nucleotide—binding homology (CNBH) domain.
Although the CBS domain has been extensively characterized, little is known about the CNBH
domain. Here, we determined the first crystal structures of the CNBH domains of CNNM2 and
CNNM3 at 2.6 and 1.9 A resolutions. Contrary to expectation, these domains did not bind cyclic
nucleotides, but mediated dimerization both in crystals and in solution. Analytical
ultracentrifugation experiments revealed an inverse correlation between the propensity of the
CNBH domains to dimerize and the ability of CNNMs to mediate Mg?* efflux. CNBH domains
from active family members were observed as both dimers and monomers, whereas the inactive
member, CNNM3, was observed only as a dimer. Mutational analysis revealed that the CNBH
domain was required for Mg?* efflux activity of CNNM4. This work provides a structural basis

for understanding the function of CNNM proteins in Mg?" transport and associated diseases.
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2.2 Introduction

Magnesium (Mg?") is the most abundant divalent cation inside cells and essential for a
wide variety of biochemical processes, such as energy metabolism, maintenance of genomic
stability, protein synthesis, and over 600 enzymatic reactions [2]. In humans, abnormal
Mg?* handling is linked to different pathologies, including osteoporosis, diabetes, hypertension,
neurological disorders, and immunodeficiency [7, 8]. Mg?" is unique among divalent cations in
that it has the smallest ionic radius and largest hydrated radius; therefore, the transport of
Mg?* across the membrane requires the action of Mg?* channels and transporters, including
CNNM proteins [6].

Originally called cyclin M due to specious sequence similarity with the cyclin family,
CNNMs are a conserved family of four integral membrane proteins implicated in maintaining
Mg?* homeostasis [14]. CNNM2 and CNNM4 possess Mg?* efflux activity and have been
proposed to facilitate renal/intestinal (re)absorption of Mg?* as they localize to the basolateral
membrane of renal/intestinal epithelial cells [19, 20]. CNNM mutations are associated with a
number of genetic diseases affecting Mg?* homeostasis. Mutations in CNNM2 were found in
patients with familial dominant hypomagnesemia accompanied by low Mg?" serum level and
symptoms such as muscle weakness, tremor, and headaches [19]. Mutations in CNNM4 are
implicated in Jalili syndrome, characterized by recessive amelogenesis imperfecta and cone-rod
dystrophy [44, 48].

More recently, CNNM-associated Mg?* transport was found to be regulated by the
binding of phosphatases of regenerating liver (PRLs), which are potent oncogenes with strong
association with metastatic cancers [99]. When PRL binds CNNM, intracellular Mg?* level is
increased, thereby promoting tumor progression and cellular proliferation [65, 66]. Despite a
clear association with Mg?" transport, it is still debated whether CNNM proteins are themselves
Mg?* transporters or whether they regulate other proteins that transport Mg?* [31, 32].

Structurally, CNNMs contain an N-terminal extracellular domain, a transmembrane
domain (domain of unknown function 21; DUF21), and a large cytosolic region containing a
cystathionine-B-synthase (CBS-pair) domain and a cyclic nucleotide—binding homology (CNBH)
domain (Fig. 2.1A) [24]. Currently, only the CBS-pair domains have been characterized
structurally. The CBS-pair domain is the site of PRL binding [96-98] and required for
Mg?* efflux [41]. The CBS-pair domains dimerize and are likely a site of regulation through
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ATP-Mg?" binding. Nucleotide binding induces a conformational change of the dimer from a

twisted to a flat disc-like structure [91].

1 185 310 452 707
N Extracellular DUF21 CBS CNBH N __ ¢
domain domain
Transmembrane PRL-binding site
B aA’ aA B1 aA” B2 B3
CNNM1 603 VKISPQLLLATHRFMATEVEPFKSLYLSEKILLRLLKHPNVIQELKFDEKNKKAPEHYLYQRNRPVDYFVLLLQ
CNNM2 618 VKISPQLLLAMHRFLATEVEAFSPSQMSEKILLRLLKHPNVIQELKYDEKNKKAPEYYLYQRNKPVDYFVLILQ
CNNM3 490 VTISPQLLLATQRFLSREVDVFSPLRISEKVLLHLLKHPSVNQEVRFDESNRLATHHYLYQRSQPVDYFILILQ
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Figure 2.1 CNNM domain organization
(A) CNNM consists of four domains: the extracellular domain, DUF21, CBS domain, and

CNBH domain. Residues are numbered according to CNNM3. (B) Sequence alignment of

CNBH domains of human CNNM proteins. Secondary structure corresponds to the crystal

structure of the CNNM3 CNBH domain. The dashed line corresponds to a disordered region that

was not observed in the electron density map. Hydrophobic residues involved in the dimerization

interface are highlighted in green. Positions tested by mutagenesis for dimerization or efflux

activity are marked by a red X.

Whereas CBS-pair domains have been extensively characterized, little is known about the

CNNM C termini other than the sequence similarity to cyclic nucleotide—binding domains [14].
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The CNBH domains of CNNMs are well-conserved across isoforms with the exception of a large
variable loop (Fig. 2.1B). The similarity to cyclic nucleotide—binding domains suggested that
CNNMs could be regulated by cyclic nucleotide binding. The CNBH domain does not interact
with CBS-pair domain; nor does it interact with PRLs [98]. One mutation in the domain has been
linked to Jalili syndrome [57].

Here, we carried out structural and functional characterization of the CNBH domain of
CNNM. We determined the structures of CNBH domains from CNNM2 and CNNM3. We found
that, contrary to expectations, the CNBH domains do not bind cyclic nucleotides. Rather, the
domains exist as dimers both in the crystal and in solution. Efflux measurements with CNBH
mutants showed that deletion of the CNNM4 CNBH domain abrogated activity in an Mg?* efflux
assay but that the dimerization was not required. Our results suggest that CNBH dimerization

may function to inhibit and thus regulate CNNM activity across the different isoforms.
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2.3 Results
2.3.1 Structural determination of CNBH domain of CNNM3 and CNNM2

To gain insight into CNNM proteins, we endeavored to determine the three-dimensional
structures of their CNBH domains. We first obtained crystals of the CNBH domain from human
CNNM3 (residues 453—707) that diffracted to ~3 A. Attempts to solve the structure by
molecular replacement were unsuccessful; thus, we chose to label the protein with
selenomethionine for experimental phasing. This required the introduction of additional
methionine residues by site-directed mutagenesis, as there is only one methionine in the CNNM3
CNBH domain and its location was predicted to be in a mobile region. Seven sites (Ile-516, Arg-
535, Thr-591, Ala-623, Leu-651, Val-669, and Ile-670) were selected based on the sequence
alignment of CNNM proteins from different species. Mutants with three or more additional
methionines were screened for expression and solubility. Several mutants produced a significant
amount of soluble protein, but the best-diffracting crystals were obtained with a mutant with six

artificially introduced methionines (Fig. 2.2).

SEDYRDTVVKRKPASLMAPLKRKEEFSLFKVSDDEYKVTISPQLLLATQRF
1 2
LSREVDVFSPLRISEKVLLHLLKHPSVNQEVRFDESNRLATHHYLYQRSQP
3
VDYFILILOGRVEVEIGKEGLKFENGAFTYYGVSALTVPSSVHQSPVSSLQ
4 5
PIRHDLOPDPGDGTHSSAYCPDYTVRALSDLOLIKVTRLOYLNALLATRAQ
67
NLPQSPENTDLQVIPGSQTRLLGEKTTTAAGSSHSRPGVPVEGSPGRNPGV

Figure 2.2 Methionine substitutions tested for phasing of the CNNM3 CNBH domain

The amino acid sequence of human CNNM3 is shown for residues 453 to 707. The naturally
occurring methionine is shown in red. Sites of methionine substitutions are shown in blue and
numbered 1 to 7. The best diffracting crystals were obtained with methionines at sites 1, 3, 4, 5,

6, and 7.

The structure of the selenomethionine-labeled CNNM CNBH mutant was solved using
the single-wavelength anomalous dispersion (SAD) method to 1.9 A (Table 2.1 and Fig. 2.3A).
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Four of the seven selenomethionines were observed in the electron density and allowed phasing
of the diffraction data. The crystal contained two CNBD domains in the asymmetric unit, which
could be superposed with an all-heavy atom root mean square deviation (RMSD) of 0.4 A.
Notably, close to 50% of the crystallized protein was not observed in the electron density maps.
Specifically, the N terminus (residues 453—488), a long internal loop (residues 592—623), and the
C terminus (residues 655—707) were disordered in both molecules (Fig. 2.1B).

We subsequently used this structure to design a construct of the CNBH domain of human
CNNM?2 as longer fragments had not crystallized. Residues 724—767, corresponding to the
missing loop in the CNNM3 structure, were deleted. This loop shows little conservation between
isoforms and is not predicted to form a regular secondary structure. Crystals of CNNM?2
(residues 585-822, A724-767) were obtained, and the structure was solved by molecular
replacement (Table 2.1). The CNNM2 crystals also contained two molecules in the asymmetric
unit. The CNBH domains from CNNM2 and CNNM3 were very similar, with an RMSD value of
0.6 A for 121 Co atoms (Fig. 2.3B).
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Table 2.1 Statistics of data collection and refinement

Construct CNNM3 (453-707) CNNM2 (585-822)
A724-767
Data collection
X-ray source CHESS Al CLS 08ID-1
Wavelength (A) 0.9779 1.0332
Space group P4,2,2 P3,21
Cell dimensions
a, b, c(A) 101.28, 101.28, 77.12 110.58, 110.58, 84.60
a, f,v(°) 90.0, 90.0, 90.0 90.0, 90.0, 120.0
Resolution (A) 50-1.90 (1.93-1.90)! 50-2.60 (2.69-2.60)
Redundancy 28.7 (27.5) 8.7(5.4)
Completeness (%) 99.9 (100) 96.5 (70.9)
Rmeas (%) 9 (286) 10 (146)
Rpim (%) 2 (53) 4 (48)
1ol 44.2 (1.8) 19.8 (0.8)
CCir 0.662 0.609
Refinement
Resolution (A) 32.5-1.90 47.9-2.60
No. of reflections 32014 14399
Rwork/Rree 0.219/0.239 0.219/0.251
No. of atoms
Protein 2073 2332
Water 70 23
B-factors
Protein 61.6 53.9
Water 54.2 26.8
RMSDs
Bond lengths (A) 0.004 0.002
Bond angles (°) 0.70 0.48
Ramachandran statistics (%)
Most favored regions 97.2 96.7
Additional allowed regions 2.8 33
Disallowed regions 0.0 0.0
PDB code 6DFD 6DJ3

Values for the highest-resolution shell are shown in parentheses.
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CNNM3
MlotiK1

Figure 2.3 Crystal structures of CNBH domain of CNNM proteins

(A) Cartoon representation of CNNM3 CNBH domain, colored blue (N terminus) to red (C
terminus). A disordered loop of 31 amino acids is indicated by a dashed line. The CNNM3
CNBH domain structure shows the typical fold of a cyclic nucleotide—binding domain: a wide
antiparallel B-roll capped by an a-helical bundle. (B) Overlay of cartoon representations of
CNBH domains of CNNM2 (blue) and CNNM3 (green). (C) Structural overlay of the CNBH
domain of CNNM3 (green) with the cyclic nucleotide-binding domain of the bacterial

K™ channel from Mesorhizobium loti (magenta; PDB code 1VP6). The M. loti K* channel has an

additional C-terminal helix (aC) that contacts the bound cAMP ligand. In CNNM3, a tyrosine

side chain blocks the nucleotide-binding site.

50



2.3.2 Crystal structures of CNBH domain of CNNM3 and CNNM2

As expected, the CNBH domain structures are similar to structures of cyclic nucleotide—
binding domains [100]. The domain contains an eight-stranded antiparallel B-roll that is capped
by an a-helical bundle on the side (Fig. 2.3A). For consistency with the literature on cyclic
nucleotide-binding domains, we labeled the two helices preceding the B-roll as aA’ and aA, the
helix between 6 and B7 as aB’, and the helix following the B-roll as aB. The CNNM CNBH
domains contain an additional single-turn a-helix (aA") located between the 1 and 2 strands
(Fig. 2.1B).

A major difference between the cyclic nucleotide-binding and CNBH domains is the
large loop that was disordered in CNNM3 and partially deleted in CNNM2. In cyclic nucleotide—
binding domains, the loop is 5 residues long and connects the aB’ helix and 37 strand (Fig.
2.3A). In CNNMs, the loop varies between 30 and 70 residues in length (Fig. 2.1B) and likely
requires contacts with other domains in the full-length protein to fold properly. In one of the two
CNNM2 molecules, weak electron density for the loop could be modeled due to crystal contacts
that reduced the loop's mobility. The very high B-factors and the absence of a regular secondary
structure suggest that its fold is not physiologically relevant (Fig. 2.3B).

A structural similarity search using the CNNM3 CNBH domain and the DALI server
[101] identified the most structurally similar protein as the regulatory subunit of cAMP-
dependent protein kinase (PDB code 2QVS) with an RMSD of 1.9 A for 120 Ca atoms (Z-score
of 15.1). Other top hits were a regulatory subunit of cGMP-dependent protein kinase (PDB code
SDYL, Z-score 14.0), cyclic nucleotide—binding protein (PDB code 5SDLI, Z-score 14.0), and the
cyclic nucleotide—binding domain of MlotiK1 potassium ion channel protein (PDB code
3C0O2, Z-score 13.5). We used the MlotiK1 cyclic nucleotide—binding domain for detailed
structural comparisons with the CNBH domains because it is from an ion channel, and structures
are available for both ligand-free and nucleotide-bound forms [102].

Overall structural similarity to the cyclic nucleotide—binding domain of MlotiK1 is very
high, particularly in the B-roll region, which is the site of nucleotide binding (Fig. 2.3C). The
differences largely include slightly different orientations of helices and varied loop
conformation. A number of loops are significantly longer in CNNMs. The main difference is the
absence of helix aC in the CNBH domain of CNNM3. In cyclic nucleotide-binding domains,

this C-terminal helix closes on the bound nucleotide, providing additional contacts and increased
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affinity (Fig. 2.3C). This region is unstructured in CNNM3 despite being present in the
crystallized protein. The amino acid sequence does not contain any predicted secondary structure
elements and shows low sequence conservation among CNNM family members, strongly
suggesting that the region does not form a helix in CNNMs.

A structural alignment of the CNNM3 CNBH structure with the nucleotide-bound
structure of MlotiK1 (PDB code 1VP6) suggests that CNNM3 should not bind nucleotides.
CNNM3 contains a tyrosine residue (Tyr-628) in the middle of the putative nucleotide-binding
site that would sterically clash with a bound ligand (Fig. 2.3C). This residue is an alanine in
MlotiK1 but a tyrosine or phenylalanine in all four CNNM members, suggesting that none of the

isoforms bind cyclic nucleotides.

2.3.3 CNBH domains of CNNMs do not bind cyclic nucleotides

To test this hypothesis, we used thermal shift assays (TSAs), also known as differential
scanning fluorimetry, with purified CNBH domains of CNNM1, CNNM2, CNNM3, and
CNNM4 (Fig. 2.4A and Table 2.2). Protein stability is typically increased upon ligand binding,
resulting in a higher melting (denaturation) temperature [103], as illustrated by a positive control
that binds cAMP (Fig. 2.5) [104]. None of the melting temperatures of CNBH domains changed
significantly upon the addition of cAMP or cGMP. Similar results were obtained either in the

presence or absence of Mg?* ions.

52



>0 O O O >50 0 0O O >0 0 O O >550 0 O O
O T OO OXx>XTMOWO o> T OO O T OO
=2 pn=2Z n=2=Z pn==22
S TUTTT S TTTT S TUTTTU S TTTT
= + + = + + = + + = + +
o o ) o
5 & £ 5 & 2 5 & 2 5 & 2
Yooy Yo Yooy Yooy
n9 @@-0 15N,
addition | . 0m ppm
P
0 . K 0
0 s oA i o 115
o 0
Q0 )
A = '120
X o¥
125
® 0,/
130
o B u
Heppms 8 7 5

Figure 2.4 CNBH domains of CNNM proteins do not bind cyclic nucleotides
(A) Thermal shift assays of the denaturation of the CNBH domains of CNNM1—4 in the presence

and absence of 1 mM cyclic nucleotides and 1 mM Mg?*. Each experiment was performed in

triplicates. Error bars, S.E. (B) Two-dimensional '"H-!>N correlation spectra of CNNM4 CNBH

domain without nucleotide or 3 mM cAMP. No significant shifts were observed, indicating no

ligand binding.
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Table 2.2 Thermal shift assay raw data

Protein Condition Tm (°C)
Replicate  Replicate  Replicate Mean Standard

1 2 3 Error
CNNM1_CNBHD no addition 48.20 48.02 48.11 48.11 0.05
CNNM1_CNBHD cAMP 48.15 48.01 48.13 48.10 0.05
CNNM1 CNBHD  cAMP + MgCl, 48.16 48.15 48.10 48.14 0.02
CNNM1_CNBHD cGMP 48.17 48.04 48.01 48.08 0.05
CNNM1 CNBHD  c¢GMP + MgCl, 48.16 48.18 48.29 48.21 0.04
CNNM2_CNBHD no addition 50.23 49.94 50.10 50.09 0.09
CNNM2_CNBHD cAMP 50.12 50.14 50.19 50.15 0.02
CNNM2 CNBHD  cAMP + MgCl, 50.32 50.18 50.07 50.19 0.07
CNNM2_CNBHD cGMP 50.34 50.21 50.13 50.23 0.06
CNNM2 CNBHD  c¢GMP + MgCl, 50.39 50.30 50.32 50.34 0.03
CNNM3_CNBHD no addition 49.49 49.48 49.43 49.47 0.02
CNNM3_CNBHD cAMP 49.43 49.38 49.43 49.41 0.02
CNNM3 CNBHD  cAMP + MgCl, 49.35 49.69 49.32 49.46 0.12
CNNM3_CNBHD cGMP 49.54 49.32 49.43 49.43 0.07
CNNM3 CNBHD  c¢GMP + MgCl, 49.38 49.35 49.67 49.47 0.10
CNNM4 CNBHD no addition 52.46 52.53 52.36 52.45 0.05
CNNM4 CNBHD cAMP 52.56 52.50 52.56 52.54 0.02
CNNM4 CNBHD  cAMP + MgCl, 52.50 52.39 52.40 52.43 0.03
CNNM4 CNBHD cGMP 52.65 52.64 52.53 52.61 0.04
CNNM4 CNBHD  c¢cGMP + MgCl, 52.58 52.64 52.63 52.62 0.02
Ipg1496 KLAMP1 no addition 74.08 74.01 74.05 74.05 0.02
Ipg1496 KLAMP1 cAMP 74.67 74.67 74.82 74.72 0.05
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Figure 2.5 Thermal shift assays of positive control protein 1pg1496-KLLAMP1 in presence
and absence of 1 mM cAMP
The melting temperature is increased by 0.7°C with addition of 1 mM cAMP. Each experiment

was performed in triplicates. The error bars represent standard error.

