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Macro domain is a highly conserved protein domain found in both eukary-
otes and prokaryotes. Macro domains are also encoded by a set of positive-
strand RNA viruses that replicate in the cytoplasm of animal cells, including
coronaviruses and alphaviruses. The functions of the macro domain are
poorly understood, but it has been suggested to be an ADP-ribose-binding
module. We have here characterized three novel human macro domain
proteins that were found to reside either in the cytoplasm and nucleus
[macro domain protein 2 (MDO2) and ganglioside-induced differentiation-
associated protein 2] or in mitochondria [macro domain protein 1 (MDO1)],
and compared them with viral macro domains from Semliki Forest virus,
hepatitis E virus, and severe acute respiratory syndrome coronavirus, and
with a yeast macro protein, Poalp. MDO2 specifically bound monomeric
ADP-ribose with a high affinity (K3=0.15 pM), but did not bind poly(ADP-
ribose) efficiently. MDO2 also hydrolyzed ADP-ribose-1” phosphate,
resembling Poalp in all these properties. Ganglioside-induced differentia-
tion-associated protein 2 did not show affinity for ADP-ribose or its
derivatives, but instead bound poly(A). MDO1 was generally active in these
reactions, including poly(A) binding. Individual point mutations in MDO1
abolished monomeric ADP-ribose binding, but not poly(ADP-ribose)
binding; in poly(ADP-ribose) binding assays, the monomer did not compete
against polymer binding. The viral macro proteins bound poly(ADP-ribose)
and poly(A), but had a low affinity for monomeric ADP-ribose. Thus, the
viral proteins do not closely resemble any of the human proteins in their
biochemical functions. The differential activity profiles of the human
proteins implicate them in different cellular pathways, some of which may
involve RNA rather than ADP-ribose derivatives.

© 2008 Elsevier Ltd. All rights reserved.
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Abbreviations used: MDO2, macro domain protein 2;
MDO1, macro domain protein 1, ADPR-1"P, ADP-ribose-
1” phosphate; BAL, B-aggressive lymphoma; PARP, poly
(ADP-ribose) polymerase; GDAP2, ganglioside-induced
differentiation-associated protein 2; MDO3, macro
domain protein 3; HEV, hepatitis E virus; SARS-CoV,
severe acute respiratory syndrome coronavirus; nsP3,
nonstructural protein 3; SFV, Semliki Forest virus; TLC,
thin-layer chromatography; PARG, poly(ADP-ribose)
glycohydrolase; EGFP, enhanced green fluorescent
protein; YFP, yellow fluorescent protein; ZAP, zinc-finger
antiviral protein.

Macro domain is an evolutionarily conserved pro-
tein domain, so named because it is found at the C-
terminus of large variant core histones, macroH2A."
MacroH2A is found only in vertebrates and sea
urchins, but the macro domain itself is of ancient
origin, encoded by the genomes of many, but not all,
bacteria and archaea.” The macro domain of approx-
imately 170 aa folds into a globular mixed o/R-fold
containing a deep groove, a potential ligand-binding
pocket.” Recent structural, enzymatic, and binding
studies indicate that several macro domains can
bind ADP-ribose or its derivates, including poly
(ADP-ribose), and that some of them can hydrolyze
ADP-ribose-1” phosphate (ADPR-1"P) to yield

0022-2836/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.



Differential Activities of Macrodomain Proteins

213

ADP-ribose.*® Therefore, macro domain functions
may relate to different ADP-ribose metabolites, al-
though many aspects of their physiological roles
remain uncertain. The macro domain protein Poalp
of Saccharomyces cerevisiae is quite divergent com-
pared to human homologs, and the main function
of the yeast protein has been proposed to be the
hydrolysis of ADPR-1"P, which is a by-product of
tRNA splicing.”

The human genome contains nine genes en-
coding macro domain proteins. The two histones
macroH2A1 and macroH2A2 have a role in ge-
nome silencing, are enriched in female inactive
X-chromosomes and other heterochromatin areas,
and can also be involved in the regulation of gene
expression.” ! The gene for an Snf2-like helicase
(ALC1), related to the catalytic subunits of ATP-
dependent chromatin remodeling complexes, also
encodes for a macro domain.'? Three human genes
encode the B-aggressive lymphoma (BAL) family of
transcription factors.'”'> BAL proteins include two
or three tandem macro domains followed by a poly
(ADP-ribose) polymerase (PARP) domain, reinfor-
cing the link of the macro family with ADP-ribose
derivatives. The final three human macro domain
proteins are poorly understood. LRP16 was origin-
ally named during the search for leukemia-relapse-
related proteins, but was subsequently found by the
authors not to have a connection with that process.
Therefore, it is here called macro domain protein 1
(MDO1). The expression of the corresponding gene
is activated by estradiol, and it may promote the
growth of human breast cancer cells.'®"'® Human
locus 140733 encodes a protein [proposed name is
macro domain protein 2 (MDO2)] whose macro
domain is closely related to that of MDO1. This locus
has been linked with a rare developmental dis-
order, Kabuki syndrome.'® The gene for ganglioside-
induced differentiation-associated protein 2 (GDAP2),
which could also be called macro domain protein 3
(MDO3), was described as one of the genes induced
by ganglioside synthase expression in a mouse
neuroblastoma cell line.*’

Macro domains are also encoded by several
positive-strand RNA viruses: alphaviruses, rubella
virus, hepatitis E virus (HEV), and coronaviruses
[including the severe acute respiratory syndrome
coronavirus (SARS-CoV)].'*! These viruses repli-
cate their RNA in the cytoplasm of animal cells in
membrane-associated replication complexes.”” The
viral macro domains are found in the viral replicase
among the more typical replication protein do-
mains, including an RNA-dependent RNA polyme-
rase and RNA helicase. In alphaviruses, the macro
domain is essential for virus viability in cell culture,
and the macro-domain-containing nonstructural
protein 3 (nsP3) is found at the sites of virus repli-
cation, on the outer surface of endosomal/lysosomal
membranes.”>** The viral macro proteins are not
known to enter the nucleus. The SARS-CoV macro
domain has been shown to bind poly(ADP-ribose)
and to hydrolyze ADPR-1"P.252¢ The viral macro
domains have presumably originally been hijacked

from the host genome, and certain amino acids in
the ADP-ribose binding pocket are highly conserved
between viruses and cellular organisms. Thus, the
function of viral macro proteins could be similar to
the functions of some of the cellular macro domain
proteins. Viral macro proteins could act to influence
pathways normally regulated by cellular macro
domains either to promote virus replication or to
inhibit host responses directed against the virus.

