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bstract MacroD2 is one of the three human macrodomain proteins characterized for their protein

linked mono-ADP-ribosyl-hydrolyzing activity.  MacroD2 is  a  single  domain protein containing a

deep ADP-ribose binding groove.  In this study new crystallization conditions  for MacroD2 were

found and three crystal structures of human MacroD2 in apo state were solved in space groups P41212,

P43212 and P43 and refined at 1.75, 1.90 and 1.70 Å resolutions, respectively. Structural comparison of

the apo crystal structures to the previously reported MacroD2 crystal structure in complex with ADP-

ribose revealed conformational changes in the side chains of Val101, Ile189 and Phe224 induced by

the  binding  of  ADP-ribose  into  the  active  site. These  conformational  variations  may  potentially

facilitate design efforts of a MacroD2 inhibitor.
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Macrodomains  are  either  conserved  structural  domains  found  in  larger  proteins  or  self-standing

domains consisting of a fold of mixed α-helices and β-sheets (Rack et al, 2016). There are two major

classes of these enzymes referred to as ADP-ribosylation erasers or binders. Erasers, which are also

known as hydrolyzing macrodomains, remove poly-ADP-ribose (PAR) or mono-ADP-ribose (MAR)

from the target  protein and regulate enzymatic activities in various cellular  pathways.  Binders or

recognizing  macrodomains,  do  not  hydrolyze  the  modification,  but  rather  just  bind  ADP-ribose

(ADPr) and affect protein-protein interactions (Rosenthal et al, 2013).

Three  human  macrodomain  proteins  MacroD1,  MacroD2  and  TARG1  are  known  to  be  able  to

hydrolyze terminal ADPr linked to glutamate/aspartate residues. In addition, they can hydrolyze O-

acetyl-ADP-ribose (OAADPr) and other nicotinamide adenine dinucleotide (NAD+) metabolites to

generate  free ADPr  (Chen  et  al,  2011).  Subsequently,  it  has  been shown that  MacroD2 can also

hydrolyze α-NAD+ as a substrate (Stevens et al, 2019; Wazir et al, 2020). In addition to hydrolyzing

MAR from the target proteins, it was reported that ADP-ribosylation of RNA and DNA can also be

reversed  by  MacroD1,  MacroD2,  TARG1,  poly-ADP-ribose-glycohydrolase  (PARG)  and  ADP-

ribosyl-acceptor-hydrolases (ARHs) (Sakthianandeswaren et al, 2018; Munnur et al, 2019; Munnur &

Ahel, 2017). 

Three-dimensional structures of ADPr binding fragments of MacroD1 and MacroD2 have provided

evidence that  they  are  closely  related at  the  sequence  level  (MacroD-type macrodomains),  while

TARG1 is unique among MAR hydrolases employing a different catalytic mechanism, as it is more

related to ALC-type macrodomains (Jankevicius et al, 2013; Chen et al, 2011; Rack et al, 2016). In

human TARG1 the hydrolysis progresses via a conserved lysine making a nucleophilic attack on C1ʺ

atom of  the  distal  ribose.  This  leads  to  the  formation  of  a  lysyl-ADPr  intermediate  and release

unmodified glutamate/aspartate residue. The covalent intermediate is later resolved via a proximal

catalytic aspartate residue, releasing ADPr from TARG1 and making it readily available for the next

hydrolysis reaction (Sharifi  et al, 2013; Bütepage  et al, 2018).  In contrast,  MacroD1 and MacroD2

reverse the glutamate/aspartate linked mono-ADP-ribosylation (MARylation) through a nucleophilic

attack by an active site water molecule and without formation of protein linked reaction intermediates

(Jankevicius et al, 2013). 

Previously, Jankevicius and co-workers solved the structure of MacroD2 in complex with ADPr. They

analysed structural re-arrangements upon ligand binding by comparing the complex structure with an

apo structure of MacroD1, because crystal structures of human MacroD2 without a ligand bound were

not available (Jankevicius et al, 2013). Here we report the apo crystal structures of human MacroD2

in three different crystal forms. Comparison of apo and ADPr bound MacroD2 structures revealed

that, despite that the ADPr binding site is highly pre-formed, some conformational changes in the side

chains of the active site residues occur upon ligand binding. The reported crystal forms will allow
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ligand soaking experiments that could facilitate chemical probe and drug discovery efforts towards

MAR hydrolyzing macrodomains.