As a more sensitive alternative, we used NMR to detect binding of cAMP to CNNM4
(Fig. 2.4B). NMR is very sensitive to molecular interactions, allowing for detection of even low-
affinity binding in the millimolar range. The 'H-!>N correlation spectrum of the "N-labeled
CNNM4 CNBH domain showed good dispersion of signals, characteristic of a well-folded
protein. Even at a cAMP concentration of 3 mM, no significant spectral changes were observed.
Assuming a detection limit of 10% binding, this yields a lower bound on the affinity of 30 mM.
Together, the TSA experiments and crystal structures demonstrate that CNBH domains of

CNNM proteins do not bind cyclic nucleotides.

2.3.4 CNBH domains form dimers in solution

During purification, the CNNM3 CNBH domain was observed to elute as a dimer on size
exclusion chromatography (Fig. 2.6A). To improve the resolution of monomers and dimers,
which were poorly separated by size exclusion chromatography, we turned to sedimentation
velocity analytical ultracentrifugation (AUC) (Fig. 2.6B-E, Fig. 2.7, and Table 2.3). AUC

analysis at different protein concentrations (15-60 uM) revealed a single, dimeric species for the
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CNNM3 CNBH domain. On the other hand, the CNNM1, CNNM2, and CNNM4 CNBH
domains displayed a mixture of monomer and dimer species in a ratio that varied with protein
concentration. At the same concentration, the ratio of dimer to monomer was higher for CNNM2

than that of CNNM1 and CNNM4, with CNNM4 having the least propensity toward

dimerization.
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Figure 2.6 CNBH domains of CNNM proteins dimerize in solution

(A) Gel-filtration chromatography of the CNBH domain of CNNM3. The protein elutes as dimer
of 47.8 kDa relative to gel-filtration standards (y-globulin, 158 kDa; ovalbumin, 44 kDa;
myoglobin, 17 kDa). (B—E) Sedimentation velocity analytical ultracentrifugation experiments of
CNBH domains at three protein concentrations (15, 30, and 60 uM). The CNNM3 CNBH
domain sediments as a dimer at all concentrations, whereas the domains from CNNM1, CNNM2,

and CNNM4 sediment as mixtures of monomer and dimer forms (see Table 2.3).
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Figure 2.7 Representative sedimentation velocity AUC profile of 60 pM purified CNBH

domains

(A) CNNM1 (B) CNNM2 (C) CNNM3 (D) CNNM4 (E) CNNM3 L575K (F) CNNM3 F577K

The absorbance of the sample at 280 nm and residuals are plotted against the radial position in

the cell. One in every 15 scans is plotted.
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Table 2.3 SV-AUC sedimentation coefficients and estimated molecular weights

Sedimentation Estimated MW
coefficient (S) (kDa) RMSD Theoretical MW (kDa)

CNBH  [Protein]

domain (M) Peak 1 Peak2 Peakl Peak?2 Monomer Dimer
60 2.52 3.68 28.1 52.9 0.0051

CNNMI 30 2.62 3.68 30.2 46.7 0.0049 27.0 54.0
15 2.75 3.70 333 43.1 0.0043
60 2.65 3.10 223 40.7 0.0053

CNNM2 30 2.19 3.11 24.4 40.9 0.0047 227 45.4
15 2.11 3.04 25.8 41.1 0.0028
60 2.76 - 44.2 - 0.0050

CNNM3 30 2.70 - 37.1 - 0.0031 239 47.8
15 2.67 - 35.8 - 0.0025
60 2.38 3.15 255 37.3 0.0053

CNNM4 30 2.25 3.11 255 40.2 0.0043 25.0 50.0
15 2.24 3.06 253 35.6 0.0031

CNNM3 60 2.08 - 20.7 - 0.0054

L575K 30 2.04 - 21.5 - 0.0045 239 47.8
15 1.99 - 20.5 - 0.0031
60 1.95 - 213 - 0.0053

Coe 30191 - 21 - 00035 239 478
15 1.90 - 20.7 - 0.0025

2.3.5 Mutagenesis identifies the dimerization interface

Analysis of crystal contacts revealed two protein—protein interfaces that could be
responsible for CNBH dimerization: one mediated by ionic interactions between the N-terminal
helices and one involving hydrophobic contacts between the B-roll elements (Fig. 2.8A). To
identify the interface responsible for dimerization, we generated four mutants in the CNNM3
CNBH domain and analyzed them by gel-filtration chromatography and AUC. Mutating
hydrophobic residue Leu-575 or Phe-577 disrupted dimerization, whereas the loss of either
charged residue in the N-terminal helix had no effect (Fig. 2.8B). Analogous CNNM4 mutants
also disrupted dimerization. The WT domain eluted as a broad peak consisting mostly of dimers,
whereas the M629K and F631K mutants eluted as monomers (Fig. 2.8B). AUC analysis
confirmed that the CNNM3 CNBH mutants L575K and F577K were both monomeric (Fig.
2.80).
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Figure 2.8 Identification of the dimer interface

(A) Two alternative dimerization interfaces observed in the CNNM3 crystals. Lef?, mediated by
ionic interactions. Right, mediated by hydrophobic contacts. Each chain is colored differently.
(B) Gel-filtration chromatograms of WT and mutant CNBH domains. Four mutants were
generated: R502A and ES07A to disrupt the first interface and L575K and F577K to disrupt the
second. The CNNM3 L575K and F577K mutants and analogous CNNM4 M629K and F631K
mutants eluted as monomers. (C) Analytical ultracentrifugation of CNNM3 CNBH domain,
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confirming that the L575K and F577K mutants behave as monomers at 60 pM. (D) Comparison
of the CNNM2 (leff) and CNNM3 (right) CNBH dimers. The dimer interface is formed by a -
roll structure with a buried surface area of 1125 and 1547 A2 for CNNM2 and CNNM3,
respectively. The locations of the CNNM3 residues mutated to disrupt dimerization are

indicated. Each chain is colored differently.

The B-roll dimerization surface is conserved in both CNNM2 and CNNM3 structures
(Fig. 2.8D). The hydrophobic residues Ile-570, Leu-575, Phe-577, and Tyr-628 in CNNM3 are
highly conserved across all four CNNM isoforms (Fig. 2.1B), which suggests that all of the
CNBH domains can dimerize in the same fashion. The weaker dimerization of CNNM2 and
CNNM4 could be related to the substitutions of alanine and methionine at positions 570 and 575
of CNNM3 or smaller buried surface areas (Fig. 2.8D). Finally, we note that the dimerization
further explains the inability of CNBH domains to bind nucleotides; the intermolecular contacts

at the dimer interface overlap with the putative ligand-binding site.

2.3.6 CNNM4 CNBH domain is essential for function

To assess the role of the CNBH domain in CNNM function, we measured CNNM-
dependent Mg?* efflux in a cellular assay with WT and mutant CNNM4 [20]. Deletion of the
CNBH domain completely blocked CNNM4-associated Mg?" efflux but had no effect on protein
expression or localization (Fig. 2.9). To test the role of CNBH dimerization, we assayed the two
CNNM4 point mutants that prevent CNBH dimerization. The mutations, M629K and F631K,
had divergent effects on the cellular Mg?" efflux. F631K showed significant impairment, but
M629K showed close-to-WT efflux, indicating that CNBH dimerization is not required for
Mg?* efflux. This is consistent with the observation that the CNBH domain from the most active

CNNM isoform has the least tendency to form dimers.
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Figure 2.9 CNBH domain is not required for CNNM4 expression or localization but is
required for Mg?* efflux

(A) Immunofluorescence images of HEK293 cells with anti-FLAG (green) and rhodamine-
phalloidin (red) showing that CNNM4 WT and mutant proteins are properly colocalized with F-
actin adjacent to the cell membrane. The mutations, M629K and F631K, prevent CNBH
dimerization. Bar, 10 um. (B) Western blotting showing equal expression of CNNM proteins in
lysates of HEK293 cells transfected with the indicated constructs. (C) Mg?* efflux assays
showing that deletion of the CNBH domain (ACNBH) blocks activity. HEK293 cells transfected
with the indicated constructs were loaded with Magnesium Green and then subjected to

Mg?* depletion at the indicated time point (arrowhead). The mean relative fluorescence

intensities of 10 cells are shown in the graph.
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2.4 Discussion

A wide variety of presumptive Mg?* transporters exist in bacterial and eukaryotic cells,
but the precise molecular function of many is under debate [105]. Atomic structures are known
for only two bacterial transporters: CorA and MgtE [106]. CNNM proteins show the greatest
sequence similarity to DUF21 domain proteins, a large family of putative Mg?* transporters
found in bacteria, plants, and animals. Bacterial DUF21 domain proteins have architectures
similar to CNNM proteins, consisting of an integral membrane domain of three transmembrane
helices, followed by a CBS-pair domain and a small C-terminal globular protein domain similar
in size to CNNM CNBH domains. Crystal structures of the C-terminal domains of several
bacterial DUF21 proteins show that they also form dimers (PDB entries 3DED, 20AI, 2R8D).

The CNBH domain of CNNM proteins are structurally similar to many cyclic nucleotide—
binding domains of cyclic nucleotide-gated channels [107-109], but our results demonstrate the
inability of these domains to bind cAMP or cGMP. Although co-purification with bacterial
cAMP [100] or binding to noncanonical cyclic nucleotides (not tested) is still possible [110], the
three-dimensional structures strongly suggest otherwise. The first reason is the presence of a
large aromatic residue (Tyr-628 in CNNM3) in the middle of the typical nucleotide-binding site
(Fig. 2.3C). This is similar to the related domain in the KCNH (ether-a-go-go K*) channel,
which does not bind nucleotide due to blockage of the B-roll binding pocket by an adjacent three-
residue B-strand motif [111]. Second, CNBH domains lack the C-terminal aC helix typically
involved in cyclic nucleotide binding (Fig. 2.3C). Normally, upon nucleotide binding, the aB
and aC helices rotate toward the B-roll, allowing the aC helix to interact with the base moiety
and cap the binding pocket [107]. In the case of CNNM, the absence of the aC helix prevents the
stable binding of the nucleotide. Finally, the would-be nucleotide-binding surface is heavily
involved in the intermolecular interaction of the dimer interface (Fig. 2.8). Major conformational
changes would be required for a nucleotide to bind.

Instead, the function of the CNBH domain appears to be dimerization. Cyclic nucleotide—
binding domains mediate dimerization in many proteins. The best-understood example is
catabolite gene activator protein, which contains a cAMP-binding domain that is responsible for
protein dimerization [112]. The cyclic nucleotide—binding domains of the superfamily of
voltage-gated K™ channel (which includes KCNH channels) form dimers [113]. Like CNNM
proteins, KCNH CNBH domains do not bind nucleotides but rather use the B-roll structure to
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interact with another protein domain, regulating the channel in a cyclic nucleotide—independent
manner [114].

CNNM CNBH domains may play a similar role in regulating CNNM activity. CNNM
isoforms show large differences in Mg?* efflux activity, where CNNM4 possesses the highest
activity, CNNM2 shows intermediate activity, CNNM1 shows weak activity, and CNNM3 is
inactive [41]. The differences in efflux activity inversely correlate with the propensity of CNBH
domains to dimerize (Fig. 2.6). Whereas the CNBH domain is essential for Mg?" efflux activity,
dimerization is not required as the M629K mutation that disrupts the dimer interface has only a
modest effect on Mg?* efflux (Fig. 2.9C).

Although the exact molecular function of CNNM proteins remains still unclear, the
structural and functional characterization of their C-terminal CNBH domains is a valuable piece
of the puzzle. However, fully understanding the connections between CNNM and Mg?*
metabolism and cancer will require additional functional studies and ultimately structural

elucidation of the full-length protein.
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2.5 Experimental Procedures
2.5.1 Cloning of CNNM C-terminal domains

Human CNNM1 CNBH domain (residues 569—798), CNNM2 CNBH domain (residues
585-824), CNNM2 CNBH_cyst domain (residues 585-822 with a deletion of residues 724—767),
CNNM3 CNBH domain (residues 453—707), and CNNM4 CNBH domain (residues 513—728)
were codon-optimized for Escherichia coli (Bio Basic Inc., Markham, Canada) and subcloned
into BamHI and NotI sites of pGEX-6P-1 vector (Amersham Biosciences) with an N-terminal
GST tag. Mutagenesis was performed using the QuikChange site-directed/multi-mutagenesis kit

(Agilent).

2.5.2 Expression and purification of recombinant proteins

All constructs were verified by DNA sequencing and transformed into E. coli strain BL21
(DE3). Cultures were grown at 37 °C in Luria broth to an optical density of 0.8 and induced with
1 mM isopropyl 1-thio-B-D-galactopyranoside for 4 h at 30 °C. Cell pellet was obtained by
centrifuging at 5000 x g for 20 min. The pellet was resuspended in buffer A (50 mM HEPES,
500 mM NacCl, 5% glycerol, 5 mM B-mercaptoethanol, pH 7.5) and lysed by sonication. Cellular
debris was removed by centrifugation at 44,000 x g for 45 min at 4 °C. The supernatant was
loaded onto Pierce GSH-agarose resin, washed with buffer A, and eluted with buffer A
containing 20 mM GSH. 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 a Superdex-75 size-exclusion column (GE Healthcare) in HPLC buffer (20 mM HEPES, 100
mM NaCl, 3 mM TCEP, pH 7.5). The final purified protein was concentrated to around 10
mg/mL (measured by NanoDrop), and the purity was verified by SDS-PAGE. For
selenomethionine labeling, the plasmid was transformed into a methionine auxotroph strain
DL41 (DE3), and the protein was produced using LeMaster medium. The expression and
purification protocols were the same as for the native protein. For °N labeling, the cells were
grown in M9 minimal medium supplemented with '"N-ammonium chloride as the sole source of

nitrogen. The expression and purification protocols were the same as for the native protein.
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2.5.3 Crystallization

Crystals of selenomethionine-labeled CNNM3 CNBH domain with amino acid
substitutions [S16M, R535M, TS91M, A623M, L651M, V669M, and 1670M were obtained by
equilibrating 0.6 pL of protein (10 mg/mL) with 0.6 uL. of reservoir solution (0.8 M succinic
acid, pH 7.0) in a hanging-drop vapor diffusion system incubated at 22 °C. Crystals of CNNM2
CNBHocryst domain were obtained by equilibrating 2 pL of protein (10 mg/ml) with 2 pL of
reservoir solution (0.1 M BisTris, pH 6.0, 0.5 M sodium citrate, pH 7.0) in a hanging-drop vapor
diffusion system incubated at 22 °C.

2.5.4 Data collection, structure determination, and refinement

The crystals were cryoprotected by soaking in mother liquor supplemented with 30%
ethylene glycol, picked up in a nylon loop, and flash-cooled in a N2 cold stream. The CNNM3
CNBH domain SAD data set from a single crystal was collected using a single-wavelength
(0.9779 A) regime at beamline A1 of the Cornell High-Energy Synchrotron Source (CHESS)
using an ADSC Quantum-210 CCD detector (Area Detector Systems Corp.). Data processing
and scaling were performed with HKL-2000 [115]. The starting phases were obtained by
selenium-SAD using PHENIX [116]. Initial model was built using AutoBuild [117] and
extended manually with the help of the program Coot [118] and was improved by several cycles
of refinement using the program REFMACS5 [119] followed by TLS refinement [120]. The
CNNM2 CNBH domain diffraction data set was collected on beamline 08ID-1 with a Rayonix
MX300 CCD detector at the Canadian Macromolecular Crystallography Facility (CMCF) of the
Canadian Light Source (CLS). Data processing and scaling were performed with HKL-2000
[115]. The CNNM2 CNBH domain structure was solved by molecular replacement using Phaser
[121] with the CNNM3 CNBH domain structure as a search model. Refinement was carried out
by phenix.refine [122]. Crystallographic data collection and structure refinement statistics are
shown in Table 2.1. The final models have good stereochemistry with no outliers in the
Ramachandran plot computed using PROCHECK [123]. Structural images were prepared with
PyMOL, Version 2.0 (Schroedinger LLC, New York).
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2.5.5 Thermal shift assays

Each reaction contained 20 pL of solution with 25 uM CNBH domain, 1x Protein
Thermal Shift™ dye (Life Technologies), HPLC buffer with and without nucleotides and MgCl..
Samples were heated from 25 to 99 °C at a rate of 1 °C/min, and fluorescence signals were
monitored by the StepOne Plus quantitative real-time PCR system (Life Technologies, Inc.).
Data were analyzed using Thermal Shift software (Life Technologies). The maximum change of
fluorescence with respect to temperature was used to determine the melting temperature (7).
Each sample was performed in triplicates, and S.E. was calculated for each 7,, measured.

Positive control protein (Ipg1496-KLAMP1) was expressed and purified as described [104].

2.5.6 NMR spectroscopy

"H-!>N heteronuclear single-quantum correlation spectroscopy was performed on a
Bruker 600-MHz spectrometer using 0.15 mM ’N-labeled CNNM4 CNBH domain in 90%
HPLC buffer and 10% D>0O. Testing for cNMP binding was carried by acquiring TROSY spectra
before and after the addition of 3 mM cAMP. NMR data were acquired at 40 °C. NMR spectra
were processed using NMRPipe [124] and analyzed with SPARKY [125].

2.5.7 Analytical ultracentrifugation

Sedimentation velocity AUC experiments were performed at 20 °C using a Beckman
Coulter XL-I analytical ultracentrifuge using an An-60Ti rotor at 98,000 x g (35,000 rpm) for 18
h with scans performed every 60 s. 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,
respectively. Samples at concentrations ranging from 15 to 60 uM were monitored with UV at
280 nm. The data were analyzed with Sedfit version 1501b [126] using a continuous c(s)
distribution. Numerical values for the solvent density, viscosity, and the partial specific volume
were determined using Sednterp [127]. Buffer density and viscosity were calculated to be 1.0039
g/cm? and 0.01026 millipascals-s, respectively (20 mM HEPES, 100 mM NaCl, 3 mM TCEP,
pH 7.5). Partial specific volumes for CNBH domains of CNNM1—4 were calculated to be
0.7172, 0.7419, 0.7416, and 0.7350 cm?/g, respectively. Frictional ratio (f//y) values of CNNM2
and CNNM3 CNBH domains were calculated using US-SOMO [128] to be 1.29 and 1.21, and
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the value for CNNM1 and CNNM4 was estimated to be 1.29 based on similarity to CNNM2.
Residual and c¢(s) distribution graphs were plotted using GUSSI [129].

2.5.8 Size-exclusion chromatography

Analytical gel-filtration experiments were carried out on an Akta Purifier HPLC system
(GE Healthcare) using a 100-pL sample volume on a Superdex 75 Increase 10/300 GL column
(GE Healthcare) with a flow rate of 0.8 mL/min at 4 °C using HPLC buffer. Gel-filtration

standards were purchased from Bio-Rad (catalogue no. 151-1901).

