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Abstract 

Chromatin dynamics is regulated by chromatin remodeling factors, histone exchange, 

linker histone association and histone modification.  Covalent modification of histones is 

an important factor in the regulation of the associated processes.  The implementation and 

removal of various modifications has been implicated in replication, repair, 

recombination, transcription and RNA processing. In recent years, histone lysine 

methylation has emerged as one of the key modifications regulating chromatin function. 

However, the mechanisms involved are complex and not well understood.  Recognition 

of histone methylation has been functionally ascribed to members of several protein 

families including the “royal family,” which includes the Tudor, plant Agenet, chromo, 

PWWP and MBT domains, bromo domain and the WD40 repeat protein WDR5.  Though 

the most detailed studies of histone recognition have centered on the bromo and chromo 

domains, a large volume of structural and biochemical information has been recently 

amassed for the Tudor, PHD and MBT protein families. This review summarizes current 

knowledge of the structures and modes of recognition employed by the PHD, Tudor and 

MBT domains in their interactions with target histone peptides.   

 

Key Words: Chromatin remodeling, histone methylation, Tudor domain, MBT domain, 

PHD Domain 
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Introduction 

Chromatin dynamics is regulated by chromatin remodeling factors, histone exchange, 

linker histone association and histone modification.  Covalent modification of histones is 

an important factor in the regulation of the associated processes (Ehrenhofer-Murray 

2004) .  The implementation and removal of various modifications has been implicated in 

replication, repair, recombination, transcription and RNA processing (Bhaumik et al. 

2007;Kouzarides 2007).  Most sites of covalent modification are concentrated in the 

relatively unstructured N-terminal tails of histones H3, H4, H2A and H2B, with only a 

few distributed within the histone core (Luger et al. 1997).   

One of the earliest reports linking the acetylation and methylation of histones to changes 

in ribonucleic acid (RNA) synthesis dates to the middle of the twentieth century (Allfrey 

et al. 1964), in which the authors postulated “that histone effects on nuclear RNA 

metabolism may involve more than a simple inhibition of RNA synthesis, and that more 

subtle mechanisms may exist which permit both inhibition and reactivation of RNA 

production at different loci along the chromosome.”  Since this ground-breaking work, 

numerous studies continue to confirm the variable and complex roles of histone 

modifications in normal cellular function and a vast array of human disease.  The library 

of histone modifications has also been expanded to include phosphorylation, 

sumoylation, and ubiquitination along with the combinatorial expansion of the individual 

modifications (Bhaumik et al. 2007;Kouzarides 2007).   

Histone lysine methylation has emerged as one of the key modifications regulating 

chromatin function. However, the mechanisms involved are complex and not well 

For Review Purposes Only/Aux fins d'examen seulement



 4 

understood.  Histones may be methylated on either arginine or lysine residues through the 

activities of numerous enzymes.  Lysine methylation occurs in three distinct forms: 

monomethylated (Schneider et al. 2005), dimethylated (Santos-Rosa et al. 2002), or 

trimethylated lysine (Wood et al. 2007).  Each state may be associated with either 

transcriptional activation or repression with the responses likely dictated not only by the 

methylation state of a single lysine or arginine residue, but by the larger local or global 

states of histone modifications (Grewal et al. 2003;Santos-Rosa et al. 2002;Shilatifard 

2006;Vakoc et al. 2005;Xiao et al. 2003).  To date, seven different histone lysine residues 

have been identified to be functionally relevant sites of methylation (K4, K9, K27, K36 

and K79 of histone H3, K20 of histone H4 and K26 of histone H1b), and each of these 

lysine residues can be mono-, di-, or trimethylated, often with functional consequences.  

Thus, histone methylation represents a major, complex system in which the interplay and 

global dynamics of readers and writers of the histone code may be subtly altered. 

While much attention has been paid to the enzymes responsible for histone modification, 

including methylation, fewer examples of proteins that interpret the histone code have 

been extensively described.  Recognition of histone methylation has been functionally 

ascribed to members of several protein families including the “royal family (Maurer-

Stroh et al. 2003),” bromo domain (Dhalluin et al. 1999;Jacobson et al. 2000) and the 

WD40 repeat protein WDR5 (Fischle et al. 2003;Flanagan et al. 2005;Jacobs et al. 

2002;Min et al. 2003;Nielsen et al. 2002;Wysocka et al. 2005).  The “royal family” of 

proteins includes the Tudor, plant Agenet, chromo, PWWP and MBT domains, many of 

which have been found in association with chromatin (Maurer-Stroh et al. 2003).  

