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The ADP-ribosylation of proteins is an important post-

translational modification that occurs in a variety of

biological processes, including DNA repair, transcription,

chromatin biology and long-term memory formation. Yet

no protein modules are known that specifically recognize

the ADP-ribose nucleotide. We provide biochemical and

structural evidence that macro domains are high-affinity

ADP-ribose binding modules. Our structural analysis re-

veals a conserved ligand binding pocket among the macro

domain fold. Consistently, distinct human macro domains

retain their ability to bind ADP-ribose. In addition, some

macro domain proteins also recognize poly-ADP-ribose as

a ligand. Our data suggest an important role for proteins

containing macro domains in the biology of ADP-ribose.
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Introduction

There have been over 40 years of research into the biology

of protein ADP-ribosylation (Chambon et al, 1963; Weill et al,

1963) and in vivo evidence suggests that this post-transla-

tional modification is important in gene expression. In

particular, this occurs through the regulation of both chro-

matin structure and transcription in the nuclei of metazoan

cells.

A variety of enzymes catalyze the addition of ADP-ribose

onto proteins, either in the form of mono-ADP-ribosylation

(mostly extracellular and cytoplasmic) or poly-ADP-ribosyla-

tion (Corda and Di Girolamo, 2003; Ame et al, 2004). Poly-

ADP-ribose (PAR) polymerases are known as PARPs

(D’Amours et al, 1999). Different classes of PARPs exist and

their functions include DNA repair (Durkacz et al, 1980;

Rouleau et al, 2004), transcriptional activation and repression

(Kraus and Lis, 2003), telomere biology (Smith et al, 1998;

Dynek and Smith, 2004), insulator activity (Yu et al, 2004),

microtubule formation (Chang et al, 2004) and long-term

memory (Cohen-Armon et al, 2004; Hanai et al, 2004).

Despite these critical functions, there is no molecular

understanding of how these tightly associated and probably

covalent (Ogata et al, 1980; Simonin et al, 1993; Kim et al,

1997; Ruf et al, 1998) post-translational modifications

(PTMs) function. The best-characterized PARP is PARP1

(Benjamin and Gill, 1980; Ikejima et al, 1990; D’Amours

et al, 1999). Its activity on histones (Poirier et al, 1982;

Adamietz and Rudolph, 1984; Krupitza and Cerutti, 1989),

transcription factors (Hassa and Hottiger, 1999; Cervellera

and Sala, 2000) and other substrates is stimulated by single-

strand DNA breaks. As a result of PARPs activity, the chro-

matin template may become more accessible.

Other PARPs maintain chromosome integrity at telomeres.

These telomeric, ankyrin-repeat containing PARPs (tan-

kyrases; (Smith et al, 1998; Cook et al, 2002; Rippmann

et al, 2002) bind TRF1 and are required for mitotic progres-

sion to anaphase (Dynek and Smith, 2004). This suggests that

poly-ADP-ribosylation is important for chromosome segrega-

tion. Various centromere proteins are, in fact, poly-ADP-

ribosylated (Earle et al, 2000; Saxena et al, 2002).

PAR turnover is rapid and is catalyzed by PAR glyco-

hydrolases (PARG) (Miwa and Sugimura, 1971), which can

break PAR down to monomeric ADP-ribose (Lin et al, 1997;

D’Amours et al, 1999; Winstall et al, 1999a, b; Davidovic et al,

2001). PARGs are thought to reverse the action of PARPs

(Kraus and Lis, 2003) by lowering transcription and promot-

ing chromatin condensation.

The dynamic nature of the PAR polymer rivals the enzy-

mology of other reversible modifications, such as phos-

phorylation and acetylation. Similarly, poly-ADP-ribosyla-

tion plays a key role in epigenetics. PARP is required for

the silencing of a Drosophila retrotransposon (Tulin and

Spradling, 2003), for example, and in the imprinting of

more than 140 CTCF target genes (Yu et al, 2004). In addition,

PARP1 directly binds chromatin (Kim et al, 2004). Poly-ADP-

ribosylation is therefore receiving increasing attention as an

‘epigenetic’ regulator (Kraus and Lis, 2003; Ladurner, 2003).

While roles for PAR have been identified, there is little

information on the role of monomeric ADP-ribose. PARG-

mediated breakdown of PAR leads to dramatically increased

ADP-ribose concentrations. The drop in NADþ levels during

PAR synthesis is followed by high concentrations of

monomeric ADP-ribose shortly after. In both cases, specific

signaling molecules could ‘interpret’ these metabolic states.

Indeed, PARP and PARG function probably does have vital
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connections to cellular NADþ homeostasis, as it has been

suggested that DNA-damaged cells may undergo apoptosis

as a result of the depletion in cellular NADþ (Chiarugi,

2002). As NAD homeostasis plays a role in ageing, there is

an active interest in understanding the role of NAD metabo-

lites. Several other cellular pathways produce ADP-ribose-like

metabolites, such as the second messenger cyclic-ADP-ribose

and ADP-ribose phosphate during tRNA splicing, but it is

because of the connection between PAR, DNA repair and

apoptosis, that PAR pathways have also been of pharmaceu-

tical interest (Virag and Szabo, 2002; Beneke et al, 2004).