2.5.9 Constructs used in mammalian culture cells

Human CNNM4 inserted into mammalian expression vector (pCMV tag-4A) was
generated in the previous study [20]. M629K, F631K, and ACNBH (A512-775) mutants were
generated using the QuikChange site-directed mutagenesis kit (Agilent).

2.5.10 Mg**-efflux assays

Mg?*-imaging analyses with Magnesium Green were performed as described in the
previous study [20, 96]. Transfected HEK293 cells were incubated under growth media
supplemented with 40 mM Mg?* until use, to avoid potential decrease of intracellular
Mg?* levels by the expressed proteins. Then the cells were incubated with Mg?*-loading buffer
(78.1 mM NaCl, 5.4 mM KClI, 1.8 mM CaCl,, 40 mM MgCl,, 5.5 mM glucose, 5.5 mM HEPES-
KOH, pH 7.4), including 2 uM Magnesium Green-AM (Invitrogen), for 30 min at 37 °C. The
cells were rinsed once with loading buffer and viewed using a microscope (IX81 (Olympus)
equipped with an ORCA-Flash 4.0 CMOS camera (Hamamatsu) and a USH-1030L mercury
lamp (Olympus)). Fluorescence was measured every 20 s (excitation at 470—490 nm and
emission at 505-545 nm) under the control of the Metamorph software (Molecular Devices).
Then the buffer was changed to remove Mg?* buffer (MgCl: in the loading buffer was replaced
with 60 mM NaCl). The data are presented as line plots of the mean fluorescence of 10 cells.
After imaging analyses, cells were fixed with PBS containing 3.7% formaldehyde and subjected

to immunofluorescence microscopy to confirm protein expression.
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2.5.11 Immunofluorescence microscopy

Cells cultured on coverslips were stained and observed according to the previous study
[20]. Cells were fixed with 3.7% formaldehyde in PBS for 20 min and permeabilized with 0.2%
Triton X-100 in PBS for 5 min. After blocking with PBS containing 3% fetal bovine serum and
10% BSA (blocking buffer) for 1 h, cells were incubated for 1 h with rabbit anti-FLAG antibody
(Sigma F7425) diluted in blocking buffer. Cells were washed three times with PBS and
incubated for 30 min with Alexa 488—conjugated anti-rabbit IgG (Invitrogen A-11034) and
rhodamine-phalloidin (for F-actin visualization, Wako 165-21641) diluted in blocking buffer.
After three washes with PBS, coverslips were mounted on slides and observed with a confocal

scanning laser microscope (FLUOVIEW FV1000, Olympus).
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Chapter 3 — Mg**-ATP sensing in CNNM, a putative magnesium transporter

Chen, Y. S., Kozlov, G., Fakih, R., Yang, M., Zhang, Z., Kovrigin, E. L., and Gehring, K.
(2020). Structure 28, 324-335.

3.0 Connecting text

Even though the CNBH domain structure has been determined, some questions still
remain unanswered. For example, why is the CNBH domain required for Mg?* efflux function?
The structures of both cytosolic domains (CBS-pair and CNBH domains) have been determined
individually, but what is the interplay between them? In this chapter, I attempt to answer these

two questions.

3.1 Summary

The family of cystathionine-B-synthase (CBS)-pair domain divalent metal cation
transport mediators (CNNMs) is composed of four integral membrane proteins associated with
Mg?* transport. Structurally, CNNMs contain large cytosolic regions composed of a CBS-pair
and a cyclic nucleotide-binding homology (CNBH) domain. How these regulate Mg?* transport
activity is unknown. Here, we determined the crystal structures of cytosolic fragments in two
conformations: Mg?*-ATP-analog bound and ligand free. The structures reveal open and closed
conformations with functionally important contacts not observed in structures of the individual
domains. We also identified a second Mg?*-binding region in the CBS-pair domain and a
different dimerization interface for the CNBH domain. Analytical ultracentrifugation and
isothermal titration calorimetry experiments revealed a tight correlation between Mg**-ATP
binding and protein dimerization. Mutations that blocked either function prevented cellular
Mg?* efflux activity. The results suggest Mg?" efflux is regulated by conformational changes

associated with Mg?*-ATP binding to CNNM CBS-pair domains.
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3.2 Introduction

Cystathionine-p-synthase (CBS)-pair domain divalent metal cation transport mediators
(CNNMs), also called ancient conserved domain proteins (ACDPs), are an evolutionarily
conserved family of four integral membrane proteins implicated in maintaining
Mg?* homeostasis [14, 130]. CNNM mutations are associated with a number of genetic diseases.
Mutations in CNNM?2 are found in patients with familial dominant hypomagnesemia
accompanied by low Mg?* serum level and symptoms such as muscle weakness, tremor, and
headaches [19]. Mutations in CNNM4 are implicated in Jalili syndrome, characterized by
recessive amelogenesis imperfecta and cone-rod dystrophy [44, 48]. The CNNM2 and CNNM4
proteins possess Mg?* efflux activity and have been shown to facilitate renal/intestinal
(re)absorption of Mg?" as they localize to the basolateral membrane of renal/intestinal epithelial
cells [19, 20].

More recently, CNNM-associated Mg?* transport was shown to be regulated by the
binding of phosphatases of regenerating liver (PRLs) [65, 66]. PRLs are potent oncogenes with
strong association with metastatic cancers [99]. When PRLs bind CNNMs, the intracellular
Mg?* level is increased, thereby promoting tumor progression and cellular proliferation [65, 66].
Despite the association with Mg?* transport, it is still debated whether CNNM proteins are
themselves Mg?* transporters or whether they regulate other proteins that transport Mg?* [31,
32].

Structurally, CNNMs contain an N-terminal extracellular domain, a transmembrane
domain (domain of unknown function 21 [DUF21]), and a large cytosolic region containing a
CBS-pair domain and a cyclic nucleotide-binding homology (CNBH) domain (Fig. 3.1A) [24].
CBS-pair domains, also known as Bateman modules, consist of two repeated 60-residue CBS
motifs that fold together to form a domain found in many proteins, such as AMP-activated
protein kinase (AMPK), inosine-5"-monophosphate dehydrogenase (IMPDH), chloride channel
(CIC), and bacterial Mg>" transporter MgtE [92, 93]. The CBS-pair domain in CNNM dimerize
in a head-to-head manner forming disc-like structures that enclose central nucleotide-binding
sites for Mg?*-ATP [91]. CBS-pair domain structures have also been elucidated with PRL
phosphatases bound [96-98]. Binding is mediated by a loop from CBS-pair domain that extends

into the phosphatase active site.
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CNNM2 (429-817 A724-767)
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Figure 3.1 Crystal structures of cytosolic fragments of CNNM proteins in nucleotide-free
or MgZ*-AMP-PNP-bound states

(A) CNNM consists of four domains: the extracellular domain, DUF21, CBS-pair domain, and
CNBH domain. Residues are numbered according to CNNM2. (B) CNNM3 cytosolic fragments
form an open homodimer in the nucleotide-free state. Each chain is colored differently. (C) Four
molecules of the CNNM2 cytosolic fragments associate in the crystal asymmetric unit. Each
chain is colored differently. Each CBS-pair domain binds Mg>-AMP-PNP with additional

Mg?* ions (magenta) present at the dimer interface.

The structures of CNBH domains from CNNM2 and CNNM3 have also been determined
[131]. The domains are structurally similar to cyclic nucleotide-binding domains but do not bind
cyclic nucleotides; instead, they form dimers [131]. Disrupting dimerization of CNBH domain
reduced Mg?* efflux activity while deletion of the domain abrogated the efflux activity entirely,
indicating that the domain is required for function [131]. However, it remains unclear how
dimerization function of this domain affects functions, and the interplay between CBS-pair and

CNBH domains remains to be elucidated.
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Here, we determined the crystal structures of cytosolic fragments of two CNNM proteins
containing both CBS-pairs and CNBH domains. The structures captured two states: unliganded
and Mg?*-ATP-analog bound. Structural comparisons reveal large conformational changes in
both the CBS-pair and CNBH domains and a different dimerization interface for the C-terminal
CNBH domain. Analytical ultracentrifugation (AUC) experiments showed dimerization of
CNNM CBS-pair domains in solution depends on Mg**-ATP binding and is further enhanced by
PRL binding. Isothermal titration calorimetry (ITC) experiments confirmed the correlation of
Mg?*-ATP binding and dimerization and showed disease-related mutations abrogate Mg?*-ATP
binding. The results suggest that CNNM protein activity is regulated by conformational changes
in the CBS-pair domain associated with Mg?*-ATP binding.
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3.3 Results
3.3.1 Crystal structures of the cytosolic fragments reveal interplay between the cytosolic CBS-
pair and CNBH domains

We determined the crystal structures of the cytosolic fragments of CNNM2 and CNNM3
with and without Mg?" and a non-hydrolyzable ATP analog (AMP-PNP; adenosine 5'-(5,y-
imido)triphosphate) (Table 3.1). The two structures show significant differences, likely related
to the presence of Mg**-AMP-PNP in the CNNM2 structure (Fig. 3.1B & C). The CNNM2
cytosolic fragments crystallized with four molecules in the asymmetric unit arranged as two sets
of crossed dimers (Fig. 3.1C). The dimer interfaces are similar to those observed in studies of the
isolated CBS-pair and CNBH domains [91, 96-98, 131]. In contrast, the ligand-free CNNM3
cytosolic fragment crystallized in an open conformation as a weakly associated dimer with
previously unreported protein-protein contacts (Fig. 3.1B). To address the possibility that
CNNM cytosolic fragments may form tetramers, we performed sedimentation velocity (SV)AUC
experiments with CNNM2-4. We observed no evidence of tetramers (Fig. 3.2), indicating that

the observed dimer of dimer in the asymmetric unit most likely arises from crystal packing.

73



Table 3.1 Statistics of data collection and refinement

Construct CNNM2 (429-817) CNNM3 (299-658)
A724-767
Data collection
X-ray source CLS 08ID-1 CHESS A1l
Wavelength (A) 0.9796 0.6235
Space group C2 P3,21
Cell dimensions
a, b, c(A) 290.58, 111.14, 103.52 128.06, 128.06, 111.32
a, f,v(°) 90.0, 101.01, 90.0 90.0, 90.0, 120.0
Resolution (A) 50-3.50 (3.56-3.50)! 50-3.36 (3.42-3.36)
Redundancy 34 (3.3) 12.1 (11.5)
Completeness (%) 99.9 (100.0) 100.0 (100.0)
1ol 19.6 (1.0) 14.6 (0.7)
CCir 0.369 0.351
Refinement
Resolution (A) 48.8-3.50 49.8-3.36
No. of reflections 36990 12603
Rwork/Rfree 0.241/0.282 0.217/0.263
No. of atoms
Protein 9279 4551
AMP-PNP? 124 N/A
Mg?* 8 N/A
water 4 N/A
B-factors
Protein 65.3 56.5
AMP-PNP 85.0 N/A
Mg?>* 54.1 N/A
water 10.6 N/A
RMSDs
Bond lengths (A) 0.002 0.003
Bond angles (°) 0.51 0.57
Ramachandran statistics (%)
Most favored regions 95.0 95.0
Additional allowed regions 5.0 5.0
Disallowed regions 0.0 0.0
PDB code 6N7E 6MN6

"Highest resolution shell is shown in parentheses
2Adenosine 5'-(f3,-imido)triphosphate
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Figure 3.2 Oligomerization analysis of cytosolic fragments of CNNM2-4

(A) Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments of cytosolic
fragments of CNNM2-4. All three cytosolic fragments sediment mostly as dimers. (B) Summary
of experimental sedimentation coefficients and estimated molecular weights. (C) Representative
SV-AUC profiles. The absorbance of the sample at 280 nm and residuals are plotted against the

radial position of the cell. One in every 15 scans is plotted.

In both structures, the CBS-pair domains form dimers, but the angle between the
protomers differs by a 90° rotation (Fig. 3.3A). Dimerization in CNNM3 CBS-pair domain is
mediated by only the second CBS motif and the contact surface is half (980 A?) that of the
CNNM2 dimer (1880 A?). Despite the different dimer shapes, the protomers from the two
structures are very similar with differences limited to two helices, 00 and o4 (Fig. 3.3B). In the
unliganded CNNM3 structure, helix a4 mediates all of the dimerization contacts; the four

hydrophobic residues (L437, 1441, 1445, and 1449) of a4 interact with the same residues from

75



another protomer in a complementary order (Fig. 3.3C). While novel for CNNM proteins, the
open V-shaped dimer is similar to the CBS-pair domain dimer observed in CICs [132-137].

A 4‘\%;’\/\\: B o4 ~
(ﬁ;}f,’" ﬁ:%\\ : uMnQI’igaﬁ"ll\(;IePdPNP
CNNM3 ey y; 9D cBS2
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Figure 3.3 CBS modules undergo conformational changes upon Mg?*-AMP-PNP binding
(A) Structural comparison of the CNNM3 and CNNM2 CBS-pair domains. The CBS-pair

domain dimerization interface undergoes a 90° rotation upon Mg*-AMP-PNP binding. (B)
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Structural overlay of CBS-pair domain of CNNM3 (orange) and CNNM2 (blue) showing a shift
in the a0 helix. (C) CBS-pair dimerization in CNNM3 is mediated by hydrophobic contacts of a4
helix in CBS2 motif. (D and E) Close-up view of the dimerization interface in CBS2 and CBS1
motifs. CBS-pair dimerization in CNNM2 is mediated by hydrophobic contacts of a0 and a4
helices in CBS2 and hydrophobic contacts in CBS1 motifs. (F) Mg>-AMP-PNP binds to the
canonical nucleotide-binding site. (G) Two Mg ions (magenta) found in the second Mg?-

binding region. The electron density F.-F. omit map is contoured at 3.0 c.

The CNNM2 CBS-pair domain forms a flat disc-like dimeric structure involving
extensive contacts between both CBS motifs (Fig. 3.3D & E). The structure is similar to the
structure of the isolated CBS-pair domain with Mg?*-ATP [91] but flatter due to a 10° rotation
around the dimer interface (Fig. 3.4). Contacts in the a0 helix are mediated by 1434 and A438
and in the o4 helix by residue 1573 (Fig. 3.3D). Since the a0 helix leads directly to the N-
terminal transmembrane domain, the conformational differences between the two states are
likely to translate to the transmembrane helices and affect transport activity. Additional
dimerization contacts are mediated by residues A501 and F502 of one protomer interacting with
F467, M470, M474, and P505 of the other (Fig. 3.3E). Mg?>*-AMP-PNP is bound in the
canonical nucleotide-binding site observed in other CBS-pair domains (Fig. 3.3F and Fig. 3.5A).
The adenine base of AMP-PNP is positioned by L.545, T451, and Y478. The ribose moiety of
ATP is stabilized by D571 and T568. The phosphate groups interact with R480 and T479. The
Mg?* is coordinated by E570 from the a4 helix and the three phosphates of ATP.
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@ 6N7E (500 mM Mg?*)

Figure 3.4 Structural comparison of CNNM2 CBS module structures
CNNM2 CBS module from this study (cyan) shows a 10° shift at the dimer interface relative to
the previously reported structure (pink).

-

Figure 3.5 Electron density in CNNM2 cytosolic fragment structure
(A) Representative Fo-F¢ omit map for Mg?*-AMP-PNP, contoured at 3.0 c. (B) Representative
2F,-F. map for the linker around Mg?*-AMP-PNP site, contoured at 1.0 6. (C) Representative Fo-

F. omit map for a water molecule, contoured at 3.0 c.
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3.3.2 Novel features of the closed CBS-pair domain dimer of CNNM?2

Two new densities were observed around acidic residues D504, D506, and D507 at the
bottom of CBS1 motif of both protomers (Fig. 3.3G). As this cluster of acidic residues had
previously been hypothesized to bind Mg?* ions [91], we modeled Mg?* ions into the densities.
The high concentration of Mg?* (500 mM) in the CNNM2 crystallization buffer likely promotes
binding to these weak Mg?*-binding sites and may additionally be responsible for flattening the
dimer (Fig. 3.4).

We also observed electron density for the interdomain linker connecting CBS-pair and
CNBH domains of CNNM2 (Fig. 3.5B). The linker residues were absent in the previous
structures of CNNM CBS-pair domains with bound nucleotides [91]. We observed that acidic
residues, E584 and D586, in the linker make interactions with the ATP-coordinated Mg?" ion
(Fig. 3.3F and Fig. 3.5A). Additionally, acidic aspartate residue D583 interacts with R480 from

another protomer, further strengthening the dimerization contact.

3.3.3 Mutagenesis of the CBS-pair domain

To validate the importance of residues from the CBS-pair domain structures, we first
established an ATP binding assay by ITC. In presence of constant concentration of Mg?", the
cytosolic fragment of CNNM4 has highest affinity for ATP (2.8 uM), followed by CNNM2
(4.3 uM), while CNNM3 shows no binding (Fig. 3.6A and Table 3.2). These results agree with
previous observations [41]. To test the effect of mutations, we chose to use CNNM4, which has
the highest binding affinity and activity in a cellular Mg?" assay [41]. The CBS-pair domains of
the CNNM proteins are very similar (90% identity, 97% similar), so there is no ambiguity
identifying residues in CNNM4 that correspond to features in the crystal structures (Fig. 3.7 and
Table 3.3). As expected, mutation of the majority of residues in the ATP-binding site completely
abolished ATP binding (Table 3.2 and Fig. 3.8). The sole exception was E497A, which had only
a mild effect. The disease-causing mutations, R407L, P409L, and T495I, all prevented ATP
binding.
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Figure 3.6 Functional characterization of CBS-pair domain mutants by ITC and Mg?*

efflux assays
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(A) ITC experiments of cytosolic fragments of CNNM2-4 (30 uM) binding to ATP (450, 450,
and 300 uM) in presence of Mg?*. The upper panel shows the thermogram. The lower panel
shows the integrated areas from the injection peaks (squares) and a fitting assuming single set of
identical binding sites. The open squares were not included in the fit. (B) HEK293T cells
transfected with the indicated constructs were loaded with Magnesium Green and then subjected
to Mg?" depletion at the indicated time point (arrowhead). The mean relative fluorescence
intensities of ten cells are shown in the graph. Mutating acidic residues in the linker (D510,
E511, and D513), disease-relevant residues (R407 and T495), and residues in the CBS1
dimerization interface (M397, M401, A428, and F429) in CBS-pair domain abolished

Mg?* efflux activity. Mutating acidic residues in the second Mg?*-binding region (D431, D433,
and D434) had no effect. (C) Comparison of relative fluorescence intensities of ten cells for all
mutants after 5 min of Mg?* depletion. The data are shown as mean =+ standard error of mean.