Though the most detailed studies of histone recognition have centered on the bromo and 
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chromo domains, a large volume of structural and biochemical information has been 

recently amassed for the Tudor, PHD and MBT protein families.   The aim of this paper 

is to not to provide an exhaustive analysis of the field of histone methylation, as 

numerous other reviews have eloquently provided detailed overviews of both the 

numerous enzymes involved in the writing of the histone code and the bromo and chromo 

domain-containing proteins.  Rather, the intent of this review is to summarize the current 

knowledge as it pertains to the structures and modes of recognition employed by the 

PHD, Tudor and MBT domains in their interactions with methylated ligands.   

 

PHD finger as diverse histone code readers 

The PHD (Plant HomeoDomain) finger is a conserved Cys4-His-Cys3 zinc finger 

domain, which is present in a large number of chromatin regulatory factors. PHD fingers 

exhibit diverse functions, such as histone-code reading, phosphatidylinositol phosphate 

binding (Gozani et al. 2003;Jones et al. 2006), and E3 ubiquitin and SUMO ligases (Dul 

et al. 2007;Ivanov et al. 2007;Zeng et al. 2008). This section will focus on the role of 

PHD fingers as histone-binding modules (Figure 1). 

 

The PHD finger has long been proposed to function in protein-protein interactions, 

though the exact biochemical function of PHD was only recently established.  It was 

demonstrated in 2004 by Aasland’s group that the PHD finger of p300 cooperates with 

the adjacent bromodomain in binding nucleosomes (Ragvin et al. 2004).  Both the 

bromodomain and the PHD finger were shown to bind the nucleosome while 

simultaneously interacting with each other (Ragvin et al. 2004). Recently, a fleet of 
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papers have described the ability of PHD fingers to promote both gene activation and 

repression through interactions with histone lysines with varying methylation states 

(Eberharter et al. 2004;Fiedler et al. 2008;Jia et al. 2007;Lan et al. 2007;Li et al. 2006;Liu 

et al. 2007;Martin et al. 2006;Matthews et al. 2007;Ooi et al. 2007;Org et al. 

2008;Palacios et al. 2008;Pena et al. 2006;Pena et al. 2008;Ramon-Maiques et al. 

2007;Shi et al. 2007;Shi et al. 2006;Soliman et al. 2007;Taverna et al. 2006;Vermeulen et 

al. 2007;Wilson et al. 2008;Wysocka et al. 2006;Xia et al. 2003;Zhou et al. 2005).  

 

 

ING family of PHD fingers 

The ING protein family is involved in chromatin remodeling and transcriptional 

regulation. Members of this family bind to and affect the activity of histone 

acetyltransferase, histone deacetylase, and factor acetyltransferase protein complexes 

(Feng et al. 2002). The ING2 protein, a core component of a repressive mSin3a-HDAC1 

histone deacetylase complex, was found to bind histone H3 trimethylated at lysine 4 

(H3K4me3) through the highly conserved PHD finger. In response to DNA damage, 

recognition of H3K4me3 by the ING2 PHD domain stabilizes the mSin3a-HDAC1 

complex at the promoters of proliferation genes, resulting in histone deacetylation and the 

repression of the active genes (Shi et al. 2006). Interestingly, Yng1, which is a 

component of the NuA3 HAT complex, also binds H3K4me3 through its PHD domain.  

Direct in vivo assay demonstrates that NuA3 HAT complex controls transcription 

through a sequential trimethyl binding, acetyltransferase activity, and gene regulation 

(Taverna et al. 2006). The crystal structure of the ING2-PHD domain in complex with 
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H3K4me3 provides a molecular mechanism of histone H3K4me3 recognition by the 

ING2-PHD finger (Pena et al. 2006). The H3K4me3 tail is bound in an extended 

conformation in a deep and extensive binding site consisting of elements that are 

conserved among the ING family of proteins (Figure 1A). The trimethylammonium 

group of Lys 4 is recognized by the aromatic side chains of Y215 and W238 residues, 

whereas the intermolecular hydrogen-bonding and complementary surface interactions 

between the H3K4me3 peptide and ING2-PHD account for the PHD finger's high 

specificity and affinity (Pena et al. 2006).  This binding mode is conserved in other ING 

family members as well, such as YNG1 and ING4 (Palacios et al. 2008;Taverna et al. 

2006). 