Yet no module capable of recognizing monomeric or poly-

meric ADP-ribose has been described. To search for candidate

ADP-ribose and PAR binding modules, we have studied

Af1521, a thermophilic protein containing a wide-spread

and conserved 7190-residue domain known as the macro

domain (Aravind, 2001; Allen et al, 2003; Ladurner, 2003).

There are currently 7300 proteins in the SMART database

(Letunic et al, 2004) that contain a macro domain. Genomes

with macro domains include pathogenic bacteria, such as

Salmonella typhimurium (McClelland et al, 2001) and Listeria

(Glaser et al, 2001), and ssRNA viruses, such as Rubella and

Hepatitis E. In vertebrates, the domain can be found in genes

with predicted PARP activity (Ame et al, 2004) (PARP9,

PARP14 and PARP15), in a histone known as macroH2A

(Pehrson and Fried, 1992; Chadwick and Willard, 2001;

Allen et al, 2003; Ladurner, 2003), in a protein with predicted

ATP-dependent chromatin remodeling activity and in a pro-

tein that may bind lipids through a Sec14-homology domain.

Overall, the macro module may be used in diverse biological

pathways. Here we show that Af1521 binds ADP-ribose with

nanomolar affinity; further, we present two crystal structures

for Af1521 bound to ADP-ribose and ADP, respectively. We

extend our studies to human proteins and identify an inter-

action between macro domains and PAR. Our molecular data

suggest a frontline biological function of macro domains in

the recognition of monomeric and polymeric ADP-ribose.

Results

The Af1521 macro domain can hydrolyze

a phosphoester

We have previously determined the structure of the macro

protein Af1521 from the thermophilic organism

Archaeoglobus fulgidus (Allen et al, 2003). A screen in the

yeast Saccharomyces cerevisiae identified a protein with

homology to the macro domain of Af1521, the YBR022W

gene product, as exhibiting ADP-ribose-100-phosphate (Appr-

100-P) processing activity (Martzen et al, 1999). Appr-100-P is a

metabolite produced by the action of a cyclic phosphodies-

terase on a NADþ metabolite during tRNA splicing (Culver

et al, 1993). The high-throughput screen did not identify the

chemical identity of the product in the YBR022W-catalyzed

reaction. We tested whether Af1521 may display activity on

Appr-100-P.

Using a TLC-based assay, we find that Af1521 hydrolyzes

Appr-100-P (Figure 1, lane 3). Further, the main product of the

reaction has a mobility identical to that of ADP-ribose

(Figure 1, lane 4), suggesting that ADP-ribose and inorganic

phosphate are the two products of the reaction. Incubation of

Appr-100-P with calf intestine alkaline phosphatase generates

a product with identical mobility to that of the Af1521-

catalyzed reaction (data not shown).

Consistent with hydrolysis of the 100-phosphate of Appr-100-

P, the Af1521-catalyzed reaction produces inorganic phos-

phate (Pi). This is readily detected using a malachite green

assay. Using 4.0 nmol of the precursor Appr4P (see Materials

and methods), we obtain 2.9 nmol of inorganic phosphate

(data not shown), suggesting hydrolysis of the Appr-100-P to Pi

and ADP-ribose. A GST-fusion of the YBR022W gene product

also catalyzes the reaction, generating identical products

(data not shown).

Our data indicate that the Af1521 and YBR022W macro

domains hydrolyze Appr-100-P to ADP-ribose and Pi.

The Af1521 protein binds ADP-ribose

The ability of Af1521 to catalyze phosphohydrolysis

prompted us to test its ability to bind ADP-ribose. We

measured the binding of ADP-ribose to Af1521 using iso-

thermal titration calorimetry (Figure 2). The affinity of ADP-

ribose for the Af1521 macro domain is high with a calculated

equilibrium dissociation constant (KD) of 126721 nM and a

stoichiometry of 1:1 (N¼ 0.9170.01; Table I). The DH for

binding of ADP-ribose to Af1521 is �16.470.2 kcal/mol,

suggesting that ligand binding is coordinated by a number

of noncovalent interactions.

We tested the selectivity of the Af1521 macro domain

toward ADP-ribose using a range of related nucleotides.

The KD of the Af1521 macro domain for ADP is 5.670.8 mM

(Figure 3A; Table I; DH¼�12.070.2 kcal/mol). This sug-

gests that the distal ribose of ADP-ribose makes important

Appr>P

Appr ′′-1

ADPR

ADPR − − + +−

Appr>P + −++ −
CPDase + ++ +−
Af1521 ++ −− −

3 421 5

ori

6 87

ADPR ADP AMP

*

Figure 1 The Af1521 macro domain hydrolyzes a phosphorylated
form of ADP-ribose. Thin-layer chromatography assays of Af1521-
catalyzed reaction products. Lanes (1–5) contain reaction mixtures
as indicated. Lanes (6–8) contain the indicated nucleotides in
buffers identical to lane 3 but without Af1521 protein and without
Appr4P. The asterisk denotes a breakdown product of ADP.
Abbreviations are as follows: ADP-ribose (ADPR), ADP-ribose-
cyclic-100-200-phospate (Appr4P), ADP-ribose-100-phosphate (Appr-
100-P), origin of the chromatographic separation (ori) and cyclic
phosphodiesterase (CPDase). Assays contained 2 mM Appr4P con-
verted to Appr-100-P using CPDase. To this mixture, we added Af1521
macro domain protein. Following incubation, the reactions were
mixed with tetrabutylammonium and run on a Alugram Nano-SIL
CN/UV254 TLC plate and using 1.5 M LiCl and 20% v/v ethanol in
water. Fluorescence images were taken at 254 nm wavelength.
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contacts with the macro domain fold, as its removal reduces

affinity 45-fold.

