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(Background: Protein deacylation by sirtuins yields O-acyl-ADP-ribose molecules, which are implicated in cell signaling and
Results: Structural and functional analysis of a human orphan macrodomain protein reveals a common core structure and
Conclusion: Diverse macrodomains are capable of hydrolyzing O-acyl-ADP-ribose but utilize a different set of catalytic amino

Significance: Macrodomain-containing proteins provide a biochemical and biological link to sirtuin-dependent deacylation.
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Post-translational modification of proteins/histones by lysine
acylation has profound effects on the physiological function of
modified proteins. Deacylation by NAD"-dependent sirtuin
reactions yields as a product O-acyl-ADP-ribose, which has
been implicated as a signaling molecule in modulating cellular
processes. Macrodomain-containing proteins are reported to
bind NAD*-derived metabolites. Here, we describe the struc-
ture and function of an orphan macrodomain protein, human
C60rf130. This unique 17-kDa protein is a stand-alone mac-
rodomain protein that occupies a distinct branch in the phylo-
genic tree. We demonstrate that C6orf130 catalyzes the efficient
deacylation of O-acetyl-ADP-ribose, O-propionyl-ADP-ribose,
and O-butyryl-ADP-ribose to produce ADP-ribose (ADPr) and
acetate, propionate, and butyrate, respectively. Using NMR
spectroscopy, we solved the structure of C60rf130 in the pres-
ence and absence of ADPr. The structures showed a canonical
fold with a deep ligand (ADPr)-binding cleft. Structural com-
parisons of apo-C6orf130 and the ADPr-Cé6orf130 complex
revealed fluctuations of the f3;-a, loop that covers the bound
ADPr, suggesting that the B;-a, loop functions as a gate to
sequester substrate and offer flexibility to accommodate alter-
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native substrates. The ADPr-C6orf130 complex identified
amino acid residues involved in substrate binding and suggested
residues that function in catalysis. Site-specific mutagenesis and
steady-state kinetic analyses revealed two critical catalytic resi-
dues, Ser-35 and Asp-125. We propose a catalytic mechanism
for deacylation of O-acyl-ADP-ribose by C60rf130 and discuss
the biological implications in the context of reversible protein
acylation at lysine residues.

The macrodomain is an evolutionarily conserved protein
fold found in isolation or embedded within larger polypeptides
in the genomes of bacteria, archaea, and eukaryotes (1). Named
for their presence in the C terminus of the large variant core
histone macroH2A (2), macrodomains adopt a globular «/B-
fold of ~140 residues that contain a deep cleft that serves as a
ligand-binding site (3, 4). Macrodomain-containing proteins
participate in a diverse array of cellular functions (4, 5), and
recent reports have shown that several macrodomains can bind
NAD* metabolites including ADP-ribose (ADPr),* poly-
(ADPr), and 2-O-acetyl-ADP-ribose (OAADPr) (6 -9). Eleven
macrodomain proteins encoded by 10 genes (7, 10, 11) have
been identified in humans. Structural studies of the ADPr-
binding core of histone variant macroH2A1.1 in complex with
ADPr have shed light on macroH2al.1-dependent chromatin
rearrangements upon PARP1 activation (12). In addition, struc-
tural genomics research has generated the structures of two of
the three macrodomain-containing poly(ADPr) polymerases
(PARP14 and PARP15) in complex with ADPr (PDB codes
3Q71 and 3KHS6, respectively). No structural information is

“The abbreviations used are: ADPr, ADP-ribose; OAADPr, O-acetyl-ADP-ri-
bose; OPADPr, O-propionyl-ADP-ribose; OBADPr, O-butyryl-ADP-ribose;
NAADPr, N-acetyl-ADP-ribose; PDB, Protein Data Bank; r.m.s.d., root mean
square deviation; bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymeth-
yl)propane-1,3-diol; CREB, cCAMP-response element-binding protein.
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available for the human macrodomain proteins GDAP2 and
CHDIL (ALC1).

Our research has focused on the function of the novel metab-
olite OAADPr. OAADPr is produced in protein deacetylation
reactions catalyzed by NAD " -dependent protein deacetylases
(13, 14), which regulate gene silencing, metabolic enzymes, and
life span (15-18). OAADPr has been implicated as a signaling
molecule that modulates cellular processes and harnesses the
regulation of metabolism and gene activity (19-21). Recently
we have shown that a group of macrodomain proteins, ie.
MacroD-like proteins, including human MacroD1, human
MacroD2, Escherichia coli YmdB, and the sirtuin-linked
SAV0325 protein from Staphylococcus aureus, function as
OAADPr deacetylases, catalyzing the deacetylation of OAADPr
to form ADP-ribose and acetate (9). Mutagenesis and modeling
of ADPr into the putative active site of MacroD1 suggested
important roles for Asn-171, Asn-174, Asp-184, and His-188.
Unlike other human macrodomain proteins, MacroD1 and
MacroD2 contain no other known functional domains. The
OAADDPr deacetylation activity functionally links the MacroD-
like proteins with the NAD™-dependent protein deacetylases,
connecting metabolic regulation with chromatin structure and
gene activity (5-7, 22).

C60rf130 is a unique stand-alone 17-kDa human macrodo-
main protein of unknown function. The 152-amino acid pro-
tein is encoded by open reading frame 130 of chromosome 6
(23). It shares the least amino acid sequence similarity to the
other MacroD-like proteins, among which human MacroD1
and MacroD?2 are closely related and share more similarity to
E. coli YmdB and the sirtuin-linked SAV0325 protein from
S. aureus. The divergent amino acid sequence of C6orf130
makes it a distinct branch on the phylogenetic tree (9).
C60rf130 transcription and expression are enriched in chronic
lymphocytic leukemia cells and in B-cells of the chronic lym-
phocytic leukemia patients when effective graft-versus-leuke-
mia responses are achieved after donor lymphocyte infusion
(24). C60rf130 can therefore be used as a biomarker for chronic
lymphocytic leukemia and for monitoring the effectiveness of
adoptive immunotherapy for this disease. The high level
expression of C6orf130 in chronic lymphocytic leukemia sug-
gests the possibility of using C60rf130 as a potential immuno-
gen for developing chronic lymphocytic leukemia-specific vac-
cines. A molecular understanding of the association of
C60rf130 with chronic lymphocytic leukemia is not under-
stood. In a recent proteomic analysis, the putative C60rf130
ortholog from Torpedo californica was identified in the electric
organ (25). To understand the molecular function of this dis-
tinct member of the macrodomain family, we investigated the
catalytic and structural properties of human C60orf130.