 

 

BPTF PHD finger 

NURF (nucleosome remodeling factor) is an ISWI-containing ATP-dependent 

chromatin-remodeling complex. Recently, it was shown that the PHD finger of human 

BPTF (bromodomain and PHD domain transcription factor), the largest subunit of the 

NURF complex preferentially binds H3K4me3. Depletion of H3K4me3 causes partial 

release of BPTF from chromatin and defective recruitment of the associated ATPase, 

SNF2L, to the HOXC8 promoter. The co-crystal structure of BPTF-PHD-H3K4me3 

complex shows that H3K4me3 peptide interacts with BPTF PHD through anti-parallel 

beta-sheet formation on the surface of the PHD finger, with the long side chains of R2 

and K4me3 fitting nicely into adjacent pre-formed surface pockets, and bracketing an 

invariant tryptophan (Figure 1B) (Li et al. 2006). The observed stapling role by non-
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adjacent R2 and K4me3 provides a molecular explanation for H3K4me3 site specificity, 

which is also conserved in ING family of PHD histone binding.  

 

RAG2 PHD 

Recombination activating gene (RAG) 1 and RAG2 together catalyze V(D)J gene 

rearrangement in lymphocytes as the first step in the assembly and maturation of antigen 

receptors. A large amount of evidence suggests that the regulation of chromatin structure 

is involved in the regulation of V(D)J recombination (Kwon et al. 1998). Recently, it was 

shown that RAG2 contains a PHD finger near its C terminus and the RAG2-PHD 

recognizes histone H3 methylated at lysine 4 and influences V(D)J recombination(Liu et 

al. 2007;Matthews et al. 2007;Ramon-Maiques et al. 2007). In contrast to other 

H3K4me3-binding PHD domains, RAG2-PHD substitutes a carboxylate that interacts 

with arginine 2 (R2) with a Tyr, resulting in binding to H3K4me3 that is enhanced rather 

than inhibited by dimethylation of R2 (Ramon-Maiques et al. 2007). This is readily 

explained from the H3K4me3 complex structure of the RAG2-PHD and other PHD 

fingers (Figure 1C). RAG2-PHD differs from other H3K4me3-binding PHDs in its 

interactions with R2 of the H3 peptide. In the histone complex with the PHD finger of 

ING2, BPTF, and Yng1, the extended side chains of R2 and K4me3 of the H3 peptide 

occupy two adjacent parallel grooves separated by the conserved tryptophan, and the 

guanidinium group of R2 forms salt bridges with a carboxylate, either Asp or Glu. Both 

the R2 binding groove and interacting carboxylate are absent in RAG2-PHD. Thus, the 

side chain of R2 extends toward solvent with no interaction with the RAG2-PHD. The 

structural studies of the RAG2-PHD-H3K4me3 complex structure together with binding 
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affinity measurements suggest that RAG2-PHD prefers symmetrically dimethylated R2 

and binds the R2me2s and K4me3 doubly modified H3 peptide with higher affinity.  

RAG2-PHD provides an excellent example of a single protein domain recognizing a 

doubly modified histone. This is also the first example of a single protein domain 

recognizing a doubly modified histone. The structure of RAG2-PHD illustrates the 

versatility of a histone-binding module like the PHD fingers and explains how diverse 

modifications in histones might be recognized.  

 

 

BHC80 

Histone demethylase LSD1 represses transcription by demethylating histone H3K4 (Shi 

et al. 2004). BHC80 is a PHD finger-containing protein that is a core component of the 

LSD1 complex (Lan et al. 2007). Unlike BPTF and INGs PHD fingers (Shi et al. 

2006;Wysocka et al. 2006), the PHD finger of BHC80 binds unmethylated H3K4 

(H3K4me0), and this interaction is specifically abolished by methylation of H3K4 (Lan 

et al. 2007). Chromatin immunoprecipitation showed that BHC80 and LSD1 depend on 

each other to associate with chromatin, and this association is dependent on the PHD 

finger of BHC80. The crystal structure of the PHD finger of BHC80 in complex with an 

unmodified H3 peptide revealed that the H3 peptide binds to the surface of the PHD 

finger as an anti-parallel beta-sheet, with H3R2–H3R8 forming backbone hydrogen 

bonds with G498–M502 of BHC80 (Figure 1D) (Lan et al. 2007). In contrast to other 

domains capable of recognizing methylated lysine, including other PHD domains, 

unmethylated lysine recognition by BHC80 is mediated via electrostatic and hydrogen 
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bonding interactions. 

