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Abstract

A cell relies on proteins, termed ion channels, that facilitate the passage of ions across its membranes.
These channels contain pores that activate in response to certain stimuli, allowing ion flow in their open
state. Previous research has predominantly focused on ion channels with narrow and selective pores,
which permit only certain types of inorganic ions to cross the membrane. However, there is increasing
interest in proteins that form channels with wider pores that facilitate the permeation of larger substrates.
These large-pore channels play various biological roles by allowing signaling molecules such as ATP
to cross the membrane. One family of large-pore channels is the recently discovered calcium
homeostasis modulators (CALHM) family, which contains six paralogs in humans. CALHMZ1 has been
shown to form ion channels that are activated by voltage and the decrease of extracellular calcium. It
pairs with CALHMS3 to form heteromeric channels with improved activation properties. CALHM1 and
3 have been found in primate taste buds, and their role in perceiving sweet, bitter, and umami tastes
through ATP efflux and subsequent purinergic signaling has been demonstrated. Despite these
breakthroughs, the mechanisms underlying ion permeation and gating of CALHM channels, and the
function of other family members have remained elusive.

In this thesis project, | aimed to study the functional and structural features of human CALHM proteins,
with a particular focus on uncharacterized members of the family. To achieve this goal, | have identified
biochemically stable constructs of CALHM2, CALHM4, and CALHM®6 and used cryo-electron
microscopy to characterize their detailed three-dimensional structures. These findings provided the first
structures of CALHM4 and CALHMSG, revealing their unique features to assemble as large channels
composed of ten or eleven subunits with a central pore. Strikingly, | observed two different
conformations between the homologues that significantly impacted pore size and geometry, potentially
suggesting a gating mechanism. In one conformation, the pore-lining a-helix 1 runs parallel to the pore
axis, creating a wide-open cylindrical pore, while in the other conformation, the same elements lifts
to form a conical pore, which narrows towards the cytoplasm. Additionally, the CALHM4 structure
exhibited extra bilayer-like density inside the pore, which likely either originates from detergents used
in the purification or co-purified lipids, indicating a potential role of lipids in the regulation of channel
activity. Although the physiological relevance of observed features remains unclear, the described work
has provided valuable insight into the general architecture and potential activation mechanisms of the
CALHM channels.

Complementary functional studies of CALHM2, CALHM4, and CALHM®6 by electrophysiology
and in vitro transport assays did not show any activity under conditions that activate CALHML,
suggesting a distinct mechanism of activation. Transcript analysis demonstrated that all three
homologues are highly enriched in the placenta, prompting the investigation of mutual interactions in
vitro. | could show that CALHM?2 and CALHMA4 interact to form heteromeric CALHM channels, similar
to the previously reported CALHM1/3 heteromers. However, functional studies did not show any

activity in cells co-expressing CALHM2 and CALHM4, in contrast to the altered phenotype of
1



CALHM1/3 heteromers and similar to the lack of activity that was previously observed in homomeric
CALHM2, 4 and 6 channels. Despite the observed lack of activity, | pursued the structural
characterization of heteromeric CALHM2/4 complexes in the hope to uncover structural features that
facilitate the comprehension of CALHM function.

To overcome the challenge of identifying structurally similar subunits in a heteromeric channel, | have
generated specific sybodies to each of the two homologues to facilitate their distinction during
reconstruction. Before structure determination of heteromeric channel complexes, | first characterized
the homomeric CALHM paralogs in complex with their respective sybodies, which identified their
respective binding sites. These efforts also yielded a structure of CALHM2, which was prevented in
case of the apo-protein due to the preferred channel orientation on cryo-EM grids. CALHMZ2, like
CALHM4 and 6, form large channels and its pore conformation is similar as observed for CALHMB®.
The structure of CALHM2/4 complexes revealed heteromeric channels with broad distribution of
oligomeric states, ranging from decamers to dodecamers, with varying subunit stoichiometries. The
high-resolution structure of a predominant population showed a heteromeric channel with an excess of
CALHM2 subunits that are arranged in a cluster and a group of two to three CALHM4 subunits. While
most subunits reside in the preferred conformation defined in homomeric structures, the conformation
of a CALHM2 subunit, located in the neighborhood of CALHMA4, differed in conformation, aiding the
understanding on the conversion of states. Intriguingly, similar to the CALHM4 structure, extra density
was observed in a section of the pore close to the subunits residing in cylindrical conformations. This
further supports the notion that the pore-lining a-helix and lipids may play a crucial role in the gating of
CALHM channels, which likely employ complex regulatory mechanisms that may be distinct for

different members of the family.



1. Introduction

1.1 Homeostasis across the membrane

Cells, as the smallest unit of life, maintain their autonomy and integrity through the presence of
membranes that separate their interior and that of intracellular membrane-enclosed compartments from
the environment®. Controlled exchange with the environment is achieved by a universal feature of
biological membranes, known as semipermeability®>®. Membranes are composed of phospholipids, with
their hydrophilic heads facing the inside and outside of the cell, and hydrophobic acyl chains forming
the interior of the membrane*. While hydrophobic and small polar molecules can diffuse through the
membrane, larger and charged molecules encounter a barrier due to the presence of the hydrophobic
core*’. Despite its poor permeability, cells have evolved mechanisms to exchange signals and molecules
with their environment and between compartments®’. In addition to endocytic and secretory pathways,
this is made possible by a multitude of specialized proteins residing in the membranes, which serve as
the first line of response to changing conditions and cellular requirements®.

The interplay between cellular processes and membrane proteins contributes to cell homeostasis,
including the distribution of ions across the membrane*®. The specific ion imbalance, which is
fundamental for cell homeostasis, is maintained through active transport mechanisms and the selective
permeability of the cell membrane*®. Active transport mechanisms, such as the sodium-potassium pump,
use ATP energy to actively transport ions*®7. As a result of this activity, the concentration of potassium
ions (K*) is higher inside the cell, while the concentration of sodium ions (Na*) is higher on the outside,
creating an electrochemical gradient*® In addition to sodium and potassium ions, other ions contribute
to the difference in ion concentration*8. The interior of the cell is enriched in organic anions, while the
concentration of chloride and calcium is generally higher in their extracellular environment*®, In fact,
among ions, calcium has the highest concentration difference across the membrane*s. Such ion
distribution is fundamental for the creation of an electrochemical potential across the cell membrane
which is known as the resting membrane potential®. The exact ion concentrations vary between cell
types, resulting in different resting membrane potentials typically ranging from -10 to -100 mV in
different cells, and it is usually set by K* and CI- gradients'®%. This membrane potential, is used by cells
for transport processes, and to receive, transmit and amplify signals*‘. Among the many different types
of membrane proteins, ion channels play an important role in performing all of these functions*®2, As
their name suggests, ion channels are pore-forming membrane proteins that allow ions to move across
the membrane!2. lon movement occurs by passive diffusion, driven by the transmembrane
electrochemical potential, which includes components of the membrane potential and the concentration

gradient of the substrate ions, and determines the direction of ion flow?2.



1.2 lon channels

Although limited to facilitating passive transport, ion channels are not simply large open pores in the
membrane that allow ions to diffuse freely in and out of the cell since any uncontrolled opening of
channels would be detrimental to cellular homeostasis'?. Instead, a typical ion channel is composed of
multiple subunits that come together to form a tightly regulated conduit for ions*2. At its narrowest part,
the typical diameter of a conducting pore measures few angstroms, barely larger than the size of their
conducted substances'>!3, Tight regulation implies that this passage opens only under specific conditions
in a process called gating and that the open channel exhibits selectivity for specific substrates. To date,
more than hundreds of ion channels have been described, reflecting the diversity of molecular
mechanisms*2, Despite this diversity, the majority of ion channels share common features and their
general modes of action are similar!?4,

The typical ion channel substrate is a monoatomic ion, and selectivity for a particular ion is primarily
conferred by a specialized region called the selectivity filter'3!4, The selectivity filter is a narrow
structure within the pore that discriminates between ionic substrates based on their size, charge, and
hydration properties!®. They are formed by specific arrangements of amino acids that set the charge and
size requirements for ion passage, allowing only certain substrates to pass®®. It is worth noting that
selectivity is often not conferred by the selectivity filter alone as other regions, including the wider
channel entrances, can also contribute to shaping selectivity through long-range electrostatic interactions
with permeating ions®3.

Channels open and close in a process known as ‘gating’'4. Gating involves a series of conformational
changes that result in either pore expansion or constriction, thereby allowing or restricting ion flow*.
The gate can be steric, electrostatic, hydrophobic or a combination of those'?*¢. Gating follows a
general scheme involving closed, open and inactivated states'2. However, within this scheme, there may
be multiple substates, and some channels may inactivate from the closed state or have multiple open
states'?. Various mechanisms have been discovered that regulate ion channels, including voltage gating,
ligand binding, pH modulation, post-translational modifications, mechanical force, photon activation,
and temperature sensitivity'11°, These different stimuli alter the distribution of states the channel
resides in'2. In electrophysiological experiments, these states can be identified by the absence, presence

or decrease of currents mediated by the flux of charged particles through the pore'?.

1.3 Large-pore channels

Although the described general properties apply to the majority of ion channels, there are proteins that
defy the definition of a canonical ion channel. These include connexins, innexins, pannexins and leucine
rich repeat containing protein 8 (LRRCS), which together form a diverse group known as ‘large-pore’
channels?>22, The name reflects the main feature that distinguishes them from typical ion channels, as
they form a large pore with a functional diameter of more than 10 A, significantly larger than that of

common channels?*?2, This versatile group allows the transport of small molecules (including second
4



messengers, metabolites, hormones and cytokines) in addition to the transport of monoatomic ions and
it shows a complex activation mechanism that appears to go beyond the sensing of a single specific
stimulus?°222, Although evolutionarily unrelated, members of the families are predicted to share a
similar topology of the membrane region (Figure 1)3. Structural studies of connexins, innexins and
LRRCS8 proteins revealed that in all families, the channels are formed by high oligomeric assemblies of
protomers surrounding a large central pore??2%-2, The topologies of the protomers are similar, each
consisting of four transmembrane helices, two extracellular loops and intracellular C- and N-terminal
domains?’%,

Connexins form gap junction channels that allow

O direct communication and exchange of ions and
m Extracellular small molecules between neighbouring cells®. They

s o - 066666 .
are activated by voltage, pH and extracellular
calcium?%, Innexins are the invertebrate
homologues of connexins and are activated b
006 0000000 g y

Cytoplasm voltage and mechanical stress?*243L, In both cases it

_) has been shown that hemichannels can also act as
gated channels connecting the cytoplasm to the

outside of the cell?®*2, Connexins form hexamers

and innexins octamers, both docking through their
extracellular  regions?3%3,  Pannexins, like

Figure 1. Membrane topology of large pore
channels. Schematic representation of the  connexins and innexins, are involved in intercellular

topology of membrane-spanning regions of

large pore channels. Figure from 3 communication but do not form gap junctions®.

These channels can be activated by various stimuli,

including voltage, mechanical stress and changes in
intracellular calcium levels or cleavage of their C-terminal amino acids?. Pannexins are known for their
role in the release of signaling molecules such as ATP, which plays an important role in cell signaling
and immune responses®. At the start of the project, the structure of pannexins had not been reported,
but they were predicted to form hexamers®. Finally, LRRC8 proteins form volume-regulated anion
channels (VRACSs), which are involved in cell volume regulation and play a crucial role in maintaining
cellular homeostasis by allowing the efflux of chloride ions and other anions when cells undergo

swelling??. These heteromeric proteins are formed by hexameric assemblies of LRRC8 proteins?.



1.4 The family of CALHM proteins

Another family of large-pore channels is constituted by the calcium homeostasis modulator (CALHM)
proteins®. The CALHM gene family is conserved across vertebrates and is predicted to encode
membrane proteins of approximately 330 amino acids'*. To date six members of the family, CALHM1-
6, have been discovered and no significant sequence homology to other characterized genes has been
recognized. Formerly named the FAM26 family, which reflects the low sequence identity of the family,
its members are clustered on two chromosomes (Figure 2)%. While CALHM1 (FAM26C) is located
on chromosome 10 together with CALHM2 (FAM26B) and CALHM3 (FAM26A), three other
homologues CALHM4 (FAM26D), CALHM5 (FAM26E) and CALHM6 (FAM26F) are located on
chromosome 6. Sequence alignment of the human CALHM paralogs is found in Appendix A.

1 2 3 4 5 6

1 100 25.48- 24.75 2222 24.92

2 25.48 100 25.45 32.89 31.62 30.69
3 29.45 100 23.05 22.15 24.75

4| 2475 32.89| 23.05 100 30.1 29.86 Figure 2. Sequence identity matrix
of human CALHM homologues.
5/ 22.22| 31.62| 2245 30.1 100 38.28 Matrix showing the sequence identity
(%) of CALHM 1-6 homologues.
6/ 24.92 30.69, 23.05 29.86 38.28 100 Numbers indicate the homologue.

1.4.1 Identification

The CALHM family was identified in 2008 resulting from efforts to identify a gene associated with
late-onset Alzheimer’s disease®. The P86L polymorphisms of its member CALHM1 was linked to this
disease. Soon after the association was refuted by groups, who attempted to replicate these results and
reported that no such association was observed®-%, Later, two meta-analyses studies showed the
association between the polymorphism and the disease with the caveat that the association is restricted
to the Caucasian population*®41, Although this may partially explain reported discrepancies, there is still
no clear link between the protein and the disease. Nevertheless, the gene has attracted interest, with
studies revealing the unigue characteristics of the encoded protein.

When CALHM1 was investigated in the context of Alzheimer’s disease, topology predictions showed
that this small protein is a membrane protein with four membrane-spanning segments, similar to large
pore channels®. Experimental data further confirmed the cell surface localization and revealed that
CALHM1 homo-oligomerizes to form hexameric complexes®*®. As it was predicted to contain structural
motifs similar to the selectivity filters of the calcium conducting channels (NMDA receptors and Orail),
its role in calcium homeostasis was investigated'®3, A variety of methods showed that CALHM1

6



controls cytosolic Ca?* concentration, as a sustained increase in intracellular calcium was observed after
calcium repletion in previously depleted cells®>42, Taken together, the predicted topology, its oligomeric
state and plasma membrane localization and the observed control of the cytosolic calcium concentration
led to the proposal that CALHM proteins form a novel family of ion channels with similar properties as

other large pore channels?3%,

1.4.2 Functional properties of CALHM1 channels

Since the predicted topology of CALHM1 was similar to that of connexins, it was investigated whether
CALHM1 forms gap junctions®. However, dye permeation studies showed no evidence that CALHM1
would form intercellular channels®. This property might be hindered by glycosylation found in
CALHML1 channels, a post-translational modification that was also found in pannexins, which do not
form gap junctions either®. The initially proposed functional similarity to calcium channels was later
also refuted by mutational studies?. Instead, CALHM1 was shown to function as plasma membrane ion

channel with unique properties?.

Functional studies in oocytes and mammalian cells have shown that the heterologous expression of
CALHM1 evokes currents modulated by voltage and extracellular calcium (Figure 3-A and E)?3*43,
Under near-physiological conditions, slowly activating outward currents were observed upon membrane
depolarization which deactivate at negative voltages (Figure 3-A)24445, Selectivity studies showed that
CALHML exhibits weak ion selectivity with a preference for calcium ions and a higher permeability for
monovalent cations over chloride (Pca:Pna:Pk:Pcii11:1:1.17:0.56)2. Further permeation studies,
including an optical analysis with fluorescent probes of various sizes and charges, estimated a pore
diameter of 14 A3, The origin of the rectification was investigated and systematic exclusion of a divalent
cation effect showed that the voltage-sensitivity is intrinsic and CALHM1 can thus be classified as
weakly voltage-gated ion channel®*, Studies of the N-terminal region, predicted to line the pore of the
channel, showed that this region modulates the voltage dependence of CALHM1*. However, it appears
not to be the sole voltage sensor, as neither mutations nor significant truncations and extensions of the
N-terminus abolished the observed voltage dependence®®. As second stimulus for activation, the
depletion of extracellular calcium evokes currents even at negative voltages with half maximal
inhibitory Ca?* concentration of ~220 uM and a Hill coefficient ~2 (Figure 3-B and C)2 A similar

response was observed upon Mg?* depletion but with a lower potency (ICso: 3.3 mM)?2,
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Activation by the two mechanisms is coupled 2. Removal of divalent cations causes a leftward shift in
the conductance-voltage relationship, allowing CALHM1 channels to open at hyperpolarized voltages
(Figure 3-C)2 Interestingly, calcium removal also decreases the sensitivity of CALHM1 to voltage
changes, suggesting an allosteric modulation of its voltage gating by [Ca?'], (Figure 3-C)2. Membrane
voltage also affects the sensitivity of the channel to inhibition by extracellular calcium (Figure 3-D)>2.
Hyperpolarization significantly increases the apparent Ca?* affinity, indicating that regulation by
extracellular Ca?* is strongly voltage dependent (Figure 3-D). At present, neither a voltage sensor nor a
calcium-binding site have been identified in CALHM1 and the structural basis of its activation remains

unknown®*3,

1.4.3 Functional properties of CALHM1/3 channels

To date CALHMS3 has not been shown to act as an ion channel itself, but it was instead demonstrated
that it modulates the gating properties and activation kinetics of CALHML1 channels (Figure 4-A and
B)*. Biochemical and colocalization studies of heterologously expressed CALHM1 and CALHM3
showed that the two proteins interact in vitro and in vivo*+*®, Electrophysiological studies in both, X.
laevis oocytes and mammalian cells showed that these subunits interact to form single heteromeric
channels. CALHM1/3 channels are voltage gated and activate 50 times faster than homomeric CALHM1
channels (Figure 4-A and B)*. Additionally, their voltage dependence is shifted towards more
hyperpolarized voltages compared to homomeric CALHM1 (Figure 4-B)*. Heteromeric CALHM

channels retain the extracellular calcium sensitivity and permeability properties of CALHM1 channels*.

1.4.4 ATP permeability and pharmacology of CALHM channels.

Studies in cultured cells heterologously expressing CALHM channels showed that CALHM1 mediates
ATP release (Figure 5)*. The regulation of ATP release is similar to the gating of CALHM1 channels
as it was triggered by the depletion of extracellular Ca?* and membrane depolarization induced by high
extracellular K* (Figure 5)%. In agreements with electrophysiological studies, CALHM3 does not
mediate ATP efflux by itself, but enhances ATP release through CALHM1 channels (Figure 5)*. The
pharmacology of CALHM1 channels differs from that of other ion channels?. Inhibition is observed in
the presence of non-selective inhibitors, including Gd**, Zn?* and ruthenium red?**4, Currents from
CALHM1/3 channels were inhibited by carbenoxolone (CBX), an inhibitor of pannexins and connexin
hemichannels. Other inhibitors specific for voltage-gated K* channels, Na* channels, NMDA receptors,

pannexins and connexins had no effect on CALHM1%44,
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1.4.5 Biology of CALHM channels

So far, two physiological roles have been proposed for CALHM1 or CALHM1/3 channels?#4°, At the
transcript level, CALHML1 is highly enriched in brain tissue®. The excitability of cortical neurons is
known to be enhanced by extracellular Ca?* depletion, but the identity of the proteins involved in this
phenomenon and the full mechanism of the enhancement remained unknown 4", Knock-out studies
of CALHML in mice resulted in altered electrophysiological properties of their cortical neurons. In
contrast to wild-type neurons, neurons lacking CALHM1 were unable to reduce the input resistance and
induce their excitatory response at low extracellular Ca?* concentrations®. These data suggest that
CALHML1 contributes to enhanced neuronal excitability in response to low external Ca?*2,

A more extensively studied role of CALHM channels is their role in taste perception***®. Type Il taste
bud cells are responsible for sensing sweet, bitter and umami tastes “>“¢. Sensation is mediated by a
signaling cascade that begins with the activation of specific GPCR receptors upon tastant binding
(Figure 6)*“°, This leads to an increase in intracellular calcium, which in turn activates TRPM5
channels***®. As a result of their activation, membrane depolarization occurs, which triggers
action potential firing resulting in non-vesicular ATP release through voltage-gated channels
and the released ATP serves as a neurotransmitter for gustatory nerves**#°. The identity of the

channels that mediate this release has long been unknown and awaited.
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‘ T Figure 6 SW_eet, b_itter and umami taste
X perception signaling cascade. Tastants
G-protein bind to GPCR taste receptors in the apical
X membranes of type Il taste cells.
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phospholipase  C-B2, resulting in
increased cytoplasmic calcium. This
activates TRPM5 channels, which
depolarize the membrane, triggering Na*
action  potential  which  activates
CALHM1/3 channels to release ATP.
ATP binds to P2X2/3 receptors on
afferent taste nerves to further transmit the
information to the brain. Figure from *.
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Studies in animal models, as well as biochemical and biophysical studies, have shown that it is the
CALHM1/3 channels that mediate this release*. Genetically modified mice lacking CALHM1 or
CALHM3 expression lose the ability to perceive sweet, bitter and umami tastes***°, Enrichment of
CALHM1 and CALHMS3 transcripts has been found in type Il taste bud cells, and CALHM1 proteins
have been shown to localize to the contact sites of receptor cells and taste nerve fibres*4>%, The
CALHM1/3 channels are permeable to ATP and currents evoked in type Il taste bud cells at positive
voltages resemble those of CALHM1/3 channels in their kinetics, morphology and pharmacology**. All
this has established heteromeric CALHM1/3 channels as part of the signaling cascade of sweet, umami
and bitter taste perception®.

CALHML1 has also been shown to colocalize with pannexins in nasal epithelial cells and porcine
bladder*®t. Both channels have been implicated in mediating ATP efflux in these tissues. Knockout of
either one or both proteins in airway epithelial cells significantly reduced ATP release upon mechanical
stimulation®. In porcine bladder cell cultures, specific blockers of pannexins and CALHM1 reduced
ATP release on stretch®. In C.elegans, CLHM-1, the only homologue of the CALHM family, which
shares 16% sequence identity with human CALHML1, is expressed in sensory neurons and body wall
muscles®®. Knockout of the gene results in impaired locomotion®. The phenotype can rescued by
expression of human CALHM1, whose invertebrate isoform has similar biophysical properties®. The

molecular mechanisms underlying these observations are still unknown.

1.4.6 Uncharacterized CALHM homologues

The localization, expression and function of other members of the CALHM family remain unknown
or poorly characterized. One study suggested a role for CALHM2 in ATP release in astrocytes®. In this
study low levels of ATP efflux were observed in cell-derived vesicles heterologously expressing
CALHM2%. Notably, ATP release appeared to be potentiated by an increase in extracellular calcium, in
contrast to observations with CALHM1/3 channels®. Knocking out the CALHM2 gene resulted in
reduced ATP release from astrocytes, impaired neuronal function and depressive-like behaviors in KO
mice>*. The symptoms could be ameliorated by ATP administration®. CALHM®6 has been proposed to
be involved in the immune responses of NK cells®>®¢, Its expression was induced in activated
macrophages and dendric cells and it was required to induce IFN-y secretion, but not cytotoxicity, from
NK cells®®. Consequently, CALHM®6 deficiency resulted in poor anti-tumor immunity against IFN-
sensitive metastatic tumors and reduced efficacy of IFN-dependent, poly(1:C)-based immunotherapy®®.
The physiological role and functional properties of CALHM4 and CALHMDS5 paralogues remain

unknown.
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1.5 Aim

Despite the breakthrough studies, which revealed the unique functional properties of CALHM1 and
CALHM1/3 ion channels, it remained unknown how these channels integrate electrical and chemical
signals to catalyze the membrane permeation of large substrates. In addition, the biology and molecular
function of most CALHM family members remained elusive.

To address these gaps in the comprehension of the CALHM family, this work aimed to characterize
family members at the functional and structural level. Given the importance of CALHM1 and
CALHM1/3 channels, and large-pore channels in general, in physiological processes, it was essential to
investigate the structure of the CALHM family members. The structural characterization of large-pore
channels by crystallography, has been challenging. However, the emergence of cryo-electron
microscopy revolutionized this field, and | thus decided to employ this technique for structural studies
of the CALHM family. Moreover, since the knowledge of the biology and molecular function of the
majority of CALHM family members has remained elusive, a closer look on these poorly characterized
paralogs was warranted. For functional studies, electrophysiology and in vitro assays using reconstituted
proteins provide powerful methods for the characterization of ion channels. Furthermore, | attempted to
gain initial insight into the biology of these proteins studying their expression patterns and investigating

their interactions in native tissues.
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2. Results

2.1 Structural studies of homomeric CALHM channels

The CALHM family has been largely unexplored in terms of structural studies, with no reported
structures of any family members at the beginning of this thesis project. Consequently, my primary aim
was to identify biochemically stable homologues within the family, enabling me to characterize their
structural properties and gain insights into the mechanistic basis of their function as large-pore channels.

2.1.1 Screening of CALHM proteins

Structural studies of recombinant proteins require their preparation comprising over-expression,
extraction and purification and all these steps need to work optimally to result in a sample of a stable
protein at a sufficient yield for subsequent investigations. In order to identify members of the CALHM
family exhibiting suitable biochemical features required for structural studies, small scale expression
and detergent extraction tests have been performed. As an expression host, HEK293T cells have been
chosen, accounting for their broad use for eukaryotic membrane proteins production. To monitor
expression and extraction, a fluorescent protein has been genetically fused to the C-terminus of the
respective CALHM paralog to act as a reporter in fluorescence-based analysis. Figure 7-A shows the
scheme of expression constructs comprising sequences of a human CALHM gene followed by sequences
coding for a 3C protease cleavage site, venus-YFP (VYFP), Myc and Streptavidine-Binding Peptide
(SBP) tags. Such constructs of all CALHM homologues were transiently expressed in adherent cultures
of HEK293T cells and their expression, localization and folding quality were monitored by fluorescence
microscopy. Figure 7-B shows fluorescence-microscopy images taken after 36 h of expression.
Fluorescent signals detected in the images indicate that all human CALHM homologues are expressed
in HEK293T cells. However, for different constructs | found a variable strength of the signal
corresponding to protein expression levels and localization. CALHM1 and 3 proteins exhibit low
expression levels and predominant intracellular localization with marginal surface expression (Figure
7-B). Notably, detached cells expressing strong fluorescence signals are abundant in images obtained
for these homologues indicating misfolding or toxicity of CALHM1 and 3 proteins during
overexpression in HEK293T cells (Figure 7-B). The reverse trend is observed for CALHM2 and 4-6
homologues, for which higher expression and enriched surface localization is observed as well as

apparent lower ratio of dead to alive cells in comparison to CALHM1 and 3 (Figure 7-B).
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Figure 7. Expression of human CALHM proteins in adherent HEK293 cell cultures. (A) Schematic
depiction of the genetic CALHM construct expressed in HEK cells. The sequence of the CALHM gene
is followed by sequences of 3C protease cleavage site, VYFP, Myc and SBP tags. (B) Fluorescence-
microscopy images of HEK293 cells transfected with different CALHM constructs. (C), Superose 6
FSEC profiles and (D) in-gel fluorescence of extracted fluorescently tagged CALHM proteins showing
the yields of extracted CALHM proteins.

With respect to its properties, CALHM4 stands out showing high expression and an unambiguous
enriched plasma membrane fluorescence, distinguishing it as the most promising candidate for structural
studies (Figure 7-B). To assess whether the observed expression pattern extends towards the stability
of the proteins in vitro, | proceeded with extraction tests. The conventional way of extracting membrane
proteins utilizes solubilization with a detergent, which amphipathic character mimics the native
environment of a lipid bilayer and thus preserves their native state. For the extraction of CALHM

proteins from HEK cells, | decided to use the mild nonionic glyco-diosgenin (GDN) detergent,
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accounting for its successful use in numerous membrane proteins studies. After treatment with GDN,
HEK cells extracts were analyzed by size-exclusion chromatography and SDS-PAGE analysis utilizing
fluorescence detection in order to selectively monitor the vYFP-tagged constructs. Figure 7-C shows
resulting fluorescence chromatography profiles on a Superose S6 column of extracted CALHM-3C-
VYFP-Myc-SBP proteins. As anticipated based on imaging results, different behaviors were observed
between homologues, however, a certain degree of aggregation reflected in a peak eluting at the void
volume of the column, is common for all homologues (Figure 7-C). To assess the fraction of CALHM
proteins residing in their native state | focused on the size and monodispersity of the main peaks of the
profiles at the expected elution volume of a oligomeric CALHM channel. Based on marker proteins, on
a Superose 6 column, the monomeric ~36 kDa CALHM protein would elute at an approximate volume
of 2 ml. However such peaks are not observed in any of the recorded chromatograms. Instead, relatively
large monodisperse peaks at elution volumes of approximately 1.5 ml are observed for CALHM2 and
4-6 proteins (Figure 7-C). This elution volume corresponds to approximately 700 kDa and, after
correcting for the mass contribution of the fusion tag and the detergent micelle, it indicates high
oligomeric assemblies of extracted CALHM2 and 4-6 proteins as expected from previous studies on
CALHM proteins®#4, In contrast, no peak corresponding to stable proteins is observed for CALHM1
and 3 constructs, which agrees with the observations in fluorescence microscopy images showing low
expression of those homologues (Figure 7-C). Finally, a small peak eluting around 2.3 ml corresponding
to a mass of about 20 kD is observed for all constructs and is suspected to be a consequence of protein
degradation releasing the C-terminal 3C-vYFP-Myc-SBP fusion tag (Figure 7-C).

To investigate the molecular masses of the monomeric components, the samples of the whole-cell
extracts were subjected to SDS-PAGE monitoring the in-gel fluoresce (Figure 7-D). All constructs were
expected to show bands within the range of 60-70 kD corresponding to the mass of a fusion CALHM
construct. Indeed, for all constructs, fluorescing bands in this MW range are observed. The strongest
band intensities were found for CALHM4 followed by CALHMZ2, 5 and 6 (Figure 7-C). Weak narrow
bands are observed for CALHML1 and 3, which agrees with observations from fluorescence microscopy
and FSEC experiments, together indicating poor expression of these constructs in HEK cells
(Figure-7-C).

In conclusion, the analysis revealed the high expression and extractability of CALHM4, moderate
expression and extraction of CALHMZ2, 5 and 6 and low expression and essentially no extraction of
CALHM1 and CALHM3. Additionally, FSEC experiments revealed the elution of well-extractable
CALHM proteins at volumes corresponding to high oligomeric assemblies, distinguishing them as
promising candidates for cryo-electron microscopy studies. Due to their low expression and

unsuccessful extraction CALHM1 and 3 were not considered for further analysis.
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2.1.2 Biochemical characterization and purification of CALHM proteins

Note: negative staining sample and data collection of CALHM4 was performed by Dr. Marta

Sawicka

In order to examine the stability of the isolated proteins | proceeded with the purification of CALHM?2
and CALHMA4-6 proteins. Constructs of CALHM-3C-vYFP-Myc-SBP were transiently expressed in
HEK293 cells in suspension culture allowing for an easier handling of larger expression volumes in
comparison to adherent HEK cells. All proteins were purified by a two-step procedure including affinity
chromatography followed by gel-filtration. Figure 8 shows obtained gel-filtration chromatography

profiles and corresponding SDS-page gels.
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Figure 8. Small scale purification and stability test upon tag cleavage of CALHMZ2, 4, 5 and 6.
Overlayed Superose S6 SEC profiles allow comparison of yield and dispersity of affinity purified

CALHM proteins before and after tag cleavage. Shown is the absorption at 280 nM plotted against
elution volumes. Respective CALHM peaks are marked with the asterisks. Coomassie stained SDS-

PAGE gels show shifts of purified CALHM proteins to lower masses after tag cleavage.
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Consistent with FSEC studies, all purified fusion constructs elute as monodisperse symmetric peaks
(Figure 8). However, the goal of the experiments was to obtain pure samples of untagged CALHM
proteins, as the flexible nature of the tag could preclude structural characterization efforts. For this
purpose, a proteolytic cleavage step has been introduced prior a gel filtration for half of the sample and
the peak profiles were compared. Upon tag cleavage, the main peaks shift towards the higher elution
volumes and corresponding SDS-PAGE bands towards lower molecular masses, which confirms the
successful proteolysis (Figure 8). The peaks maintain their morphology, indicating the stability of the
untagged CALHM proteins with the exception of CALHMS5 (Figure 8). In this case, a broad asymmetric
peak is observed upon removal of the fusion tag, suggesting an increasing instability of the CALHM5
protein, a phenomenon that is frequently observed for proteins upon cleavage of stable and soluble tags
(Figure 8). Interestingly, differences in elution volumes are observed between the three well-behaved
homologues (Figure 8). To exclude artifacts from gel-filtration runs on the used column, large scale
purifications have been performed for the three well behaved homologues.

Figure 9-A shows a comparison of elution volumes in gel filtration chromatograms of large-scale
purifications of CALHMZ2, 4 and 6. The highest elution volume is observed for CALHMS6, a similar but
slightly lower volume for CALHM2 and the smallest volume for CALHM4, thus hinting towards
distinct oligomeric organizations of the three proteins with CALHM4 forming larger complexes than
CALHM2 and 6 (Figure 9-A). To investigate the heterogeneity of the CALHM samples with respect to
their oligomeric organization, the proteins were analyzed by negative-stain EM. In the process of
negative staining, the dye surrounds the immobilized molecules, allowing the visualization of their
surface and producing bright images of molecules on a dark background. CALHM2, 4 and 6 grids
stained with uranyl acetate were analyzed using a transmission electron microscope. Figure 9-B shows
obtained images exhibiting a homogenous sample of large channel-like assemblies as expected from gel
filtration experiments and previous reports on CALHM proteins. However, one striking result was the
presence of CALHM2 and CALHM4 channel dimers (Figure 9-B). In case of the latter, exclusively
dimers of channels were observed, whereas in case of CALHMZ2 also single channels are present
(Figure 9-B). In contrast to those two samples, CALHM®6 channels adopt a preferred top-view
orientation, which generally precludes the identification of dimeric assemblies. In this case, rare

side-views hint towards single channel assemblies in agreement with the gel-filtration profile.
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homologues.
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2.1.3 The attempted structure determination of CALHMZ2 channels

Note: Chapters 2.1.3 - 2.1.8 include a slightly modified part of the publication (Cryo-EM structures and
functional properties of CALHM channels of the human placenta)®’. The author of the thesis shared
joint first authorship with Dr. Marta Sawicka and was responsible for construct generation, screening,
sample preparation, assistance in cryo-EM data processing, model building and refinement,
and the analysis of the lipidomic data.

For the structure determination of CALHM2 channels, purified protein was prepared in GDN in the
presence of Ca2*. The sample was plunge-frozen in a liquid mixture of propane and ethane and 2 065
images were collected on a Tecnai G? Polara cryo-electron microscope equipped with a K2 camera.
Figure 10 shows details of the processing strategy. Details of cryoEM data processing and model
building can be found in the figure legend as well as in the Method section. In brief, 417 612 particles
were picked, extracted and iteratively sorted by 2D classification. As revealed by classes viewed along
the pore axis, which clearly display the number of individual CALHMZ2 subunits, channels exhibit
undecameric and dodecameric assemblies in a particle ratio of 2:1 (Figure 10-B). In addition, we
observe paired and non-paired channel assemblies with a predominance of the latter constituting 2/3 of
all the particles (Figure 10-B). Although we attempted to further sort the particles by 3D classification,
the strong preferential orientation of CALHMZ2, resulting in a predominance of views along the pore
axis, prohibited the reconstruction of a high-resolution cryoEM map, which limited the processing

workflow to 2D classification (Figure 10-B).
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Figure 10. Cryo-EM reconstruction of CALHM2. (A) Representative cryo-EM micrograph acquired
with a Tecnai G? Polara microscope equipped with a K2 camera. (B) Data processing workflow. Non-
symmetrized 3D classification with two reference models representing monomeric and
dihedrally-related dimeric architectures allowed to separate CALHM2 particles into respective subsets.
However, preferential orientation of the particles on a grid together with the presence of compositional
heterogeneity in form of undecameric and dodecameric assemblies within each subset hindered
generation of a high-resolution 3D reconstruction. 2D class averages calculated separately from
monomeric and dimeric subsets highlight the predominance of views from the extracellular side.
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2.1.4 Structure determination of CALHM4 channels

For the structure determination of CALHM4 channel, samples were prepared like for CALHM2 except
that in this case samples in the presence and absence of Ca?* have been prepared. Figure 11 and 12
show details of the processing strategy for samples in the presence and absence of Ca?* respectively.
More explicit details of cryoEM data processing and model building can be found in the figure legend
as well as in the Method section. In brief, 422 281 particles were picked and subjected to repeated
iterative rounds of 2D and 3D classification and further 3D and post-processing refinement steps with
C10 or C11 symmetry imposed (Figure 11 and 12). This approach yielded maps at 3.92 A and 4.07 A
for undecameric and decameric assemblies of CALHM4 in the presence of Ca®* and 3.69 A and 4.07 A
for decameric and undecameric assemblies in the absence of Ca?* (Figure 11-C and D and Figure 12-C
and D) The obtained maps permitted the unambiguous interpretation by an atomic model. Figure 13
shows representative cryo-EM densities. Details on model building can be found in the Method section.
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Figure 11. Cryo-EM reconstruction of CALHM4 in the presence of Ca?*. (A) Representative cryo-EM
micrograph acquired with a Tecnai G2 Polara microscope equipped with a K2 camera. (B) 2D class averages of
CALHMA4 in presence of Ca?*. (C) Data processing workflow. Two rounds of non-symmetrized 3D classification
allowed to isolate two populations representing decameric and undecameric assemblies. The particles were further
refined with either D10 or D11 symmetry imposed. After performing per-particle CTF refinement and Bayesian
polishing, the remaining structural heterogeneity in decamers was segregated by performing a final round of 3D
classification, where the orientations were kept fixed as in the consensus model. To further improve the resolution
of each reconstruction, partial signal subtraction followed by 3D refinement was applied. Particles with the
symmetry relaxed to either C10 or C11 were merged and subjected to a final round of auto-refinement. The
distribution of all particles (%) and the resolution of each class is indicated. (D) FSC plot of the final refined
undecameric unmasked (orange), masked (pink), phase-randomized (green) and corrected for mask convolution
effects (blue) cryo-EM density map of CALHMA4. The resolution at which the FSC curve drops below the 0.143
threshold is indicated. The inset shows the atomic model within the mask that was applied for calculations of the
resolution estimates. (E) Final 3D reconstruction of undecameric CALHM4 colored according to local resolution.
(F) FSC plot of the final refined decameric unmasked (orange), masked (pink), phase-randomized (green) and
corrected for mask convolution effects (blue) cryo-EM density map of CALHMA4. The resolution at which the FSC
curve drops below the 0.143 threshold is indicated. The inset shows the atomic model within the mask that was
applied for calculations of the resolution estimates. (G) Final 3D reconstruction of decameric CALHM4 colored
according to local resolution.
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Figure 12. Cryo-EM reconstruction of CALHM4 in absence of Ca?*. (A) Representative cryo-EM
micrograph acquired with a Tecnai G? Polara microscope equipped with a K2 camera. (B) 2D class
averages of CALHM4 in absence of Ca?'. (C) Data processing workflow. Two rounds of non-
symmetrized 3D classification allowed to isolate two populations representing decameric and
undecameric assemblies. The particles were further refined with either D10 or D11 symmetry imposed
and iterative per-particle CTF refinement and Bayesian polishing. The distribution of all particles (%)
and the resolution of each class is indicated. (D) FSC plot of the final refined undecameric unmasked
(orange), masked (pink), phase-randomized (green) and corrected for mask convolution effects (blue)
cryo-EM density map of CALHM4. The resolution at which the FSC curve drops below the 0.143
threshold is indicated. The inset shows the atomic model within the mask that was applied for
calculations of the resolution estimates. (E) Final 3D reconstruction of undecameric CALHM4 colored
according to local resolution. (F) FSC plot of the final refined decameric unmasked (orange), masked
(pink), phase-randomized (green) and corrected for mask convolution effects (blue) cryo-EM density
map of CALHMA4. The resolution at which the FSC curve drops below the 0.143 threshold is indicated.
The inset shows the atomic model within the mask that was applied for calculations of the resolution
estimates. (G) Final 3D reconstruction of decameric CALHM4 colored according to local resolution.
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Figure 13. Cryo-EM density of CALHMA4. (A) Cryo-EM density at 3.7 A of selected regions of the
undecameric CALHM4 structure recorded from a sample obtained in the absence of Ca?* superimposed
on the model. Structural elements are indicated, ‘6 A’ marks cryo-EM density low-pass filtered to 6 A
superimposed on a Ca trace of NH and TM1.

