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SUMMARY

The histone variant macroH2A is the only structural chromatin component
containing a macrodomain. In vertebrates, two genes and one event of alternative
splicing give rise to three macroH2A proteins that differ in their macrodomains.
As histone variants, macroH2A proteins contribute to the protein content of
chromatin (Buschbeck & Hake, 2017). On the other hand, the capacity to bind
ADP-ribose via its macrodomain is limited to the splice variant macroH2A1.1
(Kustatscher et al., 2005). As a consequence, macroH2Al1l.1, but not
macroH2A1.2 or macroH2A2, binds auto-ADP-ribosylated PARP1 (Timinszky et
al., 2009). Since the alternative splicing of the exon 5 affects the binding pocket
of macroH2A1.2, as a consequence it cannot bind ADP-ribose (Kustatscher et
al., 2005) and it remains an orphan protein.

In the first study presented here, we investigated the evolution of the
macrodomain-containing histone variant macroH2A1.1, an integral chromatin
component that limits nuclear NAD+ consumption by inhibiting PARP1. We found
that macroH2A originated in pre-metazoan protists. The crystal structure of the
macroH2A macrodomain from the protist Capsaspora allowed us to identify
highly conserved principles of ligand binding and pinpoint key residue
substitutions, selected for during the evolution of the vertebrate stem lineage.
Metabolic characterization of the Capsaspora life cycle indicated that the
metabolic function of macroH2A was associated with non-proliferative stages.
Taken together, we provide insight into the evolution of a chromatin element
involved in compartmental NAD regulation, relevant for understanding of its
metabolism and potential therapeutic applications.

In the second study, we described the structurally relevant elements for ligand
binding by the orphan macroH2A isoform, macroH2A1.2. Furthermore, using
targeted and untargeted approaches on the verge of in silico, in vitro and in cellulo
approaches, we detected phospholipids as the first putative physiological ligands
of macroH2A1.2. We further observed a behavioral phenotype in macroH2A1.2
knock-out mice and report for the first time the upregulation of macroH2A1.2
expression in the differentiated cells, more specifically in differentiated neurons.
We postulate that macroH2A1.2 might have a binding-pocket related role in the
regulation of behavior, similarly to what was observed for PPARa in
hypothalamus, whereby it regulates animal behavior depending on the binding of
its phospholipid ligands (Chakravarthy et al., 2007; Roy et al., 2016).



1 Introduction



1.1 Chromatin organization and epigenetic modifications

The DNA in the eukaryotic nucleus is arranged in chromatin, a dynamic
nucleoprotein complex. The nucleosome is the basic subunit of chromatin,
comprised of a histone octamer containing two copies of canonical histones,
namely H2A, H2B, H3 and H4. The histone octamer is wrapped by 145-147 base
pairs of DNA (Kornberg, 1977; Luger et al., 1997; McGhee & Felsenfeld, 1980;
Zhou et al., 2019), with histone H1 further protecting the linker DNA between the
neighboring nucleosomes (Khochbin, 2001). This way of chromatin organization
allows for increased DNA compaction and contributes to the stabilization of the
chromatin architecture (Hergeth & Schneider, 2015). While the field of genetics
studies the DNA and the processes that directly affecting DNA, the epigenetics
is concerned with the changes which do not occur on the level of DNA (Elia et al.,
2012).

The term “epigenetics” was coined by Conrad Waddington to define “the branch
of biology which studies the causal interactions between genes and their
products, which bring the phenotype into being” (Waddington, 2012). As an
embryologist, he was mainly interested in the process of organismal development
whereby one cell gives rise to the plethora of different cell types with different
functions, despite their identical genotype. He further proposed the concept of an
“epigenetic landscape” to explain the dynamic decision-making process during

cell differentiation in which a cell can adopt different trajectories, depending on

the stimuli it receives thus giving rise to different cell types (Figure 1) (Goldberg
et al., 2007).

Figure 1. Epigenetic landscape proposed by
C. Waddington.
Figure adapted from Goldberg et al., 2007.




Over time, several different definitions of epigenetics arose resulting in many
heated discussions in the field (Deans & Maggert, 2015). The definition which we
converge upon here is the widely accepted definition of epigenetics as the study
of covalent and non-covalent modifications of chromatin which results in the
change of gene expression and chromatin structure, and thus affects the
epigenetic landscape without affecting the DNA sequence, rather its readout
(Goldberg et al., 2007; Murr, 2010). The chromatin epigenetic modifications
depend on the intracellular and environmental conditions and result in a
differential epigenome (Weinhold, 2006). These modifications can occur on
several levels, and include DNA modifications, histone tail post-translational
modifications or the incorporation of histone variants (Figure 2). Thanks to the
efforts in crystallography, cryo-EM, NMR and molecular dynamics it is now well
established that the nucleosomes are dynamic platforms which contribute to the

structural and functional dynamics of the chromatin regulation (Zhou et al., 2019).
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Figure 2. Epigenetic alterations affecting epigenetic landscape.

Different levels of chromatin modifications, representing DNA methylation, histone tail post-
translational modifications, exchange of canonical histones for histone variants and ncRNA-
based mechanisms all of which result in dynamic chromatin reorganization. Figure taken from
Hsu et al., 2021.



1.2 Histone variants

The increasing number of reports show the histone variants play an important
role in the regulation of differentiation, development, somatic cell reprogramming
and cancer development (Buschbeck & Hake, 2017). The genes encoding for
canonical histones are organized in clusters which are expressed during the S-
phase of the cell cycle. As such, they are loaded on the DNA during replication
and are referred to as the replication-coupled histones. Unlike them, the histone
variants are usually present in one or two copies and their expression is regulated
independently of the cell cycle, in a context dependent manner. As a result, the
histones endow chromatin with unique properties and enable for coordinated and
rapid response to the various stimuli (Buschbeck & Hake, 2017; Hurtado-Bagés
et al., 2018; Martire & Banaszynski, 2020).

Histone variants of histone H2A are the biggest and most diverse group of histone
variants, followed by the group of H3 histone variants. Interestingly, H2B has only
testis-specific variants (Buschbeck & Hake, 2017), while the first variant of
histone H4 was found only recently (Long et al., 2019) (Figure 3). The roles of
histone variants in chromatin organization differ significantly. For example, H2A.Z
takes part in chromatin relaxation and transcription initiation, while H2A.X
incorporates into chromatin upon DNA damage and takes part in the recruitment
of the repair machinery (Buschbeck & Hake, 2017; Martire & Banaszynski, 2020).
Among all histone variants, macroH2A histone variants differ the most from their
canonical counterpart due to the presence of the C-terminal macrodomain
(Buschbeck & di Croce, 2010).
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Figure 3. A schematic representing the panel of known histone variants.

A schematic representation of the known variants of canonical histones, grouped and color-coded
according to the canonical histone of the family (H2A variants in yellow, H2B in red, H3 in blue).
Testis-specific variants are denotated by the purple square. A recently discovered H4 histone
variant (Long et al., 2019) is missing from the figure. Figure is taken from Buschbeck & Hake,
2017.
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1.3 The macroH2A histone variants

1.3.1 The discovery of macroH2A family of histone variants

MacroH2A histone variants were discovered in the rat liver nucleosomes, as non-
core histone proteins of 42 kDa which remain present in the mononucleosome
after the sedimentation with 0.5M NaCl. They got their name as the “macro”
variants of H2A due to the presence of a big globular domain at the C-terminus
(Pehrson & Fried, 1992). For a very long time, macroH2A histone variants were
thought to be vertebrate-specific histone variants, but recently the macroH2A
encoding gene was also found in non-vertebrates and a member of holozoans
(Rivera-Casas et al., 2016).

The levels of macroH2A proteins are the lowest in the early embryonic
development (Nashun et al., 2010) and their expression increases with the
differentiation of embryonic and skin stem cells (Creppe, Janich, et al., 2012).
The functional studies in cells depleted of macroH2A proteins indicate they have
tumor suppressive functions (Kapoor et al., 2010), inhibit somatic cell
reprogramming (Pasque et al.,, 2011) and promote cell differentiation and
development (Buschbeck et al., 2009; Creppe, Janich, et al., 2012). Taken
together, these studies suggest the role of macroH2A histone variants in
stabilizing the differentiated cell state (Buschbeck & Hake, 2017).
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1.3.2 Three isoforms with tripartite structure

In vertebrates, two genes encode for three macroH2A proteins. The mRNA
product of MACROH2A1 gene undergoes mutually exclusive alternative splicing
of exon 5, thus giving rise to either macroH2A1.1 or macroH2A1.2 isoform.
MacroH2A2 isoform is a product of MACROH2A2 gene (Figure 4A) (Chadwick
& Willard, 2001; Costanzi & Pehrson, 2001; Pehrson & Fried, 1992). All three
macroH2A isoforms have a particular tripartite structure with an H2A histone-fold
at the N-terminus which enables macroH2A incorporation into chromatin. Histone
fold is followed by the linker domain which is an unstructured domain enriched in
positively charged amino acids lysine and arginine. The linker domain places the
C-terminal globular macrodomain outside of the nucleosome. Although the
macroH2A-containing nucleosomes have high similarity to the canonical H2A-
nucleosomes, the positioning and properties of the linker and the macrodomain
significantly affect the biophysical properties of the nucleosome (Figure 4B)
(Chakravarthy et al., 2005).

MacroH2A histone variants are the only structural chromatin component
containing a macrodomain, and thus, the macrodomain is considered to be the
hallmark of macroH2A histone variants. Macrodomains are ancient globular
protein modules that have emerged as key players in NAD+-dependent ADP-
ribose signaling (Rack et al., 2016). They bind ADP-ribose as a free molecule, as
an oligomer, or when covalently bound to proteins as a post-translational
modification (Karras et al., 2005; Singh et al., 2017; Timinszky et al., 2009a),
while in some cases they have hydrolysing activity (Jankevicius et al., 2013;
Rosenthal et al., 2013). However, the capacity to bind ADP-ribose via its
macrodomain is limited to the splice variant macroH2A1.1, which consequently
interacts with poly-ADP-ribose polymerase 1 (PARP1), the main ADP-ribose
producer in the nucleus (Schreiber et al., 2006). Since the alternative splicing of
the exon 5 affects the binding pocket of macroH2A1.2, as a consequence it
cannot bind ADP-ribose (Kustatscher et al., 2005). Similarly, the macrodomain of
macroH2A2 has a significantly different binding pocket which cannot
accommodate ADP-ribose neither and its ligand is currently unknown (Kozlowski
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et al., 2018). As such, macroH2A1.2 and macroH2A2 macrodomains remain

orphan proteins (Figure 4C).

A. Exon 5 Proteins:
. H2Afold linker macrodomain
e - , MH2ATT  ——— - —
MACROH2A1 mi—i— — Ik W 4
| MH2A1.2 (s - E——
MACROH2A2 imi—i— - —  mH2A2 e - E—
B. C.

Macrodomain macroH2A1.1 macroH2A1.2 macroH2A2

Linker
ADPR Unknown Unknown

Nucleosome

Figure 4. Two genes and alternative splicing event give rise to three macroH2A isoforms.

(A) Two genes, MACROH2A1 and MACROH2A2, encode for macroH2A histone variants. The
exon 5 of macroH2A1 mRNA undergoes an event of exclusive alternative splicing resulting in
macroH2A1.1 and macroH2A1.2 isoforms which differ in the ~30 residues in the macrodomain.
(B) MacroH2A incorporation into the nucleosome significantly affects the biophysics of the
nucleosome. (C) MacroH2A histone variants are the only structural components of chromatin
which contain macrodomains. The macrodomains of the three isoforms differ significantly in the
structure and the ability to bind ligands. Only macroH2A1.1 has a known ligand, ADP-ribose,
while the other two isoforms remain orphans and their ligands are unknown.

1.3.3 The chromatin environment of macroH2A histone variants

The early research on macroH2A histone variants showed it is significantly
enriched on the inactive X chromosome in female cells (Costanzi & Pehrson,
1998). Additionally, macroH2A was shown to be enriched in heterochromatin
marked by H3K9me3 and H3K27me3 post-translational modifications
(Buschbeck et al., 2009; Gamble et al., 2010; Gaspar-Maia et al., 2013). As such,
it takes part in the organization of nuclear architecture and cells depleted of
macroH2A suffer a global loss of heterochromatin and nuclear organization
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(Figure 5A) (Douet et al., 2017; Fu et al., 2015). Furthermore, the linker region
of the macroH2A has been shown to promote the chromatin compaction in a
manner similar to histone H1 in vitro (Chakravarthy et al., 2012; Muthurajan et
al., 2011). Recently, our group reinforced these results by confirming the
implication of the linker region of all three macroH2A isoforms in the regulation of
chromatin plasticity in cellulo (Kozlowski et al., 2018a). Hence, the linker region
seems to mediate chromatin organization and plasticity, making it a general role
of all macroH2A histone variants.

Due to its enrichment in the transcriptionally silent regions of heterochromatin,
macroH2A histone variants were for a long time regarded as transcriptional
repressors (Angelov et al., 2003; Chang et al., 2008; Doyen et al., 2006;
Mermoud et al., 1999). Additionally, they are implicated in reducing the
transcriptional variability and ensuring for the robust expression of target genes
(Lavigne et al., 2015).

Although it was historically thought that all macroH2A isoforms incorporate at the
same chromatin sites, accumulating evidence indicates much more complex and
context-dependent roles of macroH2A histone variants. On the one hand, a highly
similar ChIP-seq profile was observed between macroH2A1.2 and macroH2A2
in the HepG2 hepatoblastoma cells (Figure 5B) (Douet et al., 2017) which do not
express macroH2A1.1 (H. Chen et al., 2014). As a consequence, it was assumed
that the different macroH2A isoforms contribute to a different chromatin
environment via the special properties arising from their macrodomains. For
example, macroH2A1.1 was shown to be implicated in the regulation of gene
expression in a binding pocket-dependent manner and relative to the ADP-
ribosylation status in the nucleus (H. Chen et al., 2015; Creppe, Posavec, et al.,
2012; Ouararhni et al., 2006).

However, several recent studies underline the differential chromatin incorporation
of different variants (Figure 5C) (H. Chen et al., 2014; J. M. Kim et al., 2018;
Jinman Kim et al., 2018; Ruiz & Gamble, 2018) coupled to a differential regulation
of gene expression (Figure 5D) (Dardenne et al., 2012; Hurtado-Bageés, Posavec
Marjanovic, et al., 2020; J. M. Kim et al., 2018; Jinman Kim et al., 2018; Simonet
et al., 2020).
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The data on the chaperons of macroH2A is scarce, and only very recently several
studies indicated the possible chaperons of macroH2A histone variants. Two
studies from the same group showed the involvement of LSH in the deposition of
macroH2A to chromatin (Ni et al., 2020; Xu et al., 2021), whereas FACT and
ATRX are reported to be implicated in their eviction (Kim et al., 2019; Sun et al.,
2018). However, there are currently no data which could indicate putative
isoform-specific chaperons.

A. Control sh-mH2A1/2 B.
L Sko

50
mH2A150I Ll u. I nAhL. L.Mﬁﬂ. . .Lnn“h“'
mH2A250l,L-Mle m ‘ 2 “M b M_.g,lu-n‘nm

inpUt Ak Y MR T ¥ =i l Adeedhild .2k
peak1 peak2 peak3 peak4
C. M Control sh B mH2A1sh B mH2A1 sh + mH2A1.1 B mH2A1 sh + mH2A1.2
LTp IL6 EDN1
0.5+ -2kb TSS +2 kb 0.8 2kb TSS +2kb 06 -2kb TSS +2kb
§0'6 204
< 04 E :
(o] b S "C-) i - *
0.2 ; 3 g : 5
0.0 0.0
B =0s 0= 8 = @ = 6% O -0 = O =
252323 232§ 2§ 2525 2g
T 5 T i o e x s - T
€ £ € E £ £ £ [S 1S
TJP2 TNFSF12 FSTL3
03 2kb TSS +2kb 0.4 -2kb TSS +2kb 06 -2kb TSS +2kb
= 5 0.3 =)
£°2 o2l 4 £
© 0.1 o 3 © 0.2 i ’
£ s 01 : * i
0.0 0.0 0.0
FEEEE EEEEE 258593
o o s b s T b a T b
€ £ € £ £ £ € € £
D.
M Control sh BE mH2A1sh B mH2A1 sh + mH2A1.1 B mH2A1 sh + mH2A1.2
L 4 o f
2 i T : 2 " " :, i
2 : : : : H b :
< 3 c
2
2
£
2
©
o)
4

LT
IL6
TJP2

2 8§ 9 § § 3

S $ 5 % z 8
b 11

0] w <

RAC1
PTH1R

EDN1
TNFSF12
CTHRC1
IFNAR2

15



Figure 5. The incorporation macroH2A in chromatin and its implication in the organization
of nuclear architecture. (A) The transmission electron microscopy images of HepG2 control and
cells depleted of macroH2A1 and macroH2A2 histone variants (sh-mH2A1/2). White arrowheads
indicate dark contrast staining corresponding to dense heterochromatin and ‘nu.” marks the
nucleolus. Scale bars: 1 ym. (B) The ChIP-seq experiment from HepG2 cells representing four
examples of macroH2A peak enrichments. (C) ChIP-gPCR experiment in DU145 cells mock-
depleted (Control sh) or macroH2Al1-depleted (mH2A1 sh) DU145 cells using mH2A1 antibody.
To rescue the effects of macroH2A1 knockdown, macroH2Al-depleted cells were transfected
with shRNA-resistant macroH2A1.1 or macroH2A1.2. (D) Expression levels macroH2Al-depleted
DU145 cells complemented with macroH2A1.1 or macroH2A1.2. Figures (A) and (B) are from
Douet et al., 2017; figures (C) and (D) are from Kim et al., 2018.

1.4 The macrodomain distinguishes the isoform-specific

functions of macroH2A1.1 and macroH2A1.2

The macroH2A1.1 and macroH2A1.2 isoforms differ only in the binding pocket of
their macrodomains, whereas the histone and the linker folds remain the same
(Kustatscher et al., 2005). However, their different expression profile, chromatin
incorporation and physiological implications indicate the macrodomain-, or the

binding pocket-, specific roles of the two isoforms.

The cells characterized by high proliferation rate, such as proliferating stem cells
or cancer cells, are characterized by the high expression of macroH2A1.2 isoform
(Chen et al., 2014; Creppe, Posavec, et al.,, 2012). Interestingly, the splicing
switch was observed during the cell differentiation resulting in a predominant
expression of macroH2A1.1 in differentiated cells (Posavec-Marjanovi¢ et al.,
2017; Judith C. Sporn & Jung, 2012).

The tissue expression analysis of macroH2A1.1, macroH2A1.2 and macroH2A2
isoforms in a panel of different mouse tissues shows a complex expression profile
of different isoforms. MacroH2A2 is detected at significant levels in heart,
intestine, colon, kidney, prostate, lung and brain. When we focus on the
alternatively spliced isoforms, we observe they have differential expression
across mouse tissues. While macroH2A1.1 is detected in the majority of the
tissues evaluated, macroH2A1.2 has a more particular expression profile and is
detected at significant levels in colon, pancreas, liver, kidney, lung and brain
(Figure 6) (Kozlowski et al., 2018).
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Figure 6. The tissue expression analysis of macroH2A histone variants. The expression of
macroH2A1.1, macroH2A1.2 and macroH2A2 histone variants in adult mouse tissues. Samples
of FLAG-tagged isoforms in HepG2 cells are included to aim comparison. Figure taken from
Kozlowski et al., 2018.

The splicing affects the stretch of approximately 30 residues within the
macrodomain binding pocket, rendering it impossible for macroH2A1.2 to bind
ADP-ribose (Kustatscher et al., 2005). However, it is still not entirely clear how
the splicing is regulated. The splicing factors MBNL1 and QKI seem to be
implicated in the preferential expression of macroH2A1.1 over macroH2A1.2
(Novikov et al., 2011; Judith C. Sporn & Jung, 2012), whereas RNA helicases
Ddx 5 and 17 result in preferential expression of macroH2A1.2 (Dardenne et al.,
2012). Interestingly, increased QKI expression in gastric and prostate cancers
are related to limited proliferation and increased differentiation, at least in part via
increasing the expression of macroH2A1.1 (Li et al., 2016; Vieira-Silva et al.,
2019).

Unfortunately, majority of the studies until now did not distinguish between
macroH2A1.1 and macroH2A1.2 isoforms, rather they studied the roles of the
total macroH2A1l. However, the few studies distinguishing between the two
isoforms reported a conclusive tumor suppressive role of macroH2A1.1 with its
expression being inversely correlated with cell proliferation (Li et al., 2016;
Novikov et al., 2011; J. C. Sporn et al., 2009; Judith C. Sporn & Jung, 2012). On

the other hand, the role of macroH2A1.2 seems to be largely context dependent
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and is reported to be correlated with both cancer promotion and suppression
(Dardenne et al., 2012; Kapoor et al., 2010; discussed in Cantarifio et al., 2013).
Nonetheless, there is no conclusive data showing that macroH2A1.2 directly
promotes cancer phenotype, and that this is not the consequence of the loss of
macroH2A1.1 expression. Interestingly, macroH2A1.1 specifically inhibits
PARP1 activity via ADP-ribose binding pocket (Kozlowski et al., 2018a; Posavec-
Marjanovic et al., 2017; Ruiz et al., 2020), whereas the PARPL1 inhibitors are
successfully used in cancer therapy (Slade, 2020). Thus, it remains to be seen if
the loss of macroH2A1.1 or the increase of macroH2A1.2 expression contribute

to observed cancer promoting phenotype of macroH2A1.2.

1.4.1 The implication of macroH2A1 histone variants in mouse
physiology

The physiological roles of macroH2A isoforms were studied in the mice with
systemic loss of macroH2A proteins. These studies reported that the mice with
the deletion of MACROH2AL1 gene are viable and fertile, and do not show an
increased sensitivity to ionizing radiation (Boulard et al., 2010), whereas the mice
with the deletion of both MACROH2A1 and MACROH2A2 genes exhibit growth
defects reflected in the smaller size of the animals (Pehrson et al., 2014). Apart
from the smaller size of the animals, majority of the other phenotypes were
related to the impaired metabolic function.

In two studies, the MACROH2A1" mice coming from a different genetic
background showed a deregulation of the expression of genes involved in lipid
metabolism in the liver (Boulard et al., 2010; Changolkar et al., 2007).
Furthermore, the female mice presented with lipid steatosis with 50% penetrance
of the phenotype (Boulard et al., 2010). The in cellulo data from liver cancer cells
show that the overexpression of macroH2A1.1 results in the lower accumulation
of lipids (Pazienza et al., 2014), whereas the overexpression of macroH2A1.2 in
mice results in the reduction of adiposity, thus promoting leanness (Pazienza et
al., 2016).

Interestingly, although MACROH2A1”- mice on chow diet show decreased

glucose tolerance (Changolkar et al., 2010), a study of the MACROH2A1" mice
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on high fat diet showed they present with an increased energy expenditure, lower
adiposity and increased leanness (Sheedfar et al., 2015). As such, the obtained
data from the mice depleted of macroH2A proteins indicate a complex implication
of macroH2A isoforms in the regulation of metabolism. The future studies
focusing on isoform-specific macroH2A deletion in a tissue-specific manner might
shed more light on the exact roles and mechanisms of these proteins in

metabolism.

1.4.2 MacroH2A1.1 is implicated in the NAD*-PARP1 axis

1.4.2.1 NAD metabolism —the NAD* salvage pathway

NAD metabolism plays an essential role in all domains of life (Covarrubias et al.,
2021; Rajman et al., 2018). NAD functions as a redox cofactor and a signaling
molecule. As a redox cofactor in catabolic reactions, it enables ATP production
in mitochondria (Xiao et al., 2018). As a signaling molecule in its oxidized form,
NAD* donates ADP-ribose moieties to enzymes such as PARPs, sirtuins and
CD38 family of hydrolases (Palazzo et al., 2019). After donating the ADP-ribose
moiety, NAD can be replenished by de novo synthesis pathways primarily parting
from tryptophan, or via one of the NAD* salvage pathways (Canto et al., 2015).
The major NAD* regeneration pathway is an intracellular NAD salvage pathway
of nicotinamide (NAM) which remains after cleavage of ADP-ribose (Figure 7).
The rate-limiting activity of NAM phosphoribosyltransferase (NAMPT) converts
NAM into NAM mononucleotide (NMN). This reaction primarily occurs in the
cytosol, and the resulting NMN is used by one of the three compartment-specific
NMN adenyltransferase (NMNAT) enzymes that convert NMN into NAD* in a
highly localized manner in the nucleus, mitochondria, cytosol and Golgi (Berger
et al., 2005). Reducing NAD* biogenesis by genetic knock-out of NAMPT leads
to dedifferentiation in Schwann cells (Sasaki et al., 2018) and degeneration in
muscle (Frederick et al., 2016). The alterations in NAD biosynthesis in humans
are a known cause of various diseases, and thus associate the depletion of NAD*
pools with the deterioration of normal physiological processes during aging
(Covarrubias et al., 2021; Rajman et al., 2018).
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Figure 7. The compartmentalization of NAD metabolism. The major NAD* regeneration
pathway is an intracellular NAD salvage pathway of NAM which remains after cleavage of ADP-
ribose. The recently discovered NAD+ import by SLC25A51 is not represented in this figure.
Figure taken from (Hurtado-Bagés, Knobloch, et al., 2020).

1.4.2.2 The compartmentalization of NAD metabolism

NAD metabolism is highly compartmentalized, as corroborated by the
compartmental distribution of both the NAD biosynthetic enzymes and the NAD*
dependent effector proteins (Figure 7) (Cambronne & Kraus, 2020; Stregmland et
al., 2019). However, a major challenge for the field is to understand how is NAD
metabolism regulated on the compartmental level, and to dissect the relevance
of compartmental regulation for health and disease (Cambronne & Kraus, 2020).
In particular, the balance between NAD* consumption in the nucleus and its
availability for cytosolic and mitochondrial redox reactions is essential for energy
homeostasis (Canto et al., 2015; Stregmland et al., 2019). The earliest identified
mechanisms of compartmental regulation are detected by monitoring the local
changes in the NAD salvage pathway. Stress-induced transport of NAMPT into
the nucleus increases the availability of NAD* for nuclear enzymes (Grolla et al.,
2020), while the upregulation of the cytosolic enzyme NMNAT?2 has the opposite
effect and reduces nuclear NAD* availability (Ryu et al., 2018). Furthermore, the
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mechanism for mitochondrial NAD* import has just been discovered (Girardi et
al., 2020; Kory et al., 2020; Luongo et al., 2020), providing another interesting
control point for the regulation of NAD compartmentalization.

1.4.2.3 Nuclear ADP-ribose and PARP1

As a post-translational modification, ADP-ribosylation is implicated in a plethora
of different cell processes including regulation of gene transcription, DNA
damage repair, aging, cell proliferation, differentiation and death, or the regulation
of metabolism (reviewed in Gibson & Kraus, 2012; Gupte et al., 2017; Hurtado-
Bages, Knobloch, et al., 2020). The main enzymes implicated in ADP-ribosylation

of proteins are ADP-ribosyltransferases which include PARPs and sirtuins.

The PARP family of ADP-ribosyltransferases catalyzes the transfer of ADP-
ribose units from NAD* to the target proteins resulting in their mono- or poly-
ADPR-ribosylation, i.e. MARylation or PARylation, respectively (Hurtado-Bages,
Knobloch, et al., 2020). The most abundant and best characterized member of
PARP family is PARP1, the major NAD* consuming enzyme in the nucleus. It is
best known for its function as a sensor in the DNA damage response (Altmeyer
& Hottiger, 2009). In response to DNA damage, PARP1 rearranges to reach its
active conformation. When active, it first modifies itself in the process of auto-
PARYylation, followed by the PARYylation of its target proteins. In this way PARP1
creates a hub of PAR signals and enables the recruitment of PAR binding DNA

repair proteins (Hurtado-Bages, Knobloch, et al., 2020).

The inhibition of PARP1 activity in the nucleus results in increased global NAD*
levels in both cultured cells and mice, indicating that PARP1 also consumes
NAD* under basal physiological conditions (Bai et al., 2011; Pirinen et al., 2014;
Posavec-Marjanovi¢ et al., 2017). Conversely, nuclear NAD™* levels control
PARP1 activity, whereas the decreased levels of nuclear NAD* promote
adipogenic differentiation by relieving the transcription factor c/EBPB from
PARP1 mediated inhibition (Luo et al., 2017; Ryu et al., 2018).
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1.4.2.4 MacroH2A1.1-PARP1 axis and the mitochondrial respiration

In the search for the physiological role of macroH2A1.1 with respect to its ADP-
ribose binding pocket, the early reports looked into the possible interactions of
macroH2A1.1 and PARP1, as the main source of ADP-ribose in the nucleus.
Indeed, it was confirmed that macroH2A1.1 and PARP1 interact in the ADP-
ribose-mediated manner, and consequently regulate the stress response in a
transcription-dependent manner (Chen et al., 2014; Nusinow et al., 2007;
Ouararhni et al., 2006; Timinszky et al., 2009; reviewed in Hurtado-Bageés et al.,
2018).

In the more recent research efforts, a picture is emerging in which nuclear NAD*
consumption by PARPL1 in differentiated cells needs to be kept low to maintain
NAD-dependent functions in other compartments (Hurtado-Bages, Knobloch, et
al., 2020). During myogenic differentiation this is achieved by the transcriptional
downregulation of PARP1 expression (Olah et al., 2015) and the simultaneous
upregulation of macroH2A1.1 as its endogenous nuclear inhibitor (Posavec-
Marjanovi¢ et al., 2017). In particular, when more abundant than PARP1,
macroH2A1.1 can blunt PARP1 activity and inhibit PARP1-dependent processes
(Kozlowski et al., 2018; Ouararhni et al., 2006). In the differentiated muscle cells,
macroH2A1.1 reduces nuclear NAD* consumption by PARP1, and thus indirectly
promotes mitochondrial respiration and ATP production (Figure 8) (Posavec-
Marjanovi¢ et al., 2017). Interestingly, the macroH2A1.1-depleted myotubes
show only a subtle change in the gene expression, with less than 50 genes
differentially expressed by more than twofold (Posavec-Marjanovi¢ et al., 2017).
Thus, the increased mitochondrial respiration in the presence of macroH2A1.1 in
myotubes cannot be explained by the change in the gene expression. The
extensive exploration of the implication of macroH2A1.1 in the NAD* salvage
pathway and the regulation of mitochondrial respiratory capacity showed that the
role of macroH2A1.1 in mitochondrial respiration is dependent on its ability to
bind ADP-ribose and inhibit PARP1 (Figure 8) (Posavec-Marjanovic et al., 2017).
This implicates macroH2A1.1 in the physiological function via both the metabolite
sensing and the regulation of gene expression, and future research will need to

discern whether these two things are coupled or de-coupled.
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1.4.3 The insights into the physiological implications of

macroH2A1.2 isoform

Currently available data on the physiological roles of macroH2A1.2 isoform is
relatively scarce. MacroH2A1.2 differs from the macroH2A1.1 isoform only in the
amino acids encoded by the exon 5 which affect the binding pocket (Karras et al.,
2005), however it cannot be excluded that the surface of the macrodomain might
be affected. There are several studies addressing the isoform-specific role of
macroH2A1.2, however majority of them does not put the observed phenotypes
in the context with macroH2A1.1, making it very challenging to deduce if the
macrodomain or its binding pocket might be implicated in the function.
MacroH2A1.2 is implicated in the DNA damage repair independently of PARP1.
More specifically, it has been implicated in the homologous repair of DNA double
strand breaks whereby it was shown that macroH2A1.2 acts in concert with
PRDM2 methyltransferase to modulate BRCA1-mediated DNA damage repair
(Khurana et al., 2014). Furthermore, macroH2A1.2 seems to interact with EZH2
methyltransferase in a macrodomain-dependent manner which results in
increased H3K27me3 whereby it affects the gene expression and consequently
inhibits breast cancer-mediated osteoclastogenesis (Jinman Kim et al., 2018). It
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is additionally been shown to be enriched in telomeres where it seems to have a
protective role during replication stress whereby it prevents double strand DNA
breaks (Jeongkyu Kim et al., 2019).