Here we report the solution structures of C6orf130 in the apo
and ADPr bound states using NMR spectroscopy as well as the
biochemical characterization of its catalytic properties. In this
study we show that C6orf130 is a new member of the OAADPr
deacetylase family that efficiently catalyzes the hydrolysis of
OAADPr to produce ADP-ribose and free acetate. We also
show that C6orf130 can catalyze the deacylation of ADPr deriv-
atives with longer acyl chains, including O-propionyl-ADP-ri-
bose (OPADPr) and O-butyryl-ADP-ribose (OBADPr), to pro-
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duce ADPr and the corresponding acyl acids. To our
knowledge, the C6orf130-ADPr NMR structure is the first of a
binary macrodomain complex that harbors O-acyl-ADP-ribose
deacylase activity, revealing key residues for substrate binding
and catalysis. Structural analyses of C60rf130 in the apo and
ADPr bound states indicate that the B;-a, loop in the core
macrodomain fold functions as a gate to sequester ADPr in the
ligand-binding cleft. Based on structural, mutagenic, and cata-
lytic studies, we propose a minimal catalytic mechanism for the
deacylation reaction of O-acyl-ADP-ribose by C60rf130. Com-
parisons with the MacroD-like proteins indicate that the
sequence variation within the macrodomain family permits a
different set of catalytic residues to perform O-acyl-ADPr
hydrolysis.

EXPERIMENTAL PROCEDURES

Materials—Tritium-labeled acetyl-CoA was purchased from
Moravek Biochemicals (Brea, CA). Synthetic peptide and acyl-
peptides corresponding to the 11 amino acids surrounding
lysine 14 of histone H3, H,N-KSTGGKAPRKQ-CONH, (11-
mer H3 peptide), H,N-KSTGGK(-acety]) APRKQ-CONH,,
H,N-KSTGGK(-propionyl) APRKQ-CONH,, H,N-KSTGGK-
(-n-butyryl) APRKQ-CONH,, were synthesized in the Univer-
sity of Wisconsin-Madison Biotechnology Center Peptide
Synthesis Facility. Tritium-labeled acetyl H3 peptide, H,N-
KSTGGK(*H-acetyl) APRKQ-CONH,, was synthesized enzy-
matically from the 11-mer H3 peptide and purified as described
previously (26). OAADPr, OPADPr, OBADPr, and O-3H-
acetyl-ADP-ribose (*H-OAADPr) were synthesized enzymati-
cally from ADPr and the acyl-peptides using yeast deacetylase
HST2 and nicotinamidase from Salmonella enterica fused to
maltose-binding protein (MBP-PncA) following procedures
described previously (9, 14). All other chemicals used were of
the highest purity available commercially and were purchased
from Sigma-Aldrich or Fisher Scientific.

Protein Expression and Purification for Enzymatic Assays—
Expression and purification of yeast HST2 (14, 27) and nicoti-
namidase from S. enterica fused to maltose-binding protein
(28) were performed as described previously (9). Expression
and purification of the His-tagged C6orf130 protein for enzy-
matic studies was achieved by transforming E. coli BL21(DE3)
cells with the pDEST17 plasmid containing the C6orf130 gene
insert and induction of mid-log phase cells (A4, = 0.7) with 0.1
mM isopropyl-1-thio-B-p-galactopyranoside at 23 °C. Specific
point mutations were created using the QuikChange 1II site-
directed mutagenesis kit (Stratagene). Mutated genes were
sequenced at the University of Wisconsin Biotechnology Cen-
ter DNA Sequencing Facility to ensure that only the desired
mutations were introduced. All protein purification was per-
formed at 4 °C or on ice as described previously. The purified
protein aliquots were reconcentrated, flash-frozen in liquid
nitrogen, and stored at —80 °C.

Enzyme Activity and Inhibition Assays—Enzyme activity
assays for the deacylation of OAADPr, OPADPr, and OBADPr
to ADPr and the corresponding acyl acids were performed by
radioactive and HPLC methods using conditions as described
(9). Inhibition of C6orf130 activity by ADPr and the non-hydro-
lysable OAADPr analog N-acetyl-ADP-ribose (NAADPr) were
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assayed in reactions containing from 20 to 1600 um O-*H-
acetyl-ADP-ribose and 0.5 um C60rfl130 enzyme and ADPr
concentrations ranging from 0 to 400 um or NAADPr concen-
trations from 0 to 500 um in 50 mm Tris, pH 7.3, at 23 °C.
Reactions were initiated by the addition of enzyme and termi-
nated by mixing an aliquot of the reaction mixtures with 1.5
volumes of activated charcoal slurry at the desired time points.
Inhibition was analyzed by measuring the initial forward rate of
*H-acetate formation as described (9). The initial velocity data
were fitted and displayed using Kaleidagraph (Synergy Soft-
ware, Reading, PA).

C60rf130 Expression and Purification for Structural Studies—
NMR samples of the C60rf130 gene product from Homo sapi-
ens were initially prepared in a uniformly **C,**N-labeled form
according to wheat germ cell-free protocols described previ-
ously (29). Briefly, the protein was expressed with an N-termi-
nal His, fusion tag in wheat germ extract supplemented with
uniformly '*C,'*N-labeled amino acids (Cambridge Isotope
Laboratories) and purified by metal affinity chromatography
followed by size-exclusion chromatography as described previ-
ously (30). Samples prepared using cell-free protocols were
used to solve the structure of apo-C6orf130.