 

 

DNMT3L 

Dnmt3L is required for the de novo methylation of imprinting control regions in female 

germ cells and for the de novo methylation of dispersed repeated sequences in male germ 

cells (Bourc'his et al. 2001;Bourc'his et al. 2004;Shi et al. 2006). Dnmt3L lacks the 

conserved catalytic domain common to DNA methyltransferases, and acts as a general 

stimulatory factor for de novo methylation by Dnmt3a (Chedin et al. 2002). Binding 

assays showed that DNMT3L specifically interacts with the N-terminus of histone H3. 

This interaction was inhibited by methylation at lysine 4 of histone H3 but was 

insensitive to modifications at other positions. DNMT3L selectively binds unmethylated 

H3 lysine 4 peptides, and its PHD-like domain or ADD domain mediates this binding, 

which is reminiscent of the BHC80 binding H3K4me0. The basis for methylation-

sensitive binding of H3 to DNMT3L is steric occlusion of the interaction between 

aspartic acid 90 in DNMT3L and lysine 4 of histone H3 (Figure 1E) (Jia et al. 2007).  

 

 

PYGO PHD 

Pygo and BCL9/Legless transduce the Wnt signal by promoting the transcriptional 

activity of beta-catenin/Armadillo in normal and malignant cells (Belenkaya et al. 

2002;Kramps et al. 2002;Parker et al. 2002;Thompson et al. 2002). Human and 

Drosophila Pygo PHD fingers associate with their cognate HD1 domains from 
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BCL9/Legless to bind specifically to the histone H3 tail methylated at lysine 4. The 

crystal structures of ternary complexes between PHD, HD1, and H3K4me peptides 

solved by Bienz’s lab show that the first five amino acids of the H3K4me peptide assume 

an extended conformation (Figure 1F) (Fiedler et al. 2008). The R2-K4me2 forms an 

antiparallel β sheet with PHD β3, as observed in all other known PHD-H3K4me 

structures.  Residues T6 and A7 meander off the PHD surface and loop back to the 

surface through a stabilizing hydrogen bond between T6 and T3, which is reminiscent of 

the RAG2-PHD-H3K4me complex structure (Ramon-Maiques et al. 2007). K4me2 and 

A1 occupy two adjacent pockets separated by the PYGO-PHD W366, which is conserved 

in all known PHD-H3K4me structures (Fiedler et al. 2008). 

  

The complex structures of PYGO-PHD-H3K4me2 provided many interesting insights 

into how PYGO-PHD finger binds H3K4me2. First, the binding of BCL9 HD1 to Pygo 

PHD increases its affinity to H3K4me. This is especially striking in Drosophila where the 

H3K4me binding of the Pygo PHD finger depends entirely on its interaction with Lgs 

HD1. The PHD C terminus forms the floor of the histone H3A1 binding pocket, which is 

thin in the PHD finger structure. These floor residues directly interact with HD1, which 

stabilizes the A1 binding pocket and enhances the H3K4me binding. Second, the 

H3K4me2 binding pocket consists of a semiaromatic cage with W366, Y341, and D352 

forming the walls, and V350 and A356 the base. The two K4me2 methyl groups make 

hydrophobic interactions with W366 and Y341, while D352 forms an H bond with the Nζ 

of the K4me2 side chain. This H bond could not be formed with K4me3 because the extra 

methyl group would preclude the approach of the D352 carboxyl group. The K4me2 
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cavity is different from that in BPTF, ING2/Yng1, and RAG2 that prefer K4me3, but 

resembles those found in the L3MBTL1 (See below), Scm (See below) and 

53BP1(Botuyan et al. 2006), which selectively recognize the histones with low 

methylation states. PYGO-PHD shows only modest preference for H3K4me2 over 

H3K4me3.  This is owing to the flexibility of the H3K4me2 binding pocket in PYGO-

PHD, which allows for H3K4me3 binding. Third, PYGO-PHD histone binding is not 

sensitive to methylation of arginine 2 in H3. In the BPTF and ING2/Yng1 PHD fingers, 

R2 is completely anchored by its guanidinium group within a groove adjacent to the 

K4me-binding pocket, and H3R2 methylation abolishes its binding to PHD fingers (Li et 

al. 2006;Pena et al. 2006). In the PYGO-PHD ternary complex structures, only the first 

two carbons of the R2 side chain are fixed, while the guanidinium group at the end of this 

side chain is pushed out into the solvent by the side chain of L358, which again 

resembles the H3R2 binding mode found in the RAG2-H3K4me3 structures, and RAG2 

preferentially binds the doubly methylated H3R2K4 peptides (Ramon-Maiques et al. 