We have here studied three small putatively
nonnuclear human macro domain proteins with
respect to their ligand binding properties and sub-
cellular localization, and compared them directly
with the macro domains derived from RNA viruses.
We found that each of the three previously unchar-
acterized human macro proteins has a distinct
profile of biochemical activity (also differing from
the viral proteins), and that MDOL is specifically
localized in mitochondria.

Results

Domain structure, expression, and purification
of macro domain proteins

Figure 1a and b shows the domain structure and
amino acid sequence alignment of human macro
domain proteins MDO1, MDO2, and GDAP2 with
the macro domains from Semliki Forest virus (SFV;
an alphavirus), HEV (sole member of the Hepeviridae
family), and SARS-CoV. MDO1 and MDO2 do not
contain any other predicted domains, although they
have significant amino acid stretches attached, res-
pectively, to the N-terminus or the C-terminus of the
macro domain. However, a high level of sequence
homology between them extends for ~230 aa, al-
though the macro domain comprises only ~170 aa
of these proteins. GDAP2 includes in its C-terminus
a predicted Secl4 domain, which is a putative lipid-
binding domain.”” The viral macro proteins form
parts of viral replicase polyproteins. SFV macro do-
main is located at the N-terminus of nsP3, followed
by a unique alphavirus domain of unknown function
and, after that, a hypervariable phosphorylated
region.”* In HEV, the macro domain is immediately
preceded by a proline-rich region and a putatively
unstructured spacer in the replicase protein, and
followed by the viral helicase coding region.”® In
coronaviruses, the macro domain is flanked, depend-
ing on the virus, by papain-like protease domains or
other domains of unknown function that remain in
the same mature protein with the macro domain.*

To study their biochemical properties, we ex-
pressed the macro domains derived from MDOI1,
MDQO2, GDAP2, SFV nsP3, and HEV in Escherichia
coli as N-terminally hexahistidine-tagged proteins.
The previously characterized yeast protein Poalp’
was produced as control, and the SARS-CoV macro
domain was obtained as previously described.”” The
proteins were purified by metal chelate chromato-
graphy, in some cases followed by a second puri-
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Fig.1. Macro domain proteins of human and viral origin. (a) Multiple amino acid sequence alignment of macro domain
proteins derived from SFV, HEV, and SARS-CoV with human MDO1, MDO2, and GDAP2 (MDQO3). Colored bars highlight
conserved amino acids with over 51% identity between the aligned proteins. Blue diamonds on top of the sequence indicate
the amino acids that were mutated in SFV, and red diamonds indicate the amino acids that were mutated both in SFVand in
MDOIL. (b) Domain structures of human MDO1, MDO2, and GDAP?2, and viral macro proteins from SFV, HEV, and SARS-
CoV. Macro-domain-containing proteins from SARS-CoV and HEV are shown only partially, as indicated by slashes, but
their full lengths are given by the numbers in parentheses. The region with a high level of homology between MDO1 and
MDO?2 is indicated by dotted lines. Predicted domains are indicated by colored symbols. RdRp, RNA-dependent RNA
polymerase. (c) Purified macro domain proteins were analyzed by SDS-PAGE on 12% gels followed by staining with
Coomassie blue. Lanes from left to right: Molecular mass marker, SARS-CoV nsp3 (174 aa), SFV nsP3 (167 aa), SFV nsP3
(328 aa), HEV macro (185 aa), MDO1 (243 aa), MDO2 (243 aa), GDAP2 (231 aa), molecular mass marker, and Poalp (177 aa).
The lengths of the proteins given above exclude the 13-aa to 17-aa N-terminal vector-derived sequence.

fication step (Fig. 1c; see Materials and Methods).
The purified proteins were used in enzymatic and
binding assays with ADP-ribose and its derivatives.

ADPR-1"P phosphatase activity

Some macro domain proteins, including Poalp,
have been shown to hydrolyze ADPR-1"P,*¢ which

arises as a by-product during tRNA splicing. The
enzymatic activity of the proteins with ADPR-1"P
was measured at room temperature, and the reac-
tion products were detected on thin-layer chroma-
tography (TLC). It was observed that the closely
related human proteins MDO1 and MDO2 both
hydrolyzed ADPR-1"P equally efficiently as yeast
Poalp (Fig. 2, lanes 3, 7, and 9). HEV and SARS-CoV
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Fig. 2. ADPR-1"P phosphatase
activity of macro domains. The
indicated macro domain proteins
were incubated with ADPR-1"P for
1 h at 28 °C, and reaction products

1
\ 1
1 - .
' ‘ i ] ADPR were analyzed by TLC and visua-
I lized under UV illumination. Lanes
" 1 ! ASBEE 1 and 2 contain the controls as
’ 1 - . . .
& 1 -8 ‘ s | ‘ indicated: ADPR-1"P incubated
\ without the addition of protein,
1 2 3 4 5 6 7 8 9 and pure ADP-ribose.
(a) Time (min) Time (min) Time (min)
410 0 10 20 30 40 50 60 70 80 S0 100 110 410 0 10 20 30 40 50 60 70 80 90 100 110 10 0 10 20 30 40 50 60 70 80 90 100 110
R T B B e e e e B T T T T T T
00 i 00 4 004
T T L LAAARAA T YTV : |
W ( I(W (”ﬂl ”f
0.5 | . 05 l 05 .
g 10 4 8 104 4 g 0 ]
@ s @
8 s 4 8 s 8 s .
= = b~ 5
20 20 . 20 i
23 — o 28— 28l A
04 — 04 4 0] ]
- -2 B - 27 | - 27 ]
a 4 1 & 4 1 8§ 49 =
£ 3 1 &% 1 = 2 ]
5 104 3 5 -] 1 g 10 ]
o 12 1 9 2] 1 9 2] ]
S 14 1 B -14] 1 5 14 ]
£ 18 5 E 18] 3 £ 18 3
] 18] 1 8 18] 1 ] 8] ]
X 201 MDO1 ] = 20] _am MDO2 ] X 90] Poalp ]
-22 T T T T T T 22 T T T T T T -22 T T T T T T
00 05 10 15 20 25 30 00 05 10 15 20 25 30 00 05 10 15 20 25 30
Molar Ratio Molar Ratio Molar Ratio
Time (min) Time (min)
40 0 10 20 30 40 50 60 70 80 90 100110 410 0 10 20 30 40 50 60 70 80 90 100 110
e e e e T L B e
0.00 T — 0.00 - . 4
HHTT VYRYTTTvTT ey
-0.05 4 B -0.05 4
9 -0.10 4 8 0104 R
@ 2
8 015 4 8 w154 i
=2 =2
-0.20 4 d 020 y
-0.25 T T T T T 025 T T T T T T
027 s 024 —_— ]
= 041 wmgm I..-..l....-ll.-.-'. 1 =043 ll'l'-".-" mRmgute
& 08 L ] Gos] " ]
3 08 1§ o8] ]
£ 104 1 £ 04 E
B 124 ] s 124 ,
1] [(F]
2 14 1 2 4] ]
E -16 1  E 18] ]
'—é 18] i B 8] ]
X 20 SFV 4 X 2.0 GDAP2
2.2 T T T T T T 2.2 T T T T T T
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Molar Ratio Molar Ratio