Additional NMR samples for ADPr titrations and structure
determination of the ADPr-C6orf130 complex were prepared
recombinantly in E. coil strain SG13009[pRPEP4] (Qiagen)
using the pQE308HT vector as described previously (31).
Briefly, cells were grown at 37 °C in M9 minimal broth contain-
ing 150 pg/ml ampicillin and 50 ug/ml kanamycin until reach-
ing a cell density of A,y, = 0.7. Protein expression was then
induced by the addition of isopropyl 1-thio-3-p-galactopyrano-
side to a final concentration of 1 mm. Cells were grown for
another 5 h, harvested by centrifugation, and stored at —80 °C
until processed further. Isotopically labeled proteins were pre-
pared for NMR by supplementing the M9 medium with '°N-
ammonium chloride and/or >C-glucose as the sole nitrogen
and carbon source, respectively. Cells harvested from a 1-liter
culture were lysed with a French pressure cell and purified by
metal affinity chromatography using a previously published pro-
tocol with one modification (32). In place of a second round of
metal affinity chromatography, the proteolytically cleaved Hisg
affinity tag was separated from C60rf130 using a Sephacryl S-100
size-exclusion chromatography column equilibrated with 50 mm
bis-Tris, pH 6.5, and 200 mum sodium chloride.

NMR Spectroscopy—NMR samples were prepared in buffer
containing 50 mm bis-Tris, pH 6.5, 200 mm sodium chloride, 2
mwm dithiothreitol, and 5-10% *H,O. All NMR data were
acquired at 25 °C on a Bruker 600 MHz spectrometer equipped
with a triple resonance CryoProbe™ and processed with
NMRPipe software (33). ADPr (Sigma) was titrated incremen-
tally into a sample containing 250 um '°N-labeled C60rf130 and
monitored by two-dimensional *°N,"H HSQC to confirm bind-
ing. Backbone H, N, and '*C chemical shift assignments for
apo-C6orf130 were obtained automatically as described previ-
ously using a 550 um sample of '°N,">C-labeled apo-C60rf130
(34, 35). Side chain assignments were completed manually from
three-dimensional HBHACONH, HCCONH, and HCCH total
correlation spectroscopy and '*C (aromatic)-edited NOESY-
HSQC spectra. Backbone and side chain assignments were
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transferred to the ADPr-Cé6orf130 complex by inspection and
confirmed with three-dimensional HNCACB and HCCH total
correlation spectroscopy acquired using a 800 um sample of
15N,13C-labeled ADPr-C60rf130. Chemical shift assignments
were ~91 and ~93% complete for the apo- and holoproteins,
respectively. Heteronuclear NOE values were measured from
an interleaved pair of two-dimensional ">’N-"H sensitivity-en-
hanced correlation spectra recorded with and without a 5-s
proton saturation period. The combined chemical shift differ-
ence for each residue was calculated as [((A8,/5)* + (A§,)%)/
2]*2, where A8, and A§,, are the *°N and 'H™ chemical shift
differences (ppm), respectively, between the two conditions.

Structure Calculations of apo-C6orf130 and ADPr-Céorfl30—
Distance constraints were obtained from three-dimensional
>N-edited NOESY-HSQC and '*C-edited NOESY-HSQC
spectra (7, = 80 ms). The intermolecular distance constraints
between C60rf130 and ADPr were obtained from a three-di-
mensional F1-'?C-filtered/F3-'>C-edited NOESY-HSQC spec-
trum (7,,;, = 120 ms) (36). Backbone ¢ and ¢ dihedral angle
constraints were generated from secondary shifts of the 'H,
BCa, *CB, 3C’, and '°N nuclei using the program TALOS
(37). ACYANA library file was generated for the ADPr ligand as
we had described previously for small molecules (38). Structure
calculations were performed using the torsion angle dynamics
program CYANA (39) followed by iterative rounds of manual
refinement to eliminate constraint violations. Of the 100
CYANA structures calculated, the 20 conformers with the low-
est target function were subjected to a molecular dynamics pro-
tocol in explicit solvent (40) using XPLOR-NIH (41). The
appropriate topology and parameter files for ADPr were gener-
ated in a semi-automated manner using the PRODRG server
and edited manually to add the omitted protons (38). The apo-
C60rf130 and ADPr-C60orf130 structures have been deposited
in the Protein Data Bank (PDB codes 2LGR and 2L8R, respec-
tively) and the Biological Magnetic Resonance Bank (BMRB IDs
15593 and 17421, respectively).

RESULTS

Cé6orf130 Deacetylase Activity—Eleven macrodomain pro-
teins encoded by 10 genes (7, 10, 11) have been identified in
humans. Two of the human macrodomain proteins, MacroD1
and MacroD2, are structurally and functionally homologous
and are closely related to bacterial YmdB proteins and to the
sirtuin-linked protein SAV0325 from pathogenic bacterium
S. aureus (supplemental Table S1). As a member of the mac-
rodomain superfamily, C6orfl30 shares minimal homology
with the MacroD-like proteins including human MacroD1 and
MacroD2 (Fig. 1a and supplemental Table S1). C6orf130 tran-
scription and expression are enriched in chronic lymphocytic
leukemia cells, suggesting that this protein might be a promis-
ing serological marker for this disease (24). To explore the
molecular and biological functions of this unique macrodo-
main protein, we examined whether C6orf130 was capable of
hydrolyzing OAADPr and other NAD™ metabolites derived
from the sirtuin reaction.