2.1.5. General architecture of CALHM4 channels

Regardless of the presence or absence of Ca2*, we observed about equal distributions of CALHM4
channels with two distinct oligomeric states (Figure 11-C and 12-C). The smaller channels are
composed of ten and the larger of eleven subunits. Both oligomers almost completely dimerize via
contacts at the intracellular side. Due to the slightly higher quality of the Ca?*-containing sample, |
continue to use this data for further analysis. Figure 14 shows the final cryoEM maps and corresponding
molecular models of decameric and undecameric CALHM4 channels. In each structure, the subunits are
arranged around a central axis of symmetry that presumably defines the ion-conduction path (Figure
14). The CALHM4 channels form approximately 90 A high cylindrical proteins that span the lipid
bilayer with regions at their respective periphery extending into the aqueous environment on either side
of the membrane (Figure 14). In the plane of the membrane, the dimensions of decameric and
undecameric CALHMA4 channels amount to 110 A and 120 A respectively (Figure 14). Irrespective of
their distinct oligomerization, the individual subunits in both assemblies show equivalent conformations.
Figure 15 shows individual CALHM4 proteins constituting a protomer of the channels and mutual

interactions between helices and protomers.
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11-mer

Figure 14. CALHM4 structure. (A) Cryo-EM density of undecameric (11-mer) and decameric (10-
mer) pairs of CALHM4 channels at 3.8 and 4.1 A respectively. Data were recorded from a Ca*'-free
sample. Subunits are colored in lilac and green, respectively. (B) Ribbon representation of, decameric
and undecameric CALHM4 channels. Top views are from within the membrane with membrane
boundaries indicated, bottom views are from the extracellular side. The approximate dimensions are
indicated. Subunits are colored in lilac and green.

CALHM4 subunits contain four transmembrane helices, which run perpendicular to the membrane and,
when viewed from the extracellular side, are arranged in an anticlockwise manner (Figure 15-A and B).
The helices of the CALHM subunit are organized as two layers conferring an overall trapezoid cross-
section (Figure 15-B). The outer layer of the CALHM subunit is composed of the interacting a-helices
TM2-4, which are arranged in one row sharing mutual interactions only with their respective neighbor
(Figure 15-A and B). The inner layer consists of TM1, which, on its entire length, exclusively interacts
with TM3, the central helix of the outer layer (Figure 15-A and B). Assembled into oligomers, the
helices of the outer layer form a ring, which defines the boundaries of the channel (Figure 15-B). In this
outer ring, the peripheral helices TM2 and 4 are involved in extended interactions with neighboring
subunits resulting in a tightly packed interface (Figure 15- B). Apart from a small fenestration between
TM3 and 4 in the center of each subunit, this structural unit shields the interior of the pore from the

surrounding membrane (Figure 15-C).
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Figure 15. CALHM4 structure features. (A) Ribbon representation of the CALHM4 subunit.
Secondary structure elements are labeled and transmembrane a-helices are shown in unique colors. (B)
View of the transmembrane a-helices of the CALHM4 decamer, the color code is as in (A),
transmembrane segments of one subunit are numbered. The general shape of a single subunit is
indicated. (C) Molecular surface of the CALHM4 decamer viewed from within the membrane (left) and
zoom into the highlighted region showing the interface between two subunits (right). Asterisk indicates
the location of a small fenestration on the surface between TM3 and TM4 of the same subunit. (D)
Ribbon representation of TM1 and the N-terminal a-helix NH, with side chains of hydrophaobic residues
facing the pore displayed as sticks. (E) Ca-trace of the extracellular region of CALHM4 with disulfide
bridges shown as sticks and labeled. (F) Ribbon representation of TM2, the intracellular a-helix CLH
and TM3. (G) Surface representation of the CALHM4 decamer. The view is from the outside. ATP is
shown as a space-filling model for comparison (H), Slice through the CALHM4 pore viewed from
within the membrane. TM1 and the N-terminal a-helix NH are colored in red, ATP is shown as a space-
filling model for comparison.
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In contrast, the respective TM1 helices forming the inner layer are distant from each other and thus not
involved in mutual inter-subunit interactions (Figure 15-B and G). In the region preceding TM1, the
residues of the N-terminus form a helix (NH) that is oriented perpendicular to the first transmembrane
segment parallel to the plane of the lipid bilayer (Figure 15-D). On the extracellular side, a short loop
bridges a-helices TM1 and 2 and an extended region containing two short a-helices (E1H and E2H),
connects TM3 with the long TM4, which extends beyond the membrane plane (Figure 15-A). The
extracellular domain is stabilized by two disulfide bridges connecting both extracellular segments at the
C-terminal end of TM1 in the observed conformation (Figure 15-E). On the intracellular side, TM2
precedes a short helix (CLH) that projects away from the pore axis with TM3 being bent in the same
direction (Figure 15-F). Both a-helices are connected by a 12-residue long loop that is probably mobile
and thus not defined in the density. Downstream of TM4, we find an extended intracellular region. The
first halve of this region consists of a long a-helix (CTH), which is tilted by 70° towards the membrane
plane and which tightly interacts with the corresponding parts of neighboring subunits thus forming a
30 A-high intracellular ring (Figure 15-A). Distal to CTH, a 62-residue long extended loop, which
includes partly defined in the cryo-EM density interspersed secondary structures, folds back towards the
intracellular ring on the outer surface of the channel with its C-terminus extending to the opposed subunit
of the juxtaposed CALHM4 channel (Figure 16). These contacts form the bulk of the interaction relating

CALHM4 channel pairs in an arrangement whose relevance in a cellular context is ambiguous.

Figure 16. Features of the CALHM4 channel dimers. Ribbon representation of (A), decameric and
(B), undecameric channel pairs as observed in the CALHM4 dataset. In both cases, the proteins interact
via their intracellular regions. Residual density at the C-terminus connecting both channels is shown as
blue mesh and modeled as a poly-glycine chain. (C) Close-up of the interface between channel pairs
shown in B.
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2.1.6 Cylindrical pore architecture of CALHM4 channels

Decameric and undecameric CALHM4 channels contain wide pores, which are cylindrical throughout
except for a constriction at the intracellular membrane boundary. Figure 17 shows features of the
CALHM4 channel pore. The diameter at both entrances of the pore measures about 52 A and 60 A for
decameric and undecameric assemblies respectively, thus defining the properties of an unusually large
channel, which could be permeable to molecular substrates (Figure 17-A) . Even at the constriction
located at the intracellular membrane leaflet where the respective N-terminal helices NH project towards
the pore axis, the decameric channels are about 20 A and undecameric channels 30 A wide (Figure 17-
A). In both cases the pore would thus be sufficiently large to accommodate an ATP molecule, consistent
with the view of CALHM as proteins forming ATP-permeable channels (Figure 15-G).
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Figure 17. CALHM4 pore properties and lipid interactions. (A), Pore radius of the CALHM4
decamer (red) and undecamer (blue) as calculated in HOLE. (B) Two phosphatidylcholine molecules
modeled into residual cryo-EM density (blue mesh) in a cavity at the interface between neighboring o-
helices TM1. Secondary structure elements are indicated. (C) Chemical properties of residues lining the
pore of the CALHM4 channel. Shown is a slice through the pore viewed from within the membrane.
The protein is displayed as molecular surface. Hydrophobic residues are colored in yellow, polar
residues in green, acidic residues in red and basic residues in blue. (D) Slice through the pore region of
the CALHM4 decamer viewed from within the membrane. Shown is non-averaged density in a single
copy of the decameric CALHM4 channel pair at low contour to highlight the location of increased
density within the pore corresponding to a bilayer of either phospholipids or detergents. A plot of the
density along the pore axis showing two maxima that are separated by the expected distance between
the headgroup regions of lipid bilayer is shown right. (E) Comparison of the observed pore density
distribution (dashed blue line, CALHM4) to equivalent distributions obtained from membrane
simulations (cyan, simulation) and cryo-EM data of liposomes (magenta, experiment). All distributions
display equivalent features.
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Within the membrane, the pore diameter of CALHM4 is defined by the ring of non-interacting TM1
helices, which is placed inside an outer ring of the channel formed by helices TM2-4 (Figure
15 B and G). This arrangement creates clefts between neighboring helices of the inner ring which are
delimited by helices TM2 and 4 at the respective subunit interfaces (Figure 15-B). In our sample, this
cleft appears to be filled with lipids as indicated by the residual density observed in the cryo-EM maps
(Figure 17-B). Due to the prevalence of aliphatic residues lining the pore at the assumed location of the
membrane core, the pore is highly hydrophobic, whereas the regions extending into the aqueous
environment contain polar and charged residues (Figure 17-C). Similarly, the side of the helical N-
terminus, which faces the membrane at its intracellular boundary, is hydrophobic (Figure 15-D). In light
of its large cross-section and high hydrophobicity, it is conceivable that the interior of the pore would
accommodate lipids, which potentially could form bilayers that would restrict ion permeation. In our
data, we find strong evidence for a layered distribution of density inside the pore within the presumed
membrane region in non-symmetrized maps and after application of symmetry, which could either
reflect the presence of lipids or detergent molecules arranging in a bilayer-like structure facilitated by
the confined pore geometry (Figure 17-D). The observed density distribution displays features that
guantitatively match the corresponding properties of lipid membranes as judged by a comparison to
cryo-EM density of liposomes and computer simulations (Figure 17-E). We thus analyzed the
composition of small molecules that are co-purified with CALHM4. For this purpose we have methanol-
extracted hydrophobic compounds existing in the sample of purified CALHM4 proteins. The extractions
were further analyzed for their content with liquid chromatography-mass spectrometry (LC-MS).
Figure 18 shows the results of the LC-MS experiment. In the first step of the analysis, we have selected
highly abundant compounds that were enriched in the CALHM4 sample versus a blank sample of the
buffer alone (Figure 18-A). Further, based on retention times and mass to charge ratios of the
compounds, their identity has been determined and we were able to detect phospholipids that are

commonly found in the membranes of HEK cells (Figure 18-B and C).

Collectively, our data is compatible with the presence of a membrane located within the pore region of
CALHM4 channels, which could interfere with the diffusion of charged substances. Thus, despite of its
large pore diameter, it is at this point unclear whether the CALHM4 structure defines a conductive
conformation of CALHM channel or alternatively a conformation that harbors a membrane-like

assembly residing inside the pore that would impede ion conduction.
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Figure 18. LC-MS analysis of co-purified lipids. (A) Scatter plot depicting the relative amounts of the
100 most abundant hydrophobic compounds detected in the LC-MS analysis of the CALHM4 sample
compared to the blank. Red dots represent compounds that are detected in the CALHM4 sample only
and blue dots represent compounds that are highly enriched in the CALHM4 sample compared to the
blank (fold change >100). (B) TIC chromatograms of compounds indicated in A, with assigned mass to
charge ratio (m/z) and retention time. (C) Table summarizing the properties of compounds isolated from
the CALHM4 sample. The chemical identity was identified in a search against the LipidMaps (LM)
library with matching tolerances of 1 ppm in mass accuracy and >90% in isotope similarity.

2.1.7 Structure determination of CALHMG6 channels

For the structure determination of CALHMG6 channels samples were prepared in the presence of Ca?".
Figure 19 shows details of the processing strategy. The detailed description can be found in the figure
legend and in the Methods section. The strategy was similar to the one employed for the CALHM4
datasets and included particle picking, extraction and a subsequent cleaning of particles in several rounds
of 2D and 3D classification, further 3D refinement while applying C10 or C11 symmetry and post-
processing steps (Figure 19-A, B and C). This approach yielded maps at 454 A and 6.23 A for
undecameric and decameric assemblies of CALHMG respectively (Figure 19-D). Unlike CALHM4, the
lower resolution of the CALHM®6 densities, precludes a detailed interpretation of the structure for all
parts of the protein. Still, the high homology between the two paralogs and density attributable to large

side chains has constrained the placement of helices and conserved loop regions and thus allows the
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credible analysis of major conformational differences. Figure 20 shows representative cryo-EM

densities. Details on model building can be found in the Methods section.
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Figure 19. Cryo-EM reconstruction of CALHMSG in presence of Ca?*. (A) Representative cryo-EM
micrograph acquired with a Tecnai G2 Polara microscope equipped with a K2 camera. (B) 2D class
averages of CALHMG6 in presence of Ca?". (C) Data processing workflow. Non-symmetrized 3D
classification allowed to isolate two populations of particles representing decameric and undecameric
assemblies. The particles were further refined with either C10 or C11 symmetry imposed and iterative
per-particle CTF refinement and Bayesian polishing. The distribution of all particles (%) and the
resolution of each class is indicated. (D) FSC plot of the final refined decameric unmasked (orange),
masked (pink), phase-randomized (green) and corrected for mask convolution effects (blue) cryo-EM
density map of CALHMB®6. The resolution at which the FSC curve drops below the 0.143 threshold is
indicated. The inset shows the atomic model within the mask that was applied for calculations of the
resolution estimates. (E) Final 3D reconstruction of decameric CALHM®6 colored according to local
resolution. (F) FSC plot of the final refined undecameric unmasked (orange), masked (pink), phase-
randomized (green) and corrected for mask convolution effects (blue) cryo-EM density map of
CALHMB®6. The resolution at which the FSC curve drops below the 0.143 threshold is indicated. The
inset shows the atomic model within the mask that was applied for calculations of the resolution
estimates. (G) Final 3D reconstruction of undecameric CALHMG6 colored according to local resolution.
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Figure 20. Cryo-EM density of CALHMS. Cryo-EM density at 4.5 A of selected regions of the
decameric CALHMG6 structure superimposed on the model. Structural elements are indicated. ‘6 A’
marks cryo-EM density low-pass filtered to 6 A superimposed on a ribbon of TM1 and parts of TM2,
which displays extended density for the entire TM1 region that is partly not defined in the density at
higher resolution due to its intrinsic mobility. Density is shown from two different views with indicated
relationship. Large side chains that are recognizable in the low-pass filtered map are displayed as sticks.

2.1.8 Comparison of CALHM4 and CALHMG structures

Similar to CALHMA4, heterogeneous distribution of decameric and undecameric channels of CALHMBS,
is observed, although in case of CALHM®6 decamers amount to 60% of the classified particles (Figure
19). Figure 21 shows the final map and corresponding molecular model of the CALHM®6 channels.
Unlike in CALHM4, there is no dimerization of CALHMG6 channels and the C-terminal region following
the cytoplasmic helix CTH instead engages in intramolecular interactions with the outside of the
cytoplasmic rim for most of its length (Figure 21-B). This observation further supports the notion that
the dimerization of CALHM4 might be a consequence of interactions formed between solubilized
proteins where the mobile C-terminus could equally well engage in intra- and intermolecular
interactions, of which the latter would be multiplied in the highly symmetric arrangement. In CALHM®6
we also find a slight expansion of the protein parallel to the membrane and an accompanying moderate
contraction in perpendicular direction (Figure 21-B). While the general organization of CALHM6
channels closely resembles CALHM4, significant differences are observed in the pore geometries of
the two channels. Both assemblies of CALHM®6 contain subunits with equivalent conformations, which
are better defined in the smaller oligomers. Figure 22 shows the comparison of CALHM4 and CALHM®6

structures.
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Figure 21. CALHMEG structure. (A) Cryo-EM density of decameric (10-mer) CALHM6 channels at
454 A. Subunits are colored in blue and red, respectively viewed from within the membrane (top) and
from the extracellular side (bottom). (B) Ribbon representation of the decameric CALHM6 structure
viewed from within the membrane (top). Subunits are colored in red and light blue. Part of the mobile
C-terminus defined in low-pass filtered cryo-EM density that was modeled as Ala and Gly chain is
colored in green. Inset (below) shows a close-up of this region with cryo-EM density superimposed. A
view of the CALHM structure from the extracellular side is shown on the bottom.
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Figure 22. Comparison of CALHM4 and 6 structures. (A) Slices through the CALHM4 (left) and
the CALHMS6 (right) channels illustrating the distinct features of the cylindrical and conical pore
conformations. View of CALHMG at lower contour (right) shows extended density for the mobile TM1.
Maps are low-pass filtered at 6 A. Density corresponding to TM1 is colored. (B) Superposition of single
subunits of the CALHM4 and CALHMG6 structures illustrating conformational changes. Secondary
structure elements exhibiting conformational differences are labeled. (C) secondary structure elements
on the extracellular side describing differences leading to the cylindrical conformation displayed in
CALHM4 and the conical conformation displayed in CALHM®6. Residues contributing to a cluster of
aromatic residues on TM1-3 and a conserved disulfide bridge are shown as sticks. (D) Close-up of the
conformational change in TM3 from the cylindrical conformation displayed in CALHM4 to the conical
conformation displayed in CALHMG6. The conserved proline at the site of conformational changes is
colored red and shown as sticks. (E) Interaction region of TM1 and TM3 in the CALHM4 structure with
the protein shown as Ca trace and side chains of interacting residues as sticks.

35



The differences in protein conformations of the two homologues, which result in their distinct pore
geometries are illustrated. Whereas in CALHM4 we observe wide cylindrical pore, in CALHM®6 the
pore has a constricted and conical shape (Figure 22-A). In a superposition of the subunits, similar
conformations are observed for a-helices TM2 and 4 and the C-terminal helix CTH and larger
differences in the interacting helices TM1 and 3 (Figure 22-B and C). These differences are most
pronounced for TM1, which in CALHM6 has detached from TM3 and moved by 60° towards the pore
axis around a hinge located upstream of a conserved phenylalanine at the end of TM1 (Figure 22-B). In
both structures, the conformation of the proximal loop connecting TM1 and 2 is stabilized by two
conserved cysteines, which are involved in disulfide bridges with the region connecting TM3 and TM4
(Figure 22-C). As a consequence of the disruption of its interaction with TM1, the intracellular halve
of TMa3 tilts away from the pore axis by 30° around a pivot located close to a conserved proline residue
(P115 in CALHM4), which probably destabilizes the helix (Figure 22-D). The transition from a
conformation observed in CALHM4 to a conformation defined by CALHM®6 is accompanied by the
dissociation of interactions between TM1 and 3, which are mediated by conserved residues involving a
cluster of hydrophobic interactions at the extracellular side and additional interactions on the entire
length of both a-helices (Figure 22-C and E). The movement of TM1 in the oligomeric channel in its
transition between conformations probably requires concerted rearrangements to avoid steric clashes in
the crowded environment of the pore. When viewed from the outside this transition thus resembles the
closing of an aperture and it converts a cylindrical pore to a funnel which narrows towards the
intracellular side while creating a large cavity between TM1 and TM3 that becomes accessible from the
cytoplasm (Figure 14-B and 21-B). In the CALHMG6 cryo-EM density, TM1 is less well defined
compared to the rest of the protein reflecting its increased flexibility in the observed structure (Figure
19 and 21-A\). Since the conformation of NH, which has moved towards the pore axis, is not defined in
the density, the size of the CALHM®6 channel at its constriction remains ambiguous. It could range from
an occluded pore if NH helices make contacts in the center of the channel (modeled as clogged
conformation) to a pore with similar diameter as found at the CALHMA4 constriction (Figure 23-A and
B). The latter could be obtained in case the mutual relationship between TM1 and NH remains
unchanged compared to the CALHM4 structure (defined as kinked conformation) or if NH straightens

in continuation of TM1 (in an extended conformation) (Figure 23-A and B).
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Figure 23. Features of the CALHMBG structure. (A) Hypothetical pore conformations of the conical
conformation displayed in the CALHMB® structure. The disordered N-terminal helix NH (green) was
modeled in different conformations. Left, ‘kinked’ conformation where the mutual relationship between
TM1 and NH is as in CALHM4, center left, ‘extended’ conformation where NH has changed its
conformation to extend the TM1 helix. Center right, ‘clogged’ conformation where the mobile NH helix
has moved towards the pore axis. The 10-fold symmetry is maintained in the ‘kinked” and ‘extended’
conformations and broken in the ‘clogged’ conformation. Opposite subunits of the decameric structures
are displayed. (B) Pore radii of the different modeled pore conformations of CALHMG6 calculated with
HOLE compared to the CALHM4 decamer (red dashed) display a similar constricting pore radius as for
CALHM4 for ‘kinked’ and ‘extended’ conformations and an occluded pore in case of the ‘clogged’
conformation. (C) Slice through the pore region of the CALHM6 decamer viewed from within the
membrane. Shown is non-averaged density at low contour to highlight the location of diffuse density
within the pore. A plot of the density along the pore axis of CALHMG is shown in red, the corresponding
density in CALHMA4 is shown as a dashed blue line for comparison. The two maxima in the CALHMG6
density are shifted towards the intracellular side. The density corresponding to the headgroups of the
outer leaflet of the bilayer in CALHMA4 is absent. Density at the location of the headgroup region at the
inner leaflet of the bilayer and further towards the intracellular side could correspond to either lipids or

to the poorly ordered N-terminus.

In any case, the large conformational changes would affect the location of lipids within the pore, which
in case of an internal bilayer would have to rearrange in response to the severely altered pore geometry.
Such rearrangement is reflected in the changed distribution of the residual electron density inside the
pore (Figure 23-C). Whereas, compared to CALHM4, we find density at the location of the intracellular
layer of lipids and further towards the cytoplasm, part of which might be attributable to the mobile N-
terminal a-helix NH, the outer layer of density corresponding to the putative extracellular leaflet of a
bilayer has disappeared. Thus, despite the pronounced conformational differences to CALHM4 and the
fact that the CALHMG6 structure appears to contain features of a closed pore, a definitive functional

assignment remains also in this case ambiguous.
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2.1.9 Summary and conclusions on structural studies of homomeric CALHM channels
The experiments described in this section aimed at obtaining structural information on the CALHM
protein family. Screening experiments have shown that human CALHM2, 4, 5 and 6 proteins can be
overexpressed and purified as homomeric complexes. Due to their biochemical stability CALHM2, 4
and 6 have been selected for a further biochemical and structural characterization. The structure
determination of CALHM2 has failed due to its strong preferred orientation on the grid. Structural
analysis of the other two homologues yielded maps at resolutions of 3.7 A and 4.4 A for CALHM4 and
6 respectively, which allowed a reliable interpretation of the molecular structures of both proteins. The
structures have defined the organization of CALHM proteins as large oligomers, which in case of
CALHM4 dimerize via contacts of their intracellular regions. The structures of the two homologues
also revealed unique features of CALHM proteins including two distinct conformations of pore-lining
N-terminal regions and the first transmembrane helices. Additionally, we observe an extra bilayer-like
density in the pore of CALHMA4 channels, which may indicate that lipids play a role in their activity
regulation. However, due to the lack of functional data the correspondence of these observations with
the functional states of both channels remains elusive.

2.2 Functional investigations of homomeric CALHM proteins

Previous studies demonstrated that CALHM1 acts as a voltage gated ion channel that is allosterically
modulated by extracellular Ca?* 2. In contrast, CALHM2 and CALHMS3 have been reported to lack such
activity**. Interestingly, CALHM3, but not CALHM2, has been shown to modulate the activity of
CALHM1*. At the time of performing the described experiments there were no reports on the activity
of CALHM4, CALHM5 and CALHMS6. To recapitulate those results and to investigate if the structurally
characterized homologues described in this thesis exhibit similar activity as CALHM1, two-electrode
voltage-clamp recordings were performed in Xenopus laevis oocytes over-expressing CALHMZ2, 4 and
6. This system has been selected since it proved to be suitable for CALHM1 recordings?#44°, Advantages
of the oocyte system include the ease of handling and amplification of the recorded currents as a
consequence of the large membrane surface area, which permits the detection of small responses as a
result of either low conductance or open probability.

In addition, the study of CALHMSs function in vitro, after their reconstitution into proteoliposomes was
attempted. Investigating the proteins outside of their cellular environment can be advantageous, as it
allows for the exclusion of potential unknown cellular factors that may render the proteins inactive
within cells and since it excludes background activities of other proteins present on the cell surface.
However, this approach has a disadvantage if unknown cellular factors prove to be necessary for the
activation of the reconstituted CALHM channels. As the functional properties of the investigated

CALHM homologues were unknown, we employed both approaches to cover these two possibilities.
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2.2.1 Two-electrode voltage clamp

Note: Recordings presented in this chapter were performed by Dr. Maria Isabel Bahamonde Santos
with the assistance of the author of the thesis

In the two-electrode voltage-clamp method, the membrane potential of oocytes is clamped and the
injected currents to compensate for the conduction of open ion channels residing in the plasma
membrane of a cell is measured. The extracellular environment can be easily altered by perfusion of the
oocytes with various buffers.

Recordings were performed with oocytes that were injected with mRNA encoding human CALHM2, 4
and 6 after 40-60 hours of protein expression. Additionally, oocytes expressing human CALHM1 were
prepared as positive control for the comparison of recordings. To assess if expressed homologues
localize to the plasma membrane we used surface-biotinylation assay, which confirmed their expression
in the surface of the oocytes at the time of the measurements (40-60 hours after injection of mMRNA)
(Figure 24).

CALHM2 CALHM4 CALHME  Figure 24. Surface-biotinylation assay of oocytes

i 250 - 250 - expressing CALHM2, CALHM4 and CALHMS.
150 8 :gg - :gg = Western blot of proteins located in the plasma
100 s 75 75 membrane of X. laevis oocytes heterologously
9 50 e 50 wa— expressing the indicated CALHM channels. Protein
‘;"7’ oo 37 w— . W . Was isolated after surface-biotinylation by binding to

- @ avidin-resin. The proteins are detected with specific
§§ p— 20, - antibodies recognizing the respective CALHM paralog.
15 - 15 - Left, CALHM2, center CALHM4, right CALHMS.

The blot demonstrates the targeting of all three paralogs
to the plasma membrane. Bands corresponding to the
respective CALHM paralogs are indicated by asterisk.

Figure 25 shows the summary and Figure 26 shows the representative traces of voltage-clamp
recordings of CALHM homologues. The recordings were conducted at positive and negative voltage
and in the presence and absence of extracellular calcium. Consistent with previous findings, CALHM1
activation was observed upon membrane depolarization and extracellular calcium depletion (Figure 25
and 26-A and B). At the positive voltages the current amplitude varied with the concentration of this
divalent cation. For extracellular calcium concentrations close to the physiological range (3 mM), small
and slow currents were recorded (Figure 25 and 26-A). These currents exhibited increased amplitude
as the calcium concentration decreased, reaching a maximum at a nominal 0 uM calcium (Figure 25
amd 26-A). At the negative voltages, no currents were observed in the presence of calcium, but large
currents were observed in its absence (Figure 25 and 26-A and B). Notably, when the same conditions
were applied to oocytes expressing other CALHM paralogues, no activation was observed (Figure 25

and 26-D-F). These currents neither showed pronounced voltage-dependence nor were they altered by
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Ca?*-removal in a statistically significant manner and the recorded traces of CALHM2, 4, and 6
displayed no difference compared to a negative control lacking CALHM expression (Figure 25). These
results thus clearly show that CALHMZ2, 4 and 6 differ functionally from CALHML1 and their activation

mechanism remains unknown.
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Figure 25. Functional characterization of CALHM channels expressed in X. laevis oocytes.

(A) Electrophysiological characterization of X. laevis oocytes heterologously expressing the paralogs
CALHM1, CALHMZ2, CALHM4 and CALHMB®6 in comparison to control oocytes (neg.) recorded at
extracellular solutions either containing 3 mM Ca?* (3) or 0.5 mM EDTA and 0.5 mM EGTA (Ca?*-
free, 0). Data show currents of individual oocytes (circle) recorded by two-electrode voltage-clamp
(TEVC) at 60 (light blue) and —60 mV (light red). In each case, currents were tabulated at the end of a
5 s voltage step. Averages are shown as bars in red (—60 mV) and blue (60 mV), respectively. Dashed
lines indicate mean current levels of control oocytes (neg.) recorded in Ca?*-free extracellular solutions
at 60 and —60 mV. Currents measured for all investigated channels, except CALHMI, are not
significantly different from control oocytes (as judged by a Student t-test). (B), Rectification of steady-
state currents of oocytes displayed in (A) expressed as lsomv/l-somv Calculated for individual oocytes at 3
mM Ca?*" (3) and in Ca?*-free solutions (0) and averaged. The large value of CALHM1 reflects the
activation of the protein at positive voltage in presence of Ca?*. (C) Ca?"-dependence of activation.
Change of steady-state currents of oocytes displayed in (A) after Ca?*-removal expressed as Inocaz+/lcaz+
calculated from individual oocytes at =60 mV (n) and 60 mV (p) and averaged. The large value of
CALHMI1 at —60 mV reflects the strong activation of currents at negative voltages upon Ca?*-depletion.
C, D, The difference between the corresponding values of the CALHM paralogs 2, 4, and 6 and neg. are
statistically insignificant (as judged by a Student t-test). B-D, Data show averages of 27 (neg.), 21
(CALHM1), 26 (CALHM2), 19 (CALHM4) and 21 (CALHMS6) oocytes respectively. Errors are
standard deviations. Figure from .
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Figure 26. Two-electrode voltage clamp recordings of CALHM homologues. (A) Representative
current traces of CALHML1 recorded at indicated extracellular Ca?* concentrations. The voltage protocol
is shown as inset (left). (B—F) Representative currents of CALHM paralogs (B), CALHM1, (D),
CALHM2, (E), CALHM4 and (F), CALHMG6 in comparison to (C), control oocytes (neg.). The current
protocol is shown on the left. Traces including a step to -60 mV are colored in red, traces including a
step to 60 mV in blue. A-F, Data were recorded 40-60 hours after injection of mRNA. Figure from °’,

41



2.2.2 Proteoliposome transport assay

In an attempt to study the function of CALHM homologues in vitro a previously described fluorescence
quenching based assay has been chosen®®. In this assay, the quenching of the fluorophore calcein upon
the transport of the divalent cation manganese across the membrane is monitored. The assay is conducted
under conditions that establish an inside negative membrane potential. This means that CALHM
channels reconstituted in an inside-out orientation would sense depolarizing conditions. Given the large
diameter of the CALHM channel pores, | have assumed that active channels should facilitate manganese

transport.

2.2.2.1 Reconstitution of the CALHM proteins into the liposomes

To conduct the assay, it was required to reconstitute CALHM proteins into the liposomes. For the three
investigated CALHM homologues, various reconstitution conditions have been tested, including the
destabilization of preformed liposomes and liposome reconstitution from solubilized lipids.
Additionally, different lipid compositions were investigated. The screening of reconstitution conditions
is described in more details in the Method section. To monitor the reconstitution of CALHM proteins,
their re-extraction from the proteoliposomes followed by an FSEC analysis was conducted. All tested
conditions yielded similar results. Figure 27. shows representative results of the reconstitution of
CALHM2, 4 and 6 into destabilized lipids derived from soy polar extracts. A stably reconstituted protein
is expected to elute as peak at a similar volume as the purified protein. Following re-extraction,
monodispersed peaks were observed for CALHM2 and CALHMSG6, indicating their successful
reconstitution into the liposomes (Figure 27). In contrast, no CALHM4 peak was observed after re-
extraction, suggesting that the protein could not be stably reconstituted into the liposomes under the
tested conditions (Figure 27). This discrepancy is likely due to the dimerization of CALHM4 channels,

which presumably hinders their successful reconstitution.
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2.2.2.2 Fluorescence quenching-based transport assay

The assay was conducted for CALHM2 and CALHMBS, as they were successfully incorporated into the
liposomes. CALHM4 was excluded from the assay as it was not observed to reconstitute successfully.
Initially, proteoliposomes were mixed with an inside buffer containing a fluorophore and KCI. The
mixture was then extruded to facilitate the formation of unilamellar vesicles that contained the trapped
fluorophore inside. Following extrusion, the liposomes were washed with a fluorophore-free buffer and
diluted into an outside buffer containing NaCl instead of KCI. Valinomycin was added to promote K*
efflux, creating an inside negative membrane potential that facilitates the transport of cations into the
interior of proteoliposomes (assuming that CALHM channels, which would conduct K* in an open
conformation are initially closed). The substrate manganese was added at different concentrations. The
reaction was terminated by the addition of calcimycin, which rendered the liposomes permeable to
divalent cations. Figure 28. shows the results of the transport assay. In the performed assay, no
guenching of the fluorophore was observed in the CALHM2 and CALHMG6-containing liposomes, and
the resulting traces resembled the negative control consisting of liposomes not containing any protein
(Figure 28). This results demonstrate the absence of transport through CALHM2 and CALHMG6
channels under the tested conditions. It should be noted that the substrate used in this assay is a divalent
cation and such (Ca?* and Mg?*) have been shown to have inhibitory effects on CALHM12. Therefore
although unlikely, assuming random or inside-out orientation of the channels in the liposomes, it cannot

be excluded that manganese inhibited activation of these paralogues in this experiment.
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Figure 28. CALHM2 and CALHMG proteoliposome-based transport assay. Traces of fluorescence
guenching-based transport assay of (A) CALHM2 and (B) CALHMB®. Calcein fluorescence is plotted
against time. The red arrow indicates the time of the addition of valinomycin, blue of manganese and
green of calcimycin. Manganese concentrations are indicated.

2.2.3 Summary and conclusion of functional assays

The functional studies described in this chapter did not show any sign of conduction mediated by the
investigated CALHM2, 4 and 6 paralogs in response to stimuli that would activate CALHM1. The
conclusions that can be drawn from these results do not claim that these homologues would not
constitute ion channels per se, and instead suggest that these proteins would be activated by a mechanism
that is distinct from CALHML. Given the current sparse knowledge on the biology of those proteins, the
investigation of their molecular function would require extended screening approaches of various
stimuli. As these channels might form heteromers to form functional complexes, the screening should

include the pairing of different homologues and described approaches can be used for this purpose.
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2.3 Heteromerization of CALHM?2 and CALHM4

Many oligomeric membrane proteins are heteromers of homologous subunits with their composition
conferring distinct functional properties'>4. In the family of CALHM proteins CALHM1 and 3 are
known to heteromerize to form ion channels of physiological relevance in taste transduction4®.
Whether other members of the family assemble into heteromeric channels to fulfill their functional tasks
is still a major unanswered question. Thus, to better understand the role of the investigated CALHM
paralogs, we attempted to gain insight into their tissue distribution and, if expressed in the same cell
type, to study interactions between co-expressing CALHM members.

2.3.1 Co-expression of CALHM proteins in the human placenta
Note: The qRT-PCR experiments described in this chapter have been performed by Dr. Jonas Zaugg

from the group of prof. Christiane Albrecht at the University of Bern.

To date, the data on expression patterns of CALHM proteins is sparse and restricted to generic databases
reporting protein expression profiles. Currently, no analysis of CALHM protein levels in specific cell
types has been reported and limited data exists on transcripts levels. In our study, we used this limited
data to select a tissue to further investigate the expression of CALHM family members under
investigation. To this end, we have selected the placenta as a model organ since it was reported that
CALHM4 would be highly expressed at a transcript level in this tissue whereas the expression in other
organs has not been reported for this homologue®. Initially, we experimentally validated the expression
CALHM paralogs by quantification of their transcripts by reverse transcription (RT) PCR in healthy
human placental tissues obtained from term pregnancies. Figure 29 shows the results of the RT-PCR of
CALHM transcripts in this tissue. The quantification revealed high levels of CALHMZ2, 4, and 6 and
comparably low expression of other paralogs (Figure 29-A). Subsequently, we have investigated
expression patterns of paralogs in primary trophoblast cells isolated from healthy term placentae and
examined changes during the differentiation process of trophoblast precursor cells into mature
syncytiotrophoblasts (Figure 29-B). In these experiments, we found enrichment of CALHM2, 4 and 6
during differentiation, which was most pronounced for CALHM4 and which indicates a differentiation-
dependent role of these proteins in the human placenta (Figure 29). In all cases, the concentrations of
the respective CALHM mRNAs are high in comparison to other transport proteins, suggesting their
involvement in important placenta-related membrane transport processes (Figure 29). Although
transcripts levels are supposed to correlate with protein concentrations, they are often not sufficient to
predict these levels since certain factors might influence the translation of mRNA into the protein

including variable translations rates, delays in protein translation or variabilities in protein half-life®%¢Z,
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Figure 29. Comparative expression analysis of CALHM genes in the human placenta. mRNA
concentrations of different CALMH paralogs and of other transport and receptor proteins in (A), human
placental tissues (n=10) and (B), human trophoblasts isolated from healthy term placentae (n=5) was
assessed by quantitative RT PCR and normalized to the reference gene YWHAZ. Abbreviations:
ABCA1, ATP-binding cassette transporter Al; CALHM, calcium homeostasis modulator; LAT1
(SLC7AD5), L-type amino acid transporter 1; LAT2 (SLC7A8), L-type amino acid transporter 2; GLUT1
(SLC2A1), Glucose transporter 1; TFRC, transferrin receptor complex 1; YWHAZ, Tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide. Figure from .

Therefore, in order to investigate the expression of CALHM isoforms at the protein level,
immunoprecipitation (IP) experiments from membrane fraction of human placental tissues were
performed. The experiments were restricted to CALHM2 and CALHM4 proteins, as lack of suitable
anti-CALHMG6 antibodies precluded inclusion of this isoform in the study. Figure 30-A depicts the

simplified scheme of the conducted immunoprecipitation experiment.
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Figure 30. Identification of CALHM2 and CALHM4 proteins in human placental tissue. (A)
Scheme of placental membrane isolation, solubilization and immunoprecipitation on magnetic beads
and detection of proteins present in the sample of the membrane fraction. (B) Western blot analysis of
the samples obtained from immunoprecipitation experiments probed with anti-CALHM2 and anti-
CALHM4 antibodies respectively. (C) Resulting data of LC-MS/MS analysis for CALHM proteins
listed by total spectra count are broken down in the tables for CALHM2 and 4 respectively. The number
of unique peptides, their total spectra count and their fraction in the whole sample are indicated. (D)
CALHM2 and CALHM4 sequences with orange boxes indicating parts covered by the MS experiment.
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Briefly, samples of human placentae were homogenized and the cytosolic and membrane fractions was
separated (Figure 30-A). The membrane fraction was solubilized with detergent buffer, concentrated
and incubated with magnetic beads coated with anti-CALHMZ2 or anti-CALHM4 antibodies (Figure 30-
A). After several wash steps the beads were collected for the analysis of pulled-down proteins (Figure
30-A). All performed steps have been monitored by western blot analysis and the final protein fraction
bound to the beads was additionally analyzed by mass spectrometry (Figure 30-A). Figure 30-B-D
depicts the results of the immune-precipitation experiment for CALHM2 and 4 from human placenta.
Both CALHM2 and 4 proteins migrate on an SDS-PAGE gel at a molecular mass slightly below 37
kDa, with CALHM4 additionaly displaying a band at around 70 (Figure 30-B). Throughout the course
of the experiment we observed several bands at around 50 kDa, 100 kDa and above 150 kDa of
CALHM2 in Western blots, presumably representing proteins that are non-specifically recognized by
the antibodies (Figure 30-B). The band at around 37 kDa is also observed, however, it migrates higher
in comparison to the control sample of the purified CALHM2 protein (Figure 30-B), pointing towards
yet another unspecific detection. Consequently, no enrichment of the band at this mass is observed in
the bead sample, which would be expected in case of a successful pull down of CALHMZ2 proteins. In
addition, the bead sample shows strong signals ranging from 37 to 150 kDa, originating from anti-
CALHM?2 antibodies present in the sample, which impede a reliable analysis (Figure 30-B). Similar
results are observed in the Western blot probed with anti-CALHM4 immunoglobins (Figure 30-B).
Again, although several bands are present at locations corresponding to a molecular weight of 25 kDa,
60 kDa and 75 kDa, they are not consistent with the masses of the bands observed in the sample of
overexpressed and purified CALHM4 and the final bead sample also displays strong signals originating
from anti-CALHM4 immunoglobins present in the sample (Figure 30-B). Although inconclusive, these
results indicate the absence or low abundance of CALHMZ2 and 4 proteins in placental tissues and thus
fail to detect the enrichment of these proteins in pull-down experiments. Due to the described limitations,
we aimed to analyze the bead samples by a more sensitive mass spectrometry approach, which
additionally has the advantage of a readout that is not being affected by the contamination with anti-
CALHM antibodies. For that purpose, the samples bound to the beads were digested with trypsin and
analyzed by LC-MS/MS. Figure 30-C and D show the results of the LC/MS-MS analysis of the
immunoprecipitated proteins. It should be noted that the employed method is not quantitative as the
number of peptides does not necessarily correlate with the protein abundance. Thus, although the
comparison of peptide counts allows to estimate protein abundance, the conclusions should be taken
with caution. More than three hundred proteins have been detected in both samples, the majority of
which result from unspecific binding (Figure 30-C). Among the detected proteins, only small single-
digit number of CALHM2 and 4 peptides were found (Figure 30-C and D). These peptides constitute
0.02% and 0.01% respectively in the total sample peptides count (Figure 30-C) and, although striking,
such disproportion between unspecific and target antigens is consistent with the observations in Western
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blot. Together the results point towards a low abundance of pulled-down CALHM2 and 4. The small
number of detected peptides possibly reflects low expression levels or the non-optimal pipeline of the
experiment resulting in an inefficient pull down by the antibodies, which might also result in the
observed unspecific binding. Still, despite the low number of detected peptides of CALHM2 and
CALHMA4, the expression of both proteins in placental tissue has been confirmed. In conclusion, the
analysis of pulled-down protein using the more sensitive method of mass spectrometry has provided
valuable insights into the presence of CALHM2 and CALHM4 in placental tissues. Assuming a co-
expression of both proteins in the same cell suggests a possibility of their interaction, which may have

significant implications for their functions.