Fig. 3. Macro domain proteins of different origins have different affinities for ADP-ribose monomer, poly(ADP-
ribose), and poly(A). (a) Isothermal titration calorimetry of ADP-ribose binding. Titration curves show the stepwise
addition of ADP-ribose into a solution containing the purified MDO1, MDO2, Poalp, SFV, and GDAP2 macro domains in
the presence of 100 mM NaCl (500 mM NaCl for SFV macro) at 30 °C. The lower parts of the figures show the fit of the
measured data (first data point omitted) to an equilibrium binding isotherm. The protein assayed is indicated on the
bottom-right corner of each panel. (b) Binding of 3*P-labeled poly(ADP-ribose) by macro domain proteins blotted onto a
nitrocellulose membrane. About 10 pmol, 100 pmol, or 1000 pmol of each protein was immobilized onto the membrane,
followed by blocking with milk proteins. After 1 h of incubation with [32P]poly(ADP-ribose), the membrane was washed
carefully, and bound radioactivity was detected with PhosphorImager. Bovine serum albumin was used as negative
control. In addition to the wild-type macro proteins, a double mutant (G182Y +G270Y) of MDO1 and a single mutant
(G32Y) of SFV nsP3 are illustrated. (c) Binding of 32P-labeled poly(A) by macro proteins was tested similarly to the poly

(ADP-ribose) binding experiment.
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Fig. 3 (legend on previous page)

proteins also demonstrated similar activities (lanes 5
and 8).° However, SFV nsP3 had only a minor
activity, whereas GDAP2 was inactive as an ADPR-
1"P phosphoesterase (lanes 6 and 4). The level of
activity for SFV nsP3 was independent of the spe-
cific construct used, as a protein containing the 167-
aa-long macro domain region only and an extended
protein of 328 aa had similar activities (data not
shown). In parallel with TLC, the reaction products
from the hydrolysis of ADPR-1"P by MDO1 were
analyzed by HPLC and mass spectrometry. The mass
of the reaction product was 558.1 m/z, confirming its
identity as ADP-ribose (calculated monoisotopic
mass of the protonated molecule, 559.1) and further
demonstrating that the reaction involved the removal
of the 1”-phosphate and not another type of modi-
fication or degradation of the substrate.

ADP-ribose binding

As an alternative to enzymatic function, it has
been suggested that cellular and viral macro do-

mains might be ADP-ribose-binding modules.”® We
tested the affinity of human, yeast, and viral macro
proteins for ADP-ribose by isothermal titration
calorimetry (Fig. 3a). MDO1 and MDO2 showed
the highest affinity for ADP-ribose, with Ky values
of 0.9 pM and 0.15 pM, respectively. The yeast
protein Poalp also had a reasonably high affinity
(Kg=2.9 uM). Viral macro proteins from SARS-CoV
and HEV were previously shown to bind ADP-
ribose with a much weaker affinity of ~24 pM or
>50 puM, respectively,6 which was confirmed again
in these experiments. We were unable to detect the
binding of ADP-ribose to SFV macro. SFV macro
domain tended to precipitate in low-salt buffer
when the protein concentration was high, as
required in calorimetry experiments. Thus, the
binding assays for SFV macro protein were repeated
in the presence of 500 mM NaCl, where the protein
remained soluble. Again, no ADP-ribose binding
was detected for SFV macro (both the 167-aa and the
328-aa forms of the protein were tested), whereas
MDO1 was able to bind ADP-ribose also in the high-
salt buffer, although the dissociation constant
measured was approximately twofold higher than
that under standard conditions (data not shown). In
several independent experiments, human GDAP2
was completely inactive in binding to ADP-ribose
(Fig. 3a), although it remained soluble under the
assay conditions.

Binding of poly(ADP-ribose)

Most of the ADP-ribose in the cells is in the form of
poly(ADP-ribose), a polymer produced by PARPs. It
has been shown that some macro domains bind poly
(ADP-ribose).>® Thus, we wanted to examine if this
represents a common property for all the macro
domains. For this assay, poly(ADP-ribose) was
produced from radioactively labeled NAD" by
auto-ADP-ribosylation of PARP-1 (see Materials
and Methods). Macro domain proteins immobilized
on a nitrocellulose filter were incubated with a
protein-free purified poly(ADP-ribose) preparation
or with a preparation in which the labeled polymer
was still bound to PARP-1. Overall, the experiments
showed that the binding of poly(ADP-ribose) with
PARP-1 in the preparation and the binding of poly
(ADP-ribose) without PARP-1 in the preparation
were practically identical. Incubation of macro
domains with radioactive NAD™ alone produced
no radioactive signal.

The viral macro domains from HEV and SFV
bound poly(ADP-ribose) effectively (Fig. 3b),°
although they bound monomeric ADP-ribose with
low affinity (HEV) or no affinity at all (SFV) in
previous experiments. In complete contrast, macro
domains derived from MDO2 and Poalp did not
show effective binding to poly(ADP-ribose) (Fig.
3b), although they bound monomeric ADP-ribose
tightly. MDO1 bound poly(ADP-ribose) and also the
monomer, and GDAP2 was inefficient in binding
poly(ADP-ribose) and ADP-ribose (Table 1). Thus,
the binding of poly(ADP-ribose) showed striking
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Table 1. Binding and hydrolysis activities of macro
domain proteins

ADP-ribose  Poly(ADP-

ADPR-1"P binding, ribose) Poly(A)
Protein hydrolysis K4 (M) binding  binding
MDO1 ++ 0.9 + +
MDO2 ++ 0.15 - -
GDAP2 - NB — +
Poalp ++ 2.9 - ND
SFV macro + NB + +
HEV macro ++ >50 + +
SARS macro ++ 24 +7 ND

ADPR-1"P hydrolysis was tested at 28 °C and detected by TLC.
Hydrolysis activity was classified as moderate (++), poor (+), or
none (-). ADP-ribose binding was measured by isothermal
titration calorimetry at 30 °C. Binding of poly(ADP-ribose) and
poly(A) was detected by filter binding assays with a **P-labeled
ligand and classified as efficient (+) or inefficient (-).