By incubating radiolabeled O-’H-acetyl-ADP-ribose with
purified C60rf130 and analyzing the incubation mixture using
radioactive charcoal binding and HPLC (9), we found that
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FIGURE 1.C60rf130 deacetylates OAADPr. g, sequence alignment C60rf130 with other MacroD-like proteins human MacroD1, human MacroD2, E. coli YmdB,
and S. aureus SAV0325. b, steady-state kinetic analysis of C6orf130. The deacetylation reaction of OAADPr catalyzed by C60rf130 follows saturation kinetics. The
steady-state kinetic parameters are determined by radioactive assays for acetate formation and HPLC assays for ADP-ribose formation. Apparent K,,, as
measured was 182 = 17 um; the k_,, as measured was 0.31 = 0.03 s . The reaction mixtures contained 0.5 um C60rf130. ¢, inhibition of C60rf130 deacetylase
activity by ADPr. The deacetylation reactions were carried out in 50 mm Tris-HCl, pH 7.3, containing 0.5 um C60rf130. The reactions were initiated in the presence
of 0 um (circles), 100 um (squares), 200 um (diamonds), and 400 um (triangles) ADPr, respectively. The K,,," values measured were 183.3,340.6,480.1,and 782.2 um
in the presence of 0, 100, 200, and 400 um initial ADPr, respectively. The V.., values were 0.31,0.29,0.29,and 0.30 s~ '. The K; was determined to be 119.3 + 4.5
uM. The error bars represent standard deviations calculated from the measured initial velocities at each substrate concentration from three separate experi-
ments. d, inhibition of C60rf130 deacetylase activity by NAADPr. The deacetylation reactions were carried out under the same conditions as described in cin
the presence of 0 um (circles), 125 um (squares), 250 um (diamonds), and 500 um (triangles) NAADPr, respectively. The K, values measured were 183.3, 340.6,
480.1, and 782.2 um in the presence of 0, 125, 250, and 500 um initial NAADPr, respectively. The V,., values were 0.31, 0.29, 0.29, and 0.30 s~ . The K; was
determined to be 223.3 == 11.4 um. The error bars represent standard deviations calculated from the initial velocities at each substrate concentration from three

separate experiments.

C60rf130 carries a robust catalytic activity toward deacetyla-
tion of OAADPr, forming ADPr and acetate. Fig. 15 shows that
the initial rates of OAADPr deacetylation catalyzed by
C60rf130 depend on the concentration of OAADPr and exhibit
saturation kinetics. An apparent K, 0f 182 + 17 umanda V, .
0f0.31 = 0.03 s~ at 23 °C were determined (Table 1). To inves-
tigate the substrate specificity and whether C60rf130 also pos-
sesses catalytic activity toward other sirtuin-derived NAD™
metabolites, we synthesized longer acyl derivatives of ADPr and
used them as alternative substrates. Catalytic assays using the
alternative substrates show that C6orf130 efficiently catalyzed
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TABLE 1

Comparison of kinetic parameters using OAADPr, OPADPr, and
OBADPr as substrates

Substrate Koo K, k../K,,

st M Mgt
OAADPr 0.31 = 0.03 1823 £ 174 (1.70 = 0.23) X 10?
OPADPr 0.24 = 0.03 220.7 * 26.4 (1.09 = 0.19) X 10°
OBADPr 0.18 = 0.02 295.6 * 52.6 (6.10 = 1.27) X 10?

the deacylation of OPADPr and OBADPr to form ADPr and
propionate and butyrate, respectively. The deacylation of
OPADPr and OBADPr by C60rf130 followed similar saturation
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FIGURE 2. NMR structure of the C6orf130 macrodomain. g, ensemble of the final 20 NMR structures (Ca trace). a-Helices and -sheets are shown in blue and
magenta, respectively. Residues 3-12 are unstructured and have been omitted for clarity. b, ribbon view of C6orf130 showing the core a-B-a sandwich fold
typical of macrodomains. ¢, the MacroD1 (yellow; PDB code 2X47) and MacroH2A1.1 (magenta; PDB code 31ID) macrodomains contain the central a--a
sandwich but also contain extended structural features at the N and C termini (gray). d, "°N-"H heteronuclear NOE values and global backbone atomic r.m.s.d.
values plotted as a function of residue number. Values are missing for Gly-123 and Leu-124. Global r.m.s.d. values were calculated with the ensemble

superimposed using residues 14-120 and 126-152.

kinetics. Increasing the acyl chains of O-acyl-ADPr only slightly
increased the K, and decreased catalytic turnover k. The
steady-state kinetic parameters for deacylation of OPADPr,
OBADPr, and OAADPr are summarized in Table 1. The data
indicate that C60rf130 has a slight preference for ADPr deriv-
atives with shorter acyl chains.

Inhibition of C6orf130 by ADPr and an OAADPr Analog— Pre-
vious x-ray crystallography and biochemical studies revealed
that human macroH2A1.1 functions as a binding module for
ADPr, OAADPr, and other analogs (6, 22). Human MacroD1
and MacroD2 bind ADPr with high affinity (7), and ADPr
serves as a competitive inhibitor for OAADPr deacetylation
catalyzed by MacroD1 (9). Here, we examined the ability of
ADPr and a non-hydrolyzable substrate analog, NAADPr, to
function as inhibitors for the deacetylation of OAADPr by
C60rf130. Deacetylation reactions of OAADPr were initiated
by addition of C60rf130 in the presence of 0—400 um ADPr or
0-500 uM NAADPr, and the initial rates of acetate formation
were measured under steady-state conditions. As shown in Fig.
1, ¢ and d, increasing the concentration of ADPr or NAADPr
resulted in an increase of the apparent Michaelis constant, K,
whereas the maximum catalytic rates were minimally affected.
These data are consistent with reversible competitive inhibi-
tion of C60rf130 by ADPr and NAADPr. Inhibition constants
(K;) 0f119.3 = 4.5 umand 223.5 * 11.3 uM were determined at
23 °C for ADPr and NAADPr, respectively. These results sug-
gest that C60rf130 contains a specific binding site for ADPr and
NAADPr, which is identical to the active site for OAADPr
deacetylation. Inhibition of OAADPr deacetylation by ADPr
indicates that structural information from a C6orf130-ADPr
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binary complex can be used to investigate the functions of
active site residues. Inhibition by ADPr also suggests that ADPr
could act as an iz vivo inhibitor of macrodomain-dependent
OAADPr deacetylation, providing feedback regulation of cellu-
lar OAADPr concentration. The relatively larger inhibition
constant of NAADPr suggests that the rigidity of the amide
bond of NAADDPr is less favored at the substrate-binding site.