2.3.2 Interactions of CALHM proteins in an over-expression system

As shown in the previous chapter CALHMZ2, 4 and 6 genes are highly expressed in placental tissues at
the mRNA level and the expression of CALHM2 and 4 genes at a protein level could be confirmed by
mass spectrometry. Based on the similar expression pattern and the observed heteromerization of
CALHML1 and 3, | reasoned that the placental paralogs might interact in a similar manner to form
heteromeric ion channels*. To determine whether CALHM?2, 4 and 6 would heteromerize, | have
performed a pull-down assay on heterologously expressed CALHM proteins, since the insufficient
amounts of CALHM proteins and the lack of suitable antibodies precluded a biochemical analysis of
interactions in native tissues. Therefore, CALHM paralogues have been co-expressed after transfection
with a 1:1 plasmid ratio in HEK293T cells, with one of the paralogs carrying C-terminally reporter (Myc
and GFP) and affinity tag (SBP) and the other a C-terminal reporter tags only. After lysis of the cells,
the CALHM paralog carrying the SBP tag was captured by binding to Strep-Tactin resin and served as
a “bait” protein for the CALHM paralog without the affinity tag. The resin was washed several times
and proteins pulled-down on the resin eluted. To assess the interactions, the elution samples were
analysed with SDS-PAGE. Figure 31. shows the results of the pull-down performed on the co-expressed
CALHM2, 4 and 6 proteins.
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Figure 31. Interactions of CALHM paralogues in an overexpression system. SDS-page analysis of
the final elution samples of the pull-down experiment performed on CALHM proteins heterologously
co-expressed in HEK293T cells. ‘Input’ section indicates co-expressed constructs of the CALHM
paralogs.

In case of the formation of heteromers, two bands should be observed, one originating from the CALHM
used as “bait” and the other from the pulled down homologue. Two bands are observed in samples
originating from the co-expression of CALHM?2 and CALHMA4 but not in co-expressions with CALHM®6
(Figure 31). Based on these results, I conclude that CALHM2 and CALHM4 interact to form
heteromeric channels while CALHMG6 does not show sign of interaction with the two other homologues.

To further characterize the interaction between CALHM2 and 4 proteins, | aimed to obtain a sample
containing pure CALHM2/4 complexes. For this purpose, | co-expressed CALHM2 tagged with
VvYFP_Myc SBP and CALHM4 tagged with Myc His in HEK293T cells and performed tandem
purification to separate the heteromeric complexes from homomeric channels. The proteins were affinity
purified on Strep-Tactin resin followed by Ni-NTA resin and a final size exclusion chromatography.
The course of the experiment was monitored by Western blot probed with an anti-Myc antibody, which
allowed for a semi-quantitative estimation of CALHM2 and 4 protein yields in the samples. Figure 32
shows the results of the tandem purification of CALHM2 and CALHM4. The analysis of the lysate
sample revealed both homologues to be co-expressed at comparable levels (Figure 32-A). As expected
in the flow-through sample of Strep-Tactin resin, excess of CALHM4 in comparison to CALHM2 is
observed with even stronger disproportion in the wash sample and in turn an excess of CALHM?2 is

observed in the elution from this resin (Figure 32-A).
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Figure 32. Tandem purification of CALHM2/4 complex. (A) Western blot analysis of the samples
from the tandem affinity purification; LYSATE — whole cell extract, SUPERNATANT — whole cell
extract after clarification with centrifugation, FLOW-THROUGH - flow-through after binding to
resin, WASH- flowthrough after wash steps, ELUTION — elution from affinity resin. (B) SEC profile
of the CALHMZ2/4 complex after purification with tandem-affinity chromatography. Inset shows the
SDS-page analysis of the indicated fractions of the peak.

The opposite ratio is observed in the separation on a nickel binding resin with the excess of CALHM2
found in the wash sample (Figure 32-A). The analysis of the final elution sample indicated a presence
of both protein, however the estimation of the relative abundance in this sample is precluded due to the
overload (Figure 32-A). Such prepared sample was subjected to size exclusion chromatography (SEC)
(Figure 32-B). The SEC profile revealed a monodisperse peak eluting at low column volume indicating
large oligomeric state of the purified proteins (Figure 32-B). SDS-page gel analysis of
peak-corresponding fractions showed the presence of both, CALHM2 and 4 proteins confirming their
interaction with a predominance of the CALHM2 paralogue in the complex (Figure 32-B). Collectively,

these data demonstrate that CALHM2 and 4 proteins interact forming biochemically stable complexes.

51



2.3.3 Summary and conclusions on the co-expression and purification of CALHM2/4
heteromers

In my study initial pull-down assays of co-expressed paralogs have provided first evidence for the
interaction between CALHM2 and CALHM4 proteins. Subsequently, tandem purification was
employed to confirm this interaction and provide insight into the relative abundance of respective
subunits in complexes. Despite comparable expression levels in total extracts, CALHM2 was enriched
in the final sample. A coarse estimation of the purification yields between heteromeric to homomeric
complexes, latter of which amount to 6% of the total protein, suggests a strong preference for homomeric
assemblies. However, this estimation fails to account for the protein losses in tandem purification and
the complexity introduced by co-expressing two proteins, heavily relying on the chance of co-expression
in a single cell. The available literature on co-transfection efficiencies is sparse making it challenging to
obtain accurate estimations of plasmid uptake by HEK cells, which undoubtedly impacts the relative
abundances of expressed homologues. A comparative analysis of cells expressing single constructs
versus both could provide the actual relative abundances. This could be achieved as demonstrated by
others %2 through techniques such as sorting and fluorescence estimation, wherein two different
fluorescent tags are used for co-transfection. Or ideally single plasmid encoding both proteins could be
used to overcome this particular limitation listing only one and simple way of more controlled co-
transfection. A second and possibly more relevant cause for the predominance of homomers might be
the higher affinity of homomeric subunit interactions, which has also been found in heteromers of the
LRRC8 family®3%,

However, furthermore the assembly of heteromeric ion channels remains a largely understudies field
with limited understanding of the factors driving their formations. It is possible to consider that the
relative abundances of subunits and assembly chaperones contribute to this process which is likely
regulated. The overexpressed system used in our study might lack certain components that are essential
for the assemblies. Additionally, the actual physiological relative abundances of CALHM2 and
CALHM4 proteins are currently unknown. Although our mRNA studies indicate similar abundances
supporting a 1:1 ratio in our co-transfection experiments, it is conceivable that altering this ratio could

influence the resulting relative and total abundances obtained.
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2.3.4 Patch-clamp electrophysiology

Observed in vitro interactions between CALHM2 and CALHM4 proteins suggest the potential
formation of heteromeric channels, similar to the previously reported CALHM1 and CALHM3*, When
CALHML is paired with CALHMS3, it results in an ion channel with accelerated kinetics and higher
sensitivity to voltage compared to the homomeric CALHM1%. In our studies using Xenopus laevis
oocytes, CALHM2 and CALHM4 alone did not show any activity. To investigate whether pairing these
two homologues could reverse these results, | employed patch-clamp electrophysiology, which was
previously reported to study CALHM1 and CALHMZ1/3 channels activity in mammalian cells>*4. This
technique allows to directly measure and analyze currents across the cell membrane. The whole-cell
configuration, which was used in this study, involves creating a high-resistance seal between the glass
pipette electrode and the cell membrane followed by local rupture of the attached membrane. This allows
to establish contact between the pipette solution and the cell's cytoplasm while maintaining the cell's
internal environment intact. In this configuration the responses to a voltage change can be investigated
in a straightforward manner and the extracellular environment can be easily controlled by perfusion with
solutions of defined composition.

The recordings were performed in HEK cells that were transfected with either an empty vector (as
negative control) or CALHM constructs tagged with vYFP-Myc-SBP at a C-terminus to facilitate the
identification of channels with high surface expression of the transfected constructs. | have included
CALHM1 and CALHM1/3 in my study as positive control to reproduce the functional behavior of
channels that were previously characterized, as well as CALHM2, CALHM4, and the co-transfection of
both protein constructs®>#. Currents were recorded in a response to voltage step protocol in the absence
and presence of extracellular calcium, conditions which readily activate CALHM1 and CALHM1/3
channels?#4,

Figure 33-A shows example traces of whole-cell patch-clamp recordings from cells expressing different
CALHM proteins. Consistent with previous reports on CALHM activity in mammalian cells, expression
of CALHML evokes small and slowly activating outwardly rectifying currents indicating its activation
at positive voltages (Figure 33-A)24. The co-expression of CALHM3 with CALHM1 generates large
currents with faster activation kinetics (Figure 33-A)?. No significant differences were observed
between recordings measured in absence of Ca?", probably due to the limited number of recordings
performed (Figure 33-A and B). In line with our previous findings from two-electrode voltage clamp
recordings, no currents were observed in cells expressing CALHM2 or CALHM4 alone (Figure 33-A
and B). Similarly, co-expression of both CALHM2 and CALHM4 failed to generate any detectable
currents beyond the negative control (Figure 33-B). These results indicate that, unlike CALHM1 and
CALHM1/3, neither homomeric CALHM2 or CALHM3 nor heteromeric CALHM2/4 channels are
activated by membrane depolarization or extracellular calcium depletion. The functional consequences
of CALHM2 and CALHM4 interaction remain thus unclear.
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Figure 33. Whole-cell patch-clamp recordings of cells expressing CALHM homologues. (A)
Example traces recorded from HEK cells expressing either human CALHM1, CALHM2, CALHM4 and
cells that co-express CALHML1 and 3, and CALHM2 and 4 are shown. Currents evoked by mock-
transfected cells (neg.) are shown for comparison. Currents were evoked by 500 ms voltage pulses from
-80 mV to 100 mV in 10 mV increments from a holding potential of -40 mV. (B) Summary of current
densities recorded as in (A). Data show current densities of single cells at 100 mV recorded in 2 mM
CacCl; containing (circles) or CaClz-free (triangles) extracellular solutions. Mean currents (grey bars)
and standard deviations (error bars) are given for replicates with n greater than 2.
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2.4 Structural studies of heteromeric CALHMZ2/4 channels

Because of the compelling evidence for the interaction between CALHM2 and CALHM4 proteins, yet
lack of the activity observed, | decided to determine the structure of the complex to get an insight into
the nature of their interaction. | expected that the structures would reveal how these two proteins
mutually affect each other and potentially reveal features that are integral to their currently unknown
functional roles. Oligomeric assemblies of homomeric CALHM channels offer various possibilities in
which CALHM2 and 4 proteins could interact with each other. For example, the interaction could occur
within a single channel, by dimerization of homomeric channels or it could have the character of an
accessory protein not being a part of the channel itself. Moreover, various stoichiometries of the
arrangements could be expected, including an interaction-dependent heterogeneity of conformations of
subunits of the same kind. The method of choice to determine the structure was cryo-EM, however, such
efforts require tools to overcome the similarity of homologues to be able to distinguish them in
heteromeric assemblies. | suspected, that the lack of distinct structural features of CALHM2 and 4
paralogues would disturb particle alignment, particularly if heterogeneous assemblies would be present.
Such difficulties have been reported by others, during the analysis of structures of heteromeric large-
pore ion channels, which impeded the resolution of distinct subunit patterns?658, Thus, in an attempt
to overcome this issue, | decided to introduce artificial structural features specific for the subunits to aid

the unambiguous alignment and thus the subunit identification in the complex.

2.4.1 Binders generation and characterization

Synthetic nanobodies, also known as sybodies, are engineered protein-based binders that specifically
bind to their targets®” 8, They are designed to mimic the natural shape diversity of camelid nanobodies
and possess three complementarity determining regions (CDRs), which are variable domains that
constitute the epitopes®. The variable length and arrangement of CDR3 determines one of the three
binding modes: concave, loop, and convex, with each name reflecting the geometry of the binding
surface®®. Three sybody libraries have been constructed by randomizing sequences of CDRs in a
controlled manner®®, This approach aimed to involve sequences that have been previously reported to
be beneficial for binding, in particular of membrane proteins, while excluding unfavorable sequences®.
As a result, the predefined scaffold and the variety of sybodies generate an optimal surface
complementarity to the limited hydrophilic epitopes of membrane proteins®. In addition to their
selective binding properties, sybodies offer several advantages over traditional antibodies®. They are
smaller in size, have a higher stability and are easier to produce®®. Thus, to specifically label CALHM2

and CALHMA4 proteins within the complex, | decided to select sybodies against each protein.
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One of the prerequisites of conducting sybody selection is a biochemically stable sample of pure
protein®”%8. The purification protocols for CALHM2 and 4 have been established as described in the
section 2.1.2. The other requirement is protein biotinylation as the sybody platform utilizes biotin-
streptavidin interactions to selectively immobilize target proteins in the selection and characterization

process.

2.4.1.1 Biotinylation

Biotinylation of CALHM2 and CALHM4 has been performed with a derivative of a biotin reagent that
targets primary amines such as the side-chain of lysines or the amino-termini of polypeptides. The
procedure is straightforward and involves incubation of the reagent with the protein. The degree of the
biotinylation can be easily controlled by adjusting protein concentration and incubation time. For sybody
selection, attention should be paid not to over-biotinylate a protein as this could reduce available epitope
surface®’. Conversely, under-biotinylation should also be avoided as it could result in a loss of binders®’.
In case of CALHM proteins, their high oligomeric state has been utilized, to biotinylate only a fraction
(one tenth) of proteins. This ensured efficient immobilization of the channels while retaining
unbiotinylated lysins in some of the protomers. Thus, short incubations have been performed for
CALHM2 and 4 and the biotinylation was assessed with the SDS-PAGE analysis. Figure 34 shows an
SDS-page analysis of biotinylated CALHM2 and CALHMA4. Since biotin-streptavidin binding is
resistant to SDS denaturation, upon complex formation a band corresponding to the
streptavidin-CALHM complex can be observed (Figure 34). A diffuse band at higher oligomeric state
is observed in the sample of the mixture of streptavidin and CALHM, when compared to the samples of
streptavidin or CALHM only, while the intensity in the CALHM bands is reduced (Figure 34). This
confirms the successful biotinylation of CALHM2 and CALHM4, which were both further used for
selecting anti-CALHM sybodies.

é\& $$
& &
F&e F e
& & S\ g& ,éfb& v$
kDa 9 i) C kDa i) i) C
250 250 =
Figure 34. Biotinylation of
150= 150 CALHM2 and CALHM4.
100 #i - #i SDS-page analysis of samples of
75 = 100= streptavidin, a mixture of streptavidin
5= and biotinylated CALHM2 or
<o . CALHM4 and biotinylated CALHM?2
or CALHM4 only. ‘## indicates the
7 5 region of streptavidin-CALHM
# # complex migration, ‘# indicates
25 = 25 = CALHM proteins only.
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2.4.1.2 Selection of synthetic nanobodies

To select sybodies targeting CALHM2 and CALHM4 | employed a standardized protocol®’. In this
procedure | used mRNA libraries of concave, loop and convex sybodies kindly provided by prof. Markus
Seeger from the Institute of Medical Microbiology, UZH. The sybody platform is an in vitro system
constructed as a selection cascade, which involves multiple steps that enrich a pool of binders that
exhibit binding affinity towards the target proteins®”¢8, The process began with one round of ribosome
display, where sybodies were displayed on ribosomes against CALHM proteins. Subsequently, two
rounds of phage display were conducted, utilizing the enriched ribosome-displayed sybodies. Following
the phage display rounds, potential binding candidates were identified using an enzyme-linked
immunosorbent assay (ELISA). In ELISA screening, the signal strength relates to the amount of a
sybody present in the sample. To identify binders, the ratio of the signal against CALHM to the signal
against the negative control was evaluated, and sybodies were classified as positive hits if the ratio
exceeded a factor of 1.5 as recommended in the protocol®’. Figure 35 shows the results of ELISA assays
for sybodies against target CALHM2 and CALHMA4.
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Figure 35. Screening of sybodies targeting CALHMSs in an ELISA assay. Data are presented as ratios
of signals against (A) CALHM2 or (B) CALHM4 to the signals against the negative control, TM287/288
for (a) convex (b) loop and (c) concave sybody libraries. Entries are colored on a gradient scale, ranging
from blue for the lowest values to red for the highest values. H12 is a positive control of protein
TM287/288 and its specific sybody.

The data shows generally higher signal values for CALHM compared to the negative control for the
majority of selected sybodies in all three libraries, indicating positive hits. To obtain their genetic
sequences, thirty hits from the ELISA were randomly selected from each library and subjected to
sequencing. As recommended in the protocol®, we did not exclude low ratio sybodies, as the signal does
not necessarily correlate with binding affinity. After eliminating flawed and redundant sequences,
Figure 36 displays the alignment of the variable regions of the 96 sequenced sybodies for each paralog.
The sybodies originating from libraries convex, loop, and concave were annotated with 'R', 'B', and 'G',
respectively, for sybodies targeting CALHM2. For sybodies targeting CALHM4, they were annotated
with 'r', 'b', and 'g'. The second part of the name corresponds to the row and column in the ELISA

screening tests (Figure 35).

A
CDR1  CDR2 CDR3 CDR1 CDR2  CDR3 CDR1 CDR2 CDR3
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Figure 36. Sequence alignment of ELISA hits. Shown are the aligned three complementary
determining regions (CDR) of convex, loop and concave libraries for sybodies targeting (A) CALHM2
and (B) CALHM4.
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2.4.1.3 Purification of ELISA hits

Note: purification and binding tests of sybodies targeting CALHM4 have been performed by Martina
Peter as part of her master project carried out under the supervision of the author of the thesis.

To ensure their suitability for downstream applications, the biochemical properties of the identified
binders were assessed. To this end, sybodies have been expressed in small scale in bacterial cultures and
subsequently purified by affinity chromatography followed by size exclusion chromatography.
Desirable features include high purification yield and lack of aggregation or oligomerization. Figure 37
and 37 display size exclusion profiles of fifteen evaluated sybodies for CALHM2 and 4, respectively.
For both homologues more than half of the tested sybodies exhibited a high yield and demonstrated
monomeric elution on the column, making them suitable for downstream application, thus they were
subjected to further characterization (Figure 37 and 38). Other sybodies were excluded due to their low

expression levels or strong interaction with the column.
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Figure 37. Purification tests of sybodies targeting CALHM?2. Size exclusion profiles of sybodies
targeting CALHM2 purified on an SRT-10C SEC 100 column are shown. The void volume of the
column is at 9 ml. Monomeric sybodies elute between 10.5 ml and 12 ml. Sybodies eluting later than
12.5 ml display strong hydrophobic interaction with the column.
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Figure 38. Purification tests of sybodies targeting CALHMA4. Size exclusion profiles of sybodies
targeting CALHM2 purified on an SRT-10C SEC 100 column are shown. The void volume of the
column is at 9 ml. Monomeric sybodies elute between 10.5 ml and 12 ml. Sybodies eluting later than
12.5 ml display strong hydrophobic interaction with the column.



2.4.1.4 SEC binding assay

In the final step, sybodies were tested with respect to their binding properties to the target protein through
binding assays. One commonly used method to evaluate protein interaction is size exclusion
chromatography. In this assay, a mixture of target protein and a binder are loaded on a size-exclusion
column alongside the target protein alone. Since the elution volume is determined by the hydrodynamic
radius of the protein or protein complex, the interaction of two proteins results in a shift towards lower
elution volumes compared to un-complexed protein, although this shift could be small for large
membrane protein complexes. To performed this assay mixtures of CALHM proteins and sybodies were
prepared at the final CALHM concentration of 25 M and twice molar excess of sybodies. Figure 39
and 40 shows the results of the binding assay for the target CALHM2 and CALHM4 protein with the

selected sybodies.
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Figure 39. SEC binding assay of sybodies targeting CALHM2. Overlayed Superose S6 SEC profiles
show comparison of elution volumes of samples of CALHM2 (dashed line) and mixtures of CALHM
and sybody (continuous line). Insets show SDS-page gel analysis of peak fractions containing
CALHM2 (*) and co-eluted sybody (#).
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Figure 40. SEC binding assay of sybodies targeting CALHM4. Overlayed Superose S6 SEC profiles
show comparison of elution volumes of samples of CALHM2 (dashed line) and mixtures of CALHM
and sybody (continuous line). Insets show SDS-page gel analysis of peak fractions containing
CALHM4 (*) and co-eluted sybody (#).

For CALHM2, small shifts towards the lower elution volume are observed for several sybodies
combined with an increase in the absorbance, which indicates complex formation (Figure 39). The
fractions of the peak corresponding to the putative complex were additionally analysed by SDS-PAGE.
In eight samples, this analysis revealed a co-eluted sybody, thus confirming complex formation (Figure
39). Due to their large number, I did not include all promising sybodies in the subsequent experiments
and instead selected sybody RA5 as the most promising candidate, due to its high expression yield and
monodisperse peak of the formed complex and the high amount of the sybody detected on the SDS
PAGE gel (Figure 39).

Surprisingly, we obtained different results for sybodies selected against CALHM4. A broadening of the
peak, rather than its shift to lower volumes was observed for two sybodies, gB11 and gA5 (Figure 40).
Additionally, when analysed by SDS-PAGE, either no or only faint band of coeluted sybody was
observed (Figure 40). A strong sybody band observed for gF2, was not accommodated by a shift in

elution volume or an increase in the absorption (Figure 40). Although the lack of increase in absorbance
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is puzzling, the unaltered elution volume might be a consequence of the size of the complex and the
limited resolution of the column (Figure 40). CALHM4 forms large complexes eluting close to the void
volume, where the resolution of the column is probably not good enough to observe the shift upon
binding of the small sybodies (Figure 40). Additionally, there might be technical artifacts that result in
slight shifts in the chromatograms that do not originate from changes in molecular masses. In case of
CALHM4, SEC profiles thus proved not to be sensitive enough to draw conclusions concerning complex

formation.

2.4.1.5 Pull-down binding assays
Because of the limitations encountered in the SEC binding tests, | decided to complement the evaluation
of sybody binding by pulldown assays. To this end, sybodies and CALHM4 were co-expressed in
HEK?293T cells. Upon lysing the cells, the affinity tagged sybody was immobilized on a resin and served
as a “bait” for untagged CALHM4 protein. The course of the assay was monitored by SDS-PAGE in-
gel fluorescence as both proteins were fluorescently labelled. The assay was performed with sybodies
rD10 and rD11 as they gave high ELISA signals (above 15) but their evaluation in the SEC binding
assay was restricted by their low expression yields.

Input Elution Figure 41. Pull-down binding assay

of sybodies targeting CALHMA4.
CALHMA_VM + + + + + SDS-PAGE  in-gel  fluorescence

VMS 4 - - + - - analysis of sybody-CALHMA4
rD10_VvMSs . 4+ . -+ - interactions. Input: whole cell lysates
rD11_VMS - - + - - + of cells co-transfected with fusion to

fluorescent proteins. Elution: elution
from affinity chromatography. *
indicates CALHM4, # sybody, ## tag

-me - -7
25—' ’ HH

The results of the pulldown binding assays are shown in Figure 41. The presence of CALHM4

kDa
75 —

and sybodies bands in the cell extracts confirms their successful co-expression (Figure 41). To examine
complex formation, the eluted samples from affinity purification were analysed. For the negative control
and rD11, a weakening of the CALHM4-band from the supernatant to the eluates is observed (Figure
41). In case of rD10, an enrichment of CALHM4 band is observed in the elution sample compared to
the negative control, suggesting that CALHM4 was co-eluted with rD10 due to complex formation
(Figure 41). These indicates that rD10 binds CALHM4. Although simple and generally promising, it
is difficult to make final conclusions concerning binding properties with this pulldown method. The
sybodies are co-expressed together with CALHM4 in the HEK293T cells. Whereas CALHM4 expresses
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to comparably high levels in the cells, we have no control over amounts of expressed and well-folded
sybodies and those amounts differ between sybodies. Such differences might significantly affect the
efficiency of binding the pull down of the target protein. Sybodies identified as non-binders when
employing this method could thus possibly still bind CALHM4 when investigated under different

conditions.

2.4.1.6 Summary of sybody selections

Several binders were successfully generated for both homologues using the sybody technology. The
highest number of binders was selected from the concave library, which could be attributed to its
complementarity to the target. In the SEC binding tests, more sybodies were identified for CALHM2
than for CALHMA4. This discrepancy is intriguing, yet difficult to explain. Although stability assays
were not conducted at this stage, a preliminary analysis using size exclusion chromatography after a 2-
hour incubation at -4 °C did not reveal significant differences in the stability of the two proteins (data
not shown). In fact, CALHM2 exhibited a small amount of aggregation, whereas CALHM4 did not
show any significant stability issues. Hence, the difference cannot be explained by the lower stability of
CALHM4 target. In this case a plausible explanation of the difference might either be related to the
oligomeric state of the samples affecting the exposure of possible epitopes, since CALHM4 forms
channel dimers, handling of the sample during the selection or low affinity of the anti-CALHM4
sybodies. Additionally it should be noted that SEC binding assays may not be an optimal method for the
investigation of sybody binding, as evidenced by at least one sybody yielding a false negative result in
this screen. Therefore, caution should be exerted when making conclusion based on the results of this
assays, as they might reflect errors in the sample preparation rather than real differences (e.g. different
intensities of CALHM4 are observed on the gel insets corresponding to the CALHM4 input where
equivalent amounts of protein were assumed to be loaded (Figure 40). Utilization of higher excess of
sybodies in the mixture sample could aid identification of the complex assuming that the observed
results are a consequence of low affinities. Thus, the number of the identified sybodies is by no means
final and further screening would likely reveal more binders. For the purpose of this study, we chose
RAS5 targeting CALHM2, and rD10 and gF2 targeting CALHM4 for the further structural

characterization. Figure 42 shows the sequences of the sybodies selected for further characterization.
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Figure 42. Sequence alignment of sybodies targeting CALHM2 and CALHMA4. The regions of three
complementary determining regions (CDR) are indicated.

2.4.2 Structure determination of CALHM-sybody complexes

Binder selection resulted in the identification of several sybodies targeting CALHM2 and CALHMA4.
Based on their promising biochemical and binding properties, we have selected one sybody targeting
CALHM2 and two sybodies targeting CALHM4 for structural studies. Prior to the structural
characterization of heteromeric CALHM2/4 complexes | decided to elucidate the binding sites of the
sybodies in complexes with their targets. For the purpose of resolving CALHM subunit patterns in
heteromeric complexes, the epitope is ideally located within single CALHM subunit independent from
adjacent homologues. Since CALHM proteins form large complexes and proved to be suitable targets
for cryoEM, the specific labeling of individual subunits was my attempted goal for the characterization
of CALHM heteromers.

2.4.2.1 Structure determination of CALHMZ2 in complex with sybody RA5

In our attempt to the determine the apo structure of CALHM2 described in chapter 2.1.3, the channels
displayed preferred orientation which prevented the reconstruction of a 3D density at high resolution.
However, the presence of binders often changes the behavior of a sample on the grid and the
identification of sybody RAS thus offered a new approach for the structure determination of CALHM2.
Therefore, the sample was prepared as described previously and prior to vitrification mixed with a 1.5
molar excess of RA5 to reach a final concentration of the complex of 45 uM. A large dataset of 8500
images was collected on a Titan Krios equipped with an energy filter and a K3 camera. Figure 43 shows
details of the processing strategy. In brief, around one million particles were picked and subjected to
two rounds of 2D classification (Figure 43- A-C). Particles showing features of CALHM channels were

sorted by ab-initio reconstruction, which revealed undecameric and decameric assemblies (Figure 43C).
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Subsequently, the particles of the predominant undecameric assembly were classified and refined by

heterogenous refinement (Figure 43-C).
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Figure 43. Cryo-EM reconstruction of CALHM2 in complex with sybody RA5. (A) Representative
cryo-EM micrograph acquired with a Titan Krios microscope equipped with an energy filter and a K3
camera. (B) 2D class averages of CALHM2 in complex with the sybody (C) Ab-initio reconstruction
allowed to isolate two populations representing decameric and undecameric assemblies. The particles
were further sorted by heterogenous refinement and undecameric assemblies were refined with several
rounds of iterative non-uniform and CTF refinement. The distribution of particles (%) of each class is
indicated. To address the flexibility of the pore lining region, an approach that combined symmetry
expansion and signal subtraction was employed, in which all of the subunits were subtracted and
subjected to the 3D variability analysis with resolution filtered to 9 A. (D) FSC plot of the final refined
undecameric structure unmasked (blue), loose (green) and tight (red) masked, and corrected for mask
convolution effects (purple) cryo-EM density map of CALHM2-RA5 complex. The resolution at which
the FSC curve drops below the 0.143 threshold is indicated. (E) Final 3D reconstruction of CALHM2-
sybody complex colored according to local resolution.
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The subset of high-quality particles was then refined with several rounds of non-uniform and CTF
refinement and C11 symmetry was imposed in the final refinement step (Figure 43-C). This approach
yielded a map at a global resolution of 3.07A for undecameric CALHM2 (Figure 43-D and E).
Additionaly, to improve the resolution of the sybody binding region, local refinement with a tight mask
around the intracellular region was performed, which improved the resolution of this region to 2.8A
(Figure 43-C). The obtained map permitted the interpretation of the bulk of the structure by an atomic
model. Figure 44 shows representative sections of the cryo-EM density superimposed on the model.
The densities of NTH and TM1 are poorly resolved, therefore we did not model these regions (Figure
44). To further analyze the underlying reason for this poorly resolved regions, we have applied a
combination of symmetry expansion, particle subtraction and 3D variability analysis, which revealed a
conformational heterogeneity in the sample with two distinct end states that are discussed in more detail
further in this chapter (Figure 43-C).

Figure 44. Cryo-EM density of CALHM2. Cryo-EM density at 3.07 A of selected regions of the
undecameric CALHMZ2 structure superimposed on the model. Structural elements are indicated.
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2.4.2.2 General architecture of CALHM2 channels

Similarly to CALHM4 and 6 samples, in the CALHM2 dataset we observe decameric and undecameric
assemblies of CALHM2 channels (Figure 43-C). As the case for CALHM®6 and in contrast to
CALHMA4, the distribution is not uniform with undecameric assemblies constituting the majority of the
channels and no dimerization of the channels is observed (Figure 43-C). A high-resolution
reconstruction was obtained for larger assemblies only, thus the structure of CALHMZ2 discussed in this
chapter is based on the model of undecamers. Figure 45 shows the final cryoEM map and corresponding

molecular model of undecameric CALHM?2 channels.

Figure 45. CALHM2 structure. The views are from within the membrane (top) and from the
extracellular side (bottom). CALHMZ2 subunits are colored in blue and yellow, respectively and the
sybody is colored in grey. (A) Cryo-EM density of undecameric CALHM2 channels at 3.07A. (B)
Ribbon representation of the undecameric CALHMZ2 structure.

The structure of CALHM2 channels is similar to that of CALHM4 and 6, where the subunits arrange
around an axis of symmetry, which defines the large central pore (Figure 45). Consistently, CALHM2
subunits adopt a similar architecture as the two other homologues. Figure 46 shows a structure of
CALHM2 subunit and its comparison to CALHM4 and 6. Subunits of the three homologues are
composed of four transmembrane helices and a long cytoplasmic C-terminal helix (CTH) followed by
loops and short helices (Figure 46-A). On the extracellular side, two disulfide bonds between
extracellular regions connecting TM1 with TM2 and TM3 with TM4 are conserved among the three
CALHM homologs (Figure 45-C). The contacts between subunits proceed through hydrophobic
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interactions between TM2 and TM4 of adjacent subunits and the stacking of the CTHs (Figure 46-B).
In the cytoplasmic region, the three CALHM homologs adopt similar architectures, however, an
additional helix is present in CALHM2 (Figure 46-A). The defined cytoplasmic region of CALHM2
consists of the long a-helix (CTH) followed by an extended region, which folds towards the pore and
turns back towards the outer ring forming an extra short a-helix and two additional conserved short
a-helices (Figure 46-A). Following this region and after a short sequence stretch that is not defined in
the density, there is another loop that is unique to the CALHM2 structure. This loop interacts with
hydrophobic and polar surfaces of the C-terminal and intracellular loops of the adjacent subunit (in

counterclockwise orientation when viewed from the intracellular side) directly beneath the

transmembrane domain (Figure 46-B).
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Figure 46. CALHM2 subunit. (A) Superimposition of the CALHM2 subunit with subunits of
CALHM4 (left) and CALHMBG (right). The views are from within the pore (upper panel) and cytoplasm
(bottom panel). Secondary structures are color coded as indicated in the figure. Structures of CALHM4
and 6 are shown transparent. (B) Two subunits of CALHM2 viewed from the membrane. The C-terminal
loop of the right subunit is colored in red. (C) Conserved disulfide bonds connecting two extracellular

loops.
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2.4.2.3 Pore geometry of CALHM2 channels

The densities of pore-lining a-helices NT and TM1 are not resolved in the reconstruction of CALHM2,
indicating an enhanced flexibility of these regions (Figure 44). Thus, | refrained from modeling both
elements. Though the absent densities prohibits the unambiguous analysis of the pore-lining regions, |
have attempted to describe its properties to some extent. Figure 47 shows features of the CALHM2

channels pore and pore lining TM1.

Figure 47. CALHM2 pore geometry. (A) Slices through the CALHM2 (left) channels viewed from
within the membrane illustrating the density of pore lining TM1. View of CALHM2 at lower contour
(right) shows extra density for this mobile element. Maps are low-pass filtered at 6 A. Density
corresponding to TM1 is colored. (B) Slice through the pore region of CALHM2. Shown is non-
averaged density at low contour to highlight nonresolvable densities. (C) Superposition of single
CALHM2 subunits in the densities illustrating conformational heterogeneity of TM1.
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The observed density at the very end of TM1 aligns well with the lifted conformation of TM1 of
CALHMBG6 (Figure 46-A), however the analysis of the map at the higher contour revealed the extra
density in the region of TM1 (Figure 47-A). This density runs parallel to the TM bundle and is nearly
perpendicular to the density projecting towards the pore (Figure 47-A). Whether this branching
originates from two independent conformations of TM1 is unclear, however, it indicates the
conformational heterogeneity of subunits. In an attempt to address this ambiguity, | employed symmetry
expansion followed by signal subtraction and 3D variability analysis of individual CALHM2 subunits
(Figure 43-C). This approach separated two discrete end states, one with TM1 density projecting
towards the pore and the other with more prominent extra density projecting parallel to the
transmembrane domain, indicating that they represent two different conformations (Figure 47-C). Upon
superimposing a CALHMZ2 subunit on both reconstructions, the former accommodates well the lifted
end of TM1, which later surprisingly bends in opposite direction away from the pore (Figure 47-C).
When superimposing a CALHM2 subunit onto the other reconstruction, the down conformation,
resembles the orientation of TM1 observed in CALHM4 (Figure 47-C). However, the 3D classification
of individual subunits failed to separate the two conformations (data not shown), which suggests that
both states might either represent partialy resolved distinct regions of the same conformation or that we
observe a range of conformations, which cannot easily be separated. E.g. the length of the not resolved
TM1 and NTH allows to speculate that from the down conformation of TM1, the NTH could fold
upwards along the pore, forming a flexible loop that reaches towards the extracellular region of TM1.
Additionally, the analysis has been performed on a single subunit isolated from the adjacent protomers,
however, another possibility that the extra densities originate from the neighbouring subunit cannot be
excluded. Therefore caution should be exerted when interpreting these results. Nonetheless, the
heterogeneity and flexibility are likely contributing factors to the inability to clearly resolve these
regions and it is probable that the branched densities inside the pore represent intermediate states

between the lifted and down conformation of TM1.
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2.4.2.4 Binding of the sybody RA5 to CALHM2

In the map of the CALHM2/RA5 complex pronounced density is visible, which originates from the
sybody RA5 binding to CALHM2 channels. Figure 48 shows details of the binding of RA5 to
CALHM2. The binding of sybodies to all eleven subunits is observed involving interactions with the

cytoplasmic region of each subunit (Figure 45-A,B and 48).

Figure 48. Details of RA5 sybody binding to CALHMZ2. (A) Ribbon representation of two CALHM2
subunits (yellow and blue) with one sybody (grey) bound shown. On the right close-up on the binding
site, which involves both subunits is shown. (B) Cryo-EM densities of the CALHM2 epitope (blue) and
RAS paratope (grey). (C) View on the interaction interface. The interacting sites are shown as Ca. trace
with the sidechains of interacting residues displayed as sticks.
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The high quality of the map allowed for a detailed interpretation of this interaction (Figure 48-B). The
binding is mediated by the C-terminal loop of one subunit, which interacts with the cytoplasmic region
of the adjacent subunit beneath the bundle of helices of the cytoplasmic part of CALHM2
(Figure 48-A) . The primary interaction between the sybody and the C-terminal loop of CALHM2
involves the backbone of the loop and the elongated CDR3 of the sybody (Figure 48-A and C). This
extended interaction is further stabilized by ARG288 of the adjacent CALHM2 subunit, which is
coordinated by carbonyl groups on CDR3 (Figure 48-C). Conversely, ARG108 of CDR3 is in turn
coordinated by carbonyl groups of the CALHMZ2 cytoplasmic region (Figure 48- C). Interestingly, this
epitope is poorly conserved and it concerns a region that was not well defined in CALHM4 and 6
structures, suggesting that the sybody binding is selective and stabilizes this flexible loop at the

cytoplasmic rim of CALHM2.

2.4.2.5 Structure determination of CALHM4 in complex with sybodies

Note: The structure determination of CALHM4-sybody complexes has been performed by Martina Peter
during her Master project carried out under the supervision of the author of the thesis

For the structure determination of CALHM4 in complex with sybodies, the sample was prepared in
GDN. The sample at a concentration of 50 uM was then mixed with either of two sybodies gF2 or rD10
at a 1.5 molar excess and plunge frozen in a mixture of liquid propane and ethane. Datasets of 3,696
and 1,666 images were collected with the cryo-electron microscope for complexes with sybodies gF2
and rD10, respectively. Figure 49 and 50 show details of the processing strategy. More explicit details
of cryoEM data processing can be found in the Method section. In brief, picked particles were subjected
to 2D classification followed by initial model generation with the imposition of C10 symmetry. In the
cryoEM data processing, it is strongly discouraged to apply symmetry at early stages of the data
analysis®®. However, both datasets suffered from severe preferred orientation of the complexes with a
predominance of side views, which was partially mitigated by the early imposition of symmetry (Figure
49 and 50). Thus we proceeded with 3D classification and refinement while imposing symmetry
(Figure 49 and 50). The applied point groups were optimized to enhance the sybody densities (Figure
49 and 50). As a result, only dimers of decamers have been reconstructed, in contrast to the apo structure
of CALHMA4 where both undecameric and decameric channels have been observed at about equal ratios.
This discrepancy likely does not reflect an absence of the larger assemblies in the sample, as such
assemblies are observed in the 2D class averages (Figure 50-B). Instead, it is probably a result of the
early imposition of C10 symmetry, which might have artificially masked sample heterogeneity.
Additionally, the CALHM4-rD10 complex structure exhibits both the compression of the hemichannel
and the absence of sybodies visualized at this channel when using a high contour (Figure 50-E). I ascribe
this to the poor quality of the dataset and the applied symmetry. Despite these issues, this approach
yielded maps at a global resolution of 3.7 A and 4 A for complexes of CALHM4-gF2 and CALHM4-

rD10 respectively (Figure 49-E and 50-E). In both maps, the CALHMA4 density is of high resolution
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allowing the placement of the previously obtained model of CALHM4 (Figure 49-E and 50-E). In
contrast, the respective densities of the sybodies are of lower resolution (Figure 49-E and 50-E), which
could be a result of different reasons including the partial occupancy of binding sites, the intrinsic
mobility of bound sybodies or the applied processing strategy. Although the fragmented density did not
allow to build detailed atomic models of the sybodies, | was able to fit models of the their constant

region to define their plausible orientation in the structure.
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Figure 49. Cryo-EM reconstruction of CALHM4 in complex with sybody gF2. (A) Representative
cryo-EM micrograph acquired with a Titan Krios microscope equipped with a K3 camera. (B) 2D class
averages of the CALHM4-gF2 complex. (C) 3D classification allowed to isolate CALHM4-gF2
particles. The particles were further refined with iterative polishing, and 3D and CTF refinements. (D)
FSC plot of the final refined undecameric unmasked (blue), masked (green), randomized (orange) and
corrected for mask convolution effects (purple) cryo-EM density map of the CALHM4-gF2 complex.
The resolution at which the FSC curve drops below the 0.143 threshold is indicated. (E) Final 3D
reconstruction of CALHM4-gF2 complex colored according to local resolution.
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Figure 50. Cryo-EM reconstruction of CALHM4 in complex with sybody rD10. (A) Representative
cryo-EM micrograph acquired with a Titan Krios microscope equipped with a K3 camera. (B) 2D class
averages of a CALHM4-rD10 complex. (C) 3D classification allowed the isolation of high quality
CALHM4-rD10 particles. The particles were aligned and their orientation was further refined by
iterative polishing, and 3D and CTF refinements. (D) FSC plot of the final refined undecameric
unmasked (blue), masked (green), randomized (orange) and corrected for mask convolution effects
(purple) cryo-EM density map of the CALHM4-gF2 complex. The resolution at which the FSC curve
drops below the 0.143 threshold is indicated. (E) Final 3D reconstruction of CALHM4-rD10 complex
colored according to local resolution.
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2.4.2.6 Binding of sybodies gF2 and rD10 to CALHM4

Figure 51-A and B show the final cryoEM maps of the CALHM4-gF2 and CALHM4-rD10 complexes.
The maps revealed the presence of ten gF2 and five rD10 sybodies situated in the extracellular region
of the channel (Figure 51-A and B). The structure and conformation of CALHM4 in both complexes
is identical to the apo structure of this channel. Based on the fits of homology models, the CDR loops
of both sybodies bind the extracellular region of CALHMA4, in a slightly different manners (Figure 51-
C and D). In case of gF2, all three CDR loops target the region connecting TM3 and TM4 of CALHM4
(Figure 51-C), therefore the epitope of gF2 is confined to a single CALHM4 subunit (Figure 51-A and
C). In case of rD10, the epitope on CALHM4 includes the TM3-TM4 connecting region, which is
targeted by CDR2 and CDR1 (Figure 51-D). In addition the interface between the subunits is targeted
by CDR1 and CDR3. Such binding of rD10 has a remarkable consequence of preventing the binding of
a second sybody to the adjacent subunit (Figure 51-D). Therefore, only five rD10 sybodies bind ten
CALHM4 subunits in an alternating manner (Figure 51-B). Although the described binding mode is
approximate, it is supported by a sequence analysis of the epitopes and paratopes within these models.
The extracellular region of CALHM4 is enriched in polar residues. Similarly variable regions of CDR1
and CDR2 of both sybodies targeting this region predominantly consist of polar residues (Figure 36-
B). In contrast, CDR3 of rD10 is composed of predominantly hydrophobic (Figure 42) residues and it
extends towards the interface of subunits, which contains polar and hydrophobic residues, potentially

engaging in interactions with corresponding residues on CDRS3.
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Figure 51. Details of rD10 and gF2 sybodies binding to CALHM4. Final cryoEM map of (A)
CALHM4-gF2 and (B) CALHM4-rD10 complexes. The views are from within the membrane (left) the
extracellular side (right) and on two neighboring subunits from with the pore (bottom). (B) Fitting of
the homology model of (C) a concave sybody into the density corresponding to the gF2 sybody and of
(D) a convex sybody into the density of rD10 sybody. The densities are blurred with a b-factor of 100.
The regions of CDR1, 2 and 3 are colored yellow, orange and red respectively. The secondary structures
of CALHMA4 are labelled and color coded.
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2.4.2.7 Selectivity determination by surface plasmon resonance

Note: The SPR measurements were performed by Marton Liziczai and Martina Peter

In order to selectively label individual CALHM homologues with sybodies, it was essential that they
specifically bind their intended target and do not exhibit cross-reactivity. To assess whether the selected
sybodies meet this criterion, surface plasmon resonance (SPR) measurements were performed. Figure
52 shows the results of the SPR measurement for sybodies RA5 (targeting CALHMZ2) and gF2 (targeting
CALHM4) against both CALHMSs. While the suboptimal quality of the sample prevented a quantitative
determination of the affinity for sybody RA5 (Figure 52-A), the obtained results did confirm the binding
of both sybodies to their targets and, importantly, no cross-reactivity to the second CALHM paralog was
observed for any of the two sybodies distinguishing them as subunit selective binders (Figure 52).
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Figure 52. SPR measurement of the interaction of sybodies gF2 and rD10 with CALHM2 and
CALHMA4. (A) Sensograms of sybody RAS5 against CALHM2 (left) and CALHM4 (right). (B)
Sensograms of sybody gF2 against CALHM4 (left) and CALHMZ2 (right). Solid lines show the measured
response curve, dotted lines the fits to a 1:1 binding model. The injected concentrations are indicated.
The determined affinity of sybody gF2 is indicated.
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2.4.2.8 Summary and conclusion on homomeric CALHM-sybody complex structures
Three sybodies have been structurally characterized in complex with their CALHM targets, RA5
targeting CALHMZ2, and rD10 and gF2 targeting CALHM4. The structure determination of the
CALHM2-RAS5 complex provided novel insight into the structural properties of CALHM2, which were
not obtained in my previous studies on the apo CALHMZ2 due to a preferred orientation of the protein
on the grids. Consequently, it is safe to assume that the binding of the sybodies reverses the preferred
partition of the cytoplasmic region of CALHM2 to the air water interface’™ resulting in a desirable
random orientation of particles. The structure of CALHMZ2 is generally similar to that of the two other
CALHM homologues CALHM4 and CALHMBG but, in contrast to CALHMA4, the conformations of the
pore lining TM1 and NT are not well defined due to their large flexibility. The RAS5 targets cytoplasmic
region of CALHM2 and the epitope is constituted by two subunits. In contrast to RA5 targeting
intracellular region of CALHMZ, sybodies rD10 and gF2 target the extracellular region of CALHMA4.
While the epitope of gF2 is confined to a single CALHM4 subunit, the epitope of rD10 is located at the
extracellular interface of adjacent subunits. Importantly, the binders are strongly selective towards their
respective targets and do not exhibit cross-reactivity between the two homologues.