NB, nonbinding; ND, not determined.

? Data from Egloff et al.®

differences between macro domains and was not
directly related to monomer binding.

The binding of poly(ADP-ribose) appeared to be
specific in the case of MDO1, SFV macro, and HEV
macro. When the filter-bound proteins were incu-
bated with a large molar excess of poly(A) (~400-
fold) or monomeric ADP-ribose (1500-fold excess),
together with poly(ADP-ribose), no competition for
the binding of poly(ADP-ribose) was noted (data
not shown). Competition of ADP-ribose with poly
(ADP-ribose) was also tested in experiments in
which the proteins were first preincubated with the
monomer, followed by addition of the polymer,
with similar results. When we tested the binding of
labeled poly(A) alone, however, all the proteins that
bound poly(ADP-ribose) were also able to bind poly
(A) (Fig. 3¢; Table 1). MDO2 did not bind poly(A);
however, surprisingly, GDAP2, which was inactive
in all of the ADP-ribose-related assays, bound poly
(A) in this assay, leading to a hypothesis that
sequence alterations in the substrate-binding pocket
of GDAP2, as compared to other macro domain
proteins, might be related to different substrate
specificities [nucleic acid binding versus poly(ADP-
ribose) binding].

So far, only one enzyme, poly(ADP-ribose) glyco-
hydrolase (PARG), has been known to hydrolyze
poly(ADP-ribose) to monomeric ADP-ribose. We
also tested the macro proteins” poly(ADP-ribose)
hydrolysis activity. The proteins were incubated
with poly(ADP-ribose) in hydrolysis buffer, and the
reactions were analyzed by TLC for separation of
the monomer from the polymer. None of the macro
proteins degraded poly(ADP-ribose) under these
conditions, whereas cell lysates containing abun-
dant PARG yielded clear evidence of ADP-ribose
generation (data not shown). Thus, the macro
domains derived from HEV, SFV, and human
MDO1—rather than hydrolytic enzymes acting on
poly(ADP-ribose)—are specific poly(ADP-ribose)-
binding modules.

Mutagenesis of the active site

Based on the existing macro domain structures,””°
we constructed mutations to the suggested ligand-
binding pockets of human MDO1 and SFV macro.
The sites for two mutations in both proteins were
selected so that by replacing highly conserved glycine
residues (which flank the pocket) with a larger amino
acid (tyrosine), the narrow binding pocket might
become physically blocked (Fig. 4). In addition, some
of the other conserved amino acids in SFV macro
ligand-binding pocket were mutated (Fig. 1a). The
mutant proteins were tested for ADPR-1"P hydro-
lysis and for binding of ADP-ribose and poly(ADP-
ribose). Several of the single-point mutations were
sufficient to inactivate ADP-ribose binding and
ADPR-1"P hydrolysis. Mutations G182Y and G270Y
in MDOL1 inactivated ADP-ribose binding and
ADPR-1"P hydrolysis reactions, and the correspond-
ing mutations in SFV macro (G32Y and G112Y) also
totally abolished ADPR-1"P hydrolysis (Table 2). The
ADP-ribose binding of SFV macro mutants was not
tested, as no binding was detected for the wild-type
protein. Most macro domains contain a stretch of
three glycines (residues 180-182 in MDO1), but SFV
macro has an aspartate in the central position (Fig.
la). An attempt to return to the consensus sequence
by mutation of this aspartate to glycine further
reduced the small ADPR-1"P hydrolysis activity of
SFV macro, and, for MDO1, an acidic residue
(glutamate) was detrimental in this position (Table
2). Mutations in the other tested positions of SFV
macro abolished the enzymatic activity of the protein
(Table 2).

None of the mutations affected poly(ADP-ribose)
binding (Table 2; two mutants are also illustrated in
Fig. 3b). This could be explained by the interaction
of poly(ADP-ribose) with additional extensive sites
on the surface of the macro domain outside of the
deep pocket that binds monomeric ADP-ribose, as
suggested.® However, it was surprising that none of
the mutants could even noticeably reduce poly
(ADP-ribose) binding, as examined by filter binding
assay. For instance, mutating either of the glycines
(G182 and G270 in MDO1) flanking the binding
pocket to tyrosine residues totally abolished ADP-
ribose binding, possibly by physically blocking the
binding pocket. Furthermore, combining these two
mutations (G182Y +G270Y) did not have an effect
on poly(ADP-ribose) binding (Fig. 3b), even when
the filter was washed under more stringent condi-
tions (1 M NaCl) (not shown). Thus, it seems that
poly(ADP-ribose) binding is a relatively robust
property of those macro domains that show an
affinity for it.

Subcellular localization of human macro
proteins

The macroH2A and BAL families of proteins are
known to localize to the nucleus and to function in
transcriptional regulation.®'%'* As the virus-
encoded macro domain proteins function in the
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T162

T269

F272

N174

Fig. 4. Structure prediction of the MDO1 ligand binding site. The ADP-ribose bound to the MDO1 ligand-binding
pocket is shown as predicted, using SARS-CoV macro domain as model. Sites of mutations inactivating ADP-ribose
binding (residues G182 and G270) are highlighted in red, and the site of mutation reducing binding (G181) is shown in
orange. In the SFV macro sequence, positions 31 and 32 correspond to MDOI1 residues 181-182, and position 112
corresponds to MDO1 residue 270. The residues corresponding to the additionally mutated sites in SFV are also seen in
this rendering: residues D10, N21, and N24 in the SFV sequence correspond to MDO1 D160, N171, and N174, respectively.

cytosol, we were interested to know whether some
of their human counterparts would also reside in the
cytosolic compartment.

