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The N-terminal domain in TRPM2 channel is a
conserved nucleotide binding site

Wei Lii and Juan Du®

TRPM2, the most ancient TRPM family member, is a Ca?*-per-
meable nonselective cation channel that plays an important role
in physiological functions such as insulin secretion, immune
response, and core body temperature regulation (Perraud et al.,
2001; Togashi et al., 2006; Yamamoto et al., 2008; Uchida et al.,
2011; Song et al, 2016; Tan and McNaughton, 2016). It is
uniquely activated in the presence of Ca?* and PIP2 by ADP ri-
bose (ADPR), a metabolite from NAD* (Csanady and Torocsik
2009; Ernst et al., 2013; Guse 2015; Téth and Csanady 2012).
Recent structural studies on zebrafish and human TPPM2
(drTRPM2 and hsTRPM2; Huang et al., 2018, 2019, 2020) have
revealed a novel ADPR binding site in the N-terminal MHR1/2
domain, and, at least in humans, a second ADPR binding site in
the C-terminal NUDT9-H domain (Huang et al., 2018). However,
it is unknown whether the MHR1/2 binding site also exists in
invertebrates. Moreover, while both ADPR binding sites are in-
dispensable for the channel activation of human TRPM2, their
individual contribution and how they cooperatively open the
channel remain unclear, because knocking out either binding
site abolishes the channel response. The nucleotide binding
preferences of these two sites are also unknown. In this issue of
the Journal of General Physiology, Téth et al. have addressed these
key questions by ingeniously using a unique model system, an
invertebrate TRPM2 from Nematostella vectensis (2wTRPM2), in
which the MHR1/2 and the NUDT9-H domains operate inde-
pendently (Téth et al., 2020). This allowed them to knock out one
binding site at a time and study the role of the other site. This
study has defined that the N-terminal MHR1/2 domain is a
conserved ADPR binding site across species, from ancient cni-
darians to vertebrates, and that it is fundamental for TRPM2
channel activation by ADPR.

Broadly expressed in the body, TRPM2 is involved in many
important physiological functions and has been considered as
promising target for the treatment of Alzheimer’s disease or
brain injury after stroke (Hara et al., 2002; Kaneko et al., 2006;
Fonfria et al., 2005). Structurally, the TRPM2 channel is similar
to other TRPM channels, having N-terminal TRPM homologue
region domains (MHR1-4), a transmembrane domain (S1-S6),
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and a coiled-coil domain. What makes TRPM2 unique among the
eight TRPM family members is the C-terminal NUDT9-H do-
main. This domain is so named because it shares 50% sequence
similarity to the human NUDT9, which is a mitochondrial enzyme
that binds to and hydrolyzes ADPR into AMP and ribose-5-phos-
phate (R5P; Perraud et al., 2001). Therefore, TRPM2 has been
considered as one of the few “chanzymes”, that is, proteins with
both channel function and enzymatic activity (Kithn et al., 2016;
Tordanov et al., 2016; Téth et al., 2014; Iordanov et al., 2019).

A consensus view in the field is that ADPR activates TRPM2
by binding to the NUDT9-H domain (Kithn and Liickhoff 2004;
Yu et al., 2017; Fliegert et al., 2017), a view supported by the fact
that human TRPM2 lacking the NUDT9-H domain does not re-
spond to ADPR. However, this view is flawed, because Kihn
et al. (2016) observed that nvTRPM2 retained ADPR-induced
channel activation after deletion of the NUDT9-H domain,
which leads to the idea that another ADPR binding site might
exist. This has been structurally and functionally confirmed by
two recent publications in which Huang et al. defined a novel
ADPR binding site in the N-terminal MHR1/2 domain in both
human and zebrafish TRPM2 (Huang et al., 2019, 2018). They
were also able to visualize the ADPR binding in the NUDT9-H
domain of human TRPM2 but not in the zebrafish TRPM2 be-
cause the domain is flexible in the latter structure.

Electrophysiological experiments support the idea that the
MHR1/2 binding site is crucial for the channel gating of human
and zebrafish TRPM2 (Kithn et al., 2019; Huang et al., 2018,
2019). The key residues involved in ADPR binding in the
MHR1/2 domain are conserved across species. However,
whether the same binding site exists in invertebrate TRPM2 re-
mains unexplored. Interestingly, the two ADPR molecules in human
TRPM2 show different molecular geometries, the one in the
MHRI1/2 domain being U-shaped and the one in the NUDT9-H
domain having an extended shape (Huang et al., 2019). This implies
that the two domains may contribute differently to channel gating,
but this is challenging to study because, at least in humans and
zebrafish, the two binding sites are functionally cooperative, and
knocking out either one abolishes the channel response to ADPR.
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Figure1. ADPR binding sites in human TRPM2 (hsTRPM2)
and an invertebrate TRPM2 from N. vectensis (nvTRPM2).
(a) In hsTRPM2, binding of ADPR in both the N-terminal
MHR1/2 domain and the C-terminal NUDT9-H domain is in-
dispensable for channel activation. The ADPR1 is in a U-shape,
while ADPR2 is in an extended shape. (b) In nvTRPM2, the
channel activation requires only binding of ADPR into the
MHR1/2 domain, while the NUDT9-H domain has only enzy-
matic activity to hydrolyze ADPR into AMP and R5P.
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To address these key questions, Csanady and colleagues have
taken advantage of the invertebrate TRPM2 from N. vectensis
(nvTRPM2) because its ADPR-dependent channel activation is
apparently independent of its NUDT9-H domain. This is also
indicated by a structural study showing that the nvNUDT9-H
domain showed no interaction with the rest of the protein and is
thus invisible in the high-resolution structure (Zhang et al.,
2018). They have previously reported that the NUDT9-H do-
main of nvTRPM2 is indeed capable of hydrolyzing ADPR to
AMP and R5P (Fig. 1 a). That enzymatic activity has been lost in
the vertebrate TRPM2, which is in agreement with the fact that
the key residues for enzymatic activity are conserved only in
invertebrate TRPM2 (Iordanov et al., 2019, 2016).