Structure of the apo-C6orf130 Macrodomain—To investigate
whether C60rf130 retains the canonical macrodomain fold, we
determined its solution structure using standard NMR meth-
ods (35). The final ensemble of 20 conformers is shown in Fig.
2a, and the structural statistics are presented in Table 2. Like
other macrodomains, C60rf130 exhibits the canonical three-
layered a-B-a sandwich with a central six-stranded B-sheet
containing a mixture of anti-parallel (B5;-8,-B,) and parallel
(B,-Bs-Bs-B,) strands and a deep ligand-binding cleft (Fig. 2b).
Structural alignment of C6orfl30 with the macroD1 and
macroH2A1.1 macrodomains reveals that C6orfl130 contains
only the core domain and lacks the extended N- and C-terminal
structural elements commonly found in other macrodomains
(Fig. 2¢) (9, 42).

A Dali search (43) using the apo-C60orf130 structure revealed
the presence of numerous structural homologs. The top scoring
homologs are: a hypothetical protein BT1257 from Bacteroides
thetaiotaomicron (PDB codes 2FG1 and 2AFC; Z-scores of 17.0
for both; r.m.s.d. values of 2.3 and 2.1 A for 140 and 137 super-
imposed Ca atoms, respectively); a hypothetical protein,
TTHAO0132, from Thermus thermophilus (PDB code 2DX6;
Z-score of 14.9; r.m.s.d. of 2.5 A for 134 superimposed Ca
atoms); the nsP3 macrodomain of Chikungunya virus in com-
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TABLE 2
Refinement statistics for the C6orf130 NMR ensembles
Statistics Apo state ADPr-bound
Experimental constraints

Distance constraints
Long 557 630
Medium [1< (i — j) < 5] 238 303

Sequential [(i — /) = 1] 418 416
Intra-residue [i = j] 758 632
Total 1971 2020

Dihedral angle constraints (¢ and ) 180 211

Intermolecular constraints 0 39

Average atomic r.m.s.d. to the mean structure A)

Residues 14-120, 126-152 14-152
Backbone (Ca, C’, N) 0.62 = 0.07 0.56 = 0.07
Heavy atoms 1.08 + 0.09 0.97 = 0.07

Deviations from idealized covalent geometry
Bond lengths, r.m.s.d. (A) 0.017 0.016
Torsion angle violations, r.m.s.d. (°) 1.3 1.3
Constraint violations .

NOE distance, number > 0.5 A“ 00=*0 00=*0

NOE distance, r.m.s.d. (A) 0.026 * 0.001 0.018 *+ 0.001

Torsion angle violations, number > 500 00*+0 0.0=*+0

Torsion angle violations, r.m.s.d. (°) 0.661 * 0.086 0.571 + 0.067

WHATCHECK quality indicators

Z-score —0.54 £ 0.19 —1.01 £0.21

r.m.s. Z-score
Bond lengths 0.77 = 0.02 0.74 = 0.02
Bond angles 0.75 = 0.01 0.75 = 0.02

Bumps 00=*0 00=x0

Lennard-Jones energy’ (k] mol™") —3719 =78 —4156 * 83
Ramachandran statistics (% of all residues)

Most favored 85.2 + 2.0 872+ 25

Additionally allowed 13.0 = 2.4 11.8 =26

Generously allowed 1.1 1.0 0.9 +0.8

Disallowed 0.7 0.7 0

“ The largest NOE violation in the ensemble of structures was 0.49 A.
© The largest torsion angle violation in the ensemble of structures was 4.9°.
¢ Nonbonded energy was calculated in XPLOR-NIH.

plex with ADP-ribose (PDB code 3GPO; Z-score of 13.2;
r.m.s.d. of 2.6 A for 131 superimposed Ca atoms); and core
histone macroH2A1.1 (PDB code 1YD9; Z-score of 12.6;
r.m.s.d. of 2.7 A for 138 superimposed Car atoms).

Low backbone r.m.s.d. and high >N-'H heteronuclear NOE
values (Fig. 2d) over the length of C6orf130 suggest that the
protein is well ordered, with two exceptions. The sharp increase
in r.m.s.d. values and concurrent decrease in '>°N-'H heteronu-
clear NOE values for the first 14 residues indicates that the N
terminus is unstructured and dynamically disordered. This
conclusion is supported by the lack of long range NOEs for
these residues in NOESY spectra (data not shown). A similar
increase in r.m.s.d. values and lack of long range NOEs is
observed for residues 119-129 in the loop connecting 3-strand
5 to a-helix 4 (B5-a, loop), but in contrast to the N terminus,
"N-'H heteronuclear NOE values remain uniformly high.
Taken together, the disparity between the r.m.s.d. and **N-'H
heteronuclear NOE values and the line broadening observed for
Bs-a, *"N-"H HSQC signals indicates that this loop undergoes
conformational exchange on an intermediate (us—ms) time scale.