We expressed MDO1, MDO2, and GDAP2 in
HeLa cells as C-terminally myc-tagged or enhanced
green fluorescent protein (EGFP)-tagged proteins.
Two constructs, encoding either the full-length

Table 2. Binding and hydrolysis activities of MDO1 and
SFV macro protein mutants

ADP-ribose  Poly(ADP-

ADPR-1"P binding, ribose)
Protein hydrolysis Kq (uM) binding
MDOT1 wild type ++ 0.9 +
G181E + 17 +
G182Y - NB +
G270Y + NB +
G182Y +G270Y - ND +
SFV macro wild type + NB +
D10A - ND +
N21A +N24A - ND +
D31G + ND +
G32Y - ND +
G112Y - ND +

ADPR-1"P hydrolysis was tested at 28 °C and detected by TLC.
Hydrolysis activity was classified as moderate (++), poor (+), very
weak (+), or none (—). ADP-ribose binding was measured by
isothermal titration calorimetry at 30 °C. Poly(ADP-ribose)
binding was detected by filter binding assays with **P-labeled
poly(ADP-ribose) and classified as efficient (+) or inefficient (-).
NB, nonbinding; ND, not determined.

protein or the macro domain only, were made for
each (see Materials and Methods). The myc anti-
bodies failed to recognize the expressed proteins on
Western blot analysis. However, the macro proteins
fused to EGFP were readily expressed, and proteins
of the expected size were detected by Western blot
analysis with EGFP antibodies (Fig. 5a). In the case
of full-length MDO1-EGFP, besides the protein of
expected size (62 kDa), an additional smaller protein
of ~56 kDa—corresponding to roughly 29 kDa for
the MDO1 portion when the mass of EGFP was
subtracted—was also detected. Similarly, two bands
of ~36 and ~30 kDa were detected when MDO1-
myc was expressed and detected by anti-MDO1
antibodies (not shown).

For immunofluorescence, HelLa cells were trans-
fected with EGFP fusion constructs and, in the case
of MDO1, also with myc fusion for detection by anti-
MDOT1 antibody. The transfected cells were studied
by immunofluorescence at 6 h and 18 h posttrans-
fection. At both time points, MDO1 showed bright
staining of specific and abundant organelles, which
were confirmed as mitochondria, using anti-MDO1
antibody together with yellow fluorescent protein
(YFP) linked to a mitochondrial localization signal
(Fig. 5b). This localization was identical indepen-
dently of the vector used (EGFP fusion and myc-
tagged). Notably, a faint staining of the mitochon-
dria was also observed when untransfected Hela
cells were stained with anti-MDOT1 antibodies (not
shown), suggesting that endogenous MDO1 is



Differential Activities of Macrodomain Proteins 219

N

] ) (1s)
(a) Nq? ~ q? Wﬂ; 4
kD FEEISFSISF 5 &

a ¢ ¥ O I ¢

250 | =
130 | s
100 | e —
70 | -
55 | - — —
35 |
27 |- —

Fig. 5. Expression and localization of the human macro proteins MDO1, MDO2, and GDAP2 in HeLa cells. (a) Western
blot analysis of EGFP-tagged proteins, as detected by antibodies against EGFP. An EGFP coding vector without fusion
partner was used as positive control (lane 1), and mock-transfected cells were used as negative controls (lane 8). Either the
full-length protein (lanes 3, 5, and 7) or the macro domain with flanking sequences (length indicated by the numbers
following the name of the protein; lanes 2, 4, and 6) was expressed, as indicated on top. Molecular mass marker is shown
on the left. (b) MDOL1 fused to a myc epitope was cotransfected with YFP linked to a mitochondrial localization signal (mt-
YFP) and detected by indirect immunofluorescence using anti-MDO1 antibodies. Localization of mt-YFP was detected in
the green channel, and anti-MDO1 staining was detected in the red channel. Colocalization of the signals is illustrated in
yellow. (c) The 243-aa C-terminal of MDO1 detected by anti-MDO1 did not show mitochondrial localization. Full-length
MDO2 (d) and GDAP2 (e) were expressed as C-terminally EGFP-tagged recombinant proteins in HelLa cells and were
detected by EGFP fluorescence both in the cytosol and in the nucleus.
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expressed and present in the mitochondria at low
levels.

The smaller band detected for MDO1 by Western
blot analysis could indicate either translation initia-
tion from the second in-frame methionine (Met83) in
the MDO1 gene (yielding a 243-aa protein) or
proteolytic cleavage of the full-length protein. The
localization of MDO1 in mitochondria led us to
suspect the latter possibility, as it is common that
mitochondrial import sequence is cleaved after
transport to the mitochondria. The MDO1 protein
sequence was analyzed with the MitoProt pro-
gram,”’ which predicted export to the mitochondria
with a probability of 0.99. The predicted import se-
quence was 77 aa long, the cleavage of which would
result in a mature protein of 248 aa in the mitochon-
dria. To support the presence of a mitochondrial
import sequence, we additionally expressed in
HelLa cells a construct comprising the last 243 aa of
MDOI1. Expression in this construct was initiated
from the second in-frame methionine and resulted in
an evenly distributed cytoplasmic protein (Fig. 5¢),
which was sometimes concentrated in large aggre-
gate-like structures at later time points (not shown),
and no colocalization with the mitochondria was
detected. Therefore, it is likely that MDOL is initially
expressed in the cells as a 325-aa protein, which is
transported to the mitochondria and cleaved by
mitochondrial enzymes to result in the shorter
protein.

MDO2-EGFP and GDAP2-EGFP proteins showed
an even distribution throughout the cytoplasm and
nucleus (Fig. 5d and e). This localization was
identical for the full-length protein and the smaller
macro core units fused to EGFP (not shown). Thus,
the localization of the proteins was not affected by
the predicted Sec14 domain in GDAP2 or the ~190-
aa unique sequence in the MDO2 C-terminus. Based
on these results, MDO2 and GDAP2 are the first
macro domain proteins to be found in the cytosol
and the first macro domain proteins that could
potentially be shuttling to and from the nucleus.

Discussion

In this study, we characterized the biochemical
functions of small human macro domain proteins,
which turned out to have rather distinct proper-
ties compared to one another. This study revealed
new types of human macro domain proteins: two
cytosolic/nuclear macro proteins MDO2 and
GDAP2, one of which (GDAP2) contains the first
macro domain binding poly(A), but not ADP-ribose
derivatives. Furthermore, MDO1 was the first macro
protein found to localize in mitochondria. We also
compared the viral macro domain proteins with
their human homologs, expecting that the viral
proteins would resemble some of their cellular
counterparts and thus putatively influence the
same cellular pathways. However, the viral macro
proteins from SFV, HEV, and SARS-CoV did not
show a clear relatedness to any of the cellular

proteins studied, but resembled each other in their
biochemical properties. Based on this study, it seems
likely that the functions of the macro domain
proteins are more diversified than has been thought
before.