In this issue of the Journal of General Physiology, Téth et al.
took a step further in studying the role of MHR1/2 domain in
nvTRPM2. They first explored the functional properties of the
nvTRPM2 by deleting its NUDT9-H domain (Téth et al., 2020).
Despite significantly reduced expression (as also observed in
human and zebrafish TRPM2; Huang et al., 2018, 2019), the
NUDT9-H deletion construct remained responsive to ADPR, in
agreement with the previous report by Kithn et al. (2016). They
further determined the half-maximal effective concentration
(ECso) of this truncation construct for channel activation by
ADPR, which is in the same range as that of wild type nvTRPM2,
supporting the idea that the MHR1/2 binding site is directly in
charge of channel activation in nvTRPM2. In contrast, the
NUDT9-H domain does not contribute to channel gating, but
solely to enzymatic activity. This result beautifully illustrated
that the two ADPR binding sites in invertebrate TRPM2 such as
nvTRPM2 have completely independent functions. This differs
from vertebrate TRPM2, in which both MHR1/2 and NUDT9-H
domains participate cooperatively in channel gating (Fig. 1).

Next, Téth et al. (2020) generated mutants of key residues
involved in ADPR binding in the MHR1/2 domain, as identified
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from the human and zebrafish TRPM2 structures (Huang et al.,
2018, 2019), and performed electrophysiological experiments. In
these mutants, ADPR produced little or no current, confirming
that the N-terminal MHR1/2 binding site is the only one re-
sponsible for ADPR-induced channel activation in nvTRPM2.

Lastly, to establish whether the two ADPR binding sites in
nvTRPM2 have different affinities for ADPR and its analogues,
Téth et al. (2020) again took advantage of the functional inde-
pendence of the two binding sites. They reported the ECs, for
the MHR1/2 binding site (responsible for channel activation)
and the K,, for the hydrolysis of ADPR and its analogues by the
isolated nvNUDT9-H domain. While nvTRPM2 responded to the
tested ligands with variable efficacies and potencies, the isolated
nvNUDT9-H domain showed little selectivity among the ligands.
These results provide the first glimpse of nucleotide selectivity
and specificity at these two ADPR binding sites and provide
useful information for further development of TRPM2-
specific drugs.

Taken together, the work by Téth et al. and by other groups
(Kithn et al., 2016, 2019; Huang et al., 2018, 2019) has established
that the N-terminal MHR1/2 domain in TRPM2 is a conserved
ADPR binding site in charge of channel gating from invertebrate
to vertebrate TRPM2, while the NUDT9-H domain has changed
its function along the evolutionary path. In Fig. 2, we summarize
the current knowledge of the structural and functional differ-
ences of the NUDT9-H domain among invertebrate and verte-
brate TRPM2. Briefly, in nvTRPM2, the NUDT9-H domain is
solely in charge of enzymatic activity, hydrolyzing ADPR into
AMP and R5P to inactivate the channel, but it does not directly
affect channel gating. In contrast, the enzymatic activity of the
vertebrate NUDT9-H domain has been lost, but it has gained
function to be involved in channel gating. It is yet to be deter-
mined how the two ADPRs binding cooperatively activate hu-
man TRPM2 and what their individual contributions are.

Journal of General Physiology
https://doi.org/10.1085/jgp.201912555

20f4


https://doi.org/10.1085/jgp.201912555

a NUDT9-H
enzymatic site

Unicellular flagellates SGREFMEEAL

JGP

Figure 2. The function of NUDT9-H domain. (a) Se-
quence alignment of the key residues in the NUDT9-H
domain that are involved in enzymatic activity (figure

Flat animals LKAEFSEEAL adapted from lordanov et al,, 2019). (b) Comparison of
Jellyfish LKAEFGEEAM the functions of NUDT9-H in different species.
Worms LKAEFTEEAL Invertebrates
Sea stars and urchins LKREFGEEAL TRPM2=chanzyme
Lancelets LKNEFGEEAL
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Cartilaginous fishes LRLILSLKML
Bony fishes LERILGKKLN
Amphibians LRKILKSDFL Vertebrates
Reptiles LKRILRREFN  TRPM2=channel
Birds LKWILRREFW
Mammals LKRILRQEHW
b nvNUDT9-H dMNUDT9-H hsNUDT9-H
Protein expression Yes Yes Yes
Channel gating No Yes Yes
Enzymatic activity Yes No No
ADPR binding Yes Yes Yes
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