Removal of the b-phosphate of ADP (to give AMP) reduces

binding further (Figure 3B). The affinity of AMP is 38.0 mM

(DH¼�9.771.1 kcal/mol), an additional seven-fold decrease

in affinity compared to ADP. We could not observe an

interaction between Af1521 and adenosine, suggesting that

the two phosphate groups are important (Table I). Likewise,

ATP has a reduced affinity compapred to ADP, suggesting that

the ligand binding pocket is not designed to accommodate a

third phosphate group (Table I).

The Af1521 macro domain therefore displays a preference

for a diphosphate and a distal ribose ring. In addition,

the macro domain of Af1521 is specific for the adenine base.

The purine-analog guanine, in fact, cannot substitute for the

adenine. We are unable to detect an interaction between

Af1521 and GDP (Table I). Similarly, only limited binding

affinity is observed between Af1521 and NADþ (Figure 3C).

In summary, the Af1521 macro domain shows selectivity

toward the nucleotide ADP-ribose. The observed high affinity

and high enthalpy for ADP-ribose suggest that the Af1521

protein has a ligand binding pocket that specifically recog-

nizes this ligand.

Structure reveals a highly specific ADP-ribose binding

pocket

The isothermal titration calorimetry (ITC) binding data sug-

gest that the Af1521 macro domain evolved as a module that

binds ADP-ribose. In an effort to understand substrate speci-

ficity at the atomic level, we solved the crystal structures of

Af1521 bound to two of its ligands. Af1521 has a mixed a/b
fold (a single, seven-stranded mixed b-sheet, sandwiched in

by four helices) similar to other proteins that bind nucleo-

tides, such as RecA (Story and Steitz, 1992), the F1 ATPase

(Abrahams et al, 1994; Bauer et al, 2001) and CobA. We

present the structure of Af1521 bound to the high-affinity

ADP-ribose ligand (1.5 Å) and Af1521 bound to ADP (2.5 Å)

(Figure 4).
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Figure 2 High-affinity binding of the macro domain to ADP-ribose.
Isothermal titration calorimetry profile: Titration of ADP-ribose
ligand into a solution containing the purified Af1521 macro domain.
The asterisk denotes the first, small volume injection that is not
used for subsequent data fitting. The inset shows the fit of the data
to an equilibrium binding isotherm. The fit provides an equilibrium
dissociation constant (KD) for the binding of ADP-ribose to Af1521
of 126721 nM.
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Figure 3 The macro domain ligand binding pocket is selective for
ADP-ribose. Isothermal titration calorimetry profiles for the binding
of (A) ADP, (B) AMP and (C) NAD to the Af1521 macro domain
protein. Reaction conditions were identical to those of Figure 2. The
graphs clearly show decreased affinities of the macro domain for
these nucleotide ligands compared to ADP-ribose (Figure 2).

Table I Binding of nucleotide analogs to the Af1521 macro domain

Ligand KD (mM)a N DH (kcal/mol)

ADP-ribose 0.1370.02 0.9370.01 �16.470.2
ADP 5.6370.76 0.9870.01 �12.070.2
AMP 38.074.0 0.9070.10 �9.771.1
ATP 18.774.1 0.9770.05 �6.170.6
Adenosine 4100 ND ND
NAD 4100 ND ND
GDP 4100 ND ND

Equilibrium values for binding of nucleotide analogs were deter-
mined by isothermal titration calorimetry (ITC) at 251C.
aKD-values for adenosine, NAD and GDP are estimated to be higher
than 100 mM, as their ITC binding curves show weak binding and
the isotherm cannot be fitted. Stoichiometries and DH values could
not be determined (ND), due to binding below this ITC detection
limit.
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The ADP-ribose molecule binds Af1521 in an L-shaped

cleft on the protein surface at the C-terminus of the a/b unit

(Figure 4A). The ADP-ribose complexed Af1521 is highly

similar in structure to the nucleotide-free structure (RMSD

between Ca positions is small, see Materials and methods).

The adenine moiety fits into a deep hydrophobic pocket,

formed by residues in the loop between the second and third

b-strands, helix 1 and the loop between the final strand of the

sheet and the C-terminal helix. The aromatic Tyr 176 stacks

onto one side of the adenine ring and the side chains of Val 43

and Ile 21 pack onto the other side (Figure 5). The N6

nitrogen of the adenine is H-bonded to the side chain of

Asp 20 and the N1 nitrogen is H-bonded to the backbone HN

of Ile 21. Both residues are at the N-terminus of the 310 helix

in the loop between the second and third b-strands. The

selectivity for adenine over guanine in the ADP and GDP

binding assays is accounted for by the presence of these

H-bonds and by steric constraints for a carbonyl at the C2

position. There is little contact between Af1521 and the

proximal ribose on the ADP portion of the ADP-ribose ligand.