The human cytosolic macro proteins MDO2 and
GDAP2 bound ADP-ribose monomer and poly(A),
respectively, but did not bind poly(ADP-ribose).
These proteins seem to reside also in the nucleus
(EGFP-tagged proteins were detected in both the
cytoplasm and the nucleus) and could potentially
also participate in nuclear functions such as RNA
processing, in addition to cytosolic metabolic/
signaling pathways. The high binding affinity of
MDO?2 for ADP-ribose, its inability to bind poly
(ADP-ribose), and its hydrolysis activity towards
ADPR-1"P are all properties that it shares with the
yeast Poalp (Table 1). If mammalian cells harbor an
enzymatic activity scavenging the ADPR-1"P by-
product of tRNA splicing, this role could be fulfilled
by MDO2, as previously suggested for Poalp in
yeast.” The unusual cytoplasmic splicing event of
XBP-1 mRNA during the unfolded protein response
caused by endoplasmic reticulum stress may also
proceed via a tRNA-like pathway.”” Interestingly,
disruption of the gene encoding MDO2 was
suggested to be linked to a rare developmental
disorder in one patient,' thus implying an impor-
tant developmental role for this protein. This could
be related to ADP-ribose-mediated cellular signal-
ing, as mono(ADP-ribosyl)ation has an important
role in the signaling and metabolic pathways of
eukaryotic cells (reviewed by Di Girolamo et al.*).
Alternatively, accumulation of metabolic products
such as ADPR-1"P could lead to developmental
disturbances.

GDAP2 was originally found in a search for
ganglioside-induced neuronal differentiation factors,
and its expression was found to be developmentally
regulated in mouse brain.** GDAP2 contains in
its C-terminus a predicted Sec14 domain—a lipid-
binding domain that is known to function in intrac-
ellular trafficking. In our experiments, the inclusion
of the Sec14 domain did not affect the subcellular
localization of GDAP2 when the protein was over-
expressed in HeLa cells. However, it remains pos-
sible that, under specific circumstances, the Sec14
domain could have targeting effects on the protein.
The GDAP2 macro did not possess the ability to
interact with ADP-ribose and poly(ADP-ribose), but
we demonstrated the binding of poly(A) (Fig. 3b
and c). Clarification of the nucleic acid binding
properties and specificities of GDAP2 macro
domain requires further studies.

MDOL is a relatively potent ADP-ribose binding
protein and is also able to bind poly(ADP-ribose)
and to hydrolyze ADPR-1"P (Table 1). MDOL is the
first ADP-ribose binding protein that has been
shown to localize in mitochondria. The role of poly
(ADP-ribosyl)ation in mitochondrial regulatory
events has been under discussion (reviewed by
Scovassi®*). Recently, two newly discovered poly
(ADP-ribose)-hydrolyzing PARG isoforms were
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detected in the mitochondria.” Specific PARG acti-
vity was shown to be higher in the mitochondria
than in the nucleus, although PARP activity in the
mitochondria was low.”® This could indicate transport
of poly(ADP-ribose) from the nucleus to the mito-
chondria. In another study, nuclear-mitochondrial
signaling was studied under apoptotic stress, and no
poly(ADP-ribose) transport to the mitochondria was
detected.’® Rather, it was proposed that ADP-ribose
might serve as messenger molecule in the activation
of mitochondrial apoptosis mechanisms after
nuclear poly(ADP-ribosyl)ation. The localization of
MDO1 in the mitochondria may support a role for
ADP-ribosylation (either in polymeric or in mono-
meric form) also in the mitochondria, although
the possibility of MDOL1 functioning in ADPR-1"P
hydrolysis cannot be excluded.

The viral macro domain proteins have been
adopted as an essential part of viral genome, but
are present only in a small subset of positive-strand
RNA viruses that replicate in the cytosolic compart-
ment. It has been suggested that viral macro do-
mains might function as poly(ADP-ribose)-binding
modules.® The present study confirms that viral
macro domain have substantial affinity for poly
(ADP-ribose), but not for monomeric ADP-ribose.
Poly(ADP-ribose) binding, coupled with poly(A)/
nucleic acid binding, further suggests that viral
macro domains could have a role in viral RNA rep-
lication and/or transcription. The macro domains of
HEV and SFV can also bind poly(ADP-ribose) in the
presence of a poly(A) competitor. This suggests that
they could recruit poly(ADP-ribosyl)ated cellular
factors to the replication complex while bound to
RNA. It is also possible that the function of poly
(ADP-ribose) binding would facilitate the dis-
assembly of macro domain from the viral genome.
This possibility could not be tested directly here
because poly(ADP-ribose) could not be produced in
amounts high enough to be tested in competition
experiments against poly(A). Although the viral
proteins can—to a higher or a lower extent—
hydrolyze ADPR-1"P (Fig. 2; Putics et al.”>%), it is
not easy to understand how this activity might be
linked to the advancement of viral RNA replication.
This function has been also shown to be dispensable
in a cell culture for coronavirus.”> Whether poly
(ADP-ribose) or poly(A) binding by viral macro do-
mains is important for virus replication remains to
be established.

One possible pathway targeted by viral macro
proteins involves a cellular protein called zinc-finger
antiviral protein (ZAP), which has been shown to
inhibit alphavirus growth in cell culture.’®*” ZAP
consists of repeated zinc-fingers, a TIPARP homo-
logy domain, a WWE domain, and a PARP-like
domain.*” The zinc-finger domain of human ZAP
was found to be sufficient for alphavirus inhibition;
however, in a recent study, it was shown that the
PARP-like domain increased the inhibition by
fivefold. In the same study, the PARP-like domain
was also found to have been under positive evo-
lutionary selection, unlike other ZAP domains.*’

Thus, SFV nsP3 and other viral macro proteins could
aim to sequester ZAP, or other proteins modified by
the putative PARP activity of ZAP, to prevent the
normal function of ZAP and the inhibitory event.
Also other cytosolic PARP-like proteins or proteins
modified by these PARPs could interact with viral
macro proteins, but even less is known about these
proteins. Altogether, 17 PARP-like proteins, some of
which are likely to function in the cytosolic com-
partment, have been identified in humans.*' Some
of the already characterized PARP proteins have
been shown to localize at least partly outside the
nucleus, including PARP-3 and PARP-4, tankyrase-1
and tankyrase-2, and probably even PARP-1, the
main PARP (reviewed by Virag*). Among the
cellular macro domain proteins studied, only
MDOI1 was able to bind poly(ADP-ribose); however,
due to its mitochondrial localization, MDO1 could
only indirectly interact with the putative networks
influenced by the viral macro proteins. Thus, in
contrast to our initial assumptions, it seems that
functional studies of cellular macro proteins might
not directly illuminate the functions of the related
viral proteins.