For the purpose of resolving the detailed subunit distribution in heteromeric CALHM2/4 complexes, it
is essential that the sybody epitope is confined to a single subunit and thus not affected by the pairing
of homologues subunits. Among the tested sybodies, only gF2 meets this criterion. Therefore, gF2 has
been selected as binder assisting the structure determination of CALHM2/4 complexes. Additionaly, we
decided to determine the structure in a presence of both gF2 and RA5 sybodies, leveraging their opposite

localizations and facilitating the characterization of the potential heterogeneity of assemblies.

2.4.3 Structure determination of heteromeric CALHM2/4 channels

For the structure determination of CALHM2/4 complexes, the sample has been purified using tandem
affinity chromatography followed by size-exclusion chromatography in GDN. Two samples were
prepared at a final concentration of approximately 45 uM of CALHM proteins. One sample was
supplemented with a 1.5 molar excess of gF2, while the second sample contained both, a 1.5 molar
excess of gF2 and a 2.5 molar excess of RA5. Large dataset were collected for both samples and a
similar data processing strategy was employed. Figures 53 and 54 show the details of the processing.
First, particles were picked and subjected to 2D classification, which yielded single oligomeric channels
and dimers of channels resembling those of homomeric CALHM4 (Figure 53-B and 54-B). In the 2D
classes, densities of sybodies were apparent, which varied in number between classes, indicating a
heterogeneity of assemblies (Figure 53-B and 54-B). 3D classification further confirmed the
heterogeneity of the sample and revealed three features: the presence or absence of dimerization of
channels, varying oligomeric states of channels ranging from decamers to undecamers and different
subunit stoichiometries that could not be unambiguously defined at this stage (Figure 53-B and 54-B).

Attempts to refine the individual assemblies did not yield high resolution reconstructions, likely for two
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main reasons. Firstly, the high number of different assemblies resulted in a low number of particles per
assembly, which hampered the refinement. Secondly, the heterogeneity within the classes was not
completely removed, which is evident in the different level of sybody densities within an oligomer
(Figure 53-B and 54-B), indicating that particles with subunits that do not bind the sybody contribute
to the reconstruction. Thus, the variation of the contour of the map does in many classes cause the
emergence or disappearance of additional sybody densities, further supporting that channels of different
stoichiometry contribute to the class. Additionally, some of the reconstructions display ambiguous
densities of CALHM subunits that prevented the determination of the exact oligomeric states of these
channels (Figure 53-B and 54-B). Due to the described issues, a different approach has been taken to
obtain a high-resolution structure. In the first step to reduce the heterogeneity, particles of dimers of
channels have been excluded at the level of 2D classification and only particles featuring single channels
were subjected to an ab initio reconstruction (Figure 53-B and 54-B). It is important to note that this
approach excluded only particles of dimers in the side view orientation. A similar approach was not
applied to sorting of the top views, except one class in CALHM2/4-gF2-RA5 dataset (Figure 54-B)
which clearly exhibited predominant occupation of the channels by CALHM4, which we suspected to
promote dimerization. After ab-initio reconstruction, to further sort out spurious particles, the remaining
particles were subjected to heterogenous refinement which separated undecameric and dodecameric
assemblies with similar distributions in both datasets (Figure 53-B and 54-B). The set of predominant
undecameric particles was further improved using hetero- and non-uniform refinement (Figure 53-B
and 54-B). This approach resulted in reconstructions at a global resolution of 3.9 A for CALHM2/4
complexes with gF2 only, and 3.26 A for complexes containing both gF2 and RA5 (Figure 53-C and
54-C). Those reconstructions partially resolved the subunit pattern in the channels, although some
positions exhibited lower local resolution (Figure 53-D and 54-D). Specifically, two subunits showed
lower resolution, likely due to a mixed occupancy of those positions by either of the two homologues
(Figure 53-D and 54-D). Further classification of those particles did not yield a better resolution nor
did it provide new information. Despite the compromised resolution, it was possible to unambiguously
assign the subunits in ten out of eleven positions (Figure 55). Where possible, respective subunit
structures obtained from homomers were fitted into the densities, except for positions showing novel
conformations, which were built de novo. The detailed description of model building can be found in
the Method section. Although the employed processing strategy did not allow to fully resolve discrete
states of the channels, it reveals predominant assemblies and their structural characteristics. Therefore,
I proceed to describe the diversity of assemblies based on the results of 3D classification and the detailed

features of CALHM2/4 channels based on the obtained high-resolution structures.
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Figure 53. Cryo-EM reconstruction of CALHMZ2/4 in complex with sybody gF2. (A) Representative
cryo-EM micrograph acquired with a Titan Krios microscope equipped with a K3 camera. (B) 2D class
averages allowed for the initial separation of populations of single channels and their dimers. 3D
classification on all high quality particles allowed to partially further separate different assemblies. Ab
initio reconstructions on particles featuring single channels resulted in low resolution maps of
undecameric assemblies. Further steps of heterogenous refinement have separated undecamers and
dodecamers. The smaller channels were refined to high resolution via several cycles of hetero- and non-
uniform refinement. (C) FSC plot of the final refined unmasked (blue), masked (green), randomized
(orange) and corrected for mask convolution effects (purple) cryo-EM density maps of an undecameric
CALHM4-gF2 complex. (D) Final 3D reconstruction of a CALHM2/4-gF2 complex colored according
to local resolution.
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Figure 54. Cryo-EM reconstruction of CALHM2/4 in complex with sybodies gF2 and RAS5. (A)
Representative cryo-EM micrograph acquired with a Titan Krios microscope equipped with a K3
camera. (B) 2D class averages revealed populations of single channels and dimers of channels. 3D
classification of all the particles allowed for a partial separation of different assemblies. Ab-initio
reconstructions on particles featuring single channels yielded undecameric assemblies. The subsequent
heterogenous refinement separated undecameric and dodecameric channels. The undecameric
assemblies were further improved to high resolution with hetero, non-uniform and Ctf refinement. (C)
FSC plots of the final refined unmasked (blue), masked (green), randomized (orange) and corrected for
mask convolution effects (purple) cryo-EM density maps of an undecameric CALHM2/4-gF2-RA5
complex. (D) Final 3D reconstruction of the CALHM2/4-gF2-RA5 complex colored according to local
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CALHM4

Figure 55. Cryo-EM density of CALHM2/4. Cryo-EM density of selected regions of the undecameric
CALHM2/4 structure superimposed on the model. Proteins and structural elements are indicated.
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2.4.4 Features of heteromeric CALHM2/4 assemblies

The two paralogs CALHM2 and CALHM4 form heteromeric assemblies with diverse oligomeric
organizations and subunit stoichiometries (Figure 53 and 54). In both datasets obtained in this study,
decameric, undecameric and dodecameric assemblies were observed although with uneven distribution
(Figure 53 and 54). In the complexes with one sybody targeting CALHMA4, the predominant assemblies
are undefined, contrasting the distribution in the complex with two sybodies, each targeting one of the
two paralogs, were undecamers and dodecamers constitute the predominant assemblies (Figure 53 and
54). It is apparent that the accuracy in the determination of the distribution in the CALHM2/4 complex
with gF2 is severely compromised by heterogeneous assemblies, which likely contain a mixture of
particles of the three different oligomeric states which were difficult to separate. However, a similar
distribution is expected in both datasets. Since the heterogeneity is better resolved in the complex
containing two sybodies (Figure 53-B and 54-B), | will continue to describe the general properties of
CALHM2/4 channel assemblies based on the data obtained for CALHM2/4_gF2_RAS5 complexes.
These assemblies can be divided into two main groups, one predominantly composed of CALHM4
subunits containing a smaller fraction of the total particles and the other being predominantly composed
of CALHMZ2 subunits, which constitute the majority of particles. Figure 56 illustrates the representative
assemblies of CALHM2/4 channels.
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Figure 56. Representative assemblies of CALHM2/4 channels in complex with gF2 and RA5
sybodies. Reconstructions of 3D classes of (A) Oligomers dominated by CALHM4, (B) undecameric
assemblies dominated by CALHM2 and (C) dodecameric channels dominated by CALHM2. Shown are
reconstructions at two contour levels to illustrate the heterogeneity of sybody positions. The arrow
indicates the decrease of the contour of the maps. The directions of the views are indicated.
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The predominance of distinct homologues in assemblies has consequences on the oligomeric states and
the dimerization of the observed particles (Figure 54-B and 56). The CALHM4-dominated channels
are not well resolved, including the density of the bound sybodies (Figure 54-B and 56-A). Nonetheless,
the number of the extracellular sybody densities indicate predominantly decameric assemblies of those
channels, which dimerize at their intracellular parts (Figure 54-B and 56-A). Although the low quality
of these reconstruction prevents the accurate assignment of subunits, the presence of CALHM2 in those
assemblies is indicated by the unequal strength of the densities of gF2 sybodies (Figure 54-B and 56-A).
Additionally, sybody-like density at the interface of the dimer, corresponding to the intracellular region
of the channels, which are targeted by anti-CALHMZ2 sybodies, is clearly visible in the 2D class averages
(Figure 54-B and 56-A), which indicates the presence of CALHM2 subunits in these particles.
Moreover, when analyzing CALHM4-dominant channels reconstructions at the low contour,
fragmented density at the intracellular side of the channel emerges (Figure 56-A). This density likely
originates from the dimeric assemblies of the same channels that are clearly defined in 2D classes
(Figure 54-B). The low quality of the densities of the interacting channel is presumably the result of a
compromised dimerization due to the presence of CALHM2 subunits. The CALHM2 dominated
assemblies are considerably better resolved, which allows for a more detailed analysis (Figure 54-B
and 56-B and C). Two oligomeric assemblies belonging to this group either form undecamers or
dodecamers (Figure 54-B and 56-B and C). Similar to CALHM4-dominated reconstructions, a variable
strength of the sybody density is observed, where the apparent number of CALHM4 subunits ranges
between two to five. Notably, while assemblies not exhibiting any strong gF2 density are also observed
(Figure 54-B and 56- C), residual density at the extracellular site observed at low contour together with
similar weak density of RA5 in the same position (Figure 56-C) indicates a partial occupancy of either
homologue which could not be efficiently separated and thus leads to a larger heterogeneity. The best
resolved classes constitute undecamers with either two or three CALHM4 subunits, which indicates that
such assemblies would be thermodynamically most stable and thus dominate the distribution. Despite
the differences in oligomeric states and relative abundances of subunits there is a common feature in
that subunits of the same kind are found to cluster (Figure 53, 55 and 56). Additionally, it was found
that the nature of the subunit and its position in the channel correlates with distinct pore conformations
(Figure 56).
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2.4.5 Features of a CALHMZ2/4 consensus structure

To describe detailed features of heteromeric CALHM channels, | have attempted to obtain a high
resolution consensus structures of both datasets (containing either one or two different sybodies) (Figure
53 and 54). Despite resulting from the averaging of slightly different stoichiometries (i.e. from channels
containing either 2 or 3 CALHMA4 subunits), these consensus structures provide detailed insight into
the conformational properties of the complex. Both consensus structures are very similar and the
structure described here is generally based on the CALHMZ2/4-gF2-RA5 complex unless stated
otherwise. Figure 57 shows the final cryoEM map and the corresponding model of a heteromeric
CALHM2/4 channel containing the two different sybodies. The overall architecture of the channel
resembles that of homomeric CALHM2 channels and consists of eleven CALHM protomers (Figure
57). Within this assembly, strong density of two extracellular gF2 sybodies label a pair of CALHM4
subunits, whereas equally strong density of six intracellular RA5 sybodies indicate the arc-like
arrangement of six CALHM2 subunits (Figure 57-A). Three positions surrounding a pair of CALHM4
subunits, one in the anticlockwise direction and two in the clockwise direction (when viewed from the
extracellular side) lack sybody densities (Figure 57-A). Although the sybody is absent in the
anticlockwise position, the resolution in this region allows for the clear identification of CALHM2
(Figure 55). In contrast, the subunit located counter-clockwise to CALHM4 cannot be clearly defined
and likely results from the averaging of partially occupied CALHM2 and 4 subunits, which would
average out the sybody density (Figure 54-D and 57-A). Hence no sybody density is visible in this
position (Figure 57-A). The subsequent subunit following this position contains CALHM2 and the
absence of its respective sybody is probably due to the heterogeneity its neighbour which would

contributes part of the epitope (Figure 57-A).
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Figure 57. CALHMZ2/4 structure in complex with sybodies gF2 and RA5. (A) Cryo-EM density of
undecameric CALHMZ2/4 channels in complex with both sybodies at a global resolution 3.34 A. (B)
Ribbon representation of the undecameric CALHM2/4 in complex with bound sybodies. The views are
from the membrane (top) and from extracellular site (bottom). CALHM2 subunits are colored in blue
and yellow, CALHMA4 subunits in green and one unassigned subunit in white. gF2 sybodies are colored
purple and RAS5 sybodies in grey.
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Three pairs of subunits with unique interfaces can be distinguished in the heteromeric CALHM2/4
channel relating either the same or two different subunits which are depicted in Figure 58. The interface
between both homomeric and heteromeric pairs of CALHM proteins involves contacts between TM2,
TM4, and CTH of interacting subunits (Figure 58). However, in all cases, the conformation of the pore
lining regions vary depending on the type of subunit and its location in the channel, which results in
four unique interfaces (Figure 58). TM1 helices in the pair of CALHM4 subunits (positions A and B)
adopt a downward conformation parallel to the pore axis as found in the homomeric CALHM4 structure
(Figure 58 and 59-B). In contrast, the conformation adopted by the TM1 of CALHM2 subunits varies

depending on their environment in the channel.

CALHM?2/4
CALHMA4
CALHM2

Figure 58. Building blocks of the
CALHM2/4 channel. Scheme depicting the
distinct subunit arrangement is shown. Unique
pairs of CALHM subunits are illustrated
displaying the adopted conformations of pore
lining regions. The views are from within the
pore. CALHMZ2 subunits are colored in yellow
and blue, CALHM4 subunits in green, TM1
and NTH are colored in red.
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CALHM2
CALHM4

CALHM2 down, TM1 D
CALHM2 up, TM1

Figure 59. Subunits of the CALHM2/4 channel. (A) Slice through the channel illustrating the
heterogeneity of TM1 conformations in CALHM2 subunits. (B) Superposition of CALHM2 and 4
subunits in downward conformations. (C) Superposition of CALHM2 subunits in lifted and downward
conformations. The conformational rearrangements are indicated. Phenylalanine 44 is shown as sticks.
(D) The close-up on the CALHM2 extracellular region involved in the conformational change. Residues
contributing to the cluster of aromatic residues are shown as sticks.
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Seven adjoining CALHMZ2 subunits distal from CALHM4 (positions D-J) exhibit predominantly lifted
conformations as evidenced by the protrusion at the end of TM1 (Figure 48 and 59-A). The same
conformation was previously observed in homomeric CALHM2 channels. In both cases, the NT and
TM1 regions display large flexibility and a ‘branching’ of the density close to the end of TM1 indicates
heterogeneity of upward and downward conformations of this mobile unit (Figure 59-A). Interestingly,
there is an apparent gradient in the extent of the extra ‘downward’ density, which steadily increases in
CALHM2 positions that are closer to CALHM4 subunits (Figure 55 and 59-A). This observation is
more pronounced in the structure of the complex containing only the anti-CALHM4 gF2 sybody.
Evidently, the CALHMZ2 subunit next to CALHM4 fully adopts a downward conformation (position K)
(Figure 58 and 59-A). This conformation of CALHM2 resembles that of CALHMA4, though in this case,
the NTH region is not resolved indicating its higher flexibility (Figure 59-B). Despite the difference in
the flexibility of NTH, the two subunits superimpose with a RMSD of 0.933A (for 123 pruned residues)
(Figure 49-B). Compared to CALHM2 in the upward conformation, TM1 undergoes a rotation around

the hinge close to phenylalanine 44 and descends towards the

&;"" bundle of helices where it loosely interacts with TM3 and
‘ extracellular region of TM2 (Figure 59-C). Similar to CALHM4,

‘, S the interaction in the extracellular region involves a cluster of

2 aromatic residues, which is disrupted in the lifted conformation as
gs previously observed in the CALHMG6 structure (Figure 59-D).
‘\ ﬁp i Additionally, there is a change in the position of TM3, which
//_\ i moves towards the channel axis, accompanying the downward

/ = relocation of TM1 (Figure 59-C). This conformational change may

Figure 60. explain the weaker density observed for the sybody in this position

Superposition of the TM3 . . .
helices of CALHM2 (Figure 57-A) as the descents of TM3 might lead to a steric clash

undergoing  conformational  ith the epitope of the sybody, thereby potentially reducing its
change. Shown in grey is a part Lo . ) i

of the sybody RA5 paratope. binding affinity (Figure 60). Consequently, there are two unique

gg'our coding like in Figure  jnterfaces formed, one relating CALHM2 subunits in the up- and

' downward conformations (positions J and K) and a heteromeric

interface between CALHM2 and CALHM4 both in downward conformations (positions K and A)

(Figure 59).

2.4.6 Pore geometry of heteromeric CALHM2/4 channels

The different conformations of the pore residing N-terminal and TM1 regions adopted in heteromeric
CALHM2/4 channels lead to unique features in its pore region. Figure 61 shows properties of this pore
,which is asymmetric due to the downward conformations of CALHM4 and the adjoining CALHM?2
subunit, and the remaining CALHM2 subunits residing in a predominant upward conformation (Figure
59 and 61). As observed in homomeric structures of CALHM4, the pore lining residues of CALHM4

and CALHM2 in a downward conformation share a generally hydrophobic character (Figure 61-B).
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CALHM4 CALHM2

Figure 61. CALHMZ2/4 channel pore
properties. (A) Slice through the channel.
The map is low pass filtered to 6A and shown
at a low contour to display residual density in
the pore region. (B) Chemical properties of
residues lining the pore in CALHM2 and 4
subunits adopting a downward conformation.
Top panel shows the view from within the
pore. The residues are displayed as sticks and
the surface is colored according to the
electrostatic potential (blue positive, red ' _
negative).

Although the character of the pore-facing residues of the flexible NT and TM1 of other CALHM2
subunits in an upward position cannot be determined with certainty, distinct features in the pore reveal
remarkable properties that are related to the different conformational state of subunits. Extra density
found in the half of the pore lined by the down-facing helices (Figure 61-A). This density has a convex
shape with its interior facing TM1(Figure 61-A). Based on its shape and low signal | attribute this
density to a micellar structure, presumably formed by detergents used for protein purification or by
co-purified lipids. In the channels of homomeric CALHMA4, the extra density resembles a lipid bilayer
with similar spacing of high-density region as expected for the headgroup regions. In the heteromeric
structure, this arrangement is disrupted (Figure 61-A), which is likely a consequence of the introduction
of CALHM2 subunits residing in a predominant upward conformation. As micelles inherently have an
amphipathic character, it is plausible that the hydrophobic part of the detergent or lipids would face the
hydrophobic region of TM1 of CALHM4 and CALHM2 in down conformations, whereas the
hydrophilic part interacts with polar residues exposed to the pore centre harbouring the mobile
N-terminal region of CALHM2 in upward conformations. Such change in the chemical character of the
CALHM2 residues facing the pore would be facilitated by the rotation of the TM1 region accompanying
the conformational change (Figure 59-C and 61-B).
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2.4.7 Summary and conclusion on the structures of heteromeric CALHM2/4 channels

In conclusion, my studies revealed that CALHM2 and 4 are capable of assembling into heteromeric
channels with different stoichiometries, in which subunits of the same paralog were found to cluster.
The structural features of the observed channel assemblies is dictated by the predominant subunit,
resulting in channels bearing the general features of the corresponding homomeric assemblies. The
better separation of heterogeneous channels during classification was achieved for the complex
containing both sybodies. This suggests that the presence of the anti-CALHM2 sybody facilitated the
alignment, possibly due to the introduction of additional features and the generally stronger density,
compared to gF2 sybody. The highest resolution was obtained for a mixture of undecameric assemblies
being an average of 9:2 and 8:3 stoichiometries, which suggests that these assemblies are predominant
in the sample. However, the assessment of their distribution by 3D classification might not be accurate
as particular assemblies might be less suited for reconstruction. As an example, the complex of
CALHM4-gF2 exhibited preferred orientation, which hampered its 3D reconstruction. It is thus
expected that in heteromeric assemblies with predominant CALHM4 fraction this would also be the
case, which would hinder the high resolution reconstruction of those channels compared to the well
behaving particles of other assemblies.

Compared to homomeric channels, the CALHM2/4 complex shows pronounced differences in the pore
geometry due to distinct conformations adopted by its subunits. The proximity of CALHM4 subunits
favorizes a downward conformation of adjacent CALHM2 subunits, in contrast to the majority of
CALHM2 subunits, which adopt an upward conformation with a flexible NT and TM1 region, which
was also observed in homomeric channel complexes. The identification of the downward conformation
of CALHM2 supports the notion that pore lining regions of CALHM2 proteins can change their
conformation, allowing for a coexistence of different TM1 conformations in a channel without causing
steric clashes between adjacent subunits. Notably, whereas the sybody RA5 targeting CALHM2 appears
to prefer its upward conformation, the observed variability of conformations in the homomeric channels
indicates that it is not sufficient to fully stabilize CALHM2 in this conformation. Interestingly, while
CALHM4 subunits affect the conformation of CALHMZ2, the reverse seems not to be the case since in

the structures | did not see any sign of mobility of the pore lining region of CALHM4 subunits.

The break of the symmetry of the CALHM2 assembly in heteromeric channels provided insight into the
mechanism how this movement might be coordinated. Different conformations adopted by the
CALHM2 subunits indicate that they may function independently without causing steric clashed of
adjoining subunits adopting different conformations. Such work mode would allow a large flexibility of

pore dimensions to accommodate a transport of molecules of various sizes.
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3. Discussion

3.1 Overview of the results

Based on their predicted topology containing four membrane-spanning helices, CALHM proteins were
assigned to belong to the superfamily of large-pore channels, which also includes gap junction-forming
connexins and innexins, as well as distantly related pannexins and LRRC8 proteins™. While these other
families have been extensively studied on a functional and structural level, CALHM proteins constitute
the most novel and least described branch of large-pore channels?222%, At the start of this project, the
functional knowledge was limited to a single member of the family, CALHM1, which was reported to
form ion channels with unique properties activated by membrane depolarization and extracellular
calcium depletion and which was later found to heteromerize with its paralog CALHM3, which on its
own does not form functional channels®**, However, there were no structures of CALHM proteins
available that would illustrate the structural basis of the mechanism underlying their activation.
Therefore, the goal of this project was to gain functional and structural insight into this family, with a
focus on the uncharacterized members of the human CALHM family.

The first part of this thesis describes efforts to biochemically and structurally characterize the members
of the CALHM family. As a result, three CALHM family members, CALHMZ2, 4, and 6, have been
found to be biochemically stable and promising candidates for structural characterization. The structural
characterization was performed using cryoEM. While this approach did not yield the structure of
CALHM2, high-resolution structures of human CALHM4 and CALHM®6 were obtained, revealing
remarkable and unexpected properties of these proteins. CALHM4 and CALHM6 assemble to form
channel-like structures, which was expected based on previous observation showing that the
homologous CALHM1 forms ion channels with a predicted hexameric assembly. However, the two
homologues characterized here form significantly larger assemblies, with channels forming either
decamers or undecamers. Moreover, CALHMA4 dimerizes through their intracellular region, resulting in
the formation of a junction-like arrangement similar to a gap junction, yet with interactions on the
opposite sites of the pores. In both homologues and in all observed oligomeric states, the assemblies
result in exceptionally large central pores with dimensions displaying unusually large diameters
compared to other large-pore channels. As predicted, protomers of both CALHM4 and CALHM6
consist of four transmembrane a-helices, with cytoplasmic N and C termini. Remarkably, while three
helices appear to form a stable core, the first membrane-spanning a-helix TM1, lining the pore lumen
shows drastic differences in conformation between the two homologues. As a result of this difference,
the pore of the two channels show distinct geometries and overall dimensions. The pore of CALHM4
channels is wide and cylindrically-shaped, whereas in CALHM®6 channels, the pore size narrows from
the extracellular towards the intracellular side, resulting in the shape of an inverted cone. Remarkably,
non-proteinaceous extra density is observed in the wide pore of CALHM4, resembling a lipid bilayer.

This suggests that lipids may play a role in the regulation of CALHM4 channel gating. To gain insight
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into the functional properties of these proteins, electrophysiological and liposome-based in vitro studies
were employed, using conditions, which lead to the activation of the functionally characterized
homologue CALHM1. However, these functional studies showed that CALHMZ2, 4, and 6 are not
activated by the same stimuli as their homologue, and their activation mechanism remains unknown.

In the second part of this thesis, attempts to gain insight into the expression patterns of the three
homologues are described in the expectation that such information would hint towards the functional
role of these proteins. As a result, we found that, on an mRNA level, CALHM2, 4, and 6 are highly
expressed in the placenta. Furthermore, an attempt was made to examine the expression of CALHM2
and 6 homologues at the protein level in this tissue. However, this proved challenging, and only a small
amount of CALHM2 and 4 was found in the placenta, in contrast to the high mRNA levels.
Unfortunately, this limitation did not allow for the study of the proteins in their native context. Due to
these limitations, potential interactions of these homologues were investigated by overexpression, where
I have found that CALHM2 and 4 interact to form heteromeric channels.

This finding led to the studies described in the last part of this thesis, which focused on the
characterization of the heteromeric CALHMZ2/4 complex. Although functional data, similar to
homomeric CALHM channels and in contrast to the altered phenotype of CALHM1/3 heteromers,
showed no activity of these subunit pairs, the structural characterization of the heteromeric complexes
was pursued. To overcome the challenge of such characterization, resulting from the overall similarity
of the involved family members, sybodies specific to each homologue were generated to facilitate their
distinction. Prior to the structure determination of heteromeric channel complexes, the homomeric
CALHM paralogs in complex with their respective sybodies were structurally characterized. The
resulting data permitted the identification of the binding sites, and yielded a structure of CALHM2,
which, in the apo-state was precluded by the preferential orientation of these channels. This structure
revealed that CALHM2 forms large channels similar to the two other homologues. However, the pore-
lining helix showed significant mobility, contrasting with observations in CALHM4 and resembling
features of CALHMG.

The structure of CALHM2/4 complexes revealed channels consisting of CALHM2 and 4 proteins that
resemble homomeric channels in their general architecture. In these channels, subunits of the same
homologue cluster to forming channels of different oligomeric states, ranging from decamers to
dodecamers, with various subunit stoichiometries. A high-resolution structure was obtained for
undecameric channels composed of eight CALHM2 and two CALHM4 subunits, with one subunit
remaining unidentified. Strikingly, the pore of heteromeric channels exhibits significant differences
compared to homomeric channels. It is intrinsically asymmetric due to the distribution of different
subunits and their distinct conformational preference. Interestingly, similar to the CALHM4 structure,
extra density is observed in the pore, which could be attributed to either detergent or copurified lipids,

further support the notion that lipids may play an important role in CALHM channel gating.
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This study, unfortunately, did not provide insight into the functional properties of the investigated
CALHM proteins. Instead, it provides a detailed structural analysis of uncharacterized members of the
family. Clearly, due to limited functional data, a definitive link between structure and function cannot
be established. Following, | will proceed to discuss the obtained structures, focusing on similarities and
differences between CALHM family members and other structures of the large pore-channels from
different families. The implications of the observed CALHM assemblies will be discussed, as well as
structural features that are potentially integral to their function, considering results of existing functional
data.

3.2 Do CALHMZ2, CALHM4 and CALHM®6 form ion channels?

This study has focused on three poorly characterized homologues of the human CALHM family:
CALHM2, CALHM4, and CALHMS6. At the start of this project, only CALHM1 had been shown to
form an active ion channel. In my functional studies employing electrophysiological recordings and in
vitro liposome-based assays, no activity was observed for the three homologues upon extracellular
calcium depletion and membrane depolarization, two stimuli reported to activate CALHM12. While no
functional studies were previously reported for CALHM4 and CALHMSG, our results on CALHM2 are
consistent with the study by Ma et al., which showed no activity for murine CALHM2 in Xenopus laevis
oocytes and by Syrjanen et al. who reported no activity for human CALHM2 in HEK cells** "2, However,
contrasting results were obtained by Choi et al., who reported macroscopic currents of human CALHM2
recorded in HEK cells activated upon depletion of extracellular calcium, whose open probability, in
contrast to CALHM1, does not show obvious voltage dependence’. Moreover, the studies by Choi et
al. showed inhibition of CALHM2 currents in the presence of ruthenium red, an inhibitor of CALHM1,
which is wakened after the mutation of a residue assigned to bind the inhibitor>’3, These discrepancies
in the results are currently puzzling and difficult to explain.

One possible reason why the channel-forming proteins did not yield currents, could be related to the
sub-cellular localization of the proteins which might not be expressed on the plasma membrane.
However, in our studies, and the study by Ma et al., the localization to the plasma membrane was
confirmed in oocytes**. Moreover, the in vitro liposome system, which ensures the access of the protein
to the outside solution, did not show activity of CALHM2 in my experiments neither. Therefore,
discrepancies originating from differences in localization in the different studies can be excluded.
Another possibility could be related to differences in the expression hosts, however, three studies
including ours and the study by Choi et al., which reported CALHM2 activity, performed the recordings
in HEK cells, therefore such reason can also be excluded’®™. Similarly, the differences in the expression
constructs likely did not contribute to the discrepancy as the two studies and ours were performed in
HEK cells expressing CALHM2 constructs that were C-terminally tagged with either SBP or GFP7273,
Inconsistent data also exist for CALHM®6. Recently, Danielli et al. reported that CALHM®6 forms a
constitutively active ion channel in immune cells™. In their study the electrophysiological recordings in
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mammalian cells did not show CALHMG6 conductance, which the authors ascribe to a lack of plasma
membrane localization. In contrast, the authors observed activity of CALHMG6 in Xenopus laevis oocytes
where they claimed that the constitutive activity of CALHM6 would be toxic for the oocytes’.
Consequently, the authors expressed murine CALHMG6 at a very low levels, which enabled them to
obtain recordings with small outwardly-rectifying currents that were inhibited by Gd®** . This reported
behavior contrasts our results, which neither showed activity in X. laevis oocytes, despite the surface
expression, nor for reconstituted protein in liposomes. However, it should be noted that the reported
conduction of CALHMG6 was obtained for the murine homologue, whereas our studies have investigated
the human protein™. It thus cannot be excluded that the two orthologs exhibit different activities.
Moreover, the constructs used in our studies contained additional amino acids at both termini as a result
of the cloning technique employed™. Although unlikely, the possibility that their presence would
interfere with activation cannot be excluded neither.

In summary, a consensus in the field regarding the activity of recently characterized CALHM family
members has yet to be reached. Ultimately, it will be necessary to repeat the functional characterization
while keeping careful attention to the expression and recording conditions and with precautions taken
to ensure the lack of endogenous conductance. The observed differences in the functional properties of
different CALHM paralogs, underline the notion of a diverse group of membrane channels with complex
function and activation properties. A careful analysis of existing structures, including a systematic
comparison of similarities and differences within the family, may thus prove to be useful in making

progress towards the understanding of the family.

3.3 Unique architecture of the CALHM channels

As predicted, CALHM proteins consist of four transmembrane helices and intracellular N- and C-
termini, a topology that is similar to other large-pore channels®®. However, a comparison of the CALHM
protomer with those of connexins, innexins, pannexins, and LRRC8 shows notable differences in size,
shape, and organization (Figure 62)%-2%66.76-7 \What makes CALHM proteins unique among those
families is the arrangement of the four transmembrane helices (Figure 62-A). When viewed from the
extracellular side, the TM1, TM2, TM3, and TM4 helices are arranged anticlockwise in CALHM
proteins, with TM2, TM3, and TM4 approximately lined up in a row (Figure 62-A). By contrast, the
arrangements of the four helices in the other families are all clockwise, with helices TM1-4 forming a
compact helix bundle (Figure 62-A)?:28.29.3366.76.78 Thyjs translates to a difference in the position of the
pore-facing a-helix TM1, which in CALHM channels either loosely interacts with TM3, or which is
detached from the core defined by TM2-4 in an alternative conformation observed in certain homologues
(Figure 62-B). Instead, in connexins, innexins, pannexins, and LRRC8, TM1 is an integral part of the
helix bundle and forms extensive interactions with TM2, TM4, and TM1 of neighboring subunits
(Figure 62-B). In addition, proteins from all families contain a short N-terminal helix (NTH) prior to
TM1, which has been shown to be highly mobile and proposed to play a role in channel gating (Figure
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62-B)*®. In all families, the protomers are arranged to form large channels, but the regions involved in
subunit interactions varies significantly between CALHM and the other families (Figure 62 and 63). In
CALHM channels, the contact between subunits proceeds through interactions between TM2, TM4, and
the CTH of the neighboring subunits (Figure 62-A). In contrast, in other families of large-pore channels,
interactions between the transmembrane regions are loose, contacts in the cytoplasmic region scarce,
and interactions largely proceed through the extracellular regions (Figure 62-A and 63)26-29:3366.76.77.80,
This is also reflected in the different shapes of the channels, with connexins, innexins, pannexins, and
LRRC8 channels having a conical shape narrowing towards the extracellular side, which has been shown
in many cases to determine the selectivity of the channel and modulate gating (Figure 63)20.28.30668182
On the other hand, in the conformation observed in CALHM4, the channel has a more cylindrical shape,
and the extracellular region does not form a constriction but rather a wide entrance to the channel
(Figure 63).

A CALHM4 Connexin46
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Figure 62. Comparison of CALHM4 with connexin-46. (A) View of the transmembrane a-helices of
the CALHM4 undecamer and connexin-46 (6MHQ) from the extracellular side. The general shape of a
single subunit is indicated. (B) Ribbon representation of the CALHM4 and connexin-46 subunit.
Secondary structure elements are labelled and a-helices are shown in unique colors.

3.4 Assembly patterns

Currently, 25 structures of CALHM proteins have been reported, including structures of CALHM1,
CALHM2, CALHM4, CALHM5, CALHM®6, CLHM1, as well as chimeras of CALHML1 and 2, all
forming large channel assemblies>738%87_ Perhaps the most surprising structural feature of the CALHM
family members is that their oligomeric organizations varies between homologues and within a single
species, ranging from heptamers to tridecamers’2738387, This variability in oligomeric states is in
contrast to other large-pore channel families, where the channels predominantly assemble with a single
defined number of subunits?’-0336676-78 - AJthough it is worth noting that recent studies on LRRC8
proteins revealed variability of oligomeric states within the family, with LRRC8C homologues
assembling as heptamers in contrast to LRRC8A and D assembling as hexamers®. However, the strong
variability within a single member remains unique to the CALHM family. Interestingly, Ren et al.
proposed that subunit exchange might be a part of CALHM channel gating®. The authors observed
heptamers and octamers of danio rerio CALHM1 channels and noted that in the smaller channels, TM1
and the NTH region move down towards the cytoplasmic site to avoid steric clash with neighboring
helices®. This suggests that the oligomeric rearrangement and accompanying conformational changes,
which result in a much smaller pore diameter, may regulate channel’s activity. In other CALHM
members, such rearrangement does not cause a conformational change or significant pore constriction,
therefore it seems unlikely that subunit exchange would be a part of channel gating in homomeric
CALHM2, CALHM4, and CALHM®6. Moreover, whether CALHM channels exhibit a similar variability
in their oligomeric states in cells is unknown. It is possible that the observed diversity of assemblies are
artifacts of the overexpression system, in which subunits are abundant, and in the comparably small
energetic penalty for the recruitment of additional subunits in large assemblies, where the incorporation
of another subunit does not result in significant rearrangements of subunit interfaces. It is plausible that
in cells, the abundance of available subunits would be much lower, thereby favoring smaller assemblies,
or that yet unknown chaperones regulate the biogenesis of those channels and govern their oligomeric

states.
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CALHM?2 CALHMG6 CALHMA4 CALHM?2/4
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Extracellular . i <8
Intracellular
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Figure 63. Overall structure comparison of large-pore channels. The view is parallel to the membrane. LRRC8A (PDB: 6G90), Pannexinl (PDB: 6WBF),
Innexin6 (PDB: 5H1R), connexin46 (PDB: 6MHQ).
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Studies by Syrjanen et al. and Demura and colleagues have investigated the regions in CALHM
structures that drive the observed oligomerization of CALHM channels’28, Structural comparisons
revealed that the TM4-CTH linker adopts different conformations between certain homologues, which
affect the orientations of the C-terminal domain (CTD) and hence determine the oligomeric state (Figure
64-A). Further analysis identified a conserved proline in the linker that appears to play a role in defining
the angle between TM4 and CTH and thus the oligomeric state’>’2®, Interestingly, CALHM2,
CALHM4, and CALHMG6 channels, which all assemble into decamers and undecamers, contain this
critical proline in the same position in the linker, supporting this observation (Figure 64-B). It was also
noted that the proline is in the same position in CALHM1 and CALHM3, which both form heteromers,
suggesting that the shared conformation in this region, defining their presumed oligomeric state, might
be an important determinant of the interaction between homologous CALHM proteins’ (Figure 64-B).
However, our study has shown that while CALHM2 and CALHM4 interact, both paralogs do not
interact with CALHMSG, indicating that other factors beyond the shared oligomeric state are necessary
for the interaction between CALHM proteins. Although there is currently no evidence for the existence
of heteromeric CALHM2/4 channels in a cellular environment, it is worth noting that the structures
obtained in this study may share features with heteromeric CALHML1/3 channels. Studies of
concatemers of CALHM1 and CALHMS3 proteins indicated that only in constructs permitting the
clustering of the same subunits, the recorded current resembled those generated by co-expression of
single CALHM1 and CALHM3 subunits, suggesting that also in heteromeric CALHM1/3 channels,
subunits of the same homologue cluster, indicating a higher affinity of homomeric compared to
heteromeric interactions*. A similar clustered arrangement has also been reported in LRRC8A/C
heteromeric channels, suggesting that this might be a general feature of heteromeric large-pore
channels®,

Interestingly, the C-terminal region was, besides contributing to the stability of CALHM channels, also
proposed to be involved in CALHM1 channel gating in one study®. The authors observed ordered and
disordered states of this region and proposed that the conformation of the C-terminus, together with
oligomeric rearrangements, regulate channel permeation, resembling a mechanism described for
pannexins, which become ATP-permeable upon cleavage of the C-terminus®®, This is yet another
observation that distinguishes CALHM1 from other members of the CALHM family, in which changes
in the arrangement of the C-terminus were not observed. Therefore, it is unlikely that such mechanism

would apply to the other CALHM channels.
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Figure 64. CTH orientation in CALHM proteins (A) Superposition of human CALHM4 and chicken
CALHML1 (6VAM) showing differences in the CTH orientation. Prolines in the linker regions are shown
as spheres. (B) Sequence alignment of the TM4-CTH linker region. Figure B is from™.