Af1521 shows some similarity to P-loop phosphohydro-

lases (Allen et al, 2003). Many of these proteins interact with

phosphate groups through a so-called P-loop motif. The loop

between strand 2 and the 310 helix in Af1521 shows some

sequence similarity to the P-loop motif, yet in the Af1521

structure this region interacts with the adenine ring, as

mentioned above. The phosphates, in fact, form H-bonds to

the backbone NH groups of residues in the loop between

strand 6 and helix 4. The first phosphate group also H-bonds

with the HN of Val 43 at the N-terminus of helix 1. In

addition, the phosphate is stabilized by the helix dipole.

Overall, the Af1521 macro domain is well suited for the

binding of ADP-ribose.

Recognition of the distal ribose contributes

to specificity

Our binding assays show a 45-fold selectivity of the Af1521

macro domain toward ADP-ribose compared to ADP.

Consistently, the second, distal ribose ring fits into a specific

pocket formed by Tyr 145 and Ile 144 in the loop between

strand 6 and helix 4, as well as Ala 44 in helix 1 (Figure 5B).

Residues that precede helix 1 form H-bonds to the pyranose

ring. The NH2 group on the Asn 34 side chain, H-bonds to

the O30 oxygen, while the backbone HN of Gly 41 H-bonds

to the O10 oxygen.

While ADP binds Af1521 like ADP-ribose (Figure 4B), the

H-bonds that are made to the distal ribose in the ADP-ribose

complex are not present in the ADP-bound structure.

Consistently, mutation of the Asn 34 to Ala reduces affinity

of Af1521 for ADP-ribose three-fold to 390750 nM, while

ADP binding is not affected (Table II). Moreover, mutation of

Asp 20, whose side chain makes a hydrogen bond to the NH2

group on the adenine ring, greatly reduces affinity to both

ADP-ribose (Table II) and ADP (no binding detected). This

suggests that the interaction is critical for nucleotide recogni-

tion. The macro domain thus makes a number of highly

specific noncovalent interactions with the distal ribose and

the two phosphate groups (Figure 5C), consistent with the

high affinity and specificity for ADP-ribose (Table II).

Macro domains share a conserved ligand binding

pocket

There is a significant degree of sequence variation among

distinct macro domains. Several areas of high sequence

conservation are observed and these regions cluster around

the Af1521-ADP-ribose binding site (Figure 6A). The hydro-

phobic residues that line the adenine and ribose binding

pockets are generally conserved or replaced with other

hydrophobic amino acids. The two amino acids whose side

chains directly H-bond the ligand, Asp 20 and Asn 34, are

highly conserved. Where these two residues are not con-

served, they are replaced by equivalent interactions. Other

protein–ligand interactions involve the protein backbone

(Figure 5). For these contacts to be maintained, the fold

only needs a similar structure in these regions. Generally,

such a requirement does not impose a high degree of se-

quence conservation. Our structural studies suggest that

ADP-ribose binding may be a general feature of macro

domains.

Figure 4 Structure of the complex formed between Af1521 and
ADP-ribose. (A) The ADP-ribose molecule binds the Af1521 macro
domain in an L-shaped cleft. The ADP-ribose ligand is shown as a
ball-and-stick model. (B) Structure of the complex between Af1521
and ADP. The structure is highly similar to that of the complex
between Af1521 and ADP-ribose, but a number of interactions that
contribute to ADP-ribose specificity and affinity cannot occur. The
ADP ligand is shown as a ball-and-stick model.
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Conserved macro domains bind ADP-ribose

Our analysis suggests that the macro domain of Af1521 has

evolved as a module that can bind ADP-ribose. Remarkably,

the residues forming the ADP-ribose binding pocket in the

Af1521–ADP-ribose complex are conserved across different

macro domain folds (Figure 6A and B).