Values for L550K, F557K, and F636K are from Fig. 3.13D.
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Table 3.2 Summary of estimated ATP binding affinities for CNNM cytosolic fragments in
presence of 50 mM Mg?** by ITC

Cytosolic fragments Ka (uM)
CNNM2 43+0.2
CNNM3 -1
CNNM4 2.8+0.2
CNNM4.y, mutants Location
T378A (T451)*
Y405A (Y478) -
R407L3 (R480) -
P409L° (P482) -

L493A (I566) i N
T4951° (T568%) i lﬁfﬁm{ﬁi
E497A (E570) 1842

D498A (D571) i

D510A (D583) 250+ 10

ES11A (E584) 250 + 20

D513A (D586) 300+ 60

M397K (M470) 240 + 40
M401K (M474) 240 + 30

A428K (A501) 170 +20 dim(;:gzsaltion
F429K (F502) 22020 e
DA31A/D433A/DA34A (o o
(D504/D506/D507)  ~7

Raw thermograms are shown in Fig. 3.8
'no binding detected

2CNNM2 residue numbers in parentheses
3disease-causing mutation

82



CNNM1
CNNM2
CNNM3
CNNM4

CNNM1
CNNM2
CNNM3
CNNM4

CNNM1
CNNM2
CNNM3
CNNM4

CNNM1
CNNM2
CNNM3
CNNM4

CNNM1
CNNM2
CNNM3
CNNM4

CNNM1
CNNM2
CNNM3
CNNM4

CNNM1
CNNM2
CNNM3
CNNM4

412
429
299
356

472
488
356
415

532
548
416
475

589
604
476
530

649
664
536
590

709
724
596
650

757
783
617
687

CBS-pair domain

CBS1
o0 aAl aA2 1 ol B2

Q —
KEELNIIQGALELRTKVVEEVLTPLGDCFMLRSDAVLDFATVSEILRSGYT,

I
KEELNIIQGALELRTKTVEDVMTPLRDCFMITGEAILDFNTMSEIMESGYTRI
DPYSDLSK--GVLRCRTVEDVLTPLEDCFMLDASTVLDFGVLASIMQSGHTRIBVYEEE -
KEELNMIQGALELRTKTVEDIMTQLODCFMIRSDAILDFNTMSEIMESGYTRT|

. *

kk o kkseek Kk kkkko s ekkk s ke kkek
B . se s e o .

B3 a2A o2B oB B4 o3

RHNIVDILFVKDLAFVDPDDCTPLLTVTRFYNRPLHCVFNDTRLDTVLEEFKKGKSHLATI
RSNIVDLLFVKDLAFVDPDDCTPLKTITKFYNHPLHFVFNDTKLDAMLEEFKKGKSHLATI
RSNIVDMLYLKDLAFVDPEDCTPLSTITRFYNHPLHFVFNDTKLDAVLEEFKRGKSHLATI
OSNIVDILYVKDLAFVDPDDCTPLKTITRFYNHPVHFVFHDTKLDAMLEEFKKGKSHLATI

e kkkkeoekeokkhhhkkkFhkokhkkhd k Xekeoekhkhkkekekhk Xkeoekhkkhekkeokhkhkkkhkkhkehkkkkhhhk
. she e . A A . H B .

B5 B6 o4

> D
VORVNNEGEGDPFYEVMGIVELEDITEEIIKSEILDETDLYTDNRKKQRVP---QRERKR
VORVNNEGEGDPFYEVLGI EDVIEEIIKSEILDETDLYTDNRTKKKVA---HRERK-
VOKVNNEGEGDPFYEVLGLVEBLEDVIEEIIRSEILDESEDYRDTVVKRKPASLMAPLKRK
VQKVNNEGEGDPFYEVLGL EDVIEEIIKSEILDESDMYTDNRSRKRVS—---EK-NK-

kkghkhdhhhhhhhhdhhhokghllrhForhhhhohhhrkhess * * e oo

oA’ aA B1
a —
HDFSLFKLSDTEMRVKISPQLLLATHRFMATEVEPFKSLYLSEKILLRLLKHPNVIQELK
ODFSAFKQTDSEMKVKISPOLLLAMHRFLATEVEAFSPSOMSEKILLRLLKHPNVIQELK
EEFSLFKVSDDEYKVTISPQLLLATQRFLSREVDVFSPLRISEKVLLHLLKHPSVNQEVR
RDFSAFKDADNELKVKISPQLLLAAHRFLATEVSQFSPSLISEKILLRLLKYPDVIQELK

sokk k% ek k ok kkkkFhkhkk skkee *k | X skkkhekkokhkhok K Khkgo

aA” B2 B3 B4 B5 B6  aB’
>—) —
FDEKNKKAPEHYLYQRNRPVDYFVLLLQGKVEVEVGKEGLRFENGAFTYYGVPAIMTTAC
YDEKNKKAPEYYLYQRNKPVDYFVLILQGKVEVEAGKEGMKFEASAFSYYGVMALTASPV
FDESNRLATHHYLYQRSQPVDYFILILQGRVEVEIGKEGLKFENGAFTYYGVSALTVPSS

FDEHNKYYARHYLYTRNKPADYFILILOGKVEVEAGKENMKFETGAFSYYGTMALTSVPS

ekk ke ekkk Kk ok hhkkekekkkeoekkhkk kkk o ok%k *k e kkk * e
. . .o DI e e . oo e . . . .

Cyclic nucleotide-binding homology domain

SDND--—--— VRKVGSLAGSSVFLNRSPSRCSGLNRSESPNR——————— ERSDFGGSNTQL
PLSLSRTFVVSRTELLAAGSPGENKSPPRPCGLNHSDSLSRSDRIDAV-TPTLGSSNNQL
1 (o SPVSS————————— LQPIRHDLQ--PDPG-—————
Dmmm e RSPAHPTPLSRSASLSYPDRTDVSTAATLAGSSNQF
**
B7 B8 oB

YSSSNNLYMPDYSVﬁILSDVQFVKf%géQYQNALTACHMDsg 798
NSSLLQVYIPDYSVRALSDLQFVKISRQQOYONALMASRMDKT 824
DGTHSSAYCPDYTVRALSDLOQLIKVTRLOYLNALLATRAQNL 658
GSSVLGQYISDFSVRALVDLQYIKITRQQYQONGLLASRMENS 728

* keeoeke k khek okeek kk Kk _k *
se e . - .

Figure 3.7 Sequence alignment of cytosolic fragment of human CNNM proteins

Secondary structure corresponds to the crystal structure of CNNM2 cytosolic fragment.

471
487
355
414

531
547
415
474

588
603
475
529

648
663
535
589

708
723
595
649

756
782
616
686

Highlighted residues: canonical Mg?*-ATP binding site (orange), acidic residues in newly

observed Mg?* binding site (green), disease associated mutations (red; associated isoform is
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boxed), linker residues involved in Mg?*-ATP binding (pink), residues lining CBS1 dimerization

interface (yellow), and residues in the new CNBH dimerization interface (cyan).

Table 3.3 Residue correspondence for mutants tested between different CNNM isoforms

Location CNNM2 CNNM3 CNNM4
Residue Number Residue Number Residue Number
T 451 T 319 T 378
Y 478 H 346 Y 405
R 480 R 348 R 407
P 482 P 350 P 409
Mg2' ATP I 566 L 434 L 493
binding site T 568 T 436 T 495
E 570 E 438 E 497
D 571 D 439 D 498
D 583 D 451 D 510
E 584 E 452 E 511
D 586 D 454 D 513
M 470 L 338 M 397
M 474 M 342 M 401
CBS1 dimerization A S01 A 369 A 428
interface F 502 F 370 F 429
D 504 D 372 D 431
D 506 E 374 D 433
D 507 D 375 D 434
V-shaped CNBH L 624 L 496 L 550
dimerization F 631 F 503 F 557
interface F 710 F 582 F 636
Flat-shaped CNBH A 698 I 570 A 624
dimerization M 703 L 575 M 629
interface F 705 F 577 F 631
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Figure 3.8 ITC thermograms of various CNNM4«, mutants (30 nM) binding to ATP in
presence of 50 mM Mg?*

The concentrations of ATP are indicated in parentheses.



As suggested previously, the residues lining the ATP-binding cavity resemble those of
ABC transporters [91]. To test whether CNNM proteins possess ATPase activity, we performed
an ATP hydrolysis assay on cytosolic fragments of CNNM2-4 along with apyrase, an ATP-
diphosphohydrolase (Fig. 3.9). We did not detect ATPase activity with all three CNNM
members, suggesting that while ATP can bind to CNNM proteins, they lack or have very low
ATPase activity.

1000 |
—
=
o
g B
i®)]
o 100 |
(%)
[ay)
L)
o
S
[0}
-
£ 10
% i

*
_8 TR 4 LN L 22X
o
(@]
ke
1

CNNM2 CNNM3 CNNM4 buffer apyrase

Figure 3.9 ATP hydrolysis assay of cytosolic fragments of CNNM2-4 (1uM), buffer only,
and apyrase (0.1 unit, positive control)

All assays were performed in triplicate. Individual measurements are plotted.

To interrogate the importance of the interdomain linker for binding Mg?*-ATP, we
mutated D510, E511, or D513 in CNNM4 (equivalent to D583, E584, and D586 in CNNM2) to
alanine. All three mutations reduced the affinity for Mg?*-ATP by 100-fold (Table 3.2 and Fig.
3.8), confirming that the interdomain linker plays a significant role in binding and stabilizing

Mg2*-ATP.
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Furthermore, to investigate the importance of dimerization of CBS1 interface for binding
Mg?*-ATP, we mutated the hydrophobic residues lining the interface (Fig. 3.3E). Surprisingly,
when the CNNM4 residues, M397, M401, A428, and F429, were mutated to lysine, the affinity
for ATP was strongly reduced (Table 3.2 and Fig. 3.8), although the mutated residues do not
directly interact with ATP. We also tested the second Mg?*-binding region (Fig. 3.3G).
Simultaneous mutation of all three CNNM4 aspartate residues, D431, D433, and D434, to
alanine had only a small 2-fold effect on ATP binding (Table 3.2 and Fig. 3.8).

3.3.4 CNNM activity in cells

We used a cellular Mg?* efflux assay to assess the effect of mutations on CNNM
transport activity [20]. The assay measures the change in the intracellular free Mg?* upon
removal of Mg?" from the extracellular milieu (Fig. 3.6B). CNNM4 has the highest activity of
the four members [41] and was used to test the effects of the mutations. As controls,
immunofluorescence imaging was used to confirm that the mutant proteins were correctly
localized on the cell membrane (Fig. 3.10A) and western blotting was used to confirm protein

expression of the mutants (Fig. 3.10B).
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Figure 3.10 Mg?* efflux assay control experiments

(A) Immunofluorescence images of HEK293T cells with anti-FLAG (green) and rhodamine-
phalloidin (red) showing that CNNM4 WT and mutant proteins are properly colocalized with F-
actin adjacent to the cell membrane. Bar, 10 pm. (B) Western blotting showing expression of

CNNM proteins in lysates of HEK293T cells transfected with the indicated constructs.
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All of the mutations that disrupted ATP binding also severely impaired Mg?" efflux
activity (Fig. 3.6B & C). This includes mutants of acidic linker residues, disease-causing
mutations, and the four mutants that disrupt CBS1 dimerization interface. Although correlative,
the results strongly suggest that Mg?*-ATP binding is required for CNNM Mg?* efflux. On the
other hand, loss of the three aspartic acid residues that constitute the second Mg?*-binding region

had no effect on cellular Mg?* efflux, demonstrating that the bound Mg?* ions are not required.

3.3.5 Correlation of CBS-pair dimerization and Mg?*-ATP binding

The loss of binding affinity in dimerization mutants suggested that the two activities may
be linked. To test this, we analyzed oligomerization of CBS-pair domains of CNNMs by SV-
AUC. We first performed AUC experiments with CBS-pair domains of CNNM1-4 in absence of
any ligand and found that they all behaved as monomers (Fig. 3.11A, Fig. 3.12 and Table 3.4).
When Mg?*-ATP was added to CNNM4cgs, the member with the highest affinity, we observed
the presence of a dimeric species (Fig. 3.11B). Addition of Mg**-AMP or Mg?*-ADP did not
induce dimer formation. The presence of a dimer was easier to detect in the presence of PRL2,
which binds to CNNM CBS-pair domains with high affinity [96]. Addition of Mg?*-ATP but not
Mg?* or ATP alone led to the formation of a dimeric species (Fig. 3.11C). Similarly, disease-
causing mutations in the CBS-pair domain that prevent Mg?*-ATP also prevented dimer

formation (Fig. 3.11D).
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Figure 3.11 CBS-pair domain dimerization depends on Mg?*-ATP binding and is enhanced
by PRL binding

(A) Sedimentation velocity analytical ultracentrifugation (SV-AUC) experiments of CBS-pair
domains of CNNM1-4. All sediment as a monomer. (B) SV-AUC experiments of

CNNM4cps with | mM AMP, ADP, or ATP in presence of 10 mM MgCl,. A dimeric species is
observed only in presence of Mg?*-ATP. (C) SV-AUC experiments of CNNM4¢ps-PRL2
complex in presence of | mM ATP and/or 10 mM MgClo. A dimeric species is observed only in
presence of Mg?*-ATP. The dimer/monomer ratio is higher in presence of PRL. (D) SV-AUC
experiments of CBS4-PRL2 complexes with CNNM4 disease-associated mutants (R407L,
P409L, and T495]) in presence of 1 mM ATP and 10 mM MgCl,. All three mutants prevented

dimer formation.
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Figure 3.12 Sedimentation velocity AUC profiles of 100 uM purified proteins

Interference of the sample are plotted against the radial position in the cell. One in every 15
scans is plotted. (A) CBS-pair domain of CNNM1-4. (B) CBS-pair domain of CNNM4 with
Mg**-AMP, Mg?"-ADP or Mg?*-ATP. (C) CBS-pair domain of CNNM4 and PRL2 in different
conditions (no addition, Mg?*, ATP, or Mg**-ATP). (D) CBS-pair domain of CNNM4 mutants
(R407L, P409L & T4951) and PRL2 with Mg?*-ATP.
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Table 3.4 SV-AUC sedimentation coefficients and estimated molecular weights

Sedimentation Estimated MW Theoretical MW
coefficient (S) (kDa) RMSD (kDa)
Protein Condition Peak1 Peak2 Peak1l Peak?2 Monomer  Dimer
CNNMlcss no addition 2.09 - 18.8 - 0.0051 18.0 36.1
CNNMZ2cBs no addition 1.83 - 17.7 - 0.0039 17.9 35.9
CNNM3css  no addition 1.86 - 18.7 - 0.0049 17.6 35.2
no addition 1.73 - 18.3 - 0.0037
2+
CNNMd4cps Mg~"-ATP 1.96 2.87 19.1 42.1 0.0045 181 36.2
Mg*-ADP  2.02 - 17.8 - 0.0042
Mg*-AMP 197 - 18.3 - 0.0050
no addition 2.85 - 38.2 - 0.0034
2+
CI_\:I;])II\{/ISSBS Mg 2.83 38.9 0.0040 338 777
ATP 2.85 - 37.7 - 0.0041
Mg*-ATP  2.61 3.61 39.9 73.1  0.0054
CNNM4cgs
R407L + Mg”—ATP 2.78 - 36.9 - 0.0051 38.8 77.7
PRL2
CNNM4cgs
P409L +  Mg*-ATP  2.84 - 39.4 - 0.0051 38.8 77.7
PRL2
CNNM4cgs
T4951+  Mg*-ATP  2.83 - 36.9 - 0.0055 38.8 77.7
PRL2

3.3.6 Structures of the CNBH domain

In fashion similar to the CBS-pair domains, the CNHB domains in the two crystal

structures show differences in their mode of dimerization (Fig. 3.13A). The CNBH domain in

the CNNM3 crystals displays a previously unreported, V-shaped mode of dimerization with an
interface formed by 4 and B5 of one protomer (residues 1570, L575, F577) and oA’ (L496,
F503) and B6 (F582) of the other protomer (Fig. 3.13B). In contrast, the domains in CNNM2

crystals dimerize using the flat-shaped dimerization interface seen in crystals of the isolated
CNBH domains from CNNM2 and CNNM3 [131]. This involves hydrophobic residues (A698,
M703, and F705) from strands f4 and B5 of both protomers (Fig. 3.13C). The result is a 90°

rotation between the relative orientations of protomers in the two CNBH dimers (Fig. 3.13A).
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Figure 3.13 Conformational changes in CBS-pair domain are translated to the CNBH

domain

(A) Structural comparison of the CNBH domains in the two structures. The CNBH domain also

undergoes a 90° rotation upon Mg?*-AMP-PNP binding. (B) Dimerization is mediated through

hydrophobic contacts of B-roll of one protomer and aA' helix of the other protomer. (C)

Dimerization is mediated through hydrophobic contacts of B-roll of both protomers. (D)
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HEK293T cells transfected with the indicated constructs were loaded with Magnesium Green
and then subjected to Mg?" depletion at the indicated time point (arrowhead). The mean relative
fluorescence intensities of 10 cells are shown in the graph. Mutating hydrophobic residues (F557
and F636) in the V-shaped CNBH dimerization interface abolished Mg?* efflux activity. Residue
numbers in CNNM3 are in parentheses. Curves marked by an asterisk (*) are taken from Fig.
3.6B for comparison. (E) The CNBH domain increases ATP-binding affinity of the CBS-pair

domain. The raw thermograms are shown in Fig. 3.14.
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Figure 3.14 ITC thermograms of various proteins (30 pM) binding to ATP in presence of
50 mM Mg?*

The concentrations of ATP are indicated in parentheses.

We used mutagenesis to test the significance of the V-shaped dimerization interface.

Mutating CNNM4 F557K (equivalent to CNNM3 F503K) and CNNM4 F636K (F582K) each
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reduced Mg?" efflux activity (Fig. 3.6C, Fig. 3.13D, and Fig. 3.10). The reduction for F636K
could be due to lower protein expression (Fig. 3.10). On the other hand, CNNM4 L550K
(L496K) consistently showed a slight increase in efflux. Previous mutagenesis of the CNBH
domain showed similar divergent effects [131]. CNNM4 mutations M629K (L575K) and F631K
(F577K) both blocked CNBH dimerization but M629K showed normal efflux while F631K was

impaired.

3.3.7 CBS-pair dimerization is required for high-affinity Mg?*-ATP binding

Previous studies of CNNM CBS-pair domains reported significantly weaker ATP binding
affinities than the low micromolar affinity measured by ITC [41, 91]. As our experiments used
the CNNM4 cytosolic fragment containing both CBS-pair and CNBH domains, we hypothesized
that presence of the CNBH domain increased the affinity of the CBS-pair domain for Mg?*-ATP.
To test this, we measured the ATP-binding affinity for the CBS-pair and CNBH domains
separately (Fig. 3.13E and Fig. 3.14). Without the CNBH domain, the Kq for the CBS-pair
domain increased from 2.8 uM to 50 uM. The CNBH domain alone showed no binding.
The correlation between dimerization and Mg?*-ATP binding suggested that the effect of the
CNBH domains is to promote CBS-pair domain dimerization. To test this, we measured the
affinity of CNNM4 cytosolic fragment with a F631K mutation that prevents CNBH dimerization
[131]. The mutant protein showed the same reduction in ATP affinity, suggesting that CNBH
dimerization is required for high-affinity ATP binding (Fig. 3.13E and Fig. 3.14). Finally,
we replaced CNBH domain with glutathione-S-transferase (GST), another dimerizing domain
with no ATP-binding activity. The affinity of the resulting fusion protein was close to that of the
original CNNM4 fragment, confirming that dimerization is sufficient to increase the affinity of

the CBS-pair domain.