Junction assemblies

Another surprising feature of CALHM channels is the observation of junction-like assemblies of two
different types. Head-to-head gap junction-like assemblies were reported for CALHM2 channels by
Syrjanen et al. and Choi et al. 7273#4, This observation could suggest that CALHM2 forms intercellular
gap junctions between two adjacent cells, similar to connexins and innexins. We observed CALHM4
channels to dock in a tail-to-tail manner, and such assemblies were also reported for CLHM1%". These
junction-like assemblies could in principle indicate the existence of a novel different type of intracellular
gap junction between the plasma membrane and certain organelles. However, currently, there are no
functional studies indicating a role of CALHM channels in intra- and intercellular communication, so
the physiological relevance of the observed assemblies remains questionable. It thus should be
emphasized that that the observed junction assemblies could be artifacts of in vitro purification, where
docking sites of two channels can access each other, and where comparably weak interactions between
single subunits are amplified throughout large numbers of protomers, whereas in a membrane, such

contacts would be prevented or confined to neighboring subunits.
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3.5 Calcium binding site and voltage sensor

CALHML1 has been shown to be activated by the depletion of extracellular calcium?. However, the
binding site for calcium and the conformational changes associated with calcium binding have not been
revealed in any existing structure of CALHM1. Similarly, in our CALHM4 structure, no differences
were observed between structures obtained in the presence and absence of calcium. This observation is
also consistent with studies in connexins, which are also activated by the depletion of extracellular
calcium and where structures in the presence and absence of calcium did not show significant
conformational differences®. Instead, a change in the electrostatic potential in the extracellular region
of the channel has been proposed in response to Ca?*-binding, suggesting the formation of an
electrostatic barrier for ion flow. A similar mechanism as proposed for connexins could be plausible for
hepta- or octameric CALHML1 due to the comparatively narrow constriction formed by the extracellular
region. However, for the CALHM proteins that form larger channels, this mechanism appears unlikely.
Furthermore, the extracellular region of CALHML1 is more negatively charged than that of CALHM4
and CALHMB®6 (Figure 65). Such analysis for CALHM?2 is precluded due to the low resolution of the
CALHM2 extracellular regions, which is unfortunate as this homologue has been reported to be
regulated by extracellular calcium. Nevertheless, these observations suggest that the regulation of
CALHM4 and CALHMG6 might be distinct from CALHMI, at least regarding their regulation by

calcium.

chCALHM1 hCALHMG6

Figure 65. Chemical properties of the extracellular regions of the CALHM channels. Shown is the
comparison of chicken CALHM1 (6VAM), human CALHM4 and human CALHM®6. The surface is
colored according to the electrostatic potential (blue positive, red negative).
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Besides the depletion of extracellular Ca?*, CALHM1 has also been shown to be activated by membrane
depolarization, indicating its intrinsic sensitivity to voltage?. The canonical voltage sensor in ion
channels typically consists of an arrangement of several arginines localized in the membrane region®,
However, no such motif is found in any of the CALHM members. This lack of a canonical voltage
sensor is similar to other large-pore channels that are regulated by voltage?"?%, Therefore, it is likely
that CALHM channels, particularly those that are sensitive to voltage changes, sense the transmembrane
electric field through still unidentified residues that may be distributed within the subunits and influence
the global structure of the channels or alternatively by interacting ions such as Ca?".

3.6 CALHM channel pore and hypothetical gating mechanisms

Typical ion channels consist of a pore that is sterically constricted when closed, and which permits the
flow of ions when open. As defined in their structure, CALHM channels contain large pores that are
placed along their axis of symmetry. The exact channel diameters vary due to the different oligomeric
states and conformational differences in the pore-lining regions. The smallest reported pore size of 10
A is found in the structure of the heptameric D. rerio CALHM1, which although too small for hydrated
ATP to pass is permeable to small ions®®, The flexibility of the pore lining regions in CALHM2 and
CALHMBG structures impedes the accurate estimation of their exact pore sizes. However, based on the
modeled regions and depending on the conformation of undefined parts, the resulting pore diameters
could be large enough to allow the permeation of ATP. CALHM4, on the other hand, has a well-resolved
pore region, with pore sizes of 20 A and 30 A for decameric and undecameric channels, respectively.
None of the reported structures so far exhibited a fully constricted pore that would prevent ion flow’8
887,90 strikingly, the wide pores are in contrast to our functional data, which did not show activity of
the three studied CALHM homologues. In other large-pore channel families, electrostatic or steric
constrictions in the extracellular and cytoplasmic regions were proposed to play a role in the regulation
of their permeation properties?6-2%66.7682 However, CALHM channels lack such features, and the large
size of CALHM channels would likely render any electrostatic barrier ineffective, except for CALHM1,
which forms smaller channels. This raises the question of how the large CALHM channels remain
inactive in the membrane. Although the limited and conflicting functional data make it difficult to
establish a definitive link between functional states and observed structures, these structures still provide
insight into mechanisms of how these channels might be gated.

The pore of CALHM channels is lined by the helix TM1 and the preceding N-terminus. Different
conformations of TM1 have been observed, greatly impacting the pore size and geometry (Figure 66).
In the "down" conformation, TM1 adopts a vertical position with respect to the membrane, resulting in
a wide cylindrical pore. In the "up" conformation, in contrast, TM1 is lifted towards the pore axis,
presumably constricting its size and creating a conically shaped permeation path (Figure 66). Currently,
structures of CALHM1, CALHM4, and CALHMS exhibit a ‘down’ conformation of TM1, while
CALHMS6 structures display the ‘up’ conformation (Figure 66). CALHM2 structures show both
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conformations demonstrating that they likely present distinct states of the same channel (Figure
66).7280.8384.8687.91 " Qyrjanen et al. and Choi et al. initially reported the down conformation in their
CALHM?2 structures (Figure 66).727, Similarly, we observed the ‘down’ conformation of CALHM?2
neighboring CALHM4 in the heteromeric CALHM2/4 channels and the ‘up’ conformation in both,
heteromeric CALHM2/4 complexes and the homomeric CALHM2-RAS5 structure. (Figure 66). It
should be noted that the displayed models of CALHM2 represent interpretations of a presumable
conformation of TM1 since all of these structures display a large flexibility in this region, indicating a
large heterogeneity of conformations (Figure 67-A). Currently, the best-resolved ‘down’ conformation
of a CALHM2 subunit is found in the CALHM2/4 complex, which, in contrast to other structures,
allowed the modeling of side chains in this region. Interestingly, Choi et al. obtained the structure of
CALHM2 in the ‘up’ conformation in the presence of the inhibitor ruthenium red (RuR) (Figure 66)
and thus proposed a gating mechanism for CALHM channels, in which the down conformations
represent a wide-open pore (Figure 66 and 67) and the up conformation, stabilized by the blocker,
represents a closed pore with the flexible N-terminal helix constricting its size (Figure 66 and 67) ™.
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Figure 66. Comparison of pore conformations of the CALHM channels. Ribbon representation of facing protomers in CALHM channels illustrating different
conformations of TM1 and NTH and resulting pore geometries. PDB codes are indicated.
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It should be noted that the same density assigned by the authors to the inhibitor, is also present in our
structure of homomeric CALHM2-RADS, and, as noted in a review by Syrjanen et al., is also present in
the structure of the same group obtained in the absence of the blocker (Figure 67)™. This density aligns
with the residual density in our CALHM2-RAS5 structure, indicating that it might originate from a
smaller population of subunits residing in a ‘down’ conformation of TM1 rather than from RuR (Figure
67-B). Choi et al. also performed functional studies with a mutant of a residue assigned to bind the
inhibitor, E37R, and reported insensitivity of this mutant to the blocker (Figure 67-B and C)”. In the
‘down’ conformation of CALHM2 in CALHM2/4 channels, E37 appears to interact with an arginine on
TM3 (Figure 67-D). It is thus conceivable that the introduction of a positive charge in this position
destabilizes the ‘down’ conformation of CALHM2, potentially increasing its open probability in the
presence of an appropriate stimulus.

Despite remaining ambiguities, the relationship between observed pore conformations and their
corresponding functional states, as proposed by Choi et al., appears evident (Figure 68)". However,
there are still puzzling questions which prevent a definitive assignment. The lack of conductance
observed in functional recordings, despite the large diameter of the CALHM4 pore, remains puzzling.
Additionally, none of the reported structures of CALHM1, CALHM4, and CALHMS exhibit the ‘up’
conformation, regardless of the absence of calcium or the presence of the RuR blocker72848687.9091
Recent functional studies on CALHMG6 also contradict the proposed model by reporting its constitutive
activity™.

In that respect, the presence of lipids within the pore of large CALHM channels is noteworthy as it offers
a potential alternative mechanism for regulation. The hydrophobic nature of TM1 residues in the ‘down’
conformations of CALHM2, CALHM4, and CALHMS5 indicates a possible interaction with lipids®:. In
our structure of CALHM4, we find residual cryo-EM density within the hydrophobic interior of
CALHMA4, which either originates from detergents or co-purified lipids that assemble as bilayers in the
constrained environment of the pore. Similar extra densities in the pore were observed by other groups
in CALHM2 and CALHMS5 in down conformations’?#%. This distribution of density changes markedly
in the conical structure of CALHMBG6 and hints towards a potential role of lipids in shaping the activation
and permeation properties of CALHM channels (Figure 68). Thus, two alternative scenarios could be
envisioned, which might underlie regulation in CALHM channels, where the gate in the closed state
could either be formed by part of the protein or by lipids (Figure 68). The regulation of activity of large
pore channels by pore-residing lipids has also been recently proposed for connexins, innexins,
pannexins, and LRRC8 channels, which would indicate that such a regulatory mechanism extends
beyond the CALHM family®*77:81.92,

However, it should be noted that the presence of detergents or lipids in the pore may be an artifact
introduced by either overexpression or during cryo-EM sample preparation. Moreover, such a
mechanism does not appear to be in agreement with the structures of CALHM1. The TM1 of CALHM1

is composed mainly of hydrophilic residues, and MD simulations reported by Syrjanen et al. showed
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that, in contrast to CALHM2, it cannot accommodate an ordered lipid bilayer inside its pore’,
presumably due to its smaller pore area which might destabilize such lipid arrangement. Moreover, a
unique feature of the N-terminal region (NH) was observed in the majority of CALHML1 structures,
where this region interacts with the pore-facing residues of TM1, partially burying its hydrophobic
residues (Figure 66)838887.%0 Sych arrangement is in contrast to location of the NH of CALHM4 and
CALHMS (Figure 66), which in both cases is placed horizontally at the inner membrane leaflet with

the N-terminus directed towards the pore axis.

A

CALHM2 EDTA
‘open’
emdb:20788
PDB: 6UIV

CALHM2 RAS5 Ca*

CALHM2 RuR
‘closed’
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Figure 67. Pore characteristics of CALHMZ2 channels in different conformations (A) Comparison
of pore densities of CALHM2 channels determined in the absence of calcium (top) (emdb:20788)7,
presence (middle) and presence of the blocker RuR (bottom) (emdb:20789)". The maps are low-pass
filtered to 6 A. (B) Superposition of the maps of the single subunit of CALHM2 with the sybody and
CALHM2 in the presence of RuR. Insets is from " and indicates putative RuR density. (C) is from 7
and shows the RUR-binding site, (D) shows the same site in the ‘down’ conformation of CALHM in a
structure of CALHM2/4.
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And is in agreement with other large-pore channels, in which such an arrangement of TM1 and NTH is
observed but not the swing motion of TM126-2966.76.79.8192 Both models are at this stage hypothetical, and
it is possible that smaller CALHM1 channels have a gating mechanism that is distinct from larger
CALHM channels.

Despite these uncertainties, our heteromeric CALHM2/4 structures may provide interesting insight into
how the movements of pore lining regions may be coordinated. Previously, Choi et al. have speculated
that TM1 and the N-terminus of CALHM subunits may move individually rather than in a concerted
manner”. The different conformations adopted by CALHM2 subunits found in our heteromeric
structure shows that subunits may change their conformation autonomously, without causing steric
clashes with their neighbors, supporting this initial proposal. This independent working mode would
allow for a flexible adjustment of the pore dimensions to accommodate molecules of various sizes but

it is not clear whether such a heterogeneity of conformations would also be found in an activated

channel.
‘protein gate’ ‘lipid gate’
1y
closed %gm%%

Sibiiditt

ul KB MY/

Figure 68. Hypothetical gating mechanisms. Schematic illustration of hypothetical gating
mechanisms of large CALHM channels. Left, ‘protein gate’. The gate impeding ion conduction of large
CALHM channels (i.e. CALHMZ2, 4, 6) in the closed state is formed by the N-terminus of the protein,
which closes the pore as observed in the modeled ‘clogged’ conformation of CALHMG6 (top). In this
case the conical conformation of CALHM6 would display a closed pore and the cylindrical
conformation (bottom) an open pore. Right, ‘lipid gate’. The gate impeding ion conduction of large
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CALHM channels in the closed state is formed by lipids assembling as a bilayer within the protein,
which impedes ion conduction. Since bilayer formation is facilitated in the cylindrical conformation of
CALHMA4, this structure represents a closed pore (top) whereas the structure of the bilayer would be
disturbed in the conical conformation of CALHMS6 (bottom). Since both the ‘kinked’ and ‘extended’
pore conformations of CALHM®6 show a large opening, these conformations could represent open pores.
Figure from >

To summarize, the gating of large CALHM channels likely involves the mobility of TM1 and the N-
terminus, with different conformations affecting the diameter and permeability of the channel. The
presence of lipids in the pore may influence permeation and ensure tight closure of the pores of large
CALHM channels. This supports the idea that large-pore channels are not simply free diffusion pores
but rather employ complex regulatory mechanisms, which likely differ between distinct members of the
family.

In light of the functional data, it should also be considered that some CALHM homologues do not
function as channels on their own but instead form heteromeric complexes with other homologues. The
predominant localization of CALHMA4 to the plasma membrane observed upon overexpression, could
suggest a role in channel trafficking, while CALHMZ2, with its high flexibility in dependence of its
neighboring subunits, may act as a regulatory protein. Further studies are needed to investigate the

interaction patterns within the CALHM family.

3.7 Outlook

This thesis provides a detailed analysis of the CALHM family of channels, focusing on their structural
characterization. By combining the findings from various research groups, which became available since
then, valuable insights into the mechanistic properties of CALHM channels have been obtained.
However, despite this significant progress, several key questions about CALHMs remain unanswered.

One of the primary questions is to whether CALHM2, CALHM4, CALHMS5, and CALHM6 indeed
function as ion channels. If they do, it is crucial to determine the specific stimuli that activate them.
Conversely, if they do not function as ion channels, their role in cellular processes needs to be elucidated.
These essential pieces of information are necessary to establish a clear connection between the observed
structures and the functional states of CALHM channels. To address this question, extensive
electrophysiological studies, in combination with in vitro liposome-based assays, could be employed.
These techniques would allow for a detailed investigation of the ion channel properties of CALHM2,
CALHM4, CALHMS5, and CALHMBG6 and their response to various stimuli. Additionally, further studies
should explore the interactions between family members and with accessory proteins and their specific
roles within CALHM channels found in a cellular environment. Complementary approaches, such as
electrophysiology and pull-down assays from native tissue samples could provide valuable insights in

this regard.
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Along the same line, structural studies of CALHM channels derived from native tissues would
contribute to a better understanding of their organization and functional properties in a physiological
context. Emerging techniques like the imaging of membrane proteins in native vesicles or liposomes

hold promise for shedding light on the role of lipids in the regulation of CALHM channels.

In summary, this thesis presents a detailed structural characterization of CALHM channels and thus
contributes to our understanding of these proteins. Nevertheless, further research is needed to fully grasp
the mechanisms underlying CALHM channel function. By employing structural and functional studies
on overexpressed and endogenous proteins, we should gain deeper insight into the activation stimuli,
interactions, and regulation of CALHM channels, ultimately enhancing our knowledge of these proteins

and clarifying their role in their cellular environment.
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4. Methods

4.1 Cell cultures

4.1.1 Adherent HEK cell cultures

Adherent HEK293T cells were obtained from ATCC. Cells were cultured in DMEM (Dulbecco’s
modified Eagles medium) supplemented with 10% FBS and 100 U/ml penicillin/streptomycin in
humidified incubator under a 5% COat 37 °C.

4.1.2 Suspension HEK cell cultures

HEK?293S GnTI cells were obtained from ATCC. Cells were adapted to suspension culture and grown
in HyCell HyClone TransFx-H media supplemented with 2% fetal bovine serum (FBS), 4 mM L-
glutamine, 1.5% poloxamer 188 and penicillin/streptomycin. Cells were grown in TPP Tubespin 600
bioreactors in a humidified incubator under a 5% CO. atmosphere at 37 °C, while shaking at 185 rpm
(50 mm orbital radius). Cells were diluted to a density of 0.5-10% cells/ml once they reached

approximately 3-5-10° cells/ml.

4.2 Cloning and construct preparation

cDNAs of human CALHM proteins were obtained from GenScript as synthetic constructs where Sapl
restriction sites were removed. For expression in X. laevis oocytes, cONAs of CALHM1, CALHMZ2,
CALHM4 and CALHMG6 were cloned into a pTLNX vector. For expression in mammalian cells, cDNAs
of all human CALHM homologs were cloned into a modified pcDNA 3.1 vector. The pcDNA 3.1 vector
was modified to be compatible with the FX cloning technique™ and was designed to encode a C-terminal
3C protease cleavage site followed by vYFP, Myc and streptavidin binding peptide (SBP) or Myc and
a hexahistidine tag or GFP and Myc.

The sybody sequences were cloned into the FX-compatible pSb_init vector, which contains a
chloramphenicol-resistance gene and an arabinose-inducible promotor®”. The pSb_init vector contains
an N-terminal pelB leader sequence and a C-terminal hexahistidine tag. To obtain tag-free sybodies,

sequences were cloned into pPBXNPHM3 vector.
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4.3 Protein expression

4.3.1 Expression in adherent culture of HEK 293 cells

Adherent HEK293T cells were transiently transfected using polyethyleneimine (PEI) transfection
reagents. One day before transfection, cells were seeded at a density of 3.5-10° cells/well in 10 cm dishes.
The transfection mixture contained branched or linear PEI and DNA. For transfection in a 10 cm dish,
12 ug of DNA and 48 g of PEI were used. For the co-expression of different CALHM proteins, a total
of 12 pg of DNA containing an equivalent molar ratio of construct DNA was used. The mixture was
incubated for 15 minutes at room temperature and then added dropwise to the cells. The expression was
carried out for 36 hours. After this period, the cells were pelleted by centrifugation at 500 g for 5 minutes,

washed with ice-cold PBS buffer, flash frozen and stored at -80 °C for further use.
4.3.2 Expression in HEK 293 suspension cell culture

HEK293S GnT- cells adapted to suspension culture were transiently transfected. One day before
transfection, the cells were diluted to a density of 0.5-:10° cells/ml. Cells were transiently transfected
with a mixture of DNA and PEI. For 300 ml of cell culture, 0.5 mg of DNA and 1.2 mg of PEI MAX
were suspended in 20 ml of DMEM medium. After incubation for 5 minutes, the DNA solutions were
mixed with the PEI solutions and incubated for 15 minutes. To increase transfection efficiency, the
mixture was supplemented with 4 mM valproic acid. The transfection mixtures were then added to cell
cultures and expression was carried out for 36 hours. After this period, the cells were pelleted by

centrifugation at 500 rcf for 15 min, washed with PBS buffer and stored at -20 °C for further use.
4.3.3 Expression in bacterial cultures

DNA constructs of sybodies were transformed into E. coli MC1061 by a heat shock procedure and
grown in Terrific Broth medium supplemented with 25 pg/ml chloramphenicol at 37 °C at 100 rpm.
Cultures were scaled to 50 ml for purification assays and to a liter scale for downstream applications.
Bacteria were first grown at 37 °C for 2 hours. The temperature was then lowered to 22 °C and when
the cultures reached an ODgoo 0f 0.5, L-arabinose was added to a final concentration of 0.02%. After 16-
18 hours of expression, bacteria were harvested by centrifugation at 8,000 rcf for 20 min and pellets

were either used immediately or stored at -80 °C until further use.

4.4 Protein isolation

4.4.1 Extraction tests

Cells were thawed on ice and lysed with lysis buffer (25 mM HEPES, 150 mM NaCl, 0.5 mM CacCl,, 2
mM MgCl,, 2% glyco-diosgenin (GDN), protease inhibitors, RNase, DNase, pH 7.6). The cells were
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incubated in lysis buffer for one hour and the extract was clarified by centrifugation at 16,000 g for 10
min. The obtained supernatants were filtered through 0.22 um centrifugal filters and injected onto a
Superose 6 5/150 column pre-equilibrated with elution buffer (10 mM HEPES, 150 mM NacCl, 50 uM
GDN pH 7.6) and eluted in the same buffer. Proteins were identified by monitoring the fluorescence

emitted by the attached Venus YFP. All steps were performed at 4 °C.
4.4.2 Purification from HEK cells

Cells were thawed on ice and lysed with lysis buffer (25 mM HEPES, 150 mM NaCl, 1% lauryl maltose-
neopentyl glycol (LMNG), 0.5 mM CacCl,, 2 mM MgCl,, protease inhibitors, RNase, DNase, pH 7.6).
The resuspended cells were incubated at 4 °C for 1 hour under gentle agitation. For CALHM4
purification in Ca?*free conditions, Ca?* was replaced by 5 mM EGTA after extraction. Lysates were
clarified by centrifugation at 15,000 rcf for 15 minutes to remove debris. Supernatants filtered through
a 0.5 um filter were applied to Strep-Tactin Superflow affinity resin and incubated with the slurry for
2.5 hours under gentle agitation. For the tandem affinity purification, the supernatants were applied to
Ni-NTA affinity resin prior to this step. In both affinity chromatography steps, unbound proteins were
removed by washing of the resin with wash buffer (10 mM HEPES, 150 mM NaCl, 50 uM GDN, 2
mM CaCl./2 mM EGTA, pH 7.6), and bound proteins were eluted with elution buffer (resin containing
10 mM HEPES, 150 mM NacCl, 50 uM GDN, 2 mM CaCl2 and 300 mM imidazole, pH 7.6 for elution
from Ni-NTA resin and 10 mM HEPES, 150 mM NaCl, 50 uM GDN, 2 mM CaCl2 and 10 mM d-
desthiobiotin, pH 7.6 for elution from Strep-Tactin resin). For cleavage of fusion tags, eluates were
incubated with a 1:1 molar ratio of 3C protease for 30 min. Samples were then concentrated using
Amicon Ultra 15 mL centrifugal filters (100 kDa cut-off, Ultracel), filtered through 0.22 um filters and
subjected to size exclusion chromatography on a Superose 6 10/300 GL column equilibrated with SEC
buffer (10 mM HEPES, 150 mM NaCl, 50 uM GDN, 2 mM CaCl2/2 mM EGTA, pH 7.6). Peak fractions

were pooled and concentrated on 100 kDa MWCO centrifugal filters. All steps were performed at 4 °C.
4.4.3 Purification from bacterial cultures

Bacterial pellets from 50 mL cultures were suspended in 5 ml periplasmic extraction buffer (20%
sucrose (w/v), 50 mM Tris-HCI pH 8.0, 0.5 mM EDTA, 0.5 pg/ml lysozyme) and lysed for 30 min with
agitation. TBS (20 mM Tris-HCI, 150 mM NaCl, pH 7.4) supplemented with 1 mM MgCl, was then
added to the lysate and the cell debris was pelleted at 4000 rcf for 20 min. The supernatant was
supplemented with imidazole to a final concentration of 15 mM. 500 ul Ni-NTA resin was added to the
supernatant and incubated for 1 hour. The resin was then retained in a gravity column and washed with
TBS supplemented with 30 mM imidazole. Sybodies were eluted with TBS supplemented with 300 mM
imidazole. Eluates were filtered through a 0.22 pm centrifugal filter and subjected to size exclusion

chromatography on a Sepax SRT-10C SEC100 column equilibrated in TBS.
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Bacterial pellets from liter-scale cultures were resuspended in TBS supplemented with 0.1 mg/ml
lysozyme at a 1:30 w/v ratio. Bacteria were lysed by three freeze-thaw cycles followed by sonication.
The lysates were centrifuged at 8,000 rcf for 30 min at 4 °C. The supernatants were collected and mixed
with Ni-NTA resin and incubated for 0.5 hours. The resin was then retained in gravity columns, washed
with TBS and the sybodies were eluted with TBS supplemented with 300 mM imidazole. To obtain tag-
free sybodies, the eluates were incubated overnight with 3C protease while dialyzing with a MWCO of
5 kDa. The eluates were then concentrated and filtered through a 0.22 um centrifugal filter and subjected
to size exclusion on a Sepax SRT-10C SEC100 column equilibrated in TBS. Fractions of the monomeric

sybody peaks were collected and stored at -80 °C for further use.

4.5 LC-MS analysis of co-purified lipids

LC-MS analysis was carried out in collaboration with Dr. Sebastian Streb and Dr. Endre Laczko from
the Functional Genomics Center Zurich. A detailed description of this analysis can be found in the

manuscript resulting from this work 5.

4.6 Protein reconstitution into liposomes

Soybean polar lipid extracts supplemented with 20% or 25% (mol/mol) cholesterol or brain polar lipid
extracts were solubilized in chloroform. The chloroform was evaporated under a nitrogen stream, and
the lipids were washed with diethyl ether and dried by desiccation overnight. The dried lipids were then
resuspended in a solution containing 100 mM KCI and 20 mM HEPES at pH 7.5 (inside buffer) to a
concentration of 20 mg/ml. A fraction of liposomes was solubilized by adding 35 mM CHAPS. The

liposomes were aliquoted, flash frozen in liquid nitrogen, and stored at -80 °C.

On the day of reconstitution, the liposomes were diluted to a concentration of 4 mg/ml with inside buffer.
Liposomes were subjected to three freeze-thaw cycles, followed by extrusion through a 400 nm
polycarbonate filter (Avestin, LiposoFast-Basic), and destabilized by stepwise addition of Triton X-100.
The extent of destabilization was monitored by measuring the absorbance at 540 nm using a
spectrophotometer. To the prepared solubilized and destabilized liposomes, solutions of pure proteins
were added at protein-to-lipid ratios of 1:50, 1:75, or 1:100 (wt/wt). To prepare empty liposomes, an
equivalent volume of SEC buffer was added. The mixtures were incubated at room temperature for 15
minutes under gentle agitation. After the incubation period, biobeads SM-2 (Biorad) were added to the
mixtures at a ratio of 10 mg per 1 mg of lipids and incubated for 0.5 hours. The addition of biobeads
was repeated three times after 1 hour, 2 hours, and before an overnight incubation, all at 4 °C and with
gentle agitation. The next day, biobeads were separated from the sample by filtration on a gravity column
at room temperature. The flow-through was collected, and the empty liposomes and proteoliposomes

were harvested by ultracentrifugation at 170,000 rcf for 0.5 hours. Proteolipsomes were resuspended in
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a solution containing 100 mM KCI and 20 mM HEPES at pH 7.5, to a concentration of 40 mg/ml, and

stored at -80 °C. To assess the efficiency of reconstitution, proteins were re-extracted from the liposomes
with a buffer containing 1% of LMNG or 2% of GDN, filtered through a 0.22 um filter and loaded onto

a Superose 6 Increase 5/150 column equilibrated in SEC buffer. The protein signal was monitored using

tryptophane fluorescence. SEC profiles of extracted proteins were compared with profiles of pure

untreated proteins at equivalent amount as used for reconstitution. The screening of reconstitution

conditions is shown in Figure 69.
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Figure 69. Screening of liposome reconstitution
conditions. Reconstitution of CALHM2 in destabilized
(A) and solubilized (B) liposomes composed of soybean
polar extract supplemented with 20% cholesterol at a
protein to lipid ratio of 1:100. Reconstitution of CALHM2
in destabilized liposomes composed of soya bean polar
extract supplemented with 25% cholesterol at a protein to
lipid ratio of 1:50 (C). Reconstitution of CALHM?2 in
destabilized liposomes composed of brain polar extract at
a protein/lipid ratio of 1:75 Reconstitution of CALHMG6 in
destabilized liposomes composed of soya bean polar
extract supplemented with 25% cholesterol at a protein to
lipid ratio of 1:50 (E).



4.7 Fluorescence quenching-based proteoliposome assay

On the day of the assay, empty liposomes and proteoliposomes were resuspended in a buffer containing
20 mM HEPES, 100 mM KCI, and 250 uM calcein at pH 7.5, at a ratio of 1:400 (wt/v). The liposomes
were then subjected to three freeze-thaw cycles. Next, the liposomes were extruded through a 400 nm
polycarbonate filter (Avestin, LiposoFast-Basic), harvested by ultracentrifugation at 170,000 rcf for 20
minutes, washed twice with calcein-free buffer, and resuspended in this buffer to a concentration of 40
mg/ml. Subsequently, the liposome solution was diluted 100-fold in a buffer containing 20 mM HEPES
and 100 mM NaCl at pH 7.5. Batches of 100 ul of the prepared liposome suspensions were aliquoted
into a 96-well plate, and fluorescence was measured every 4 seconds using a Tecan Infinite M1000
fluorometer. To generate membrane potential, valinomycin was added to a final concentration of
100 nM. After 30 cycles of equilibration, manganese was added at different concentrations. The reaction

was then terminated by adding calcimycin to a final concentration of 100 nM.

4.8 Two-electrode voltage clamp recordings

This part of the project was mostly performed by Dr. Maria Isabel Bahamonde Santos with assistance
from the thesis author. A detailed description on the two-electrode voltage clamp recordings and cell

surface biotinylation can be found in the manuscript resulting from this work °7.

4.9 Immunoprecipitation from placental tissue

Samples of human placentae (provided by Prof. Christiane Albrecht from the Institute of Biochemistry
and Molecular Medicine at the University of Bern) were pre-homogenized in PBS buffer supplemented
with protease inhibitors and stored at -80°C until further use. On the day of the experiment, tissues were
homogenized using a rotor-stator homogenizer and sonicated for 20 minutes at 100 W in a 5-second
on/3-second off cycle. To remove debris, suspensions were centrifuged at 10,000 rcf for 30 minutes at
4 °C. To isolate the membrane fraction, the supernatant was collected and centrifuged at 200,000 rcf for
1 hour at 4 °C. The membrane fractions were resuspended in a buffer containing 25 mM HEPES, 150
mM NaCl, 1% LMNG and protease inhibitors, pH 7.5. The suspension was incubated on a rotating
wheel at 4 °C for 3 hours and centrifuged at 200,000 rcf at 4 °C. The supernatants were incubated
overnight with magnetic beads coated with antibodies directed against either human CALHM2 or
CALHMA4 proteins. The next day, the beads were extensively washed with PBS buffer supplemented
with 1% GDN. The progress of the experiment was monitored by Western blotting, with samples from
each step probed with the appropriate antibodies. In addition, the fraction of proteins pulled down on
the beads was trypsinized and peptides were extracted from the beads with a 0.1% TFA/50% acetonitrile

solution. The supernatants were analyzed by LC-MS/MS at the Functional Genomic Center Zurich.
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4.10 Protein biotinylation

CALHM proteins were chemically biotinylated using amine-reactive EZ-Link™ NHS-PEG4-Biotin
(ThermoFisher Scientific). Proteins were diluted to a concentration of 1 mg/ml in their SEC buffers and
the coupling agent was added in 8-fold molar excess. Samples were incubated for 1 hour on ice and the
reaction was quenched by the addition of 5 mM Tris-HCI, pH 8.0. Excess biotin was separated from the
biotinylated protein on a PD-10 desalting column. The eluted proteins were concentrated, mixed with
glycerol to a final concentration of 10%, aliquoted, flash frozen in liquid N, and stored at -80 °C. The
success of biotinylation was assessed by SDS-PAGE analysis comparing samples of CALHM proteins
alone and streptavidin alone with samples of the mixture of both.

4.11 Sybody selection and ELISA screening

Sybody selection was performed as previously described®’. Three synthetic ribosome-display libraries,
named concave (G), loop (B), and convex (R) libraries, and the plasmids, were kindly provided by Prof.
Markus Seeger from the Institute of Medical Microbiology, UZH. Sybodies were selected against
chemically biotinylated CALHM proteins. In brief, one round of ribosome display was performed, and
the output RNA was reverse transcribed and cloned into a phage-display compatible vector. The
obtained plasmids were transformed into E. coli SS320 cells to produce phages using a helper phage
M13KO7. The produced phages were then used in subsequent two rounds of phage display. Phagemids
were isolated from the output phages of the second round, and the encoded sybody sequences were
subcloned into the pSB_init expression vector. The resulting plasmids were transformed into E. coli
MC1061 and the bacteria were plated on agar plates to isolate single clones. The single clones were
expressed on a small scale and used for binding screening tests using an ELISA assay. Positive clones

identified were sequenced.

4.12 Binding tests

4.12.1 SEC binding assay

Pure CALHM proteins were mixed with pure sybodies in a ratio of 1:2 to a final concentration of 25
MM CALHM proteins. Prior to mixing, sybodies were supplemented with GDN to a final concentration
of 50 uM. Samples of CALHM proteins alone and protein mixtures were applied to a Superose 6 5/150
Increase column equilibrated with SEC buffer. Protein signal was monitored by absorbance at 280 nm.
Peak fractions corresponding to CALHM proteins were collected, concentrated using Amicon Ultra 0.5
mL centrifugal filters (10 kDa cut-off, Ultracel) and analyzed by SDS-PAGE.
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4.12.2 Pulldown binding assays

Adherent HEK293T cells were transiently transfected with mixtures of two vectors in a 1:1 ratio. For
pulldowns of CALHM4 with sybodies a mixture of vectors encoding CALHM4-vYFP fusion protein
and sybody-vYFP_Myc_Strep fusion protein were used. For pull-downs between CALHM homologues
cells were transfected with mixtures of vectors encoding CALHM-Myc and CALHM_vYFP_Myc_SBP
or CALHM_vYFP_Myc and CALHM_vYFP_Myc_SBP. All steps of the pulldown binding assay were
performed at 4 °C. Cells were lysed in lysis buffer (25 mM HEPES, 150 mM NaCl, 1% lauryl maltose-
neopentyl glycol (LMNG), protease inhibitors, RNase, DNase, 0.5 mM CaCl;, 2 mM MgCl,, pH 7.6)
for 1 hour and the lysates were cleared by centrifugation at 16,000 rcf for 10 min. The supernatants were
filtered through a 0.22 pm filter and mixed with 50 ul Strep-Tactin resin equilibrated in wash buffer (10
mM HEPES, 150 mM NaCl, 50 uM GDN, 2 mM CaCl,, pH 7.6). Supernatant and resin were incubated
for 2 hours with gentle agitation. The resin was then retained on a gravity column, washed with wash
buffer and bound proteins eluted with elution buffer (wash buffer supplemented with 10 mM d-
desthiobiotin, pH 7.6). The course of the assay was monitored by SDS-PAGE analysis. In-gel
fluorescence was imaged using a Viber Fusion FX7 imager, excitation wavelength 480 nm and emission

wavelength 535 nm.

4.12.3 SPR measurements

SPR measurements were performed at the Functional Genomic Centre Zurich using a Biacore T200
instrument (GE Healthcare). The CALHM proteins, chemically biotinylated, were immobilized on a
streptavidin-coated sensor chip (XanTec), resulting in a maximum response value of approximately 600
response units (RU). Measurements were performed at a temperature of 10 °C and a flow rate of 30
pl/min. The buffer used during the experiments consisted of 10 mM HEPES at pH 7.6, 150 mM NacCl,
2 mM CaCl; and 50 uM GDN for CALHM; or 0.01% LMNG for CALHM4. Flow cell 1 was left empty
to act as a reference cell for the measurements. Prior to measurements, the system was equilibrated with
the appropriate buffer for 2 hours. The sybodies RA5 and gF2 were injected in a single cycle kinetic
measurement at concentrations of 7.8, 15.6, 31.25, 125 and 500 nM for sybody RA5 and 8, 24, 72, 216
and 648 nM for sybody gF2. The data obtained were analyzed using BlAevaluation software (GE

Healthcare) and fitted to a single-site binding model where the quality of the data allowed such fits.

4.13 Negative staining EM

Copper grids with a continuous carbon film were glow discharged for 30 s using low pressure air plasma.

Purified protein solutions were diluted to a concentration of 0.03 mg/ml and 2 pl samples were applied

to the grids for 1 min. Excess solutions were removed from the edge with a piece of filter paper and

2 pL of 1% uranyl acetate was applied for 1 min. Excess stain was removed with filter paper and the

grids were allowed to dry. The samples were imaged using a Tecnai G2 Spirit electron microscope.
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4.14 Cryo-EM sample preparation and data collection

Samples of pure proteins and protein mixtures were applied to glow-discharged holey carbon grids
(Quantifoil R1.2/1.3 or R0.6/1 Au 200 mesh). Excess liquid was removed in a controlled environment
(4 °C and 100% relative humidity) by blotting grids for 2-6 s. Grids were subsequently flash frozen in
a liquid propane-ethane mix using a Vitrobot Mark IV (Thermo Fisher Scientific) and stored in liquid

nitrogen. Details on sample preparation are found in Table 1.

Samples of homomeric CALHM proteins were imaged in a 300 kV Tecnai G2 Polara (FEI) with a 100
um objective aperture and data were collected using a post-column quantum energy filter (Gatan) with
a 20 eV slit and a K2 Summit direct detector (Gatan) operating in counting mode. Dose-fractionated
micrographs were recorded in an automated manner using SerialEM® with a defocus range of —0.8 to —
3.0 um. Datasets were recorded at a nominal magnification of 37,313 corresponding to a pixel size of
1.34 A/pixel.

Samples of CALHM proteins in complex with sybodies were imaged in a 300 kV Titan Krios G3i with
a 100 um objective aperture and data were collected using a post-column BioQuantum energy filter with
a 20 eV slit and a K3 direct electron detector operating in a super-resolution counted mode.
Dose-fractionated micrographs were recorded with a defocus range of -1 um to -2.4 um in an automated
mode using EPU 2.9. Datasets were recorded at a nominal magnification of 130,000 corresponding to a
pixel size of 0.651 A per pixel (0.3255 A per pixel in super-resolution mode). More details regarding

data collection are found in Table 1.
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Sample CALHM Sybody Microscope pixel size | Electron Electron Total number
concentration excess [A] exposure exposure/frame exposure time | of collected
[UM] [e-/A?] [e /A%frame] [s] micrographs

CALHM2 40 - FEI Tecnai G? | 1.34 55 1.4 12 2116
Polara

CALHM4 in 2 mM 83 - FEI Tecnai G? | 1.34 40 1.3 12 1693

Ca* Polara

CALHM4 in 5 mM 97 - FEI Tecnai G? | 1.34 32 1 12 1077

EDTA Polara

CALHM6 40 - FEI Tecnai G? | 1.34 40 1.3 12 1704
Polara

CALHM2 with RA5 20 15 FEI Titan | 0.3255 72 2 1 9232
Krios

CALHM4 with gF2 47 15 FEI Titan | 0.3255 70 1.9 1 3 696
Krios

CALHM4 withrD10 | 43 15 FEI Titan | 0.3255 70 1.9 1 1669
Krios

CALHM2/4 with gF2 | ~38 15 FEI Titan | 0.3255 60 1.3 1.26 18 906
Krios

CALHMZ2/4 ~45 15and 25 | FEI Titan | 0.3255 60 1.3 1.26 18 958

with gF2 and RA5 Krios

Table 1. Details on cryo-EM sample preparation and data collection.
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4.15 Cryo-EM image processing

Micrographs from all datasets were pre-processed in a similar manner. Micrographs of datasets of
samples of CALHM2 with sybody RA5 and CALHMZ2/4 with sybodies gF2 only and both sybodies gF2

and RA5 were additionally binned prior to processing resulting in a pixel size of 0.651A.