As mentioned, the splicing switch which occurs during the differentiation affects
the proteins levels in the cells, with macroH2A1.2 being high in proliferating cells
and macroH2A1.1 in the differentiated cells. In their study, Dell’'Orso et al. found
that the recruitment of Pbx1 to enhancers is required for muscle differentiation,
and due to the low expression of macroH2A1.1 in myoblasts, its regulation was
attributed to macroH2A1.2 (Dell'Orso et al., 2016). However, upon performing the
isoform specific depletion of macroH2A1.2 in myoblasts, our group observed an
increase in the fusion of myoblasts to myotubes resulting in a rather opposite
phenotype (Hurtado-Bages, Posavec Marjanovic, et al., 2020).

In a very recent study, Ma et al. reported autistic behavior in the MACROH2A1"-
mice which they reported to be a macroH2A1.2-specific phenotype since the wild-
type phenotype was rescued upon the overexpression of macroH2A1.2 by in
utero electroporation (Ma et al., 2021).
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2 Aims and

Objectives



2.1 Main aims and objectives

Both macrodomains and histones are ancient protein-folds, whereby
macrodomains are present in all domains of life including viruses (Rack et al.,
2016) and histone homologs have recently been detected in both bacteria and
archaea (Alva & Lupas, 2019). MacroH2A proteins likely evolved by the
serendipitous fusion of genes encoding for a macrodomain and for a histone. This
might have provided the basis for an ancient function related with NAD*
metabolism or ADP-ribose signaling. Furthermore, we speculate that younger
forms of macroH2A which are unable to bind ADP-ribose, might have acquired
independent metabolite-binding activities. The overall goal of my study was to
gain a better understanding of the metabolic functions of macroH2A histone

variants.

My specific objectives were:

1. Toinvestigate the evolution of the macrodomain-containing histone variant
macroH2A1.1. Knowing that it is an integral chromatin component that
limits nuclear NAD* consumption by inhibiting PARP1 in vertebrates, we
wished to address the question if macroH2A1.1 had a metabolic role from
the moment it appeared in the evolution, or rather if its implication in the
metabolic regulation was acquired during evolution coinciding with the
increasing metabolic complexity of higher organisms.

2. To identify, or at least to determine the key structural properties of the
ligand that can be accommodated in the binding pocket of macroH2A1.2
macrodomain. Our technical aim was to develop an untargeted approach
to detect yet unknown ligand of macroH2A1.2. Furthermore, we aimed to
identify an adequate and relevant cell culture model to study the

physiological role of macroH2A1.2 and its capacity to bind ligands.
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3 Results



3.1 Preamble

In this section | will present the results obtained during my doctoral thesis. |
organized the results in two sections, referring to the two projects | took part in
during the last four and a half years in the Chromatin, Metabolism and Cell fate

group led by Marcus Buschbeck.

The first section titled “Results |: The search for the evolutionary origin of
macroH2A1.1 implication in NAD* metabolism” refers to the project in which we
studied the origin of macroH2A histone variants with the focus on the
characterization of the role of macroH2A from unicellular organisms to
vertebrates. The main results of this section are summarized in a first authored
manuscript that is currently under peer-review in Nature Structural and Molecular

Biology.

The second section is titled “Results |l: Interdisciplinary approach in the search
for the macroH2A1.2 ligand” and it refers to the project in which we sought the
ligand of the macroH2A1.2 isoform and its related physiological role. The results
from this study will be further expanded in the future efforts by the group and will
be included in a manuscript with shared first authorship that we estimate to submit

in the next two years.

Both studies were performed in an interdisciplinary manner and in collaboration
with other groups. In order to be able to coherently discuss the results of the
projects as a whole, | included the results obtained by collaborators and other
members of our team. In an attempt to be fully transparent, at the end of each
section | included a paragraph in which | detail my own contributions and those

of others.
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3.2 Results I: The search for the evolutionary origin of

macroH2A1.1 implication in NAD" metabolism

From the cell biology perspective, there were two major steps in evolution. The
first was the fusion of the chromatin-based information system from archaea with
the efficient energy-producing system from bacteria. It is postulated that this
fusion provided the complexity which allowed for the diversification of eukaryotic
life forms (Brunk & Martin, 2019; Lane & Martin, 2010). Indeed, the partitioning of
metabolism and other cellular processes into different cell compartments,
provides eukaryotes with an increased capacity to adapt to a changing
environment (Gabaldon & Pittis, 2015; Zecchin et al., 2015). This increased level
of plasticity allowed for the second key step, which was the emergence of cell

differentiation and multicellular forms of life.

NAD metabolism is the major model of metabolic compartmentalization. The
emergence of its compartmentalized regulation is a likely prerequisite for cellular
plasticity, which might have favored the consolidation of multicellular lifestyles.
However, we completely lack an understanding of how and when did the
compartmental regulation of NAD metabolism evolve. The fusion of a
macrodomain to a histone fold provided cells with a system known to limit nuclear

NAD+ consumption in mouse and human cells.

Here, we addressed the question on when did this regulatory element emerge on

an evolutionary scale and how was its function fine-tuned via natural selection.
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3.2.1 MacroH2A appeared in protists and remained conserved

through evolution

The capacity of chromatin to regulate nuclear NAD* consumption in vertebrates
is restricted to the histone variant macroH2A1.1 and depends fully on its ability to
bind ADP-ribose and inhibit PARP1. The ADP-ribose binding pocket of
macroH2A1.1 is largely defined by the amino acids encoded by exon 5 (Figure
4A). To understand when did the role of macroH2A in the compartmental
regulation of NAD metabolism evolve, we traced back the origin of macroH2A
with a goal to detect when did the fusion between the metabolite-binding
macrodomain and the histone-fold occur. For this, we analyzed genomic and
transcriptomic sequencing data representing a wide diversity of eukaryotes, and
identified a MACROH2A gene in 330 of them. We focused our subsequent
analysis on the sequences encoding the macrodomain.

The presence of macroH2A was previously reported in the unicellular filasterean,
Capsaspora (Rivera-Casas et al., 2016). Together with animals and fungi,
filastereans belong to the group of opisthokonts (Torruella et al., 2015). Here, we
detected the presence of macroH2A sequences in protists that diverged earlier
than opisthokonts, such as the haptist Choanocystis sp. and the breviate Pygsuia
biforma. This suggests an even older origin of the MACROH2A gene than
previously reported (Figure 9A, 9B).Haptista is a phylum more closely related to
plants than to animals, while breviates constitute a group closely related to
opisthokonts (Burki et al., 2020). Interestingly, we did not find macroH2A in Fungi,

nor in other unicellular opisthokonts.

The presence of macroH2A became more common with the emergence of animal
multicellularity. Indeed, we found macroH2A-encoding genes in diverse species
of most animal phyla and all vertebrates. On the other hand, and as previously
reported (Rack et al., 2016; Rivera-Casas et al., 2016), we observed the absence
of macroH2A in several non-vertebrate species, such as Drosophila
melanogaster and Caenorhabditis elegans, as well as in tunicates (Figure 9A),
which is indicative of lineage-specific losses. The second macroH2A gene
corresponding to human MACROH2A2 appeared after the whole-genome

duplication in the last common ancestor of vertebrates, followed by the
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appearance of the alternative splicing variant of the ancestral MACROH2AL1 in a

common ancestor of jawed vertebrates (Figure 9A).
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Figure 9. The phylogenetic analysis of the evolution of macroH2A histone variants.

(A) Schematic phylogeny based on the estimated divergence times of selected species. The
events of macroH2A origin (arrow), gene duplication and splicing isoform emergence are
represented in the tree. Dotted gray lines depict events of macroH2A loss. (B) Schematic
overview of the evolutionary history of macroH2A. MYA, million years ago.
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To assess the evolutionary rate of the three macroH2A macrodomains present in
vertebrates, we calculated the number of amino acid and nucleotide substitutions
over time. As shown in Figure 10A, all three vertebrate macrodomains and
sequences corresponding to exon 5 show a significant level of conservation that
placed them closer to the highly conserved, replication-coupled histone H2B than

the fast-evolving histone variant H2A.Bbd.

The main difference between the three macroH2A isoforms in vertebrates, and
the only difference between the two mutually-exclusive macroH2A1l splice
variants, is the 30 to 33 amino acid-stretch in the macrodomain encoded by the
alternative exon 5 (Figure 4A). Comparison of the corresponding amino acid
sequences in the non-vertebrate macroH2A indicated that the ancestral
macroH2A is most similar to macroH2A1.1 (Figure 10B). Importantly, this
included a high level of conservation of amino acids required for ADP-ribose
binding in human macroH2A1.1, such as aspartate 203 (D203) and glycine 224
(G224) (Kustatscher et al., 2005).
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Figure 10. The evolution rate of macroH2A macrodomains and exon 5 corresponding

amino acid sequence.

(A) Estimated rates of evolution for macroH2A proteins in vertebrates. For each macroH2A
variant, the evolutionary rate of the macrodomain is depicted. Pairwise amino acid identities are
represented based on the species divergence times as defined in the TimeTree database.
Evolutionary rates for fast-evolving histone H2A.Bbd, slow-evolving histones H2B were included
as references. MYA, million years ago. (B) Logo plots comparing the amino acid sequence
encoded by exon 5 of macroH2A from vertebrate macroH2A1.1, macroH2A1.2 and macroH2A2
and invertebrate macroH2A (including protists). Residue colors are based on their biochemical
properties: positively charged in blue, negatively charged in red, hydrophobic in black and polar
in gray. Residues important for ADP-ribose (ADPR) binding in vertebrate macroH2A1.1 are
marked by asterisk.
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Our results allowed us to describe for the first time the evolutionary order of
events that resulted in the three different macroH2A histone variants present in
vertebrates (Figure 9A, 9B). Importantly, we found that macroH2A is much older
than previously reported and originated in pre-metazoan protists. The expansion
and conservation of macroH2A co-occurred with, and thus might be important for,
the emergence of multicellularity in animals. Excitingly, the first macroH2A gene
is similar to vertebrate macroH2Al.1. This suggests that the function of
macroH2A histone variant in nuclear NAD* metabolism might be ancient.

3.2.2 The structural conservation and ADP-ribose binding of the

protist macroH2A macrodomain

Given the origin of macroH2A before metazoans (animals), we sought to
determine its potential ancestral metabolic implication by determining the
biochemical properties of macroH2A in one of the protist organisms. As a model
system we used Capsaspora, one of the closest unicellular relatives of animals
which displays a multicellular life stage (Sebé-Pedrés et al., 2013). We produced
and purified the macroH2A macrodomain from Capsaspora. As a reference for a
vertebrate macrodomain, we used the macrodomain of mouse macroH2A1.1. As
an initial, qualitative method for the detection of interaction with ADP-ribose, we
used saturation transfer difference NMR (Figure 11A). We found that the
Capsaspora macrodomain bound ADP-ribose, showing a similar binding
spectrum to that of the wild-type murine macroH2A1.1 macrodomain (Figure
11B). Mutations introducing negatively charged residues into the ADP-ribose
binding pocket, such as G224E, are known to abolish ADP-ribose binding in the
human protein (Kustatscher et al., 2005). Similarly, the corresponding mutation
in the mouse macroH2A1.1 abolished its interaction with ADP-ribose (Figure
11B).
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Figure 11. Saturation transfer difference NMR (STD-NMR) for detection of ADP-ribose
binding.

(A) Scheme of the saturation transfer difference nuclear magnetic resonance (STD-NMR)
experiment, which involves recording two analogous 1D NMR spectra: the reference spectrum of
a ligand without saturation of protein signals (irradiating at a position far enough from any signal
in the 'H spectrum to avoid saturation), and a spectrum recorded after selective saturation of the
protein. The saturation of the protein can be transferred to the small molecule if transiently bound
to the protein, causing a decrease in the signal intensity of binders. The difference spectrum
shows only the signals of the binders as plotted in Figure 2A and Supplementary Figure S1B. For
non-binders there is no saturation transfer to the ligand and the intensities in the off- and on-
resonance spectra are identical and cancel out in the difference spectrum. (B) STD-NMR
experiments indicate the presence of interaction between Capsaspora macroH2A macrodomain
(mH2A) and ADP-ribose (ADPR) comparable to the interaction with mouse macroH2A1.1
macrodomain (mH2A1.1) and ADPR. No interaction is observed between ADPR and the loss-of-
function mutant mH2A1.1%224E that we included as a control. STD spectrum for ADPR in the
absence of protein is shown as a reference. The STD effect (%) is quantified as Istp=100 * (lo -
|sat) ! lo.

We further used isothermal titration calorimetry to characterize the interaction.
Capsaspora macrodomain bound ADP-ribose eight times stronger than the
macrodomain of mouse macroH2A1.1, with equilibrium dissociation constants of
1,3 uM and 11,3 uM, respectively (Figure 12A, 12B). The control experiment
shows no significant contribution of heat of dilution (Figure 12C). The
thermodynamic profiles indicated that the two macrodomains bind ADP-ribose
using a different binding mode. Capsaspora macrodomain bound ADP-ribose
through favourable enthalpic and entropic contributions, whereas the mouse
macroH2A1.1 macrodomain bound it mainly in an enthalpy-driven manner, which
was partially compensated by an unfavourable entropic contribution (Figure

12D). Furthermore, Capsaspora macroH2A macrodomain showed high
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selectivity for ADP-ribose binding, since its affinity towards ADP was ~50-fold
lower, and no interaction was observed with related nucleotides (ATP, AMP,
GDP), nor ribose (Figure 12E).
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Figure 12. Isothermal titration calorimetry (ITC) for detection of ADP-ribose binding.

(A) Representative plot of raw heat evolution in ITC experiment upon ADP-ribose titration into a
solution with purified Capsaspora mH2A macrodomain. The integration of the raw heat evolution
results in a curve representing the equilibrium binding isotherm, represented below the raw heat
evolution plot with indicated Kq value. (B) Same as in (A), but for mouse mH2A1.1 macrodomain.
(C) Representative plot of raw heat evolution in isothermal titration calorimetry (ITC) control
experiment upon ADP-ribose titration into the buffer alone as a control. (D) Thermodynamic
parameters of experiment in (A) and (B) shown as signature plots indicate different contributions
of enthalpy (AH) and entropy (-TAS) to the Gibb’s free energy (AG). Errors are calculated from
four independent experiments. (E) Table showing the results of ITC binding affinity measurements
(Kg, N, AH and -TAS) of Capsaspora mH2A macrodomain and a range of nucleotides (ATP, ADP,
AMP, GDP) and ribose. Kq values for ATP, AMP, GDP and ribose are estimated to be higher than
100pM, as their ITC binding curves show weak or absence of binding. If no binding occurred or
binding was below ITC detection limit, reaction stoichiometries and thermodynamics could not be
determined (ND).
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To characterize the Capsaspora macroH2A macrodomain and its interactions
with ADP-ribose at the atomic level, we solved the structure of the protein in the
presence and the absence of ADP-ribose by protein X-ray crystallography
(Figure 13A, 13B). The unliganded macroH2A macrodomain crystallized in the
space group P1211 and could be refined to 1.4 A resolution, while the ADP-ribose
bound protein crystallized in the space group P3221 and was refined to 2.0 A
resolution. The obtained globular structures, which are composed of seven
central B-sheets in the characteristic 1276354 order surrounded by a-helices,
show high structural similarity to the previously described macrodomains (Allen
et al., 2003; Karras et al., 2005; Kustatscher et al., 2005), with a root mean square
deviation (RMSD) of only 0.5 A between the ADP-ribose bound structures of
Capsaspora and human macroH2A macrodomains (PDB ID: 3IID). Surprisingly,
the C-terminal a-helix of the Capsaspora macroH2A macrodomain is not visible
in the electron density of the ADP-ribose bound structure. This prevented the
modelling of the C-terminal 13 amino acids, while the apo structure could be fully
refined all the way to the C-terminus of the macrodomain (Figure 13C, 13D).
Whether this is the result of a conformational change upon ligand binding or an
artefact from the crystal packing remains to be determined. However, we
previously observed that ADP-ribose binding induces a conformational change in
the human macroH2A1.1 macrodomain, specifically by a 30° rotation of the C-
terminal a-helix away from the globular macrodomain fold (Timinszky et al.,
2009a). We surmise that a similar induced fit is likely triggered by the binding of

ADP-ribose to the Capsaspora macroH2A.

36
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Figure 13. Crystal structures of Capsaspora macroH2A macrodomains with and without
ADP-ribose.

(A) Crystal structure of apo-form of Capsaspora mH2A macrodomain (PDB 7NY6) showing
entrance to ADP-ribose binding pocket, and rotated by -90° around x-axis. C-terminal a-helix is
marked by asterisk. (B) Crystal structure of Capsaspora mH2A macrodomain in complex with
ADPR (PDB 7NY7) in same orientation as in (A). (C) Topology diagram of apo-form of
Capsaspora mH2A macrodomain. The topology diagram shows 3-sheets in a conserved 1276354
order, surrounded by 6 a-helices. (D) Topology diagram of Capsaspora mH2A macrodomain in
complex with ADP-ribose (ADPR). The topology diagram shows B-sheets in a conserved 1276354
order, surrounded by 5 a-helices. The C-terminal a-helix observed in the apo-structure (A) was
not detected in the ADPR-bound structure. It remains to be determined if this reflects a
conformational change upon ligand binding or an artefact from the crystal packing. (E) Composite
omit 2Fo-Fc electron density map (gray mesh, contoured at 1c) of ADPR bound to the
Capsaspora macroH2A macrodomain. (F) Zoom into the binding pocket of superimposed crystal
structures of apo- (light blue) and ADPR-bound (deep-teal) forms of Capsaspora macroH2A
macrodomains shows significant reorganization upon ligand binding. Arrows indicate the change
in position from apo to bound for residues D203, Q225, N316 and F352. The side chain of Q225
is not modeled due to ambiguous electron density. One possible conformation is shown as a
transparent stick.
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The electron density of ADP-ribose clearly revealed that the ligand situates within
the canonical binding pocket of macroH2A macrodomain (Figure 13E). The
residues important for ligand binding included aspartate 203 (D203), which
established a hydrogen bond (H-bond) with the adenine amino-group, and
phenylalanine 352 (F352), which stabilized the adenine ring via m-electron
stacking of the aromatic rings. Further, the amino group of the side chain of
asparagine 316 (N316) establishes an H-bond with the distal ribose of ADP-
ribose (Annex 8.1A), which can explain the selectivity for ADP-ribose over ADP
(Figure 12E). Upon ADP-ribose binding, the side chains of glutamine 225 (Q225)
and N316 move towards each other and establish an H-bond, resulting in a
conformation that encloses the central diphosphate moiety of ADP-ribose (Figure
13F).

In summary, the capacity of the macroH2A macrodomain to bind ADP-ribose is
conserved in the protist Capsaspora. Indeed, the Capsaspora macroH2A
macrodomain bound ADP-ribose stronger than its vertebrate counterpart,
although the overall globular structure of the macrodomains was similar. This
raises the possibility that evolution has selected for decreased ADP-ribose affinity
in higher organisms along the vertebrate stem lineage.
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323 Two residues critical for the induced-fit closing of the

binding pocket are the key evolutionarily divergent feature

Next, we determined the importance of the conservation of the amino acid
sequence in the context of ADP-ribose binding and the conserved structure of
the macrodomain. We first analyzed the homology of macroH2A macrodomain
sequences from Capsaspora, Pygsuia and the representative species of 7 animal
phyla. For vertebrates, we used sequences corresponding to the ADP-ribose
binding isoform, macroH2A1.1. The pairwise sequence identity of these
representative macroH2A macrodomains varied between 31 and 98%, with the
macrodomains of Capsaspora and human sharing only 50% identity at the level

of the amino acid sequence (Figure 14).
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Figure 14. Pairwise sequence homology analysis of representative macroH2A
macrodomains.

Pairwise sequence homology of macrodomains from macroH2A representatives of 9 different
phyla. For the vertebrates, amino acid sequences corresponding to macroH2A1.1 have been
used.

However, the multiple sequence alignment of more than 300 macroH2A
macrodomain sequences delineated two well conserved regions of the protein,
one located toward the N-terminus and one toward the C-terminus of the
macrodomain fold (Figure 15A). The N-terminal region highly overlaps with
vertebrate exon 5, whose alternative splicing is the critical determinant for ADP-
ribose binding of macroH2A1.1 (Kustatscher et al., 2005). Comparison of these

two regions between Capsaspora macroH2A and human macroH2A1.1 revealed
39



that they are comprised of a large number of invariant or structurally related
amino acids, indicating a high prevalence of conservative substitutions. To zoom
in on the conservation of the functionally-relevant ADP-ribose binding surface,
we marked all the residues that directly interacted with ADP-ribose in the human
(Kustatscher et al., 2005; Timinszky et al., 2009a) and Capsaspora proteins
(Figure 15A, Annex 8.1A). Interestingly, with the exception of serine 275, all
ADP-ribose-interacting residues were located in the conserved N- and C-terminal
regions (Figure 15A). Additionally, the Capsaspora macroH2A macrodomain
established a lower number of bonds with ADP-ribose compared to the human
ADP-ribose-bound macroH2A1.1 macrodomain (Annex 8.1B). This is consistent
with the lower enthalpic contribution of the Capsaspora macrodomain for ADP-
ribose binding (Figure 12D). However, the majority of the interactions shared
between the human and Capsaspora macrodomains involved highly conserved
residues (Figure 15A). Further mapping of the conservation rate on the crystal
structure of the apo-form of Capsaspora macroH2A macrodomain, indicated a
high conservation of the inner part of the ADP-ribose binding pocket (Figure

15B), while the surface regions were more variable (Figure 15C).

40



A.

mH2A1.1-like

Conservatlon
I I FHigh
macrodomain s | MLow

T 01

~180 ~370 Amino acids
Exon 5 encoded 198 m— 220
ADPR binding 198 m—— 0 30 1275 308 3563
© H-bonds =y
o other bonds E225 -'.‘,31 5
00 oo ' Conservation
Human QVVQAD SDAVVH NTDFYIGGE NTL SlG KARSSERVSTHSSSIKTVY "High
Capsaspora YVVNGD CDAVV'— NGTMSFAGQ GA SIG NN HI AYSAYEMSIMSSSIKEVY
A
B. Capsaspora apo C

Q225

Conservation Conservation
=2 - [ -
Low High Low High

Figure 15. Sequence and structure conservation of macroH2Al.1-like macrodomains
through evolution.

(A) Multiple sequence alignment of >300 macroH2A1.1 (mH2A1.1)-like macrodomains indicates
two highly conserved regions which highly overlap with ADPR-binding residues. Amino acids
encoded by exon 5 and residues establishing bonds with ADPR in Capsaspora macroH2A
(mH2A) macrodomain or human mH2A1.1 are indicated. Arrows point to the two key less-
conserved residues involved in ADPR binding, namely Q225 and N316 in Capsaspora
macroH2A, which correspond to residues E225 and R315 in human mH2A1.1. (B) Consurf
analysis of structural conservation of the binding pocket of mMH2A1.1-like macrodomains mapped
on the apo-form of Capsaspora mH2A macrodomain (PDB 7NY6). The macrodomain is
horizontally clipped to reveal the interior of the binding pocket. (C) Consurf analysis of structural
conservation of mH2A1.1-like macrodomains as in (B), representing the whole macrodomain and
with outlined the less conserved amino acids Q225 and N316.

The key residues with a low degree of conservation that are involved in ADP-
ribose binding were Q225 and N316 in the Capsaspora macroH2A, which
correspond to glutamate 225 (E225) and arginine 315 (R315) in human
macroH2A1.1. Both pairs of residues close the binding pocket upon ADP-ribose
binding. However, the polar uncharged side chains of Q225 and N316 establish
an H-bond (Figure 13F), while the corresponding residues E225 and R315 in
human macroH2A1.1 establish a salt bridge to close the binding pocket upon
ADP-ribose binding (Kustatscher et al., 2005). Detailed comparisons revealed

very few conformational differences between the macrodomain of Capsaspora
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macroH2A and its human ortholog. The electron density of the Q225 and N316
side chain were weaker compared to adjacent side chains, indicating
conformational heterogeneity of these residues, which is in good agreement with
the respective side chains in the human macroH2A1.1 macrodomain structures
(Figure 16A). The side chains of F352 had a slightly different orientation, while
D203 shows a similar orientation. Most interestingly, upon ADP-ribose binding,

both macrodomains adopt an almost identical conformation (Figure 16B).

A. Apo B. ADPR-bound

B Human
A W Human W Capsaspora
N316 B Capsaspora N316 ADPR

Figure 16. Structural comparison of Capsaspora macroH2A and human macroH2A1.1
macrodomains.

(A) Overlay of apo-forms of the macrodomains of Capsaspora macroH2A (dark-teal, PDB: 7NY6)
and human macroH2A1.1 (light red, PDB: 2FXK) highlighting residues participating in the binding
of ADPR. Indicated residue numbers refer to the amino acids in Capsaspora protein. (B) Same
as in (A) for the ADPR-bound forms (Capsaspora macroH2A PDB: 7NY7; human macroH2A1.1
PDB: 31ID). ADPR is shown in green.

Taken together, the low a priori conservation at the level of primary sequence
contrasts with the highly conserved three-dimensional structure of the
Capsaspora and human macrodomains. The residues forming the inner ADP-
ribose binding pocket are highly conserved between Capsaspora and
vertebrates. The identification of two key residues that participate in ADP-ribose
binding, but are less conserved, provides a potential explanation for the observed
difference in affinity between human and Capsaspora macroH2A macrodomains.
Intriguingly, these two non-conserved residues correspond to Capsaspora Q225
and N316, which are involved in an induced-fit closing of the binding pocket of
the macroH2A macrodomain upon interacting with ADP-ribose.
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3.24 The selection of two residues fine-tuned ADP-ribose

affinity through evolution

We hypothesized that the specific substitution of amino acids Q225 and N316
drove the evolution towards the decreased ADP-ribose binding affinity from
Capsaspora to vertebrates. To test this, we focused on 305 distinct species with
a single macroH2A1l.1-like isoform and analyzed the identity of the residues
corresponding to the positions Q225 and N316 in the Capsaspora ortholog. We
calculated the average presence of the respective residues in species from nine
of the most represented animal phyla, and filastereans (Figure 17). Specifically,
we classified the residues as protist-characteristic, when identical to Capsaspora
macroH2A (Q225 and N316), and vertebrate-characteristic when identical to
human and mouse macroH2A1.1 (E225 and R315), or other residues (Annex
8.2).
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consequences of evolution of residues 225
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We found that the substitution of the protist-characteristic residue with the
vertebrate-characteristic residue at the position 225 (Q225E) occurred first, while
the transition at the position 316 (N316R) happened later during evolution and
over an extended period of time (Figure 18A, 18B). The analysis of residue 225
showed that the majority of the sponges (Porifera), the earliest-branching
metazoans, had the Capsaspora-characteristic Q225, suggesting a likely
configuration of a shared ancestor. However, already the majority of the closely
diverging Cnidaria species contained the vertebrate-characteristic E225 residue,
while the molluscs (Mollusca) were the oldest animal phylum with a complete
vertebrate-characteristic E225 configuration (Figure 18A). In contrast, the
evolution of the residue 316 was much more variable and lengthy process
(Figure 18B). Accordingly, the protist-characteristic N316 was still present in a
substantial proportion of later diverging species, such as segmented worms

(Annelida) and rotifers (Rotifera).

Additionally, we analysed the pairing of the residues involved in the induced-fit
closing of the binding pocket through evolution. The established pairs between
residues 225 and 316 show that the vertebrate E225 was accompanied by a non-
vertebrate residue 316 in ~50% of analysed species (Figure 18C). On the other
hand, the vertebrate-characteristic R316 paired with vertebrate-characteristic
E225 or a similar residue in more than 90% of the species, thus corroborating the

sequential evolution of amino acids at the two positions (Figure 18D).
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Figure 18. Comparative analysis of evolutionary rate of residues 225 and 316.