2007). 

 

MBT repeat domain as low methylation histone lysine binders 

The MBT repeat was first identified in Drosophila tumor suppressor protein L3MBT 

(Wismar et al. 1995). In Drosophila, there are 3 MBT repeat containing proteins, Scm, 

l(3)mbt and Sfmbt, which contain 2,3, and 4 MBT repeats respectively (Bornemann et al. 

1998;Trojer et al. 2007;Usui et al. 2000). All these 3 proteins belong to polycomb group 

and are involved in establishment and maintenance of transcriptional repression of 

developmental control genes such as Hox genes. In human genome, there are at least 10 
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MBT repeat proteins, which belong to Scm, l(3)mbt and Sfmbt subclasses, respectively. 

The MBT (malignant brain tumor) repeat shows structural similarity with the 

Chromodomain, Tudor domain and PWWP domain, which are collectively referred to as 

the Tudor domain “Royal Family” (Figure 2).  The MBT repeat proteins can also bind 

modified histones (Kim et al. 2006). The Drosophila SfMBT protein in the PhoRC 

complex binds mono- or di-methylated H3K9 and H4K20 peptides. PhoRC interacts with 

methylated histones in the chromatin flanking the Polycomb response elements (PRE) 

and maintains a Polycomb-repressed chromatin state (Klymenko et al. 2006). L3MBTL1, 

the human homolog of the Drosophila tumor suppressor protein l(3)mbt, forms a 

complex with core histones, histone H1b, HP1γ, and Rb, and  the purified L3MBTL1 

MBT domains compact nucleosomal arrays dependent on mono- and dimethylation of 

histone H4K20 and histone H1bK26 (Kalakonda et al. 2008;Trojer et al. 2007). In vitro 

binding assays also showed that these MBT repeat proteins selectively bind low 

methylated lysine histones, which are confirmed by recent structural studies. 

 

L3MBTL1 

L3MBTL1 represses transcription through chromatin compaction and was recently 

shown to bind to mono- and dimethylated H1bK26 and H4K20 (Boccuni et al. 2003). 

Structural, binding and mutagenesis data show that only one of the three MBT repeats is 

able to bind methylated histone peptides and that a unique binding pocket within the 

second MBT repeat accommodates mono- or dimethylated lysine histone peptides, but 

not unmodified or trimethylated lysine peptides (Kim et al. 2006). The crystal structures 

show that the K20me is accommodated in a binding pocket formed by three aromatic 
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residues and a negatively charged residue D355 (Figure 2A). The hydrophobic side of the 

dimethylated lysine interacts with the aromatic cage via cation-π interactions, and the 

negatively charged residue interacts with the dimethylammonium group of K20me2 via a 

salt bridge and a hydrogen bond. This binding mode provides a simple explanation for 

the selective binding of L3MBTL1 to mono- and dimethylated histone peptides.  A series 

of structures of 3MBT alone and in complexes with methylated histone peptides reported 

by our laboratory reveals an unexpected mode of interaction in which a pair of 

methylated histone peptides bridge together two 3MBT proteins (Min et al. 2007). Our 

data in combination with previous studies by Trojer et al suggest a possible mechanism 

for the involvement of L3MBTL1 in histone binding and chromatin compaction (Min et 

al. 2007;Trojer et al. 2007). L3MBTL1 is recruited to chromatin loci with specific histone 

modification patterns, in this case, with H3K9 methylation and mono- and dimethylation 

of H4K20 and H1bK26 in a complex with Hp1γ and Rb.  The protein selectively binds to 

mono- and dimethylation of H4K20 and H1bK26; HP1 preferentially recognizes di and 

trimethylated histone H3K9. These interactions are weak but specific. Therefore, the 

complex, endowed with two histone-binding activities, achieves avid specificity through 

the combinatorial recognition of multiple lysine methylation marks in histones H1b, H3 

and H4 by the L3MBTL1-HP1γ complex.  The full-length L3MBTL1 can also 

homodimerize via its SAM domain (Wismar et al. 1995). Dimerization of full length 

L3MBTL1 may also increase the local concentration of the histone-bound 3MBT 

domains, further facilitating 3MBT-histone complex dimer formation. Thus, L3MBTL1 

actively bridges neighboring nucleosomes. Together, the concerted action of L3MBTL1 

and HP1 foster chromatin compaction at Rb-regulated genes. 
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dScm 

Functional analyses in Drosophila show that the MBT domain of Scm and its methyl-

lysine-binding activity are required for repression of Hox genes (Bornemann et al. 1998).  