NMR Analysis of ADPr Binding to C6orfl30—Our enzymatic
studies demonstrate that C6orf130 catalyzes the deacylation of
O-acylated-ADPr to yield ADPr and the corresponding organic
acid. Inhibition studies indicate that ADPr serves as a compet-
itive inhibitor for OAADPr binding (Fig. 1c). To determine
whether the conserved binding cleft functions as the substrate
recognition site, we titrated '°N-labeled C60rf130 incremen-
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tally with ADPr and monitored the changes by NMR. Inspec-
tion of the resulting ">N-"H HSQC spectra identified ~20 res-
onances that respond in a dose-dependent manner to ADPr
(Fig. 3a). Movement of only a subset of peaks indicated that the
interaction with ADPr is specific and utilizes a defined binding
site. The ADPr-induced chemical shift perturbations localized
to the loop connecting -strands 1 and 2, 3-strand 2, the N-ter-
minal end of a-helix 2, and the B;-«, loop (Fig. 3b). Mapping
these perturbations to the three-dimensional structure of apo-
C60rf130 confirmed that the deep cleft conserved in the core
macrodomain fold serves as the ADPr-binding pocket, and res-
idues that exhibited the largest perturbations (>0.6) lined the
floor of the cleft (Fig. 3, c and d). The majority of residues in the
Bs-a, loop exhibit perturbations above the threshold value
(=0.25). The sensitivity of the B5-a, loop to ADPr binding, its
proximity to the ligand-binding groove, and the conforma-
tional fluctuation on the intermediate time scale suggest that
the B5-a, loop may serve as a gate that limits substrate binding
or product release from the ligand-binding cleft. Depending on
its conformation in the substrate-bound state, specific B5-a,
residues may also participate in O-acyl-ADPr hydrolysis.
Structure of ADPr-C6orf130 Complex—To further investi-
gate the role of the B;-a, loop in substrate binding and catalysis,
we solved the NMR solution structure of the ADPr-Cé6orf130
complex. The final ensemble of 20 conformers is shown in Fig.
4a, and the structural statistics are presented in Table 2. ADPr
binds in the deep cleft of C6orf130 and is covered by the B5-c,
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FIGURE 4. NMR structure of the C6orf130-ADPr complex. a, ensemble of the final 20 NMR structures (Ca trace). a-Helices and B-sheets are shown in blue and
magenta, respectively. Residues 3-12 are unstructured and have been omitted for clarity. b, ribbon view of C6orf130-ADPr complex with ADPr shown in yellow.
¢, "°N-"H heteronuclear NOE values and global backbone atomic r.m.s.d. values plotted as a function of residue number. '>N-"H heteronuclear NOE values are
missing or excluded for residues Met-40, Phe-52, Arg-86, Leu-124, Asp-125,and lle-136. Global r.m.s.d. values were calculated with the ensemble superimposed
using residues 14-152. d, NOEs between the methyl groups of Leu-124 in the B5-a, loop (cyan) and residues Ala-42 and Gly-43 (dark gray) are present only in

the ADPr-C6orf130 complex. NOEs are shown in magenta as dashed lines.

loop (Fig. 40 and Fig. S1), consistent with the chemical shift decreased to values consistent with all other well ordered resi-
perturbation data (Fig. 3b). The r.m.s.d. and ">’N-"H heteronu-  dues. The low r.m.s.d. values and high "’N-"H heteronuclear
clear NOE values for the ADPr-C6orf130 complex (Fig. 4c) are  NOE values indicate that the B5-c, loop fluctuations present in
largely unchanged when compared with those for apo- theapo state were dampened upon ADPr binding. The appear-
C60orf130 (Fig. 2d) except in the Bs-c, loop. In the complex, ance oflong range NOEs between the methyl groups of Leu-124
r.m.s.d. values for residues 119-129 in the B;-a, loop andtheside chainsof Ala-42 and Gly-43 (Fig. 4d) reinforces this
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FIGURE 5. Kinetic comparison of wild type C6orf130 and its variants. a, key amino acid residues interacting with the bound ADPr. Side chains are shown in
ball-and-stick form, and oxygen atoms are highlighted in red. b, Thr-83 and Ser-35 located in the vicinity of the 2- and 3-hydroxyl groups of the bound ADPr in
the MacroD1 are mutated to alanine. A steady-state kinetic comparison of the wild type C60rf130 (circles) and the T83A (squares) and S35A (diamonds) mutants
shows that these residues are important to catalysis. Substituting Thr-83 and Ser-35 with Ala mainly affects the V, ... The K, values are only minimally affected.
The error bars represent standard deviations calculated from the measured initial velocities at each substrate concentration from three separate experiments.
Data points of mutant partial activities are the mean values from three separate measurements.

conclusion and confirms that the B5-a, loop encloses ADPr or
other ligands within the C60rf130 active site.

Mutational Analysis of the C6orf130 Active Site—The struc-
ture of the C6orf130-ADPr binary complex revealed amino acid
residues interacting with the bound ADPr (Fig. 5a4) and sug-
gested residues important for catalysis. The side chain carboxyl
group of Asp-20 interacts with the adenine primary amine of
the bound ADPr. Leu-21 and Phe-22 on the 3,-8, loop, Ile-44
and Leu-47 on the 8,-a; loop, and Pro-118, Tyr-150, and the
C-terminal Leu-152 form a hydrophobic pocket in which the
adenosine moiety is embedded. The electrostatic and hydro-
phobic interactions between the adenosine moiety and the pro-
tein-binding pocket seem to contribute the majority of the
binding energy, as indicated by the higher coordinate precision
of the adenosine side compared with the distal ribose side of the
bound ADPr (Fig. 4a). The GXG sequence in the B5-a, loop is
positioned over the pyrophosphate group and is a common
phosphate-binding element found in numerous nucleotide
binding proteins (44). The side chains of Ser-35, Thr-83, and
Asp-125 are located in the vicinity of the distal ribose and
potentially interact with the C2- and C3-hydroxyl groups.
His-32 and Cys-33 are also located nearby, and their main chain
amides form part of the substrate-binding pocket.