2. Materials and methods 

2.1. Protein production 

Human MacroD2 (residues  7-243)  construct  was cloned into pNH-TrxT vector  containing an N-

terminal poly-histidine and thioredoxin tags. The recombinant protein was expressed and purified as

described previously (Haikarainen et al, 2018) and a brief summary is provided here. Escherichia coli

Rosetta 2 (DE3) cells were used for the protein expression in Terrific broth auto-induction media.

Cells were grown until the OD600  reached 1.0 and then incubated at 18 °C for 16 h for the protein

expression.  The  protein  was  purified  with  Ni-affinity  chromatography  and  N-terminal  tags  were

removed with TEV protease. The final purification was achieved with size exclusion chromatography

using a Hiload TM 16/600 Superdex 75 pg (GE Healthcare) gel filtration column pre-equilibrated

with gel filtration buffer (20 mM HEPES pH 7.5, 250 mM NaCl, 5% (v/v) glycerol, 1 mM TCEP).

Same buffer was also used as a storage buffer for the protein, flash frozen in liquid nitrogen and

placed at -70 C.⁰C.

2.2. Crystallization

2.2.1. The starting point of crystallization

Screening of crystallization conditions was initiated with a PEG/Ion HT screen (Hampton research).

We used the sitting-drop vapour-diffusion technique at room temperature (RT). 100 nl drop of 10 mg/

ml MacroD2 solution was mixed with an equal volume of the crystallization solution using Mosquito

pipetting robot (TTP  Labtech) and equilibrated against 50 µl of the crystallization solution. 

2.2.2. Optimization

Optimization  of  the  crystallization  condition  was  performed  by  using  the  hanging-drop  vapour-

diffusion technique supplemented with a  streak-seeding method at  RT.  2 µl  drop of 8-10 mg/ml

MacroD2 solution was mixed with an equal  volume of  the  crystallization solution.  Homogenous

streak-seeding was performed after 10 min pre-equilibration of the crystallization drops against 500 µl

of the crystallization solution.

2.3 Data collection and processing 

25% (v/v) glycerol was used as a cryo-protectant for the MacroD2 crystals. The crystals were soaked

in the cryo-protectant for 2-3 min before flash-cooling with liquid nitrogen. We also supplemented the

cryo-protectant with 1-3 mM Bay 11-7085, a small molecule compound obtained as a screening hit

from our recent study (Wazir et al, 2020). The X-ray diffraction data from the crystals were collected
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on beamlines ID23-1 at ESRF (Grenoble, France) and I04-1 at Diamond Light Source (Oxfordshire,

UK). The data were processed and scaled with the XDS program (Kabsch, 2010). The data collection

statistics are presented in (Table 1).

Table 1 Data collection and refinement statistics of the MacroD2 crystal structures.

Values for the outer shell are given in parentheses. 
PDB ID 6Y4Y 6Y4Z 6Y73

Data collection
X-ray source Beamline  ID23-1,

ESRF
Beamline I04-1, DLS Beamline I04-1, DLS

Cryo-solution 25 % (v/v) glycerol 25 % (v/v) glycerol, 
3 mM Bay 11-7085

25 % (v/v) glycerol, 
0.2 M ammonium 
tartarate dibasic pH 6.7, 
1 mM Bay 11-7085

Wavelength (Å) 0.9762 0.9762 0.91589

Temperature (K) 100 100 100
Detector PILATUS PILATUS PILATUS

Space group P41212 P43212 P43

          Unit cell dimensions

a, b, c (Å) 95.65, 95.65, 258.72 95.36, 95.36, 261.92 96.78, 96.78, 261.09

α, β, γ (°) 90.00, 90.00, 90.00 90.00, 90.00, 90.00 90.00, 90.00, 90.00

Resolution range (Å) 50-1.75 (1.80-1.75) 50-1.90 (1.95-1.90) 50-1.70 (1.74-1.70)