3.3.8 Detailed analysis of the ITC thermograms

Additional evidence for the coupling between dimerization and Mg**-ATP binding can
be derived from the shape of the ITC thermograms. We observed that the titration curves cannot
be completely fit using a binding model of independent, identical sites. Specifically, the ITC
profile for the wild-type CNNM4 cytosolic fragment displays a significant increase in heat

evolution in the first four titration points before declining due to saturation of the binding sites
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(Fig. 3.6A, top panel). While the first injection is expected to show a smaller integrated area

because of the reduced volume injected and dilution prior to the start of the experiment, the

increase for the following injections is unusual. In order to extract an estimate of the affinity, the

initial data points were removed, and the remaining titration profile was fit with a simple 1:1
binding model (Fig. 3.6A, bottom panel). Thus, the ITC fitting results in Table 3.2 and Fig.
3.13E should be treated as relative measures of Mg?"-ATP-binding affinity.

To better understand the anomalous titrations, we performed a series of ITC experiments

at different Mg?* concentrations (Fig. 3.15A). The shapes of the titration profiles varied strongly

depending on the Mg?* concentration. The thermogram at 50 mM Mg?* (red symbols in Fig.

3.15A) showed an initial dip and started to saturate at a one-to-one stoichiometric ratio of ATP to

protein. At lower Mg?* concentrations, the dip is less pronounced and much higher

concentrations of ATP are required to achieve saturation.
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Figure 3.15 Qualitative analysis of Mg?*-ATP binding

(A) ITC thermograms for titrations of 30 uM CNNM4.,,, with ATP in the presence of 10 mM
(blue), 20 mM (green), and 50 mM MgClL (red) show complex behavior indicative of multiple

states. (B) Titration curves, simulated for a U-R2L2 model with dissociation constants K, =
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333 uM and Ky = 333 uM (blue), Kx =250 uM and Ki = 33 uM (green), K, =200 uM and K; =
2 uM (red).

As a possible explanation for the anomalous behavior, we simulated the titrations using a
ligand-binding, receptor-dimerization (U-R2L2) model in the LineShapeKin Simulation software
[138] (Fig. 3.15B). This model stipulates that the ligand-receptor complex can dimerize, which
then blocks ligand dissociation [139]. To compare predictions of this model with experimental
data, we simulated the titration profiles while adjusting the affinity constants for the two steps of
the binding process (Fig. 3.15B). While the U-R2L2 model is an oversimplification of our
system, it still closely reproduced the most salient features of the experimental titrations. Of
particular note, increasing the Mg?" concentrations increased CBS-pair dimerization, in
agreement with a role of the domains in Mg?* sensing. In future work, we will refine the model
to include separate binding constants for ATP and Mg?* and the possibility of other states such as

CBS-pair dimerization with only one ligand bound (R2L1).
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3.4 Discussion

Genetic studies show that eukaryotic CNNM proteins are involved in divalent cation
transport in organisms from bacteria to yeast and humans. Loss of CNNM proteins decreases
Co?" toxicity in bacteria [37] and yeast [36], and mutations in CNNM?2 cause hypomagnesemia in
humans [19, 42]. However, the precise biochemical function of CNNM proteins remains
unknown. The number of transmembrane helices (six for a dimer) in the CNNM DUF21
transmembrane region is lower than that in typical Mg?* channels/transporters, which has been
suggested to indicate that CNNM proteins regulate other transporters rather than acting as
transporters themselves [32]. On the other hand, the deep conservation of CNNM-like proteins
throughout the bacterial, plant, and animal kingdoms implies conservation of function, which
would require co-conservation of any partner transporter — an unlikely proposition.

Across all kingdoms, DUF21 transmembrane domains are almost invariantly followed by
a CBS-pair domain, a regulatory domain originally identified in CBS [92]. CBS-pair domains
typically self-associate to form disc-like assemblies classified as parallel, anti-parallel, and V-
shaped dimers, depending on the orientation of the two protomers [140]. All previous structures
of CNNM CBS-pair domains except for one have adopted the compact, parallel conformation
that we observe for CNNM2 [91, 96-98]. The open, V-shaped CNNM3 dimer is the first for a
CNNM CBS-pair domain (Fig. 3.3A). CBS-pair domains are found in a wide variety of proteins
and typically act as sensors for nucleotides or metal ions [140]. For instance, through
conformational changes, the CBS-pair domains of the bacterial Mg?* transporter MgtE act as
Mg?* sensor: under low-Mg?" conditions, the dimer interface between the CBS2-CBS2’ motifs of
MgtE is loosened by the repulsive forces of conserved acidic residues, leading to an open
conformation [141-143]. In contrast, under high-Mg?* conditions, Mg?" ions bind to these acidic
clusters, promoting the CBS module to a closed dimeric assembly [141-143]. These structural
changes are transmitted to the transmembrane domain, thereby controlling the gating of the ion-
conducting pore [143].

In CNNMs, the CBS-pair domain likely plays a similar regulatory role with an open-to-
closed conformational change driven by Mg?*-ATP binding (Fig. 3.16). Our crystal structures
revealed a loose dimeric assembly in the ligand-free state and a closed assembly with Mg?*-ATP
binding (Fig. 3.3A). The closed conformation appears to be required for Mg?* efflux activity as
all the mutations that abolished Mg?*-ATP binding also prevented Mg?* efflux (Table 3.2 and
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Fig. 3.6B). The cellular concentration of ATP is roughly millimolar [95], which is much higher
than the CNNM4 affinity measured by ITC (Fig. 3.6A) or filter binding assays [41], suggesting
that the binding site would always be occupied in vivo. Nonetheless, we observed that affinity for
ATP is strongly influenced by the protein context (Fig. 3.13E) and free Mg?* concentration (Fig.
3.15). These likely alter the physiological affinity of the intact protein in cells. The structural
mechanism by which millimolar Mg?" affects ATP binding is unclear. The affinity of Mg?" for
ATP is in the micromolar range [144, 145], making formation of Mg?*-ATP an unlikely source
for the Mg?* effect. Similarly, while we observed Mg?* ions weakly bound at the interface
between the CNNM2 CBS1 motifs (Fig. 3.3G), loss of the Mg?* binding sites had only a 2-fold
effect on ATP binding both at 10 mM (data not shown) and 50 mM Mg>* (Table 3.2). Additional

functional and structural studies are required.

Extracellular

DUF21
Cytosol
QM92+
CBS-pair
domain . ()
- 7
Linker
CNBH
domain ©
low intracellular [Mg?*] high intracellular [Mg?*]
open conformation closed conformation

Figure 3.16 Proposed model for regulation of CNNM activity by Mg?*

In low intracellular Mg?* concentrations, the CBS-pair domain is in open conformation and
CNBH domain is in V conformation. In high intracellular Mg> concentrations, the CBS-pair
domain is in closed conformation with Mg*-ATP bound and CNBH domain is in a flat-
conformation. These conformational changes affect the DUF21 domain and regulate

Mg?* transport.
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Our structures provide additional insights into disease-associated mutations in the CNNM
CBS-pair domains. T5681 in CNNM2 and its equivalent in CNNM4 (T495I) are respectively
associated with dominant hypomagnesemia and Jalili syndrome [19, 55]. CNNM4 R407L and
P409L are found in Jalili syndrome patients [50, 53]. These mutations all lie within the Mg?*-
ATP-binding site (Fig. 3.3F) and all three completely abolish ATP binding (Table 3.2). T5681
and R407L completely abolished Mg?* efflux activity (Fig. 3.6B). The effect of P409L mutant
could not be investigated due to lack of expression (Fig. 3.10B). Additionally, we showed that
all three mutants were unable to form dimers in presence of Mg?*-ATP (Fig. 3.11D). As
previously suggested for the T5681 mutation [91], these results confirm the essential role of the
CNNM CBS-pair domains in Mg?*-ATP sensing.

The CNBH domain of CNNM proteins are most similar to the domain in the potassium
channel MloK1 [131]. Surprisingly, while the MloK1 CNBH domains were observed to
crystallize in a variety of dimeric forms [100], they are not dimers in the intact protein [146]. A
significant difference is that the CNNM CNBH domains do not bind cyclic nucleotides [131],
which makes their physiological function less clear. In vitro, the CNNM CNBH domains
promote CBS-pair domain dimerization and increase the affinity of Mg?*-ATP binding (Fig.
3.13E), perhaps through restraining the linker between the two domains allowing its acidic
residues to participate in Mg?*-ATP binding (Fig. 3.3F and Table 3.2). However, functional
studies paint a more nuanced picture. The CNNM4 mutations M629K and F631K both prevent
CNBH dimerization but only F631K impairs efflux [131]. Similarly, mutations at the V-shaped
CNBH dimerization interface have mixed effects on Mg?* efflux (Fig. 3.13D). Therefore,
understanding the role of the CNBH domain in CNNM function will require a structure of the

intact protein.
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3.5 Experimental Procedures
3.5.1 Cloning of CNNM cytosolic fragments and CBS-pair domains

All DNA sequences were codon-optimized for E. coli (Bio Basic Inc., Markham,
Canada). Human CNNM?2 cytosolic fragment (residues 429-817 A724-767) was sub-cloned into
Ndel and Xhol sites of pET29a vector (Millipore Sigma) with a C-terminal His6-tag. Human
CNNM3 cytosolic fragment (residues 299-658) was sub-cloned into BamHI and Notl sites of
pGEX-6P-1 vector (GE Healthcare) with an N-terminal GST-tag. Human CNNM4 cytosolic
fragment (residues 356-726 A649-670) was sub-cloned into BamHI and NotI sites of pSMT3
vector [147] with an N-terminal His6-SUMO-tag. CBS-pair domains of human CNNM1
(residues 412-568), CNNM2 (residues 429-584), CNNM3 (residues 299-452), CNNM4
(CNNM4cgs; residues 356-511) and CNNM4 (CNNM4cgs+inker; residues 356-546) were sub-
cloned into BamHI and NotlI sites of pPSMT3 vector [147] with an N-terminal His6-SUMO-tag.
CNNM4cBs+inker-GST construct was made by sub-cloning human CNNM4 (residues 356-546)
and GST (residues 1-218) into BamHI and Xhol sites of pPSMT3 vector [147] with an N-terminal
His6-SUMO-tag. Human CNNM4cngh construct (residues 513-728) was described previously
[131]. Human PRL2 construct (C95A, C96A, C119A, ACCVQ) was described previously [96].
Mutagenesis was performed using the QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent).

3.5.2 Expression and purification of recombinant proteins

All constructs were verified by DNA sequencing and transformed into Escherichia
coli strain BL21 (DE3). Cytosolic fragments were expressed at 37°C in Luria Broth (LB) to an
optical density of 0.6 and induced with 1 mM IPTG overnight at 18°C, while CBS-pair domains
were induced with 1 mM IPTG for 4 hours at 30°C. Cell pellet was obtained by centrifuging at
5000 g for 20 min. The pellet was re-suspended in buffer A (50 mM HEPES, 500 mM NaCl, 5%
glycerol, 5 mM BME, pH 7.5) and lysed by sonication. Cellular debris was removed by
centrifugation at 44,000 g for 45 min at 4°C. For GST constructs, the supernatant was loaded
onto Glutathione Sepharose resin (GE Healthcare), washed with buffer A and eluted with buffer
A 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. For His-tag

constructs, the supernatant was loaded onto Qiagen Ni-NTA resin, washed with buffer A
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containing 30 mM imidazole and eluted with buffer A containing 500 mM imidazole. For
SUMO-containing constructs, the SUMO-tag was removed by overnight incubation with His-
Ulp, leaving an N-terminal Ser extension. The affinity-purified protein was applied onto an anion
exchange column (BioSuite Q 13 um AXC) equilibrated with buffer B (50 mM HEPES, 10 mM
NaCl, I mM EDTA, pH 7.5) and eluted using a linear gradient of buffer C (50 mM HEPES, 1 M
NaCl, 1 mM EDTA, pH 7.5). The protein was further purified by Superdex-200 (cytosolic
fragments) or -75 (CBS-pair domains) size-exclusion column (GE Healthcare) in HPLC buffer
(20 mM HEPES, 100 mM NaCl, 3 mM TCEP, pH 7.5). The final purified protein was
concentrated to around 10 mg/mL (measured by NanoDrop), and the purity verified by SDS-
PAGE.

3.5.3 Crystallization

Crystals of the CNNM3 cytosolic fragment were obtained by equilibrating 1 pL of
protein (10 mg/mL) with 1 pL of reservoir solution (0.1 M Tris, pH 8.5; 0.5 M succinic acid, pH
7.0) in hanging-drop vapor diffusion system incubated at 22°C. Crystals of CNNM2 cytosolic
fragment co-crystallized with 5 mM adenosine 5'-(f,y-imido)triphosphate (AMP-PNP) were
obtained by equilibrating 0.5 pL of protein (16 mg/mL) with 0.5 puL of reservoir solution (0.1 M
Bis-Tris, pH 6.5; 0.5 M magnesium formate) in sitting-drop vapor diffusion system incubated at

22°C.

3.5.4 Data collection, structure determination and refinement

The crystals were cryoprotected by soaking in mother liquor supplemented with 25%
ethylene glycol, picked up in a nylon loop and flash-cooled in a N> cold stream.

The CNNM3 cytosolic fragment dataset from a single crystal was collected at beam-line
Al of Cornell High-Energy Synchrotron Source (CHESS) using an ADSC Quantum-210 CCD
detector (Area Detector Systems Corp.). The CNNM2 cytosolic fragment dataset from a single
crystal was collected on beam-line 08ID-1 with a Pilatus3 S 6M detector at the Canadian
Macromolecular Crystallography Facility (CMCF) of the Canadian Light Source (CLS). Data
processing and scaling were performed with HKL-2000 [115] with auto-corrections enabled.
Resolution cut-off is based on CCi2 = 0.3 [148]. Initial phases of CNNM3 and CNNM?2

cytosolic fragments were obtained by molecular replacement with Phaser [121] in PHENIX
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[116] using previously determined structures of CNNM3 CBS-pair & CNBH domains (PDB:
5K23 [96] & 6DFD [131]) and CNNM2 CBS-pair & CNBH domains (PDB: 4P10 [91] & 6DJ3
[131]) as search models, respectively. The models were subsequently improved through iterative
cycles of manual building with Coot [118] and refinement with phenix.refine [122]. TLS
parameters were included at later stages of refinement [120]. The final structures were validated
with MolProbity [149]. Crystallographic data collection and structure refinement statistics are
shown in Table 3.1. Structural images were prepared with PyMOL, Version 2.0 (Schrodinger
LLC, New York).

3.5.5 Analytical ultracentrifugation

Sedimentation velocity AUC experiments were performed at 20°C using a Beckman
Coulter XL-I analytical ultracentrifuge using 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 (100 uM)
and HPLC buffer, respectively. Cytosolic fragments were monitored with UV at 280 nm, and the
CBS-pair domains were monitored using interference optics. The data were analyzed with Sedfit
v1501b [126] using a continuous c(s) distribution. Numerical values for the solvent density,
viscosity, and the partial specific volume were determined using Sednterp [127]. Buffer density
and viscosity were calculated to be 1.0039 g/cm? and 0.01026 mPa-s, respectively (20 mM
HEPES, 100 mM NaCl, 3 mM TCEP, pH 7.5). Partial specific volumes for cytosolic fragments
of CNNM2-4, CBS-pair domains of CNNM1-4 and CBS4-PRL2 complex were calculated to be
0.747247, 0.740825, 0.732722, 0.743489, 0.744818, 0.739639, 0.741420, and 0.739071 cm?/g,
respectively. Frictional ratio (f/fo) values of CNNM CBS-pair domains alone and in complex
with PRL2 were calculated using US-SOMO [128] to be 1.25 and 1.33, respectively. Default
values were used for cytosolic fragments. Residual and c(s) distribution graphs were plotted

using GUSSI [129].

3.5.6 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. Protein (30 uM final concentration) and
ligands were prepared in HPLC buffer containing 50 mM MgCl,. The ligands were injected 15
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times (5 pL for the first injection, 20 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 to estimate relative apparent affinities. The titration in
Fig. 3.15 with 50 mM Mg?* was performed with 29 injections (5 pL for first injection, 10 pL for
others) with 10 min intervals between the injections. Simulations of isothermal calorimetry
profiles using a U-R2L2 model were performed with LineShapeKin Simulation ver. 4.1.8 [138].
For further discussion of the three-state ITC profiles, see [139].

3.5.7 ATP hydrolysis assay

The ATP hydrolysis assay was performed using Malachite Green Phosphatase Assay Kit
(Sigma-Aldrich Inc). The assays were performed in a 100 pl final reaction volume consisting of
1 uM cytosolic fragments of CNNM2-4 or 0.03 uM (0.1 unit) of apyrase protein (SIGMA
A6535) in HPLC buffer with 20 mM MgCl> and 1 mM ATP. The reaction was performed at RT
for 30 min. Afterwards, the reaction mixture was diluted and mixed with 5X Working Reagent
on a 96-well plate. After incubation for 30 min at RT, absorbance at 620 nm is recorded on
SpectraMax Paradigm (Molecular Devices). The standard curve for inorganic phosphate was
established with phosphate standard provided by the kit. All samples and standards were

performed in triplicates.

3.5.8 Constructs used in mammalian culture cells

Human CNNM4 inserted into mammalian expression vector (pCMV-Tag 4A) was
generated in the previous study [20]. All the mutants were generated using the QuikChange
Lightning site-directed mutagenesis kit (Agilent).

3.5.9 Mg?" efflux assays

Mg?*-imaging analyses with Magnesium Green were performed as described in the
previous study [20, 96]. Transfected HEK293T cells were incubated under growth media
supplemented with 40 mM Mg?* until use, to avoid potential decrease of intracellular
Mg?* levels by the expressed proteins. Then the cells were incubated with Mg?*-loading buffer
(78.1 mM NaCl, 5.4 mM KClI, 1.8 mM CaCl,, 40 mM MgCl,, 5.5 mM glucose, 5.5 mM HEPES-
KOH, pH 7.4), including 2 uM Magnesium Green-AM (Invitrogen), for 30 min at 37°C. The
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cells were rinsed once with loading buffer and viewed using ZEISS Axiovert 200M microscope
equipped with ZEISS Axiocam 506 mono camera and X-Cite 120 LED light source.
Fluorescence was measured every 20 s (excitation at 470490 nm and emission at 505-545 nm)
under the control of the ZEN software (ZEISS). Then the buffer was changed to remove

Mg?* buffer (MgCls in the loading buffer was replaced with 60 mM NaCl). The data are
presented as line plots of the mean fluorescence of 10 cells. After imaging analyses, cells were
fixed with PBS containing 3.7% formaldehyde and subjected to immunofluorescence

microscopy to confirm protein expression.