The two malignant brain tumour (MBT) repeats of Scm form a domain that preferentially 

binds to monomethylated lysine histones(Grimm et al. 2007). The crystal structure of a 

monomethyl-lysine-containing histone tail peptide bound to the MBT repeat domain 

shows that the methyl-lysine side chain occupies a binding pocket in the second MBT 

repeat formed by three conserved aromatic residues and one aspartate, which resembles 

the L3MBTL1 binding mode (Li et al. 2007;Min et al. 2007;Sathyamurthy et al. 2003). 

Insertion of the monomethylated side chain into this pocket seems to be the main 

contributor to the binding affinity, which also resembles L3MBTL1 (Figure 2B). But, the 

difference between these two MBT histone binders is that L3MBTL1 can bind mono- and 

di-methylated lysine histones almost equally well. The lower affinity shown by dScm for 

histone peptides carrying dimethylated peptides can also be explained by their dSCM-

Kme2 complex structure. Superimpositon of the dScm structures bound to 

monomethylated and dimethylated lysine shows that monomethyl-lysine binds 

approximately 0.6 Å deeper into the pocket. In addition, in the dimethyl-lysine-

containing complex, the water molecule that contacts the epsilon-amino group is 

displaced by the additional methyl group. The observed differences might explain the 

preferred binding for monomethylated lysine histones. 

 

Structurally and Functionally Diverse TUDOR domains 
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The Tudor domain family consists of a large number of proteins with varying functions 

sharing a common feature – the conservation of a small 50 amino acid motif that serves 

to mediate intermolecular protein interactions.  The Tudor domain was first identified in 

the Tud protein from Drosophila, one of the first gene products identified as part of the 

posterior-group genes (Boswell et al. 1985).  The tud gene encodes a large peptide of 

2515 amino acids with more than 50% of the domain-encoding segments contributing to 

11 copies of the individual Tudor domain (Ponting 1997).  The Tudor domain itself was 

first discovered through protein sequence analysis that suggested sequence motif 

repetition throughout the protein and an absence of any other domains of known function.  

The retention of this domain in proteins exhibiting RNA localization, initially suggested a 

role for the Tudor domain-containing proteins in pre-mRNA processing.  Sequence 

alignments of the individual domain with other proteins also permitted identification of 

the Tudor domain in a variety of non-Drosophila proteins, including human AKAP149, 

p100 and Survival of Motor Neuron (SMN) protein (Ponting 1997).  Coincident with this 

work, the p100 domain architecture was independently demonstrated via hydrophobic 

cluster analysis to include a C-terminal Tudor domain, in addition to four Staphlycoccal 

nuclease (Sn)-like domains (Callebaut et al. 1997).  More complete analysis of proteins 

with predicted Tudor domains failed to support the RNA-binding function and 

experimental evidence from studies of the Drosophila Ovarian Tumor (OTU) protein 

clearly ascertained that the domain did not contribute to the RNA-binding ability of this 

protein (Glenn et al. 2001).  In recent literature, both structural and biochemical evidence 

has demonstrated the ability of several Tudor domains to interact with methylated protein 
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partners.  The global folds and mechanism of peptide recognition of the representative 

Tudor domain-containing proteins are further discussed below. 

 

The SMN and p100 proteins: Single Tudor Domains 

The mammalian SMN protein contains a single Tudor domain, mutations in which have 

been associated with autosomal recessive proximal spinal muscular atrophy (SMA) 

(Talbot et al. 1998). SMN structures exhibit a canonical Tudor domain and consist of a 

strongly bent antiparallel β-sheet (Figure 3A).  The five strands comprise the barrel-like 

motif that is lined on the lower face by the lengthy β2 strand and closed by the 

antiparallel interaction between β1 and β5.  Structural stability is promoted through the 

formation of a hydrophobic core via residues C98, A100, A111, I113, I116, C123, V125 

and L141 with core residues exhibiting a high degree of sequence conservation between 

known Tudor domains (Selenko et al. 2001).   The high resolution crystal and highly 

restrained NMR structures have permitted more detailed investigations into the ligand 

binding site and the unique structural properties of this domain.  Biochemical studies 

have demonstrated that the symmetric dimethylation of arginine residues (sDMA) on the 

tails of SmB, SmD1 and SmD3 proteins increased the binding affinity of these proteins 

for the Tudor domain of SMN (Brahms et al. 2001;Friesen et al. 2001). NMR titrations 

based on these observations definitively showed that the SMN Tudor domain was capable 

of recognizing sDMA residues in arginine-glycine rich repeats and that the methyl groups 

of the sDMA were associated with a cluster of highly conserved aromatic residues of the 