(A) The identity of the residue 225 in macroH2A1.1-like macrodomains is classified as protist-
characteristic if identical to Capsaspora, vertebrate-characteristic or other. The percentage of
species per phyla is plotted. (B) Same as (A) for residue 316. (C) The pie charts showing the
identity of the residues at the position 316 which pair with either protist-characteristic Q225, or
vertebrate-characteristic E225. The numbering of the residues is based on the Capsaspora
mH2A. In particular, the protist-characteristic residue Q225 was paired with varying residues at
316. Residues are colored same as in (B). (D) The pie charts showing the identity of the residues
at the position 225 which pair with either protist-characteristic N316, or vertebrate-characteristic
R316. The numbering of the residues is based on the Capsaspora mH2A. Strikingly, R316 was
paired with E225 or the biochemically similar D225 in more than 95% of the species, while its
pairing with Q225 was rare. Residues are colored same as in (B) and (C).
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To understand the physiological consequence of this evolutionary course, we
individually introduced Q225E and N316R mutations in the Capsaspora
macrodomain and confirmed that the mutant proteins were folded (results not
shown). Interestingly, the Q225E substitution, which simulates the earlier
evolutionary change, resulted in a 7-fold decrease of the affinity towards ADP-
ribose compared to wild-type Capsaspora protein (Figure 19A). Thus, the affinity
and the thermodynamic properties of ADP-ribose binding by the Q225E
Capsaspora mutant were more similar to those of the mouse macroH2A1.1
macrodomain (Figure 19B). Strikingly, the N316R substitution lost its capacity to
bind ADP-ribose, while in the Capsaspora-characteristic Q225 context (Figure
19A) and might explain why this combination was very rare in our dataset (Figure
18D).
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B. Mouse and Capsaspora wild type and mutant macrodomains affinity to ADPR

macroH2A_MD Ky (HM) AG (kcal/mol) | AH (kcal/mol) [ -TAS (kcal/mol)

Co WT 1,26 +0,19 | -8,05+0,09 | -5,32+0,14 -2,73+ 0,23
Co_Q225E 8,64 +0,79 | -6,91+ 0,06 -6,12+ 0,16 -0,79+ 0,21
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Mm_mH2A1.1 11,30+3,04 | -6,77+0,19 |-10,58 + 1,64 3,82+1,84

Figure 19. The binding measurements of Capsaspora mutant proteins with ADP-ribose.
(A) ITC of Capsaspora macroH2A macrodomain mutants (Q225E and N316R) with ADPR. Data
of wild-type Capsaspora macroH2A macrodomain (WT) and the macrodomain of mouse
macroH2A1.1 (mH2A1.1) from Figure 1B were included as reference. The calculated Kq values
are indicated. A representative graph of four independent experiments is shown. (B) Table
showing the thermodynamics of the binding interaction calculated on the basis of ITC data shown
in (A).
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Taken together, these results suggest that the evolution of the residues at these
sites occurred sequentially and in a defined order: first Q225E and then N316R.
Whereas the exchange of Q225E proved to be a determining factor for a
decrease in ADP-ribose affinity of macroH2A1.1 over the course of evolution, the
role and importance of the subsequent change from N316 to R remained unclear.
We thus decided to take a closer look at Mollusca, the oldest non-deuterostome
phylum with a more significant representation of the vertebrate-characteristic
R316 residue (Figure 18B). Closer inspection of transcriptomics data indicated
that a number of species contained two macroH2A isoforms as a result of an
alternative splicing event (Figure 20A). Interestingly, the usage of the detected
alternative exon 7 affected the C-terminal portion of the macrodomain and
encoded a different amino acid at the position 316 (Figure 20B). In total, we were
able to analyze data from 50 species from three different classes of molluscs.
The alternatively spliced exon 7 was present in more than 25% of species in two
classes, but absent from the third one (Figure 20B, 20C). Strikingly, in all of the
mollusc species with two macroH2A isoforms the amino acid residue at the
position 316 was almost exclusively either protist- or vertebrate-characteristic
(Figure 20D).
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Figure 20. The analysis of the mollusk-specific alternatively spliced exon of macroH2A.
(A) The organization of the human MACROH2A1 gene and the corresponding gene from the
mollusc Crassostrea gigas (Gene ID: 105347164) are represented on an arbitrary scale for
comparison purposes. For simplification only the alternative exon 5 defining macroH2A1.1 is
represented for human MACROH2A1. Both alternative exons 7 of the Mollusca macroH2A gene
are represented. (B) Pie chart showing that almost 25% of available Mollusca species undergo
mollusc-specific alternative splicing of macroH2A (AS mH2A). Scheme in the right panel shows
the alternatively spliced exon 7, specifying the amino acid residues this splicing affects. Residue
316 is outlined by an arrowhead. (C) Transcriptomic data was available for 50 Mollusca species
from three of eight different classes. The number of species per class is indicated (left panel).
The percentage of species per Mollusca class containing alternatively spliced macroH2A isoforms
are shown (right panel). (D) For the subset of Mollusca species with alternative splicing of exon
7, the identity of the amino acid corresponding to 316 is plotted as percentage of species for both
alternative exons. In the majority of cases, isoform 7.1 contains the protist-characteristic residue
N316 and the isoform 7.2 has exclusively the vertebrate-characteristic R316.
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Taken together, these results allowed us to delineate evolutionary order of events
which affected the affinity of macroH2A macrodomains towards ADP-ribose. This
occurred by changing the chemical identity of the two amino acids that close the
binding pocket upon ADP-ribose binding. The Q225E substitution was
determining and occurred early in the evolution of the protein, preceding the
change of N316 to R. Further, the presence of alternatively spliced exons in
molluscs hints at exon duplication as a potential molecular mechanism for
decreasing affinity towards NAD-derived ADP-ribose in metabolically divergent

higher organisms.

3.2.5 Dynamic regulation of Capsaspora metabolism across the
life stages includes the macroH2A — PARP1 — NAD" axis

To understand whether already the ancient macroH2A affected the macroH2A —
PARP1 — NAD™ axis, as in the case of mammals (Hurtado-Bageés et al., 2018),
we used Capsaspora as a model organism. Capsaspora undergoes a process of
temporally-regulated cell differentiation. This results in a dynamic life cycle
composed of three stages, namely filopodial, aggregative and cystic stage
(Figure 21A). As a response to environmental cues, single cells from the
filopodial stage transition to the aggregative stage, one of the simple forms of
multicellularity. Cells from both these stages are proliferative. In less
advantageous environments, they can transition to a spore-like cystic stage,
which represents a resistance form with much smaller, non-proliferative cells
(Sebé-Pedrés et al., 2013). The metabolic dynamics associated with these life-
stage transitions are largely unknown. To describe the Capsaspora metabolism,
we re-analyzed our previously generated stage-specific RNA sequencing data
(Sebé-Pedros et al., 2013) to which we added the information for mitochondrially
encoded genes, which had not been included in the previous analysis. Then, we
extracted the information on a curated list of more than 400 metabolic genes
corresponding to KEGG pathways. The large majority of all analyzed metabolic
genes were differentially expressed in at least one of the three life stages.
Differentially expressed genes could be grouped in two larger and two smaller

clusters by unsupervised clustering (Figure 21B). The larger groups contained
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103 and 192 genes that were specifically up- or down-regulated, respectively, in
the cystic stage in comparison to filopodial and aggregative stages. We refer to
these groups as Cys high and Cys low. 25 and 29 metabolic genes formed the
smaller clusters that were differentially expressed between filopodial and
aggregative stages, placing the cystic stage in an intermediate position. These
results suggested that the three life-stages differ in their metabolism, with the

cystic stage having the most divergent metabolic state.

When classifying metabolic genes according to their function, we noted that
almost one fifth of the genes in the Cys high cluster were not related to anabolism
or catabolism, rather to other metabolic processes (Figure 21C). The majority of
these genes encode autophagy-related V-ATPase proton pumps related to cell
acidification. The relative proportion of anabolism-related genes was the same in
the Cys high and the Cys low gene clusters (Figure 21C), but they had a different
metabolic implication (Figure 21D). Most strikingly, NAD and NADP biosynthesis
pathways were strongly overrepresented in the Cys high cluster (Figure 21D).
Additionally, the Cys high-overrepresented genes involved in amino acid
biosynthesis were related to very specific amino acids, namely tyrosine and
phenylalanine, both of which can serve as substrates for the de novo biosynthesis
of NAD (Canto et al., 2015; Dosselaere & Vanderleyden, 2001). On the other
hand, amino acid synthesis genes present in the Cys low were related to a wide
variety of amino acids. Furthermore, although the genes involved in catabolism
had a relatively lower representation in the Cys high cluster than in the Cys low,
they seemed to be more directed towards efficient energy production.
Specifically, the nuclear genes encoding for the components of the respiratory
chain were represented in both clusters, while those encoded by the mitochondria
were exclusively found in the Cys high (Figure 21D). Taken together, the cells in
the cystic stage might be channelling the NAD biosynthesis to retain the life-

sustaining catabolic processes.

50



A. Capsaspora life stages C Cys high Cys low

Aggregative ; 3% 4% 3%
(A3)) /8 ® —Ah _ Gy 30% g8 . 18%  28%a (m16% M Anabolism
'.'." ¢ & ’ M Catabolism
. ¢ ‘ . M Context
‘ 16% Other
33% 49% Unkngir
S WVEES Wl
Filopodial (Filo)
B. Differential expression of genes involved in D. ]
Capsaspora metabolism Anabolism
Cys high Cys low Gluconeogenesis |5 MCys high
§w| o | ;  ppp m— CIcys low
2 Amino acids [E————
;.'_ 0.51 I LY —
; - Nucleotides [Emm——m_
g NAD & NADP [—
B 054 CoA & FAD =
3 ot & GSH & Cofactors l——
N S ‘ 0 15 30
Agg Cys Filo
Catabolism
- Fiks HigH R _ WﬁAgg High Glycolysis == Igys Ihigh
g 109 | B EtOH & Aldehyde ™ ClEreiow
g- 0.51 [ 7 \\\ TCA b
E —AA n_OXPHOS [
£ 00 ‘_/.;",; mt_OXPHOS [Fmm—
5 05| BN Lipids mm—
e Y A Ny Amino acids =
<] —<F AN A X
? -1.0] —=— e Nucleotide [**#
N T T T
Agg Cys Filo Agg Cys Filo 0 25 50

Figure 21. Metabolically dynamic life cycle of Capsaspora.

(A) Capsaspora life cycle has three life stages: aggregative (Agg), Filopodial (Filo) and cystic
(Cys). Cys stage is spore-like and non-proliferative. (B) The majority of metabolic genes are
differentially expressed in the three life stages of Capsaspora and fall into 4 major groups: Cys
high, Cys low, Filo high and Agg high. (C) Metabolic genes were classified as anabolic, catabolic,
context-dependent, other and unknown. Pie charts indicate their proportion in Cys high and Cys
low clusters identified in B. (D) Column charts show the relative contribution of different pathways
to the anabolic (top panel) and catabolic (bottom panel) component of the group of genes in Cys
high and Cys low. The total number of anabolic and catabolic genes shown in C was set to 100%.

Intrigued by the differential regulation of NAD and NADP biosynthesis in the three
life stages of Capsaspora, we examined the dynamic expression of genes
encoding for proteins involved in NAD* dependent processes, including PARP1
and its nuclear inhibitor macroH2A. To be more systematic in this process, we
grouped the genes in eight categories: macroH2A, other macrodomain-
containing proteins, PARPs, PAR glycohydrolases (PARG), PAR-related DNA
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repair proteins, sirtuins, NUDIX proteins and proteins involved NAD biosynthesis.
Unsupervised clustering distinguished 4 clusters related to their differential
expression in the three life stages (Figure 22). Cluster 1 and 2 contained genes
with increased expression in the two proliferative stages, and decreased
expression in the non-proliferative cystic stage (Figure 22). In line with the
proliferative characteristics, they included most of the genes encoding for PARP
enzymes and other components of the DNA repair machinery, which might allow
cells to cope with replication-associated DNA damage. Clusters 3 and 4
contained genes more prominently expressed in aggregative and cystic stages.
This included genes encoding components of biosynthetic NAD pathways such
as the salvage enzyme NAMPT and the de novo synthesis enzyme QPRT
(Figure 22).
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Figure 22. Differential expression of NAD metabolism-related genes in Capsaspora.
Differentially expressed genes related to NAD* metabolism group into 4 clusters. Genes were
classified in 8 groups and color coded as shown in the legend: macroH2A, other macrodomain
proteins, sirtuins, Nudix proteins, PARPs, PARG-type hydrolases, DNA repair and NAD
biosynthesis.
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Noteworthy, the expression patterns of PARP1 and macroH2A in cluster 2 were
highly similar, suggesting co-regulation at the transcriptional level (Figure 22).
However, we know from vertebrate cells that the relative protein levels of PARP1
and macroH2A1.1 are decisive, and that macroH2A1.1 needs to be equally or
more abundant than PARP1 to efficiently inhibit its activity and dampen the
nuclear NAD* consumption. To assess the protein levels, we generated
antibodies specific for Capsaspora PARP1 and Capsaspora macroH2A (Figure
23A, 23B). PARP1 was readily detected in both proliferative stages, but its levels
dropped in the cystic stage (Figure 23C). For macroH2A, we detected a doublet
at the expected size, which collapsed into a single band in the cystic stage
(Figure 23C). To confirm this change in ratio, we extracted the information on
PARP1 and macroH2A from available shotgun mass proteomic data (Sebé-
Pedrés, Pefia, et al., 2016). Although this approach is not quantitative on the
absolute level, it demonstrated that the relative ratio of macroH2A and PARP1
was the highest in the cystic stage (Figure 23D), consistent with our western blot

results.

Taken together, gene expression data indicated that metabolism is dynamically
regulated between the three life stages of the unicellular filasterean Capsaspora.
The relative ratio of macroH2A and PARP1 was the highest in the cystic stage.
This suggests that the macroH2A-dependent inhibition of nuclear NAD*
consumption is most likely to occur in the non-proliferative stage, which coincides
with the urgent need to use salvaged and de novo synthesized NAD* for life-

sustaining catabolic processes.
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Figure 23. The macroH2A and PARP1 protein expression levels in Capsaspora.

(A) Antibody specific for Capsaspora macroH2A. Rabbits were immunized with purified His-
tagged macroH2A macrodomain (AA: 182-368). The specificity was corroborated by
immunoblotting using stable cell lines expressing GFP-tagged constructs of mouse macroH2A1.1
(mH2A1.1) and Capsaspora macroH2A (mH2A) and purified His-tagged macrodomain of
Capsaspora mH2A. (B) Antibody specific for Capsaspora PARP1. Rabbits were immunized with
three different peptides corresponding to the N-terminal part of PARP1. The antibody specificity
was corroborated by immunoblotting bacterial lysates: non-transformed (non-transf.),
transformed with a plasmid encoding for N-terminal tagged fragment of PARP1 corresponding to
amino acids 1-350 but not induced (non-ind.), and bacteria producing His-tagged PARP1 (His-N-
PARP1). (C) Immunoblot (WB) of total Capsaspora cell extracts from the 3 life stages using
Capsaspora specific antibodies for macroH2A and PARP1 and histone H3 as a loading control.
(D) Changes in the relative ratio of macroH2A (mH2A) and PARP1 as determined by mass
spectrometry (MS). Value in filopodial has been set to 1.
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3.2.6 Capsaspora macroH2A is a stronger PARP1 inhibitor than
mouse macroH2A1.1 and has a more pronounced impact

on mitochondrial respiration

The inhibition of PARP1 by macroH2Al.1 in vertebrate cells reduces nuclear
consumption of NAD*, thereby increasing its availability for the reactions
occurring in other organelles, such as the respiration in mitochondria (Figure
24A). We wondered how did the evolutionary changes in the macrodomain
modulate the metabolic communication between distant organelles. For this, we
decided to compare the impact of Capsaspora macroH2A and mouse
macroH2A1.1 macrodomains by analyzing the two key aspects of this metabolic
axis: the capacity to inhibit PARP1 and the ability to increase mitochondrial
respiration. The results show that the Capsaspora macrodomain was more potent
in inhibiting PARP1 activity in vitro than the murine macroH2A1.1 macrodomain
(Figure 24B). To check whether the Capsaspora macroH2A macrodomain
inhibition of PARP1 depends on its ability to bind ADP-ribose, we used G224E
and G314E macrodomain mutants. Indeed, these mutations in the ADP-ribose-
binding pocket abolished its ability to inhibit PARP1 (Figure 24B). This indicates
that the Capsaspora macrodomain strongly affects PARP1 activity in an ADP-

ribose-binding dependent manner.
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Figure 24. Evaluation of inhibitory activity of macroH2A macrodomains towards PARPL1.

(A) Scheme showing how the inhibition of PARP1 by macroH2A1.1 (mH2A1.1) in the nucleus is
connected with mitochondrial respiration through NAD* metabolism in vertebrates. (B) In vitro
PARP1 auto-PARylation activity induced by nicked DNA is measured by anti-PAR
immunoblotting. Naphtol blue staining shows the increasing amounts of macrodomains that were
titrated into the reaction. A representative experiment of three independent replicates is shown.

Next, we sought to determine the impact of ADP-ribose binding by the
Capsaspora macrodomain on metabolism in vivo. Currently, there are no
available tools that would allow for the genetic manipulation of Capsaspora.
Therefore, we used an orthogonal approach and introduced the Capsaspora
protein into human cells. As cellular model, we chose the well-described HepG2
cells, stably depleted of all macroH2A isoforms (Douet et al., 2017). To focus on
the effects of the ADP-ribose binding macrodomain and avoid confounding
influences caused by any differences in histone-fold or linker sequences, we
fused either the wild-type (WT) or the G224E-mutant macrodomains of
Capsaspora macroH2A to the histone-fold and linker region of mouse
macroH2A1.1 (Figure 25A). Based on the detection of an N-terminal GFP-tag,
we found that the expression levels of the WT and mutant chimeras was similar
in polyclonal stable cell lines and reached approximately half of the level of full-
length mouse macroH2A1.1 (Figure 25B, 25C). The achieved expression levels
were in a similar range or slightly higher than the endogenous levels of macroH2A
proteins in parental HepG2 cells (Figure 25D). We confirmed that the GFP-
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tagged chimeric and murine proteins were fully incorporated into chromatin
(Figure 25E) and in contact with PARP1 (Figure 25F).
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Figure 25. Characterization of orthogonal cell system for the metabolic study of
Capsaspora macroH2A.
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(A) Schematic overview of the constructs that have been introduced into macroH2A-deficient
HepG2 cells (referred to as DKD cells). (B) The exogenous expression of constructs illustrated in
C is shown by immunoblotting using anti-macroH2A1.1, anti-Capsaspora macroH2A, and anti-
GFP. Anti-Histone H3 is included as a loading control. (C) Flow cytometric detection of GFP in
cells lines from A. Bar plot to the left shows GFP fluorescence in cell lines stably expressing
macroH2A constructs. The bar plot to the right shows high percentage (= 99%) of GFP positive
cells. (D) Stable cell lines expressing the GFP-tagged mouse mH2A1.1 were compared to a
similar cell line expressing GFP-tagged mouse macroH2A1.2 (mH2AL1.2), control DKD cells and
the parental HepG2 cell line. Immunoblotting using anti-GFP and anti-mH2A1.2 specific
antibodies allows evaluating the expression level of the exogenous mH2A1.1 relative to
endogenous mH2A1.2. (E) Immunoblot analysis after cell fractionation shows that all macroH2A
constructs but not GFP alone are incorporated in chromatin. (F) The chimeric Capsaspora-mouse
macroH2A construct interacts with PARP1 as detected by immunoblotting after co-
immunoprecipitation.

Having established this orthogonal cell system, we tested for the impact of the
distinct macroH2A proteins on cellular metabolism. We found that the expression
of key genes representing major metabolic pathways such as glycolysis, fatty
acid metabolism and oxidative phosphorylation were largely unaffected by the
expression of the different macroH2A constructs (Figure 26A). The same was
true for PARP1 and the genes encoding for the components of NAD* salvage
pathway. Furthermore, the mitochondrial content was similar between the four
cell lines (Figure 26B). However, when analysing the oxygen consumption, we
found that both the basal and the maximal mitochondrial respiration increased in
the presence of mouse macroH2A1.1. Strikingly, despite its lower expression
level, this was even more pronounced in the case of the chimeric protein
containing the Capsaspora wild-type macrodomain (Figure 26C). This was also
true when we calculated the resulting ATP production (Figure 26D). The G224E
mutant macrodomain was inert in its impact on metabolism, further substantiating
the requirement for a functional, intact ADP-ribose pocket. In sum, our results
show that the increased ADP-ribose affinity of Capsaspora macroH2A translated
into stronger PARPL1 inhibitory capacity and a more pronounced impact on the

mitochondrial respiration, when compared to mouse macroH2A1.1.
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Figure 26. Characterization of the gene expression and metabolic effects of macroH2A
macrodomains.

(A) The expression of genes encoding key components and regulators of indicated metabolic
pathways was analyzed by RT-gPCR in the cell lines described in Figure 25. The data are
calculated based on three independent experiments performed in triplicates. A two-tailed
Student’s t-test was used to make the indicated pairwise comparisons, * p < 0.05. (B)
Mitochondrial content was assessed by measuring the relative amount of unique sequences in
mitochondrial and genomic DNA. Mitochondrial DNA (mtDNA) content normalized to nuclear DNA
(gDNA) with MT-ND2 and NDUFV1. A two-tailed Student’s t-test to analyze the presence of
statistical differences. * p < 0.05. (C) The oxygen consumption of stable cell lines described in
Figure 25 was measured in routine culture and after subsequent addition of the ATPase inhibitor
oligomycin (O), the uncoupling compound FCCP and the electron transport chain inhibitors
rotenone and antimycin A (AA) (left panel). (D) The bar plot shows the resulting ATP production.
The data is calculated based on the results of two independent experiments performed in at least
three replicates. Ordinary one-way ANOVA was used to make the indicated comparisons
between different groups of samples. * p < 0.05, **** p < 0.0001.
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In conclusion, the results of our study suggest that the role of macroH2A in the
regulation of cross-organelle NAD communication is ancient. The fusion of a
macrodomain to a histone-fold in a common ancestor of breviates, fungi and
animals provided protists with a mechanistic tool to dampen nuclear NAD*
consumption. During evolution, a reduction in ADP-ribose affinity, mediated by
changes in the residues that close the binding pocket upon ligand binding, fine-
tuned the stringency of this mechanism. Our results provide important insight on
how a compartmental regulatory mechanism of NAD* metabolism evolved.

3.2.7 Contributions

This project was conceived and supervised by Marcus Buschbeck, Sarah
Hurtado-Bagés and myself. | took part in designing, performing and/or analyzing
of all biophysical and biochemical assays, interpretation of phylogenetics results,
preformed multiple sequence alignment, performed the analysis of the residue
conservation through the evolution, took part in design and validation of
Capsaspora antibodies, manually annotated and chose the genes involved in
Capsaspora metabolism and interpreted the obtained results. | also took part in
cloning the plasmids for the panel of HepG2 cell lines and their characterization,
whereby majority of the characterization was done by Vanesa Valero with the
help of Ainhoa Perez. Sarah Hurtado-Bageés initiated the project and started the
collaboration with Eirin-Lopez group, took part in interpretation of the
phylogenetics results, took part in the design of Capsapora antibodies, performed
the western blot in Capsaspora, took part in the design and plasmid preparation
for the in cellulo experiments and performed preliminary in cellulo experiments in
Hek293T cells. Ciro Rivera-Casas performed all of the phylogenetic analysis
together with Jose M. Eirin-Lopez. Gunnar Knobloch taught me and helped with
design, analysis and interpretation of the biophysical and biochemical assays,
sample preparation for protein crystalization and interpretation of the protein
crystalization results in the lab of Andreas Ladurner, whereas Jerome Basugin
solved the crystal structures. Michelle Leger provided us with Capsaspora
samples and took part in data analysis and interepretation for the Capsapora part,
together with Inaki Ruiz-Trillo. Roberto Malinverni the RNAseq analysis of the
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data from Capsaspora. Jesus Garcia and Marta Frigole taught me how to prepare
samples preparation for STD-NMR and JG performed and analyzed STD-NMR
experiments in the lab of Xavier Salvatella. Marta Gomez de Cedron performed
and analyzed the Seahorse experiment in the lab of Ana Ramirez de Molina.
Manjinder S. Cheema and Juan Ausio performed codon optimization and
provided us with Capsaspora macroH2A cDNA and designed and produced the

Capsaspora anti-PARP1 antibody.
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3.3 Results IlI: Interdisciplinary approach in the search for
the macroH2A1.2 ligand

The phylogenetic analysis of the origin of macroH2A histone variants indicates
that macroH2A1.2 was the last of the three macroH2A isoforms to appear. It
originated in jawed fish (Gnathostoma) and underwent very few substitutions
within its macrodomain and exon 5, thus indicating it might have a binding pocket-
related physiological role. However, it does not bind ADP-ribose and its ligand
remains unknown. The research on macroH2A1.1 histone variant indicates that
the choice of the optimal cell line with a relatively high expression of macroH2A
isoform of interest is crucial for detecting their binding pocket-related
physiological role. However, by now there were no clear indications on the

physiological role of macroH2A1.2.

The goal of this project was to detect the ligand that can be accommodated in the
binding pocket of macroH2A1.2 macrodomain and to find the physiologically
relevant cell line or tissue of interest which would be optimal for studying the
physiological role of macroH2A1.2. For this, we chose to use a wide
interdisciplinary approach with simultaneous in silico, in vitro, in cellulo and in vivo

experimental approaches.
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3.3.1 Structural characterization of macroH2A1.2 macrodomain

As a result of the alternative splicing of mutually exclusive exons 5, the two
macroH2A1 isoforms differ in 30 and 33 amino acid residues within the
macrodomain of macroH2A1.1 and macroH2A1.2, respectively (Figure 27A).
Consequently, macroH2A1.1 binds ADP-ribose, while macroH2A1.2 does not
interact with ADP-ribose and its ligand remains unknown. To underline the
important characteristics of macroH2A1.2, we performed its detailed
characterization on the level of amino acid sequence and macrodomain structure.
As the benchmark for comparison, we used the known important features of
macroH2A1.1 and several other representative ADP-ribose-binding

macrodomains.
3.3.1.1 Comparison with ADP-ribose binding macrodomains

The superposition of the macrodomain structures of macroH2A1l.1 and
macroH2A1.2 shows a high overall structural homology, in accordance with the
86.9% identity between the two macrodomains. Furthermore, the exon 5 encoded
amino acid sequence specifically affects the structure of the macrodomain
binding pockets (Figure 27B), and as a result affects their ligand-interaction
properties. Some of the key macroH2A1.1 ADP-ribose-interacting residues are
encoded by the exon 5, such as aspartate 203 (D203) which stabilizes the
adenine ring (Karras et al., 2005), glycine 224 (G224) whose mutation to
glutamate (G224E) abrogates the binding (Kustatscher et al., 2005), and
glutamate 225 (E225) which we here show to be responsible for the decrease in
ADP-ribose affinity through evolution. The alignment of the exon 5 encoded
sequences of the two isoforms outlines key substitutions which significantly affect
the binding pocket (Figure 27C). More specifically, macroH2A1.2 has an
insertion of three residues (EIS) which correspond to the D203 in the
macroH2A1.1 sequence. This is followed by a sequence with a relatively high
conservation, while the C-terminal part of the exon 5 sequence of macroH2A1.2
has a highly charged amino acid stretch in lieu of ADP-ribose-relevant G224 of
macroH2A1.1 (Figure 27C). To understand the structural consequences of the
outlined substitutions, we compared the structure of exon 5 encoded amino acid
stretch of macroH2A1.1 and macroH2A1.2 (Figure 27D). The side chain of
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isoleucine 204 (1204), a part of the EIS loop, protrudes into the binding pocket
and blocks the adenine portion of the binding pocket. Thus, the EIS loop insertion
disables the interaction between macroH2A1.2 and ADP-ribose. The ensuing
conserved amino acid stretch corresponds to the highly structurally conserved [3-
sheet 3 (B3) that is important for the structural integrity of the globular
macrodomain structure. In addition to the EIS loop insertion, the second hallmark
of macroH2A1.2 which significantly affects the structure and properties of the
binding pocket is the highly charged amino acid stretch (DLKDD), referred to as
D-rich loop (Figure 27D).
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Figure 27. The alternative splicing affects the binding pockets of macroH2A1.1 and
macroH2A1.2.

(A) Protein sequence alignment of human macroH2A1.1 (NP_613075.1) and macroH2A1.2
(NP_001035248), represented as a conservation score indicating difference in the macrodomain
part of the sequence affected by the alternative splicing of exon 5. The conservation score of
amino acid biochemical properties is represented by the height and color of the bars. (B) Overlay
of the apo-forms of macroH2A1.1 (light coral, PDB 2FXK) and macroH2A1.2 (sky blue, PDB
1ZR5) macrodomains. Exon 5 encoded sequences highlighted in bright coral for macroH2A1.1
and bright blue for macroH2A1.2. (C) Protein sequence alignment of amino acids encoded by
exon 5 of macroH2A1.1 and macroH2A1.2. The residues implicated in macroH2A1.1 ADP-ribose
binding highlighted in coral; the corresponding residues in macroH2A1.2 highlighted in blue. $3-
sheet of proteins highlighted in light grey. The lower part of the panel shows the conservation
score of amino acid biochemical properties and is represented by the height and color of the bars
on 0-11 scale. (D) The overlay of the exon 5-corresponding crystal structure of ADP-ribose
(green) bound macroH2A1.1 (coral, PDB 31ID) and apo macroH2A1.2 (blue, PDB 1ZR5). The 33-
sheet important for structural integrity of both proteins and segments presumed to be relevant for
macroH2A1.2 binding pocket function are highlighted: EIS loop with 1204, and D-rich loop.
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To validate the three observed hallmarks of macroH2A1.1 and macroH2A1.2,
increased the number of sequences to analyze. We first compared the exon 5-
corresponding amino acid sequences (Figure 28A) and structures (Figure 28B)
of representative ADP-ribose binding macrodomains for which we could find the
crystal structures available in the Protein Data Bank (PDB) database, namely
macroH2A1.1, Afl1521, MacroD1 and MacroD2. As detected upon the
comparison of macroH2A1.1 and macroH2A1.2, all of the analyzed
macrodomains have a highly conserved sequence coinciding with the structurally
conserved B3-sheet (Figure 28A, 28B). Furthermore, the alignment shows that
all ADP-ribose interacting macrodomains have conserved residues
corresponding to D203 and G224 in macroH2A1.1, as expected. Additionally,
Af1521, MacroD1 and MacroD2 macrodomains have a glycine (G225) instead of
glutamate (E225) at position 225, which enables the accommodation of the water
molecule important for their hydrolytic activity (Jankevicius et al., 2013).
Interestingly, one of the apparent hallmarks of all ADP-ribose binding
macrodomains seems to be the presence of at least two glycine residues
surrounding the position 225, referred to as G-rich loop (Figure 28A, 28B). We
postulate this loop enables the flexibility and the closure of the binding pocket
upon ADP-ribose binding. Thus, by comparing the macroH2A1.1-corresponding
exon 5 sequences and structures of ADP-ribose binding macrodomains, we
validated the three main hallmarks important for ADP-ribose binding, namely: (1)
D203 in adenine accommodating portion of the binding pocket; (II) B3-sheet
important for structural integrity of the macrodomain; and (lll) G-rich loop
important for binding pocket flexibility and closure.

3.3.1.2 Comparison with non-ADP-ribose binding macrodomains

Majority of the macrodomains discovered and described up to date take part in
ADP-ribose binding and metabolism. The only macrodomains which do not bind
ADP-ribose, and thus remain orphan proteins up to date, are the macrodomains
of macroH2A1.2 (Kustatscher et al., 2005), macroH2A2 (Kozlowski et al., 2018b)
and ganglioside-induced differentiation-associated protein 2 (GDAP2) (Rack et
al., 2016). To underline the important properties of the non-ADP-ribose binding

macrodomains with a goal to take a more informed approach in ligand prediction,
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we compared the sequences (Figure 28C) and structures (Figure 28D) of the
macroH2A1.2-corresponding exon 5 between macroH2A1.2, macroH2A2 and
GDAP2.

The analysis further consolidated the importance of the conservation of the 33-
sheet sequence which defines the structural axis of the protein and is well
conserved across macrodomains independently of the ligand binding (Figure
28C, 28D). Similarly to macroH2A1.2, macroH2A2 has a three amino acid
insertion at N-terminus of the exon 5-corresponding sequence. The DIS-loop of
macroH2A2 is biochemically highly similar to the EIS-loop of macroH2A1.2, thus
interfering with ADP-ribose binding in the similar manner. Interestingly, GDAP2
has an aspartate (D) corresponding to D203 of macroH2A1.1 and other ADP-
ribose binding macrodomains, although currently available data indicate it does
not interact with ADP-ribose (Neuvonen & Ahola, 2009). However, none of the
three non-ADP-ribose binding macrodomains have a G-rich loop characteristic of
ADP-ribose binding macrodomains. Instead, all three non-ADP-ribose-binding
macrodomains have a corresponding charged amino acid loop, termed D-rich
loop in macroH2A1.2. The D-rich loop of macroH2A2 is highly biochemically
similar to that of macroH2A1.2 (Figure 28C). Based on the protein dynamics
observed in macroH2A1.1 upon ADP-ribose binding, the macrodomains of
macroH2A1 have a flexible loop which can close the upper part of the binding
pocket (Figure 16). However, the corresponding sequence in macroH2A2 is
proline rich (PPFP) and is thus expected to be more rigid than macroH2A1.2
(PSIG). On the other hand, the D-rich corresponding loop of GDAP2 has proline
(P) in addition to charged amino acid residues. For this reason, the D-rich loop of
GDAP2 is expected to be very rigid and probably in a fixed position, unlike the

rest of the described macrodomains (Figure 28C, 28D).
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Figure 28. The comparison of macroH2Al.1l-analogous exon 5 encoded sequence in
different ADP-ribose-binding and non-ADP-ribose binding macrodomains outlines
sequence hallmarks.