To verify that the ADPr-binding pocket constitutes the sub-
strate-binding site and to identify important residues for catal-
ysis, we performed site-directed mutagenesis on potentially
important residues for substrate binding and catalysis. Gly-123
was substituted with Glu, and His-32, Cys-33, Ser-35, Thr-83,
and Asp-125 were substituted with Ala. The purified mutant
C60rf130 proteins were assayed for OAADPr deacetylation
activity. Mutants retaining deacetylation activity were further
analyzed under steady-state conditions. During the purification
of these C60rf130 variants, no abnormal elution behaviors were
observed in the Sephadex G-75 gel filtration chromatography,
suggesting that amino acid substitution at these positions did
not cause global structural perturbations. Substituting Cys-33
with Ala affected neither substrate binding nor catalytic effi-
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ciency. Substituting His-32, Gly-123, and Asp-125 with Ala
resulted in enzymes for which the measured activities were
within the rates observed for background hydrolysis. From the
C60rf130-ADPr structure, the main chain NH of Gly-123 inter-
acts with the pyrophosphate group, and the 3;-a, loop bearing
Gly-123 interacts with the ribose hydroxyls of adenosine. Intro-
ducing a large side chain with a negative charge in the G123E
mutant presumably disrupts the substrate binding and renders
the variant inactive. The imidazole ring of His-32 is buried in a
hydrophobic pocket formed by the side chains of Phe-48 and
Tyr-80. Although one edge of the imidazole ring comes within
~3 A of the pyrophosphate, the main role of His-32 may be to
maintain the integrity of the substrate-binding pocket. The car-
boxyl of Asp-125 is within H-bonding distance of the C2- and
C3-hydroxyl groups of the distal ribose (i.e. ADP-ribose-
C2(OH) and C3(OH)). The D125A mutant showed no detect-
able deacetylation activity after subtracting background activity
obtained with rates in the absence of enzyme. No OAADPr
deacetylation activity was detected using enzyme concentra-
tions as high as 5 um with prolonged incubation. The S35A
point mutation resulted in an ~20-fold decrease in k_,, without
significantly affecting K, (k. = 0.023 = 0.002 s™ ', K, =
177.7 * 12.6 (um), and V/K = (1.29 + 0.15) X 10> m 's™1).
Thus, substituting Ser-35 with Ala lowers the first-order rate
constant for the chemical conversion of the enzyme-substrate
complex but does not affect substrate binding as assessed by an
unaffected K, value. The T83A substitution yielded an ~3-fold
decrease in k_,, without affecting the K. Steady-state kinetic
parameters of the T83A and S35A mutants were determined
(Fig. 5b) and were compared with those of the wild type enzyme
(Table 3). Taken together the data indicate that Ser-35 and
Asp-125 function as critical catalytic residues. A proposed cat-
alytic mechanism is discussed below.

DISCUSSION

Comparison of C6orf130 with Other Macrodomain Proteins—
C60rf130 occupies a distinct branch in the phylogenic tree of
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VOLUME 286+NUMBER 41+-OCTOBER 14, 2011



Structure and Catalytic Properties of O-Acyl-ADP-ribose Deacylase

TABLE 3

Steady-state kinetic parameters of wild type and selected mutant
C60rf130 proteins

Catalytic turnover below 0.005 s~ is considered background or inactive under the
assay conditions.

Proteins Ko K, k.. /K,
st M M 157!
C60rf130-WT 0.31 £ 0.03 182 £ 17 (1.7 £ 0.2) X 10°
C60rf130-C33A 0.32 £ 0.02 181 = 16 (1.8 = 0.2) X 10°
C60rf130-D125A ~0.002
C60rf130-G123E ~0.005
C60rf130-H32A ~0.004
C60rf130-S35A 0.023 =+ 0.002 178 £ 13 (1.3 +£0.2) X 10?
C60rf130-T83A 0.12 £ 0.01 189 + 12 (6.3 =0.7) X 107

macrodomain proteins (9). Despite its low sequence homology
to MacroD-like proteins (Fig. 1a and supplemental Table S1),
C60rf130 exhibits a canonical core fold similar to other mac-
rodomain proteins, consisting of a three-layered a-B-a sand-
wich with a central six-stranded -sheet containing a mixture
of anti-parallel (B5-B,-B,) and parallel (B,-B5-Bs-B;) strands
and a ligand-binding cleft (Fig. 2b). Structural alignment of
C60rf130 with other macrodomains reveals that C6orf130 con-
tains only the core domain and lacks the extended N- and
C-terminal structural elements found in MacroD1 and
MacroH2A1.1 (Fig. 2¢) (9, 42). In the apostructure of human
MacroD1, an ADPr molecule was modeled in the ligand-bind-
ing cleft (9) with the diphosphate ribose moiety and distal 2-
and 3-hydroxyl groups positioned at the surface of the protein
in a highly solvent-accessible location. In contrast, the
C60rf130-ADPr co-structure solved in this study reveals that
ADPr binds deep within the macrodomain cleft, with the
diphosphate ribose portion completely buried under the 8,-a;,
B,-as, and Bs-a, loops. The canonical core fold and similar
deacetylation activity toward OAADPr suggest a convergent
evolution of the catalytic function between C60orf130 and the
MacroD-like proteins.

Catalytic Mechanism of C6orfl30—ADPr acts as a competi-
tive inhibitor of C6orf130 deacylation, suggesting that the sub-
strate O-acyl-ADPr binds in the same fashion as ADPr. The
mobile B;-a, loop appears to function as a gate that combines
with the 3,-a; and B,-a; loops to sequester substrate from the
solvent environment. On these loops, Ser-35 (B,-«;), Thr-83
(B4-a3), and Asp-125 (Bs-e,) are located close to the C2- and
C3-hydroxyls of the distal ribose, serving potentially important
roles in catalysis. The present mutagenic studies revealed that
the T83A mutant retains nearly all of its deacetylation activity
relative to wild type enzyme; therefore, the possibility of Thr-83
functioning as the key catalytic residue can be ruled out. Sub-
stituting Ser-35 with Ala severely impaired the catalytic capa-
bility with an ~20-fold decrease in k_,.. However, the K,,, of the
S35A mutant was minimally affected (Table 3). The most dra-
matic substitution was the Asp-125 to Ala mutant, which
resulted in a C60rf130 variant with no detectable deacetylation
activity. Thus, Ser-35 and Asp-125 are candidate catalytic resi-
dues. Steady-state kinetic analyses of these mutant enzymes
and the structural information from both apo-C6o0rf130 and
C60rf130-ADPr complex led us to propose a minimal mecha-
nism for the C6orf130-catalyzed deacylation reaction (Fig. 6¢),
bearing in mind that S35A retains ~5% k_,, activity of the wild
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type enzyme and there are no other functional groups in the
vicinity of the C2- and C3-hydroxyls of the distal ribose (ADP-
ribose-C2(OH) and C3(OH)). In this mechanism the hydroxyl
of Ser-35 is H-bonded to the ester carbonyl oxygen to polarize
the carbonyl bond. With Asp-125 acting as a general base, a
water molecule is activated, which functions as a nucleophile to
attack the carbonyl carbon and form an oxyanion tetrahedral
intermediate. Protonation of the scissile ester oxygen atom and
rearrangement result in the breakdown of the tetrahedral interme-
diate to form ADPr and the corresponding acyl acids (Fig. 6¢).