CALHM

For datasets of CALHM proteins not containing sybodies, the raw movies were used for correction of
the beam-induced movement using a dose-weighting scheme in RELION’s own implementation of the
MotionCor2 algorithm available in version 3.0%. The CTF parameters were estimated on summed movie
frames using CTFFIND4.1%. Low-quality micrographs showing a significant drift, ice contamination
or poor CTF estimates were discarded.

CALHM2

Visual inspection of micrographs in the CALHMZ2 dataset during pre-processing hinted at a preferential
orientation of particles. 2D class averages generated from the particles picked with the Laplacian-of-
Gaussian method showed primarily views from the extracellular side with a small percentage of side or
tilted views, similar to those found in CALHM4 datasets (showing dihedrally-related dimers) and the
CALHMBG6 dataset (showing monomers). In order to recover projections at orientations other than from
the extracellular side, representative 2D class averages of CALHM4 and 6 were combined and used as
2D templates for auto-picking. The pool of 417,612 particles was subjected to two rounds of 2D
classification, after which the dataset was reduced to 71,555 particles. 2D class averages showed that
the majority of the remaining particles comprised a view from the extracellular side with only a small
fraction representing other orientations. As a consequence of this preferential orientation, projections
from other angles were underpopulated and did not show high-resolution features. In order to separate
monomeric and dimeric populations, non-symmetrized 3D classification was performed using low-pass
filtered reconstructions of CALHM4 and CALHMG6. However, both monomeric and dimeric 3D
reconstructions of CALHMZ2 suffered from missing views and therefore did not converge to a reliable
model during 3D auto-refinement. Additional 2D classification on particles classified either as
CALHM2 monomers or dimers showed a significant amount of remaining heterogeneity in form of
undecameric and dodecameric assemblies, which together with the preferential orientation impeded a
high-resolution reconstruction from this dataset.

Ca**-CALHM4

The dataset of CALHM4 in presence of calcium was processed with the RELION version 3.0, Particles
of CALHM4 were initially picked using the Laplacian-of-Gaussian method and subjected to 2D
classification. 2D class averages showing protein features were subsequently used as templates for more
accurate auto-picking as well as input for generating an initial 3D model. 422,281 particles were
extracted with a box size of 234 pixels, down-scaled three times and subjected to 2D classification.

Having discarded particles not containing protein or particles of poor quality, the dataset was reduced
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to 201,782 particles. Two rounds of non-symmetrized 3D classification using the 60 A low-pass filtered
initial 3D model as a reference allowed to isolate two populations of homogenous particles representing
dihedrally-related decameric and undecameric assemblies. These two subsets were refined separately
with either D10 or D11 symmetry imposed followed by unbinning to an original pixel size and iterative
rounds of 3D refinement, per-particle CTF correction and Bayesian polishing®®. Extra 3D
classification without angular alignment showed increased flexibility within the dimerization interface
of interacting intracellular regions in the decameric assembly while no such flexibility was observed for
the undecameric population. In order to improve the resolution of the reconstructions, localized
reconstruction was performed. For this purpose, the signal corresponding to the detergent belt and to
one dihedrally-related monomer was subtracted from each particle followed by auto-refinement of
merged in silico modified particles in the presence of a soft mask around the protein density with either
C10 or C11 symmetry imposed. The final map of the decameric and undecameric assembly was
improved to 4.07 A and 3.92 A, respectively. The maps were sharpened using isotropic b-factors of —
200 A? and —177 A?, respectively.

Ca?*-free CALHMA4

The dataset of CALHM4 in an absence of calcium was processed in RELION version 3.0. Particles of
CALHM4 were initially picked using the Laplacian-of-Gaussian method and subjected to 2D
classification. 2D class averages showing protein features were subsequently used as templates for more
accurate auto-picking as well as input for generating an initial 3D model. 576,841 particles were
extracted and cleaned by 2D classification. The pool, reduced to 97,978 particles, was subjected to non-
symmetrized 3D classification that also yielded two populations of dihedrally-related decameric and
undecameric assemblies. The final map of the decameric assembly at 4.07 A and of the undecameric
assembly at 3.69 A was sharpened using isotropic b-factors of —169 A2 and —126 A?, respectively.
CALHMG6

The dataset of CALHM®6 was processed in RELION version 3.0%°. Particles of CALHM®6 were initially
picked using the Laplacian-of-Gaussian method and subjected to 2D classification. 2D class averages
showing protein features were subsequently used as templates for more accurate auto-picking and as
input for generating an initial 3D model. 216,859 particles were extracted with a box size of 200 pixels
and reduced to 201,761 particles after 2D classification. Non-symmetrized 3D classification also
revealed decameric and undecameric populations, although no dihedrally-symmetrized dimers, as in
case of CALHM4 in the presence and absence of Ca?*, were observed. The final auto-refined map of the
decameric assembly at 4.39 A and of the undecameric assembly at 6.23 A was sharpened using isotropic
b-factors of —259 A% and —435 A2, respectively.

In all cases, resolution was estimated in the presence of a soft solvent mask and based on the gold
standard Fourier Shell Correlation (FSC) 0.143 criterion®”-%, High-resolution noise substitution was
applied to correct FSC curves for the effect of soft masking in real space®’. The local resolution was
estimated using RELION.
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CALHM in complexes with sybodies

For datasets of CALHM proteins in complex with sybodies, the raw movies were used to correct for
beam-induced motion using patch motion correction in cryoSPARC v.3.2.0 and v.4.0.3, followed by
patch CTF estimation'®, unless stated otherwise. Poor quality images with significant drift, ice
contamination or poor CTF estimates were discarded.

CALHM2 in complex with sybody RA5

In CALHM2 dataset in complex with the sybody RA5, particles were initially picked with the blob
picker and subjected to 2D classification to generate 2D average templates for more accurate template-
based particle picking. Particles were selected and extracted with a box size of 512 pixels, downscaled
twice. Particles were then subjected to four rounds of 2D classification to remove false positives and
low-quality particles. This procedure resulted in 62,286 particles that were subjected to an ab initio
reconstruction with three classes. The classes obtained included decameric, undecameric and ambiguous
assemblies of CALHM2. Particles belonging to classes showing an undecameric assembly were further
sorted by a round of heterogeneous refinement using three ab initio reconstructions as references. The
same procedure was used for particles belonging to classes showing a decameric assembly, which
yielded a low-quality reconstruction. Therefore, further processing was restricted to the more promising
undecameric assemblies. The quality of the reconstruction was further improved by CTF global and
local refinements and non-uniform refinement with C11 symmetry imposition, yielding a map at 3.07
A. The local resolution was estimated with cryoSPARC. To improve the resolution of the CALHM-
sybody interface region, a local refinement with C11 symmetry imposed was performed in the presence
of a tight mask restricted to the region surrounding the sybody binding site, yielding a reconstruction of
this region at a global resolution of 2.8 A. To assess the structural heterogeneity of the first
transmembrane helix, the particles yielding a final map were subjected to a procedure combining
symmetry expansion and signal subtraction. All subunits were subtracted and subjected to 3D variability
analysis with the resolution of the map low-pass filtered to 9A. Two different final states were generated,
likely representing two different conformations of the first transmembrane helix.

CALHM4 in complex with sybody gF2 and rD10

The cryo-EM datasets were processed in RELION-3.1%°. Particles were first selected by Laplacian-of-
Gaussian based auto-picking and subjected to a first round of 2D classification to generate 2D average
templates. In the case of CALHM4-gF2, four 2D classes with protein-like features were used as
references for a second template-based picking, resulting in 424,942 particles. The particles were
extracted with a box size of 720 pixels and downscaled four times. A second 2D classification was
performed and the particles from the five best classes were used for the initial 3D model generation,
imposing C10 symmetry. The extracted particles from the second 2D classification round were subjected
to a round of 3D classification using the initial model as a reference map, which was low pass filtered
to 60 A with C10 symmetry imposed. The best 3D class was selected, reducing the number of particles

to 52,248. The particles were un-binned to their original pixel size and subjected to 3D refinement with
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C10 symmetry imposed. Additionally CTF and aberration refinement and Bayesian polishing was
applied®®, The map was sharpened with an isotropic b-factor of -153 A2, resulting in a global
resolution of 3.7 A. The CALHM4-rD10 dataset was processed in a similar manner. Template-based
auto-picking using the best 2D classes as a reference resulted in 133,236 particles picked. In addition,
10 157 particles were manually picked, to enrich the scarce tilted views, and subjected to 2D
classification. 2D classes with protein-like features generated with the manually picked particles were
used for template-based auto-picking, resulting in 126,994 picked particles. Particles were extracted
with a box size of 500 pixels and downscaled twice and used for initial 3D model generation (with C10
symmetry) and subjected to 3D classification. The best 3D class was further refined with 3D (with C5
symmetry) and CTF refinements and Bayesian polished. This approach yielded a map at a global

resolution of 4 A.

CALHMZ2/4 heteromers in complex with sybodies

Particles from CALHMZ2/4 datasets either containing sybody gF2 targeting CALHM4 only or
additionally sybody RAS5 targeting CALHM2 were initially picked with the blob picker and subjected
to 2D classification to generate 2D templates for more accurate template-based particle picking. Particles
were selected and extracted with a box size of 512 pixels, downscaled twice. Particles were then
subjected to multiple rounds of 2D classification to remove false positives and poor-quality particles.
This process resulted in 415,074 particles of CALHM2/4 in complex with gF2 and 336,860 particles of
CALHM2/4 in complex with gF2 and RAb.

Visual inspection of the 2D classes indicated the presence of different assemblies in the datasets. To
separate these assemblies, particles were exported to RELION (version 4.0)'°* and used to generate
initial models. Further particles were subjected to several rounds of 3D classification, using the initial
models as references. In the first two rounds of classification, low quality particles were excluded and
only particles belonging to the high-quality classes were subjected to a final class 3D classification
grouping them in 10 distinct classes.

In order to obtain high resolution reconstructions of complexes, particles belonging to the 2D classes
showing channel dimers were excluded and only particles belonging to the high quality 2D classes with
single channels were used to generate ab initio reconstructions. This yielded decoy reconstructions and
undecameric reconstructions. Particles of undecameric reconstructions were used as input for
heterogeneous refinements with three references: a decoy reconstruction and twice the same
undecameric reconstruction. This resulted in reconstructions of undecameric and dodecameric
assemblies. The heterogeneous refinement was repeated four times, each time using as input particles
belonging to the undecameric assembly from the previous refinement and as references undecameric
and dodecameric reconstructions. Resulted undecameric reconstructions were further improved with
non-uniform refinement. Additionally, a CTF refinement was performed on the dataset with both

sybodies RAS5 and gF2. These approaches yielded maps with global resolutions of 3.9A and 3.3A for
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the CALHM2/4-gF2 and CALHM2/4-gF2-RA5 complexes, respectively. The local resolution of the

maps was estimated within cryoSPARC.

4.16 Model building and Refinement

The models were built in Coot %2, CALHM4 model was built de novo into the cryo-EM density of the
dimer of undecameric channels at 3.82 A obtained from the CALHMA4 dataset in the absence of calcium.
The slightly better resolved cryo-EM density of the unpaired undecameric channel at 3.69 A obtained
by local reconstruction and a map blurred in Coot with a b-factor of 50 aided map interpretation.
CALHMB®6 was built using the CALHM4 structure as reference with the aid of modified cryo-EM maps
of CALHMS6 which were either low-pass filtered to 6 A, blurred in Coot with a b-factor of 200 or
sharpened in Coot with a b-factor of —50. The cryo-EM density of CALHM4 was of sufficiently high
resolution to unambiguously assign residues 4-83 and 94-280. The cryo-EM density of CALHM®6
allowed us to assign residues 20-82 and 94-282. CALHM2 model was built using the published
structure as a reference (PDB:6UIW) 7 into the cryo-EM density at 3.07 A of undecameric channels
obtained from the CALHM2-RAS5 dataset. The cryo-EM density of CALHM2-RAS5 allowed us to assign
residues 38-88, 106-138, 156-162, 177-235, 237-307, 314-328. Sybody RA5 was initially modelled
based on a high resolution structure of the sybody (PDB 1ZVH) with CDRs which interact with
CALHM2 being rebuilt into the cryo-EM density. The model of the heteromeric CALHM2/4 in complex
with sybodies gF2 and RA5 was built by placing nine CALHM2 subunits and two CALHM4 subunits
into the cryo-EM density obtained from the CALHM2/4-gF2-RAS5 dataset at 3.3 A using the structure
of the homomeric CALHM2-RA5 and homomeric CALHM4. The 19-46 region of CALHM2 in the
downward conformation was built de novo. The atomic models were improved iteratively by cycles of
real-space refinement in PHENIX %with secondary structure and 22-fold (for CALHM4), 10-fold (for
CALHMB®6) and 11-fold (for CALHM2-RA5) NCS constraints applied followed by manual corrections
in Coot. Validation of the models was performed in PHENIX. Surfaces were calculated with MSMS%,
Figures containing molecular structures and densities were prepared with DINO
(http://www.dino3d.org), PyMOL!% and ChimeraXx°,
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Appendix A: Sequence alignment of the human CALHM paralogs

hCALHM1 —-—-—-MMDKFRMIFQFLQSNQESFMNGICGIMALASAQMYSAFD 56
hCALHM2 MAALTAENFRFLSLFFKSKDVMIFNGLVALGTVGSQEL 60
hCALHM3 55
hCALHM4 55
hCALHMS5 54
hCALHM6 55
hCALHM1 LVMNNNVSMLAEEWKRPLG---RRAK--DPAVLRYMFCSMAQRALT. 111
hCALHM2 ITILNNHTWNLVAECQHR RTKNCSAAPTFLLLSSILGRAA 114
hCALHM3 LLANRQSVVMVEEWRRPAG---HRRK--DPGIIRYMCSSVLQ 110
hCALHM4 FALRSOMWTITGEYCCSCAPPYRRISPLECKLACLRFFSITGRAVI 115
hCALHMS5 FFLNNRSWRLFTGCCVNPRKIFPRGHSCR---FFYVLGQITLSSL 1 B 1
hCALHM6 SARTWRLLTGCCSSARASCG--SALR---GSLVCTQIS 110
—
[—

hCALHM1 VPCPEIYDGDWLL 171
hCALHM2 SEFVDPSSLTAR--EEHFPSAHATEI FPCK-ENPDNLSD 171
hCALHM3 FSSSVDPEKFLDF---ANMTPSQVQL Pl DELVRDSP 167
hCALHM4 EFASVDHYPMF--D-NVSASKREEILAGFPCCRSAPSDVIL 172
hCALHMS5 GTRSSGLLELI--CKGKPKEC-WEELHKVSCGKTS--MLPT 166
hCALHM6 TGSA--AFAQRL--CLGRNRSC-AAELPLVPCNQAK--ASD- 162
hCALHM1 AREVAVRYLRCI SFVLLTTLLAFVVRSVRPCFTQAAFLKSK 231
hCALHM2 FREEVSRRLRYE F LIGVVAILVFLTKCLKHYCSPLSYRQEA 231
hCALHM3 ARKAVSRYLRC IGWSVTLLLITAAFLARCLRPCFDQTVFLQRR 227
hCALHM4 VRDEIALLHRY! ILITLATIAALVSCCVAKCCSPLTSLQHC 232
hCALHMS5 VNEELKLSLOQA ILEWCLICSASFFSLLTTCYARCRSKVSYLQLS 226
hCALHM6 -VQDLLKDLKA ILIAVVIIILLIFTSVTRCLSPVSFLQLK 221
hCALHM1 DETCTEHAKAFAKVCIQQ HDLELGHTH-G------ TLATAPASAAAPTTPDGAE 284
hCALHM2 QRTAEVHSR GEFVALNKDDEELIAN---—-—-—-— FPVEGTQP----RPQWNA 280
hCALHM3 DETCCEHARDFAHRCVLH SMRSELQARGLRRGNAGRRLELPAVPEPPAVPEPPEGLD 287
hCALHMA4 EQAAEQHSRLLMMHRIKKLEGFIPGSEDVKHIRI--===========— PS----CQDWKD 274
hCALHMS5 ENTFLDYANKLSERNLKCFFENKRP----DPF--=======—=——— PMPT----FAAWEA 264
hCALHM6 KSKATEHATELAKENIKCFFEGSHP----KEY--====———————- NTPS----MKEWQQ 259
hCALHM1 -—-EEREKLRGITDQGTMNRLLTSWHKCKPPLRLG--=—~——— QEEPPLMGNGWAGGGPRPP 335
hCALHM2 -ITGVYLYRENQGL-PLYSRLHKWAQGLAGNGAAPDN---—-- VEMALL---=======~ P 322
hCALHM3 SGSGKAHLRAISSREQVDRLLSTWYSSKPPLDLA-———-—-—-— AS-PGLCGGGLSHRAP--- 336
hCALHM4 -ISVPTLLCMGDDLQGHYS-======~ FLGNRVDEDNEEDRSRGIELK--========~ P 314
hCALHMS5 -ASELHSFHQS---QQHYSTLHRVVDNGLQLSP—-—-—--- EDDETTMVLVGTAHNM-—-———— 309
hCALHM6 -ISSLYTFNPK---GQYYSMLHKYVNRKEKTHSI--RSTEGDTVIPVLGFVDSSGINSTP 313
hCALHM1 RKEVATYFSKV--- 346

hCALHM2 S--mmmmmm————— 323

hCALHM3 TLALGTRLSQHTDV 350

hCALHM4 z  -------——mmmme 314

hCALHMS 3  ———--——————m—— 309

hCALHM6 EL-----—————m 315

Figure from .
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Cryo-EM structures and functional
properties of CALHM channels of the
human placenta
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Abstract The transpernt of substances across the placenta is essential for the development of
the fetus. Here, we were interested in the role of channels of the caleium homeostasis modulator
[CALHM) family in the human placenta. By transcript analysis, we found the paralogs CALHM2, 4,
ard & to ke highly exprassed inthis organ and uprequlated during trophoblast differantiation.
Based on electrophysiclogy, we observed that activation of these paralogs differs from the
voltage- and caleium-gated channel CALHMT. Crhyo-EM structures of CALHMA display decameric
ard undecameric assemblies with large eylindrical pore, while in CALHME a confermational ehangs
has comverted the pore shape inte a conus that narrows at the intracallular side, thus deseriking
distinet functional states of the charnel. The pore geometry alters the distribution of ligids, which
oceupy the eylindrical pore of CALHMA in a bilayer-like arrangement whareas thay have
radistributed in the conical pore of CALHMAG with potential functional consequences.

Introduction

The placenta, a complex organ that develops during pregnancy, senves as a hubs for the exchange of
ruttients and waste products between the mother and the fetus. The flow of substances acroze the
placenta iz controlled by two distinct cell-layers, namely fetal capillary endothelial cells and syncytio-
trophotblasts (STE. While endothelial cellz lining the fetal veszels allow to & certain extent diffusion
of [stnall} molecules through paracellular pathwaye (Edwards et al, 1993 Lewis et al, 2013}, the
°TB layer constitutes a tight diffusion barrier. 5T are polarized multinuclzated cellz prezenting their
apical side towards the maternal blood and their bazal side towards the fetal capillaries. Hence, the
targeted expreszion of receptors, channels or transport proteing of the S5TB determines the direc-
fonality of transport across the placenta, which iz ezzential for the adequate dewveloprnent of the
fetus (Lager and Powell, 2012). Armong the trangport proteing in the placenta, the role of the cal
ciurn hormeostazis modulator [CALHM} family is currently unknown. In humans, the CALHM family
encornpasses s paralogs, some of which function as non-zelective channels that are permeakle to
large substances such az ATF (M2 et al, 2016). CaLHMT, the currently best characterized paralog,
fortne ion channels that are activated by depolarization and a decreaze in the extracellular Ca**-con.
centration [Ma et al, 2012, Tarumo ef al, 2013k with mutation: being aszociated with an
increased risk for late-onset Alzheimer's diseaze [Dreses-Werringloer at al, 2008y Although func.
tivhal on its own [Ma et al, 2012} in a physiological context CALHMT probably forms heteromers
with the subunit CALHMS [WMa et al, 20186} Thete heteromeric channeles play an important role as
secondary receptors for sweet, bitter and urnari taste reception in type || taste bud cells by catalyz-
ing the non-vesicular release of ATP (Ma et al, 20185 Tarvno et al, 2013s2; Taruno et al,, 20135)
A second paralog with an assigned physiological role iz CALHME, which iz ubiguitously expressed
and was propoied to mediste ATF release in astrocytes [Ma et al, 2018a). The role of other
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paraloge has thus far rermained elusive. Insight into the structural properties of the family wase
recenthy provided from studies on CALHMIT and 2 by cryo-electron microscopy (Choi et al., 2019,
Damura at al, 2020, Syrjanen et al, 2020) CALHMZ was found to aszernble into undecameric
dhannels, which in certain cazes dimetize via contacts on the extracellular side in an azsembly that
resernbles gap-junctions. Based on thiz architecture, a potential role of CALHMZ as intercellular
dhannels was proposed. Although predicted to ke related to connexing and volume -regulated anion
dhannels (WRAC: of the LRRCE family [Siebert et al, 2013}, the four membrane-zpanning helices of
the CaLHM subunit exhibit a distinct arrangement, which refutes a common structural ancestry
between theze protein families (Chai et al, 2019} In contrazt to CALHMZ channels, the structure of
CALHM1 shows & smaller octarmetic organization [Demura et a2l 2020, Syrjanen et al., 2020), thus
wggesting that the functional properties of activation and conduction might not ke conzenved
within the farmily.

In the present study we were investigating the structural and functional properties of CALHM
dannels in the context of the placenta. We idertified the three paralogs, CALHME, 4 and &, to be
highly expreszed inthis organ. & systermatic com parative functional characterization by electrophysi-
ology did not reveal pronounced activity of either of these paralogs under conditions where
CALHMT channels are open, thus suggesting that the former might ke regulated by different and
currently unknown mechanizms. The structural characterization of the three paralogs reveals insight
into their organization and into potential gating transitions which, although related to previously
dezcribed properties of CALHMZ, show disting: features with rezpect to subunit organization, con-
forrnational changes and the distribution of lipide residing inzide the wide pore of CALHM channels.

Results
Expreassion of CALHM channels in the human placenta

To investigate the role of CALHM channels in the placenta, we have characterized the expression of
farnily rmembers in healthy human placental tizeues obtained from term pregrancies. Quantification
of transcripts by reverse transcription [RT) PCR revealed high levels of CALHME, 4, and &, but corn-
parably low expression of other paralogs (Figure 143 We also analyzed the expression patterns of
CaLHM paralogs in prifnary trophoblast celle izolated from healthy terrn placentae and examined
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Figura 1. Espression analysis of CALHM geaesia the human placenta. mEMA sbundances of ddfecent CALMH paralogs i (4), human placental issues
[n = | (§ and [B), human trophoblastz isolated from healthy term placentae [n = 5) was assessed by quantiatwve KT FCR and normahzed tothe reference
gene YWHAZ The relative amounts of the different CALHM genes are shown as AC, walues [C, = C, value of YWHAZ - C, value of CALHM gene).
Comparative transcrpt data are presented as mRMA abundance (A0 = Clugee ne geme = Clusge. geme] DETWEEN undifferetizted oytotrophoblasts [0 and
differentiated synoytiotrophoblast [5) cells. Data analyss and statetical evaluations were performed vsng pared 2-way AMOYA with Sidak’'s multple
comparksons test; *p <005 Sp<0.01; HHp <0001,

The online version of the article includes the following figure supplement/s) for figure 1:

Figure supplement 1. Compamatrve mRMNA Bxpression data for other physiologically relevant transportersfreceptors in the human placenta.
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dhanges during the differentiation procese of trophoblast precursor cells into mature STB. We found
matked upregulation of CALHME, 4 and & during differentiation, which waz most proncunced for
CaLHMS [Figure 18} and which might indicate a differentistion-dependent role of theze proteins in
the hurnan placenta. In all cazes, the concentrations of the respective CALHM mRM.A2 are high in
omparizon to other transport proteing [Fgure T—figure suppiement 1) suggesting their involve-
ment in important placenta-related membrane transport proceszes.

Functicnal characterization of CALHM paralogs

Due to the abundance of CALHME, 4, and & inthe placenta, we have focused our subsequent inves-
tigations on thewe three paraloge. Apart from CALHMZ, which was described to form ATP-conduct-
iy channels in astrocytes (Ma et al, 2013ay they have =o far not been characterized. For a
functional cormparizon of channels composed of the three placental subunits with the well-studied
protein CALHMT, we have exprezeed the homomeric proteine in X laevis oocytes and recorded cur-
rents by two-electrode woltage-clamp electrophysiclogy. This method has previously allowed a
detailed characterization of CALHMT, which is activated by depolarization and the removal of Ca®
fromn the extracellular side (Ma et al, 2012}, To detect proteine in the plasma merbrane, we have
Lsed a suface-biotinylation approach and found all placental paraloge to be expressed and targeted
at high levels to the surface of oocytes at the time of the measurernent (fe. 4350 hr after injection
of mRMNA) [Figure 24). Assurning that CALHM proteine form channels of large conductance, we thus
can directly compare the average magnitude of recorded currents between populations of oocytes
expressing the respective constructs and relate their activation properies in recponse to voltage
thange and the depletion of extracellular Ca®* to the well-characterized CALHMI . In our studies, we
were able to reproduce the functional hallmarks of CALHM, which are manifested in the absence of
currents at negative voltage and slowly activating currents at positive voltage st millimolar concen-
tratione of extracellular Ca®* and a strong increase of currents upon Ca®* removal in the entire volt-
age range [(Figure 2, Figure 2—figure supplement 14 and B). In contract to CALHM1, the current
response of homomeric CALHMZ, 4, and & channels was generally small and within the range of
endogencus currents of X laevis oogutes not expressing any of the proteing [Figure ZA, Figure 2—
figure supplement 1C-F) These currents neither showed pronocunced wvoltage-dependence nor
were they altered by Ca®*-removal in a statiztically =ignificant manner [Figure 2E-D). We thus con.
dude that the CaLHM charnels expreszed in the placenta are not regulated inoa similar manner as
CALHMT -zubunit containing channels and that their activation ingtead proceeds by distinct, currently
nknown mechanisme,

Biochemical characterization and structure determination of CALHMZ,
4, and 6

For a kiochemical and structural characterization of placental CALHM channels, we have exprezsed
constructs coding for hurman CALHMZ, 4 and & in HEK283 cellz. In contrast to the poor yields
obtained for human CaLHMT, all three placental paralogs expreszed high levels of protein. The elu-
tion properties of fusions to green flucrescent protein [GFP) extracted in the detergent glycol-dic-
sgenin [GOM) and analyzed by fluorescent size-exclusion chromatography [FSECH [Kawate and
Gouawx, 2006} indicate assemblies of high molecular weight [Figure 3—figure supplement 1A)
Wie next proceeded with a scale-up of homomeric CALHMZ, 4 and & channels in HEKZR3 cells and
purified each protein in the detergent GOM. Consistent with FSEC studies, all purified constructs
duted at large oligomers during gel-filtration chromatography, although at differest volurnes The
higheet elution volure was obeerved for CALHME, & similar but slightly lower wvolurne for CalHM2
and the srmallest volume for CALHMA, thus hinting towards distinet oligomeric organizations of the
three proteine with CALHMA forming larger complexes than CALHME [Figure 3—figure suppde-
ment 18 The peak fractions were concentrated, vitrified on cryo-EM grids and used for data collec-
tioh by cryo-electron microscopy (Figure 3—fgure supplements 2-6, Tables 1-2) Az expected
frotn the size.excluzion profiles, all paralogs form large and heterogenic multitneric azsermblies con-
tining between 10 and 12 ibunite. Whereas in the CALHME sample a vast majority of theze oligo-
rnetic channels do not interact (Figure 38, Figure 3—figure supplement 4 we have found almozt
cornplete dimerization for CALHMA [Figure 34, Figure 3—figure supplements 2-3y and a signifi-
cant fraction of particles to dimerize in case of CALHMZ [Figure 3C, Figure 3—figure supplemeant
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Figurs 2, Functional charactereation of CALHM channels espressedin X laewis cocytes. [A) Wester blot of
potems located m the plasma membiane of X laevis oocytes heterologously expressing the indicated CALHM
channek. Froten wes imolated after surface-biotinylation by binding to awidin-resin. The protemns are detected with
spechic amibodies recognzing the respective CALHM paralog. Left, CALHMZE, center CALHMA, right CALHMA.
The blot demonstrates thetargeting of all three pamalogs tothe plasma membrane. Bands corresponding to the
espectve CALHM paralogs are indicated by astenisk. [B) Electrophysiological charactenzation of X laews oocytes
heterclogously expressing the paralogs CALHMI, CALHM2, CALHMY and CALHMA 1 comparison to control
cocytes [neq) recorded at extracellular solutions erither contaming 2 mbd Ca™ 14 or 0.5 mbd EDTA and (.5 mhd
EGTA [Ca”*fiee, (. Data show curremts of ndwidual oocytes [ciclel recorded by two-electrode voltage-clamp
[TEVC) at &0 light blue) and =& m¥ [light red). In each case, cuirents were tabulated at the end of a 5 svoltage
step. Averages ae shown as bars 0 red [—4) mY) and blue (40 mY), respectwely. Dashed nes indicate mean
wiremt levels of control oocytes (neg) recorded in Ca®™*Hiee extracellular solutions at &0 and — &0 mv. Currents
meazured for all investigated channek, except CALHMI, aie not sigaficantly diferent from control oocytes [as
pdged by a Student t-test). [C), Rectification of steady-state curents of oocytes dsplayed n [B) expressed as
lsom|anmy mlculated for ndwidual cocytes at & mbd Ca®* 13) and n Ca”* free solutions 1) and svemged. The
brge value of CALHM| reflects the activation of the proten at postwve voltage in presence of C& b [ CE-
dependence of activation. Change of steady-state currents of oocytes displayed in (B after Ca™*-removal
expressed a8 | oo2yfloz, mlcdlated from indewidoal oocytes at — 40 m¥ [n) and 40 mV [p) and averaged. The large
walue of CALHMI at —&) m¥ reflects the strong actvation of currents at negatrve voltages upon Ca*t-depletian.
C D, The difference between the coinesponding values of the CALHM paralogs 2, 4, and & and neg. are
statetically maigmficant [as judged by a Student t-test). B-D, Data show averages of 27 [neg.), 21 [CALHMI), 24
[CALHKZA, 19 [CALHMY) and 21 [CALHMS) oocytes respectwvely. Ervois are standard deviations.

The onlne version of the aticle ncludes the following iigure supplement|s) for figure 2:

Figure supplament 1. Bectrophysiology tiaces.
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Table 1. Cryo-EM data collection, refinement and validation statistice of CALHMA,

Structural Biology and Malecular Biophysics

Datasat 1 Dataset 2
CALHM4_Ca?r CALHMA_C22" frea
10-mer I1-mer 10-mer I 1-mer
Data collection and processing
Micioscope FEl Tecnai G° Folara FEl Tecnar G* Falara
Camera Gatan K2 Summit + GIF Gatan K2 Summit + GIF
hagnfication K] K
Voltage [Ev] 300 il
Electron exposure [E—.-'.z\\zj 40 a2
Defocus range [um) -8 to-30 L8 to-30
Fisel size [&) .34 134
lnamal particle images (aa) 422281 FaB4)
Final particle images [no.) ih2x Fu4551 ¢ 2o G4, 1851 2128 25705 5104
Feconstiuction stiate gyl Std Lec Std Loc Std Std Lac
Syrametry imposed u][i] (1] [u1H] Cll 1] o Cr
Glabal map resalution [A) 4.4 4.07 402 392 4.07 582 549
FSC threshald 0143
Map resolution range &) 4.0:51 5850 3850 55850 3850 3444 3543
Map sharpeaing B facter (27 -200 -0 -185 -177 -1 &7 -145 -124
EMDE 1deatifies 109200 1R 204F 10921 1R214T 0917 1019 109194
Refinement A& MR IR
Model resolution [3) 4.2 40 40 37
F5C threshold 0.5
Meodel composition
Mon-hydrogen atoms 41 520 45 782 dl A20 45,782
Frotein residues 5340 5874 5340 5874
A factors [Azj
Frotein 42 al 34 51
F.ms. dewiations
Bond lengths [4) 0.005 a0ds Q00: 0.005
Bond angles [7) 0.494 (472 0550 0.754
Waldation
holFrobity score 1.53 1.57 148 1.73
Clazh score a9 4a50 7.59 2.79
Foor rotamers (%) d] i i} i
Eamachandian plot
Favored [%) 2510 54.484 .72 D445
Allowed [%) 1.90 334 228 335
Dhzallcwed [%) d] ] 1} d]
FDOE identdier AYTO AT AYTE AYTL

*Subparticles from localzed reconstruction.

T&td - standaid reconstruction; Loc - localeed reconstruction.

THghei-resclution map friom |ocalzed reconstuction subritted as an addiional map under the same entry as the mam map.

&) Unlike to previous reporte of CALHME structures, where interactions between channels were
mediated by emracellular loope (Chei et al. 2019 Syrjaner et al., 2020), the pairing in the
CaLHMS sample proceeds via contacts at the intracellular side [Figure 34). We alzo oheerved two
distinct protein conformations in our data with CALHME and CALHMS channels forming cylindrical
and conical pores, respectively (Figure 30). Although 20 claze averages of CALHME appear of high
quality, 30 clazsification of this datazet did not yield high-rezolution structures. We believe that the
mrong preferential orientation of CALHMZ particles rezulting in a predominance of views alony the
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Tahle 2. Cryo-EM data collection, refinerment and validation statistice of CALHMS and CALHMZ.

Datasat 3 Datasat 4
CALHME Ca®™ CALHMZ Ca®
10-mer 11-mear

D=ta collection and processing

Micioscope FEl Tecnai G° Folara FEl Tecna G° Folaia
Camera Gatan K2 Summn + GIF Gatan K2 Summit + GIF
hagnification i7EE A
Voltage [EV) 300 ]
Bectron exposure [e-A7) 40 o5
Detocus range [um) 0.8 to-30 0.8 to -3.0
Frel size [4) 1.34 134
hitial particle images [na) 214,859 417412
Final particle images [no) 98,104 43310 MAA
Feconstruction strategyl * Std Std Std
Serametey imposed cig (] ]
Global map resolution [4) 4.39 423 M,
FSC threshold 0143

Map resclution range &) 4,351 SO-F.0 MAA
Map sharpening & factor (A7) -259 415 hA,
EMDOE 1denthier 1(F24 10925 M
Fefinement M
Model resclution [.é\,'l 4.4 4.4

F5C threshold 0.5

Model composition

Mon-hydrogen atoms 19,540 2514

Fiotemn residues 2520 2772

B factors (A7)

Frotein &5 &4

Fom.s. deviations

Bond lengths [4) 0.004 aaod

Bond angles I7) u7es 0322

“alidation

MalFrobity score 214 215

Oash score 14.18 1775

Foor rotamers [%) i i

kamachandian plot

Favored (%) 93.55 53.95

Allowved (%) 405 545

Dizallowed (%) .40 4o

FOE identifier avTv aYTx

#5td — standard reconstiuction; Loc - localeed reconstruction.

pove axiz combined with zample heterogeneity has limited our data processing workflow to 20 clas-

sfication (Figure 3—figure supplement 6). In general, we found an oligomeric distribution of
CALHMZ channels that corresponds to previously determined structure with a majority of channels
keing organized as undecarmers and a smaller population showing  dodecameric aszernblies
[Figure 3C, Figure 3—figure supplement 6). Due to the higher guality of the CALHMA and & zarn-
ples, we continued to uze structures derived from theze proteine for a detailed characterization of

both pore conformations.
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A B c
CALHM4 CALHM®6 CALHM2
11-mer 10-mer 10-mer

cylindrical pore conical pore
CALHM4 CALHME

Figura 3. Cryo-EM analysis. [A) Cryo-EM denstty of undecamenc (11-mer) and decameric [10-mes) pairs of CALHMA channek at 38 and 4.1 A
respectively. Data were recorded from a Ca?'free sample. Subunits are colored in llac and green, respectively. B) Cryo-EM density of decamernc
CALHMé channels atd.d A, Subunits are colored in red and light-blue, respectively. &, B, Views are from within the membrane with membrane
ndicated as grey rectangle ftop) and from the outside [bottom). IC) Selected 2D classes of the CALHM2 data showing interacting channel pairs and
single channels viewed from within the membyrane [top) and views of undecameric and dodecamenc channeks with subuarts numbered [bottom). (D)
Slices through the CALHMAd (left) and the CALHMA [nght) channels illustrating the detinct features of the cylindiical and conical pore conformations.
View of CALHMS at lower contour [nght) shows extended density for the mobile TMI. Maps are low-pass filtered at & A Colored features refer to
density corresponding to TMI and NH.

The online version of the article includes the following figure supplementls) for figure 3:

Figure supplemeant 1. Bilochemical charactenzation.

Figure supplement 2. Gyo-EM reconstruction of CALHMd 1n presence of Ca®*.
Figure ¥ continued or mext page
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Figure 3 continued

Structural Biology and Malecular Biophysics

Figura supplement 3, Cryo-EM reconstruction of CALHMA 1n absence of cat.
Figure supplement 4. Cryo-EM reconstruction of CALHMA 0 presence of Ca®t.
Figura supplement 5. Cryo-EM deasity of CALHM4 and CALHMA.

Figure supplement 6. Cryo-EM reconstruction of CALHM2 in presence of Ca®™*.

Cylindrical pore conformation of the CALHMA structure

For the determination of the CalHMA structure, we have recorded cryo-EM data in the prezence
and absence of Ca® and obsenved similar structural properties in both samples, which are not
affected by divalent cations [Figure 3—figure suppiements 2 and 33 In each case, we found a het-
erogenecus, about equal distribution of particles with two distinct oligometric states. The smaller
particles are composed of decarmeric and the larger of undecarneric assermblies, both of which we
refer to az CALHWA channels [Figure 4). Due to the slightly higher quality of the Ca®* free zample,
wie continued to use thiz data for our further analysiz unless specifically indicated. The cryo-EM den-
sty of the decarers extends to a rezolution of 4.1 A and undecarers ta 3.7 A, which in both cazes
petrnitted the unambiguous interpretation by an atomic model [Figure 3—figure supplemants 2,
3 and 5A, Video 1, Table 13 In each structure, the subunite are arranged around a central axis of
wymmmetry that defines the ion-conduction path. As described before, both azsemblies contain paire
of CALHMA4 channels of the zame size related by two-fold symemetry that interact wia their cyto-
plasric parts [Figure S—figure supplement 1A-C) The CALHMAE channels form approximately 90
A high cylindrical proteinz that span the lipid bilayer with regions at their respective periphery

80 A

Figure 4, CALHM4 structure. Ribbon representation of [8), decameric and [B), undecamernc CALHW4 channels.
Top views ae from within the membrane with membrane boundaiies indicated, bottom wews are from the
extracellular side. The appiosimate dimensions are indicated. Subunits are colored 1a Iilac and green.

The online verzion of thie aticle ncludes the following iigure supplement|fs) for figure 4:

Figure supplement 1. Features of the CALHWMA structure.

Drozdiyk et al. elife 2020;%e55853. DOl https/idoiorg /it 7 55d/elfa 55053 Hof 27

135



EL"'IE Research article

Video 1. Ciyo-EM demsity map of asingle subunn of
CALHMA obtained in sbsence of C&*t. Shown 1s the
oyo-EM map of the protein m detergent with the
gtomic model supenmpozed.
hitpz:ffelies cences. orgfarticles/5585 Hwvideol

Structural Biology and Malecular Biophysics

extending into the agueout environment on
either side of the membrane [Figure 4. In the
plane of the membrane, the dirmenzione of deca.
meric  and  undecarmeric CALHMA  channels
amount to 110 A& and 120 A respectively (Fig-
ure 4, Figure 4—figure supplement 10-5. |rre-
spective of their distinct oligomerization, the
individual subunitz in both azzemblies  show
enuivalent conformations, which resemble the
recently described structures of CALHMI and 2
[Choi et ai, 201%;, Demura et al, 2020
Syrjanen et al., 2020; and thus define an organi-
zation that & likely general for the CALHM family
[Figure 5A, Figure S5—figure suppiement 1)
Although the members of thiz family were pre-
dicted to share their architecture with connexins
atid  related  inmexin and  LRRCE  channelz
[Siebert et al, 2013}, thiz turn: out not to be

A B CALHM4 c

Figura 5. CALHMY subumit and ohgomenc arrangement. (&) Ribbon representation of the CALHMY subunnt. Secondary structure elements are labeled
and transmembrane orhelices are shown in unique colors. YWiew of the transmembrane echelices of [B), the CALHMA decamer and [T, the volume

regulated amion channel LRRCSA from the extracellular side. B-C, color code s as in &, transmembrane segments of one subumit are numbered. The
general shape of a single subumit 1s indicated (B, rapezond, C, oval). [D) Surface epresentation of the CALHMA decamer. The view = from the outside.
[El Shce through the CALHMA pore viewed from within the membrane. O, E, TMI and the N-temminal a-hehx MH ae colored i red.