Tudor domain (Sprangers et al. 2003).   
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Comparison of the crystal structure of the SMN Tudor domain with the highly-restrained 

NMR structure revealed significant structural differences in the region of the sDMA 

binding site. The most notable differences between the crystal and solution state 

structures were observed in the conformations of the aromatic residues and loops about 

the sDMA binding pocket.  The W102 sidechain was shown to have alternative rotamers 

between these two structures and the coordinate root mean squared deviation for the 

aromatic residues in this region was approximately 2.0 Å (Sprangers et al. 2003).  While 

the features of both structures appear to be divergent but equally valid, it is clear that the 

structure determination of the SMN Tudor domain in complex with the relevant peptides 

from the Sm protein tails, and potentially other methylated peptides, will be important in 

better understanding the possible binding modes and methylarginine recognition by this 

domain.  It will also be important to assess ability of the SMN Tudor domain to interact 

with other methylated peptides, including those with varying degrees of lysine 

methylation. 

 

In contrast to the SMN protein, which contains only the Tudor domain, the modular 

architecture of the p100 protein has adapted for numerous protein-protein interactions.  

The p100 protein has been shown to interact with STAT5TAD, STAT6TAD, CBP, RNA 

polymerase II, RNA helicase A, Myb and Pim1 serine/threonine kinases through SN-like 

domains (Leverson et al. 1998;Paukku et al. 2003;Tong et al. 1995;Valineva et al. 

2005;Valineva et al. 2006;Yang et al. 2002). Biochemical investigations of the Tudor 

domain of this protein have shown that the expression of this domain does not affect the 
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transcriptional activity of the protein (Yang et al. 2002), but rather interacts with U5 sn-

RNP-specific proteins and promotes pre-mRNA spicing through these intermolecular 

protein interactions (Shaw et al. 2007).  The three-dimensional crystal structure of the C-

terminal Tudor and SN (TSN) domain contained two individual protein fragments in the 

asymmetric unit.  The larger fragment consisted of the complete interdigitated Tudor and 

SN domains corresponding to residues 654-870 of the full length p100 protein.  The 

smaller peptide was the Tudor domain alone and consisted of residues 680-770 (Figure 

3B).  The TSN domain contained four α-helices, nine β-strands and 14 loops.  Of these 

secondary structural elements, helix α1 and strands 3-6 were can be attributed to the 

Tudor domain, resulting in a structure that is highly analogous to the Tudor domain of the 

SMN protein.  Superimposition of the SMN Tudor domain onto the Tudor domain of 

p100 reveals few differences between the folds and yields a root mean square deviation 

of 1.2 Å between the Cα atoms of the two structures (Shaw et al. 2007).  Like the SMN 

fold, the p100 Tudor is stabilized through a hydrophobic core.  Also conserved in this 

region are the aromatic residues predicted to be involved in the binding of methylated 

ligands. The p100 structure surprisingly revealed the caging of Leu808 from a 

neighbouring p100 molecule in the crystal by the aromatic residues, structurally 

confirming the protein-recognition ability of p100 and suggesting that peptide interaction 

with the Tudor domain likely involves methylated substrates (Shaw et al. 2007).   

 

Esa1 – A knotted single Tudor Domain 

The Sas-related acetyltransferase (Esa1) from Sacharomyces cerevisiae is a subunit of the 

nucleosomal acetyltransferase of histone H4 (NuA4) complex and is responsible for the 
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acetylation of histone H4 and H2A (Allard et al. 1999;Clarke et al. 1999;Lafon et al. 

2007;Smith et al. 1998).  In yeast, Esa1 is the only essential acetyltransferase; it is 

necessary for cell division (Clarke et al. 1999;Smith et al. 1998) and is also involved in 

DNA double-strand break repair (Utley et al. 2005), transcription initiation and 

elongation (Eisen et al. 2001;Morillon et al. 2005) transcriptional silencing (Clarke et al. 