We tested whether other macro domain proteins might also

recognize ADP-ribose. We expressed GST or histidine-tagged

fusion proteins of Af1521, yeast YBR022W and three unre-

lated human macro domain proteins. We included, the macro

domain from Alc1, a putative Snf2-helicase (Guan and Sham,

2003), the macro domain of macroH2A (Pehrson and Fried,

1992), a histone variant thought to be involved in transcrip-

tional repression and the macro domain from Bal/PARP9

(Ame et al, 2004), a PARP involved in leukemia (Aguiar

et al, 2000). We immobilized these proteins, as well as two

controls (pure GST and a GST-fusion of the double bromodo-

main module of TAFII250 (hTaf1), an unrelated module that

binds acetylated histones (Jacobson et al, 2000; Ladurner

et al, 2003)). Next, we incubated equimolar amounts of

immobilized fusion protein and ADP-ribose. The beads

were pelleted and the amount of ADP-ribose retained by

the fusion proteins was calculated based on the ADP-ribose

left in the supernatant. The pulldown assays show that

Figure 5 Specificity of the macro domain fold for ADP-ribose. (A) Electron density for the ADP-ribose ligand in the pocket of the Af1521
protein. The ADP-ribose ligand is shown as a ball-and-stick model. (B) Stereo-diagram of the ADP-ribose binding pocket. A number of critical
interactions between the ligand and the Af1521 macro domain are shown. Several of the interactions involve hydrogen bonds between side
chains (Asn 34, Asp 20) and backbone amide bonds. Specific aromatic stacking interactions occur between Tyr 176 and the adenine base.
The phosphates are stabilized by a number of interactions, including the backbone amide of Val 43, Ser 141 and the favorable dipole of helix 1.
(C) Schematic representation for the binding of ADP-ribose to the macro domain. The LigPlot (Wallace et al, 1995) diagram summarizes key
noncovalent interactions between the ADP-ribose ligand and the Af1521 macro domain. Legend: thick blue lines, ADP-ribose ligand; thin red
lines, macro domain residues; circles or semicircles with radiating lines; atoms or residues involved in hydrophobic contacts between protein
and ligand.
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immobilized macro domain proteins can retain ADP-ribose

(Figure 6C). In contrast, the control proteins do not. Although

these assays are not quantitative and not as robust as ITC

analysis, ADP-ribose binding could thus be a feature that is

shared by several other macro domains.

Af1521 and Bal macro domains bind PAR

While there are biological pathways that produce monomeric

ADP-ribose, we extended our studies to include its polymeric

form, PAR. We tested whether Af1521 recognizes PAR. Since

pure, unbranched polymer sufficient for ITC analysis is not

available, we have used a classical filter binding assay, which

uses 32P-radiolabeled poly-ADP-ribosylated PARP1, generated

in vitro. The PAR polymer has been reported to bind several

histones through a positively charged and hydrophobic

sequence (Panzeter and Althaus, 1990; Pleschke et al,

2000). We have included histone H2A as a positive control

for PAR binding. Lysozyme, which has a highly charged

surface, was used as a negative control. Both H2A and the

macro domain of Af1521 bind PAR polymer (Figure 7). The

observed signal is not due to binding of 32P-NAD, but

represents PAR polymer, as evidenced by an extensive PAR

ladder in sequencing gels (data not shown). Free PAR, that is

PAR in the absence of PARP1 protein, also binds the macro

domain (data not shown). In addition, the double macro

domain module of Bal/PARP9, recognizes PAR (Figure 7).

PAR binding to Af1521 and to Bal/PARP9 macro domains

resists repeated, high-stringency salt washes. In addition, the

PAR polymer binds the two tested proteins also as a protein-

free polymer (data not shown). Together, this suggests that

macro domains recognize and bind PAR.

Discussion

Macro domains are high-affinity ADP-ribose binding

modules

Our data provide evidence that the widespread macro domain

evolved as a module that binds ADP-ribose with high speci-

ficity. Af1521 binds ADP-ribose with nanomolar affinity. The

existence of a number of critical noncovalent interactions is

observed in the crystal structure of the ADP-ribose complex.

Site-directed mutants also reveal a ligand binding pocket that

makes a number of important contacts with structural ele-

ment of the ADP-ribose moiety, except for the proximal

ribose, which is accommodated loosely. Furthermore, other

macro domains, including those from three human proteins,

interact with ADP-ribose. Together, our data suggest that the

recognition of ADP-ribose is a key function of the macro

domain.

We also show that Af1521 and YBR022W, albeit slowly,

can hydrolyze the phospho-monoester in ADP-ribose-100-

phosphate and that the reaction products are ADP-ribose

and inorganic phosphate. The ability of the Af1521 and

YBR022W macro domains to catalyze a phosphohydrolase

reaction does not prove that these macro domains (or macro

domains, in general) are genuine enzymes in vivo. Enzyme

activity here may be rather promiscuous.

Further, macro domains exhibit a well-conserved ADP-

ribose ligand binding pocket. The two tested macro domains

also bind PAR. Since macro domains are associated with a

diverse range of biological processes, this suggests that ADP-

ribose and related ligands may be important in mediating the

different biological responses.

Macro domains may act in distinct ADP-ribose

pathways

The ability of three distinct human macro domain proteins to

recognize ADP-ribose is interesting. First, ADP-ribose binding

may affect the function of the Alc1 protein. As Alc1 shows

homology to the Snf2 helicase of the Swi/Snf chromatin

remodeling factor, ADP-ribose may be involved in chromatin

remodeling. Unrelated inositol polyphosphate nucleotides are

involved in the regulation of the Swi/Snf remodeller (Shen

et al, 2003; Steger et al, 2003). Second, the ability of im-

mobilized macroH2A macro domain to precipiate ADP-ribose

suggests that this histone could bind this or related nucleo-

tides. Third, the recognition of both ADP-ribose and PAR by

Bal/PARP9, suggests that this PARP enzyme may benefit from

its ability to recognize the product of its own reaction. PAR

consists of ADP-ribose units connected between the 20-OH

(on the proximal ribose) and the 100-OH (on the distal ribose).

Both these groups point away from the structure and are

accessible to solvent in the ADP-ribose–Af1521 complex.