3.5.10 Immunofluorescence microscopy

Cells cultured on coverslips were stained and observed according to the previous study
[20]. Cells were fixed with 3.7% formaldehyde in PBS for 20 min and permeabilized with 0.2%
Triton X-100 in PBS for 5 min. After blocking with PBS containing 3% fetal bovine serum and
10% BSA (blocking buffer) for 1 h, cells were incubated for 1 h with rabbit anti-FLAG antibody
(Sigma F7425) diluted in blocking buffer. Cells were washed three times with PBS and
incubated for 30 min with Alexa 488—conjugated anti-rabbit IgG (Invitrogen A-11034) and
rhodamine-phalloidin (for F-actin visualization, Invitrogen R415) diluted in blocking buffer.
After three washes with PBS, coverslips were mounted on slides and observed with a confocal

laser scanning microscope (ZEISS LSM 710).

3.5.11 Western blotting

Transfected HEK293T cells were harvested and lysed with lysis buffer (0.5% Triton X-
100, 20 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA). The lysates were centrifuged at 16,000
g. Equal amounts of total protein were loaded onto 8% SDS-PAGE. After electrophoresis,
transfer and blot, membranes were probed with mouse anti-FLAG (SIGMA F1804) at 1:5,000 or
rabbit anti-GAPDH (BioLegend 631401) at 1:1,000 for CNNM4-FLAG and GAPDH,
respectively. This is followed by probing with peroxidase-conjugated goat anti-mouse IgG
(Jackson ImmunoResearch 115-035-062) at 1:10,000 or peroxidase-conjugated goat anti-rabbit
IgG (Jackson ImmunoResearch 111-035-144) at 1:10,000. The membranes were treated with
ECL Prime (GE Healthcare RPN2232) and imaged using Bio-Rad ChemiDoc Imaging System.
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Chapter 4 — Crystal structure of an archaeal CNNM magnesium transporter

Chen, Y. S., Kozlov, G., Armitano, J., Moeller, B. E., Fakih, R., Burke, J. E., Gehring, K.

Manuscript in preparation.

4.0 Connecting Text

As shown from Chapter 3, nucleotide binding results in structural changes in the CBS-
pair domain, and these changes are hypothesized to propagate to the neighboring transmembrane
domain. Here, in Chapter 4, I perform structural and functional characterization of the CNNM

transmembrane domain using an archaeal CNNM ortholog.

4.1 Summary

CBS-pair domain divalent metal cation transport mediators (CNNMs) represent an
anciently conserved family of integral membrane proteins associated with Mg?* transport. Here,
we demonstrated direct Mg?" transport of CNNM from Methanoculleus thermophilus
(MtCNNM) and determined its crystal structure bound to Mg?*-ATP. The structure reveals a
novel transmembrane fold, representing the largest family of domains of unknown function,
DUF21. The TMD exists in an inward-facing conformation with a highly acidic cavity and a
conserved pi-helix that coordinates a Na” ion. An acidic helical bundle between the
transmembrane and cytosolic domains suggests involvement in Mg?* sensing. Together, our

results suggest MtCNNM is a Na*/Mg?* exchanger with a rocker-switch transport mechanism.
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4.2 Introduction

Magnesium (Mg?"), the most abundant divalent cation inside cells, is essential for a wide
variety of biochemical processes, such as energy metabolism, maintenance of genomic stability,
protein synthesis, and over 600 enzymatic reactions [2]. CNNMs (CBS-pair domain divalent
cation transport mediators) represent a conserved family of integral membrane proteins
implicated in Mg?* homeostasis and divalent cation transport [130]. CNNMs are associated with
a myriad of genetic diseases linked to abnormal Mg?* handling. Mutations in CNNM2 are found
in dominant hypomagnesemia patients with symptoms such as cerebral seizures, mental
retardation and brain malformations [19, 29]. Mutations in CNNM4 are associated with Jalili
syndrome, characterized by recessive amelogenesis imperfecta and cone-rod dystrophy [150].
CNNMs are also implicated in cancer through direct binding of oncogenic phosphatase of
regenerating liver (PRL) [65, 66]. In addition, CNNMs have been associated with hypertension,
infertility and schizophrenia [21, 77, 84, 85].

CNNM2 and CNNM4 are found abundantly in the basolateral membrane of kidney and
colon epithelial cells, where renal/intestinal (re)absorption of Mg?* occurs [19, 20]. Despite the
clear association with Mg?* transport, the field has not yet reached a consensus on the transport
mechanism of CNNMs [31-33]. Some results support direct transport of Mg?* through Na'-
coupled Mg?" efflux [20] or direct Mg?* influx [28, 66], while others support indirect transport
through regulation of other Mg?* channels (e.g. TRPM6/7) [29]. Since the transport assays were
done through overexpression of CNNMs in cells, it is unclear whether CNNMs are themselves
Mg?* transporters or regulators of other Mg?* transporters.

CNNMs are also known as ancient conserved domain proteins (ACDPs) because they
contain a domain found in species ranging from bacteria, yeast, plants and animals (Fig. 4.1A)
[14]. The conservation across evolutionarily divergent species suggests an ancient, conserved
function. CNNM orthologs from various species demonstrate evidence of metal handling. MpfA,
a CNNM ortholog in Staphylococcus aureus, is proposed to function as a Mg?" exporter as
AMpfA mutants are unable to grow in the presence of high concentrations of Mg?* [39, 40].
Disruption of the gene in Bacillus subtilis leads to increased cellular Mg?* content, again
supporting a role in Mg?" efflux [151]. Deletion of the yeast CNNM ortholog, Mam3, confers

resistance to high levels of manganese, cobalt and zinc, possibly due to protection from elevated
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cytosolic Mg?* levels [36]. These reports strongly support the conservation of function in CNNM

orthologs.
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Figure 4.1 Crystal structure of MtCNNMACaioop bound to MgZ*-ATP

(a) Phylogenetic analyses of representative CNNM orthologs generated using neighbor-joining

method. The number beside the branches reflect the confidence level from bootstrapping of

1,000 replications. (b) Liposomal assay showing direct transport of Mg?" by MtCNNM.

MtCNNM-incorporated liposomes (1:30 to 1:270 wt/wt protein-to-lipid ratios) or empty

liposomes containing mag-fura-2 were equilibrated in buffer for 1 min. Then 5 mM MgCl» was

added (arrowhead) to initiate the Mg?* uptake, and mag-fura-2 fluorescence at 330 and 360 nm

were monitored overtime. The data points represent mean + standard error of the mean of three
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independent liposome preps. (¢) Overall structure of a dimer of MtCNNMACaloop bound to
Mg?*-ATP. Each chain is colored differently. (d) Topology of a MtCNNM monomer.
Transmembrane domain (TMD; cyan) consists of three transmembrane (TM) helices, one
juxtamembrane (JM) helix, and a helix-turn-helix motif between TM1 and TM2. This is
followed by an acidic helical bundle (AHB; yellow) that makes a four-helix bundle in the dimer.
This is followed by two soluble domains, CBS-pair (green) and CorC (grey) domain.

Structurally, CNNMs are defined by a conserved transmembrane and a cytosolic
cystathionine-f-synthase (CBS)-pair domain. The transmembrane domain is called domain of
unknown function 21 (DUF21), constituting the largest family of protein domains of unknown
function (DUFs) on the Pfam database [90]. Prokaryotic CNNMs contain an additional C-
terminal domain, called CorC_HIlyC domain, also found at C-terminus of some Na*/H*
antiporters [152]. Currently, only the cytosolic domains have been characterized structurally.
CBS-pair domain of human CNNMs acts as a Mg>*-ATP sensing domain that undergoes large
conformational changes upon Mg?*-ATP binding [153]. These conformational changes are
expected to be translated to the transmembrane DUF21 and affect transport. Despite being the
largest family of DUF, consisting of close to 20,000 protein sequences from over 7000 species
ranging from bacteria to plants and animals, the structure and function of DUF21 remain
unknown.

Here, we determined the crystal structure of an archaecal CNNM in presence of Mg?'-
ATP, including the transmembrane DUF21. The structure reveals a highly acidic cavity and a
Na" binding site. An acidic helical bundle connects TMD to CBS-pair domain and may be
involved in Mg?* sensing. We validated the functional importance of conserved residues using in
vitro liposome assay and in vivo complementation assays. Our results suggest MtCNNM is a

Na*/Mg?" antiporter with a rocker-switch transport mechanism.
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4.3 Results
4.3.1 Functional characterization of MtCNNM

To identify CNNM orthologs with suitable properties for structural studies, we performed
small-scale screening of 20 prokaryotic CNNMs from diverse species (Fig. 4.2A). Each
construct was expressed as a GFP-fusion protein and purified in six different detergents (DDM,
LMNG, OGNG, LDAO, C12E9, and OG). CNNM from Methanoculleus thermophilus
(MtCNNM), a thermophilic archaeon, emerged as the most promising ortholog. MtCNNM is
highly homologous to human CNNM2, sharing 29% identity and 48% similarity in the
transmembrane and CBS-pair domains (Fig. 4.3). Size-exclusion chromatography analysis of
MtCNNM showed a single mono-dispersed peak when purified with DDM, LMNG, and C12E9
(Fig. 4.2B), giving a pure protein sample as confirmed by SDS-PAGE (Fig. 4.2C).
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Figure 4.2 Detergent screening and crystallization of MtCNNM

(A) Schematic of high-throughput screening process. (B) Size-exclusion chromatography (SEC)
profile of GFP-MtCNNM purified in different detergents. The dashed line shows molecular
weight (MW) standards. (C) SDS-PAGE analysis of GFP-MtCNNM purified in 6 detergents. (D)
MtCNNMACaio0p crystals in complex with Mg?*-ATP taken with brightfield (leff) and UV

(right) camera.
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Figure 4.3 Sequence alignment of CNNM orthologs from eight representative species
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The listed CNNM orthologs and their UniProt accession numbers are: Methanoculleus
thermophilus (AOA1G8XA46), Staphylococcus aureus (AOAOH3JL60), Arabidopsis thaliana
(Q84R21), Saccharomyces cerevisiae (Q12296), Caenorhabditis elegans (A3QM97),
Drosophila melanogaster (AOAOB7P9GO0), Danio rerio (A2ATX7), and Homo sapiens
(Q9H8MS). Secondary structure corresponds to the crystal structure of MtCNNMACaioop.
Highlighted residues: polar residues in acidic cavity (magenta), ATP-binding site residues

(orange).

We carried out functional characterization of MtCNNM reconstituted in liposome using
ratiometric magnesium indicator, mag-fura-2 (Fig. 4.1B). We observed a time-dependent
increase of fluorescence after the addition of Mg?*, indicating transport of Mg?" into
proteoliposomes, whereas no fluorescence change was observed for liposome devoid of protein.
These results demonstrate direct Mg?* transport by MtCNNM, similar to the human CNNM

proteins, suggesting conservation of function.

4.3.2 Structure determination

Attempt in crystallizing full-length MtCNNM yielded no suitable crystals. Therefore,
several deletion mutants were generated. One of which has the C-terminal CorC domain deleted
(MtCNNMAC). MtCNNMAC purified in DDM yielded diffracting crystals when crystallized
with Mg?"-ATP. It was processed to 2.2A and solved by molecular replacement with CBS-pair
domain from CorC (PDB: 5YZ2); however, the unit cell only contained the CBS-pair domain
(Table 4.1).
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Table 4.1 Statistics of data collection and refinement

Construct MtCNNM (199-322) MtCNNM (1-322)
A259-262
Data collection
X-ray source ALS 5.0.2 CLS 08ID-1
Wavelength (A) 1.00003 0.97996
Space group P4,22 P21212:
Cell dimensions
a, b, c(A) 52.1,52.1,112.283 61.05, 118.676, 177.305
a, f,y(°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A) 50-2.20 (2.24-2.20)! 50-3.25 (3.31-3.25)!
Redundancy 21.5(11.2) 11.9 (9.1)
Completeness (%) 99.0 (89.7) 99.2 (96.9)
/ol 40.6 (2.0) 22.0 (1.0)
CCir 0.780 0.430
Refinement
Resolution (A) 35.00-2.20 49.31-3.25
No. of reflections 7746 14835
Rwork/Rfree 0.215/0.246 0.242/0.279
No. of atoms
Protein 929 4786
Ligands 33 300
Water 51 NA
B-factors
Protein 38.8 24.6
Ligands 26.5 41.3
Water 39.5 NA
RMSDs
Bond lengths (A) 0.002 0.002
Bond angles (°) 0.42 0.53
Ramachandran statistics (%)
Most favored regions 97.5 96.4
Additional allowed regions 2.5 3.6
Disallowed regions 0.0 0.0

"Highest resolution shell is shown in parentheses
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The in-situ cleavage suggests instability in DDM. Therefore, we tried purifying and
crystallizing in other detergents, including maltosides with shorter alkyl chain. In addition,
analysis of MtCNNMcgs structure showed missing density in a mobile loop from residue 260 to
261; thus, a new construct (MtCNNMACaio0p) Was generated. Together with detergent and
construct modification, we were able to obtain diffracting crystals with UDM-purified
MtCNNMACaio0p in complex with Mg?*-ATP (Fig. 4.2D). The crystals diffracted anisotropically
to 3.25 A (Table 4.1). Initial phases were determined by molecular replacement using
MtCNNMCcss structure solved earlier, which represented 40% of the crystallized construct
(residues 199-322). Two a-helices (residues 166-198) preceding the CBS-pair domain were built
in manually, then PHENIX AutoBuild [117] was used to place idealized helical fragments in the
missing sections (residues 1-166). The resulting phases were of great quality that allowed tracing
of most of the molecule, guided by strong densities of bulky residues (Fig. 4.4A). The final
structure, consisting of chain A (residues 5-322) and chain B (residues 4-154 and 160-322), is
refined to 3.25 A with R-free of 0.279 (Table 4.1).
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Figure 4.4 Representative electron density
(A) Representative 2F,-F. map for TMD and AHB, contoured at 1.0 o. (B) Representative Fo-Fc

omit map for a sulfate ion between crystal packing surface, contoured at 5.0 c.

4.3.3 Architecture and domain organization

MtCNNMAC crystallizes as a homodimer with each protomer consisting of three distinct
domains: transmembrane domain (TMD), acidic helical bundle (AHB), and CBS-pair domain
(Fig. 4.1C & D). The TMD and AHB represent the previously unknown structural region with

no homologous structures. Viewed from the membrane plane, MtCNNMAC is approximately
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110 A tall with a 44 A high transmembrane region and a 66 A cytosolic region extending out of
the membrane.

The TMD is made of three transmembrane helices (TM1-3) and one juxtamembrane helix
(JM) (Fig. 4.1D). TM1, starting from the extracellular side, connects to TM2 through an
intracellular helix-turn-helix motif (a1 & 02). Then, TM2 spans across the membrane and
connects to TM3 through a short extracellular linker. TM3 traverses towards the cytosol and
connects to the JM helix, which then wraps around the outer surface of TM1 and TM2, forming a
belt-like structure. To our knowledge, TMD adopts a fold that is novel among available protein
structures as querying the protein structure database for structural homologs with DALI server
[101] returned only weak hits.

The TMD is followed by a helical bundle made of alpha helices a3 and 04, which we
termed the acidic helical bundle (AHB) (Fig. 4.1D). AHB from each protomer dimerizes to form
a four-helical bundle, connecting TMD to CBS-pair domain. The CBS-pair domain, as
previously shown, dimerizes in a head-to-head fashion forming disc-like structure,
accommodating Mg?*-ATP in the central cavity [91, 153]. The C-terminal CorC domain, not
present in the crystallized construct, is hypothesized to reside on either side of the CBS module
based on existing structure of CorC (PDB: 4HGO0), a soluble protein that resembles the
intracellular region of MtCNNM.

Although MtCNNM exists as a homodimer, the two protomers do not share a C2
symmetry (Fig. 4.5A). The individual TMD and CBS-pair domains are symmetric on their own,
but the arrangement of the two domains is not symmetric. By overlaying the TMD of each
protomer, the cytosolic domains exist in two different conformations with respect to TMD (Fig.
4.5B). This suggests that the cytosolic domains have a certain degree of flexibility. Therefore,
the current asymmetric arrangement most likely arises from crystal packing and has no

physiological relevance.
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Figure 4.5 Asymmetry between the two polypeptide chains in the MtCNNMAC structure.
(A) Front and rear view of the MtCNNMAC homodimer showing asymmetry between TMD and

cytosolic domains. (B) Overlay of two protomers.

4.3.4 TMD in an inward-facing conformation with an acidic cavity and Na* binding site

The transmembrane domain exists as a homodimer in an inward-facing conformation.
The dimerization interface is predominantly formed by hydrophobic contacts of TM2 and TM3
of each protomer (Fig. 4.6A). Electrostatic surface potential analysis reveals a highly negatively
charged cavity with TM2 and TM3 interlacing around the central cavity (Fig. 4.6B). The central
cavity, with a maximum diameter of approximately 10 A, is lined with many polar residues (Fig.
4.6C). Sequence-conservation analysis revealed that residues forming the negatively charged

pocket are highly conserved among CNNM orthologs (Fig. 4.3).
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Figure 4.6 TM domain exists in an inward-facing conformation with a highly acidic cavity
(A) TM domain homodimerizes with interface formed by TM2 and TM3 of each protomer. (B)
Electrostatic surface potential representation of MtCNNM TM domain shows a highly negative
cavity, cross-sectional (/eft) and intracellular (right) views. (C) Close-up view of the residues
forming the acidic cavity. (D) A sodium ion (Na") is bound at the negative cavity. The Fo-F. omit
map is contoured at 4.0 . (E) TM3 contains a m-helical turn resulted from a helix-breaker,
Prol14. (F) The m-helix region is highly conserved in various CNNM orthologs. It is numbered
according to MtCNNM. (G) Probing the effect of mutations in the acidic cavity of MpfA, a
CNNM ortholog in S. aureus, by in vivo complementation of S. aureus AmpfA strain with
indicated plasmids. Serially diluted overnight cultures were spotted on plates with 140 mM

MgCl. Inactive mutants are unable to grow under high magnesium condition.

The central cavity is highly negatively charged, suggestive of a potential site for Na* and
Mg?* binding. Indeed, a well-defined electron density is observed in the cavity around residues

Ser21, Ser25, Ser71, and Glul11. Analysis of crystallization condition suggests possibility of
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Mg?* or Na*. Based on valance screening analysis and unlikelihood of binding of dehydrated
Mg?* [154], we placed a Na* ion at this position (Fig. 4.6D). 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. Interestingly, this electron density is only observed in one of the
protomer. Residues contributing to ion-side chain interactions are strongly conserved across
species, suggesting a conserved binding mode for Na™.