(A) The protein sequence alignment of exon 5 encoded sequence of human macroH2A1.1 (PDB
3lID) and corresponding sequences of Af1521 (PDB 2BFQ), MacroD1 (PDB 6LH4) and MacroD2
(PDB 41QY) at the top of the panel. The residues important for ADP-ribose binding are highlighted
in coral (D203, G-rich loop). Sequence corresponding to B3-sheet of proteins is highlighted in light
grey. The lower part of the panel shows the conservation score of amino acid biochemical
properties and is represented by the height and color of the bars on 0-11 scale. (B) The overlay
of the exon 5-corresponding crystal structure segments of ADP-ribose (green) bound
macrodomains outlined in (A). The B3-sheet important for structural integrity of proteins and
segments relevant for ADP-ribose binding are highlighted: D203, and G-rich loop. (C) The protein
sequence alignment of exon 5 encoded sequence of human macroH2A1.1 (PDB 3IID) and
corresponding sequences of macroH2A1.2 (PDB 1ZR5), macroH2A2 (PDB 6FY5) and GDAP2
(PDB 4UML) at the top of the panel. The residues important for ADP-ribose binding are
highlighted in coral, and the corresponding residues in non-ADP-ribose binding macrodomains
are highlighted in blue (D/EIS-loop, D-loop). Sequence corresponding to B3-sheet of proteins is
highlighted in light grey. The lower part of the panel shows the conservation score of amino acid
biochemical properties and is represented by the height and color of the bars on 0-11 scale. (D)
The overlay of the exon 5-corresponding crystal structure segments of ADP-ribose (green) bound
macrodomain of macroH2A1.1 and non-ADP-ribose binding macrodomains outlined in (C). The
B3-sheet important for structural integrity of proteins and macroH2A1.2 D-rich loop are
highlighted.

67



3.3.1.3 The design of the macroH2A1.2 binding pocket mutants

Based on the characterization and comparison of the ADP-ribose-binding and the
non-ADP-ribose-binding macrodomains, we postulate that the EIS loop insertion
and the D-rich loop are the key portions of the macroH2A1.2 specific binding
pocket important for ligand binding. Furthermore, we speculate that the glycine
317 (G317) might be important in macroH2A1.2 ligand interaction, since the
corresponding G315 has an important implication in the binding pocket flexibility
and stabilization of ADP-ribose in macroH2A1.1. Based on these findings, we
designed the expected loss-of-binding mutants of macroH2A1.2 binding pocket
which we could later use for studying the physiological role of macroH2A1.2
binding pocket (Figure 29A):

- 1204E: hydrophobic to negatively charged residue; mutant affecting the
EIS loop; expected to abrogate the binding if the ligand protrudes within
the binding pocket to interact with the nonpolar 1204 side chain;

- D227Q: negatively charged to polar residue resulting in a loss of charge
in the D-rich loop and thus abrogating any salt bridges stabilizing the
ligand;

- G317E: small nonpolar to large negatively charged residue; expected to
abrogate the interaction due to difference in charge, size and flexibility of
the loop.

We checked the stability of single, double and triple mutants of macroH2A1.2
binding-pocket by thermal shift assay, which indicates the protein melting
temperature and can be used as a proxy for protein folding. Results indicated the
melting temperature of single and double mutants are very similar to that of wild
type (less than 1°C difference), with the exception of D227Q_G317E (~1.4°C
lower). The triple binding pocket mutant had a melting temperature ~2°C lower

than the wild type, thus indicating lower stability of this mutant (Figure 29B).
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Figure 29. The design and analysis of the macroH2A1.2-binding pocket mutants.

(A) The design of the binding pocket mutants of macroH2A1.2. In silico mutagenesis of
macroH2A1.2 (PDB 1ZR5) was performed using UCSF Chimera. The residues in the wild type
binding pocket are represented in blue (1204, D227, G317), and the side chains of mutated
residues are represented in magenta (E204, Q227, E317). (B) The thermal shift assay was
performed using GST-tagged macrodomains of the wild type (WT) and a panel of single (1204E,
D227Q, G317E), double (I204E_D227Q, I|204E_G317E, D227Q G317E) and triple
(I204E_D227Q_G317E) mutant macroH2A1.2 macrodomains. The results of one assay
performed in triplicates were analyzed and represented using GraphPad Prism.

Taken together, after the extensive sequence and structure characterization of
both the ADP-ribose binding and the non-binding macrodomains, we found the
possible hallmarks of the non-ADP-ribose binding macrodomains. Thus, we
postulate that the EIS-loop and the D-rich loop are important features of

macroH2A1.2 for ligand binding.
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3.3.2 The targeted approach in the search for the ligand of
macroH2A1.2

3.3.2.1 Molecular docking predicts a list of putative ligands

Following the analysis of macroH2A1.2 sequence and structure in the search for
the hallmarks of the binding pocket, we used the molecular docking for in silico
prediction of the molecules with the highest probability to interact with

macroH2A1.2 binding pocket.

In the search for the physiologically relevant ligand we used the Human
Metabolome Database (HMDB) and Kegg Database as a source of candidate
compounds, namely small molecule metabolites found in human body and
ecosystem, respectively. As a bait, we used macroH2A1.2 macrodomain crystal
structure (PDB 1ZR5). The output of the molecular docking is a top hit list of the
small molecules which are ranked by their probability to interact with the
macroH2A1.2 binding pocket (Figure 30A). From the extracted list of 500 best
scored molecules based on the docking calculations, 9 molecules were ranked
to have a very good probability for the interaction with macroH2A1.2 binding
pocket (Figure 30B). The candidate molecules had diverse chemical structures
and are expected to be present in human body as drug derivates or metabolites
(compounds 1-4), as naturally occurring metabolites in mammals (compounds 5-
7), or as derivatives of plant metabolites (compounds 8 and 9) (Figure 30B). Due
to their intricate and complex stereochemistry, natural compounds still present a
great challenge for synthetic chemistry (Paterson & Lam, 2018), and
consequently only a very few natural compounds are available on the market.
Thus, from our top hit list of compounds, we were able to obtain only three out of

nine small molecules to test them experimentally, namely compounds 2, 4 and 6.
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3.3.2.2 The binding validation of the top predicted ligands from molecular

docking

To test if any of the predicted top hit molecules interacts with macroH2A1.2
macrodomain, we used STD-NMR (Figure 11). As expected based on the
chemical structure of the molecules, the solubility of the compounds was
relatively poor in the polar solvent. However, we did not observe any precipitation
of the compounds 2 and 4 in the presence of 1% DMSO, while the compound 6
could not be solubilized. Additionally, 1% DMSO in the solvent did not affect the
protein folding (results not shown). For method validation we used ADP-ribose,
and confirmed the absence of interaction between macroH2A1.2 and ADP-
ribose, while confirming the interaction between macroH2A1.1 and ADP-ribose
(Figure 30C, left panel). From the two compounds with adequate solubility, upon
the irradiation of the compound 4 in the absence of protein and while specifically
targeting the protein signal, the STD profile presented with peaks characteristic
of artefacts, which persisted in the sample containing macroH2A1.2 (Figure 30C,
right panel). Based on this result and absence of change upon the addition of
macroH2A1.2, the compound 4 is not expected to interact with macroH2A1.2
macrodomain. The artefacts in the STD spectrum of compound 2 were much
smaller and the observed peaks were similar to those obtained in the presence
of macroH2A1.1, thus indicating the absence of interaction between
macroH2A1.1 and compound 2. On the other hand, the STD signal in the
presence of macroH2A1.2 showed significant signal saturation transfer from
macroH2A1.2 to compound 2, resulting in the >1% peaks, the threshold we set
to define the presence of interaction (Figure 30C, middle panel). Thus, the
compound 2, namely 3-hydroxyropivacaine (3-OHR), was shown by STD-NMR
to specifically interact with the macrodomain of macroH2A1l.2 and not with
macroH2A1.1.
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Figure 30. Targeted in silico and in vitro approach for the detection of macroH2A1.2 ligand.

(A) Molecular docking schematic indicating the source of macroH2A1.2 structure (PDB 1ZR5)
and ligands (HMDB and Kegg) for the analysis. (B) The structures of 9 top hit compounds from
the molecular docking which are rated to have the high probability to interact with the
macrodomain of macroH2A1.2 in a binding pocket-related manner. The exact identities of the
compounds are listed in Annex 8.3. (C) The top spectra show 1H-NMR and STD-NMR spectra
in black of the tested compounds alone, namely ADP-ribose, and compounds 2 and 4 from B.
The STD-NMR spectra of the compounds in the presence of macroH2A1.2 (top blue spectra) or
macroH2A1.1 (bottom blue spectra) macrodomains are shown for ADP-ribose, compound 2 and
compound 4 (in the presence of macroH2A1.2 only). The saturation transfer difference
percentage is written for all peaks equal or above 1%. The red cross mark indicates the absence
of binding and the green tick mark indicate the presence of binding.
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As a parallel binding assay for validation of the interaction between 3-OHR and
macroH2A1.2, we used isothermal titration calorimetry (ITC). One of the
prerequisites for successful ITC measurements is to have matched buffer
between ligand and protein. Thus, due to the presence of 1% of DMSO necessary
for the solubilization of 3-OHR, we added 1% DMSO to the protein containing
buffer. We checked for any potential confounding effects of DMSO addition, we
first validated the interaction between ADP-ribose and macroH2Al.1 in the
presence of DMSO. The obtained ITC results confirmed the binding between
macroH2A1.1 macrodomain and ADP-ribose in the presence of DMSO, however
with an increased heat of dilution (Figure 31A, left panel). However, we were
not able to detect the interaction between macroH2A1.2 and 3-OHR using this
method. This was a consequence of very low enthalpic change (AH), resulting in
AH of -1.49 kcal/mol measured for macroH2A1.2 with 3-OHR, compared to -12.0
kcal/mol for macroH2A1.1 and ADP-ribose. These small heat changes were
further masked by high levels of background, i.e. heat of dilution (Figure 31A,
right panel). Taken together, the results indicate ITC is not a suitable method for
characterizing macroH2A1.2 — 3-OHR interaction, suggesting other biophysical

methods, which are less sensitive to buffer mismatches, should be considered.

Furthermore, to try obtain more detailed information on the 3-OHR binding mode
we set about to try and crystallize macroH2A1.2 macrodomain in the presence of
3-OHR. Interestingly, we obtained what seemed to be protein crystals in several
conditions (Figure 31B, 31C). However, although we obtained some big crystals
(Figure 31B) indicating that the binding between macroH2A1.2 and 3-OHR is
stable enough to form ordered structures prone to crystallization, the crystals
dissolved before we were able to pick them. In various other conditions, we

obtained small crystals which were most probably salt crystals (Figure 31C).

Due to the scarcity of the natural compounds on the market, we were able to test
only three top candidates from molecular docking using STD-NMR. The
compound 3-OHR specifically bound to macroH2A1.2, and not to macroH2A1.1,
as detected by STD-NMR, indicating that macroH2A1.2 macrodomain might
indeed accommodate a ligand in a macrodomain specific manner. ITC as a

parallel method for detection of binding was not optimal and thus no binding was

73



observed, but the crystal appearance adds to the robustness of the results
obtained by STD-NMR. However, the binding affinity seems to be very low,
implying that 3-OHR has some relevant chemical groups in its structure, but is
not optimal and thus not the true physiological ligand.
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Figure 31. Isothermal titration calorimetry (ITC) and crystallization assay as parallel
binding assays.

(A) The results of the ITC binding measurements between macroH2A1.1 and ADP-ribose (left
panel) and between macroH2A1.2 and 3-OH-ropivacaine (3-OHR, right panel) in the presence of
1% DMSO. The top panels show heat development and the bottom panel shows the integrated
heat plot with the calculated Kd values as indicated. The inset in the top panel shows the heat
development of the compound titration to the buffer, without the presence of the proteins. (B) The
light microscope image showing the protein-corresponding crystal formation after three weeks of
macroH2A1.2 macrodomain and 3-OHR incubation. (C) The light microscope image showing the
salt-corresponding crystal formation after six weeks of macroH2A1.2 macrodomain and 3-OHR
incubation.

3.3.2.3 The similarity search to refine the list of potential ligands

We used the obtained experimental data on the low affinity interaction between
macroH2A1.2 and 3-OHR, to perform a refined similarity search using ZINC15
database as a source of 120 million synthetic molecules. The resulting top 11
compounds had one of two specific structural motifs: (I) a nitrogen (N)-containing,
non-aromatic heterocycle linked via an amide linker to an aromatic ring, or (Il) a
heterocycle linked via an aliphatic linker to a terminal amide (Figure 32).
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The N-containing heterocyclic ring was predicted to be protonated and positively
charged. Consequently, the docking model predicted it to be positioned in the
negative region spanned by the aspartic acids, termed D-rich loop (Figure 27D).
The amide linkers are docked to form bridging interactions with D227 and the
backbone of R318. Other chemical functions attached to the aromatic part found

to be forming interactions with R318 and N319.

The compounds were checked for interaction with macroH2A1.2 macrodomain
using microscale thermophoresis (MST). The experiment was designed to give
the information on the presence or absence of the interaction between the
compounds and macroH2A1.2 macrodomain, based on the presence or the
absence of the signal (results not shown). The measurements confirmed the
interaction of macroH2A1.2 with 3-OHR (compound 2) and two additional
compounds with an amide linker. The compounds were further ranked based on
the descending probability of interaction with macroH2A1.2 from probable
(compounds 2.1-2.5), possible (compounds 2.6 and 2.7) and no interaction
(compounds 2.8-2.11) (Figure 32).
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Figure 32. The chemical structures of 11 compounds similar to compound 2 from the in
silico similarity search.

The compounds are shown in the order of the decreasing probability of the interaction with
macroH2A1.2 macrodomain as measured by MST. The compound 2 corresponds to the 3-OHR
shown to interact with macroH2A1.2 in Figure 30. The compound identities for compounds 2.1—
2.11 are shown in Annex 8.3.
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3.3.2.4 The catecholamine neurotransmitters as candidate ligands

The previous observations on the mice with a knock-out of both macroH2A1
isoform (macroH2A1 KO mice) indicated they are resistant to anesthesia. More
specifically, it took significantly longer for the macroH2A1 KO than the WT mice
to go under anesthesia upon an intraperitoneal administration of a mix of
ketamine (10mg/mL) and medetomidine (0.2mg/mL) (results not published).
Intriguingly, one of the prospective hits from the molecular docking was the
catecholamine metabolite, 5-S-Cysteinyl-DOPA (Figure 30B, compound 7).
Unfortunately, we were unable to experimentally validate 5-S-Cysteinyl-DOPA
since it is not available on the market and attempts to synthesize it failed due to
its complicated stereochemistry. However, the simple catecholamines are widely
available. Thus, we decided to test a panel of catecholamine neurotransmitters
and their metabolites for the interaction with macroH2A1.2 macrodomain using
MST.

Catecholamines are  tyrosine-derived monoamine  neurotransmitters,
characterized by the catechol ring which is coupled to an amine side chain (Table
1) (Nagatsu, 2006). Surprisingly, the MST measurements indicated all of the
tested catecholamines, namely dopamine, histamine, epinephrine and
norepinephrine, interact with macroH2A1.2 macrodomain with increasing affinity.
The interaction affinity was significantly affected by the pH of the buffer especially
in the case of histamine, thus outlining the protonation state of the molecules as
one of the important prerequisites for the interaction with macroH2A1.2. The
highest macroH2A1.2 affinity was observed for epinephrine or norepinephrine,
with Kg values of 140 and 213uM, respectively. None of the catecholamine
precursors or intermediates interacted with macroH2A1.2 macrodomain (Table
1).
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Table 1. The characterization of macroH2A1.2 — catecholamine interaction using MST.

Compound name Structure Kq (HM) pH
OH
Dopamine Hm«/@’ 792.3 + 201.9 6.4
OH
NH 46.3 £ 37.9 6.4
Histami )
stamine s W 509.3 + 48.3 7.4
~ OH
Epinephrine NH 213.7+61.3 7.4
HO OH
. . H2N—N ot
Norepinephrine ﬁQ 1403+ 21.7 74
HO OH
NH OH
5,6-dihydroxyindole \\ﬁ ND 7.4
OH
9 Ot CH
Tyrosine \(/O’ ND 7.4
H2N" =
OH OH
DOPAC O@ ND 74
OH
O\ OH OH
Levodopa L@ ND 7.4
Hen™ OH
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3.3.3 The untargeted approach in the search for the ligand of
macroH2A1.2

3.3.3.1 Experimental design to overcome the challenges of available

methods for protein deorphanization

Deorphanization of domains is a challenging task. Methods described for the
deorphanization of enzyme domains rely on measuring enzymatic activity, which
is not possible with the proteins with an unknown or no enzymatic activity (Orsak
et al., 2012). The majority of approaches directly assessing binding are usually
limited to a predefined subset of ligand candidates. In order to make binding
assays compatible with high-throughput screening, they usually require the
labeling of the protein or a competitor ligand and thus carry the risk of interfering
with the interaction of interest. Screens in living cells require a physiological
readout such as a reporter gene expression and are not feasible less
characterized proteins without tangible cell biological effects (Vuignier et al.,
2010). Finally, a prerequisite for the direct identification of a ligand by mass
spectrometry measurements is a strong interaction persisting through washing
steps that allow removing unspecifically bound molecules (M. V. Chakravarthy et
al., 2009).

Previous attempts of our group failed to detect the binding of ADP-ribose to
macroH2A1.1 being a known ligand. More specifically, the GFP-macroH2A1.1
was overexpressed in cells and pulled-down, and followed by the elution of the
unspecifically bound molecules prior to obtaining the metabolite extract.
However, no ADP-ribose could be detected. These results imply the interaction
between macroH2A1.1 and ADP-ribose is not stable enough for it to remain
bound during washing steps (results not shown). Thus, since we expected the
affinity between macroH2A1.2 and its ligand to be in a similar range as
macroH2A1.1 and ADP-ribose, we needed to apply a different methodology
which would not involve the washing steps which could potentially elute the ligand

of interest.

With that in mind, we adapted the approach reported in Karras et al. The authors

incubated various macrodomains with ADP-ribose and subsequently measured
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the absorbance of the remaining ADP-ribose in the supernatant. This enabled the
distinction between the proteins which were capable to bind ADP-ribose from

those which were not without any washing steps.

For a proof-of-concept experiment, we immobilized the GST, GST-tagged
macroH2A1.1 or macroH2A1.2 macrodomains to beads and incubated them with
ADP-ribose. We then measured ADP-ribose absorbance in the remaining
supernatant, or the ADP-ribose released from the proteins upon heat-
denaturation. We refer to the first approach as the depletion experiment since we
measured the depletion of ADP-ribose from the supernatant upon incubation with
the proteins. The second approach is referred to as the enrichment experiment,
since we measured the absorbance of ADP-ribose that was bound to the proteins
during the incubation and without washing released to the supernatant after
protein denaturation (Figure 33A). The results showed a significant depletion of
ADP-ribose upon the incubation with GST-macroH2A1.1 macrodomain, but not
with GST or GST-macroH2A1.2 (Figure 33B, left panel). The results of the
enrichment experiment showed an even more striking difference, whereby the
ADP-ribose signal was almost exclusively coming from the sample obtained after
the denaturation of GST-macroH2A1.1 (Figure 33B, right panel). Thus, these
results indicate that it is possible to detect the interaction between macroH2A1.1
and ADP-ribose by performing a pull-down experiment without washing steps.
Furthermore, the approach allowed for the specific detection of the ADP-ribose
interaction with GST-macroH2A1.1 and not with GST or GST-macroH2A1.2

despite any unspecific binding or dilution effects.
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Figure 33. The design and results of proof-of-concept ADP-ribose pull-down assay without
elution steps.

(A) The schematic of the proof-of-concept ADP-ribose pull-down assay. GST, GST-macroH2A1.1
and GST-macroH2A1.2 macrodomains were immobilized and incubated with ADP-ribose
solution. The supernatant was used for the analysis of ADP-ribose depletion, and the proteins
were heat-denatured with the addition of buffer, following which the remaining supernatant was
used for the analysis of ADP-ribose enrichment absorbance measurements. (B) The left panel
shows the ADP-ribose absorbance measurements at 260nm. The mean absorbance
measurements from the depletion supernatants of GST and GST-macroH2A1.2 were normalized
to 1. The right panel shows the absorbance measurement of the enrichment supernatants in
which the mean measurements for the enrichment supernatants of GST and GST-macroH2A1.2
were normalized to 0. The graphs represent measurements for two independent experiments
measured in quadruplicates.
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3.3.3.2 Untargeted metabolomics for identification of macroH2A1.2 ligand

As a source of metabolites in the search for the ligand of macroH2A1.2, we used
a whole-cell metabolite extract. In order to avoid any loss of metabolites, we
performed metabolite extraction using two different solvents with increasing
polarity. Furthermore, to ensure for an efficient depletion of the ligand(s) of
interest, the depletion assay was performed in a sequential manner by
transferring the depleted metabolite extract to a tube containing fresh proteins,
thus enabling efficient depletion of the metabolite of interest. On the other hand,
the enrichment assay was performed with the proteins after the first incubation
with metabolite extract, which we presumed has the most efficient enrichment of
the ligand of interest (Figure 34A). The obtained depletion and enrichment
supernatants were analyzed by untargeted LC/MS in which the metabolites were
separated using two columns with increasing polarity. We detected the total of
1865 peaks representing small molecules interacting with either of the three
proteins. To detect the peaks corresponding to molecules specifically interacting
with the macrodomain of macroH2A1.2, we filtered for the peaks enriched in
macroH2A1.2 in comparison to GST. We proceeded by setting a threshold to
exclude any peaks which were similarly enriched in both macroH2A1.1 and
macroH2A1.2 samples. As a result of the analysis, we obtained 44 peaks
corresponding to either specifically enriched or specifically depleted molecules
by macroH2A1.2 macrodomain. Finally, we performed MS/MS fragmentation of
44 macroH2A1.2-specific peaks to detect the exact molecular mass, annotate the

peaks and in this way identify the metabolites (Figure 34A).

The peaks could be annotated if the corresponding mass and fragmentation
spectra coincided with the fragmentation pattern of the chemical standards
available in databases. However, databases are not comprehensive and due to
a high diversity of metabolites, not all metabolites can be annotated. With some
further manual curation, we were able to successfully annotate peaks
corresponding to 6 compounds. Four of these were identified as highly saturated
polymer chains, presumably the contaminants from the columns and other plastic
materials used in the experiment. The two compounds that we identified as

natural metabolites were the phospholipids phosphatidylethanolamine [PE(35:1)]
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and phosphatidylcholine [PC(34:2)] (Figure 34B). Interestingly, additional three
peaks from those which could not be annotated had a similar profile as identified
phospholipids, indicating there could be more phospholipids interacting with
macroH2A1.2 (data not shown). To find which phospholipids correspond to the
identified molecules, we searched the Lipid Maps Database and found 30
different phosphatidylcholines with the mass and chemical formula corresponding
to PC(34:2) and 16 different phosphatidylethanolamines corresponding to
PE(35:1) (Figure 34C). On the basis of the obtained results we concluded that
macroH2A1.2 macrodomain interact with phospholipids with choline or
ethanolamine as polar heads while the exact identity of the fatty acid chains

remains unknown (Figure 34D).

We hypothesized that the interaction between macroH2A1.2 and phospholipids
happens via a phospholipid polar head, otherwise we would expect to see more
lipids among the detected metabolites. We tested this hypothesis by performing
a molecular docking of the polar heads of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) and macroH2A1.2. Interestingly, the
phospholipid polar heads were modelled to be binding within the canonical
binding pocket of macroH2A1.2, and predicted to be stabilized either by side
chains of D224 and R318 in the case of ethanolamine of the PE (Figure 34E), or
by D227 side chain and R318 backbone in the case of choline of the PC (Figure
34F).
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Figure 34. Untargeted metabolomics for the detection of macroH2A1.2 specific ligands
from the whole-cell metabolite extract.

(A) The schematic outline of the experiment design and analysis. GST, GST-macroH2A1.1 and
GST-macroH2A1.2 macrodomains were immobilized and incubated with the metabolite extract
from P19 cells. The beads with the proteins after the first incubation were denatured at 95°C with
the addition of buffer and the leftover supernatant was used for the metabolite enrichment
analysis. The supernatant from the first incubation step was transferred to the tube with fresh
proteins and incubated in the second depletion step. This was repeated one more time to obtain
the supernatant sequentially depleted of the metabolites for the depletion analysis. The
supernatants we analyzed by LC/MS1 in which 1865 peaks corresponding to small molecules
were detected. The analysis outlined 44 peaks specific to macroH2A1.2 interaction which
underwent fragmentation (MS2) followed by peak annotation to detect 6 small molecules
interacting specifically with macroH2A1.2 macrodomain. (B) Table outlining the identities and
chemical formulas of the compounds detected as described in (A) and whether they are expected
to be of synthetic or natural origin. (C) Results of the Lipid Maps Database search the compounds
corresponding to the only natural compounds detected by (A), as shown in (B), namely PE(35:1)
and PC(34:2). The table shows the compound identity, formula, molecular mass and the number
of molecules in the database which have the corresponding chemical formula and molecular
mass. (D) The general structure of phosphatidylethanolamine (PE, top panel) and
phosphatidylcholine (PC, bottom panel), outlining their differing polar heads, ethanolamine and
choline, respectively. (E) Molecular docking results of PE polar head, ethanolamine (green), to
the macrodomain of macroH2A1.2 (PDB 1ZR5). The hydrogen bonds (H-bonds) with D224 and
R318 expected to stabilize ethanolamine binding are marked in red. (F) Molecular docking results
of PC polar head, choline (yellow), to the macrodomain of macroH2A1.2 (PDB 1ZR5). The
hydrogen bonds (H-bonds) with D227 and R318 expected to stabilize choline binding are marked
in red.
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3.3.4 The analysis of the available transcriptomics dataset in the

search for the physiological role of macroH2A1.2

There are several gene expression datasets which explore the isoform specific
roles of macroH2A1.1 and macroH2A1.2 isoforms (Dardenne et al., 2012;
Hurtado-Bageés, Posavec Marjanovic, et al., 2020; J. M. Kim et al., 2018; Jinman
Kim et al., 2018), of which the analysis of the effects of isoform-specific knock-
down on the transcriptomic level is reported only in Hurtado-Bages, Posavec
Marjanovic, et al. We used this dataset obtained to inspect the cell processes
specifically regulated by macroH2Al1.2. This study shows that macroH2Al
isoforms regulate gene expression in an isoform specific manner in differentiated
muscle cells. More specifically, 995 and 372 genes are differentially expressed
in macroH2A1.1- and macroH2Al.2-deficient muscle cells, respectively
(Hurtado-Bages, Posavec Marjanovic, et al., 2020).

To better understand which cell processes are specifically regulated by
macroH2A1.2 isoform, we used the gene ontology (GO) enrichment analysis of
the genes specifically down- and upregulated in muscle cell lacking either
macroH2A1.1 or macroH2A1.2. Surprisingly, the GO enrichment analysis of the
downregulated genes in macroH2A1.2 depleted cells showed only two of the top
ten affected biological processes to be related with muscle development, while
eight of them were related with the alcohol, sterol and lipid metabolism (Figure
35A). On the other hand, the analysis of upregulated genes showed that the top
two enriched biological processes are related to cell adhesion, while the rest of
the processes are involved in cell and organism differentiation and development
(Figure 35B).

To filter for the processes which are specifically affected by macroH2A1.2 and
not by macroH2A1.1, we checked the top 10 biological processes affected by the
depletion of macroH2A1.1 in the same cells. We did not observe any significant
overlap of the biological processes affected by the depletion of macroH2A1.1 and
macroH2A1.2. What is more, in the analysis of genes downregulated by the
depletion of macroH2Al.1 the top affected processes were involved in
vasculature function and development, ossification and extracellular matrix

organization (Figure 35C). On the other hand, the top enriched processes upon
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the analysis of the upregulated genes are implicated in response to virus or

generally in immune system and inflammation regulation (Figure 35D).

Hence, the analysis of the available RNAseq dataset from the muscle cells
depleted of macroH2Al1l in an isoform specific manner, indicates that
macroH2A1.2 might be specifically implicated in the regulation of alcohol, sterol

and lipid metabolism in muscle cells.
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Figure 35. Biological processes related with isoform-specific depletion of macroH2A1.1 or
macroH2A1.2.

(A-D) Gene Ontology (GO) enrichment analysis in C2C12 myotubes depleted of macroH2A1.1
or macroH2A1.2. We have used differentially expressed genes with an absolute log2FC equal or
greater than 0.8 (FDR < 0.05) described in Hurtado-Bages et al, 2020. All comparisons refer to
the isoform-specific knockdown (KD) condition compared to the control siRNA-treated sample.
Top 10 enriched GOs are shown. Exact GO IDs are given in Annex 8.4. (A) GO analysis using
the subset of downregulated genes upon macroH2A1.2-specific knock-down in the muscle cells.
To the left is shown the simplified scheme outlining the terms related to development and
metabolism. (B) GO enrichment analysis using the subset of upregulated genes upon
macroH2A1.2-specific knock-down in the muscle cells. To the left is shown the simplified scheme
outlining the terms related to development or adhesion and migration. (C) GO enrichment analysis
using the subset of downregulated genes upon macroH2A1.1-specific knock-down in the muscle
cells. To the left is shown the simplified scheme outlining the terms related to development. (D)
GO enrichment analysis using the subset of upregulated genes upon macroH2A1.1-specific
knock-down in the muscle cells. To the left is shown the simplified scheme outlining the terms
related to immunity or other processes.
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3.3.5 The search for the physiologically relevant cell line:

macroH2A1.2 is expressed in mouse brain neurons

The study of our lab which describes the physiological role of the macroH2A1.1—
ADP-ribose interaction (Posavec-Marjanovi¢ et al.,, 2017) accentuated the
importance of the choice of the cell line for studying the role of macroH2A histone
variants. More specifically, the implication of macroH2A1.1 in the regulation of
NAD metabolism and mitochondrial respiration was most pronounced in the
muscle cells with high expression of macroH2A1.1. Due to possible low affinity
ligand—macrodomain interaction, we postulated that the choice of the optimal cell
line with a relatively high expression of macroH2A isoform of interest would be

crucial for detecting a binding pocket-related physiological function.

MacroH2A1.2 has been reported to be mainly expressed in proliferating cells
(Novikov et al., 2011; Judith C. Sporn & Jung, 2012). The analysis of the
macroH2A expression in different mouse tissues showed macroH2A1.2 is
predominantly expressed in lung, kidney, liver, pancreas, colon and brain of adult
mice (Kozlowski et al., 2018b). Unlike the other tissues with significant
macroH2A1.2 expression, brain has a limited cell proliferation rate and tissue
regeneration capacity. Interestingly, after adipose tissue, brain has the highest
lipid content with lipids representing 50% of its dry mass, mainly phospholipids
(Bruce et al., 2017). Taken together with the indication that phospholipids and
catecholamine neurotransmitters interact with macroH2A1.2 (Figure 34, Table
1), the implication of macroH2A1.2 in the regulation of genes involved in lipid
metabolism (Figure 35) and the decreased sensitivity of total macroH2A1 KO
mice to anesthesia (as mentioned on page 75, section 3.3.3), we decided to
check whether brain might be most relevant tissue for studying the physiological
role of macroH2A1.2.