The anline version of this article 1ncludes the follewang figuee supplemeantfs) for figure 5:

Figura supplement 1. Sequence and topology.
Figure supplemant 2. Features of the CALHMY structure.
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the case. Whereas tubunite in all families contain four tranemembrane helices, which run perpendicu-
lar to the mermkbrane, the mutual arrangerment of these chelices differs between CALHM channels
and their connexin-like counterparts. When viewed from the extracellular side, the transmembrane
helices in connexin, innexin and WRAC channels [Deneka et al, Z018; Kasuya et al, 2018
Kefauver et al, 2018, Maeda et al, 2009, Oshima et al, 2076} are arranged in a clockwize man-
ner, whereas the arrangement in CALHM channels iz anticlockwize [Figure S8.C. Moreowver, in con-
rexing and related channels, the four helices form a tightly interacting left-handed bundle with a
corntnoh core, resulting in a structure with an oval crose-zection (Figure 5C). Comversely, the helices
of the CALHM =ubunit are organized as two layers conferring an overall trapezoid crose-zection
[Fignere 58: Finally, whereas connexing and LRRCE channels form hexarners, and innexins form
octarners, an oligometic arrangement that has aleo been obeersed for CALHMI, the larger CaLHMA
dhannels contain either 19 or 11 subunite (Figure 4A.8). The outer layer of the CALHM =ubunit iz
cornposed of the interacting o-helices TMZ-4 which are arranged in one row sharing mutual interac-
fone only with their respective neighbor. The inner layer consists of TRT, which on itz entire length
aclusively interacts with Th3, the central helix of the outer layer [Figure 54,8). When azzembled
into oligorers, the helices of the outer layer form a ring, which defines the boundaries of the chan-
nel [Figure 58). In thiz outer ring, the peripheral helices TM2 and 4 are involved in extended interac-
tiohe with neighboring subwnitz reculting in a tightly packed interface. Apart from a emall
fenestration between TM3 and 4 in the center of each mubunit, thiz structural unit chields the interior
of the pore from the surrounding membrane [Figure S5—figure suppiement 24} In confrast, the
regpective TM1 helices forming the inner layer are distant from each other and thus not imalbved in
riutual inter-subunit interactions (Figure 50,8 In the region preceding TM1, the residues of the
M-tertninus form a heli (MH) that is orierted perpendicular to the first tranemembrane zegment par-
dlel to the plane of the lipid bilayer (Figere 4, Figure 50, Figure 3—fgure supplement 54 and
Figure 5—figure supplement 2B). Among the family mermbers of known structures, the conforma-
tdone of MH and TR are best defined in CALHMA [Figure 3—figure suppiement 54y whereas
weaker density of theee fragments in the equivalent state of CALHMT and 2 points towards a higher
mokility of this region in latter proteine (Choi et al, 2019, Syrjaren et al, 20200 On the extracellu-
lar zide, a short loop bridges e-helices TR and 2 and an extended region containing two shott o-
helicez ([ETH and E2H), connectz TR3 with the long TR, which extends keyond the membrane
plane [(Figure 5A) Both segmente of the extracellular domain are stakilized by two conzerved disul-
fide kridges (Fieure 5—Ffigure supplement 203 On the intracellular side, TMZ precedes a short
belizt [CLHp that projects away from the pore axie with TR3 being bent in the same direction [Fig-
wre 5—figure supplemant 20} Both a-helices are connected by a 12-residue long loop that iz prok-
ably mokie and thur not defined in the density. Downetrearn of Thd, we find an extended
imtracellular region. The firet halve of thiz region consizte of a long e-heliz (CTH), which iz tilted by
0 toweards the metnbrane plane. By mutual interaction with neighboting zubunite, the CTH-helices
form a 30 A-high intracellular ring that extends from the mermbrane into the cytoplazen (Figures 4
and 5A, Figure d—figure supplemant 10, Distal to CTH, a weakly defined &2.residue long
extended loop, which containe interspersed secondary structure elements, folds back towards the
intracellular ring and extends to the juxtaposed CALHMA channel [Figure d—figure suppiement
18.C}. In thiz way the C-terminal loops mediate the bulk of the interaction relating CALHMA channel
paire in an arrangement whose relevance ina cellular context is still ambiguous.

Pore architecture

Decatneric and undecarneric CALHMA channels contain wide pores, which are cylindrical throughout
aicept for & constriction at the intracellular membrane boundary. The diarneter at both entrances of
the pore measures about 52 A and &0 A for decametic and undecameric aszemblies respectively,
thue defining the properties of an unuzually large channel, which could be permeable to molecular
wibetrates [Figure 64, Figure 4—figure supplament 10, E) Even at the constriction located at the
intracellular mernbrane leaflet where the respective M-terminal helices MNH project towards the pore
iz, the decarmeric channels are about 20 A and undecameric channelz 30 A wide [Figure 64). In
both cases the pore would thus be sufficiently large to accomrmodate an ATP molecule, consistent
with the notion of CALHM proteins forming ATP-permeable channels [Figere 4—figure spppliement
10.E). Rermarkably, this large pore size is in sharp contract to our functional characterization by elec-
trophysiology where we did not obeerve appreciable currents for CALHMA [Figure 24, Figure 2—

Drozdiyk et al. elife 2020;%e55853. DOl https/idoiorg /it 7 55d/elfa 55053 1 of 27

137



EL"'.E Research article Structural Biology and Malecular Biophysics

A

Pore Dimensions

Radius {4)
s
=

o

|
-
7
\'\...

-

-

10-mer
11-mer

T T T
a 20 a9 B0 B 100
Distance (A)

204

Figure & CALHM4 poe propeties and hgid intevactions. [4), Fore radius of the CALHMY decamer [red) and undecamer [blug) as caleulated in HOLE
[Smari e al., T998). [B) Two phosphatidylcholine molecules modeled nto residual cryo-EW density [blue mesh)in a cawity at the interface between
neighboring e-helices T 1. Secondary structure elements are indicated. [C)Chermical propeities of residues hang the pore of the CALHKY channel.
Shown = aslice thiough the pore wiewed from within the membrane. The protein & displayed as molecolar surface. Hydiophobic residues are colored
n yellow, polar residues 10 green, aodic residues in red and basic residues in blue. [[0) Shee through the pore region of the CALHMA undecamer
viewed from within the membeane. Shown 15 nonaveraged deasity 1 a single copy of the undecamenc CALHMY chanael par at low contour to
highlight the location of mcreased density within the pore conespondingto a bilayer of either phospholipids or detergents. A plot of the density along
the pore axws showing two masima that are separated by the expected distance between the headgioup reqions of a hpid bilayer = shown nght. B, D,
Displayed cryo-EM densty iefers to data from the undecamenc channelin presence of C&°*.

The online version of the article includes the following figure supplement/s) for figure 4:

Figure supplemant 1. Lipid interactions 1n the pore of CALHRA.
Figura supplement 2. LC-M5 analysis of co-purfied hpids.

figure suppiement 15, which suggests that either the abeence of activating or presence of inhikit-
imy commponerts might impede ion conduction.

Within the membrane, the pore diarmeter of CALHMA iz confined by the ring of non-interacting
T helices, which iz placed inside an outer ting of the channel formed by helices THZ.4
[Figure 58.0%. Thiz arrangerment creates clefts between neighkoring helices of the inner ring which
are delirited by helices TMZ and 4 at the respective suburit interfaces [Figure SE.E). In our sample,
thiz cleft appears to be filled with lipide as indicated by the residual density okeensed inthe cryo-EM
maps [Figure 68, Figure 6—Ffigure supplement 14,8, Due to the prevalence of aliphatic residues
linitg the pore at the assurmed location of the membrane core, the pore iz highly hydrophokic,
whereas the regions extending into the aguecus envirenmment contain polar and charged residues
[Fignere GC). Sirnilarly, the side of the helical M-terminus, which faces the mernbrane at itz intracellu-
lar boundary, iz hydrophobic (Figure S—figure suppiement 28, In light of its large cross-section
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anid high hydrophobicity, it i conceivable that the interior of the pore would accommodate lipide,
which potentially could form bilayers that would restrict ion permeation as recently suggested for
CALHMZ bazed on molecular dynarics sirnulations (Syrjanen et al, 20200 In our data, we find
mrong evidence for a layered distribution of density inside the pore within the presumed membrane
region in non-syrmmetrized maps and after application of symmetry. This density is observed with
gmilar properties in decameric and undecameric proteing in both datazets of CALHMA obtained in
sither abzence or presence of Ca®* [Figure 60, Figure 6—figure suppiement 10, Ite distribution
displaye features that quantitatively ratch the corresponding properties of lipid membranes
obtained from a comparizon to cryo-EM density of lipozomes and computer simulations [(Figure 6—
figure supplement 10,E} and could thus either reflect the presence of lipids or detergent molecules
arranging in a bilayer-like structure facilitated by the confined pore geometry. We thus analyzed the
cornposition of emall molecules that are co-purified with CalHMS by maze spectrometry and were
able to detect phospholipide that are commonly found in the membranes of HEK cellz [Figure 6—
figure supplement 2 Collectively, our data are cornpatible with the prezence of a lipid bilayer
located within the pore region of CALHMA channels, which could interfere with the diffusion of
charged substances. Thus, despite of ite large pore diameter, it iz at this point unclear whether the
CALHMS structure defines a conductive conformation of CALHM channel or alternatively a confor-
mation that harkore a mernbrane-like ascernkly residing intide the pore that would impede ion
conduction,

Conical pore conformation of the CALHMS structure

Az oin caze of CALHMA, data of CALHME shows a heterogeneous disttibution of decameric and
wrdecameric channels, but in this caze with a prevalence of the former armounting to &0% of the clas-
gfied particles (Figure 3—figure supplement 43, Both azzerblies of CALHME contain subunits with
equivalent conforrmations, which are better defined in the srmaller oligormers [Figure 38, Figure 3—
figure suppiement 4). We have thue chozen the decameric CALHME structure for a description of
the conical pore of a CALHM channel (Figures 30 and 7A-C) Unlike CaLHMS, the lower rezolution
of the CALHMEA density of 4.4 A, precludes a detailed interpretation of the structure for all parts of
the protein. 5till, the high homology between the two paralogs and density attributable to large
tide chaine constraine the placement of helices and conzerved loop regione and thue allowe the cred-
ikble analyzie of major conformational differences [Figure 3—figure svpplement 58, Video 2,
Tatie 2y Unlike CALHMA, there iz no dimerization of CALHME channels and the Cterminal region
following the cytoplasmic helix CTH instead appears to engage in intramclecular interactions with
the outside of the cytoplazmic rirm for most of ite length (Figure 2A). This obeenvation further sup-
potte the notion that the dimerization of CALHMA might be a conseguence of interactions formed
between solukilized proteins where the mokile C-terminue could eqgually well engage in intra- and
intermolecular interactions, of which the latter would be multiplied in the highly syrnmetric arrange-
ment. Although the general organization of the CALHME channel dosely resembles CALHMA, it
thowes 3 distinctly different state of the pore (Figure 300 Upon comparison of decameric channels
of both paralogs, in CALHMA we find a slight expanzien of the protein parallel to the membrane
ahd an accomparying moderate contraction in perpendicular direction (Figure 7Z—fgure supple-
ment 14, Video 3. In a superposition of the subunite, similar conformations are observed for o-heli-
ez TMZ and 4 and the C-terminal helix CTH and larger differences in the interacting helices Th1
and 3 (Figure 70, Figure 7—figure supplement 18,C). These differences are rmost pronounced for
ThT, which in CaLHME has detached from Th3 and mowved by £0° towards the pore axis arcund a
Hnge located upetrearn of a conserved phenylalanine at the end of TMT [Figure 78-E). In both
mructures, the conformation of the proxirnal loop conmecting TRT and 2 ie srakilized by two con-
werved cyeteines, which are imvolved in disulfide bridges with the region conneding TWM3 and T4
[Fignere 7=, Figura 5—Ffigure supplemant 2C, Video £ &z a conzequence of the disruption of itz
imteraction with Th1, the intracellular halve of TM3 tilts away frorn the pore axiz by 307 around a
pivot located close to a conserved proline residue [P115 in CALHMA), which probably destabilizes
the helix [Figure F—figure supplement 18,0} The trancition from a conformation obeerved in
CALHMA to a conformation defined by CALHMS iz accompanied by the dissociation of interactions
between THT and 3, which are mediated by conserved residues involving a duster of hydrophokic
interactions at the extracellular side and additional interactions on the entire length of both o-helices
[Figure 7F=G, Figure 7—figure supplement 100, Video 4, The iris-like movement of TM1 in the
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CALHM6

CALHM4 CALHM6
cylindrical pore conical pore

D E 1. #*2:3
hCALHM1 QMYSAFDFNCPCL
hCALHM3 KLYSSFDFNCPCL
hCALEM5 RLFSVVAFKCPCS
hCALHM6 RIFSAVAFQCPCS
hCALHM2 ELFSVVAFHCPCS
hCALHM4 QLFSSSTFSCPCQ

CALHME

Figure 7. CALHMA structure. [A) Ribbon representation of the decamenc CALHMA structure viewed from within the membrane. Subunits are colored 1n
red and light blue. The C-terminus following CTH 15 colored 1n green. Inset [below) shows a close-up of ths region with cryo-EM density supenmposed.
[B) View of the CALHM structure from the extracellular side. [C) Shee through the pore of the CALHMé structure. B, C, TMI, which has moved towards
the pore axi i labeled. &, C, the membrane boundary 1s indicated. [D)Superposition of single subunits of the CALHMA and CALHMS structures
llustrating conformational changes. Coloring i & 1n Figure 5A with CALHMA shown 1n brighter shades of the same color. Secondary structure
elements are labeled and the hinge for the movement of TMI is indicated by an astensk. [E) Sequence alignment of the end of TMI and the following
loop of CALHM paralogs. Selected conserved residues are colored in green and red. Numbering corresponds to residues indicated in panels F and G.
Astensk marks the hinge region displayed in D. Close-up of the extracellular region involved 1n conformational changes in (F), the cyhindrical

Figure 7 continved on rext page
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Figure ¥ continued

conformation deplayed in CALHMY and [G), the comcal conformation displayed in CALHMA, Residues comtrbuting to a cluster of aromatic residues on
Thil-3and a consered deulfide bridge are shown as sticks. Selected postions highlighted in E are labeled. F, G, Colonng s as in Figure 54, [H] Slice
thraugh the pove reqion of the CALHMA decamer viewed from within the membiane. Shown 1z non-averaged densty at low contour ta highlight the
location of diffuse density wathin the pore. A plot of the demsty along the pore axs of CALHMA 1z shownin ed, the coresponding density in CALHRA
i shown as a dashed blue lne for comparson. The two masma inthe CALHMA density are shfted towards the intracellular side. The density
coresponding tathe headgroups of the outer leaflet of the bilaver 1n CALHMY = abseat. Deastty at the location of the headgroup reqion at the inner
leaflet of the bilayer and further towards the mtracellular side could correzpond to etther ipids orto the poory ordered M-terminus.

The anline version of this article 1ncludes the follewang figure supplemeantfs) for figure 7:

Figure supplemant 1. Features of the CALHMS structure.

oligornetic channel in its transition between conformations probably requires concerted rearrange-
rnents to avoid steric clazhes in the crowded enwvironment of the pore. Wehen viewed from the out-
zide this tranzition thus resermbles the closing of an aperture and it comvertz a oylindrical pore to a
funnel which narrows towards the intracellular side while creating a large cavity between T and
T3 that becormes accessible frorm the cytoplasm [Figure 7C, Video 3). In the cryo-EM density, Th1
ie lece well defined compared to the rest of the protein reflecting itz increased flexikility in the
obeerved structure (Figure 3—figure supplement 58) Since the conformation of MH, which has
moved towards the pore axig, is not defined in the density, the size of the CALHMS channel at itz
constriction rermaine ambiguous. It could range from an coduded pore if MH helices make contacts
in the certer of the channel (modeled as clogged conformation) wo a pore with similar diameter as
found at the CALHMA constriction. The latter could ke obtained in case the mutual relationship
between TR and MH reraing unchanged compared to the CALHME structure (defined as kinked
conformation) or if MH straightens in continuation of TR (in an extended conformation) [Figure 7—
figure supplement 1E). In ary caze, the large conforrnational changes would affect the location of
lipicls within the pore, which in caze of an internal bilayer would have to rearrange in rezponze to the
weverely altered pore geometry. Such rearrangerment is reflected in the changed distribution of the
residual electron density inside the pore [Figure 7H). Whereas, compared to CALHME, we find den-
sity at the location of the intracellular layer of lipide and further towarde the cytoplasm, part of which
might ke attributable to the mobile MN-terminal wheliz MH, the outer layer of density corresponding
to the putative extracellular lzaflet of a bilayer has disappeared. & comparable distribution of pore
density is found inthe structure of CALHME in complex with rutheniurn red, which resides in a similar
conical pore conformation (Chel et al, 2019 Thus, despite the pronounced conformational differ-
epces to CALHMA and the fact that the CALHMS structure appears to contain features of a clozed
pore, a definitive functional azsignment rernaing also in thiz caze ambiguous.

Discussion
In the presented study, we have addressed the
structural and functional properties of CALHM
dhannels in the hurnan placenta. To identify rele-
wvant CALHM paralogs in this organ, we have
guantified their expression in samples of the
whole placenta and in fsolated trophoblazt cells
and found CALHMZ, 4 and & to be abundant on
a transchpt level (Figure 1) Their high expres.
sion compared to other membrane proteine (Fig-
e 1—Ffigure supplement 1) suggests an
impottant functiohal relevance of theze mem.
brane channels in mediating transport processes
during the development of the fetue, although
their detailed role still awaite to be explored. Wideo 2, (ryo-EM densty map of a single subunit of
The structural characterization of the three  CALHMA Shown s the ciyo-EM map of the proten
placental paralogs by cryo-electron microscopy  detergent with the atomic medel supenmposed.
has provided insight inte fundarmental features  hipsVelfescences.org/aicles /5585 M de o
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Video 3. Morph betweenthe oylindical pore Video 4. borph of the extracellular region of & single
conformation of CALHMA and the comical pore CALHM subumt wvolved in conformational changes
conformation displayed in the 'estended’ model of between the cylindncal conformation displayed
CALHMA. In the latter the N-teiminal e-helix MH 1= CALHMA and the conical conformation displayed in
modeled 1n continuation of TMI resaltingmn a CALHMaA. Residues contnbuting to a cluster of
mnstictng pore diameter simlar to CALHb. aomatic rezidues on Th1-2 and a consewed deulfide
https:Aelfesciences . orgfarticles/ 5545 Hhadeal bridge are shown as sticks. Colonng & & 10 Figure 54

hit p=:ffelfezcences.orgdarticles /5585 Hwideod

of the family which largely conform with proper.

fee that have recently been described for

CALHMT and 2 [Choi et al, 2019 Demura et al., 2020, Syrjanen et al, 2020) but which alzo show
substantial differences. Similar to previous studies, our structures have defined the architecture of
the CALHM subunit which, although containing the same number of membrane-spanning helices as
WRACs and gap-juncions forming connexing, innexing and pannexing, is distinct from theze proteine
[Fignere 58,00 The CALHM subunits thue constitute unique modular building Blocks that azzemble
with different stoichiometries into large mermbrane channels. In contrast to previously described
CaLHM structures, where the oligomeric state of individual channelz was described az uniforrn, our
data show heterogeneous populations with CALHMA and CALHME azzermbling as decarneric and
wnidecametic channels with sirilar abundance and CALHMZ ac predominantly undecameric proteine
with a srnaller population of dodecamers [Figure 3, Figure 3—Ffigure suppiements 2-4 and @) The
diverze oligometization of different paralogs iz generally consiztent with the assermnblies obzerved for
the previously described CALHMT and CALHMZ structures, which were reported to form octamers
and undecarners, respectively [Choi et al, 2019 Demura e al, 2020, Syrjanen et al., 2020} and it
wndetlines the akility of CALHM proteine to constitute membrane channels of different sizes.
Although the physiclogical role of these different oligomeric states is currently unclear, the obzerved
heterogeneity might reflect the low energetic penalty for the incorporation of additional subunite
into large oligomeric channels of the CALHM farmily. In thiz respect, the srmaller size of CALHMI
dhannels could ke responsible for ite functional properties, which are manifested in electrophysiclog-
ical recordings. Whereas CALHMY in our hands showed the previously described functional hall-
ratke of a channel that iz activated by depolarization and removal of extracellular calcium, we have
not observed pronounced activity of CALHMZ, 4 and & under the zarme conditions, despite their offi-
dent targeting to the plazma merbrane (Figere 2, Figure 2—figure suppiement 1) The low cur-
rent response contrasts with the larger oligomeric organization of these proteing, which should lead
o channels of even higher conductance than obeerved for CALHMIT, and thus likely reflects their low
open probability. Together our findings suggest that CALHMEZ, 4, and & are regulated by distinct,
il unknown mechanismme. In that respect it rermainsg puzzling how the large pores observed for the
investigated structures fwith diameters of CALHMA decarners exceeding 40 A within the membrane
anel 200 A at the rezpective constriction, Figure 6A) can be requlated to prevent leakage of substan.
o2z under resting conditions, which would be deleterious to the cell. Despite the unknowh activating
sirnuli, our study haz provided insight inte gating transitions of CALHM channels by showing two
conformations with either a cylindrical pore of uniform large dirmeter within the mermbrane that is
constricted at the intracellular side az in caze of CALHMA and a conical pore that continuously
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narrowe from ite extracellular entry towards the cytoplasm ac in case of CALHME [Figures 4 and
7t The main difference in the pore geometry results from a large rearrangerment of the pore-lining
c-helix TR which iz accompanied by a smaller change in TR3 (Figure 70} Whereas in the cylindri-
cal pore conformation of CALHMA, TR tightly interacts with TM3, which iz a part of 2 denzely
packed outer rirn of the pore consisting of TR2-4, the helix has diseociated from its interaction site
arel instead moved towards the syrarmetry axis to alter the pore geotnetry in the conical conforma-
tiot of CALHME. Similar conforrmational properties have previously been described for CalHM2
dhannels, although with a different orientation of TM1 inthe conical pore conformation (Choi et al.,
2019, Figure 3—figure supplament 1A=C) In this previous study, the oylindrical conformation was
assigned to an open state and the conical conformation to a closed state of the pore, a proposal
that iz further supported by a structure of the bound Blocker rubidium red which appears to stabilize
the conical conformation (Chel et 2l 2019 Figere 325 While, at firet glance, the relationship
between oheerved pore conformations and their corresponding functional states appears evident,
there are still puzzling questions which prevent a definitive azsignment at thiz stage. For example in
light of the large diameter of the CALHMA pore, the poor conductance properties in functional
recordinge refnain mysterious. In that respect, the prezence of lipide within the pore of large CALHM
dhannels iz noteworthy as it offers a potential alternative rnechanizm for regulation. In our structure
of CALHMAE, we find bound lipids inside the pore to stakilize the gap between non-interacting Th1
helices frorm different subunite [Figure 68). Additionally, the bimodal diffuse residual cryo-EM den-
sty within the hydrophokic interior of CALHMA, which either originates form detergents or co-puri-
fied lipids that azzernble az bilayers in the constrained ervironment of the pore are remarkable
[Fignere 60y Thiz distribution of density has changed markedly in the conical structure of CALHME
[Fignere 7H) and hintz at a potential role of ligide in shaping the activation and permeation properties

‘protein gate’ 'lipid gate’
g

L"
|

i
closed \ /
o
I o
open g
I
L

Figure B. Hypothetical gating mechanisms. Schematic llustration of hypothetical gating mechanems of large
CALHM channek. Left, 'peotein gate’. The gate impeding 1on conduction of large CALHM channeks i.e. CALHMZ,
4, &) the closed state 1= formed by the M-terminus of the protem, which closes the pore as observed in the
modeled 'dlogged’ conformation of CALHMA [top). In this caze the conical conformation of CALHMA would
dsplay & closed pore and the cyhadnical confarmation (bottom) an open pece. Bight, 'hd gate’. The gate
mpeding ion conduction of large CALHM channels in the cosed state 1z formed by pids ssembling as a bilayer

within the proten, which impedes 1on conduction. Since bilayer formation = faciltated in the cyhndrical
nformation of CALHWA, this structure represents a closed pore ftop) whereas the structure of the bilayver would
be deturbed w the conical conformation of CALHMA [bottom). Since beoth the 'kinked and 'extended pore
eonformations of CALHMAS show a large opeamg, these confarmations could represent open pores.

The online verzion of thie aticle ncludes the following iigure supplement|s) for figure &:

Figure supplement 1. Comparron of pore conformations.
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of large CALHM channels, which ic currently still not understood [Figure 8). We thue could envizion
i alternative soenatios which might underly regulation in large CALHM channels where the gate in
the clozed state could either be formed by part of the protein or by lipids (Figure 8, Figure 3—fig-
e supplement 10} Both models are at thiz stage hypothetical and it iz etill unclear how lipids in
the pore would rearrange during activation. Ancther rermarkable feature of large CALHM channels
concetns their tendency to form pairwise assermnblies upon extraction from the membranes
[Figure 3A.C, Figure 3—figure supplements 2 3 and 6). This property haz previously been
obeerved for undecameric CALHMZ channels, which were deecribed to dimerize on the extracellular
gde thus forrming structures that rezemble gap-junctions, and in the present study, where dimeriza-
fdon was found to some degree in all samples In our data, the described behavior iz most pro-
rounced in caze of CALHMA where ditnerization proceeds on the intracellular side mediated by
interactions with the parthy mokile C-terminus. Slthough intriguing, it is currently unclear whether
ary of the obeerved pairwize interactions s of relevance in a physiclogical context.

Thus, although our data have provided a large step forward towards the comprehenzion of
CALHM channels, it has aleo opened many guestions. An important area of future imvestigations
relates to the characterization of the localization of CALHM channels in different placental cell types
and the identification of their subcellular distribution. Enowledye of their localization would provide
a first glimpse into potential roles of theee large channels for transport procesees in this organ and
should provide answers on the potential relevance of intra- and extracellular interactions of channel
paire. Another guestion concerns the ability of the three paralogs to heteromerize and the potential
relevance of such heteromeric channels in a physiological ervironment. Finally, it will be irmportant
to study the activation mechanizm of the described channelz and whether they are ermnbedded in
larger interaction networks, which shape their activation properties. Theze topice will ke addrezzed
i future srudies for which our current data provide an im potant foundation.

Materials and methods

Placenta collection

Hurnan placental tissues were collected from the Divizion of Obetetrice and Gynecology, Lindenhof-
gruppe Bern, Switzetland, under approval by the ethical commizzion of the Canton of Bern [approval
MNo. Bazec 20148-00250) WWritten infortmed consent was obtained frorn all participants. Placentas
were collected from uncomplicated pregnancies following elective cesarean section beyond 37
weeks of gestation without prior labor upon patients request or due to breech prezentation. All
expetiments were cartied out in accordance with the relevant guidelines and requlations.

Expreassion analysis in placental tissue

RMNA isolation, reverse transcription and quantitative RT-PCR

Approximately 50 my of frozen placental tissue was subjected to RMA isolation as previously
described [Huang et al, 2013, Huarg et al, 20133 21 BNA samples induded in the study had an
OD2a0/280 ratie =1.8. First-strand cOMA was synthesized from 2 pg of total RMA with oligo (dT)s
primers and GoScript Reverze Transcriptaze (Promega, Switzetland) according to the manufacturer's
instructions. The gPCR reaction in S5YBR Green reagent (10 pl contained 0.5 pM primers, 2 X
GoTagoPCR Master Mix (Promega, Switzetland) and 1 pl cOMA Prirmer nucleotide zequences and
FUR efficiencies are shown in Figure —figure supplement 1C and 0. Arplification reactions were
perforrned in duplicates in 384 well plates with the Wild? sysrern (applied Biowyesterns, USAL To eval-
uate mREMA guantities, data were obtained as Oy values [describing the cycle number at which loga-
rithenic plote crose calculated threshold linesp O values were uzed to determine AC, values [AC, = Gy
walue of the reference gene minue the G, value of the target gene). The applied reference gene was
Tyrosine 3-monocoxygenase/tryptophan S-monooxygenate activation protein, zeta polypeptide
[WHAZ) Comparative transcript data between undifferentiated (CTB and differentiated [STB) cells
were calculated as 224 values (AAD, = O value of CALHM gene — & value of YWHAZY and are pre-
wented as w-fold difference. Data analysie and statistical evaluations were perforred using paired 2.
wiay MOV with Sidak's multiple cormparizons test with GraphPad Prism software.
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the clozed state could either be formed by part of the protein or by lipids (Figure 8, Figure 3—fig-
e supplement 10} Both models are at thiz stage hypothetical and it iz etill unclear how lipids in
the pore would rearrange during activation. Ancther rermarkable feature of large CALHM channels
concetns their tendency to form pairwise assermnblies upon extraction from the membranes
[Figure 3A.C, Figure 3—figure supplements 2 3 and 6). This property haz previously been
obeerved for undecameric CALHMZ channels, which were deecribed to dimerize on the extracellular
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fdon was found to some degree in all samples In our data, the described behavior iz most pro-
rounced in caze of CALHMA where ditnerization proceeds on the intracellular side mediated by
interactions with the parthy mokile C-terminus. Slthough intriguing, it is currently unclear whether
ary of the obeerved pairwize interactions s of relevance in a physiclogical context.

Thus, although our data have provided a large step forward towards the comprehenzion of
CALHM channels, it has aleo opened many guestions. An important area of future imvestigations
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and the identification of their subcellular distribution. Enowledye of their localization would provide
a first glimpse into potential roles of theee large channels for transport procesees in this organ and
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paire. Another guestion concerns the ability of the three paralogs to heteromerize and the potential
relevance of such heteromeric channels in a physiological ervironment. Finally, it will be irmportant
to study the activation mechanizm of the described channelz and whether they are ermnbedded in
larger interaction networks, which shape their activation properties. Theze topice will ke addrezzed
i future srudies for which our current data provide an im potant foundation.

Materials and methods

Placenta collection

Hurnan placental tissues were collected from the Divizion of Obetetrice and Gynecology, Lindenhof-
gruppe Bern, Switzetland, under approval by the ethical commizzion of the Canton of Bern [approval
MNo. Bazec 20148-00250) WWritten infortmed consent was obtained frorn all participants. Placentas
were collected from uncomplicated pregnancies following elective cesarean section beyond 37
weeks of gestation without prior labor upon patients request or due to breech prezentation. All
expetiments were cartied out in accordance with the relevant guidelines and requlations.

Expreassion analysis in placental tissue

RMNA isolation, reverse transcription and quantitative RT-PCR

Approximately 50 my of frozen placental tissue was subjected to RMA isolation as previously
described [Huang et al, 2013, Huarg et al, 20133 21 BNA samples induded in the study had an
OD2a0/280 ratie =1.8. First-strand cOMA was synthesized from 2 pg of total RMA with oligo (dT)s
primers and GoScript Reverze Transcriptaze (Promega, Switzetland) according to the manufacturer's
instructions. The gPCR reaction in S5YBR Green reagent (10 pl contained 0.5 pM primers, 2 X
GoTagoPCR Master Mix (Promega, Switzetland) and 1 pl cOMA Prirmer nucleotide zequences and
FUR efficiencies are shown in Figure —figure supplement 1C and 0. Arplification reactions were
perforrned in duplicates in 384 well plates with the Wild? sysrern (applied Biowyesterns, USAL To eval-
uate mREMA guantities, data were obtained as Oy values [describing the cycle number at which loga-
rithenic plote crose calculated threshold linesp O values were uzed to determine AC, values [AC, = Gy
walue of the reference gene minue the G, value of the target gene). The applied reference gene was
Tyrosine 3-monocoxygenase/tryptophan S-monooxygenate activation protein, zeta polypeptide
[WHAZ) Comparative transcript data between undifferentiated (CTB and differentiated [STB) cells
were calculated as 224 values (AAD, = O value of CALHM gene — & value of YWHAZY and are pre-
wented as w-fold difference. Data analysie and statistical evaluations were perforred using paired 2.
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Primary trophoblast isolation and characterization

willoue trophoblast cells were izolated from healthy human term placentas by enzytnatic digestion
and gravitatiohal separation as previoushy described [Mikiting et al., 201, Huang et al., 2013} with
rinot tnodifications. Briefly, wili-rich tizzues were digested three times with 0.25% trypein [Sigrna,
U5y and 300 1USml Deoxyribonucleaze | (Sigra, USA), and then wubjected to Percoll (Sigrna, US8)
density gradient centrifugation to izolate willous cytotrophoblast cells. In order to aszure the purity
of the cells, flow cytometry analysis was performed by using the trophoblast-specific epithelial cell
marker cytokeratin 7 (Maldonade-Estrada et al, 2004 (anti-cytokeratin 7, Dako, Switzetland).
wWirnentin fanti-vimentin, Sigma, USA, which is only expressed in potentially contarninating cells [e.g.
mezenchyrmal cellz, fikroklazte, smooth muscle cells, stromal cells) served as a negative marker
[$oares and Hunt, 2006).

Primary trophoblast cell culture

lealated hurman trophoblast celle were cultured in Dulbecco's modified Eagle's medium containing
4.5 g/l glucoze [DMEM-HG, Gikco, UK supplemented with 10% fetal bovine serum [FBS, Seraglok,
Switzetland) and Antikiotic-Antimycotic (Gikco, USA) in a humidified incubator under a 5% COy
atrosphere at 37°C. Cellz were zeeded at a density of 0.2 10% cells/cm® in costar CellBIND =ix well
plates (Corning, USA) and harvested after 24 hr [cytotrophoblast stagey or 48 hr (STB stage) The
myhcytialization process was confirrned by visualization under the microscope.

Expression cell lines

Adherent HEKZY3T cells uzed for protein expression and screening experiments were cultured in
DMEM rrediurn supplemented with 19% FBS and penicillindstreptomycin in a humidified incubator
wrder 8 5% CO, atmosphere gt 37°C. Suspension-adapted HEKZP35 GnTl wells used for protein
exprezsion and purification were grown in HyClone TransFx-H media, supplemented with 2% fetal
bovine =erurn (FBS), 4 mA L-glutarnine, 1.5% Poloxamer 188 amd penicillin/stre protmycin in
a hurnidified incubator under 5% CO; atrosphere at 37°C. Both cell lines were tested negative for
iy ofplattna contamination.

For construct generation, cOMAS of human CALHM proteing, with Sapl restriction sites remowved,
were obtained from GenScript. For exprezzsion in X leews oocytes, cOMAe: of CALHMIT, CALHMEZ,
CALHMA and CALHME were cloned into a pTLMX vector. For expression in mammalian cells, cDMNAS
of all human CALHM homologe were clened into a pcDMA 31 vector which was modified to be
oornpatible with FR cloning technology (Geertsma ard Dutzier, 2011} and to encode a C-terminal
30 protease cleavage site followed by Wenus-Myc-5BF tag.

Homelog screening

For owerexpression studies of CALHM paralogs, adherent HEKZ293T cells were zeeded on 10 o
dizhes and grown to a density of 7 10% cellzfwell. Subsequently, cells were tranziently transfected
with rmixtures of respective CALHA cOMNA constructe and polyethylenimine with an average molecu-
lar weight of 25 kDa [PEI 25K, branched). Az a preparative step, 12 pg of OMNA and 438 pg of PEI
were teparately incukated in 0.5 ml of DMEM mediurn. After 5 min, both solutions were mixed, incu-
bated for 15 min and added to respective cell cultures. 34 hr post transfection cells were washed
with PBS, harvested by centrifugation at 490 g for 5 min, flash-frozen in liguid nitrogen and stored at
—20°C. For protein extraction, cells were thawed on ice, heed with lysis buffer (25 mid HEFES, 150
rakd MaCl, 9.5 mk Cally, 2 el Mg Cla, 2% GDN, protease inhibitors, RMaze, DMaze, pH 7.4) for 1
hr and clarified by centrifugation at 146,000 g for 19 min. The obtained supernatants were filtered
through 9.22 pm centrifugal filters and injected onto a Superose & 5150 column eguilibrated with
elution buffer (19 mhd HEPES, 150 ml MaCl, 50 ol GOM pH 7.8} and eluted in the same buffer.
Proteine were identified by recording of the flusrezscence of the attached Yenus YFP.

Protein expression and purification

Suzpention HEK293S GnTl cells were grown in Bioreactor £00 vessels [TPP) and zeeded to a density
of 9.6 10F cellefml a day prior to transfection. For protein expreztion, cellz were tranziently trans.
fected with mixtures of CALHA cDMA constructs and PEI WA 40K, For 300 ml of cell culture, 9.5
g of DMA and 1.2 my of PE MAK were suspended in 20 ml volume of DMEM medium. After 5
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min the DMA colutions were mixed with the PEI MAX wolutione, incukated for 15 min and supple-
memted with 4 mh valproic acid. Tranefection mixtures were subesequently added to cell cultures
and expression proceeded for 38 hr. Afterwards, cells were harvested by centrifugation at 500 g for
15 rmin, washed with PBS and stored at —2TC for further use. All following purification steps were
cartied out at 4°C. For protein extraction, cells were suspended in lysis buffer (25 mM HEPES, 150
mhd Mall, 1% Lauryl Maltose Meopentyl Glycol [LMMNG), 0.5 mh CaCly, 2 mM MgCly, protease
inhibitors, RNase, DMaze, pH 7.4} and incukated for 1 hr under constant stirring. For CALHMA purifi-
cation in Ca®* free conditions, Ca®* was replaced by 5 mi EGTA after extraction. To clarify the
extracts, lysates were centrifugated at 14900 g for 15 min. Supernatante filtered through a 9.5 pm
filter were applied to the StrepTactin Superflow affinity resin and incubated with the slurry for 2.5 hr
under gentle agitation. Unbound proteine were removed and bound proteine were eluted with elu-
fon buffer (19 mikd HEFES, 1540 rmhd MaCl, 50 ph GOM, 2 mb CaCly and 19 mhd d-Desthiokioting, pH
7.4). For purification in Ca* free conditions, Ca®* was replaced by 2 mh EGTA. For cleavage of
fusion tags, eluates were incubated for 30 min with 3C proteaze. Subsequently, samples were con-
centrated, filtered through .22 pen filters and subjected to size exclusion chromatography on a
Superose & 10300 GL column equilibrated with SEC buffer (10 mbd HEPES, 150 mhd MalCl, 50 ph
GOM, 2 mh CaCl/2 mh EGTA, pH 7.4} Peak fractions were pooled and concentrated with 100
kDa MWCO centrifugal filters.

LC-MS analysis of co-purified lipids

For the analysiz of lipide co-purified with CALHMA, the protein was prepared in the presence of
Ca®* in the tarme manner az described for structure determination. For lipid extraction, chloroform
was added ina 107 ratio fwhg to 200 pl of a CALHMA arnple with 8 protein concentration of 3.75
g mi-! or to 200 W of SEC buffer az a control (blank). The samples were briefly vortexed and incu-
bated for 5 rin at arnbient termperature until phazes have separated. The lower organic phase was
collected and weed for liquid chromatography and mase epectrometry [LC-MS) analysic. Prior to anal-
weiz, 25 wl of chloroform extract was mixed with 475 pl of a 50% agueous methanol solution. The sus-
pension was vortexed and centrifuged at 20T for 10 min at 15000 g, 1990 ul of the supernatant
were transferred toa glase vial with narrewed bottorn (Total Recovery Wials, Waters) and subjected
o LIS, Lipids were separated ona nancfoquity UPLE (Waters) equipped with a HS5 T3 capillary
colurnm (150 prm = 30 men, 1.8 pm particle size, Watersy, applying a gradient of 5 mha arrmoniuem
acetate in waterfacetonitrile 95:5 (&) and 5 m armmoniurm acetate in izopropanolfacetonitrile #0:10
[B) frorn 5% B to 100% B over 19 min. The following 5 min conditions were kept at 100% B, followed
by 5 min re-equilibration to 5% B. The injection volume was 1 ul The flow rate was constant at 2.5
ulirnin. The UPLC was coupled to @ QExactive mass spectrometer [Thermo) by a nano-E5I source.
M5 data were acguired using positive polarization and data-dependent acguisition ([DDA&). Full scan
M5 spectra were acquired in profile mode from B2 to 1,200 mfz with an automatic gain control tar-
get of 110% an Orbitrap resolution of 7A000, and a maximumm injection tirme of 200 rme. The five
rnoet intenze charged 2 = +1 or +2) precursor ione frorn each full scan were zelected for collizion
imduced dizsociation fragmentation. Precurzor waz accuriulated with an izolation window of 9.4 Da,
am autormatic gain control value of 5 104, a resclution of 17,500, a maximurn injection time of 50 mes
and fragmented with a normalized collision energy of 20 and 30 (arbitrary unit). Generated fragment
ipne were scanned inthe linear trap. Minimal signal intensity for M52 selection was set to 500, Lipid
datazets were evaluated with Progenesiz QI software [Monlinear Dynarnice), which aligne the ion
intensity mape based on a reference data zet, followed by a peak picking o an aggregated ion
intensity rap. Detected ione were identified bazed on accurate mase, detected adduct patterne and
jzotope patterne by compating with entries in the LipidMape Data Baze (LM}, A mass accuracy toler-
ahce of 5 mDa was set for the searches. Fragrientation patterns were congidered for the identifica-
tionz of metabolites, Matches were ranked bated on masz error [obeerved mazs — exact mazs),
jzotope similarity obeerved versue theoretical) and relative differences between sample and Blank.