Previous kinetic analysis of MacroD1 mutants suggested that
Asn-171, Asn-174, Asp-184, and His-188 are important for
catalysis. Modeling of ADPr into the solved MacroD1 structure
located these residues near the C2- and C3-hydroxyls of the
distal ribose (9). Asn-171 and Asn-174 are widely conserved
among many different macrodomains but not in C6orf130.
Among MacroD-like proteins, Asp-184 and His-188 are con-
served. In MacroD1, Asn-174 was proposed to help position the
ribose and polarize the ester bond for hydrolysis. Asn-171 and
His-188 interact with Asp-184 and might facilitate deprotona-
tion, allowing Asp-184 to function as a general base by activat-
ing a water molecule for nucleophilic attack on the carbonyl
carbon. In contrast to Ser-35 and Asp-125 from C60orf130, the
four catalytic residues in MacroD1 individually contribute little
to hydrolytic efficiency. The observation that the catalytic res-
idues between C60rf130 and MacroD-like proteins are not con-
served indicates sequence variation within the macrodomain
family permits a different set of catalytic residues to perform
O-acyl-ADPr hydrolysis.

Macrodomains as General Deacylases of O-Acyl-ADP-ribose—
Protein lysine acetylation can have profound effects on the
physiological function of modified proteins. Propionylation,
butyrylation, and succinylation of lysine represent newly dis-
covered protein post-translational modifications (45-47).
Although it is unclear which enzymes are responsible for the
addition of these groups, human acetyltransferases p300 and
CBP (CREB-binding protein) catalyzed in vitro lysine propio-
nylation and butyrylation of histones (45, 46). Berndsen et al.
(48) showed that the yeast histone acetyltransferase Esal can
readily perform propionyl transfer from propionyl-CoA to his-
tones. In S. enterica, propionylation of propionyl-CoA synthe-
tase is catalyzed by prokaryotic Gen-5-related N-acetyltrans-
ferases (28). Thus, known acetyltransferases might catalyze
these reactions in vivo, utilizing cellular propionyl-CoA, butyr-
yl-CoA, and succinyl-CoA as the co-substrates. The propionyl-
lysine and butyryl-lysine in the modified proteins can be deac-
ylated in vitro by NAD™-dependent reactions catalyzed by
sirtuins, producing O-acyl-ADPr as the co-product (19, 28, 46,
49). These observations suggest that propionyl-, butyryl-, and
succinyl-lysine proteins might be natural substrates of sirtuins
in vivo, although desuccinylation has yet to be reported. Acetyl-
CoA, propionyl-CoA, butyryl-CoA, and succinyl-CoA are
important intermediates in cellular energy metabolism, fatty
acid B-oxidation, and the degradation of leucine, lysine, isoleu-
cine, valine, and methionine. The reversible acylation of pro-
teins and histones by acyl-CoA-dependent acyltransferases and
NAD *-dependent protein deacylases connects energy metab-
olism with both the functional (de)acylation of targeted pro-
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FIGURE 6. Substrate binding and catalytic mechanism of C60rf130. a and b, C6orf130 accommodates longer acyl chains. A model of OBADPr bound in the
active site of C6orf130 was constructed by addition of the butyryl moiety (yellow ball and stick) to the 2-hydroxyl of the distal ribose. g, in apo-C60rf130, residues
120-127 of the Bs-a, loop (magenta) are in the open position, exposing the ligand-binding cleft (indicated by ADPr). b, ADPr binding dampens the fluctuations
of the B5-c, loop (magenta) closing the gate that sequesters ADPr or other ligands in the C6orf130 active site. Lid closure forms a pliable pore through which
longer acyl chains, such as the butyryl moiety modeled here (yellow ball and stick), can be accommodated in the C60rf130 active site. ¢, proposed catalytic
mechanism of C6orf130. This mechanism is based on structural analyses of both the apo-C60rf130 and the C6orf130-ADPr complex, mutagenesis of key
residues in the vicinity of the distal ribose of the bound ADPr, and kinetic studies of the mutant enzymes.

teins and the production of a diverse set of O-acyl-ADPr metab-
olites. O-Acetyl-ADP-ribose has been implicated in metabolic
regulation, gene expression, cellular redox control, and cation
channel activity (5-7, 19-22, 50, 51). Thus, the O-acyl-ADPr
deacylation activity of C6orf130 and the recently characterized
MacroD-like proteins place these enzymes in a pivotal position to
regulate the functions of various O-acyl-ADPr metabolites. The
ability of C60rf130 to deacylate O-acyl-ADPr with varying acyl
chains suggests that C6orf130 might function as an iz vivo modu-
lator of cellular processes regulated by the reversible acylation of
proteins and histones (catalyzed by the acyl-CoA-dependent acyl
transferases and the NAD " -dependent deacylases).
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The ability of C60rf130 to accept acyl-ADPr substrates with
longer acyl chains can be explained from the structures solved in
this study. In the C60rf130-ADPr binary complex, the substrate is
buried by flexible loops carrying the catalytic residues. ADPr bind-
ing dampens the fluctuations of the B5-a, loop closing the “gate”
sequestering ADPr or other ligands in the C6orf130 active site (Fig.
6a). Gate closure forms a pliable pore through which longer acyl
chains, such as the modeled butyryl moiety, can be accommodated
in the C60rf130 (Fig. 6b). Together, our structural studies of apo-
C60rf130, the C60rf130-ADPr complex, and modeling of longer
acyl chain ADPr esters are consistent with the observed catalytic
properties using OAADPr, OPADPr, and OBADPr as substrates.
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