To delineate the brain regions of interest, we used the publicly available data from
Allen Mouse Brain Atlas (Lein et al., 2007) to check for the regions with a
significant expression of macroH2A1 mRNA. The hybridization probe for in situ
hybridization (ISH) detected the mRNA region of macroH2A1 shared by the both
alternatively spliced isoforms. The significant expression of macroH2A1l was

observed in three brain regions, namely cerebral cortex, (CTX) hippocampal
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region (HIP) and cerebellar cortex (CBX). The further image analysis indicates
high level macroH2A1 mRNA are present in the hippocampal region and

cerebellar cortex, and a much lower expression in cerebral cortex (Figure 36A).

Having this in mind, we checked the macroH2A1.2 protein levels in the mouse
brain sections by immunofluorescence, using macroH2A1.2 specific antibody.
Since macroH2A1.2 is reported to be predominantly expressed in proliferative
cells, we first checked its expression in the dentate gyrus of hippocampus, the
brain region which maintains proliferative capacity into adulthood (Nelson et al.,
2020). The results showed macroH2A1.2 specific signal in the dentate gyrus, with
a differential staining in different regions of dentate gyrus (Figure 36B, DG).
Surprisingly, we also observed a significant macroH2A1.2 expression in brain
regions comprised of terminally differentiated cells. More specifically, a prominent
macroH2A1.2 signal was observed in cerebellar cortex, seemingly in the nuclei
of Purkinje cells (Figure 36B, CBX). The staining in the cerebral cortex was less
pronounced (Figure 36B, CTX). The observations on macroH2A1.2 expression
in the non-proliferative brain regions were quite unexpected. To detect if its
expression is cell type-specific, we co-stained the brain sections with neuronal
and glial cell markers, NeuN and Aldhll, respectively. The results indicate that
macroH2A1.2 is specifically expressed in the neurons and not in astrocytes of
the dentate gyrus (Figure 36C).
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Figure 36. MacroH2A1 and macroH2A1.2 expression in mouse brain sections.

(A) MacroH2A1 mRNA levels from Allen Mouse Brain Atlas (Lein et al., 2007) as analyzed by in
situ hybridization assay with a probe designed to detect the total macroH2A1 mRNA. The top left
panel shows the staining of the sagittal brain section of P56 mouse in which the regions most
enriched by macroH2A1 are outlined: hippocampal region (HIP), cerebral cortex (CTX) and
cerebellar cortex (CBX). Images with black background show the result of digital image analysis
to remove the background staining and indicate macroH2A1 expression levels of each of the
outlined regions. (B) Immunofluorescence analysis of the protein levels of macroH2A1.2 using
macroH2A1.2 specific antibody in different regions of mouse brain sections: dentate gyrus (DG)
as a part of HIP, cerebellar (CBX) and cerebral cortex (CTX). DAPI staining in blue, macroH2A1.2
staining in red. (C) Immunofluorescence results of the DG region as stained by DAPI in blue,
macroH2A1.2 in red, neuronal marker (NeuN) in yellow and astrocyte marker (Aldhll1) in green.
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3.3.6 P19 cell line as a model for studying the role of
macroH2A1.2

The significant macroH2A1.2 expression in the non-proliferative regions of the
brain, more specifically in terminally differentiated neurons, was unexpected. To
check if we can reproduce this result in an in cellulo setting, we used the P19
cells, a widely used dynamic cell model which can be differentiated into a mixed

neuronal cell population (Jones-Villeneuve et al., 1982).

The expression of macroH2A1.2 in the proliferating P19 cells is relatively low
when compared to control hepatoblastoma cells, HepG2 (Figure 37A). To
inspect for the dynamics of macroH2A expression during cell differentiation, we
used retinoic acid to induce the neuronal differentiation of P19 cells (Figure 37B).
After 12 days, the cells showed a morphology characteristic of a mixed neuronal
cell population (Jones-Villeneuve et al., 1982), with clusters of neurons
connected via well-defined axons and surrounded by supporting cell types, such

as oligodendrocytes, astrocytes and glia cells (Figure 37B, arrowheads).

Contrary to the expectation, macroH2A1l.1 induction upon neuronal cell
differentiation was relatively low on the protein level. On the other hand, the
protein level of macroH2A1.2 was significantly upregulated in the differentiated
cells, as confirmed by two different macroH2A1.2-specific antibodies. The result
becomes even more striking upon comparison with the control HepG2 cells,
characterized as cells with a relatively high expression of macroH2A1.2 (H. Chen
et al., 2014). As expected (Kozlowski et al., 2018a), we confirmed a significant
upregulation of macroH2A2 isoform in the differentiated neuronal cell population
(Figure 37C).
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Figure 37. The analysis of the expression of macroH2A isoforms in HepG2 and P19 cells
before and after differentiation.

(A) Comparison of the expression of macroH2A1.2 in control (Ctrl) and macroH2A-depleted
(double knock-down, DKD) HepG2 cells and proliferating P19 cells. The total proteins extracted
from proliferating P19 cells were loaded in 3 different concentrations, in an increasing manner.
H3 was used as a loading control. (B) A schematic of the differentiation of P19 cells. Proliferating
(pluripotent) P19 cells at day 0 undergo differentiation upon retinoic acid (RA) treatment towards
neuronal progenitor cells (NPCs) which appear after 7 days of RA treatment, and they differentiate
to the mixed neuronal cell population after 12 days (top panel). Representative light microscopy
images taken at day 0, day 7 and day 12 are shown in the bottom panel. Arrowheads indicate the
supporting cell population. (C) The comparison of the expression of macroH2A1.1, macroH2A1.2
and macroH2A2 isoforms in the HepG2 Ctrl and DKD to the P19 cells at all three differentiation
stages described in (B) (DO, D7 and D12). MacroH2A1.2 expression was evaluated by two
different antibodies detailed in the Material and Methods. Histone H3 was used as a loading
control.

Due to significant upregulation of macroH2A1.2 expression, we hypothesized that
the dynamic model of neuronal cell differentiation might be optimal for studying
the physiological role of macroH2A1.2. Thus, we used three different previously
described hairpins (Creppe, Janich, et al., 2012) to stably deplete either both
macroH2A1 isoforms, or specifically macroH2A1.2 isoform from the P19 cells.
On the mRNA level, we could detect a basal macroH2A expression of all three
macroH2A isoforms in the proliferative stage of P19 cells. Furthermore, results

clearly showed the depletion of both macroH2A1.1 and macroH2A1.2 when total
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macroH2A1 is targeted using hairpins 1 and 2, with hairpin 1 showing a better
efficiency. We further observed a specific macroH2A1.2 depletion by hairpin 3,
while there was no compensatory expression of macroH2A1.1 or macroH2A2. In
line with our previous observation on the protein level, we observed the

upregulation of all three macroH2A isoforms during differentiation (Figure 38A).

The proliferation rate of the macroH2Al-depleted panel of P19 cell lines
remained unaffected, as validated by two parallel methods (Figure 38B, 38C).
On the level of cell morphology, macroH2A1-depletion did not impede the
neuronal cell differentiation. More specifically, the differentiated cells successfully
formed neuronal clusters that were well-connected via thick axon fibers.
However, the cells depleted of macroH2A1 by hairpin 1 and the cells specifically
depleted of macroH2A1.2 by hairpin 3 showed an apparent decrease in the
supporting cell population (Figure 38D, arrowheads). The immunoblotting
results confirmed the specificity and efficacy of the depletion of both macroH2A1
by hairpin 1, which blocked the induction of both macroH2A1.1 and macroH2A1.2
isoforms upon the differentiation with a higher efficiency than hairpin 2 (Figure
38E). Furthermore, hairpin 3 specifically hindered the induction of macroH2A1.2
upon differentiation, while it did not affect the expression of macroH2A1.1. None
of the macroH2A1 directed hairpins affected the protein expression of
macroH2A2, thus ruling out compensatory effects (Figure 38E).

To further inspect the cell differentiation efficiency upon macroH2A1 depletion,
we checked the expression of the neuronal cell markers NeuN, Map2 and b-IlI-
tubulin, and the glial cell marker, Gfap. Supporting the observed morphological
changes, the upregulation of all three neuronal markers upon the differentiation
of macroH2Al-depleted cells indicated successful neuronal differentiation.
However, we observed a marked absence of the upregulation of the glial cell
marker Gfap further reinforcing the observations made on the level of cell

morphology (Figure 38F).

Taken together, our preliminary analysis of macroH2A1.2 in brain, showed a
particular pronounced expression of macroH2A1.2 in neurons. This is the first
time a high level of macroH2A1.2 expression was observed in terminally

differentiated cells. The successful validation of the high expression of
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macroH2A1.2 in cellulo upon neuronal differentiation of P19 cells, indicated that

this model system might be optimal for studying the physiological role of

macroH2A1.2. Finally, our preliminary data in macroH2A1 and 1.2 depleted P19

cells suggested that macroH2A1l.2 might have a role in cell fate choice.

differentiated into neurons, while the differentiation of glial cells was impaired.
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Figure 38. The characterization of macroH2A1 depleted P19 cells.

Specifically, we observed that macroH2Al-depleted cells successfully
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Figure 38. The characterization of macroH2A1 depleted P19 cells.

(A) The expression of macroH2A1.1, macroH2A1.2 and macroH2A2 in the proliferating (Day 0)
and differentiated (D12) P19 cells was measured by RT-qPCR in the wild-type (WT), shRNA
control (shCtrl), macroH2A1-depleted cells with two different hairpins (shl and sh2) and
macroH2A1.2-depleted cells (sh3). The expression of each of the isoforms in the WT proliferating
cells was normalized to 1. (B, C) The proliferation rate of proliferating (Day 0) cells described in
(A) was measured by cell counting (B) or by MTT assay followed by measuring the absorbance
at 570nm (C) daily, every 24 hours, for four days. The mean of three independent experiments is
shown. Nudging of datasets has been done to allow proper visualization of the error bars (SD).
(D) Light microscopy images of differentiated cells described in (A) (magnification 5Xx).
Arrowheads represents the expected supportive cell population. (E) Western blot showing the
expression of macroH2A1.1, macroH2A1.2 and macroH2A2 in all cell lines described in (A) at
the proliferating and differentiated states. H3 was used as loading control. (F) Analysis of neuronal
markers NeuN, Map2 and B-lIl tubulin, and glial cell marker Gfap by western blot. Expression
levels are shown for all cell lines from (A) at the proliferating and differentiated states. Histone H3
was used as loading control.

3.3.7 The characterization of macroH2A1.2 knock-out mice

MacroH2A1.2 specific whole-body knock-out mice were established by using
Dre-Rox system, in which the macroH2A1.2 specific exon was surrounded by
Rox sites (Figure 39A), recognized by Dre recombinase. The Dre-deleter mice
with a Rox-flanked macroH2A1.2 specific exon had a mixed 129/Ola (agouti) and
C57BL/6 (black) genetic background. To obtain the C57BL/6J genetic
background, animals were backcrossed twelve generations into C57BL/6J
genetic background. By definition, each successive generation has ~50% less of
the donor genome, hence the twelfth generation is expected to have more than
99.9% of the recipient genome, in this case C57BL/6J.

3.3.7.1 The skewed genotype and sex ratio

We used the backcrossed mice to obtain the macroH2A1.2 knock-out mice by
crossing the heterozygous Rox-flanked macroH2A1.2 mice (referred to as Het x
Het). Surprisingly, even after twelve generations of backcrossing into the
C57BL/6J background, we still observed agouti coat occasionally appearing in
the offspring (not quantified). Perplexingly, the analysis indicated a slightly
skewed sex ratio in favor of male offspring (Figure 39B) (in reference to Kruger
et al.,, 2019) accompanied by the skewed genotype towards the heterozygous
animals (Figure 39C). More specifically, although we did not observe any effect
on the litter size upon mating heterozygous mice, we observed an increased
number of heterozygous and decreased number of homozygous pups, with the

ratio WT : HET : KO ~1:3.5: 1 (Figure 39C, right panel).
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Figure 39. Design of macroH2A1.2 knock-out mice and offspring sex and genotype ratio
analysis.

(A) MacroH2A1.2 KO mice were obtained by Dre-Rox system in which the Rox sites were
introduced to surround macroH2A1.2 specific exon 5 (5b). (B) The sex ratio upon breeding of
macroH2A1.2-floxed heterozygous mice was done to get the KO mice was skewed toward an
increased number of male and decreased number of female mice, independently of the genotype.
The line at 50% indicates the expected ratio as a result of Het x Het crossing. (C) The sex and
genotype of the pups obtained by Het x Het breeding was affected. The left panel shows the total
number of pups obtained with respect to both the sex and genotype. The right panel shows the
ratio of the genotypes of the animals obtained by Het x Het breeding, independently of sex. The
lines at 25% and 50% indicate the expected Mendelian distribution of the phenotype, namely
1.2:1.

3.3.7.2 The phenotyping pipeline for the identification of the physiological

role of macroH2A1.2

To evaluate if the macroH2A1.2 knock-out affects the mouse physiology in any
way, we performed a comprehensive phenotyping screen using a well-
established phenotyping pipeline offered by the German Mouse Clinic. This
involved a systematic analysis of different aspects of mouse physiology over ten
weeks (Figure 40A). To obtain robust phenotyping results, the standard
procedure requires for the screening to be performed on 15 wild type and 15
knock-out animals in one batch. Due to the unusually skewed genotype toward
heterozygous animals, the obtained number of homozygous pups upon crossing
heterozygous macroH2A1.2 floxed mice was a serious limitation. Thus, we were

unable to obtain the number of pups necessary for the phenotyping screen to be
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done and analyzed in one batch, rather it was done in three separate batches of
mice. Additional problem arose from the skewed sex ratio. Thus, the total number
of animals that entered phenotyping was affected by both of these breeding
issues, resulting in 5 and 9 wild type and knock-out female mice, and 11 and 10

wild type and knock-out male mice to enter the screening (Figure 40B).
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B. Genotypes of three batches of macroH2A1.2 KO mice entering phenotyping screen

Female WT KO Male WT KO
Batch 1 4 5 Batch 1 7
Batch 2 0 0 Batch 2 1
Batch 3 1 4 Batch 3 3
TOTAL 5 9 TOTAL 1 10

Figure 40. The number of animals entering the outlined GMC phenotyping screen.

(A) The outline of the standardized GMC phenotyping pipeline indicating the broad range of tests
performed over 10 weeks, in mice from 9-19 weeks old, with a goal to identify novel phenotypes.
(B) Table indicating the numbers and genotypes of female (left) and male (right) mice that entered
the phenotyping screen in three separate batches.

3.3.7.2.1 MacroH2A1.2 knock-out causes mild metabolic alterations in mice
First observed differences between KO mice and wild-type littermates were

related to metabolism. The body weight was decreased in both the male and
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female macroH2A1.2 KO animals, with the more pronounced differences in
females (Annex 8.5, top panel). Interestingly, the significantly decreased food
intake was observed only in male mice (results not shown). Body composition
analysis indicated that both sexes had a decreased body weight due to a reduced
lean body mass and increased fat content, which remained consistent over time
(Annex 8.5, top panel). Furthermore, both sexes showed decreased
carbohydrate and increased lipid oxidation during the active phase (Annex 8.6),
while the male animals showed significantly lower RER (data not shown),
presumably due to pronounced lipid oxidation rate. When fasted, KO females
showed slightly more pronounced weight loss, while fasting non-HDL cholesterol
and triglycerides were slightly decreased in KO males (data not shown). Since
the animals entered the phenotyping in different batches, we need to consider
that high dissipation of the phenotyping results might be the consequence of a
batch effect. Taken together, macroH2A1.2 seems to have a complex effect on
metabolism which might have something to do with lipid metabolism but more
hypothesis driven tests need to be performed to obtain conclusive data.

3.3.7.2.2 MacroH2A1.2 knock-out causes significant behavioral alterations
in mice
The most exciting KO-specific phenotypes were related to behavior. Behavioral
tests in 9-week-old mice showed a slightly decreased vertical activity in the KO
mice of both sexes, with a more pronounced effect in females, but no effect on
horizontal activity (Figure 41A). Additionally, the KO mice spent more time in
center with a slightly increased distance from the center, although the results
were not statistically significant (Figure 41B). However, the most significant
result in the phenotyping screen was observed when 10-week-old mice were
exposed to the acoustic startle click at 110 decibels (db) with a broad frequency
spectrum (2-25kHz). The results showed that KO mice have a significantly
impaired acoustic startle reactivity in a sex-independent manner (Figure 41C),
without an effect on the prepulse inhibition (Figure 41D). These results indicate
the KO mice do react to the loud sounds and show normal sensory adaptation,
but the overall amplitude of the reaction is lower. The hearing sensitivity was
checked in 17-week-old mice by determining the sound pressure threshold for

the detection of neural activity in auditory brainstem response test (ABR). There
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was a subtle increase in ABR threshold in female KO mice at 24 and 30kHz, while
no effect was observed in male mice (Figure 41E). These results indicate that
17-week-old female mice have impaired hearing of the high frequency sounds,

while male mice remain unaffected.

Horizontal activity (9 w/o) Vertical activity (9 w/o) " Acoustic startle (ASR,10 w/o)
E - - —_ -
.—-o’o B3 ‘ * o
88 | - o 3 : e & 1
=g : 5 ‘ —4 A ?
H $ § 8- E;] * L. 281 — .
o . [} * = *
: B E Tl 2.3 :
> =] - g
£ ‘ 55 ¥ ES ¥
[ o @ :
g . E g8 + ]
88 Zo. s N Y
=8 e} »n 8 +
B<=  WT KO WT KO WT KO WT KO WT KO WT KO
Female Male Female Male Female Male
B. Time spent in the center (9 w/o) D. Pre-pulse inhibition (10 w/o)
2 57 8
= 8
[=] ' * *
= . g
8 81 T §° . * -
1 - : - : =
3 ; o % ’ EE £
i b o
c @ W0 _
e OB oo atE | E
] ' @ - +* 4
E 3 $ g
= H R
= To :
o i <
WT KO WT KO WT KO WT KO 67 69 73 81 global
Female Male Female Male PP intensity (dB)
E. Auditory brainstem response
y P Female: mwT Male: mwT
(17 wio) KO HEKo
o
= 7| Female:
BwT
5 2 KO
w
a o | Male:
-
e mwT
3 o WKO
r
@ e
F gl
T T T T T T
cick 6 12 18 24 30

Frequency (kHz)

Figure 41. Phenotyping results of neurological and behavioral
macroH2A1.2 wild-type (WT) and knock-out (KO) female and male mice.
(A) Open field test results in 9 weeks old mice (9 w/o) show no effect on horizontal locomotion
(left panel), and a slightly decreased vertical locomotion in macroH2A1.2 KO mice (right panel).
(B) Open field test results in 9 w/o show slightly increased time spent in the center in the KO mice
of both sexes. (C) Acoustic startle reactivity in 10 w/o mice to the broad frequency spectrum noise
(2-25kHz) at 110 dB is significantly decreased in macroH2A1.2 KO mice in a sex-independent
manner (2-way ANOVA genotype effect, p<0.001). (D) Pre-pulse inhibition experiment in which
10 w/o mice were exposed to an increasing sound pressure pre-pulse (67-81dB) followed by a
110dB startle, show normal sensory adaptation of macroH2A1.2 KO mice. (E) Auditory brainstem
response (ABR) test in 17 w/o mice shows reduced hearing sensitivity to high frequency tones
(24 and 30kHz) in the female macroH2A1.2 KO mice.

experiments on
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Obtained results indicated decreased exploratory activity with an increased
novelty-seeking and risk-taking behavior or possibly a marked indifference to risk.
This conclusion is based on increased time spent in center, accompanied by the
decreased reactivity to acoustic startle. The decreased reactivity to startle was
observed when mice were exposed to broad frequency sound at 110db in both
sexes, whereas the impaired hearing was observed in older mice and only in

females exposed to high frequency sounds.

Taken together, loss of macroH2A1.2 affects the metabolism of mice in a complex
and in part sex-dependent manner. The key sex-independent phenotype of

macroH2A1.2 null mice are changes in behavior and reactivity to external stimuli.

In conclusion, the results of this study indicate that the putative physiological
ligands of macroH2A1.2 are phospholipids. Furthermore, macroH2A1.2 seems
to be implicated in the transcriptional regulation of genes involved in lipid
metabolism. There are some indications it might be involved in normal membrane
function due to previously observed fusion defects in myotubes (Hurtado-Bageés,
Posavec Marjanovic, et al., 2020), but also due to the non-Mendelian genotype
distribution in mice, without affecting their viability. Finally, due to the significant
increase of macroH2A1.2 during neuronal cell differentiation, its high expression
in mouse brain and the observed behavioural defects in macroH2A1.2-specific
knock-out mice, we postulate that macroH2A1.2 has a physiological role in the
brain and propose neuronal differentiation cell system and brain to be optimal

models for the study of physiological roles of macroH2A1.2.

3.3.8 Contributions

This project was conceived and supervised by Marcus Buschbeck and myself. |
took part in the design, performance and/or analysis of all of the experiments,
with the exception of molecular docking, similarity search, microscale
thermophoresis (MST) and mouse experiments. Gunnar Knobloch took part in
the design of macroH2A1.2 binding pocket mutant, and taught me and provided
his expertise in the design and performance of protein crystallization, isothermal
titration calorimetry (ITC), and helped with the design of ADP-ribose pulldown
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assay in the lab of Andreas Ladurner. Anke Mager, Julius Perschel, Janik
Hedderich, Jonas Kammertdns and Peter Kolb performed the molecular docking,
similarity search, and microscale thermophoresis (MST). Jesus Garcia and Marta
Frigole taught me how to prepare samples preparation for STD-NMR and JG
performed and analyzed STD-NMR experiments in the lab of Xavier Salvatella.
Laura Amoedo established the panel of stable macroH2A1 KD P19 cell lines and
characterized them under my supervision. Joan Miro Blanch and Oscar Yanes
took part in the design of the untargeted approach to detect macroH2A1.2 ligands
and performed and analyzed the LC/MS-MS data with the help from Maria
Vinaixa and Alexandra Junza. Manja Thorwirth showed me how to perform the
immunofluorescence staining of the mouse brain slices and Giacomo Masserdotti
imaged them and helped with interpretation, in Magdalena Goetz’s lab.
Maximilian Lassi and Raffaele Teperino took care of the breeding of the colony
of macroH2A1.2 knock-out mice and provided the animals for the phenotyping

that was entirely performed and analyzed by the German Mouse Clinic.
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4 Discussion
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4.1 Discussion |

4.1.1 The origin of a macrodomain-containing histone variant

The macrodomain is the defining feature of all macroH2A histone variants. By
focusing our evolutionary analysis on the amino acid sequence of macroH2A
macrodomains, we were able to delineate the evolutionary history of this atypical
histone variant. MacroH2A first appeared in protists ancestral to modern animals,
filastereans and breviates, with the original gene resembling that of
macroH2A1.1. The presence of the macroH2A gene was retained and further
diversified in vertebrates, while it was sporadically lost in some invertebrates with
accelerated evolution, such as Drosophila. Interestingly, the loss of macroH2A in
these species correlates with a reduced number of PARP genes (Rack et al.,
2016). Gene duplication in a common ancestor of vertebrates resulted in the
appearance of macroH2A2, an ADP-ribose binding deficient isoform.
Consecutively, the alternatively spliced exon encoding for macroH2A1.2
appeared in a common ancestor of jawed vertebrates, adding to a second
example of NAD signaling-inert macroH2A histone variant which can be
incorporated into chromatin. The presence of macroH2A-encoding genes in
haptist and breviate suggest that the fusion of a macrodomain and a histone-fold
occurred before the split between fungi and animals, and thus much earlier than
previously thought. Due to the scarcity of the data, we cannot fully rule out the
possibility that the appearance of macroH2A in the haptist or breviate was caused

by independent fusion events in an example of convergent evolution.

Macrodomains are present in all forms of life. Interestingly, it was shown that
some viral and bacterial macrodomains bind ADP-ribose (Catara et al., 2019),
while the first extensively characterized ADP-ribose-binding macrodomain was
archaeal (Karras et al., 2005). However, the histone variant macroH2A, which is
presumably a result of the fusion of histone and macrodomain encoding genes,
is detected in eukaryotes, which are the product of endosymbiosis involving both
archaea and bacteria. Interestingly, histone proteins, including the histone variant
macroH2A, have a longer half-life than average cellular proteins (W. Chen et al.,

2016; Commerford et al., 1982; Fornasiero et al., 2018; Mathieson et al., 2018).
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It is intriguing to speculate that evolution may have selected for the fusion of a
macrodomain to a histone in order to provide an increased half-life and a strictly
nuclear localization to an ADP-ribose sensor. The ability to influence NAD+-
dependent reactions in a compartmentalized manner might have provided an
advantage to eukaryotes, allowing them to adapt to changes in their environment
by adopting different states, consistent with our analysis of Capsaspora life

stages.

4.1.2 Positive selection of few key residues drives evolutionary

change

A major conclusion of our study is that ADP-ribose binding is the most ancient
trait of the histone variant macroH2A. The fusion of a macrodomain to a histone
provided cells with an abundant and strictly nuclear element for the regulation of
NAD-dependent reactions in the nuclear compartment. The comparative analysis
of Capsaspora and vertebrate macroH2A macrodomains provides us with a
better understanding of how the ADP-ribose and NAD metabolism-related
functions of macroH2A were shaped through evolution. The Capsaspora
macrodomain bound ADP-ribose with almost 10 times higher affinity than its
mouse counterpart, and as a consequence was a much more potent PARP1
inhibitor. We were able to map this functional difference to the substitution of only
two residues that close the binding pocket in the Capsaspora macrodomain,
glutamine 225 and asparagine 316. We conclude that this happened in a strictly
defined order, with the Q225E substitution preceding N316R and determining the
decrease in affinity. While N316R is strongly selected for, the physiological
reason remains less clear. Interestingly, a similar course of evolution was recently
reported for haemoglobin, where only two historical substitutions in the ancestral
protein decrease oxygen affinity, while enabling tetramerization and cooperativity
(Pillai et al., 2020).

103



4.1.3 The macroH2A — PARP1 — NAD+ axis sustains catabolism

in non-proliferative stages

The decreased stringency of macroH2A-dependent regulation was likely selected
for along the vertebrate stem lineage. In vertebrates, macroH2A1.1 takes part in
cross-compartmental regulation of NAD metabolism by inhibiting PARP1 activity
in the nucleus. An important prerequisite for this function is a higher expression
of macroH2A1.1 than PARP1, as is the case in terminally differentiated
myotubes, but not proliferating myoblasts (Hurtado-Bagés, Knobloch, et al.,
2020; Posavec-Marjanovi¢ et al., 2017). Capsaspora has three different life
stages, two proliferative stages and a non-proliferative, spore-like, cystic stage,
to which it transitions in unfavorable environmental conditions (Sebé-Pedrés et
al., 2013). We found that the ratio between macroH2A and PARP1 was the
highest in the cystic stage, suggesting that the putative macroH2A-dependent
compartmental regulation of NAD metabolism might mostly operate in the non-
proliferative stage of Capsaspora, similar to what was observed in vertebrates.
Our transcriptional analysis further indicated metabolic differences between the
three stages, with the cystic-stage being the most divergent. For example, V-
ATPases were highly expressed only in the cystic stage. These proton pumps
enable survival through whole-cell acidification in bacteria (Beales, 2004) and are
correlated with autophagy, endosome formation and compartmental acidification
in metazoans (Mijaljica et al., 2011; Wilms et al., 2017). Spore-like cells show an
increased degradation of nucleotides and surprisingly high expression of
mitochondrial genes involved in oxidative phosphorylation. The cystic stage was
further characterized by high expression of genes involved in biosynthesis of
NAD and the amino acids that can serve as NAD precursors, while the overall
anabolic pathways were downregulated. Curiously, several reports indicate the
importance of ADP-ribose and NAD during sporulation and germination of
bacterial spores (Huh et al., 1996; P. Setlow & Kornberg, 1970). Bacteria might
rely on their NAD-based redox potential for germination, more specifically the
accumulation of the reduced forms may have an important role in the initiation of
germination (R. Setlow & Setlow, 1977). It will be interesting to test whether a

similar mechanism enables Capsaspora to re-enter the proliferative stages of its
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life cycle. Taken together, our results indicate that Capsaspora uses a
combination of both eukaryotic and bacterial mechanisms for survival in nutrient
poor environments. Our data indicates that NAD biosynthesis is channelled to
life-sustaining catabolic reactions in the cystic stage. This coincides with a high
macroH2A-to-PARP1 ratio, which would be predicted to limit the nuclear NAD+

consumption.

4.1.4 The need for the compartmental regulation of NAD

metabolism

NAD homeostasis is vital for optimal cell function, and by extension, for
organismal health (Covarrubias et al., 2021; Rajman et al., 2018). The NAD+
pools of independent compartments communicate and are connected through
the shared NAMPT reaction of the salvage pathway, and transport of NAD+ and
its precursors (Cambronne & Kraus, 2020), thus creating a requirement for
communicating and regulating local needs. But why is the compartmental
regulation of NAD levels essential? NAD+-dependent enzymes differ in their Km
as much as 100-fold, from 2-1000 uM (Berger et al., 2005; Canto et al., 2015).
Thus, their activities are controlled by the local NAD+ concentrations, which differ
between cellular compartments (Cambronne et al., 2016; Ryu et al., 2018). This
is well illustrated by the example of nuclear NAD+ consuming enzymes PARP1,
sirtuin 1 (SirT1) and PARP2, which have decreasing NAD+ affinity, respectively.
They form a regulatory loop, whereby SirT1 can inhibit PARP1, while PARP2
regulates the activity of SirT1, depending on the nuclear NAD+ levels (Canto et
al., 2015). Furthermore, some of the nuclear NAD+ consuming enzymes, such
as SirT6, have an even higher NAD+ affinity than PARP1. Interestingly,
macroH2A1.1 has been shown to interact with ADP-ribosylated SirT7 in an ADP-
ribose-binding pocket dependent manner (Simonet et al., 2020). This raises the
possibility that macroH2A1.1 may be involved in a more general regulation of

nuclear NAD+ metabolism.
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4.1.5 Relevance of macroH2A for compartmental regulation in

the context of evolution

The fine-tuned regulation of NAD+ consumption and localization is particularly
relevant during the cell differentiation, when the requirements for NAD+
compartmentalization change (Ryu et al., 2018). It is conceivable that non-
proliferative states require less NAD+ for nuclear functions, such as replication-
associated DNA repair, and thus benefit from prioritizing NAD usage for life-
sustaining functions, such as ATP production through mitochondrial respiration.
The function of macroH2Al1.1 as a nuclear NAD+ regulator has been
demonstrated in differentiated myotubes (Posavec-Marjanovi¢ et al., 2017).
However, macroH2A1.1 is expressed in a wide array of tissues (Kozlowski et al.,
2018b). Additionally, its upregulation is also observed during the differentiation of
other tissues apart from muscle, such as skin and colon (Creppe, Janich, et al.,
2012; Judith C. Sporn & Jung, 2012). This suggests that its function is more
widespread and generally related to cell differentiation. While macroH2A is only
present in a few protist taxa, it is associated with increased cellular plasticity in
animals. In this regard, it is worth noting that Capsaspora, which is closely related
to animals, has been shown to have a complex life cycle, and shares several
mechanisms of spatial cell differentiation with animals (Sebé-Pedros, Ballaré, et
al., 2016; Sebé-Pedrés, Penfa, et al., 2016).