Specific structural and steric constrains may have to be met

for macro modules to bind PAR. In fact, as macro domains

vary considerably in structure outside of the core ADP-ribose

ligand binding pocket (Figure 6A and B), it is possible

that PAR binding may not be a general property of macro

domains.

The filter binding assay cannot determine whether Af1521

and Bal/PARP9 macro domains recognize PAR along the

polymer or cap the last ADP-ribose on the polymer.

However, the presence of two macro domains in Bal/PARP9

would be more consistent with an interaction along the

polymer. This feature could promote PARP activity.

Consistently, the two other human PARP enzymes that con-

tain macro domains (PARP14 and PARP15; Ame et al, 2004),

repeat this module two and three times, respectively.

The functional coupling of an enzymatic domain with a

domain that recognizes the enzyme’s product is a common

feature of proteins. Several histone acetyltransferases, for

example, contain bromodomains, motifs that can recognize

acetylated lysines (Dhalluin et al, 1999; Jacobson et al, 2000;

Owen et al, 2000). This may improve the processivity

of enzymes such as PARP. The existence and functional

Table II Site-directed mutagenesis of the ligand binding pocket in
the Af1521 macro domain

Protein KD (mM)a DDG (kcal/mol)

Wild type 0.1370.02 —
D20A 11.772.1 2.770.4
N34Ab 0.3970.05 0.770.1
Y176L 0.2370.05 0.370.1

Equilibrium values for binding of ADP-ribose to Af1521 protein
constructs were determined by isothermal titration calorimetry at
251C.
aDDG (kcal/mol) is the change in the stability of the protein–ligand
complex relative to the wild-type protein; DDG¼�RT ln (Kwild type/
KMutant), where R is the universal gas constant, T is the temperature
in Kelvin and K is the reciprocal of the equilibrium dissociation
constant KD.
bIn contrast to ADP-ribose, the N34A mutant recognizes ADP with
the same affinity as the wild-type protein (data not shown).
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consequences of such a mechanism remain to be tested for

PARPs.

Our structure/function study reveals a structural motif

capable of recognizing monomeric and also polymeric

ADP-ribose. Macro domains may thus provide a molecular

link between distinct molecular forms of ADP-ribose

and key biological pathways. The coming years will

see the emergence of detailed molecular and mechanistic

insight into the biology of NAD and its important cellular

metabolites.

Materials and methods

Protein expression and purification
Expression, purification and thrombin-cleavage of the (His)6-Af1521
has been described (Allen et al, 2003). All other constructs were
generated by PCR with Phusion polymerase (Finnzymes, Finland)
and oligos (Sigma Genosys, Germany), using S. cerevisiae genomic
DNA (for YBR022W) or EST templates (RZPD, Germany). GST, GST-
fusions of hTAFII250 (hTaf1) double bromodomain and GST fusions
of Alc1, macroH2A and Bal/PARP9 macro domains were expressed
in Rosetta cells (Novagen, USA) at 221C for 12 h with 200mM IPTG
induction. Cell harvest was snap frozen on liquid N2, resuspended
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Figure 6 ADP-ribose binding is a conserved feature among macro domains. (A) Sequence and structure conservation in the macro domain
family of proteins. Regions with the highest sequence conservation among macro domain proteins are shown in blue. These include residues
(19–22), (29–34), (40–43), (98–103), (136–146) and 176. (B) Structure-guided alignment between select macro domain proteins. For the
purpose of this alignment, only the macro domains used in this study were aligned. The alignment was generated using the output of a Blast
search, and refined manually on the Af1521–ADP-ribose complex structure. Residues shown in blue correspond to the region colored in blue of
panel (A). (C) Pulldown assays for the binding of ADP-ribose to yeast and human macro domains. Distinct macro domain proteins (A. fulgidus
Af1521, S. cerevisiae YBR022W, human Alc1, human macroH2A and human BAL/PARP9) were fused to either GST protein or to a histidine-tag.
In all, 30 nmol of fusion proteins was immobilized to a solid support, including two control proteins that should not interact with ADP-ribose
(GST and a GST-fusion of the TAFII250 (hTAF1) double bromodomain module (Jacobson et al, 2000)), and incubated with 30 nmol of ADP-
ribose in solution. Following the incubation, the samples were centrifuged and the amount of ADP-ribose that remained in the supernatant was
estimated by absorbance measurements. The graphs show the percentage retention on the beads (calculated by subtracting the percentage
of ADP-ribose that remained in the supernatant from 100%). The pulldown assay shows that all tested macro domain proteins retain some
ADP-ribose.
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in ice-cold lysis buffer (50 mM Tris–Hcl, pH 7.9, 0.1 mM EDTA,
0.5 M NaCl, 10% glycerol, 1 mM DTTand protease inhibitors), lysed
in an Emulsiflex-C5 (Avestin, Canada), sonicated for 3� 20 s at
medium setting (Brandon, USA) and centrifuged for 20 min at
16 000 r.p.m. in a SS34 rotor. The supernatant was incubated with
glutathione sepharose (Amersham Biosciences, Sweden). Beads
were washed 5� with 45 ml of lysis buffer containing 1 M NaCl and
re-equilibrated 2� with a buffer containing 50 mM NaCl. For ADP-
ribose pulldown assays, protein concentration was determined by
Coomassie staining relative to BSA standards, or by absorbance
measurements. The concentration of purified, soluble Af1521 was
determined using the molar extinction coefficient e280¼17 795 OD/
M/cm. For the PAR interaction assays, the Bal/PARP9 double macro
module was cleaved from GST using thrombin. Xenopus laevis H2A
was purified as published (Luger et al, 1997, 1999).