Another feature of the TMD is the presence of a m-helical turn in TM3, in which the helix
is composed of i+5 instead of i+4 configuration, making a larger turn (Fig. 4.6E). This is
supported by clear electron density during model building (Fig. 4.4A). Interestingly, the residues
surrounding this helical turn are highly conserved from archaea to humans (Fig. 4.6F). Glul11
and Pro114 are invariant across the eight representative CNNM orthologs. Glul11 points toward
the negative cavity and is involved in Na* coordination, whereas Prol14 acts as a helix-breaker
that allows the break in hydrogen-bonding.

In order to ascertain the importance of these cavity-lining residues, we used an in vivo
complementation assay previously developed for MpfA, a CNNM ortholog in Staphylococcus
aureus [39, 40]. Wild-type strain is able to grow under high Mg?" conditions, while AMpfA
strain cannot, and this can be rescued by complementation of vector expressing wild-type MpfA,
whereas an empty vector cannot (Fig. 4.6G). Thus, the assay serves as a functional read-out of
MpfA activity. Mutants T70A, S73A, E123K, P126G and K127A completely restored the
growth defect; E26A partially restored; and TI9W could not restore, illustrating the functional
importance of Ser21 and Glu28 in MtCNNM.

4.3.5 A re-entrant juxtamembrane helix encircles TM helices

The re-entrant JM helix following TM3 wraps around TM1 and TM2 like a belt through
several hydrophobic contacts. The JM helix resides close to the cytoplasmic membrane; thus, it
may be involved in interacting with phospholipid headgroups. Indeed, we have observed several
electron densities surrounding the JM helix, in which we modelled as UDM detergent molecules
from the protein buffer (Fig. 4.7A & B). In total, we observed ten UDM molecules interacting
with the two JM helices through several hydrophobic and aromatic residues, illustrating the

potential binding mode with phospholipids.
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Figure 4.7 Juxtamembrane helix and acidic helical bundle

(A-B) Juxtamembrane helix binds many UDM detergent molecules. The 2F,-F. map is contoured
at 1.0 o. (C) Acidic helical bundle contains many conserved acidic residues. (D) A hydrated
magnesium ion binds between TMD and AHB. The F,-F. omit map is contoured at 3 c. (E)
Probing the effect of conserved acidic residue mutants in AHB by in vivo complementation of S.
aureus AmpfA strain with indicated plasmids. Serially diluted overnight cultures were spotted on
plates with 140 mM MgCl,. Inactive mutants are unable to grow under high magnesium

condition.

Underneath the JM helix resides the helix-turn-helix motif (a1l & a2) that connects TM 1
and TM2. The two helices interact with JM helix through hydrophobic contacts. The solvent-
exposed portions contain several basic residues, which may be involved in binding phospholipid
headgroups. In fact, a strong density was observed in this region and was assigned as a sulfate
molecule due to presence of Li»SOy4 in crystallization condition (Fig. 4.4B). The sulfate ion

seems to be involved in the crystal packing.
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4.3.6 Acidic helical bundle

The acidic helical bundle between TM and CBS-pair domains is decorated with many
acidic residues (13 out of 31 residues), which could serve as potential Mg>" binding sites (Fig.
4.7C). Indeed, we found a density around Glul69, in which we modelled tentatively as a
hydrated Mg?* ion (Fig. 4.7D). The Mg?* ion is anchored by carboxylate groups of three acidic
residues (Asp61, Glul62, and Glu169) and by the backbone carbonyl atoms of Pro163 and
Val164. The Mg?*-O bond distances are between 3.1 A and 5.1 A, suggesting that the ion is in a
hydrated state. Complementation assay of conserved acidic residues in the AHB showed the

Glul69 is important whereas Thr166 and Glul87 are not (Fig. 4.7E).

4.3.7 Structural basis of Mg?"-ATP binding by CBS-pair domain

We observed Mg?*-ATP binding to the central cavity of CBS-pair domain as previously
reported for human CNNMs (Fig. 4.8A) [91, 153]. The adenine is sandwiched between Phe233
and Ile311 in a hydrophobic pocket comprising Met298, Phe237, 11e236, Val212, and Val213,
while the ribose ring forms hydrogen bonds with the side chains of Thr207, Asp316, and Thr313.
The phosphate groups are stabilized with Arg235 and Ser234. The Mg?" is coordinated in an

octahedral arrangement by the three phosphates and three water molecules.
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Figure 4.8 CBS-pair domain binds Mg?*-ATP

(A) Structural basis of Mg**-ATP binding. Mg?" ions and water molecules are shown as magenta
and red spheres, respectively. Fo-F. omit map contoured at 3.0 ¢ for Mg>*-ATP. (B) ITC
experiments of MtICNNMAC (15 uM) binding to ATP (250 & 150 uM) in presence and absence
of 50 mM Mg?*. (C) Table summarizing affinities of MtCNNMAC to adenine nucleotides with
and without 50 mM Mg?*. (D) The sum of the # of deuterons protected from exchange in the
presence of Mg?"-ATP across all timepoints is shown. Each point represents a single peptide,
with them being graphed on the x-axis according to its central residue. Error bars represent
standard deviation (n = 3). (E) HDX-MS analysis of MtCNNMAC in presence and absence of
Mg?*-ATP. Regions in cytosolic regions that showed significant decreases in exchange (defined
as >5%, 0.3 kDa, and a Student’s t test p<0.01) in the presence of Mg?*-ATP are colored in blue
according to the legend. Peptides around the Mg?*-ATP binding site show the most protection
from deuterium exchange. (F) SV-AUC experiments of MtCNNMcgs with 1 mM adenine
nucleotides or 10 mM Mg?*. A dimeric species is observed in presence of adenine nucleotides.
(G) Probing the effect of ATP-binding site mutants by in vivo complementation of S. aureus
AmpfA strain with indicated plasmids. Serially diluted overnight cultures were spotted on plates

with 140 mM MgCl. Inactive mutants are unable to grow under high magnesium condition.

124



We characterized the affinity of adenine nucleotides by isothermal titration calorimetry
(ITC) with MtCNNMAC. In absence of Mg?*, the affinity for ATP is 1.47 uM while in presence
of Mg?*, the affinity is increased three-fold to 0.59 uM (Fig. 4.8B). MtCNNMAC has the highest
affinity for ATP, followed by ADP and AMP (Fig. 4.8C and Fig. 4.9). This is different from the
human CNNMs, in which ATP binding is magnesium-dependent [41].
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Figure 4.9 Raw ITC thermograms.
ITC thermograms showing MtCNNMAC (15 uM) binding to various adenine nucleotides

(concentrations indicated in parentheses) in absence or presence of 50 mM MgCl..
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To characterize the structural effects of Mg?*-ATP binding, we have reconstituted
MtCNNMAC into nanodiscs for analysis by hydrogen deuterium exchange mass spectrometry
(HDX-MS) (Fig. 4.10A). Upon Mg?*-ATP binding, we see an increased stabilization in the ATP
binding site as well as the dimerization interface in CBS1 motif (Fig. 4.8D & E). However, no
differences were observed for AHB and TMD, which has limited coverage (Fig. 4.10B). To
validate the dimerization dependency of Mg?*-ATP binding, we analyzed MtCNNMcgs by
sedimentation velocity analytical ultracentrifugation (SV-AUC). Binding of adenine nucleotides
trigger dimerization of CBS-pair domain while Mg?" alone does not (Fig. 4.8F and Fig. 4.11).
To probe the functional relevance of the ATP-binding site, we tested the effect of two disease-
associated mutants in this region with the in vivo complementation assay. The results
demonstrated the importance of Arg235 but Thr313 for rescuing the Mg?*-dependent growth
defect (Fig. 4.8G).

A B g ;
40 - § 0-5%
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35 | (kDa) = 10-20%
250 % >20%
30 | 1705_:)‘- g No coverage
— 50
525 1
E 37 W s MICNNMAC
\0-'20 1 5w
©
S15] o ™ MSP1D1
10 i 15 &
10 =
5 4
0 5 10 15 20

Elution volume (mL)
Figure 4.10 Reconstitution of MtCNNMAC into MSP1D1 nanodiscs for HDX-MS analysis
(A) SEC profile and SDS-PAGE analysis of MtCNNMAC reconstituted in MSP1D1 nanodiscs.
(B) HDX-MS analysis of MtCNNMAC in presence and absence of Mg?*-ATP. Most differences

occur in the CBS-pair domain. TMD shows limited coverage.

126



>

no addition

3.5
3.0
25
20
1.5
1.0
0.5
0.0

signal (fringes)

0.05
0.00

-0.05& ﬁ

residuals

4.0
3.5
3.0
25
2.0
1.5
1.0
0.5
0.0

signal (fringes)

0.04
0.00
-0.04

residuals

63 64 65 66 6.7 6.8

radius (cm)

1 mM ADP

6.9

signal (fringes)

0.07
-0.02

residuals

5-
4
[%]
[
g 3
© 2
<
o
@ 1

0
o 0.08F T
] =
3 -0.01
¢ %
= -0.11

63 64 65 66 6.7
radius (cm)

-0.11

1 mMATP

10 mM Mg?*

it

L 4+t Fi
[ e 3l
k (=
£
L g 2
k [
5
. B 1 L
. 0 L
» 0.07F
[}
3 -0.02 7
2 N
LY o T 4 2 gk . . . . . .
63 64 65 66 67 68 6.9 63 64 65 66 6.7 68 6.9
radius (cm) radius (cm)
1 mM AMP

63 64 65 66 6.7 6.8 6.9

radius (cm)

Sedimentation

Estimated MW

coefficient (S) (kDa) RMSD Theoretical MW (kDa)
Condition Peak1 Peak?2 Peak1 Peak?2 Monomer Dimer
no addition 1.84 - 16.2 0.0049
10 mM Mg+ 1.78 - 16.0 - 0.0042
1 mM ATP - 2.49 - 32.0 0.0045 14.5 29.0
1 mM ADP - 2.40 - 30.4 0.0044
1 mM AMP - 2.44 - 30.9 0.0050

Figure 4.11 Summary of SV-AUC results

(A) Sedimentation velocity AUC profiles of MtCNNMcps in presence of various ligands.

Interference of the sample are plotted against the radial position in the cell. One in every 75

scans is plotted. (B) Summary of experimental sedimentation coefficients and estimated

molecular weights.

127



4.4 Discussion

To date, MgtE and CorA represent the only two prokaryotic Mg?" transport systems that
have had their complete structures determined by X-ray crystallography [142, 155-157]. These
advances have shed light on the structural basis of Mg?* transport and homeostasis. Here, we
determined the structure of a third Mg?* transporter, CNNM.

The overall structure of MtCNNM is a dimer formed by three TM helices and one re-
entrant JM helix, with a total of six TM helices (Fig. 4.1C). The low number of TM helices have
previously been criticized as too little for a transporter when compared to other Mg?* transporters
such as CorA (10 TMs), MgtE (10 TMs), or TRPM6/7 (24 TMs) [32]. However, in vitro
liposome assay using purified MtCNNM has demonstrated direct transport of Mg?* (Fig. 4.1B).
This affirms the notion that CNNM is a magnesium transporter on its own instead of regulator of
other magnesium transporters.

The TMD exists in an inward-facing conformation without a continuous pore (Fig. 4.6),
suggesting that CNNM could transport Mg?* through a rocker-switch transport mechanism and
the possibility of an outward-facing conformation. Since the TMD is connected to the CBS-pair
domain through the AHB, perhaps conformational changes in the cytosolic domains caused by
ATP-binding would propagate through AHB to the TMD, thereby affecting transport. The
presence of many acidic residues on the AHB is reminiscent to CorA and MgtE, in which their
cytosolic domains also contain acidic patches that are involved in Mg?" sensing and regulation of
channel activity [106]. Therefore, these acidic patches in AHB could also serve as potential Mg?*
binding sites that would play roles in Mg?* sensing and transport regulation.

The highly negatively charged cavity strongly suggests binding of positively charged
substrates (e.g. Mg?" or Na*). In this case, we observed a sodium ion bound in the negative
cavity coordinated by conserved m-helix residues (Fig. 4.6D). It is unclear whether Mg?* would
compete for the same site or bind somewhere else in the cavity. A conserved glutamate residue
(Glu28) is near the opening of the cavity; therefore, perhaps in another conformation, it could be
involved in coordinating a hydrated Mg?* ion.

The current structure lacks the C-terminal domain, which appears to be non-essential for
the transport function. However, since this domain is the least conserved across species, the
function of this domain may vary, especially in eukaryotic CNNMs that have a CNBH domain
instead [131].
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Taken together, we suggest a model for transport within CNNMs. During low or normal
intracellular magnesium concentration, CNNM exists in an outward-facing conformation, in
which the CBS-pair domain exhibits the open conformation and AHB exhibit a different
conformation, constricting the JM helix. In the outward-facing state, high extracellular Na*
concentration allows Na* binding to Na*-binding site near -helix. Upon elevation of
intracellular magnesium level, Mg?* ions bind to AHB and CBS-pair domain, stabilizing the flat,
disc-like conformation, thus triggering the reorganization of the TMD into an inward-facing
conformation, perhaps through relaxation of the constriction by JM helix. Upon exposure to the
cytosol, Mg?* ion will bind to the negatively charged cavity, and the Na* ions will diffuse away
due to low intracellular Na* concentration. The departure of Na* ions will then destabilize the -
helix or TMD, thus favoring the outward-facing conformation, thereby transporting Mg?* to the
outside.

However, since we have only captured a snapshot of MtCNNM in the inward-facing
conformation, further research is required to obtain snapshots of other states in order to fully

understand the complete mechanism of transport by CNNMs.
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4.5 Experimental Procedures
4.5.1 Construction of phylogenetic tree

Amino acid sequences of various CNNM orthologs were aligned using MUSCLE [15].
The phylogenetic tree was generated using neighbor-joining method and bootstrapping of 1,000
replications in MEGAX (Version 10.1.8) [16]. The CNNM orthologs and their UniProt accession
numbers are: cnnm?2a (Danio rerio; A2ATX7), CNNM2 (Homo sapiens; QOH8MS), CNNM4
(Homo sapiens; Q6P4Q7), CNNM4 (Xenopus tropicalis; AOJPAQ), CNNMI1 (Homo sapiens;
QI9NRU3), CNNM3 (Homo sapiens; QSNEO1), UEX (Drosophila melanogaster;
AOAOB7P9GO0), cnnm-1 (Caenorhabditis elegans; A3QM97), CBSDUF1 (4rabidopsis thaliana;
Q67XQ0), MAM3 (Saccharomyces cerevisiae; Q12296), MpfA (Staphylococcus aureus;
AOAOH3JL60), yhdP (Bacillus subtilis; O07585), MtCNNM (Methanoculleus thermophilus;
AOA1G8XA46), CBSDUFCHI (4rabidopsis thaliana; QILK65), CorB (Salmonella
typhimurium; Q8XFY3), and yfjD (Escherichia coli; P37908),

4.5.2 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 [158]
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 (residues 1-322), MtCNNMACaioop (residues 1-322 A259-262). For
MtCNNMcsgs, residues 199-322 were subcloned into BamHI and Xhol sites of pGEX-6P-1
vector (GE Healthcare) with an N-terminal GST-tag.

4.5.3 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
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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).

4.5.4 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 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, I mM CaCl, 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 NacCl, 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
HiLoad 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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4.5.5 Expression and purification of MtCNNMcgs

Plasmid containing MtCNNMcgs was 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 ng/mL DNAse I, 1| mM
CaCly, 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 a 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.

4.5.6 Proteoliposome reconstitution and Mg?" transport assay

Proteoliposome were made following [159] with modifications. A 3:1 mixture of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (POPG) (Avanti Polar Lipids) were dried into a thin film,
followed by overnight incubation in a vacuum chamber. Dried lipids were solubilized to 5
mg/mL in buffer A (20 mM HEPES-NaOH, 150 mM NaCl, 5 mM EDTA-NaOH pH 7.5)
supplemented with 35 mM CHAPS and incubated at room temperature for 2 hours. UDM-
purified MtCNNM was mixed with 100 pL of solubilized lipids (0.5 mg) at a protein/lipid ratio
of 1:30, 1:90, or 1:270 (wt:wt) and incubated for 20 min at room temperature. For the no-protein
liposome control, the same volume of HPLC buffer containing 0.05% UDM was added.
Proteoliposomes were formed by adding the protein/lipid sample to a partially dehydrated
Sephadex G-50 column (1.5 mL) equilibrated in buffer A. Membrane impermeable ratiometric

magnesium indicator, mag-fura-2 (Thermo Fisher; stock concentration 1 mM in H,O) was added
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to final concentration of 50 uM and encapsulated through 1 freeze-thaw cycle. Exchange of
extra-liposomal buffer and dye removal were performed by centrifuging the proteoliposomes in a
partially dehydrated Sephadex G-50 column equilibrated in buffer B (20 mM HEPES-NaOH,
150 mM NaCl, pH 7.5).

Fluorescence transport assay was performed with SpectraMax M5e using two excitation
wavelengths (330 and 369 nm) and one emission wavelength (509 nm), measuring every 5
seconds including 1 second shaking between reads. 10 uL. of mag-fura-2 encapsulated
proteoliposome was diluted with 90 pL of Buffer B in a 96-well black bottom plate (Greiner)
and baseline fluorescence was measured for 1 min at 25°C. The uptake reaction was initiated by
addition of MgCl> and recorded for 5 min. CHAPS and EDTA were added to obtain the
maximum and minimal mag-fura-2 signal. Each condition was performed with three independent

proteoliposome preps.

4.5.7 Crystallization

Crystals of MtCNNMCcas co-crystallized with 5 mM ATP were obtained by equilibrating
0.4 uL of protein (20.8 mg/mL MtCNNMAC purified in 0.03% DDM) and 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 crystals were 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 pL of protein (19.5 mg/mL MtCNNMACaio0p purified in 0.05% UDM) and 1 uLL
of reservoir solution (0.1 M Na citrate, pH 5.5; 0.1 M Li2SO4; 0.1 M NaCl; 20 mM MgCly; 34%
PEG400; 10 mM Na;HPO4) in hanging-drop vapor diffusion system incubated at 22°C. Petal-
like crystals appear after 1 week. The crystals were directly picked up in a nylon loop and flash-

cooled in a N» cold stream.

4.5.8 Data collection and structure determination

The MtCNNMCcgs 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 [115] with auto-corrections enabled. Initial phases were obtained by
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molecular replacement with Phaser [121] in PHENIX [116] using CBS-pair domain structure of
CorC (PDB: 5YZ2) [160]. The model was subsequently improved through iterative cycles of
manual building with Coot [118] and refinement with phenix.refine [122]. TLS parameters were
included at later stages of the refinement [120].