Furthermore, the consolidation of macroH2A with decreased ADP-ribose affinity
in vertebrates coincided with the diversification of NAD biosynthesis pathways,
which provided additional elements of regulation (Bockwoldt et al., 2019). The
increased complexity of higher organisms requires intricate fine-tuning of cell
processes. This is often achieved by increasing the number of proteins in a
regulatory network to allow for efficient sensing of subtle changes in the
environment, thus enabling fast response to environmental cues. It has been
suggested that changes at the periphery of metabolic networks are more likely to
endow the system with the high probability of gaining beneficial changes than the
changes in the rigid core of the pathway (Morowitz, 1999). Our data suggest that

the emergence of macroH2A in protists could be such a peripheral change in the

106



network of NAD metabolism and that it has been selected for during the evolution

of metazoans.

Here, we described the evolution of a histone variant as an inhibitor of nuclear
NAD+ consumption, adding a unique mechanism for compartmental metabolic
regulation. A better understanding of these regulatory mechanisms will be
informative for ongoing development of the therapies targeting NAD metabolism
and signaling (Covarrubias et al., 2021; Rajman et al., 2018). Future work will
have to further elucidate how the metabolic function of macroH2A integrates with
its other molecular functions, such as the regulation of higher-order chromatin
architecture (Douet et al., 2017), DNA repair (Sebastian et al.,, 2020) and
transcription (Lavigne et al., 2015).
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4.2 Discussion Il

The majority of eukaryotic macrodomains characterized up-to-date take part in
ADP-ribose binding and processing, and are referred to as ADP-ribose readers
and ADP-ribosylation erasers, respectively. Only three macrodomains are known
not to interact with ADP-ribose and their ligands remain unknown. These are the
macrodomains of macroH2A1.2 and macroH2A2 histone variants, and the
macrodomain of GDAP2. Our identification of phospholipids as potential natural
ligands of the macroH2A1.2 binding pocket has opened a new avenue for future
research. | will start this sub-chapter by discussing what distinguishes
macrodomains unable to bind ADP-ribose from macrodomains with ADP-ribose
affinity and then briefly discuss the approach that led us to the identification of
phospholipids as potential ligands. As the central part of this discussion, | will
reflect on how described functions of phospholipids in membranes, cell
specification and brain function might be related to observed, yet unexplained

phenotypes of macroH2A1.2 loss of function.

4.21 The specific features of non-ADP-ribose binding

macrodomains

By now, there are many studies addressing the structural features of ADP-ribose
binding macrodomains (Rack et al., 2016). As described in previous studies, and
reinforced in the here presented study on the evolutionary conservation of
macrodomains, the macrodomains are defined by the specific 1276354 order of
the B-sheets surrounded by a-helices thus making up the globular macrodomain
structure. Furthermore, the ADP-ribose binding is stabilized by several highly
conserved amino acid residues, three of which are encoded by the alternatively
spliced exon 5 which differentiates macroH2A1.1 and macroH2A1.2
macrodomains, and consequently, renders the macroH2A1.2 macrodomain to
bind ADP-ribose. In our study, we focused on characterizing how the variant
amino acids encoded by the mutually exclusive exons 5 contribute to the
architecture and physicochemical characteristics of the binding pocket. The
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comparison of the three non-ADP-ribose binding macrodomains with
representatives of ADP-ribose binding macrodomains delineated the features,
which differentiate them. It was previously described that the insertion of a loop
composed of the three amino acids EIS in macroH2A1.2 disables the part of the
binding pocket accommodating the adenosine moiety of ADP-ribose in
macroH2A1.1. We show here that macroH2A2 has a similar insertion of DIS in
the same position. In contrast, GDAP2 possesses the conserved aspartate
residue present in all ADP-ribose binding macrodomains. This indicates that
there must be additional features determining the incapacity of orphan
macrodomains to bind ADP-ribose. We postulate that one of the key previously
undescribed features of non-ADP-ribose binding macrodomains is the highly
charged D-rich loop, in place of the flexible G-rich loop of ADP-ribose binding
macrodomains. Based on our evolutionary study of macroH2A macrodomains,
the amino acids in the D-rich loop are highly conserved suggesting physiological
importance. Additionally, our in silico docking analyses predict the establishment
of relevant salt bridge and H-bond interactions between the top hits and the
residues located in the D-rich loop, which is further reinforced by the pH-
dependent binding observed in vitro. Notably, the D-rich loops of the three non-
ADP-ribose binding macrodomains are expected to differ in their rigidity. While
the D-rich loops of macroH2A1.2 and macroH2A2 are more similar, the D-rich
loop of GDAP2 is the more divergent. Specifically and in contrast to macroH2A1.2
and macroH2A2, GDAP2 has a proline in the D-rich loop, which probably makes
it rigid and limits flexibility of the binding pocket affecting its capacity to close as
part of an induced fit. MacroH2A1.2 has a charged and the most flexible binding
pocket. While macroH2A2 has a flexible D-rich loop, a proline-rich region on the
side opposing the D-loop potentially limits the flexibility of the binding-pocket. We
speculate that these features might be important for defining the ligand specificity
of non-ADP-ribose binding macrodomains. Based on our analysis, we were able
to predict which mutations in the binding pocket are likely to abolish the binding
capacity for ligands. Such mutants will be instrumental for the future validation of
phospholipids as potential macroH2Al1.2 ligands. Indeed, two potential
configurations suggested by docking phospholipids into the binding pocket
involve key interactions with the side chains in the D-loop and R318 on the
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opposing side of the binding pocket. Furthermore, we are confident that the
identified features will also be informative for the future deorphanization of the

macrodomains of macroH2A2 and GDAP2.

4.2.2 ldentification of phospholipids as putative natural ligands
of macroH2A1.2

As detailed in the results section, we have obtained the most promising results
pointing towards the identification of macroH2A1.2 ligands from an untargeted
metabolomics approach that combined affinity-based enrichment on immobilized
baits with simultaneous monitoring of affinity-based depletion from the input
material. As a complex and rich source of natural metabolites, we used metabolic
extracts from proliferating P19 cells. It has been previously postulated that the
majority of the cell types have significant levels of common metabolites (Yanes
et al., 2011). Having this in mind, we used the proliferating P19 cells as a cellular
source of metabolites to validate and establish the untargeted metabolomics
approach. We considered the possibility that the metabolite of interest could
reach physiologically relevant concentration only upon neuronal cell
differentiation coinciding with the pronounced upregulation of macroH2A1.2
expression. As such we were initially planning to repeat the experiment also with
an extract from differentiated cells in case the first approach would not have
delivered any interesting results. A major limitation was the unknown chemical
nature of the macroH2A1.2 ligand. To maximize our possibilities to extract and
detect the metabolite of interest independently of its chemical properties, we
combined two extraction solvents with different polarity with two columns of
increasing polarity for the liquid chromatography preceding the mass
spectrometric analysis. Following the fragmentation and identification of the
macroH2A1.2 specific peaks by mass spectrometry, the results strongly indicated
that using this method we were able detect metabolites specifically interacting
with macroH2A1.2 but not with macroH2A1.1 macrodomain or GST, a tag used
for the protein purification and immobilization. The annotated peaks assigned to
the natural compounds corresponded to phospholipids. More specifically, we

identified a phosphatidylcholine and phosphatidylethanolamine, although the
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exact identity of the fatty acid chains could not be ascertained. Additionally, the
analysis uncovered the peaks of several other molecules with similar weight and
properties to PE(35:1) and PC(34:2). However, these peaks could not be
annotated due to the lack of available standards in the metabolite databases but
are compatible with different ionization states of detected and related
phospholipids. Furthermore, we did not detect any other lipids to specifically
interact with macroH2A1.2, indicating interaction with the phospholipids occurs
via the polar head and not the fatty acid chains. The docking further confirmed
the plausibility of the polar head of these phospholipids to bind inside of the
binding pocket of macroH2A1.2, specifically by interacting with the D-loop and
R318. Taken all these observations together, we postulate that there is a high
probability that phospholipids are true natural ligands of the macroH2Al1.2

macrodomain.

4.2.3 The implication of phospholipids in the regulation of
membrane structure and function and potentially related

functions of macroH2A

Phospholipids are a class of lipids characterized by their specific physicochemical
properties. The glycerol backbone of the phospholipids carries two chemically
diverse fatty acid chains, differing in chain length and number and position of
double bonds and hydroxylation. Their name arises from the characteristic head
group which contains the phosphate group. The head group substituents define
particular subgroups of phospholipids, such as phosphatidylinositol (PI),
phosphatidylethanolamine (PE) or phosphatidylcholine (PC) (Harayama &
Riezman, 2018). As the key components of membrane lipid bilayers, they
contribute to the membrane fluidity and consequently affect various cell
processes (Harayama & Riezman, 2018). This is especially relevant for all
processes involving the fission and fusion of membranes or the function of
membrane embedded proteins. The latter is illustrated by the impaired function
of ion channels as a result of membrane remodeling in omega-3 fatty acid

deprived C. elegans (Caires et al., 2017). Furthermore, impaired calcium
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oscillations were observed in hippocampal neurons depleted of PPARa, a
transcription factor implicated in the regulation of fatty acid metabolism (Roy et
al., 2016). While the authors have attributed this to the deregulation of the
expression of genes encoding for ion channels, it would be interesting to assess

if a change in membrane composition contributes to the observed phenotype.

Furthermore, optimal composition and fluidity of cell membranes is necessary for
normal fusion and fission processes of cells, organelles and vesicles (Harayama
& Riezman, 2018; Lenzi et al., 1996; Zick et al., 2014). Excitingly, a number of
phenotypes caused by the loss of total macroH2A1 or the macroH2A1.2 isoform
are potentially related with changes in membrane function. First, myogenesis
involves the fusion of myoblasts to multinucleated myotubes (Perdiguero et al.,
2009). Recently, our group reported a significant increase in myotube fusion upon
the differentiation of macroH2Al.2-depleted myoblasts, while depletion of
macroH2A1.1 had the opposite effect (Hurtado-Bages, Posavec Marjanovic, et
al., 2020). The significant increase in myotubes with more than 50 nuclei was
specifically observed in macroH2A1.2-depleted cells. This phenotype correlated
with the upregulation of a subset of genes involved in cell adhesion. Here, we
further analyzed this transcriptomic dataset with the focus on the genes
specifically affected by macroH2A1.2 depletion. Interestingly, we found a
significant downregulation of the genes involved in lipid metabolism. Indeed, eight
of the top ten most enriched Gene Ontology terms related to various aspects of
lipid metabolism. We hypothesize that the increase in myotube fusion in the
absence of macroH2A1.2 might be a result of the combination of (I) increased
expression of genes involved in adhesion and (Il) altered membrane fluidity as a
result of the perturbed lipid metabolism. In its future work the group will analyze
data sets from other cell types to see if the role of macroH2Al1l.2 in the
transcriptional regulation of genes related with lipid metabolism is more general.
Interestingly, an isoform-specific loss-of-function data set is available in the
breast cancer cell line (Dardenne et al., 2012). Furthermore, a number of
transcriptomic data sets have been generated after total macroH2A1 knock-down
in cancer cells such as HepG2 cells (Lo Re et al., 2018). These data sets can
also be used to analyze macroH2A1.2-dependent effects as many of these fast

proliferating cancer cells express very little macroH2A1.1 (Novikov et al., 2011).
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Another important cell-cell fusion event is the fusion of gametes during
fertilization. The plasma membrane of the sperm plays an important role in sperm
fertilization capacity. The sperm membrane significantly rearranges due to the
active lipid metabolism as spermatozoa passes through epididymis, resulting in
increased membrane fluidity (Lenzi et al., 1996). Thus, if macroH2A1.2 took part
in the regulation of lipid metabolism during gametogenesis, it would be plausible
that it affects composition and fluidity of gamete membranes. This could provide
a potential explanation for the observed non-Mendelian distribution (1:3.5:1) of
offspring genotypes from heterozygous breeding pairs. Finally, behavioral
phenotypes are frequently related with changes in neuronal function. As such it
will be interesting if the behavioral phenotype of macroH2A1.2 KO mice is related

to a change in synaptic vesicle fusion and neuronal circuit activity.

Taken together, it is plausible that phospholipid function and the poorly
understood loss of function phenotypes of macroH2A1.2 converge on the level of

membrane functions. Future work in the lab will test this intriguing hypothesis.

4.2.4 The role of phospholipids in gene regulation, cell
specification and behavior and possible links through
direct binding to macroH2A1.2

Although the phospholipids are best known for their role as membrane building
blocks, they are also well recognized for their role in signaling and gene
regulation. As such, phospholipids can be transported to, synthesized or modified
in the nucleus where they can affect transcriptional regulation directly through
binding of nuclear receptors, or in a more indirect manner by affecting chromatin
regulation (Crowder et al., 2017; Musille et al.,, 2013). The latter includes
interaction of phosphatidylinositol-phosphates (PIPs) with various components of
chromatin remodeling enzymes such SWI/SNF complexes and the regulation of
HDAC activity (Crowder et al., 2017; Toska et al., 2012). On the other hand, the
interaction of a variety of different phospholipids with nuclear receptors, such as
peroxisome proliferator-activated receptor (PPAR) family of transcription factors,

NRS5A or LXR, directly takes part in the regulation of the gene expression. PPARa
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is a transcription factor implicated in the regulation of lipid metabolism (Montaigne
et al., 2021). The transcriptional regulation by PPARa depends on the availability
of its physiologically relevant ligands, reported to be different phospholipids.
Furthermore, the enzymatic activity of fatty acid synthase (FAS) is necessary for
the activation of PPARa both in liver and in brain. However, PPARa seems to
bind different ligands and to regulate gene expression in a tissue-specific
manner. More specifically, phosphatidylcholine PC(34:1) was identified as first
endogenous ligand in liver that induced PPARa-mediated gene expression
counteracting liver steatosis (M. V. Chakravarthy et al., 2009). In hippocampus,
a different set of endogenous ligands controls PPARa activity. These are 3-
hydroxy-(2,2)-dimethyl butyrate, hexadecanamide and 9-octadecenamide that
increase synaptic function of hippocampal neurons (Roy et al., 2016).
Interestingly, hypothalamus-specific FAS knock-out (FASKO) mice show
impaired feeding behavior resulting in decreased food intake, reduction of
adipose tissue content and increased physical activity as a consequence of
impaired PPARa activity (M. V. Chakravarthy et al., 2007). In addition, these
animals showed decreased anxiety-like behavior that was reflected in an
increased number of entries, time spent and distance traveled in the center of an
open field. The phenotypes of FASKO mice were successfully rescued by
pharmacological activation of PPARa, indicating the relevance of endogenous
ligand binding to PPARa in hypothalamus for regulating animal behavior (M. V.
Chakravarthy et al., 2007).

With respect to our study, the key phenotype of the whole-body knock-out of
macroH2A1.2 was also related to anxiety-like behavior. As this might be caused
by neuronal changes, we will need to perform more studies to better understand
how the macroH2A1.2 knock-out impacts on gene expression, protein
interactome and lipidome in brain regions controlling behavior. More specifically,
we observed a significant decrease in the reactivity of macroH2A1.2 deficient
mice to acoustic stimuli. This phenotype was observed in male and female mice
and was strictly isoform-specific, as it was not observed in macroH2A1.1 knock-
out mice. Since decreased auditory brain stem response is observed only in
female animals while males reacted normally, we postulate this is macroH2A1.2

specific phenotype not occurring due to the deafness of the animals. Moreover,
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the acoustic startle response was assessed in young animals at 10 w/o, whereas
the hearing disability in the females was observed in animals at 17 wi/o.
Furthermore, the animals had a normal response to the prepulse, which had
lower sound pressure and same frequency as the louder startle. Looking at the
reactivity of the animals, we can observe a certain threshold in the reactivity, as
if their ability to react is much lower. In addition, we observe a slightly increased
time spent in the center of the open field which indicates decreased anxiety, but
could also indicate higher risk-taking behavior. We will need to perform additional
behavior-focused tests to further explore the observed phenotype. Interestingly,
recently another group reported an autism-like behavior in total macroH2A1
knock-out mice that they have related to macroH2A1.2 (Ma et al., 2021).
Focusing on the mouse neocortex, the authors further report a switch from
differentiation to increased proliferation after knockdown of macroH2A1.2 in vivo.
Since we observed much higher expression of macroH2A1.2 in the hippocampus
and the cerebellum in the brains of adult mice, we plan to focus our efforts in
exploring the role of macroH2A1.2 there.

In addition to the behavioral phenotype and lack of response to auditory stimuli,
macroH2A1.2 knock-out mice displayed a number of phenotypes that were to
some extent sex-dependent. This included a lower body weight and mild
metabolic phenotypes such as decreased carbohydrate and increased fat
substrate oxidation during the active phase that in male mice was accompanied
by slightly lower fasting triglyceride and total cholesterol levels (Annex 8.6 and
results not shown). The pathology analysis further indicated tissue alterations in
the liver of female macroH2A1.2 knock-out mice that were hepatitis, steatosis or
immune infiltrates in 3/5 cases, with no differences observed in the male mice
(results not shown). This is in agreement with previously published study in
macroH2A1 total knock-out mice which showed a female-specific liver fat
accumulation resulting in hepatic steatosis (Boulard et al., 2010). Since the livers
of macroH2A1.1 knock-out mice were normal (results not shown), we now have
an indication that the liver changes might be a consequence of the lack of the
macroH2A1.2 isoform. However, it remains to be seen, which of these
phenotypes are binding-pocket dependent and thus potentially linked to the

binding of a phospholipid.
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We further hypothesize that similarly as observed for PPARa gene regulation,
differences in the concentration of metabolites in different tissues might result in
a differential regulation of macroH2A1.2 function. However, PPARa has a
hydrophobic binding pocket accommodating the fatty acid chains in the interior,
whereas the polar head interacts with polar outer surface (Kamata et al., 2020).
This is similar to the interaction of lipid transfer proteins with their cargo, but
opposite to what is expected for macroH2Al.2. The binding pocket of
macroH2A1.2 does not seem to be big or hydrophobic enough to accommodate
long lipid chains in their entirety, although this still needs to be tested. As
discussed before, it is plausible that the putative interaction of macroH2A1.2 with
phospholipids occurs mainly with the polar head. We could further speculate that
the polar head of the phospholipid could be only the specific docking interaction
mediating the interaction with another protein. Many unknowns remain to be
elucidated, but we do speculate that macroH2A1.2 might be able to sense
changes in lipid metabolism. The binding of phospholipids might mediate or affect
the interaction with proteins related with transcriptional regulation or chromatin
structure and as such cause changes in gene expression. Even if we assume low
affinity of macroH2A1.2 for phospholipids, its high expression in the brain and the
fact that brain has a high lipid content of 50% of its dry mass, mostly
phospholipids (Bruce et al., 2017), reinforce the possibility that concentrations
are high enough to mediate a dynamic regulation and to be relevant for

macroH2A1.2 response.

Interestingly, in vitro studies show that phospholipids play an important role in
fate specification of neural progenitors. More specifically, neural progenitor cells
differentiate into neuronal lineage when exposed to phosphatidylcholine (PC),
whereas treatment with phosphatidylethanolamine (PE) drives them
preferentially towards an astroglial fate (Montaner et al., 2018). This is particularly
interesting in the context of the putative binding of both phospholipid specimens
to macroH2A1.2. Noteworthy, we observed an impaired differentiation of
macroH2A1.2-depleted cells towards glial cells, whereas neuronal cell
differentiation seemed to be unaffected. It remains to be elucidated if this is
reflected in macroH2A1.2 KO mice. Furthermore, when examining brain slices

only neurons expressed macroH2A1.2. If this holds true in vitro, macroH2A1.2
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might affect the glial cell differentiation in an indirect manner. The normal function
of nervous system requires efficient crosstalk between different cell types. As a
consequence, neuronal synapses are a result of the dynamic communication
between neurons and glial cells (Araque & Navarrete, 2010; Stevens, 2003).
Neurons produce trophic factors which trigger the differentiation of glial cells. On
the other hand, glial cells regulate survival of neurons. This mutual signaling
occurs at various stages of the development of neuronal and glial networks
(Lemke, 2001). Therefore, we hypothesize that macroH2A1.2 could have an
unknown role in neurons, which could consequently affect the viability and/or

survival of glial cells.

4.2.5 A potential lesson from a domain co-occurring with the

orphan macrodomain in GDAP2

The complexity of lipid metabolism is reflected in the abundance of different lipid
species whereby small chemical changes can result in thousands of different lipid
molecules (Crowder et al., 2017), that are generated and distributed by a large
number of enzymes and transporters expressed in a tissue specific-manner.
Furthermore, the presence of relevant enzymes in different cell compartments
indicates compartmentalization of lipid metabolism on an organellar and a
suborganellar scale (Chiapparino et al., 2016; Harayama & Riezman, 2018). As
such, lipid-transfer proteins represent one of the key components of lipid
metabolic pathways as they enable cross-organellar lipid transfer to ensure
optimal sensing of intracellular and environmental changes (Chiapparino et al.,
2016; Crowder et al., 2017).

Since SEC14-homology domain takes part in intracellular trafficking of
phospholipids, SEC14 containing proteins are regarded as bona fide lipid
transport proteins (Saito et al., 2007). Some transfer proteins are accompanied
by additional domains which take part in regulating their interactions with other
proteins, specify their subcellular location or provide additional signaling, sensing
or enzymatic activities (Chiapparino et al., 2016). Interestingly, GDAP2 has a N-

terminal macrodomain and a C-terminal SEC14 domain and is thus considered
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to be a lipid transfer protein. GDAP2 is highly expressed in the brain (Eidhof et
al., 2018; Liu et al., 1999). This is particular true for Purkinje cells of the
cerebellum that are also highly enriched in macroH2A1.2 (Figure 36B). Like
macroH2A1.2, GDAP2 does not bind ADP-ribose and a possible interaction with
poly(A) has been suggested but not confirmed (Neuvonen & Ahola, 2009).
Intriguingly, the initial hypothesis that led to the identification ADP-ribose and
related metabolites as interactors of the macrodomains, was based on the
observation that macrodomains occasionally occurred in enzymes generating
ADP-ribose as a side-product of their NAD+ consuming activity such as Sir2 gene
products in fungal and microbial species and some PARP family members
(Karras et al., 2005; Kustatscher et al., 2005). As discussed above, the GDAP2
macrodomain shares a similarity in the D-rich loop of the binding pocket with
macroH2A1.2, especially with respect to the aspartate predicted to stabilize the
phospholipid polar head within the macroH2A1.2 binding pocket. Although the
rigidity of the binding pockets significantly differs between the three orphan
macrodomains, the D-rich loop on the lower part of the binding pocket remains
the common denominator (Figure 28D). Thus, it is a compelling fact that all three
orphan macrodomain proteins show significant expression in the brain, whose
lipid content accounts for the 50% of its dry mass, mostly phospholipids (Bruce
et al., 2017). Although our preliminary results indicate that phospholipids might
be the physiological ligands of macroH2A1.2, it remains to be seen if all three

orphan macrodomains bind ligands with similar or related chemical nature.
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5 Conclusions
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5.1 Conclusions

In the first study, we aimed to investigate the evolution of macroH2A histone
variants and clarify the implication of macroH2A1.1 isoform in the regulation of

nuclear NAD metabolism from its evolutionary origin to the vertebrates.
We arrived to the following conclusions:

1. MacroH2A histone variants first appeared in protists. The ancestral
macroH2A was the most similar to macroH2A1.1. The whole-genome
duplication in the last common ancestor of vertebrates resulted in the
appearance of macroH2A2, followed by the appearance of macroH2A1.2.

2. The ancestral macroH2A has a high structural conservation. It binds ADP-
ribose stronger and inhibits PARP1 more potently than the vertebrate
macroH2A1.1, consequently increasing the mitochondrial respiration more
effectively. Thus, macroH2A1.1 is implicated in the regulation of NAD
compartmentalization from unicellular organisms to humans.

3. MacroH2A in Capsaspora might be necessary for the inhibition of nuclear
NAD* consumption in the spore-like stage to enable its survival in poor
environmental conditions, through indirectly maintaining the sufficient

NAD concentrations for life sustaining processes.
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In the second study, we investigated the biophysical, biochemical and
physiological aspects of macroH2Al1.2 isoform with the goal to find the
physiological ligand and the relevant model for the future study of the

physiological role of this isoform.
We derive the following conclusions:

1. MacroH2A1.2 macrodomain shows structural hallmarks which might be
relevant for the accommodation of ligands. These hallmarks help defining
the chemical properties of the putative ligands.

2. Our untargeted approach for the detection of the low affinity ligands
interacting with orphan proteins of unknown function via polar interactions,
successfully detects phospholipids as putative macroH2A1.2-specific
physiological ligands.

3. MacroH2A1.2 deletion in mice results causes significant behavioural
changes and mild metabolic effects which might be a consequence of the

implication of macroH2A1.2 in the regulation of lipid metabolism.
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7 Materials and
Methods



7.1 Computational analyses

7.1.1 Molecular data mining

MacroH2A sequences were collected from GenBank database by Blast searches
using human sequences as a query. For better representation of species,
especially in the transition to the vertebrate lineage, de novo assembly of
transcriptomes for jawless fish (hagfish and lamprey; bioproject acc. numbers:
PRJDB4902 and PRINA292033, respectively) and the bowfin (bioproject acc.
number: PRINA292033) were carried out using Trinity software, version 2.2.0 in
the Galaxy web platform (Afgan et al., 2016). Briefly, paired-end SRA Fastq files
were uploaded from the European Nucleotide Archive (ENA) to the Galaxy
platform and their quality analyzed using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). All left and right
reads were concatenated in two separate files and used as input for Trinity with
default parameters. Assembled sequences were used to create local nucleotide

databases and Blast searches were performed as described above.

Overall, 467 sequences encompassing 327 metazoan (58 vertebrate and 269
non-vertebrate) and 3 non-metazoan species were retrieved. Three macroH2A
variants (macroH2A1.1, macroH2A1.2 and macroH2A2) were collected for all
vertebrate species except for species displaying only macroH2A1.1. For all
macroH2A proteins, only the globular part of the macrodomain (amino acids 182
to the end in human sequences) was used in the analyses, unless stated
otherwise. Manual Blast searches were performed for curating the data of
underrepresented species, specifically for filasterean and ichthyosporean
species using available information (Brown et al., 2018; Dudin et al., 2019; Grau-
Bové et al., 2017; Hehenberger et al., 2017; Richter et al., 2020; Torruella et al.,
2015).

7.1.2 Sequence alignments

Multiple sequence alignments were performed using MAFFT version 7 (Katoh &
Standley, 2013) and Jalview version 2 (Waterhouse et al., 2009), and edited for
potential errors in BioEdit (version 7.2). Logo plots were generated based on the
aligned sequences using WebLogo3 (Crooks et al., 2004). Multiple sequence
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alignments of the macroH2A1.1-like macrodomains sequences from 305 species
with one macroH2A1.1-like isoform was generated using the alignment tool
PRALINE (Bawono & Heringa, 2014). Conservation score indicates the
conservation of amino acid biochemical properties on the scale from 1 to 6 and

is represented in height and the color of the bar.

For pairwise sequence homology analysis, we used blast homology search and
macroH2A macrodomain sequences of representative organisms as a query. The
resulting percent homology rate is represented in the homology matrix visualized
using Morpheus matrix analysis and visualization software

(software.broadinstitute.org/morpheus/).
7.1.3 Phylogenetic and evolutionary analyses

If not stated otherwise, phylogenetic and molecular evolutionary analyses were
conducted using MEGA version 7 (Kumar et al., 2016). MacroH2A phylogeny was
inferred by using the Maximum Likelihood method with the LG substitution model
(Le & Gascuel, 2008), and including gamma-distributed variation among sites.
Positions with less than 95% of site coverage were eliminated, and thus the
analysis involved 121 amino acid sequences and a total of 156 positions in the
final dataset. The reliability of the reconstructed topology was contrasted by
nonparametric bootstrap (BS) method (1000 replicates).

Nucleotide and protein sequence divergence was estimated using uncorrected
differences (p-distances, partial deletion 95%) and the rates of evolution were
estimated by correlating pairwise protein divergences between pairs of taxa with
their corresponding divergence times as defined by the TimeTree database
(Hedges et al., 2006).

Additionally, the number of synonymous (pS) and nonsynonymous (pN)
nucleotide differences per site were computed using the modified method of Nei—
Gojobori (Zhang et al., 1998) and estimating standard errors by using the BS
method (1000 replicates). pS and pN nucleotide differences per site were
compared using codon-based Z-tests for selection, setting the alternative
hypothesis as HA: pN<pS. The amount of codon usage bias was investigated
using the program DnaSP version 6 (Rozas et al., 2017).
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7.1.4 Focused phylogenetic analysis of selected key residues

For the focused phylogenetic analysis of the residues at positions 225 and 316
(numbering according to Capsaspora macroH2A) the analysis was done on the
305 sequences of the species with one macroH2A1.1-like isoform. The residues
were defined as characteristic of protists, vertebrates or other residues separately
for the position 225 and the position 316. Then, we calculated the number of
species with a particular group of residues on each of the positions in the protein.
We discarded the phyla with three or less species per phyla for higher accuracy,
with the exception of Filasterea. The percentage of species with either the
residues characteristic of protists, vertebrates and other residues per phyla was
calculated for both the position 225 and the 316.

For Mollusca, we grouped the species into those with one or with two alternatively
spliced macroH2A isoforms. We then calculated the percentage of species per
class with an alternative exon 7. Finally, within the species with two macroH2A
isoforms as a result of alternative splicing of exon 7, we calculated the percentage
of the residues characteristic of protists, vertebrates and other residues in all of

the species, separately for exon 7.1 and 7.2.

7.1.5 Metabolism-focused analysis of high-content data from

Capsaspora

Previously generated raw RNA sequencing data (Sebé-Pedros et al., 2013) was
re-aligned using STAR version 2.7.3a (Dobin et al., 2013). The function
genomeGenerate was used to include the mitochondrial transcriptome data in
the described assembly of the Capsaspora genome (Suga et al., 2013) and
quantified using featureCounts software ver. 2.0.1 (Liao et al., 2014). Statistical
analysis was performed using DESeq2 (Love et al., 2014) using Likelihood ratio
test selecting genes that show an adjusted p-value equal or less than 0.01.
Clusterization of the data was obtained using DEGreport software package on
BioconductoR.

Functional annotation was performed using EGGnog 5.0 using precomputed
clusters and phylogenies (Huerta-Cepas et al., 2019). The curated list of
metabolic genes from KEGG (Kanehisa & Goto, 2000) was generated by
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retrieving Capsaspora genes using EGGnog 5.0 and GHOSTKoala (Kanehisa et
al., 2016). This was further complemented by using Orthofinder (Emms & Kelly,
2019) to identify Capsaspora orthologs of the human queries. The absence of
orthologues was confirmed by Blast search. The resulting list has further been
manually curated and genes involved in multiple pathways have been assigned
to their parent metabolic pathway and categorized as anabolic, catabolic, context-

dependent (anabolic or catabolic), other and unknown.

The relative abundance of proteins was extracted from previously generated
proteomics data using raw measurements and averaging three replicates per
condition (Sebé-Pedrés, Pefia, et al., 2016).