Total No. of 
reflections

1472885 (104148) 1280920 (79871) 1823516 (136691)

No. of unique 
reflections

121564 (8864) 95967 (7009) 261897 (19354)

Completeness (%) 100 (100) 100 (100) 100 (100)

〈 I/σ(I)〉 13.27 (1.70) 18.92 (1.25) 8.98 (1.41)

CC1/2 (%) 99.8 (70.9) 100 (74.6) 99.5 (61.0)

Rr.i.m. 11.2 (161.3) 8.5 (172.9) 13.3 (124.2)

Model bulding and refinement

R-factor 20.36 20.00 18.21
R-free 22.76 22.80 20.31
No. of atoms    

 Protein 6881 6922 13902
 Ligands* 16 10 88
 Water 517 440 1603

 Total 7414 7372 15593
RMSD    

 Bonds (Å) 0.01 0.01 0.01

 Angles (°) 1.43 1.56 1.35
Average B factors (Å2)  37.5 43.79  32.06

 Protein 36.25 45.75 26.87
 Ligands* 40.11 42.53 37.11
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 Water 36.24 43.1 32.22
Ramachandran plot    

 Favoured (%)  98.44 98.00 98.64
 Allowed (%)  1.56 2.00 1.36

Outliers (%)  0.00 0.00 0.00
*tartrate and glycerol molecules

2.4. Structure solution and refinement 

The structures were solved with molecular replacement using MOLREP (Vagin & Teplyakov, 2010),

where the MacroD2 structure (PDB ID 4IQY; Jankevicius et al, 2013) was used as a search model.

Model  building and refinement  were performed with Coot  and REFMAC5 of  the  CCP4i2  suite,

respectively (Emsley & Cowtan, 2004; Murshudov et al, 2011; Potterton et al, 2018). The structures

were visualized with PyMOL Molecular Graphics System, version 1.7.2.1 (Schrödinger, LLC). The

model building and refinement statistics are presented in (Table 1).

3. Results and discussion

3.1. Crystallization and the crystal structures of MacroD2 in three different space groups

MacroD2 was finally crystallized using a solution of 0.2 M ammonium tartrate dibasic pH 6.7, 20%

(w/v) PEG 3350 as a precipitant together with the homogenous streak-seeding technique. Octahedron

shaped crystals were obtained in 24 hours and the crystals diffracted to high resolution (1.70 - 1.90 Å)

(Figure  1a).  Three crystal  structures  of  MacroD2 were  solved  in  space  groups  P41212 (PDB ID

6Y4Y), P43212 (PDB ID 6Y4Z) and P43 (PDB ID 6Y73) (Table 1). The asymmetric units of the

structures in P41212 and P43212 contain four molecules, while the asymmetric unit of the structure in

P43 contains eight molecules. All three structures contain tartrate ions in the interfaces of monomers,

where the ions make hydrogen bond interactions between the protein molecules.  There are slight

differences in modelled residues between the crystal  structures.  The MacroD2 crystal structure in

P41212 includes  9-241 residues,  while  the  structures  in  P43212 and P43  includes  7-241 and 8-241

residues, respectively. The residues 48-66 are not visible in the electron density map and therefore

they were not modelled to any of the structures. The N-terminal region (residues 7-47) contains loop

and helical sections and the macrodomain region (residues 78-228) consists of α-β-α sandwich with a

central six stranded β-sheet (Figure 1b, c & d). 

The  root  mean  square  deviation  (RMSD)  values  for  superimposition  of  the  monomers  of  the

asymmetric units are 0.35-0.55 Å for P41212 (214-216 Cα atoms), 0.30-0.48 Å for P43212 (213-214 Cα

atoms) and 0.16-0.58 Å for P43 (213-216 Cα atoms) indicating that there are no significant structural

differences  between  the  protein  molecules  in  the  asymmetric  units.  Figure  2 shows  the

superimposition of the three crystal forms, demonstrating that all these individual models are entirely

consistent with one another (RMSD = 0.25 Å, for 179 Cα atoms). The only exception is of N-terminal

elongated alpha helix in P43212 chain A molecule and an extended loop in chain D of P43. The refined
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structures exhibit good geometry with >98 % residues in favoured region of the Ramachandran plot

and with no outliers (Table 1). 