Catalytic and binding assays
Detection of catalysis by Af1521 was carried out using TLC and
malachite green assays. Briefly, 2 mM ADP-ribose 100–200-cyclic
phosphate (Appr4P) was incubated with 6mg of cyclic phospho-
diesterase (in 9 ml volume) to produce Appr-100-phosphate. To this,
we added 1ml of calf intestine alkaline phosphatase (MBI
Fermentas, Lithuania) or of macro domain (6mg) for 12 h at 301C.
Following incubation, 2 ml were mixed with 1ml of 100 mM
tetrabutylammonium, and the sample applied to an Alugram
Nano-SIL CN/UV254 TLC plate (Macherey Nagel, Germany) and
run at room temperature using an aqueous solution containing
1.5 M LiCl and 20% v/v ethanol. Digital fluorescence pictures were
taken with a UV lamp at 254 nm wavelength.

Inorganic phosphate was detected using a malachite green assay.
Briefly, 800ml of samples contained 172 ml of 28 mM ammonium
heptamolybdate in 2.1 M H2SO4, 128ml of 0.76 mM malachite green
solution in 0.35% polyvinyl alcohol (B16 000 MW) and varying
amounts of either KPi standards or Af1521-catalyzed reaction and
controls. Absorbance was measured at 610 nm wavelength follow-
ing a 20-min incubation at 221C.

Isothermal titration binding assays were carried out at 251C
using a VP-ITC instrument (MicroCal, USA). Binding reactions were
carried out in 50 mM KPi buffer (pH 6.5), using 10–50 mM Af1521
macro domain and different nucleotides (Sigma, USA). Ligands in
the injection syringe were at a concentration that exceeded the
concentration of Af1521 8 to 15 times (150–750mM). Data analysis
was conducted using Origin software (OriginLab, USA).

ADP-ribose pulldown assays were performed using 30 nmol of
immobilized fusion protein (B50 ml bead volume) in a 1 ml total
sample volume. The buffer was 1� PBS, 1 mM DTT. The
concentration of ADP-ribose was 30mM. Following the incubation
of the ADP-ribose and immobilized protein at 221C (RT) for 30 min,
the sample was centrifuged and the amount of ADP-ribose
remaining in the supernatant was determined using absorbance
measurements (OD) at 260 nm wavelength. The percentage reten-
tion was calculated by comparing the OD of the supernatants with
the OD of a 30mM ADP-ribose sample. For a macro domain–ADP-
ribose complex with 1:1 stoichiometry and infinitely high affinity, a
theoretical retention of 100% would be expected.

PAR binding assays
PAR binding assays were performed essentially as described
(Malanga et al, 1998), using PARP1-bound polymer. In all, 20 and
200 pmol of H2A, Af1521 and human Bal/PARP9 were blotted on
nitrocellulose membranes using a Minifold II slot blot apparatus
(Schleicher & Schuell) and 200 and 400 pmol were blotted for
both lysozyme and BSA controls. The membranes were blocked in
TBS-T buffer (10 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Tween 20)
containing 5% dry milk powder. Enzymatic reactions were set up as
described (Panzeter et al, 1992). The enzymatic reactions were set
up using 0.4 U of bovine PARP-1 (Biomol), 6mg/ml activated calf-
thymus DNA (Sigma), 150 mM NADþ spiked with [32P]-NADþ

(Amersham Biosciences, UK). The final specific activity of the
NADþ was 0.5mCi per nmol NADþ , in 25 mM Tris (pH 8.0), 10 mM
MgCl2, 0.1 M NaCl, 0.5 mM DTT. The reaction mix was incubated
for 1 h at 251C, then diluted to 10 ml with TBS-Tand incubated with
the slot blot membranes for 1 h at 251C under constant agitation.
Afterwards, the membranes were washed twice for 10 min with
10 ml TBS-T and five times for 5 min with 10 ml TBS-T, and then
three times for 5 min with TBS-T containing 1 M NaCl. The
membranes were air-dried and autoradiographed. Subsequently,
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Bal/PARP9
double macro 

BSA

Af1521

Lysozyme

A B

Figure 7 The Af1521 and human Bal/PARP9 macro domains re-
cognize poly-ADP-ribosylated PARP1. 32P-labelled PAR-labelled
PARP1 was incubated on nitrocellulose filter papers containing
slot-blotted proteins. The membranes contained 20 pmol (lane A)
and 200 pmol (lane B) of H2A, Af1521 macro domain and human
Bal/PARP9 double macro domain module, as well as 200 pmol (lane
A) and 400 pmol (lane B) of the control proteins lysozyme and BSA.
After extensive washes, the filter membranes were dried and
autoradiographed. Incubation of 32P-NAD with the slot-blotted
proteins produced no signal (data not shown). The loading of
slot-blotted proteins was verified using Sypro Ruby protein blot
stain.