Cryo-EM sample preparation and data collection

For structure deterrmination of human CALHMZ2, 4 and & in the presence of Ca®” and of hurman
CALHWMA in the absence of Ca®* by cryo-EM, 2.5 ul zarmples of GDM-purified proteins at a concen.
tration of 1.5-3 my ml™ were applied to glow-discharged holey carbon grids (Quantifoil R1.2/1.3 or

2+
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ROAM Au 200 mech). Excese liguid waz rermoved in a controlled ervironment [4°C and 100% relative
hurnidity) by bBlotting grids for 4—& = Gride were subsequently flash frozen in a liguid propane-ethane
iz using a vitrekot Mark IV (Thermo Fisher Scientificy. 81l samples were imaged in a 300 kY Tecnai
(5 Polara [FEI) with a 104 um objective aperture. All data were collected using a post-colurnn guan-
wrn energy filter [Gatan) with a 20 e elit and a K2 Surmmit direct detector [Gatan) operating in
counting mode. Dose-fractionated micrographe were recorded in an automated manner using Seri-
alEM [Mastronarde, 2005) with a defocus range of 0.8 to 3.0 pm. All datasets were recorded at a
nominal magnification of 37,313 corresponding o a pixel size of 1.34 A/pixel with a total exposure
time of 12 ¢ (30 individual frames) and a dose of approximately 1.3 e-/A%frame. The total electron
doze on the specimen level for all datazets was approximately between 32 o /A2 and 55 o A2,

Cryo-EM image processing

Micrographe from all four datasets were pre-proceszed in the came manner. Briefly, all individual
frarnes were uzed for correction of the bearn-induced movemnent using a dose-weighting scheme in
RELIOM's wn implermentation of the MotionCorZ algorithm available in wersion 3.0 (Zivanov et al.,
2018). The CTF pararmeters were ectimated on surmed movie frames using CTFFIMDA
[Rohou and Grigorieff, 2015). Low-quality micrographe showing a significant drift, ice contamina-
tion of poot CTF estimates were dizcarded resulting in datazets of 1,125 images of CALHMA in the
prezence of Ca®* (datazer 1), 717 images of Ca®* free CALHMA [datazet 23 1050 images of
CaLHMA [datazet 3) and 2 0485 images of CALHMZ [datazet 4), which were subjected to further data
proceseing in RELIOM [Seheres, 2012}, Particles of CALHMA and CALHME were initially picked using
the Laplacian-of-Gaussian rmethod and subjected to 20 classification. 20 clase averages showing
protein features were subsequently used as terplates for rmore accurate auto-picking as well as
imput for generating an initial 30 model. From datazet one, 422 281 particles were extracted with a
ko size of 234 pixels, down-zcaled three tirnes amd subjected to 20 classfication. Having dizcarded
falze positives and particles of poor quality, the datazet was reduced to 201,782 particlez. Two
rounds of non-eymemetrized 30 clasefication using the &0 A low-pace filtered initial 3D model az a
reference allowed to izolate two populations of hormogenous particles representing dihedrally-
related decarneric and undecameric assemblies. These two subsets were refined separately with
gither D10 or D11 symmetry impoced followed by unbinning to an original pixel size and iterative
rounds of 30 refinement, per-particle CTF correction and Bayesian polishing [Zivenov et al.,. 2018,
Zivanov et al.,. 2019, Extra 30 classification without angular alignment showed increased flexibility
within the dirmerization interface of interacting intracellular regions in the decareric azeernbly while
ne such flexibility was obeerved for the undecarmeric population. In order to improve the resolution
of the reconstructions, localized reconstruction was performed. For thiz purpoce, the signal corre-
sponding to the detergent belt and to one dihedrally-related monomer was subtracted from each
particle followed by auto-refinement of merged in silice modified particles in the presence of a soft
rask around the protein density with either C10 or C11 symmetry imposed. The final map of the
decameric and undecameric azsernbly was improved to 407 A and 3.92 A, respectively. The maps
were sharpened using isotropic b-factors of —200 A* and —177 A respectively. Datasets of Ca®*-
free CALHMA and Ca?"-CALHMS were processed in a similar manner. Briefly, from datazet two,
E74,541 particles were extracted and cleaned by 20 claseification. The pool, reduced to 87 978 par-
fcles, was subjected to non-zymmetrized 30 classification that alzo yielded two populations of dike-
drally-related decarneric and undecarneric aszernblies. The final map of the decarmeric assembly at
407 A and of the undecametic azzembly at 569 A was sharpened using isotropic b-factors of —14%
A2 anel —128 A2 rewpectively. From dataset three, 214,859 particles were extracted with a box size
of 200 pixels and reduced to 207 7417 partices after 2D clazefication. Mon-gymrmetrized 30 classifica-
fion alwo revealed decarneric and undecarnetic populations, although no dikedrally-zyrmetrized
dirnete, az in caze of CALHME in the presence and abzence of Ca®*, were obeerved. The final auto.
refined map of the decameric asserbly at 439 A and of the undecameric azzembly at &23 & was
tharpened using isotropic b-factors of =259 A% and —435 A2 respectively. In all cazes, resolution was
ectirmated in the presence of a coft solvent matk and based on the gold standard Fourier Shell Cor-
relation [FSC) 0.143 criterion [Chen et al, 2013; Rosenthal and Henderson, 2003; Scheres, 2012,
Scheres and Chen, 2012} High-rezolution noize substitution was applied to correct FSC curves for
the effect of soft macking inreal space [Chen et al., 2013) The local resolution was ectirated using
RELIOMN [Zivanov et ai, 20138).
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Wizual inspection of micrographe in dataset 4 [CALHMZ) during pre-proceseing hinted at preferen.
fial orientation of particles. 20 class awverages generated from the particles picked with the Lapla-
dan-of-Gauzsian method showed priratily views from the extracellular side with a semall percentage
of side or tilted wiews, sitnilar to those found in CALHMA datasets [dikedrally-related dirners) and
the CALHME dataset [ronomers). In order to recover projections at orientations other than from
the extracellular side, representative 20 class averages of CaLHMA and & were combined and used
as 20 ternplates for auto-picking. The pool of 417,812 particles was subjected to two rounds of 20
clazzification, after which the datazet was reduced to 71 555 particles. 20 claz: averages thowed
that the majority of the remaining particles comprised a view from the extracellular side with only a
senall fraction representing other orientations. Az a consequence of this preferential orientation, pro-
jections from other angles were underpopulated and did not show high-rezolution features. In other
to separate monomeric and dirmeric populations, non-symmetrized 30 clazsification was performed
uzing low-pass filtered reconstructions of CALHMA and CALHMA. However, both monomeric and
dirneric 30 reconstructions of CALHME suffered from mizsing views and therefore were not akle 1o
comverge to & reliable model during 30 auto-refinerent. Additional 20 clazsification on particles
clazzified either az CALHMZ monomers or dimers showed significant amount of reraining heteroge-
reity in form of undecameric and dodecarneric azzernblies, which together with the preferential ori-
entation impeded obtaining a high-resolution reconstruction from this datazet.

Model building and refinement

The rmodels of CALHMA and CALHMS were built in Coot [Emsiey and Cowtan, 2004). CaLHMA
waz built de novo into the cryo-EM density of the dimer of undecameric channels at 382 A The
dighthy better resolved cryo-EM density of the unpaired undecameric channel at 3.69 A obtained by
localized reconstruction amd a rap bBlurred in Coot with a bfactor of 50 aided map interpretation.
CAaLHMA was built using the CALHMA structure az a reference with the aid of modified cryo-EM
rape of CALHMS which were either low-pass filtered to & A, blurred in Coot with a bfactor of 200
o sharpened in Coot with a bfactor of —50. The cryo-EM density of CALHME was of sufficiently
high resolution to unambiguously assign residues 4~B83 and 94-280. The cryo-EM density of CALHME
alloweed ue to ascign residues 20-82 and 94-282. The atomic modelz were improved iteratively by
gycles of real-zpace refinetnent in PHEMIX [Adams et al., 2002} with secondary structure and 22-fold
ffor CaLHMA) and 10-fold for CALHMA) MCS conetrainte applied followed by manual corrections in
Coot. walidation of the models was pedformed in PHEMIX. Surfaces were calculated with M55
[Sanrer vt al., 1996} Figures and videos containing molecular structures and densities were pre-
pared with DING (http v dinodd org )l PyMOL ([Delanoe, 2002 Chimera [Pettersen et al,
2004 and ChimeraX [Goddard et al., 2013).

Analysis of the density inside the pore

For analysis of the density inside the pore, non-zyrmmetrized final 30 reconstructions of CaLHMA
ard CALHMEA were opened az a stack in Fiji (Schindelin et al., 2012} where the mean density of the
area inside the pore was quantified along the slices of each 3D reconstruction. The size of the mea-
wured area was chosen based on the 30 maszk generated from the atomic models of CALHMA and &.
In both cazes, the area of & = & pixels centered around the pore axe was located outside the 30
rnazk etzuring that the procedure did notinclude density of CALHME or &,

The “experimental” reference profile waz generated bated on the electron density map of the
MPEG-T protein bound to a lipidic vesicle [EMD-20522) (Pang et al, 2079, The electron density
cotresponding to the protein was selected and subtracted in Chirnera using the structure of MPEG-1
[PDBID AUZWY. Due to the mermbrane deformation, the central region of the bilayer was excluded
fromn the meazurement. The ‘sienulation’ reference profile was generated using the atomistic model
of a membrane obtained from the MemProtMD databaze [PDBID 2M55) (Minesy et al, 2015
Mewport et al., 2019, All atoms corresponding to protein, iong and water molecules were rermoved
from the model and the remaining lipids were uzed to generate an electron density map with 1.34 A
pixel spacing at & A resolution using Chimera (Pettersen et al., 2004). Electron density profiles
wete generated by measuring a rean pixel intenzity of selected regions on map tlices along the Z-
axiz using the Fiji software [Schindelin et ail, 2012},
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Two-electrede voltage-clamp recording

For preparation of cRMA coding for CALHM paraloge, CALHM-pTLME DMA conetructs were linear-
zed with the FastDigest Mlul restriction enzytne [ThermoFishery purified, tranzcribed in witro with
the mlezzage mMachine kit [(Brbion) and purified with the RMeazy kit (Qiagen). The obtained
cRMAL were either uzed immediately or aliquoted and stored at -20°C Defolliculated X laewis
oocytes obtained from Ecocyte Bioscience, were injected with mixtures containing either 1 ng of
CALHMT cRMA or 5 ng of CALHM 2 4 and & cRMA and 190 ng of X lsevis connexin-35 antizense oli-
gonucleotide [Cx38 AS0) to inhikit endogyenous CHEE currents (Bahima et al., 2006 Dogytes uzed
a8 hegative control [meg) were injected with 10 ng of Cx3B ASO only. For protein expression,
oocytes were kept in MDA solution (P4 mb MNall, 2 mhd ECL 1.8 mbd CaCly, 1 mbd MgCly, 2.5 mha
Ma-pyruvate, 5 mh HEPES and 50 wolml gentamicing pH 7.5) at 16°C. Two-electrode voltage-clamp
[TEWC) measurements were petformed 4850 hr after RNA injections at 20°C. TEVC data were
recorded on an OC.7258 amplifier [Warner Instrument Corp.) Data recorded at 5 kHz and filtered at
1 kHz were and digitized uzing a Digidata interface board [13228 or 184408, £xon Instrurmentz) and
analyzed with pCLAMP 103 software (Molecular Devices, Sunnyvale, CA) Microelectrodes with a
resistance of 14 M were filled with 3 M KClL A VC-B valwe controller [Warner Instrurnents) was
Lzad for perfusion of different Ca®® concentrationz. Prior to recording, oocytes were additionally
injected with a 50 nl of a mixture containing 20 mAd BAPTA and 10 mk Ca®" =olution to minimize
activation of Ca*"activated CI' currents. High Ca®* bath solutions contained 100 mh Na®, 5.4 mi
K, 95 mhd CI, T ek WM™, 3 mi Ca?* and 10 rml HEPES, pH 7.2 Divalent cation-free solutions
contained 0.5 mivl EGTA and 8.5 miv EDTA instead of divalent cationz. Intermediate Ca®* concen.
tratione were prepared from both stocks by miing solution according to the volurme calculated with
WEBMAKC calculator.

Cell surface biotinylation

Surface biotinylation of proteins expreseed in X laevis oocytes was performed wsing the Fierce Cell
“urface Protein lzolation kit Cocytes (20.540) injected with CalHM cRMAR and incubated for 40-50
b, were wazhed three tirmes with MO solution, tranzferred to a white s.well plate (MUNC) and bio-
tinylated by 30 min incubation in 4 ml ND% eolution wupplemented with 9.5 my ml! EZ-link wulfo.
MH5-55 biotin, After incubation, the biotinglation reaction war stopped by addition of quenching
solution and oocytes were wathed several times with MD%4 zolution to remove residual reagents.
For protein extraction, cogytes were incubated in besiz buffer (25 mb HEPES, 150 mhd MaCl, 0.5 mha
Cally, 1% LMMG, 2 b MgCly, proteaze inhikitors, RMaze, DMaze, pH 7.8 for 1 hr at 4°C and cen-
wifuged at 19,900 g for 15 min. The supernatants were collected and incukated with Meutr8vidin
agaroee slurry for 1 hr at roomn terperature under constant mixing. After this step, agarocee beads
binding the biotinylated proteing were wathed with waszh solution (19 mh HEFES, 150 mh MaCl,
04058% GDM, 2 mM CaCly, proteaze inhibitors, RNaze, DMNaze). Subesequently, the unbound rmate-
rial was dizcarded and biotinylated proteins were incubated with 5D5.Page sample buffer containing
50 il DTT for 1 hr at RT. Eluted protein fraction was obtained by centrifugation at 1,000 g for 2
min at BT. Membrane protein samples were stored at —20°C. For western blot analysiz, samples
were |oaded on a 4-20% SD5-polyacrylamide gel. After electrophoretic separation, the proteine
were transferred to & pohwimdidene fluoride membrane by a semi-dry Blotting procedure. The mern-
branes were first blocked at room temperature for 2 br with 5% non-fat milk in TBS-T buffer (59 mha
Triz, 150 mha MaCl, 9.075% Tween2d, pH 7.5} and then incubated with respective anti-CALHM fri-
rnary antibodier overnight at 4°C. To remove unbound primary antibodies, the membranes were
washed with TBS-T buffer and wubzequently Blotted with goat anti-rabbit-HRP conjugated zecondary
antibody for 2 hr at 4°C. The membranes were wathed again with TB5-T buffer and cherilurnines-
et signals were developed with the Armersham ECL Prirne Western Blotting Detection kit

Statistics and reproducihility

Faired Z-way ANOWA with Sidak's multiple comparizons test was applied to detect differences in
placental mRMA levels of CALHM izoforms between undifferentiated cytotrophoblast and differenti-
ared gyneytiotrophoblazt celle. 8 povalue<0.05 was considered az statiztically significant. Statistical
cornparison: were perforred wsing GraphPad Prisen (GraphPad). Electrophysiclogy data were
repeated rultiple times with different batches of cRMA and X laewis cocytes with wery similar
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results. Conclusion: of experiments were not changed upon inclusion of further data. In all cases,
leaky oocyter were discarded, For Ca®* concentration-responze analysiz using TEVC methods, statiz-
fical sigrificance was determined by analysiz of variance and by Student's £ test. & pavalue<0.05 was
considered statistically significant. The number of independent experimental repetitions iz repre-
sented by n.

Accession codes

The cryo-EM density mape of CALHWMA in abzence of Ca®* and CALHM4A and CALHMES in presence
of Ca?* hawe been deposited in the Electron Microscopy Data Bank under following 1D codes: EMD-
W7, EMD-TO219, EMD-10220, EMD-102217, EMD-10%24 and EMD-10%225. The coordinates of the
cotresponding atomic models of CALHMS and CALHMS have been deposited in the Protein Data
Bank under ID codez &YTE, £¥TL, &¥TO, &¥TQ, &¥TW and &¥TE.
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Figura 1. Espression analysis of CALHM geaesia the human placenta. mEMA sbundances of ddfecent CALMH paralogs i (4), human placental issues
fn =104 and [B), human trophoblasts 1sclated from healthy term placemtae [0 = 5) was assessed by quanttatwe KT FCR and normabzed tothe reference
gene YWHAZ The relative amounts of the different CALHM genes are shown as AC, walues [aC, = C, value of YiWHAZ - C, value of CALHM gene).
Comparatie transcrpt data are presented as mENA abundance (A0 = Clie v geme = Clusge geme] BETWEEN undfferemiated ovtotiophoblasts (0 and
differentiated synoytiotrophoblast [5) cells. Data analyss and statetical evaluations were performed vsng pared 2-way AMOYA with Sidak’'s multple
comparksons test; *p <005 Sp<0.01; HHp <0001,
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Figure 1—figura supplement 1. Comparative mRMA expression data for other physiologically relevant
transportersfreceptors in the human placenta. ¥-axe and statetical analysis are according to Figure 1. mRNA
concentrations of different CALMH paralogs and of other transport protens in [A) human placental tissues

fn = 100} and [B), human trophoblasts solated from healihy term placentae [n = 5 were assessed by quantitative KT
FCE and normahzed tothe iefereace geae YIWHAZ. Abbreviations: AECAL, ATP-binding cassette transparter A1
CALHM, calcium homecstasis modulater; LATI [SLETAD), Ltype amine acid transporter |; LAT2 [SLC7AS), Ltype
anino acd transpoiter 2; GLUTI [SLC2A1), Glucose transporter | TFRC, transfemm receptor comples |; YWHAZ,
Tytomine 3-moncosygenaseftryptophan 5-monoosygenasze activation protein, zeta polvpeptide. (C)Frmer
=quences used for FCE amphfication. [0 Calculated amplfication efficencies for the indicated genes.
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Figura 2. Funcuonal characterzation of CALHM channek expressedin X [aews oocytes. [A) Western blot of proteins located in the plasma membrane
of X [aevis oocytes heterclogously expreszing the indicated CALHM channels. Froten was molated after surface-biotinylation by binding to andin-resin.
The proteins are detected with specific antibodies recogmaing the respectve CALHM paralog. Left, CALHM2, center CALHM4, nght CALHMS, The blot
demonstrates the targeting of all three paralogs tothe plasma membrane. Bands corresponding to the respectve CALHM paralogs ae indicated by
astensk. [B) Electrophysiological characterzation of X (aevis oocytes heterologously expiessing the paralogs CALHMI, CALHM2, CALHMA and
CALHMS 1n companson to control oocytes [neq) recorded at estracellular solutions either contaiming & mb Ca®* 1) or 0.5 mM EDTA and 0.5 mbd
EGTA [Caz'-frEE,U]. Data show curients of ndwidual oocytes [circle) recorded by two-electrode voltage-clamp [TEWC) at &0 light blue) and —40 m'
Mght ced). In each caze, curients were tabulated at the end of 2 5 5 voltage step. Averages are shown as barsia red (-8 mV) and blue (80 mi),
respectrvely. Dashed hnes indicate mean current levels of contiol cocytes [neg ) recorded 1n ' free eatracellular solutions at &0 and —&1 mYy.
Cuireats measuied for all iavestigated channek, escept CALHMI, are act sigaficantly different from contral socytes [as judged by a Student t-test). [,
Fecufication of steady-state cunents of cocytes displayed in [B) expressed a3 lpmlapmy @lculated for indradual cocytes at 3 mbd Cat 1% andin Ca7-
free solutions [() and averaged. The large value of CALHMI reflects the actvation of the protem at postwe voltage in presence of C& kO Ca-
dependence of actvation. Change of steady-state curemts of ooovtes displayed n (B) after Ca™t vemoval expressed as Loz, Mo, @louleted from
indwidual cocytes at —&0 m¥ [n) and 40 m' () and averaged. The large value of CALHMI at —&0) mY reflects the strong actvation of currents at
negatwe voltages upon Caz'-daplztlon. C, O, The difference between the corresponding values of the CALHM paralogs 2, 4, and & and neg. are
statetically insignificant (as judged by a Student ttest). B-D, Data show averages of 27 eg), 21 [CALHMI), 28 [CALHR2), 19 [CALHMA) and 21
[CALHMA) cocytes respectively. Errors are standard deviations.
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Figure 2—figure supplement 1. Bectrophysiology traces. [A) Representative current traces of CALHMI recorded at indicated extracellular Ca®*
concentrations. The voltage protocol i shown as inset [left). (B-F) Representative curcents of CALHM paralogs (B), CALHMI, D), CALHM2, [E), CALHM4
and [F), CALHM& 1n comparson to [C), control oocytes lneg). The current protocol 1s shown left. Traces including a step to — &) m¥ are colored in red,
tiaces including astep to 80 mV 1n blue. A-F, Datawere recorded 4080 hr after injection of cRNA.
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Figure 3. Cryo-EM analysis. [A) Cryo-EM denstty of undecamenc (11-mer) and decameric [10-mef) pairs of CALHMA channeks at 28 and 4.1 A
respectively. Data were recorded from a Ca?*free sample. Subunits are colored in llac and green, respectively. B) Cryo-EM density of decamernc
CALHMé channels atd .4 A Subunits are colored 1n red and light-blue, respectively. A, B, Views are from within the membrane with membrane
ndicated as grey rectangle ftop) and from the outside [bottom). IC) Selected 2D classes of the CALHM2 data showing interacting channel pais and
single channels viewed from within the membrane [top) and views of undecameric and dodecamenc channek with subuntts numbered [bottom). (D)
Slices through the CALHMAd (left) and the CALHMA [nght) channels illustrating the detinct features of the cylindiical and conical pore conformations.
View of CALHMS at lower contour [nght) shows extended density for the mobile TMI. Maps are low-pass filtered at & A, Colored features refer to

density corresponding to TM1 and NH.
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Figura 3—figura supplament 1. Biochemical charactenzation. [8) Sze-eaclusion chromatograms recorded from fluorescently tagged CALHM subunits
from a whole-cell eatract n the detergent GOM ona Supercse & 51 50 column at a flow rate of 02 mlfmm. Astersks indicate elution times for each
paralog. [B) Overlay of sze-excluzion chromatograms recorded from purdied CALHM paralogs after cleavage of the fusion peptide used for cryo-EM
analysis on a Supercse & 1300 column. Inset shows magnthied peak region with respectve elution volumes indicated.
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Figure 3—figure supplement 2. Cryo-EM reconstruction of CALHMd n presence of Ca®*. [A) Representative cryo-EM micrograph acquired with a
Tecnai G? Polara microscope. (B)2D class averages of CALHMd 1n presence of Ca®*. [C) Data processing workflow. Two rounds of nonsymmetrzed 3D
Figure 3—figure supplement 2 continved or next page
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Figure S—figure suynplement 2 continued

daszication allowed toizolate two populations reprezenting decamenc and undecamerc assembles. The patticles weie further refined with erther DO
or O | symmetry inposed. After pedforming per-particle CTF rehnement and Bayesian polishing, the remaining structural heterogenety in decamers
was segregated by perfarming the final 30 classfication, where the arientations were kept fed as in the consensus model. To futher impreve the
resolution of each reconstruction, partial signal subtraction followed by 30 refinement was apphed. Farticles with the symmetry relaxed to ether C10 or
Cll were merged and subjected to a final round of auto-refinement. The distnbution of all particles (%) and the resolution of each dlass 5 ndicated. [[)
F5C plat of the final refined undecamenc unmasked lavange), masked [pink), phaserandomeed (green) and coected far mask convolution effects
[blue) cryo-EM densty map of CALHMA. The resolution at which the FSC cunve drops below the 0143 threshold s indicated. The inzet shows the
atomic model within the mask that was apphed for calculations of the resolution estimates. (B) Final 30 recomstruction of undecamenc CALHMY colored
according to local reselution. [FIFSC plot of the fnal refmed decamenic unmasked [orange), mazked (pnk), phase-randomized Igreen) and corrected
for mask convolution effects (blue) cryo-EM density map of CALHKA. The resolution &t which the FSC curve drops below the (L143 threshold =
indicated. The inzet shows the atomic model within the mask that was applied for calculations of the resclution estirmates. [G) Final 30 reconstruction of
decamenc CALHM4 colored according to local resolution.
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Figure 3—figure supplement 3. Cryo-EM reconstruction of CALHMd in absence of Ca®*. [A) Representative cryo-EM micrograph acquired with
aTecnal G? Polara micioscope. [B) 2D class averages of CALHMd 1n absence of C&®*. [C) Data processing workflow. Two rounds of non-symmetrzed
Figure 5—fiqure supplement ¥ continued or next page
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Figure S—figure suynplement 3 continued

3D claszification allowed to molate twe populations representing decamernic and undecamenc assemblies. The particles weie futher refined with ether
D10 or D1 | symmetry mpozed and terative per-particle CTF refinement and Bayesian polehing. The resolution of the undecameric azzsembly was
further wpeoved by partial signal subtraction follewed by 30 refinementwith CI L symmetey applied. The distibuation of all particles (%) and the
resolution of each class iz indicated. (D) FSC plot of the final refined undecamenc unmasked [orange), masked [pink), phaze-randomized [green) and
comected for mask convolution effects [blue) cyo-EM density map of CALHMA. The resolution at which the FSC curve diops below the 0,143 threshold
s indicated. The inset shows the atomic model within the mask that wes applied for calculations of the resclution estimates. [E) Final 30 reconstiuction
of undecamerc CALHMA colored according to local resolution. [FFSC plot of the fnal refined decamenc unmasked [orangel, masked [pink), phasze-
randarmzed [green) and corrected for mask conveolution effects blue) crvo-EM densty map of CALHM4. The esolution at which the FSC curve drops
belowthed.14% threshold & indicated. The inset shows the atomic model within the mask that was appled for calculations of the resolution estimates.
[G) Final 30 reconstruction of decamenc CALHMY colored according to local resolution.
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Figure 3—figure supplement 4. Cryo-EM reconstruction of CALHMS in presence of Ca?*. [A) Represemative ciyo-EM micrograph acquired with a
Tecnai G? Polara microscope. [B)2D class averages of CALHM& in presence of Ca®*. [C) Data processing workflow. Non-symmetrzed 3D classification
allowed to isolate two populations representing decameric and undecameric assemblies. The particles were further refined with ether C10 or C11
symmetry imposed and iteratve per-paticle CTF refinement and Bayesian polshing. The distrbution of all particles [%) and the resolution of each class
s indicated. (D) FSC plot of the final refined decamenc unmasked [orange), masked fpink), phase-randomized [green) and corrected for mask
convolution effects blue) cryo-EM denstty map of CALHMA. The resolution at which the FSC curve drops below the 0.14% threshold is indicated. The
inset shows the atomic model within the mask that was applied for calculations of the resolution estimates. [E)Final 3D reconstruction of decameric
CALHMS colored according to local resolution. [FIFSC plot of the final refined undecameric unmasked (orange), masked [pink), phase-randomized
[green) and corrected for mask convolution effects [blue) cryo-EM density map of CALHMA. The resolution at which the FSC curve drops below the
0.14%3 threshold i indicated. The nset shows the atomic model within the mask that was appled for calculations of the resolution estimates. [G)Final
3D reconstruction of undecamernic CALHMS colored according to local resolution.
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A

CALHM4 TM1-TM2

TM1-TM2

Figure 3—figure supplement 5. Cryo-EM denstty of CALHMA and CALHMA. [A)Cryo-EM densty at 3.7 A of selected regions of the undecamernic
CALHMd structure recorded from asample obtained in the absence of Ca®* superimposed on the model. Structural elements are indicated, '4 A’ marks
ayo-EM density low-pass fitered to & A apenmposed on a Cactrace of NH and TMI, which illustrates the hehctty of the entire NH region that 1 partly
not defined in the density at higher resolution due to its intrinsic mobibty. (B) Cryo-EM density atd.4 A cf selected regions of the decamenc CALHMS
structure supenmpesed on the model. Structural elements are indicated. '& A marks ciyo-EM densty low-pass filtered to & Asupenmposed ona
abbon of TMI and parts of TM2, which displays extended denstty for the eatire TMI region that is partly not defined 1nthe densty at higher resolution
due to tts intrnsic mobility. Density 1s shown from two different views with indicated relationship. Large side chains that are recogneable in the low-
pass filtered map are dsplayed as sticks.
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Figure 3—figure supplement 6. Cryo-EM reconstruction of CALHM2 in presence of Ca®*. (4) Representative cryo-EM micrograph acquired with a
Tecnai G? Polara microscope. [B) Data processing workflow. Non-symmetnzed 3D classification with two reference modeks representing monomeric and
dhedrally-related dimenc archtectures as observed for CALHMS and CALHMd, respectively, allowed to separate CALHM2 particles nto two respective
subsets. However, preferential onentation of the particles on a gnid together with the presence of compoesitional heterogeneity 1n form of undecamenc
and dodecamerc assemblies within each subset hindered generation of a high-resolution 3D reconstruction. 2D class averages calculated separately
from monomenc and dimenc subsets highlight the predominance of vews from the extracellular side. Green boxes and '+' mark representative views
of undecameric and yellow boxes and *' of dodecamenc assemblies.
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Figure 4, CALHMd structure. Ribbon representation of [A), decameric and [B), undecamernc CALHM4 channels.
Top views are from within the b with b boundaries ind d, bottom views are from the
extracellular side. The approximate dimensions are indicated. Subunits are colored in hlac and green.
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Figure 4—figure supplement 1. Features of the CALHMd structure. Ribbon represemtation of [8), decamenc and [B), undecamenc channel pars as
obsewed in the CALHMd dataset. In both cases, the proteins interact via thew ntracellular regions. Residual denstty at the C-terminus connecting both
channels & shown as blue mesh and modeled as a poly-glycine chain. [C) Close-up of the intedace between channel pairs shown 1n B. Space-filling
models of the decamenc [D) and undecamenc [E) CALHMA channel viewed from the extracellular side with ATP molecules shown a space-filling
models for reference. Subuntts are colored 1n hlac and green.
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CALHM4 c LRRC8A

Figure 5. CALHMd subunit and oligomenc arrangement. [A) Ribbon representation of the CALHMA subunit. Secondary structure elements are labeled
and transmembrane e-helices are shown 1n unique colors. View of the transmembrane e-helices of [B), the CALHM4 decamer and [C), the volume
regulated anion channel LRRC&A, from the extracellular side. B-C, color code & asin &, transmembrane segments of one subunit are numbered. The
generalshape of asingle subumit s indicated (B, trapezoid, C, oval). D) Surface representation of the CALHMA decamer. The view s from the outside.
[E) Shce through the CALHMd pore viewed from within the membrane. D, E, TMI and the N-teiminal c-helix NH are colored 1n red.
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Structural Biology and Malecular Biophysics

Figure 5—figure supplement 1. Squence andtopology. Sequence alignment of the human CALHM paralogs CALHMI [MF_O000141 2.3), CALHM2
[MP_057000 2, CALHMS IMF_O01 1232141, CALHKMA [MP_001 35300711, CALHMS INF_7 14922.1) and CALHMA [NF_O01010919.1). |deatical residues are
highhghted in green, secondary structure elements of CALHMY are indicated above.
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Figure 5—figura supplamant 2, Features of the CALHMY stiucture. [8) Molecular surface of the CALHM4 decamer viewed from within the membrane
flef) and zoom into the highlighted region showing the imerface between two subunits [nght). Astersk indicates location of a small fenestration on the
surface between T3 and Thid of the same subumit. [B) Fibbon representation of Th| and the h-terminal c-hehs MH with side chaims of bydrophobic

residues facing the pore displayed as sticks. [C) Coetrace of the extracellular region of CALHMA with diuffide bndges shown as sticks and labeled. (D)
Fabbon representation of Thi2, the ntracellular e-heh= CLH and This. A B, O, Transmembrane segments are colored as in Figure 54 and labeled.
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Figure & CALHM4 poe propeties and hgid intevactions. [4), Fore radius of the CALHMY decamer [red) and undecamer [blug) as caleulated in HOLE
[Smari e al., T998). [B) Two phosphatidylcholine molecules modeled nto residual cryo-EW density [blue mesh)in a cawity at the interface between
neighboring e-helices T 1. Secondary structure elements are indicated. [C)Chermical propeities of residues hang the pore of the CALHKY channel.
Shown = aslice thiough the pore wiewed from within the membrane. The protein & displayed as molecolar surface. Hydiophobic residues are colored
n yellow, polar residues 10 green, aodic residues in red and basic residues in blue. [[0) Shee through the pore region of the CALHMA undecamer
viewed from within the membeane. Shown 15 nonaveraged deasity 1 a single copy of the undecamenc CALHMY chanael par at low contour to
highlight the location of mcreased density within the pore conespondingto a bilayer of either phospholipids or detergents. A plot of the density along
the pore axws showing two masima that are separated by the expected distance between the headgioup reqions of a hpid bilayer = shown nght. B, D,
Displayed cryo-EM densty iefers to data from the undecamenc channelin presence of C&°*.
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Figure 6—figure supplement 1. Lpid iteractions in the pore of CALHMA. [4) Imtedace between c-helices TMI of two neighboring subunits with two
bound ipid molecules. View i similar as 1n Figure 6A. [B) Lipids modeled into residual electron denstty at the interface diplayed n A Lipids 2 and 3

Figure &—figure supplement 1 continved or next page
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Figure &—figure suynplement 1 continued

could occupythe cavity atthe same time. | shows alternatvee imteipretation of the density with a single hpid. A, B, Displaved cryo-EM densty efers to
data from the undecamenc channel in presence of C&" [0 Shces through the pore regions of imteracting CALHMA channel pans as obsewved in
differeat datazets. Froteins are viewed from within the membrane. Shown & aon-averaged densty at low contour Neft). The distabution nght) shows
two equivalent regions of increased densty comesponding to bilayers of ether phospholpids or detergents residing m each channel. The pore-densry
deplays very similar features in CALHMd decamers and undecamers wespective of the presence or absence of Ca®". [0} Model membrane obtained
fram MO simulations shown as stick modelswith the phesphate stoms highlighted as green spheres. [E) Comparisan of the abserved pore deasity
detnbution [dazhed blue hne, CALHK4) to equwalent distnbutions obtaned from membrane simulations [cyan, simulation) and cryo-El data of
iposomes [mageata, espeament). All distnbutions display equivaleat features.
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Figura 6—figura supplamant 2, LC-M5 analyais of co-purfied hpids. [A) Seatter plat depicting the celative amounts of the 100 mest sbundant
hydrophobic compeounds detected in the LC-M5 analysis of the CALHRA sample comparedtothe blank. Ked dots represent compounds that are
detected in the CALHMA sample only and blue dots reprezent compounds that are highly ennched in the CALHMA sample comparedtothe blank [fold
change =100, [BITIC chromatograms of compounds indicated 1n A, with assigned mass to charge ratio [m/z) and retention time. [13) Table summanzing
the properties of compounds solated from the CALHWA sample. The chemical identity was dentified in a search against the Lipidhaps [Lh) [brary
with matchingtolerances of | ppm n mass accoracy and =90% 1a sotope similanty.
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hCALHM1 QMYSAFDFNCPCL
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hCALEM5 RLFSVVAFKCPCS
hCALHM6 RIFSAVAFQCPCS
hCALHM2 ELFSVVAFHCPCS
hCALHM4 QLFSSSTFSCPCQ

CALHME

Figure 7. CALHMA structure. [A) Ribbon representation of the decamenc CALHMA structure viewed from within the membrane. Subunits are colored 1n
red and light blue. The C-terminus following CTH 15 colored 1n green. Inset [below) shows a close-up of ths region with cryo-EM density supenmposed.
[B) View of the CALHM structure from the extracellular side. [C) Shee through the pore of the CALHMé structure. B, C, TMI, which has moved towards
the pore axi i labeled. &, C, the membrane boundary 1s indicated. [D)Superposition of single subunits of the CALHMA and CALHMS structures
llustrating conformational changes. Coloring i & 1n Figure 5A with CALHMA shown 1n brighter shades of the same color. Secondary structure
elements are labeled and the hinge for the movement of TMI is indicated by an astensk. [E) Sequence alignment of the end of TMI and the following
loop of CALHM paralogs. Selected conserved residues are colored in green and red. Numbering corresponds to residues indicated in panels F and G.
Astensk marks the hinge region displayed in D. Close-up of the extracellular region involved 1n conformational changes in (F), the cyhindrical

Figure 7 continved on rext page
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Figure ¥ continued

conformation deplayed in CALHMY and [G), the comcal conformation displayed in CALHMA, Residues comtrbuting to a cluster of aromatic residues on
Thil-3and a consered deulfide bridge are shown as sticks. Selected postions highlighted in E are labeled. F, G, Colonng s as in Figure 54, [H] Slice
thraugh the pove reqion of the CALHMA decamer viewed from within the membiane. Shown 1z non-averaged densty at low contour ta highlight the
location of diffuse density wathin the pore. A plot of the demsty along the pore axs of CALHMA 1z shownin ed, the coresponding density in CALHRA
i shown as a dashed blue lne for comparson. The two masma inthe CALHMA density are shfted towards the intracellular side. The density
coresponding tathe headgroups of the outer leaflet of the bilaver 1n CALHMY = abseat. Deastty at the location of the headgroup reqion at the inner
leaflet of the bilayer and further towards the mtracellular side could correzpond to etther ipids orto the poory ordered M-terminus.
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Figure 7—figure supplement 1. Features of the CALHMA stiucture. &) Stereo view of a supeiposition of the CALHMY and CALHME decamers. The
proteins are shown as Cortraces. Colonng is as in Figures 4 and 8. [B) Close-up of the conformational change 1n ThE fiom the oylindncal conformation
diplayed in CALHMA to the comcal conformation deplayed m CALHMA. Right panel shows nbbon, left panel a stick model of TMX with side chains
truncated to their Cf postion except for a comserved proline at the site of conformational changes where the entve side chain iz deplayed. [Z) Close-
up of the conformational change of ThI with molecules deplayed as nbbons (lef) and iteraction region of TM1 and ThiZin the CALHMY structure
with the protem shown as Co race and side chains of interacting residues as sticks [nght). B and C, colonng of nbbons 1z a5 in Figure 70 with
secondary stiucture elements in CALHMA shown in brghter shades of the same color. [} Sequence ahgnments of TMI and T3 of different CALHM
paralogs. The conserved prolae displayed 1in B 15 eoloied w red, selected residues at the ThI T3 interaction nterface displayed m C aie colaied 1n
Figure 7—fiqure sypplement 1 continued or rext age

Drozdiyk et al. elife 2020;%e55853. DOl https/idoiorg /it 7 55d/elfa 55053 24 of 29

181



elLife

Figure 7—figure suynplement 1 continued

Structural Biology and Malecular Biophysics

areen. B, C, Mumbenng coresponds to pestions labeled 1n D. [E)Hypothetical pore shapes of the conical confermation deplayed n the CALHMA
structure. The deordered M-terminal helix NH [green) was modeled n dfferent conformations. Left, "kinked” conformation where the mutual
relationship between TR and MH 5 &5 m CALHMY, center left, 'extended’ confarmation where NH has changed ts conformation to extend the ThiL
hele. Center nght, 'clogged’ conformation where the mobile MH helix has moved towvards the pore axis. The |0-fold symmetry 1z mamtamed in the
‘funked and 'estended’ conformations and broken for MH i the 'clogged’ conformation tomprove protein mteractons. Opposte subunmits of the
decamenc stractures are deplayed. Right, poe dimeasions of the differeat modeled conformations of CALHME caleulzsted with HOLE [(Smart gf al.,
T994) compared to the CALHMA decamer [red dashed) display similar constricting pore radws as for CALHMA for 'kmked’ and 'extended’
conformations and an occluded pore in case of the 'clogged’ conformation.
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Figure B, Hypothetical gating mechansms. Schematic llustration of hypothetical gating mechansms of large
CALHM channek. Left, 'proten gate’. The gate impeding ion conduction of large CALHM channek e, CALHMZ,
4, &) the closed state 1= formed by the M-terminus of the protem, which closes the pore as observed in the
modeled 'clogged’ conformation of CALHMA [top). In this caze the conical conformation of CALHMS would
dsplay a closed pore and the cylindnical conformation [bottom) an open pore. Fight, 'hpd gate'. The gate
mpeding ion conduction of large CALHM channels in the cosed state 1z formed by pids ssembling as a bilayer
within the proten, which impedes 1on conduction. Since bilayer formation & faciltated in the cylindncal
onformation of CALHWA, this structure represents a closed pore ftop) whereas the structure of the bilayer would
be deturbed n the conical conformation of CALHRS [bottom). Since beoth the 'kinked” and 'estended’ pore
wmnformations of CALHMA show & large opening, these conformations could represent open pores.
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Figure B—figure supplement 1. Companson of pore conformations. [A) Companson of the structures of subuntts determined n this study to recent
structures of CALHM2. Left, structure of the cylindrical conformation of CALHMd superimposed on the equivalent conformation of CALHM2 (PDEID
&UIV). Superpostion of the conical CALHMé& conformation with [B), the CALHM2 structure 1n complex with the putatwve inhibitor rutheawm red [RUR)
[PDEID SUIW) and [C), an equivalent conformation inthe absence of RUR [PDBID &UIX), both showing a different orentation of TMI. A-C, CALHM4 and
&structures are colored as 1n Figure 5A, CALHM2 structures are colored n beige. B and C show two views of the subunit with indicated mutual
relationship. [D) View of the three potential conformations of CALHMS with modeled N-termini [green) & defined in Figure 7—figure supplement TE.
The molecular suiface at the pore constriction 1s shown supenmposed on the structure. A-D, proteins are diplayed as nbbons.
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