7.1.6 Molecular docking and similarity search

For the docking of natural compounds, the binding pocket of human
macroH2A1.2 macrodomain (PDB: 1ZR5) was explored by the program SEED to
calculate the preferred positions of small probe molecules inside the binding
pocket and PINGUI was used to choose for the energetically best poses. As a
source of compounds were used the following databases: HMDB food, HMDB
drug metabolites, HMDB plants and KEGG. The docking calculation was
performed by DOCK, and the best scored 500 molecules were extracted and
evaluated. The molecules were rated from A to D, with A for a very good
interaction and D for an impossible pose. DAIM was used for the calculation of
statistical significance of the enrichment of molecule fragments in the best scored

docking poses.

Similarity searches were carried out using ZINC15 database as a source of
molecules. A preselection of molecules was done using the online tranche
browser and only those with a size of 200-350 Da and logP from -1 to 5 were
considered. The calculations were done by KNIME 3.7.2. by loading the query
molecule and the database Simplified Molecular Input Line Entry Specification
(SMILES) input files into the workflow followed by ECFPIlike fingerprint calculation
by RDKIit Fingerprint node. The similarity search was carried out by the Analytics
Similarity Search node with Tanimoto and Dice coefficients for the molecule
comparison with the cut-off set to 0.4 and 0.5, respectively. Both sets were

combined and doubles were removed. The crystal structure of human
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macroH2A1.2 macrodomain (PDB: 1ZR5) was prepared for docking using
WitnotP 2.21. Protonation, assignment of atom types and bond orders and
preparation of input files were carried out for the CHARMM minimizations (200
cycles), followed by the placement of ligands into the binding site using MOE
2019. Further minimizations were carried out using the Amber14:EHT force field
as implemented in MOE 2019. Four different structures were prepared taking in
the consideration the possible poses based on those predicted by docking of 3-
OHR and ADP-ribose, while taking into consideration different residue rotamers
and distance restrained minimizations. Protomers of the ligands were calculated
for a pH value of 7.4 using the DOCK 3.7-2rcl ligand preparation pipeline and
the dockings were done by DOCK 3.7-2rcl. Grids and spheres were generated
using the blastermaster.py script with default settings. While the placement of the
low dielectric spheres was not modified, the matching spheres were moved and
optimized using the shake.py script. The default number of low dielectric (120)
and matching (45) spheres was used. For each docking, the 1000 best scored
molecules were extracted and evaluated. Molecules that showed intra- or
intermolecular clashes or strange conformations were energy minimized using
the Amberl4:EHT force field as implemented in MOE 2019. For more details see
Master Thesis by Janik Bjorn Hedderich, Philipps-Universitat Marburg, 2019.

7.2 Approaches in biophysics and biochemistry

7.2.1 Plasmids

For plasmid construction, we used standard cloning techniques. Capsaspora
macroH2A sequence (NCBI sequence ID: XM_004347479.1) was synthesized
Life Technologies Inc. (Thermo Fisher) and cloned into pcDNA3.1 backbone with
an N-terminal GFP-tag. Capsaspora (G224E, Q225E, N316R) and murine
(G224E) macroH2A binding pocket mutants were generated via Stratagene's
site-directed mutagenesis QuickChange protocol. Macrodomain sequences
(corresponding to amino acids 182-368 for Capsaspora macroH2A and 182-369
for murine macroH2A1.1) were cloned into pETM-11 backbone with an N-
terminal 6 His-tag. Capsaspora PARP1 (NCBI sequence ID: XP_004363957.1)
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N-terminal sequence (corresponding to amino acids 1-350) was amplified from
Capsaspora cDNA and cloned into pETM-11 backbone with an N-terminal 6 His-
tag.

For mammalian expression constructs, the full-length sequences of Capsaspora
macroH2A, or mouse macroH2A1.1 or macroH2A1.2 were cloned into pLVX-
Puro lentiviral backbone (Clontech) adding an N-terminal EGFP-tag. Mouse-
Capsaspora chimeras were generated by sequential cloning of fragments. First,
histone fold and linker domain sequences from mouse macroH2Al1l.1 were
inserted into the backbone, followed by the insertion of either wildtype or mutant
(G224E) Capsaspora macroH2A macrodomain. pLVX-Puro with EGFP alone
was cloned and kindly provided by Matthew Gamble (Ruiz & Gamble, 2018). All
sequences were verified by sequencing.

7.2.2 Protein production and purification

Rosetta (DE3) chemically competent E. coli were transformed with bacterial
expression vectors and grown in LB medium supplemented with 34 pg/mL
chloramphenicol and 50ug/mL kanamycin at 37°C overnight. The culture was
used to inoculate 1L terrific broth medium and grown at 37°C and 200rpm until
reaching an optical density at 600 nm of 0.4-0.6. The protein expression was then
induced with 0.5mM isopropyl-B-d-1-thiogalactopyranoside (IPTG) for 16h at
20°C. The next day, bacteria were pelleted by centrifugation at 10,0009 for 15min
at 4°C. The bacterial pellet was lysed in 50mM Tris, 300mM NaCl, 10mM
imidazole, 1ImM DTT (pH 7.4) supplemented with 1mg/mL lysozyme, 10 pg/mL
DNase | and protease inhibitors (Roche cOMPLETE EDTA free) for His-tagged
proteins, or in 50mM Tris, 150mM NaCl, 10mM EDTA, 1mM DTT (pH 7.4)
supplemented with Img/mL lysozyme, 10 ug/mL DNase | and protease inhibitors
(Roche cOMPLETE EDTA free) for GST-tagged proteins. The lysates were
cleared by centrifugation at 30,0009 for 45min at 4°C. Subsequently, the cleared
lysates containing His-tagged proteins were incubated with Ni-NTA beads
(Quiagen) for 1 hour at 4°C and passed over a gravity flow column 3 times. After
washing the beads with 3 column volumes using 50mM Tris, 1M NaCl, 10mM
imidazole, 1mM DTT (pH 7.4), the proteins of interest were eluted with 50mM
Tris, 300mM NacCl, 300mM imidazole, 1mM DTT (pH 7.4). The cleared lysates
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containing GST-tagged proteins were incubated with glutathione (GSH) beads
(Pierce) for 4-6 hours at 4°C and passed over a gravity flow column 3 times. After
washing the beads with 3 column volumes using 50mM Tris, 1M NaCl, 1mM DTT
(pH 7.4), the proteins of interest were eluted with 50mM Tris, 20mM DTT, 15mM
reduced glutathione (GSH). The eluted proteins were dialysed overnight into a
phosphate buffer (50mM KH2PO4, 1mM DTT, pH 6.5), unless stated otherwise.
The purified proteins were concentrated using 3kDa MWCO centrifugal
concentrator (Amicon), and then flash frozen in liquid nitrogen and stored at -
80°C.

7.2.3 Saturation Transfer Difference Nuclear Magnetic
Resonance (STD-NMR)

Saturation Transfer Difference Nuclear Magnetic Resonance (STD-NMR)
experiments were performed as described elsewhere (Aretz et al., 2018; Mayer
& Meyer, 1999). Briefly, macrodomains were dialysed and prepared at 10uM in
a deuterated water buffer (20mM NaP, 1mM TCEP, pH 7.4 and 10uM DSS).
ADP-ribose was prepared in the deuterated water buffer, and 3-OHR and
compound 4 (Annex) were dissolved in deuterated DMSO and diluted in the
deuterated water buffer. STD spectra of 1ImM compounds in the presence of
10uM macroH2A macrodomains were obtained at 25°C (298 K) on a Bruker
Avance 600 MHz spectrometer equipped with a cryoprobe. A pseudo-2D version
of the STD NMR sequence was used for the interleaved acquisition of on-
resonance and off-resonance spectra. The on-resonance frequency was set to
0.0ppm and the saturation time was 3s. The STD effect (%) was quantified based
on the following equation: ISTD = 100*(I0 - ISAT)/10, where ISAT and I0 are the
intensities of a given signal in the on-resonance and the off-resonance spectra,

respectively.
7.2.4 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed as previously described
(Karras et al., 2005). Before the experiment, proteins were dialyzed overnight
against 50mM KH2PO4, 1mM DTT (pH 6.5) at 4°C. The dialyzed proteins were
then centrifuged for 20min at 20000 g at 4°C and the protein concentration was
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determined by absorbance measurements at 280nm wavelength using
calculated molar extinction coefficients. The nucleotides and ribose were
prepared in the same buffer in the concentration range 1-1.5mM. The
concentration of ADP-ribose was additionally confirmed by absorbance
measurement at 260nm, using a molar extinction coefficient of 13,500 M-1 cm-1.
For the ITC experiments in the presence of DMSO, the proteins were dialyzed
into ITC buffer (650mM KH2PO4, pH 6.5, 1ImM DTT, 1% DMSO). The compounds
were resuspended in DMSO and diluted by ITC buffer. Final DMSO concentration
in the experiment was 1,01% and the experiment was performed with 65uM
macroH2A1.1 macrodomain and 1.4mM ADPR or with 60uM macroH2Al.2
macrodomain and 2mM of 3-OHR. Assays were conducted on the PEAQ-ITC
instrument (MicroCal) at 25°C, and experimental data analysis was performed
with MicroCal PEAQ-ITC Analysis Software.

7.2.5 Thermal shift assays

Fluorescence-based thermal shift assays were performed as previously
described (Singh et al., 2017). Briefly, 5uM protein solutions supplemented with
8 X SYPRO Orange were heated in 50mM KH2PO4 (pH 6.5) and 1mM DTT from
5°C to 95°C at a ramp rate of 1%. The assays were conducted in MicroAmp Fast
96-well reaction plates sealed with MicroAmp Optical Adhesive Film (Applied
Biosystems). The fluorescence measurements at 554nm were normalized to the

lowest value before the transition and the maximum fluorescence.
7.2.6 Crystallization, data collection and processing

All crystallization experiments were conducted at the Crystallization Facility of the
Max-Planck-Institute for Biochemistry (Martinsried, Germany). Before setting up
the crystallization, the proteins were dialyzed overnight against 20mM Bis-Tris
(pH 7.0) at 4°C. The dialyzed proteins were then centrifuged for 20min at 20000
g at 4°C and the protein concentration was determined by absorbance
measurements at 280nm wavelength using calculated molar extinction

coefficients.

The high-throughput crystallization screening of mouse macroH2A1.2

macrodomain was done in in sitting drops vapor diffusion experiments performed
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at 20°C by mixing the solution containing 2.5mM of 3-OHR and protein at
25mg/mL in distilled deionized water with the panel of crystallization buffers in
1:1 ratio. Crystals of Capsaspora macroH2A macrodomain in apo-form were
obtained in sitting drops vapor diffusion experiments performed at 20°C by mixing
100nL 0.1M Bis-Tris (pH 5.5) and 25% (w/v) PEG3350 with 200nL solution
containing the protein at 27mg/mL. Crystals of Capsaspora macroH2A
macrodomain in complex with ADP-ribose were obtained in sitting drops vapor
diffusion experiments performed at 20°C by mixing 100nL of 0.2M ammonium
tartrate dibasic and 20% (w/v) PEG3350 with 200nL solution containing the
protein at 21mg/mL and 3.8mM ADP-ribose. Crystals were cryoprotected by
soaking in mother liquor supplemented with 30% ethylene glycol and flash cooled
in liquid nitrogen. Diffraction data of proteins were collected on the Swiss Light
Source or on the in-house X-ray source of the Crystallization Facility of the Max-
Planck-Institute for Biochemistry (Martinsried, Germany). All datasets were
processed using XDS (Kabsch, 2010).

The structures were solved by molecular replacement using the human
macroH2A1.1 macrodomain (PDB 3IID, Timinszky et al., 2009) as a search
model. Model building and real space refinement were performed in COOT (P.
Emsley et al., 2010; Paul Emsley & Cowtan, 2004) and the structures refined
using PHENIX REFINE (Afonine et al., 2012). Model and restraints for ADP-
ribose was prepared using Phenix.Elbow (Moriarty et al., 2009). UCSF Chimera
software (Pettersen et al., 2004) and the PyMOL Molecular Graphics System
(Schrdodinger, LLC) have been used for visualization.

The LigPlot diagram for the crystal structure of Capsaspora macroH2A
macrodomain in complex with ADP-ribose was generated using an online
platform LIGPLOT v.4.5.3 (Wallace et al., 1995). Consurf bioinformatic tool
(Ashkenazy et al., 2016) was used for the projection of evolutionary conservation
scores. Briefly, the conservation analysis of amino acid positions was calculated
based on the phylogenetic relations between sequences of 305 species with 1
macroH2A1.1-like isoform and using Capsaspora apo macroH2A macrodomain
structure as a query. UCSF Chimera software has been used for visualization
(Pettersen et al., 2004).
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Visualization and comparison of the crystal structures of macroH2A1.2 (PDB
1ZR5), macroH2A2 (PDB 6FY5) and GDAP2 (PDB 4UML) and in silico
mutagenesis of macroH2A1.2 were performed using UCSF Chimera software
(Pettersen et al., 2004).

7.2.7 PARP1 activity assay

In vitro PARP-1 activity was measured using auto-PARylation assay as
previously described (Posavec-Marjanovic et al., 2017). Briefly, 0.3x activated
DNA (diluted from 10x activated DNA, Trevigen) and 200 yM NAD+ were added
to the buffer containing 50 mM Tris-HCI (pH 8), 50 mM NaCl and 1 mM MgCI2.
Subsequently, purified macrodomains were added in the reaction mix in the
defined concentrations (10 and 50uM for mouse, and 10, 25 and 50uM for
Capsaspora macroH2A macrodomains). Finally, 0.2 units/uL PARP-1 HSA
enzyme (Trevigen) was added to all reactions and the reaction mix was incubated
at 25°C for 20min. Reactions were stopped by the addition of Laemmli’s sample
buffer and boiling on 95°C, separated on SDS-PAGE and analyzed by

immunoblotting.
7.2.8 Antibodies

We generated specific antibody against Capsaspora proteins by immunizing
rabbits with purified His-tagged Capsaspora macroH2A macrodomain or carrier
protein-coupled peptides of Capsaspora PARP1. Specifically, we have used a
mix of 3 different peptides corresponding to amino acids 103-114, 132-142 and
299-310 of Capsaspora PARPL1 protein. Sera were collected from terminal bleeds
after three to four rounds of inoculation. The animal procedures were carried out
by the CID-CSIC Antibody Generation Service (Spain) and UVic-animal care
facility (Canada).
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7.3 Metabolomics

7.3.1 ADP-ribose pull-down assay

GST-tagged proteins were produced as described and purified by immobilization
on the GSH beads for 4 hours at 4°C. The proteins immobilized on the beads
were washed three times with 1x PBS, 1mM DTT buffer. ADP-ribose was
prepared at 150uM concentration in the same buffer. The ADP-ribose solution
was precleared with immobilized GST by mixing 150uM GST (420pL beads with
immobilized GST) with 1mL of 150uM ADP-ribose solution. The immobilized GST
and ADP-ribose were incubated on a rotator (Stuart SB2) for 30min on room
temperature, followed by the centrifugation at 21,000g for 15min at 4°C. The

supernatant was collected and referred to pre-cleared ADP-ribose solution.

Pre-cleared ADP-ribose solution was mixed either with immobilized GST, GST-
macroH2A1.1 macrodomain or GST-macroH2A1.2 macrodomain. The total
amount of proteins in the reaction amounted to 30nmol as calculated by the GSH-
bead affinity and verified by Coomassie staining. The ADP-ribose solution was
incubated with immobilized proteins on a rotator (Stuart SB2) for 1h on room
temperature, followed by the centrifugation at 5,000g for 5min at 4°C. The
supernatant carefully collected and used for the absorbance measurement as the
“depleted SN”. 100uL of the buffer was added to the beads with immobilized
proteins in the pellet and were transferred to 95°C for 10min followed by the
centrifugation at 21,0009 for 15min at 4°C. The supernatant carefully collected

and used for the absorbance measurement as the “enriched SN”.

The ADP-ribose in the solution was determined by absorbance measurement on
Nanodrop at 260nm wavelength. The samples measured were: input ADP-ribose
solution, pre-cleared ADP-ribose solution, depleted SN either by the beads alone,
GST or macroH2A1.1 or macroH2A1.2 macrodomains and enriched SN either in
the beads alone, GST or macroH2A1.1 or macroH2A1.2 macrodomains. The 4
measurements per sample in each experiment was performed. Experiments were
repeated two times. The average of value of GST and macroH2A1.2 absorbance
set to 1 in the depletion experiments and the results were normalized accordingly.

For the enrichment experiment the average absorbance of GST and
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macroH2A1.2 was set to 0 in the depletion experiments and the results were

normalized accordingly.
7.3.2 Untargeted metabolomics for ligand detection

7.3.2.1 Preparation of metabolite extracts

P19 cells were routinely cultured as described. It was ensured cells are in culture
for more than 24h before collecting them to avoid for the stress induced
metabolome. At the point of collection, they were at ~70% confluence. Prior to
collecting the cells, one P10 plate seeded at the same density as the cells for the
metabolite extraction was trypsinized and cells were counted. Cells for metabolite
extraction were collected on ice. They were quickly washed once with cell culture
grade ice cold PBS, followed by scraping with the addition of 200uL ice cold PBS
and centrifugation at 500g for 5min at 4°C. PBS was removed and cell pellet was

shap-frozen in liquid nitrogen.

For the metabolite extraction cells were resuspended in the way to obtain 1x10°
cells per 1mL. For the extraction with the organic solvent, we resuspended the
cells with acetonitrile, methanol and water solution in the ratio 4:4:2 and vortexed
gently to avoid leftover of cells on the walls of the tube and without touching the
solvent and immediately snap-froze them in liquid nitrogen in an Eppendorf tube
floating rack. We then started the sonication freeze-thaw cycle which was
repeated 4 times in this order: transfer floating rack with samples to the sonication
bath and sonicate until the solvent is thawed (~30sec), vortex for 10sec keeping
in mind the material is in the solvent and transfer to liquid nitrogen until completely
frozen, at which point start the cycle again with the sonication. After the freeze-
thaw sonication cycle was finished, the samples were transferred to -20°C for 1h
to allow for the precipitation of the proteins, followed by the centrifugation at
21,000g for 15min at 4°C. The supernatant containing metabolite extract was
transferred to a lyophilization tube and lyophilized over-night. The lyophilized
metabolite extract was resuspended in cell culture grade PBS and aliquoted to
avoid freeze thaw cycles. For the metabolite extraction with polar solvent, the
cells were resuspended in cell culture grade ice cold PBS to obtain an extract
from 1x108 cells/1ImL, followed by vortexing for 30sec after which the tubes were

transferred into boiling water and incubated there for 2min and then directly to
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liquid nitrogen to snap freeze. The sonication freeze-thaw cycle was repeated 4
times as described for organic metabolite extraction and the cells were then kept
on ice for 30min followed by the centrifugation at 21,000g for 15min at 4°C. The
supernatant containing metabolite extract was transferred to 3kDa centrifugal
filter and centrifuged at 4,000g and 4°C until the whole supernatant has been
filtered through the membrane. The filtered supernatant was aliquoted and snap

frozen.
7.3.2.2 Protein immobilization

GST-tagged proteins were produced and bacterial lysates were obtained and
cleared as described. The immobilization to the GSH beads was done during 10
hours at 4°C, with the prior addition of 1mM PMSF and protease inhibitors (Roche
cOMPLETE EDTA free) to the protein lysate. The proteins immobilized on the
beads were washed twice with 50mM Tris, 150mM NaCl, 10mM EDTA, 1mM
DTT, followed by washing with 50mM Tris, 2M NaCl, 1mM DTT for 20min at 4°C,
and subsequent washing with 2 column volumes of 50mM Tris, 150mM NacCl,
10mM EDTA, 1mM DTT and then 2 column volumes washes with PBS and the

proteins were checked by Coomassie staining.
7.3.2.3 Pre-clearing of metabolite extracts

After preparing the immobilized proteins, the metabolite extracts were precleared
with GST, by mixing 3mL of metabolite extract with 800uL of beads saturated
with GST on a rotator (Stuart SB2) for 30min on room temperature, followed by
the centrifugation at 21,000g for 2min at 4°C. The obtained supernatant from
ACN:MeOH:H20 and PBS metabolite extracts were used as the inputs for the
sequential depletion assay.

7.3.2.4 Sequential metabolite pull-down assay

Sequential depletion assay was performed with mixing 700uL of the pre-cleared
metabolite mix with 300uL of beads with immobilized proteins (corresponding to
~100nmol of proteins). In the first step, the pre-cleared metabolite mix was
incubated with either GST or GST-macroH2A1.1 macrodomains or GST-
macroH2A1.2 macrodomain on a rotator (Stuart SB2) for 30min on room

temperature, followed by the centrifugation at 5,000g for 5min at 4°C. The
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supernatants were carefully collected and transferred to the tubes with
corresponding fresh immobilized proteins to be incubated on a rotator for the
second and the third round of metabolite depletions on a rotator, each for 30min
on room temperature, followed by the centrifugation at 5,000g for 5min at 4°C.
The supernatant after 3 rounds of depletion by the corresponding proteins is
referred to as “depleted SN”. During the second and the third round of metabolite
depletion, 200puL of PBS was added to the pellet remaining after the first depletion
step was transferred to 95°C for 10min followed by the centrifugation at 21,0009
for 15min at 4°C. The supernatant carefully collected and referred to as the
“enriched SN”.

7.3.2.5 LC-MS and MS/MS analysis and data processing

The untargeted LC/MS data was generated using a UHPLC system (1200 series,
Agilent Technologies) couplet to a G6550A ESI-gToF MS (Agilent Technologies)
operated in positive electrospray ionization (ESI+). Metabolites were separated
using two different chromatographic columns: a hydrophilic interactions HILIC
column, InfinityLab Poroshell 120 HILIC-Z, 2.1 x 100 mm, 2.7 ym (PEEK lined)
(Agilent Technologies); and a reverse phase C18 column, ACQUITY UPLC BEH
C18 Column, 130A, 1.7 um, 2.1 mm X 150 mm, 1/pk (Waters). For the HILIC
column, mobile phase A was water (50 mM ammonium acetate and 5uM
medronic acid), and mobile phase B was acetonitrile. For the C18 BEH column,
mobile phase A was water (0.1% of formic acid) and phase B acetonitrile (0.1%
of formic acid). The separation of the extracts was conducted under the following
gradients: 0-2 min 98% of B; 2-8 min decrease to 40% of B; 8-8.5 min raise to
98% of B; 8.5-11 min 98% of B for the HILIC system; and 0-0.5 min 0% of B; 0.5-
2 min increase to 50% of B; 2-6 min raise to 100% of B; 6-7 min hold at 100% of
B; 7-7.5 decrease to 0% of B and holt at 0% until 11 min in the C18 BEH column.
The parameters for the electrospray ionization source (ESI) were as follow for the
HILIC system: gas temperature, 200 °C; drying gas, 14 | min—1; nebulizer, 35
psig; fragmentor, 175 V; and skimmer,65 V. The parameters for the electrospray
ionization source (ESI) were as follow for the C18 BEH system: gas temperature,
150 °C; drying gas, 11 | min-1; nebulizer, 35 psig; fragmentor, 120 V; and
skimmer,65 V. The m/z acquisition range was set between 50 and 1500 Da,
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acquiring 3 spectra/s. Column temperature was set to 25°C for the HILIC system
and to 65°C for the C18 BEH system. To identify compounds, MS/MS data was
generated in targeted mode and instrument was set to acquire spectra over the
m/z range from 50 to 600, with a narrow width of 1.3 m/z. Several collision

energies (CE) were tested between 10 and 40V.

LC-MS raw data files from either HILIC or C18 assays were converted to open
standard format mzML using Proteowizard MS-convert (Chambers et al., 2012)
and subsequently processed by XCMS software, version 3.10.2 (Smith et al.,
2006). XCMS analysis of these data provided a matrix containing the retention
time, m/z value, and integrated peak area for aligned features across samples (a
feature being defined as molecular entity with a unique m/z and a specific
retention time). Depleted and enriched features (|FC|>5) were prioritized to
MS/MS experiments performed in targeted mode for metabolites identification.
Metabolites were identified conforming to Level 2, as specified by Schymanski et
al. since their accurate mass and experimental MS/MS spectra coincide with the
fragmentation pattern of chemical standards from the METLIN, MassBank and/or
NIST14 databases. All data processing was conducted in R version 3.6.1 (R-

Foundation for statistical computing, www.Rproject.orq)

7.4 Cell culture and gene expression analyses

7.4.1 Standard culture of human and Capsaspora cells

Unless stated otherwise, the following conditions were used for cell culture.
MacroH2A-depleted HepG2 (DKD) cells (Douet et al.,, 2017) and HEK293T
(ATCC, CRL-3216) were routinely cultured in Dulbecco's modified Eagle medium
(DMEM) containing 4.5 g/L glucose (Gibco) supplemented with 10% v/v fetal
bovine serum (FBS) (Gibco), 2 mM L-glutamine (Gibco), 50 U/ml penicillin
(Gibco) and 50 mg/ml streptomycin (Gibco). P19 mouse embryonal carcinoma
cells (ATCC; CRL-1825) were maintained in full growth medium consisting of
Minimum Essential Medium Eagle (MEM) (Sigma-Aldrich; M8042) supplemented
with 2 mM L-glutamine, 100 units/mL penicillin-streptomycin (P/S) and 10% fetal

bovine serum (FBS). Cells were authenticated, incubated at 37°C in 5% CO2 and
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periodically checked for mycoplasma contamination. Cells were collected by
scraping, washed with PBS and pelleted. Capsaspora was cultured, and cells
from all three different stages were harvested as described in Sebé-Pedroés et al.,
2013. Before analysis, Capsaspora cells were washed with PBS and flash-frozen

in liquid nitrogen.
7.4.2 Induction of neuronal differentiation in P19 cells

To induce neuronal differentiation cells were treated with all-trans retinoic acid
(RA) (Sigma-Aldrich; R2625). RA was dissolved in DMSO and stored in dark
conditions at -20°C. Seed 3x10° cells in low adherent P10 plates in neuronal
induction medium, NIM consisting of aMEM (Sigma Life Science; M4526) with
5% FBS, 100U/ml P/S and 10uM RA. The formation of cell aggregates (embryoid
bodies, EBSs) is observed after 2 days of culture in NIM. After 2 days of incubation
the EBs were carefully collected to a tube and left to settle by gravity. Aggregates
were transferred in a fresh NIM and incubated for 2 more days. After four days in
NIM, EBs were collected, dissociated by trypsinization, and cultured on poly-L-
lysine coated plates in neuronal differentiation medium (NDM), consisting of
DMEM (Gibco; 21331-020) medium with 2% B-27 supplement 50X (Gibco;
17504-044), 8 mM HEPES and 100 units/mL P/S. After two days of culture in
NDM, neural progenitor cells are formed which can be differentiated further into
the mixed neuronal cell population. To support for the neuronal cell differentiation
and eliminate the remaining proliferating cells, we added 10uM cytosine
arabinoside (AraC) (Sigma Life Science; C6645) to NDM and left cells in culture
for four more days. Ultimately, neurons were collected by scraping after 12 days

of differentiation.

For PLL-coated plates, PLL (PLL, Sigma-Aldrich; P1399) was diluted in sterile
water to a concentration of 20 pug/mL and sterilised using a 0.22 um filter. For
coating, cell culture-treated plates were incubated with PLL solution for 3 hours
at room temperature. After incubation, plates were washed three times with

phosphate-buffered saline (PBS), air dried and stored at +4°C.
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7.4.3 Gene transduction and establishment of stable cell lines

HEK293T cells were used as packaging cells to produce viral particles for
lentiviral infections. Four million HEK293T cells were seeded in P10 plates and
cultured to 60-70% confluency. At that point the cells were transfected with 10 ug
of the lentiviral plasmid of interest and 3 ug of the pCMV-VSV-G plasmid and
pCMV-dR8.91. Plasmid DNA was mixed in 1x HBS solution (2x HBS: 272 mM
NaCl, 2.8 mM Na2HPO4, 55mM HEPES, pH 7) containing 125mM CaCl2 in a
total volume of 800 uL. The mix was added onto the cell culture media dropwise
and left overnight. Transfection efficiency was controlled using a GFP expression
vector. The supernatant containing viral particles produced by HEK293T cells
was collected for 24 hours at 48 hours and 72 hours after transfection, filtered
using a 0.45um filter and supplemented with 8ug/mL of polybrene (Sigma-
Aldrich). The fresh viral supernatant was added to target cells at 60-70%
confluency in six-well plates that were centrifuged 45 min at 1200rpm at 37°C,
incubated at 37°C for 45min and then cultured overnight in fresh media. The
same process was repeated 24h after the first infection. The transduced cells
were selected with 2ug/ml puromycin. The necessary selection time was
determined by using a negative control plasmid without resistance. This
procedure was used to generate all HepG2 stable cell lines. The efficiency of the

cell infection was validated by live cell fluorescence and flow cytometry.
7.4.4 Cell proliferation assays

Cells were seeded at a density of 4,000 cells/cm2 and cultured in standard growth
conditions during four days. Cells were collected, stained with Trypan blue and
manually counted after 24, 48, 72 and 96 hours. This assay was performed in
three independent experiments. Values are presented as means of all three

experiments and their variability is indicated with the standard deviation (SD).

In the parallel approach, cells were seeded at 1.5x10* cells/well in a standard 96-
well microtiter plates. Cell viability was evaluated by methyl-thiazolyl-tetrazolium
(MTT) assay at 24, 48, 72 and 96 hours. More specifically, growth media was
replaced by media supplemented with MTT and cells were incubated for another

4 hours in the presence of MTT at 37°C. After the incubation period, the
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developed formazan crystals were dissolved with DMSO followed by the
absorbance measurement at 570nm using a Synergy H1 microplate reader
(BioTek). The assay was performed in three independent experiments in eight
replicates. Results were analysed by removing the outliers and normalising the
data to the day 0. Values are presented as means of all three experiments and

their variability is indicated with the standard deviation (SD).

7.4.5 Cell fractionation, Immunoprecipitation and

immunoblotting

For immunoblotting of total cell material, cell pellets were directly resuspended
with Laemmli’'s sample buffer and sonicated using Bioruptor Plus (Diagenode)
and incubated at 95°C for 10min before loading the samples on polyacrylamide

gels.

For chromatin lysis, nuclei from mammalian cells were isolated and sonicated to
solubilize chromatin, as previously described (Posavec-Marjanovic et al., 2017).
Briefly, cells were collected by scraping and lysed in sucrose buffer (0.32 M
sucrose, 10 mM Tris-HCI, pH 8.0, 3 mM CaCl2, 2 mM MgOAc, 0.1% Triton buffer,
1:100 PMSF and 1:200 leupeptin). Samples were passed through a syringe to
facilitate membrane disruption and then further incubated for 8 min on ice. Intact
nuclei were collected by centrifugation for 3 min at 1,000g and washed once more
in sucrose buffer. Washed nuclei were resuspended in lysis buffer (50 mM Tris-
HCI, pH 7-8, 135 mM NaCl, 0.1% Triton, 1 mM EDTA, 1 mM DTT, 1:100 PMSF
and 1:200 leupeptin), and chromatin was solubilized by progressive sonication

with a Bioruptor Plus (Diagenode).