Table III Crystallographic data and refinement statistics

ADP-ribose/
Af1521

ADP/Af1521

Data collection
Space group P61 P61

Wavelength (Å) 0.934 0.934
Resolution range (Å) 23.4–1.5 28.7–2.5
Unique reflections 41551 9073
Completeness (%)a 97.0 (98.3) 96.1 (97.1)
Rmerge

b 0.054 (0.262) 0.065 (0.238)
Multiplicityc 4.8 (4.7) 2.4 (2.3)
I/sI1 18.3 (5.3) 12.2 (4.7)
Cell dimensions a,b,c (Å) 88.12, 88.12,

60.28
87.84, 87.84,

61.07

Refinement
Resolution (Å) 20.0–1.5 25.0–2.5
No. of reflections
(working/free)

39391/2041 8528/483

No. of residues A: 1–192 A: 1–192
No. of water, ligands 155, 1 ADP-ri-

bose
40, 1 ADP

Rwork/Rfree
a 0.201, 0.232 0.202, 0.237

B averageb 24.4 Åa 34.8 Åb

Geometry bonds/anglesd 0.012 Å, 1.5901 0.005 Å, 1.1271
Ramachandranc 95.8%/0.6% 91.1%/0.6%

(1 residue/
chain)

(1 residue/
chain)

PDB ID codee 2BFQ 2BFR

a5% of reflections were randomly selected for determination of the
free R-factor, prior to any refinement.
bTemperature factors averaged for all atoms.
cPercentage of residues in the ‘most favored region’ of the
Ramachandran plot and percentage of outliers (PROCHECK).
dRMS deviations from ideal geometry for bond lengths and restraint
angles.
eProtein Data Bank identifiers for coordinates.

ADP-ribose binding by macro domains
GI Karras et al

The EMBO Journal VOL 24 | NO 11 | 2005 &2005 European Molecular Biology Organization1918



the membranes were stained with Sypro Ruby (BioRad) according
to the manufacturer’s instructions. In separate experiments, we also
detached the PAR polymer from the activated bovine PARP1, using
1 U of DNAseI (Fermentas) to the reaction after 60 min, and
incubated for 10 min at 371C. Next, 50 U of proteinase K (Roche)
was added, followed by 30 min at 371C. After phenol–chloroform
extraction, the water-soluble polymer was diluted to 10 ml with
TBS-T and incubated with the slot-blotted proteins. Binding to
macro domains under these conditions provided highly similar
results (data not shown).

Crystallization, data collection and processing
Crystals of the AF1521/ADP-ribose complex were obtained in sitting
drops at 251C by mixing equal volumes of a precipitant solution
consisting of 30% (w/v) PEG 4000 (Hamilton Research), 0.2 M
ammonium acetate and 0.1 M tri-sodium citrate (pH 5.6) with a
solution containing protein at 18 mg/ml, 1.5 mM ADP-ribose, 5 mM
DTTand Tris buffer at pH 7.0. Crystal mother liquor containing 20%
(v/v) glycerol was used as cryoprotectant.

Crystals of the AF1521/ADP complex were obtained in sitting
drops at 251C by mixing equal volumes of a precipitant solution
consisting of 20% (w/v) PEG 8000 (Hamilton Research), 0.2 M
magnesium acetate, and 0.1 M sodium cacodylate (pH 4.5) with a
solution containing protein at 18 mg/ml, 1.5 mM ADP, 5 mM DTT
and Tris buffer at pH 7.0. Crystal mother liquor containing 20%
(v/v) glycerol was used as a cryoprotectant solution.

All crystals were frozen in liquid N2 after soaking in cryopro-
tectant. Data collection was carried out at 100 K using beamline
14.1 at the European Synchrotron Radiation Facility as an X-ray
source. X-ray diffraction data were indexed and integrated using the
MOSFLM package (Leslie, 1991) and processed using CCP4
(Collaborative Computational Project, 1994).

The structures of the ADP and ADP-ribose complexes were
solved by molecular replacement using the structure of MES-bound
Af1521 and the program CNS (Brunger et al, 1998). The structures
were built using MAIN (Turk, 1992) and refined using CNS with
Engh and Huber stereochemical parameters. Details of the final
models are summarized in Table III. The RMSD between Ca
positions in the ADP or ADP-ribose-bound Af1521 structure and
that of the Mes-bound Af1521 (Allen et al, 2003) are small. There
are two molecules in the Mes-bound structure, Af1521 molecule (A)
and molecule (B). The RMSD between Mes-Af1521 (A) and Mes-
Af1521 (B) is 0.37 Å, between Mes-Af1521 (A) and the ADP-ribose-
bound Af1521 it is 0.47 Å, and between Mes-Af1521 (B) and ADP-
ribose-bound Af1521 it is 0.27 Å.

Coordinates
The atomic coordinate and structure factors for the ADP-ribose-
Af1521 and ADP-Af1521 complexes have been deposited in the
Protein Data Bank (accession codes 2BFQ and 2BFR, respectively).
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