We used the same MacroD2 construct for both crystallization and inhibitor screening  (Wazir  et al,

2020).  Right  after  the  screening,  we  tried  to  obtain a  complex structure  of  MacroD2 with  a  hit

compound,  Bay  11-7085,  by  soaking  the  MacroD2  crystals  with  the  compound.  As  we  later

performed the quality analysis for the compound by MS, we did not detect the intact compound likely

due to degradation (Wazir et al, 2020).  We also did not see any complete electron density for Bay 11-

7085 in the crystal structures. Instead, we only observed smaller electron density features in the active

site  of  MacroD2 which  may  or  may  not  be  caused  by  unidentified  degradation  products  of  the

compound. As we could not fully identify the origin of these electron density features we did not

build anything into them (Figures S1 & S2). The presence of the Bay 11-7085 fragments in P43212

and P43 do not induce any disorder or conformational changes in the crystal structures.

2.3. Comparison of the MacroD2 apo and ADPr-complex structures 

To  gain  insight  into  the  substrate  binding  and  to  reveal  possible  conformational  changes,  we

compared our MacroD2 structures to the ADPr bound MacroD2 complex structure (PDB ID 4IQY;

(Jankevicius  et  al,  2013).  Since,  the  conformations of  the  active site  residues  in  all  of  our  three

structures were identical,  we have used the apo structure (PDB ID 6Y4Y) for  this  analysis.  The

superimposition (RMSD = 0.24 Å, for 181 Cα atoms) shows that the apo structure closely matches to

the complex structure  (Figure 3).  It  also reveals that  Val101,  Ile189 and Phe224 adopt  different

conformation  in  the  absence  of  the  ligand.  Another  difference  is  the  activated  water  molecule

observed only in MacroD2-ADPr complex structure. As summarised previously by Jankevicius and

co-workers, this activated H2O makes a nucleophilic attack on C1  atom of the distal ribose duringʺ

hydrolysis (Jankevicius et al, 2013). The water molecule is located in a cleft between loop 1 and 2 and

also forms hydrogen bond interactions between ADPr distal ribose and α-phosphate. The arrangement

of the active site loops is essentially identical in both structures indicating that the binding site is

highly preformed and that  binding of ADPr does not  cause major conformational  changes in the

protein binding site. 

2.4. Comparison of MacroD1 and MacroD2 crystal structures

Structural analysis of MacroD2 in complex with ADPr (PDB ID 4IQY; (Jankevicius et al, 2013) has

revealed that it is extensively homologous to previously reported MacroD1 (PDB ID 2X47; (Chen et

al,  2011).  Both  macrodomains  have  similar  N-terminal  regions  arranged  as  an  elongated  chain

comprising helical segments and short β-strand, and macrodomain region of an α-β-α sandwich with a

central  six  stranded  β-sheet  (Chen  et  al.  2011,  Jankevicius  et  al.  2013).  Because  this  structural
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information may also aid in the structure-based design of inhibitors for hydrolyzing macrodomains,

we analysed the structures of ligand-free MacroD1 and MacroD2 (PDB ID 6Y4Y) (Figure 4a). 

As stated previously, there are no major differences in the ADPr binding site of MacroD2 with and

without ligand and it is highly preformed. However, this is not the case in MacroD1 as the loop 2 near

the  active  site  is  in  open  conformation  in  apo  MacroD1.  Despite  that  MacroD1-ADPr  complex

structure is not available to date, it is likely that Phe272 in MacroD1 moves by almost 13 Å upon

ligand binding, corresponding to Tyr190 in MacroD2, to tightly coordinate the distal ribose of ADPr

(Figure  4b).  The  orientation  of  Phe224  in  MacroD1  has  to  also  change  to  provide  π-stacking

interactions  to  the  adenosine  moiety  of  the  ADPr.  These  conformational  changes  upon substrate

binding together with the water molecule coordinated between ADPr and protein are the key features

in the ligand-binding site and important for MAR hydrolyzing function of these enzymes. 