We show here that different macro domains can
have a variety of binding properties, and that the
binding of ADP-ribose monomer and polymer is not
necessarily interrelated, as some of the examined
proteins only bound one, but not the other, ligand.
These results are in accordance with experiments on
the histone splicing variant mH2al.1, which binds
O-acetyl-ADP-ribose and ADP-ribose, but not poly
(ADP-ribose).*> The gene mH2A1 results in two
differently spliced proteins, of which mH2A1.1
binds ADP-ribose, but mH2A1.2 does not. The re-
ported changes in the mH2A1.2 splicing variant
were replacements of G223 and G224 by K and D,
respectively, and a ~90° flip in F348 stacking the
adenine residue.*® In GDAP2, the amino acids cor-
responding to G223 and G224 in histone mH2A1.1
are also replaced by larger amino acids, K82 and
N83. In most macro domains, this region contains a
stretch of three glycines (Fig. 1). We also observed in
our experiments that mutating the last of the three
glycines (G182 in MDO1) to tyrosine resulted in loss
of ADP-ribose binding and ADPR-1"P hydrolysis. It
seems that the flexible glycine stretch at the edge of
the binding pocket (aa 180-182 in MDO1; Fig. 4) is
required for ADP-ribose binding. The conservation
of this stretch could be one hallmark for the binding
of ADP-ribose-type ligands by selected macro
domains. In GDAP2, the glycine residue on the
opposite side of the binding pocket (G270 in MDO1)
has also been lost.

In conclusion, it seems likely that most macro
domain proteins have evolved to bind a variety of
metabolites related to ADP-ribose, but some macro
domains such as GDAP2 have evolved to a different
direction to interact, for instance, with nucleic acids.
This divergence might perhaps not be so surprising,
as it has been suggested that poly(ADP-ribose)
could assume helical conformations similar to
those of nucleic acids.** Very recently, PBZ, another
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poly(ADP-ribose) binding domain that consists of
motifs (zinc-fingers) originally characterized for
nucleic acid binding, was identified.*

Materials and Methods

Protein expression and purification

Macro domain encoding sequences derived from two
viral genes, one yeast gene, and three human genes were
cloned to a pHAT expression vector that encodes an
N-terminal hexahistidine ’cag.46 The cloned regions,
obtained by PCR and verified by sequencing, encoded
the following amino acids: aa 775-960 from HEV open
reading frame 1 protein (Burmese strain, described
earlier’’); aa 1-167 or aa 1-328 from SFV nsP3 (prototype
strain SFV4); aa 1-177 (entire protein) for S. cerevisiae
Poalp; aa 1-231 for Homo sapiens GDAP2; aa 83-325 for
MDO1; and aa 1-243 for MDO?2. Clones for MDO1
(IRALp962M206) and GDAP2 (IRAKp961B043) were
obtained from the RZPD German Resource Center for
Genome Research (sequences correspond to the Entrez
nucleotide database with accession numbers BC000270
and BCO013132), and the clone for MDO2 was obtained
from Origene (accession number NM_080676.5). The
POA1 gene was cloned in-house from S. cerevisiae, and
Ser2 was mutated to Ala for cloning purposes. HEV
sequence was cloned to pHAT using Spel and BamHI sites,
and the others were cloned using Ncol and HindIII sites.
Point mutations were made to the E. coli expression cons-
tructs of SFV nsP3 (328 aa) and human MDO1 (243 aa)
using the XL mutagenesis kit (Promega) in accordance
with the manufacturer’s instructions. In nsP3, the follow-
ing mutations were created: D10A, D31G, G32Y, N21A +
N24A, G112Y; and in MDOI, the following mutations
were created: G181E, G182Y, G270Y, and G182Y +G270Y.
All constructs were fully sequenced.

Proteins were expressed in E. coli BL21(DE3) and
purified by nickel affinity chromatography (HiTrap; GE
Healthcare) in 20 mM sodium phosphate (pH 8.0) and
0.5 M NaCl. Protein binding was carried out in 20 mM
imidazole, followed by washes with 40-100 mM imida-
zole and elution with 500 mM imidazole in sodium
phosphate buffer. Affinity purification was followed by
ion exchange chromatography (Resource S; GE Health-
care) for MDO2. The ion exchange chromatography was
run in 20 mM Hepes and 100 mM NaCl, and the proteins
were eluted with a NaCl gradient from 100 mM to 500 mM
(1 ml/min for 15 min). The proteins were stored in a
protein storage buffer containing 25 mM Hepes (pH 8.0),
250 mM NaCl, 1 mM dithiothreitol (DTT), and 20%
glycerol at =70 °C. SARS-CoV macro protein was kindly
provided by Dr. Bruno Canard (CNRS, Marseille,
France).*

Human macro protein encoding sequences were also
cloned to vectors for expression in mammalian cell lines.
Two constructs, encoding either the full-length protein or a
truncated derivative (macro domain with some flanking
amino acids), were made for each protein. The MDO1
gene was cloned to pEGFP-N1 (EcoRI-Agel; Clonetech)
and pcDNA4/TO (EcoRI-Xbal; Invitrogen) to create a
C-terminally myc-tagged (EQKLISEEDL) variant. Two
different constructs were made for both vectors to express
either the full-length (325 aa) protein or a 243-aa “macro
core unit” (aa 83-325). Corresponding constructs were
made for GDAP2 and MDO2 (encoding aa 1-239 or aa 1-
496, and aa 1-243 or aa 1425, respectively) in pEGFP-N1

(MDOQO2: HindIII-Sacll; GDAP2: Sacl-Sacll) and pcDNA4/
TO (GDAP2: EcoRI-Xbal).

Enzyme assays

ADPR-1"P was produced from ADP-ribose-1"2" cyclic
phosphate by cyclic phosphodiesterase (reagents were
kindly provided by Dr. Witold Filipowicz, Friedrich
Miescher Institute for Biomedical Research, Basel, Switzer-
land), and ADPR-1"P hydrolysis activity of the proteins
was detected essentially as previously described.® The
proteins (15 uM) were incubated with 2.3 mM ADPR-1"P
[stored in 50 mM Tris (pH 7.0) and 0.1% Triton X-100] in
the reaction mixture at pH 6.0 (1:1:1, protein storage
buffer, ADPR-1"P buffer, and 60 mM 4-morpholineetha-
nesulfonic acid, pH 5.0) at 28 °C for 1 h or 2 h. The longer
incubation time was used for GDAP2 and in studies of
mutants of the less active SFV nsP3. The produced ADP-
ribose was separated from the substrate by TLC on PEI-F
cellulose plates in 0.15 M NaCl and 0.15 M sodium
formate (pH 3.0), and detected under UV illumination. To
determine the mass of the reaction product, 6 pul of the
reaction mixture was run on reverse-phase HPLC with an
RP-18 column (2.1 mm*100 mm, Spherisorb C18, 5 um,
120 A) over a linear gradient of 50 min at 180 pl/min
[buffer 1: 0.2 M triethyl-ammoniumbicarbonate (pH 7);
buffer 2: 50% acetonitrile]. The peak fraction was studied
with an Ultraflex TOF/TOF mass spectrometer (Bruker-
Daltonik GmbH, Bremen, Germany) using alpha-cyano-4-
hydroxycinnamic acid matrix in linear negative mode.