The MtCNNMACai00p dataset from a single crystal was collected using a Pilatus3 6M
detector at beamline 08ID-1 of the Canadian Macromolecular Crystallography Facility (CMCF)
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 [115] with auto-corrections
enabled, in which ellipsoid truncation was performed automatically. Resolution cut-off is based
on CCi, = 0.3 [148]. 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 [121] in PHENIX [116] using MtCNNMcgs structure (determined in this study).
Then AutoBuild [117]was used to build in the missing domains (TMD and AHB). The model
was then improved through iterative cycles of manual building with Coot [118] and refinement
with phenix.refine [122]. TLS parameters were included at later stages of the refinement [120].

The final structures were validated with MolProbity [149]. Crystallographic data
collection and structure refinement statistics are shown in Table S1. Structural images were
prepared with PyMOL, Version 2.3.4 (Schrodinger LLC, New York). Electrostatic surface
potentials were calculated using the APBS plugin within PyMOL [161].

4.5.9 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 [162, 163]. 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 (PR0O1-36) [39]. 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 hours at 37°C. Only relevant dilutions (10 to 10-®) are shown in figures. All
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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).

4.5.10 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. Protein (15 pM final concentration) and
ligands were prepared in HPLC buffer containing 0.05% UDM with or without 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.

4.5.11 Production and purification of MSP1D1

pMSP1DI1 was a gift from S. Sligar (Addgene plasmid 20061). MSP1D1 production was
carried out according to published protocols [164]. 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 [164]. 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 NacCl, pH 7.5)

4.5.12 Reconstitution into nanodisc

MtCNNMAC and MSP1D1 were mixed with soybean polar extract (Avanti) solubilized
in 40 mM DDM at a MtCNNMAC: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 nanodiscs. The resin was washed with
wash buffer (20 mM HEPES, 200 mM NaCl, 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).
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4.5.13 Hydrogen deuterium exchange mass spectrometry

HDX-MS reactions were performed in a similar manner as described previously [165,
166]. In brief, HDX reactions for MtCNNMAC were conducted in a final reaction volume of 10
pL with a molar quantity of 20 pmol of MtCNNMAC. The reaction was started by the addition
0f 9.0 uL of D>0 buffer (100 mM NaCl, 20 mM HEPES pH 7.5, 94% D-O (V/V)) to 1.0 pL 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-HCI 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 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 all 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.
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4.5.14 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 pM) with various ligands were monitored using interference
optics. The data were analyzed with Sedfit v1501b [126] using a continuous c(s) distribution.
Numerical values for the solvent density, viscosity, and partial specific volume were determined
using Sednterp [127]. Buffer density and viscosity were calculated to be 1.0039 g/cm? and
0.01026 mPa-s, respectively (20 mM HEPES, 100 mM NacCl, pH 7.5). Partial specific volumes
for MtCNNMcgs was calculated to be 0.7464 cm?/g. The frictional ratio (f/fy) value for
MtCNNMCcgs was calculated using US-SOMO [128] to be 1.26. Residual and c(s) distribution
graphs were plotted using GUSSI [129].
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Chapter 5 — General Discussion

In this thesis, I have determined a total of six structures: two structures of CNBH domain,
two structures of the cytosolic fragments, one structure of MtCNNM CBS-pair domain, and one
structure of MtCNNM lacking CorC domain. Here, I present a structural comparison between

CNNM and two other prokaryotic magnesium transporters with known structures.

5.1 Other Mg?* transporters with known structures
Currently, there are two prokaryotic Mg?* transporters that have their full-length
structures determined: CorA and MgtE.

5.1.1 CorA

CorA represents one of two primary Mg?" transport system in prokaryotes. It was named
for the cobalt-resistant mutant in which it was first identified [167]. Its eukaryotic counterpart is
a mitochondrial inner membrane protein, Mrs2, required for normal mitochondrial Mg?*
homeostasis and function [168]. Multiple full-length structures of CorA by X-ray crystallography
or cryo-EM have been determined in presence or absence of Mg?* from two species: Thermotoga

maritima (TmCorA) and Methanocaldococcus jhannachii (MjCorA) [155-157, 169-172].

5.1.2 MgtE

MgtE represents the other primary Mg?" transport system in prokaryotes. The human
ortholog is represented by the SLC41 family of solute carriers [173]. Electrophysiological
characterization by patch-clamp analysis established MgtE as a high conductance Mg?*-selective
Mg?**-gated ion channel [141]. Multiple crystal structures have been determined for MgtE in the
closed, Mg?*-bound state [141, 142, 174, 175]. Recently, an open state of the channel stabilized
by Fab antibodies has been elucidated by cryo-EM [176].
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5.2 General architecture

CorA is represented as a funnel-shaped homopentamer with a large intracellular N-
terminal domain linked through an extended a-helix to a C-terminal TM ion pore domain (Fig.
5.1A) [155-157]. The intracellular domain is a seven-stranded parallel/antiparallel B-sheet
sandwiched between two sets of a-helices. The TM domain has a total of ten TM helices with

two helices contributing from each protomer.

C MtCNNM

intracellular

Figure 5.1 Structures of three prokaryotic Mg?" transporters

(A) Overall structure of TmCorA in the Mg?"-bound state (PDB: 410U [171]). (B) Overall
structure of MgtE in Mg?*-bound state (PDB: 2ZY9 [141]). (C) Overall structure of MtCNNM
lacking CorC domain in Mg?*-ATP-bound state. For each structure, a single chain is colored blue

(N-terminus) to red (C-terminus).

MgtE is a dimer with two cytosolic domains (N-domain and CBS-pair domain) in the N-
terminus (Fig. 5.1B) [142]. The CBS-pair domain dimerizes in a head-to-head fashion while the
superhelical N-domain hangs on either side of the CBS module. This is then followed by an
extended a-helix (plug helix) that leads to the C-terminal transmembrane domain. The TMD has
a total of ten TM helices with each protomer contributing five helices. TM2-5 are arranged as a
helical bundle while TM1 engages in a domain-swapped interaction with TM2" and TM3' from

the other protomer.
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MtCNNM is a homodimer with the TMD in the N-terminus, followed by CBS-pair and
CorC domain (Fig. 5.1C). The TMD is made up of six TM helices with two juxtamembrane
helices, with each protomer contributing three TM helices and one juxtamembrane helix. The
TMD is connected to the CBS-pair domain through an acidic helical bundle (AHB). Similar to
MgtE, CBS-pair domain of CNNM also dimerizes in a head-to-head fashion. In addition, the
CorC domain is hypothesized to reside on either side of CBS-pair domain based on the CorC
structure (PDB: 4HGO), thus also resembling the N-domain of MgtE. Therefore, it seems that the
cytosolic domains of MgtE and MtCNNM share a similar structural rearrangement.

Other than the CBS-pair domain, the three proteins share no sequence or structural
similarities. The TMD all have a different fold. The total number of TM helices vary from six to
ten. Therefore, it seems that nature has evolved multiple structural scaffolds to selectively
transport Mg?* into and out of cells. This is in stark contrast to K* channels that have highly

defined single pore architecture [177].
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5.3 Features of transmembrane domain
5.3.1 Pore/cavity

In CorA, the ion-conducting pore is formed by five TM1 helices, while TM2 helices form
the outer ring (Fig. 5.2A) [155-157]. The two most profound features of the ion pore are the lack
of conserved acidic residues along the conducting pathway and its surprisingly overall length of
~ 55A. The TM pore contains two hydrophobic constrictions: the “hydrophobic gate”, a 1.9-nm-
long constriction formed by pore-lining residues Met291, Leu294, Ala298, and Met302; and the
“lower leucine constriction” (LC), a shorter steric bottle neck formed by the side chain of
Leu280. In all crystal structures of CorA, both hydrophobic constrictions are too narrow to be
hydrated, suggesting that the channel is in its closed, non-conductive state. However, portions of
the pore are wide enough to accommodate a Mg?" ion with its first hydration shell intact. From
all the available CorA crystal structures, a total of eight divalent cations have been assigned
along the ion pore. In fact, MjCorA appears to house up to five hydrated Mg?* ions
simultaneously [169], implying that CorA contains a multi-ion pore with a knock-on conduction

mechanism reminiscent of K channels [177].
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Figure 5.2 Ion pore or cavity structures of three magnesium transporters

Ion pore or cavity structures of (A) TmCorA (PDB: 4EED [170]), (B) MgtE (PDB: 2ZY9 [141]),
and (C) MtCNNM. Only the pore forming helices are shown. Pore lining residues are indicated.
Mg?* ions are shown as magenta spheres. The solvent accessible pore volume is rendered as an

orange mesh. Panel A & B are adapted from [106].
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The ion-conducting pore in MgtE is formed by three TM helices (TM1, TM2, and TM5)
of each protomer interlacing around the central ion pore while TM3 and TM4 form the periphery
(Fig. 5.2B) [142]. The solvent-accessible pore is ~30 A long. The pore diameter near the
cytoplasmic end is ~6 A, while that of the periplasmic end is ~15A. At the periplasmic entrance,
there are two cation binding sites that represent periplasmic gating sites [174]. Binding of Mn?*
to these sites strongly inhibit the transport activity MgtE, suggesting that these gating sites may
fix the protein in a closed form, thereby preventing excess uptake of toxic cations, such as Fe?",
Co?", Ni**, and Mn?* [174]. Following the periplasmic gate is a narrow constriction with
numerous glycine and proline residues imparting a kinked and slighted twisted appearance. The
selectivity filter resides in the middle, then the constriction becomes occluded by the plug helices
at the cytoplasmic side.

For MtCNNM, there is no central pore formed by the TMD. Instead, there is a large
negatively charged cavity decorated with many conserved polar residues (Fig. 5.2C). It is
possible that the current structure is in a non-conductive state. However, due to the Na*/Mg?*
exchange evidence from the human counterpart [20], it is unlikely that CNNM would transport
Na* and Mg?* in opposite directions as a channel. Therefore, it seems more likely that CNNM
would behave as a secondary active transporter. In fact, an electron density that resembled Na* is
observed to bind in the negatively charged cavity. This suggests that the structure here represents
the inward-facing state in which the Na* is bound, and upon dissociation, Mg?* would be able to

bind and be exported out of the cell.

5.3.2 Selectivity filter

For CorA, there is a universally conserved GMN motif that lines the extracellular pore
entrance [155-157]. The bound Mg?" ion is coordinated through its first shell of waters to the
asparagine sidechain and glycine backbone carbonyl atoms. This interaction is notably
asymmetric with respect to the central pore axis, as are all Mg?* coordination observed within the
CorA pore. This GMN motif supports the selection of first shell hydrated Mg?" ions. The GMN
motif is intolerant to substitutions. Gly312 is absolutely required for magnesium uptake; Met313
is absolutely required for pentamer integrity in the open conformation, and Asn314 plays a role

in both functions [178]. The transport of hydrated Mg?" makes intuitive sense as excessively
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removing the first hydration shell from Mg?* would be most demanding energetically and
counterproductive to achieving high flux rates.

In MgtE, the selectivity filter in the middle of the ion-conducting pore is dictated by a
conserved aspartate residue (Asp432). At the M1 site, a fully octahedrally hydrated Mg?* is
coordinated by the carboxylate groups of Asp432 sidechains [174]. Crystal structures with Mn?*
and Ca”" bound at this site have also been obtained [174]. Mn?* also assumes an octahedral
hydration geometry similar to Mg?*, whereas the coordination geometry of Ca** is dynamic and
exhibit a broad range of coordination numbers, differing from Mg?" and Mn?" ions. This suggests
that the M1 site specifically recognizes divalent cations that can assume an octahedral geometry,
which may be important for selective transport of Mg?* over other cations, such as Na*, K* and
Ca®".

For MtCNNM, due to the absence of a bound Mg?" in the cavity, the mechanism of ion
selectivity is unclear. However, in the cavity there are two conserved glutamate residues (Glu28
and Glul11) that could serve as potential Mg?* binding sites. Perhaps in another conformation,

these two glutamate residues would together be involved in coordinating a hydrated Mg?* ion.
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5.4 Features of cytosolic domains
5.4.1 Mg?" binding sites

For CorA, there are five regulatory M1 ions assigned as Mg?* or Ca*" that are
coordinated directly between the sidechains of Asp89 (a3) and Asp253 (a7’) (Fig. 5.3A) [155-
157]. At the subunit interface, five additional divalent cations are bound through water molecules
at the M2 site. The strategic positioning of these ten bound divalent cations symmetrically
around the CorA pentamer represented key regulatory sites. Since they shield an otherwise
electrostatically repulsive interface, dissociation of bound M1 and M2 metals under low Mg?*
conditions would propagate significant structural changes throughout TmCorA. Studies suggest
that divalent cation binding to these sites locks TmCorA in a transport incompetent conformation

and that loss of these cations leads to an open conformation [170].

Figure 5.3 Mg**-binding sites in cytosolic domains of magnesium transporters
Cytosolic Mg?" and ATP-binding sites in (A) TmCorA (PDB: 410U [171]), (B) MgtE (PDB:
5X9H [175]), and (C) CNNM2 (PDB: 6N7E [153]). Mg*" ions are shown as magenta spheres.

In MgtE, there are twelve Mg?* binding sites in the cytosolic domain with six Mg?* ions
(named M2-M?7) per protomer (Fig. 5.3B) [141]. M2 and M3 are bound near the membrane-
proximal interface of the plug helix, CBS2, and TM5. M4-M7 ions further connect the
intracellular ends of plug helices, the N-domains, and CBS-pair domains from neighboring
subunits. The M2, M4, M5, and M6 ions are involved in direct protein interactions coordinated

mainly by glutamate and aspartate residues. While the high concentration of Mg?* used in
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crystallization (200 mM MgCl,) may lead to identification of non-physiological binding sites,
these structural bindings implicate roles in Mg**-sensing.

As for CNNM, there are two magnesium ions observed in the structure of human
CNNM?2 cytosolic fragment bound to Mg?*-AMP-PNP (Fig. 5.3C) [153]. These two Mg?" ions
are coordinated by a cluster of acidic residues at the base of CBS1 motifs of each protomer.
Although mutation of this acidic cluster did not abolish Mg?" efflux function, in vitro ITC studies
showed that mutation of these aspartate residues lead to a two-fold decrease in ATP binding.
Therefore, this site could potentially serve as a weak regulatory site. On the other hand, there are
many conserved acidic residues in the acidic helical bundle between TMD and CBS-pair domain
of MtCNNM. Even though there were no electron densities observed, these acidic patches could

serve as potential Mg?* binding sites that may play roles in sensing intracellular Mg?* level.

5.4.2 ATP-binding sites

Both MgtE and CNNM contain a CBS-pair domain that have ATP-binding ability while
CorA does not. MgtE binds ATP with an affinity of 172 and 415 uM in presence and absence of
Mg?*, respectively [175]. The ATP molecule is exclusively recognized by the CBS-pair domain
(Fig. 5.3B). Interesting, the phosphate groups of the ATP are 5.4 A away from the closest Mg?*
ions in the structure, suggesting ATP binding to MgtE may not be directly coupled to Mg?*
binding.

On the other hand, cytosolic fragment of CNNM2 and CNNM4 bind ATP with an
affinity of 4.3 and 2.8 uM, respectively in presence of Mg?*, while no binding is observed in
absence of Mg?* [153]. In contrast, binding of ATP to archacal CNNM (MtCNNM) is
independent of Mg?* with affinity of 1.47 uM and a three-fold increase to 0.59 pM with Mg?".
The discrepancy between human and archaeal CNNMs could be due to differences in ATP or
Mg?* concentrations in archaeal and human cells. Structurally, the ATP binds to the CBS-pair
domain and an Mg?* ion is coordinated by the three phosphates of ATP (Fig. 5.3C), differing
from MgtE.

5.4.3 Mg?*-induced conformational changes

In presence of Mg?*, CorA exists in a symmetric pentamer with ten Mg?" ions bound

between the funnel domains [155-157]. Whereas in the structure with Cs* instead of Mg?*, the
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monovalent ion shows irregular occupancy, resulting in a structurally asymmetric pentamer,
suggesting that movement cations are not able to lock CorA in a closed, symmetric state [170].
From the cryo-EM studies, in the absence of bound Mg?* ions, four of the five subunits are
displaced to variable extends (~10-25 A) by hinge-like motions are large as ~35° at the stalk
helix [172]. Reduction of intracellular Mg?* level leads to interfacial Mg?* release and
subsequent large-range cytoplasmic domain rearrangements. These conformational changes are
suggested to drive gating transitions along the TM segments.

In the case of MgtE, all the existing full-length MgtE structures are in the Mg?*-bound
form. However, crystal structures of the isolated intracellular domain in absence of Mg?*
revealed striking domain rearrangements [142]. The N-domain in the unliganded state has
disengaged from its interactions with the CBS-pair domain and the plug helix. The CBS2 motifs
become separated due to electrostatic repulsion generated by the departure of Mg?* ions, and the
plug helices undergoes a significant displacement that would effectively “de-cork” these helices
from their block of the ion conduction pathway. The M5 ion, which bridges the plug helix and
CBS2 motif, was reported to be indispensable for maintaining the closed state. Mutational
crippling of the M35 site abolished Mg?*-dependent regulation, supporting the conclusion that
intracellular domains are responsible for Mg?*-sensing and channel gating [141]. In addition,
MgtE lacking the N-domain showed reduced Mg?*-dependent inhibition as well as an increased
open probability, implicating N-domain directly in MgtE function [141]. These conformational
changes are supported by experiments from paramagnetic relaxation enhancement (PRE)
experiments and molecular dynamics simulations [143, 179].

As shown in Chapter 3, upon Mg?*-ATP binding, CBS-pair domain of CNNM changes
from an open conformation to a closed, flat, disc-like conformation [153]. This is similar to
MgtE, in which ligand-binding results in dimerization of CBS-pair domain. However, in this
case, CBS1 motifs are the ones that become separated instead of CBS2 motifs. Despite only
having the Mg?*-ATP bound conformation in the structure containing TMD, the conformational
changes of CBS-pair domains are likely to be translated to the AHB and TMD and affect
transport function. Since the inability to bind ATP strongly correlates with loss of Mg?* efflux
function, it appears that ligand binding to CNNM cytosolic domain would activate its transport
function. This is in clear contrast to CorA and MgtE, in which binding of multiple Mg*" ions to

the intracellular domains inactivate the channels.
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5.5 Concluding remarks

Compared to MgtE and CorA, structural studies of CNNM still have a long way to go.
Currently, there is only one structure containing the TMD, representing only one snapshot of the
transport cycle. Assuming transport through a rocker-switch mechanism, more structures of
different conformations would be needed to fully understand the mechanism of transport by
CNNM. This thesis is a step toward understanding the mechanism of Mg?* transport by CNNM
proteins. The structural and functional insights could provide the framework for design of new
therapeutics targeting CNNM for the treatment of cancer and other associated diseases, such as

hypomagnesemia and Jalili syndrome.
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