3. Conclusions

In this study, we have found a new crystallization condition for MacroD2 that showed a pre-formed

active site, where only small conformational changes occur in the residues upon ADPr binding. This

apo form of the MacroD2 depicted by all the three different crystal forms can be utilized effectively

for binding studies as major conformational changes in the crystal are not required to accommodate

the ligand. The co-crystal structures with the ligands could further assist in exploring cellular roles of

the ADP-ribosyl-hydrolyzing macrodomains. 
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Figure 1 Results  of  MacroD2  crystallization  and  structure  determination.  a) Three-dimensional

crystals of MacroD2 in a hanging drop. b) Ribbon representations of the secondary structures of apo

MacroD2 in P41212 (PDB ID 6Y4Y, chain A) (light blue), c) P43212 (PDB ID 6Y4Z, chain A) (warm

pink),  d) P43 (PDB ID 6Y73, chain A) (salmon). N- and C- termini are labelled and the internally

missing fragment is presented as dash lines.

Figure 2 Ribbon  representation  of  the  superimposed  crystal  forms  of  MacroD2.  Secondary

structures of P41212 (PDB ID 6Y4Y), P43212 (PDB ID 6Y4Z), and P43 (PDB ID 6Y73) are coloured as

light blue, warm pink and salmon red, respectively.  The N-terminal elongated alpha helix in P43212

and extended loop in P43 are marked as an exception. 

Figure 3 Superimposition of MacroD2 crystal structures: MacroD2-ADPr complex structure (PDB

ID 4IQY; (Jankevicius et al, 2013) (orange) and ligand-free MacroD2 (PDB ID 6Y4Y) (light blue).

ADPr and its surrounding residues are shown as sticks. The labelled residues are important for the

catalytic activity of the enzyme. The hydrogen bonds are presented as dash lines. W is the catalytic

water molecule in MacroD2-ADPr complex.
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Figure 4  Crystal structure comparison of MacroD2 (PDB ID 6Y4Y) and MacroD1 (PDB ID 2X47;

(Chen  et  al,  2011) catalytic  fragments  showing  their  mono-ADP-ribosyl-hydrolase  functions:

MacroD2  structure  (light  blue),  ligand-free  MacroD1  (cyan).  The  ADPr  of  the  MacroD2-ADPr

structure is coloured in orange (PDB ID 4IQY;  (Jankevicius  et  al,  2013).  a) Overall  view of the

superimposition of apo MacroD2 and MacroD1. Unstructured loops are denoted by dash lines. b) The

conformational  difference of the loop 2 between MacroD1 and MacroD2 is indicated by a black

arrow. ADPr and its surrounding residues are shown as sticks. The labelled residues are important for

the catalytic activities of these enzymes. Hydrogen bonds are presented as dash lines. 
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Supporting information

Figure S1 The MacroD2 active site of the P43212 structure (PDB ID 6Y4Z) compared to ADPr of

the complex structure (PDB ID 4IQY;  (Jankevicius  et  al,  2013).  The 2Fo-Fc and Fo-Fc electron

density maps of P43212 are contoured at 1.10 σ and 2.70 σ, respectively, and they show unidentified

electron density features in the active site. A) The active site of chain A of P43212 B) The active site

of chain C of P43212. The difference densities are indicated with white numbers. The ADPr of the

complex structure is displayed as a reference and coloured in light blue.

Figure S1 The MacroD2 active site of the P43 structure (PDB ID 6Y73) compared to ADPr of the

complex structure (PDB ID 4IQY; (Jankevicius et al, 2013). The 2Fo-Fc and Fo-Fc electron density

maps of P43 are contoured at 1.10  σ and  2.70  σ, respectively, and they show unidentified electron

density features in the active site. A) The active site of chain A of P43 B) The active site of chain F of
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P43 C) The active site of chain H of P43. The difference densities are indicated white numbers. The

ADPr of the complex structure is displayed as a reference and coloured in light blue.
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