PARG activity was tested by incubating 140 pmol of
macro domain or HeLa cell nuclear extract with 0.6 pmol
(calculated as NAD® equivalents) of [**P]poly(ADP-
ribose) in 5 pl of glycohydrolase buffer [50 mM NaPO,
(pH 7.4), 50 mM KCl, and 10 mM R-mercaptoethanol] for
20 min at 37 °C. The reaction was stopped by adding 0.5 ul
of 1% SDS, and products were analyzed on PEI-TLC with
0.3 M LiCl and 0.9 M acetic acid. The cleaved ADP-ribose
was detected with BAS-1500 PhosphorIlmager (Fujifilm).

ADP-ribose binding

Isothermal titration calorimetry binding assays were
carried out at 30 °C using a VP-ITC instrument (Microcal).
Binding reactions were performed in 25 mM Hepes
(pH 7.0) and 100 mM NaCl, using 25-45 pM protein
and 350-500 pM ADP-ribose (Sigma) as the injected
ligand. The binding assays were also performed in a
stabilizing high-salt buffer of 25 mM Hepes (pH 7.0) and
500 mM NaCl, with SFV nsP3, GDAP2, and MDO1 as
reference. Data analysis was conducted using Origin
software (OriginLab).

Poly(ADP-ribose) synthesis

Poly(ADP-ribose) was synthesized by auto-ADP-ribo-
sylation of PARP-1 as previously described.*® A 100-ul
reaction mixture containing 500 ng of PARP-1 (Alexis),
25 ug of activated DNA (Sigma), and 150 pM NAD",
including 7.5 pCi of P*PINAD* (GE Healthcare), was
incubated in 25 mM Tris (pH 8.0), 10 mM MgCl,, 0.5 mM
DTT, and 100 mM NaCl. After 1 h at 24 °C, the reaction
mixture was used directly in a binding assay. Alterna-
tively, to prepare purified poly(ADP-ribose), the reaction
mixture was treated with proteinase K, and the protein-
free polymer was collected by phenol-chloroform extrac-
tion as previously described.
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Poly(ADP-ribose) and poly(A) binding assay

Poly(ADP-ribose) binding assay was performed essen-
tially as previously described,*’ using either the polymer
bound to PARP-1 or a protein-free preparation. Proteins
(10 pmol, 100 pmol, or 1000 pmol) were blotted onto a
nitrocellulose membrane using Minifold II slot blot
apparatus (Schleichter and Schuell). The membrane was
blocked for 1 h in TBS-T [10 mM Tris (pH 7.4), 150 mM
NaCl, and 0.05% Tween] containing 5% nonfat milk
powder. Subsequently, the membrane was incubated for
1 h with the poly(ADP-ribose) preparation (100 pl) diluted
in 10 ml of TBS-T. The membrane was washed as
described” and autoradiographed after drying.

Poly(A) was labeled with **P using [y-?P]JATP (GE
Healthcare) and T4 polynucleotide kinase (New England
Biolaboratories). A 50-ul reaction mixture contained 4.2 pg
poly(A) (Sigma), 140 nM ATP (corresponding to 24 uCi),
20 U of T4 polynucleotide kinase, and 4.8% polyethylene
glycol 8000 in exchange buffer (0.1 mM spermidine, 5 mM
DTT, 18 mM MgCl,, 0.1 mM ethylenediaminetetraacetic
acid, and 50 mM imidazole-HCI, pH 7.0). The mixture
was incubated for 45 min at 37 °C, and then the reaction
was stopped by adding 2 ul of 0.5 M ethylenediaminete-
traacetic acid and incubating for 10 min at 70 °C. Labeled
poly(A) was purified with a Sephadex-25 column (PD-10;
GE Healthcare), and binding assay was performed as
described above for poly(ADP-ribose).

For competition binding assays, the amount of poly
(ADP-ribose) in the protein-free purified preparation was
calculated as NAD™ equivalents, based on the specific
activity of [*?PINAD* and on the amount of **P in the
product, as measured by liquid scintillation. The protein-
containing membrane was incubated with 1500 pmol
NAD™" equivalents of poly(ADP-ribose) and 580 nmol of
poly(A) in 10 ml of TBS-T for 1 h at room temperature,
followed by washing, as before. For competition with
ADP-ribose monomer, the membrane was preincubated in
10 ml of TBS-T with 3750 nmol of ADP-ribose for 10 min,
then 1500 pmol NAD equivalents of purified and labeled
poly(ADP-ribose) was added. The mixture was incubated
for 1 h, and the membrane was washed.

Prediction of MDO1 structure

Structure prediction for MDO1 was performed using
the SARS-CoV macro domain as model (Protein Data
Bank code FAV2). FAV2 was chosen for the model be-
cause its structure includes an ADP-ribose ligand. Align-
ment of MDO1 with FAV2 was obtained from Phyref
(E=6.4x10""%) and sent to SwissModel}. The prediction
obtained from SwissModel was used as the MDO1 struc-
ture model.

Protein expression and detection in human cells

For localization studies, the macro domain expression
constructs (in pEGFP-N1 or pcDNA4/TO) were trans-
fected into HeLa cells using Exgen (Fermentas) in
accordance with the manufacturer’s instructions. For
detection of mitochondria, the mitochondrial localization
marker mt-YFP containing a mitochondrial localization
signal fused to YFP (construct designed by Dr. A.

thttp:/ /www.sbg.bio.ic.ac.uk/phyre/index.cgi
I http:/ /swissmodel.expasy.org/SWISS-MODEL.html

Miyawaki, Riken Brain Science Institute, Japan) was
cotransfected with the macro domain construct. The cells
were incubated at 37 °C for 6 h or 18 h, fixed with 4%
paraformaldehyde, and stained with an antibody (anti-
MDO1, produced in-house against aa 83-325, as earlier
described for HEV antibodies)™ or detected directly by
EGFP or YFP fluorescence. In parallel, cells were collected
in 1% SDS, and the proteins were separated by SDS-PAGE
on 12% gels and detected by Western blot analysis with
the appropriate antibodies (anti-MDO1 or anti-EGFP;
kindly provided by Dr. Andres Merits, University of
Tartu, Estonia) as described previously.
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