For the co-immunoprecipitation of PARP1, the lysis buffer was complemented
with PARG and PARP inhibitors (1uM ADP-HPD from CalBioChem and 1uM
olaparib from SelleckChem, respectively). Insoluble material was removed by
centrifugation, and lysates were pre-cleared with sepharose-beads. At this step,
5% of the total lysate was kept as input material, and the rest of the lysate was
incubated for 3 h with anti-GFP nanobodies coupled to magnetic beads
(ChromoTek) which were previously blocked with 1%BSA in lysis buffer.

Precipitates were washed three times with lysis buffer containing 1% Triton X-
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100. For SDS-PAGE and western blotting analysis, typically 1% input and 20%

immunoprecipitated material was loaded.

For cell fractionations, nuclei were prepared as described above and the
supernatant was kept as the cytosolic fraction. Nuclei were then incubated with
high salt buffer buffer (20 mM HEPES, pH 7.9, 410 mM KCI, 1.5 mM MgCl2, 0.2
mM EDTA, 25% glycerol, 0.5% NP-40) for 30 min. Ultracentrifugation at 50,0009

was used to separate the chromatin (pellet) and nucleosol (supernatant).

Following the transfer of proteins to the nitrocellulose membrane (GE
Healthcare), the membranes were blocked with 5% low fat milk (Nestle) and
incubated with primary antibodies overnight at 4°C. The next day, membrane
were washed with TBST and incubated with fluorophore-conjugated secondary
antibodies for 1 hour on 25°C in dark. After washing with TBST, the dried

membranes were scanned with Odyssey® CLx Imager.
7.4.6 RNA and DNA analysis

Total RNA from mammalian cells was isolated by the Maxwell RSC simplyRNA
Cells Kit (Promega) using the Maxwell RSC Instrument (Promega) according to
the manufacturer’s instructions. 1ug of total RNA was used for cDNA synthesis
using the First Strand cDNA synthesis kit (Thermo Scientific) using oligo(dT)
primers and according to the manufacturer’s instructions. Relative cDNA levels
were quantified by RT-gPCR (LightCycler 480 Il instrument, Roche). All samples
were analyzed in technical triplicates. Values were normalized to two reference
housekeeping genes (RPLPO and GAPDH) and are plotted relative to a reference
sample set to 1. To measure mitochondrial and genomic DNA, we extracted the
total DNA from all cell lines of interest. Briefly, cells were pelleted and the DNA
isolation buffer (10mM Tris HCI (pH 8.5), 5mM EDTA, 0,5% SDS, 200mM NacCl,
0.1mg/ml Proteinase K) was added directly on the pellets and the samples were
incubated overnight at 37°C while shaking (Thermoblock). Proteinase K was
inactivated by incubating the samples for 10min at 99°C. Equal volume of
isopropanol was added to the lysates and left incubating for 20min at 25°C under
constant shaking to precipitate the DNA. The precipitated DNA was pelleted by
centrifuging at 10,000 rpm for 10min at 4°C. Supernatant was removed and

precipitate was washed with ice-cold 70% ethanol and centrifugated at 10,000
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rpom for 10min at 4°C. After removing the ethanol, the pellet was air-dried and
resuspended in an appropriate volume of DNase-free water. The obtained DNA
was used to perform quantitative PCR with oligos of mitochondrial (MT-TL1, MT-
ND2) and genomic DNA (ACTB, NCOAS3). Results were demonstrated as
mitochondrial to genomic DNA ratio. The sequences of all primers used are given

in the Supplementary Data File S7.
7.4.7 Analysis of mitochondrial oxidative phosphorylation

Mitochondrial respiration was monitored with the XFe96 Cell Bionalyzer
(Seahorse Biosciences, XFe96). Optimal cell density and drug concentrations
have been previously determined (Posavec-Marjanovic¢ et al., 2017). A standard
MitoStress assay was performed. Briefly, 20000 cells were plated in an XFe-96
well-plate, and cells were kept for 6 h in DMEM 10% FBS to allow the cells to
attach. Then, the medium was changed to 10mM glucose, 2mM glutamine, and
1mM pyruvate XFe DMEM (5mM Hepes, pH7.4), and cells were incubated for 1
h at 37°C without CO2. Three different modulators of the mitochondrial respiration
were sequentially injected. After basal oxygen consumption rate determination,
1.5uM oligomycin, which inhibits ATPase, was injected to determine the amount
of oxygen dedicated to ATP production by mitochondria. To determine the
maximal respiration rate or spare respiratory capacity, 1.5 yM carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP) was injected to free the gradient of
H+ from the mitochondrial intermembrane space and thus to activate maximal
respiration. Finally, 0.75uM antimycin A and 0.75uM rotenone were added to
completely inhibit the mitochondrial respiration.

7.5 Experimental work on mouse tissues and in mice

7.5.1 Immunofluorescence of mouse brain sections

For the immunofluorescent staining of mouse brains, we used free-floating brain
sections prepared from the perfused brains fixed with PFA. Free-floating brain
sections were made at 40 um thickness with freezing microtome (Leica CM 1950)
and kept in tubes in the preservation buffer at -20°C. Prior to use, the sections

were washed in PBS three times and then blocked for 1h on room temperature
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with 10% normal goat serum (NGS) in 1xPBS with the addition of 0.5% Triton X.
Following the blocking, the sections were incubated with primary antibodies
diluted in blocking solution (NeuN 1:100; S100 1:500; mH2A1.2 1:200). The
following day, the primary antibodies were removed and the slices were washed
three times prior to the addition of the secondary antibody diluted in the blocking
solution (1:500). The slices were incubated with the secondary antibody for 90min
at room temperature, washed and incubated with DAPI for 10min, mounted and
imaged.

7.5.2 Breeding and phenotyping of macroH2A1.2 knock-out mice

The Dre-recombinase expressing mouse line (Anastassiadis et al., 2009) in
C57BL6/J background were received from Francis Stuart and Kostantinos
Anastassiadis and genotyped using the primers listed in Annex, using the
following PCR conditions: 95°C/5 min, followed by 35 cycles of 95°C/30 sec;
58°C/30 sec and 72°C/1 min to look for the 314bp product.Mating between the
animals homozygous for Dre and heterozygous for macroH2Al Rox locus
(Dre*MACROH2A1R™* x Dre*MACROH2A1R*) was done to obtain knock-
out (Dre”*MACROH2A1RXRX)  wild type (Dre?*MACROH2A1**) and
heterozygous (Dre*’*MACROH2A1R¥*) mice. The obtained mice were submitted
to the German Mouse Clinic which performed as outlined here:
https://www.mouseclinic.de/screens/overview/index.html.  More  specifically,
German Mouse Clinic performed the phenotyping and analyzed the results on
their designated specialized platforms for the study of behavior, bone and
cartilage development, neurology, clinical chemistry, eye development,
immunology, allergy, steroid metabolism, energy metabolism, lung function,
vision and pain perception, molecular phenotyping, cardiovascular and pathology

and took part in results interpretation.

7.6 Statistical analysis and figure editing

If not indicated otherwise, a two-tailed Student's t-test was used to assess
statistical significance. The number of technical replicates or independent cell
culture experiments is indicated in the relevant figure legend(s). Figures were

edited with Inkscape (inkscape.org).
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7.7 Antibodies table

Antibody Source Cat. Number/Ref. Application
macroH2A1.1 Home-made Sporn, 2009 Western Blot
macroH2A1.2 Home-made Sporn, 2009 Western Blot
macroH2A1.2 Cell Signaling #4827 Western Blot

macroH2A2 Home-made Buschbeck, 2009 Western Blot
Histone H3 Abcam ab1791 Western Blot
NeuN Millipore MAB377 Western Blot
Map?2 Cell Signaling #8707 Western Blot
B-1ll tubulin R&D Systems MAB1195 Western Blot
S-100 (B-subunit) Sigma S 2532 IF, IHC
Santa Cruz
GFP ] sc-9996 Western Blot, IF
Biotechnology
Poly(ADP-ribose) Trevigen 4336-APC-050 Western Blot
Capsaspora macroH2A Home-made NA Western Blot
Capsaspora PARP1 Home-made NA Western Blot
IRDye 680RD Goat anti-Mouse
. LI-COR 926-68070 Western Blot
IgG Secondary Antibody
IRDye 680RD Goat anti-Rabbit
) LI-COR 926-68071 Western Blot
IgG Secondary Antibody
IRDye 800CW Goat anti-Mouse
) LI-COR 926-32210 Western Blot
IgG Secondary Antibody
IRDye 800CW Goat anti-Rabbit
LI-COR 926-32211 Western Blot

IgG Secondary Antibody
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7.8 Primers table

Application Name Sequence Species
Clonin mg‘?gggnﬁg‘m ACTGAGAATCTTTATTTTCAGGGCTTTACGATC |
9 o CTGTCCAAGAAG
Clonin mg‘ggg;ﬁ;n AACCGCCGCCGCCATGGCGCCTCAGTTCGTG o
9 Rv TTGATGAGCTCGGCG
. macroH2AL.L 1\ 1o AGAATCTTTATTTTCAGggcCttcactgtectetee
Cloning macrodomain Mm
accaaga
Fw
macroH2A1.1
Cloning macrodomain AACCGCCGCCGCCATGGCGCCctagttggcgtccag Mm
Ry cttggccatt
. macroH2A 1 - 5 59gatccAAGAAGCCTGTTCGCGGCTTTAC
Cloning macrodomain GA Co
Fw
. macroH2A - 5 6Ggaattc TCAGTTCGTGTTGATGAGCTCGG
Cloning macrodomain cG Co
Rv
macroH2A1.1
Cloning macrodomain gggGAATTCggcacgcctacagacggcttc Mm
Fw
macroH2A1.1
Cloning macrodomain gggCTCGAGctagttggcgtccagcettgge Mm
Rv
. PARP1_N-
Cloning term Fw GGGGggatccatgtcgtacgactttatcgctgaat Co
Cloning PARPL_N- CCCCgaattcTCAaaagacaatcgtcatgctgtcg Co
term Rv
Cloning GEP Ew GGGGctcgagATGGTGAGCAAGGGCGAGGAGC i
TGT
. GFP Ry, with
Cloning STOP codon CCCCgaattcTCATTACTTGTACAGCTCGTCCA -
GFP Ry,
Cloning without STOP CCCCgaattcCTTGTACAGCTCGTCCATGCC -
codon
Clonin macroH2A1.1 | TACCGCGGGCCCGGGATCCcgATGTCGAGCC Mm
9 Fw GCGGCGGGAAG
Cloning macroH2A1.1 | ttatctagagtcgcgggatccCTAGTTGGCGTCCAGCTT Mm

Rv

GGC
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Cloning

Cloning

Cloning

Cloning

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

gPCR

gqPCR

gqPCR

wild type and
G224E Fw

wild type and
G224E Fw

wild type and
G224E Fw

wild type and
G224E Rv

macroH2A1.1
G224E Fw

macroH2A1.1
G224E Rv

macroH2A1.1
G224E Fw

macroH2A1.1
G224E Rv

macroH2A1.1
Q225E Fw

macroH2A1.1
Q225E Rv

macroH2A1.1
G314E Fw

macroH2A1.1
G314E Rv

macroH2A1.1
N316R Fw

macroH2A1.1
N316R Rv

Rplp0 Fw

Rplp0 Rv

GAPDH Fw

cgcagacagtacgacggagggcacgcctacagacggct

actgacacacattccacagggtcgacctagttggcgtccag

CGCAGACAGTACGACGGAGAAGAAGCCTGTT
CGCGGCTTT

actgacacacattccacagggtcgacTCAGTTCGTGTTG
ATGAGCT

CTGACTTCTACACCGGTGAGGAAGTAGGAAA
CACACTG

CAGTGTGTTTCCTACTTCCTCACCGGTGTAGA
AGTCAG

ACCATGTCGTTCGCGGAACAAGTCGGCGGTG
CC

GGCACCGCCGACTTGTTCCGCGAACGACATG
GT

CCATGTCGTTCGCGGGCgAAGTCGGCGGTGC
CATC

GGTACAGCAAGCGCCCGCTTCAGCCGCCACG
GTAG

CCGTCGATCGGCTCTGAAAACAACCACTTCCC
C

GGGGAAGTGGTTGTTTTCAGAGCCGATCGAC
GG

CCGTCGATCGGCTCTGGCCcgCAACCACTTCCC
CAAG

GGCAGCTAGCCGAGACCGQCGTTGGTGAAGG
GGTTC

catcaacgggtacaaacgag

agatggatcagccaagaagg

CGACCACTTTGTCAAGCTCA

Mm-Co

Mm-Co

Mm-Co

Mm-Co

Mm

Mm

Co

Co

Co

Co

Co

Co

Co

Co

Hs

Hs

Hs
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gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gqPCR

gPCR

gPCR

gqPCR

gPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

GAPDH Rv

DKK1 Fw

DKK1 Rv

mH2A1 Fw

mH2A1 Rv

mH2A1 Fw

mH2A1 Rv

mH2A2 Fw

mH2A2 Rv

mH2A Fw

mH2A Rv

PARP1 Fw

PARP1 Rv

PARP2 Fw

PARP2 Rv

NAMPT Fw

NAMPT Rv

NMNAT1 Fw

NMNAT1 Rv

NMNAT2 Fw

NMNAT2 Rv

NMNAT3 Fw

NMNAT3 Rv

TCTTACTCCTTGGAGGCCAT

CCTTGAACTCGGTTCTCAATTCC

CAATGGTCTGGTACTTATTCCCG

GACGGTGAAAAACTGCTTGG

GGAGGAGGACATCGTGGAG

CCGCCGTCCTGGAATACC

GTTGTCTCTCGCTGCATTGC

CATGGCGGCAGTCATTGAG

ATTGCCGGCCAATTCTAGAA

GGGGggatccAAGAAGCCTGTTCGCGGCTTTAC

GA

GGGGgaattcTCAGTTCGTGTTGATGAGCTCGG

CG

GGTACCATCCAGGCTGCTTT

CTGACTCGCACTGTACTCGG

TGTTGTTGTTGAACTGGAGATTG

GGACCCAGAGTGTACAGCCA

AATGTTCTCTTCACGGTGGAAAA

ACTGTGATTGGATACCAGGACT

TCTCCTTGCTTGTGGTTCATTC

TGACAACTGTGTACCTTCCTGTT

TGTCCACGACTCCTATGGAAA

GTCCGATCACAGGTGTCATGG

GAGTAGGTCACGACCCAAAAG

TCGCCTGATGTATGTGGCAC

Hs

Hs

Hs

Mm

Mm

Hs

Hs

Hs

Hs

Co

Co

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs
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gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

PARG Fw

PARG Rv

OARD1 Fw

OARD1 Rv

SIRT1 Fw

SIRT1 Rv

SIRT6 Fw

SIRT6 Rv

NCOAS3 Fw

NCOA3 Rv

ACTB Fw

ACTB Rv

MT-TL1 Fw

MT-TL1 Rv

DNMI1L Fw

DNMI1L Rv

MFN1 Fw

MFN1 Rv

MFN2 Fw

MFN2 Rv

NDUFV1 Fw

NDUFV1 Rv

MT-ND2 Fw

AGCTTTTGGAAAGTGAACCTCA

ATCTTCCGTAGTCTGCTTTGC

CCAGCAGCCTTAATGAAGATCC

ACTGATACAGTGGGCTAAAGAGT

TGTGTCATAGGTTAGGTGGTGA

AGCCAATTCTTTTTGTGTTCGTG

CCCACGGAGTCTGGACCAT

CTCTGCCAGTTTGTCCCTG

TGCTGTCTCCATGTTTGATGTATCT

TCTCTGCTCCCCACCTCTAAGT

AGCGGGAAATCGTGCGTGAC

AGGCAGCTCGTAGCTCTTCTC

CACCCAAGAACAGGGTTTGT

TGGCCATGGGTATGTTGTTA

TCACCCGGAGACCTCTCATTC

GGTTCAGGGCTTACTCCCTTAT

TGGCTAAGAAGGCGATTACTGC

TCTCCGAGATAGCACCTCACC

CTCTCGATGCAACTCTATCGTC

TCCTGTACGTGTCTTCAAGGAA

TGACTGGTACAAGACAAAGGAGA

TGCCATCTGAGGGCTTATTCA

CGATGGTGCAGCCGCTATTA

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs
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gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

MT-ND2 Rv

SDHA Fw

SDHA Rv

UQCRB Fw

UQCRB Rv

ATP5F1A Fw

ATP5F1A Rv

CD36 Fw

CD36 Rv

FABP1 Fw

FABP1 Rv

FABP4 Fw

FABP4 Rv

FASN Fw

FASN Rv

ACSL1 Fw

ACSL1 Rv

CTP1A Fw

CTP1A Rv

ACOX1 Fw

ACOX1 Rv

PPARa Fw

PPARa Rv

AGATGTGGCGGGTTTTAGGG

ATGTTGGTGCCTGAGAACGA

TCACCTAGTAAACCGTCTGCC

CCACTTGCCTGATGCTGAAAC

TGAGTACTGGTTGCTTGCCTAT

GTAAGTGCGGCGTAGACTGA

AGCTGGCATTTGTTTAAGCTTGT

CAGGTCAACCTATTGGTCAAGCC

GCCTTCTCATCACCAATGGTCC

GTGTCGGAAATCGTGCAGAAT

GACTTTCTCCCCTGTCATTGTC

ACGAGAGGATGATAAACTGGTGG

GCGAACTTCAGTCCAGGTCAAC

AAGGACCTGTCTAGGTTTGATGC

TGGCTTCATAGGTGACTTCCA

ATCAGGCTGCTCATGGATGACC

AGTCCAAGAGCCATCGCTTCAG

AGTTCTCTTGCCCTGAGACG

GTCCATGGTCTCCTCCAAGG

ACCTTGCTTCACCAGGCAAC

CCAAGCCTCGAAGGTGAGTT

CGGTGACTTATCCTGTGGTCC

CCGCAGATTCTACATTCGATGTT

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs
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gPCR

gPCR

gPCR

gPCR

gPCR

gPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

Mutagenesis

PPARg Fw

PPARg Rv

SLC2A2 Fw

SLC2A2 Rv

HK1 Fw

HK1 Rv

PFKL Fw

PFKL Rv

LDHA Fw

LDHA Rv

CS Fw

CS Rv

ACLY Fw

ACLY Rv

IDH1 Fw

IDH1 Rv

IDH2 Fw

IDH2 Rv

OGDH Fw

OGDH Rv

ACY1 Fw

ACY1 Rv

mH2A1.2 1202
Fw

AGCCTGCGAAAGCCTTTTGGTG

GGCTTCACATTCAGCAAACCTGG

CTAGTCAGGTGCATGTGCCA

AACTGGAAGGAACCCAGCAC

CACATGGAGTCCGAGGTTTATG

CGTGAATCCCACAGGTAACTTC

GGCTTCGACACCCGTGTAA

CGTCAAACCTCTTGTCATCCA

TTGACCTACGTGGCTTGGAAG

GGTAACGGAATCGGGCTGAAT

TAAGGAGCAGGCCAGAATTAAGA

CCACCATACATCATGTCCACAG

CTGGGGTGCTCCGGATTTT

CTGAAATTGCCTTGGCCGAC

ATAATGTTGGCGTCAAATGTGC

CTTGAACTCCTCAACCCTCTTC

CGCCACTATGCCGACAAAAG

ACTGCCAGATAATACGGGTCA

TTGGCTGGAAAACCCCAAAAG

TGTGCTTCTACCAGGGACTGT

CAGCGCCATGACCAGCA

CGGGCTGTCTCCTCAAAGAA

CACAGTGAAgagAGTAATTTAGCCGGC

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs

Hs
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Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

Mutagenesis

gqPCR

gPCR

gPCR

gPCR

gqPCR

gqPCR

gqPCR

gPCR

gPCR

gPCR

gqPCR

shRNA

shRNA

mH2A1.2 1202
Rv

mH2A1.2
D225Q Fw

MH2A1.2
D225Q Rv

mH2A1.2
G315E Fw

mH2A1.2
G315E Rv

mH2A1.2
R3161 Fw

mH2A1.2
R3161 Rv

GAPDH Fw

GAPDH Rv

RPLPO Fw

RPLPO Rv

Rpl7 Fw

Rpl7 Rv

H2AFY Eb5s
Fw

H2AFY Eb6as
Rv

H2AFY E7as
Rv

mH2A2 Fw
mH2A2 Rv

shRNA
scrambled

sh-mH2A1 #1

GGCTAAATTACTCctcTTCACTGTGAATAAGGTTC
AGC

GCTGACATTGACCTTAAACagGACCTAGGAAA
CACACTGG

GTTTCCTAGGTCctgTTTAAGGTCAATGTCAGC
ATTGG

CCATTGGCAGCgagAGGAACGGGTTCCCG

CCCGTTCCTctcGCTGCCAATGGATGGGAAGG
CG

GGCAGCGGCatcAACGGGTTCCCGAAGCAGAC
AGCGG

CGGGAACCCGTTgatGCCGCTGCCAATGGATG
GG

CGACCACTTTGTCAAGCTCA

TCTTACTCCTTGGAGGCCAT

ACATCTCCCCCTTCTCCTTC

TACCCGATCTGCAGACACAC

GAAGCTCATCTATGAGAAGGC

AAGACGAAGGAGCTGCAGAAC

CCTACAGACGGCTTCACTGTC

GGTCAATGTCAGCATTGGTAGG

GTGTAGAAGTCAGTGTTTGTCG

GCTGGAAGAGACCATCAAAAA

CGAAGTGAGCCGAGATGG

CCGGTCTCGCTTGGGCGAGAGTAAGCTCGAG
CTTACTCTCGCCCAAGCGAGATTTTTG

CCGGGCATGCTTCGGTACATCAAGACTCGAG
TCTTGATGTACCGAAGCATGCTTTTTG

Mm

Mm

Mm

Mm

Mm

Mm
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Mm
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Mm

Mm

151



shRNA

shRNA

Cloning

Cloning

In situ
hybridization
(Lein et al,
2007)

In situ
hybridization
(Lein et al,
2007)

Mouse
phenotyping

Mouse
phenotyping

sh-mH2A1 #2

sh-mH2A1 #3

GST-mH2A1
MD Fw

GST-mH2A1
MD Rv

mH2A1 Fw

mH2A1 Rv

Dre3

Dre4

CCGGGCTAAAGGGTGTCACCATAGCCTCGAG
GCTATGGTGACACCCTTTAGCTTTTTG

CCGGGCCATAATCAATCCTACCAATCTCGAG
ATTGGTAGGATTGATTATGGCTTTTTG

GGTCGTGGGATCCCCGAATTCggcttcactgtcctcte
cacc

tgcggcecegcetcgagtcgacccggCTAGTTGGCGTCCAG
CTTGGC

CCCGGCACATCCTGTTAG

CACTGGCCTAGTTGGCGT

TGCTGTTCCCTCCTATCCAC

CGGAGTCCATCAGCCTAGAG

Mm

Mm

Mm
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8.1 LigPlot interaction network

A.

) Gly 315(A)
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Ser 314(A)

Ser 275(A)
s Gly 313(A)
¢

o
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€2 RO
Ser 311(A) | Yl a
=~ Edo 365(A)
G OD2
Pro 310(A gﬂﬂ

he 352(A)

Asp 203(A)
j\»l-u/
3ly 202(A)

Number and type of bonds established between macrodomains and ADP-ribose

Capsaspora macroH2A Human macroH2A1.1

Hydrogen bonds 1" 17

Other bonds 8 6

List of residues establishing other bonds than hydrogen bonds

Capsaspora macroH2A Human macroH2A1.1

Gly202 Pro215

Pro215 Thr216

Thr216 Asn217

Asn217 Ser310

Gly224 lle311

Pro310 Phe351 (pi-stacking)
Ser311

Phe352 (pi-stacking)

(A) The schematic representation of ADPR interaction with Capsaspora macroH2A
macrodomain. All non-covalent interactions between ADPR and the macrodomain are
summarized in the LigPlot diagram. ADPR ligand is represented in thick purple line and
the amino acid residues of Capsaspora macroH2A macrodomain in thin orange lines.
Hydrogen bonds are represented by the dashed lines between atoms involved, while the
circles or semicircles with radiating lines represent atoms or residues involved in
hydrophobic contacts between protein and ligand. (B) Table indicating the amino acids
establishing H-bond or other bonds with ADP-ribose for Capsaspora macroH2A (see
also Supplementary Figure S2C) and human macroH2A1.1 (Timinszky et al., 2009).
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8.2 Other residues at positions 225 and 316 during the

evolution of macroH2A(1.1)-like macrodomains

n (species with other at 225) = 57 n (species with other at 316) = 108

AL HDIV

Residues:  [Jpositive [ negative polar  [Jinon-polar

The pie charts showing the identity of other residues at positions 225 and 316. Residue colors
are based on their biochemical properties: positively charged in blue, negatively charged in red,
polar in gray, and non-polar in black.
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8.3 Compounds table

Number Compound ID ZINC ID Figure
! cmpnd 1 ZINC21981427 Figure 308
2 cmpnd 2 (3-OHR) ZINC30731123 | Figure 30B and Figure 32
3 cmpnd 2.1 ZINC000095366474 Figure 32
4 cmpnd 2.2 ZINC000241587909 Figure 32
5 cmpnd 2.3 ZINC000097766679 Figure 32
6 cmpnd 2.4 ZINC000004893738 Figure 32
! cmpnd 2.5 ZINC000048922086 Figure 32
8 cmpnd 2.6 ZINC000216544438 Figure 32
o cmpnd 2.7 ZINC000065548609 Figure 32
10 cmpnd 2.8 ZINC000004961993 Figure 32
11 cmpnd 2.9 ZINC000000002011 Figure 32
12 cmpnd 2.10 | ZINCO00040071651 Figure 32
13 cmpnd 211 | ZINC000065562432 Figure 32
14 cmpnd 3 ZINC30731121 Figure 308
15 cmpnd 4 ZINC00000507 Figure 30B
16 cmpnd 5 ZINC56874458 Figure 308
17 cmpnd 6 ZINC13543134 Figure 308
18 cmpnd 7 ZINC05783970 Figure 308
19 cmpnd 8 ZINC13458842 Figure 308
20 cmpnd 9 ZINC04097612 Figure 30B
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8.4 Detailed Gene Ontology table

BH adjusted

GO ID GO term p.value Input genes
G0:0016126 sterol biosynthetic process 5,87E-06 KD mH2A1.2 down
G0:0055002 striated muscle cell development 5,87E-06 KD mH2A1.2 down
G0:0055001 muscle cell development 1,10E-05 KD mH2A1.2 down
G0:0006695 cholesterol biosynthetic process 1,39E-05 KD mH2A1.2 down
G0:1901617 °r9§§2§y“nytﬂgﬁéypi3?£s‘;“”d 140E-05 | KD mH2AL.2 down
GO:1902653 | Secondary alcohol biosynthetic | 4 40e o5 | kD mH2A1.2 down

process
G0:0008299 isoprenoid biosynthetic process 2,42E-05 KD mH2A1.2 down
G0:0046165 alcohol biosynthetic process 3,05E-05 KD mH2A1.2 down
G0:0008610 lipid biosynthetic process 7,01E-05 KD mH2A1.2 down
G0:0016125 sterol metabolic process 8,77E-05 KD mH2A1.2 down
G0:0007155 cell adhesion 3,87E-05 KD mH2A1.2 up
G0:0022610 biological adhesion 3,87E-05 KD mH2A1.2 up
G0:0001655 urogenital system development 0,001573179 KD mH2A1.2 up
G0:0016477 cell migration 0,001655517 KD mH2A1.2 up
GO0:0030334 regulation of cell migration 0,001655517 KD mH2A1.2 up
GO:0051270 | fegulation of cellular component |, 41 gres17 KD mH2A1.2 up
movement
G0:0072001 renal system development 0,001655517 KD mH2A1.2 up
G0:0001822 kidney development 0,001844137 KD mH2A1.2 up
G0:0072073 kidney epithelium development 0,002105186 KD mH2A1.2 up
G0:2000145 regulation of cell motility 0,002105186 KD mH2A1.2 up
G0:0001525 angiogenesis 0,00226415 KD mH2A1.1 down
G0:0001944 vasculature development 0,00226415 KD mH2A1.1 down
G0:0072358 Cardigt‘e’s:ﬁ)“;‘nresg’ftem 0,00226415 | KD mH2A1.1 down
G0:0072359 circulatory system development 0,00226415 KD mH2A1.1 down
G0:0001568 blood vessel development 0,003300619 KD mH2A1.1 down
G0:0001503 ossification 0,004556973 KD mH2A1.1 down
G0:0035239 tube morphogenesis 0,004556973 KD mH2A1.1 down
G0:0048514 blood vessel morphogenesis 0,004556973 KD mH2A1.1 down
G0:0030198 extracellular matrix organization 0,00823924 KD mH2A1.1 down
G0:0003197 e”dgg\"’/‘;?g%'rggﬁ?ion 0,008246873 | KD mH2A1.1 down
G0:0051607 defense response to virus 3,34E-16 KD mH2A1.1 up
G0:0009615 response to virus 9,33E-16 KD mH2A1.1 up
G0:0035456 response to interferon-beta 2,73E-10 KD mH2A1.1 up
GO:0035458 | SelUIarresponse tointerferon- | g 3¢ 19 KD mH2A1.1 up
G0:0098542 defense response to other 6,04E-08 KD mH2A1.1 up
organism
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G0:0006952 defense response 7,24E-08 KD mH2A1.1 up

G0:0045087 innate immune response 7,67E-07 KD mH2A1.1 up
. negative regulation of viral i

G0:0045071 genome replication 8,37E-07 KD mH2A1.1 up

G0:0060700 regulation of ribonuclease activity 3,70E-06 KD mH2A1.1 up

G0:0048525 negative regulation of viral 6,78E-06 KD mH2A1.1 up

process
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8.5 The measurements of body weight and composition

Body weight

Flabwrwnce range for lervain CS7BL NG

Both sexes: Random intercept model for bodyweight with interactions

both Estimate a p-value
- (Intercept) 172 [16.43,17 36) <0.001
genotype 0.8 [0.01,1.59] 0.049
- R age 007 0.07,007] <0.001
% ex 30 [372-23] <0.001
x - genotypel sge o [0,0.01) 0132
genotypel:sexi 021 [-05,082) 055

Twturece range bor oty OI70L WMo

L L) : l‘ "l. ) --
. 3 ‘—
Age [woekal
i
i
. ' . . { Al . . '
Agr jweets|
Body composition analysis | (13 weeks)
fomal 1 linear linear linear linear
con mut con mut sex genotype Bodymass :eex:genotv
n=5 n=9 n=11 n=10
meantsd meantsd meantsd meantsd p-value p-value p-value p-value
::: MY 223:13 204822 28427 = 26432 <0.001 0.044 NA 0932
mﬁ 2 5+08 5341 64+1 61+1 0.46 0.101 <0.001 0.469
M 143%1 125+1.2 182+18 164+24 0.293 0.054 <0.001 0.839
Free fluid 08+0.1 07101 09102 09t02 0.01 0217 <0.001 0.131
@
det s . o2l K
3 ol . = i N - o i .
o - o mon g R:15 ma e = + |+ meon
E . mmut * mmut 4 = - mmut
o ¢ o "
3 g ’ = . +
.
é = 2 4 ‘;“o E e | /
§~ © - g & ’:/':0 - .. ., ’,.-'/ .
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8.6 Indirect calorimetry results
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