2006) and cell cycle regulation (Clarke et al. 1999).  Early sequence analysis predicted 

the N-terminus of Esa1 to contain a chromodomain that was possibly involved in RNA 

binding and that was required full activity of the acetyltransferase domain (Letunic et al. 

2006;Shimojo et al. 2008).  However, subsequent NMR structural determination of two 

Esa1 constructs revealed the domain to be more similar to the Tudor domain family with 

several interesting structural variations (Figure 3C) (Shimojo et al. 2008).   

 

Both Esa1 constructs contain similar β-barrel structures, each containing five β-strands, 

as opposed to the predicted three strands plus one helix that would be expected for a 

chromodomain (Shimojo et al. 2008).  The overall structures of the Esa1 variants align 

well with the Tudor domain of SMN (Shimojo et al. 2008), though significant differences 

are observed at both the N- and C-terminal tails of the longer construct when compared 

with SMN and the shorter Esa1 construct.  The long construct contains an additional β-

sheet formed by an N-terminal β-strand (residues 11-13) and a C-terminal β-strand 

(residues 78-80), which is described by the authors as acting as a “knot” for the Tudor 

domain (Shimojo et al. 2008).  Heteronuclear {1H}-15N NOE experiments revealed the 

NOEs of the long construct to be significantly higher than those of the short Esa1 

construct, suggesting the additional structural features contribute added stability to the 
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core domain (Shimojo et al. 2008).  Accordingly, several hydrophobic residues found in 

the longer construct pack into the hydrophobic corresponding to the complete core of the 

shorter construct.  The added stability in the core in turn induces the formation of an 

additional helical turn in the loop region connecting strands β3 and β4 (Shimojo et al. 

2008).  To date, there has been no structural evidence supporting the interaction of Esa1 

with any particular ligand.  From analysis of the NMR structure, a slight depression is 

found in a region corresponding to the location of the aromatic cage seen in other Tudor 

domains.  Two tyrosine residues are also located in this region, along with a glutamate 

residue, which may suggest that the Esa1 Tudor is more similar to other Tudor domains 

than initially hypothesized.  Recognition of the extended conformations of either 

methylated lysine or arginine residues, however, would require significant induced fit 

that may be precluded by the overall stability of the hydrophobic Tudor core. 

 

53BP1 and Crb2: Orthologous tandem Tudor domains  

The mammalian protein p53 binding protein (53BP1) was originally identified in a yeast 

two-hybrid screen as a protein that interacts with the DNA binding domain of p53 

through its two C-terminal BRCT domains (Derbyshire et al. 2002;Iwabuchi et al. 

1994;Joo et al. 2002).  The protein rapidly forms foci at the sites of DNA double strand 

breaks (DSBs) upon exposure to ionizing radiation and is phosphorylated by ATM 

kinase, a protein central in the signaling responses to DSBs (Anderson et al. 

2001;Rappold et al. 2001;Schultz et al. 2000).  Taken together with a multitude of other 

studies, 53BP1 has been shown to be a central mediator of the DNA damage checkpoint 

(Charier et al. 2004).  Based on sequence analysis, the region residing between the N-
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terminal phosphorylated region and the C-terminal BRCT domains of 53BP1 was 

predicted to contain a single Tudor domain (Charier et al. 2004).  Initial NMR 

characterization of this region of the mouse 53BP1 homologue, which exhibits 99% 

sequence identity to the human homologue, revealed the presence of two Tudor domains 

(Figure 3D).  Similar to the single Tudor domains of SMN and p100, the individual 

53BP1 Tudor domains each contain a strongly bent β-sheet that folds into a compact β-

barrel.  Each domain also contains a long β-strand that is bent into a 90° angle through 

the presence of classical β-bulges at positions 30, 31 and 39 in domain 1 and positions 

82, 83 and 94 in the second Tudor domain. The individual domains are connected by a 

six-residue linker and are largely superimposable, with the exception of loops joining β1 

and β2 and β2 with β3.  Despite the relatively low sequence identity of 18%, the root 

mean square deviation between the backbone atoms of the NMR structure was calculated 

to be 1.9 Å (Charier et al. 2004).   

 

Crystallographic analysis of the 53BP1 yeast orthologue Crb2 also revealed the presence 

of tandem Tudor domains, despite the limited sequence similarity in the homologous 

region to that of 53BP1 (Figure 3D) (Botuyan et al. 2006).  As with sequence analysis of 

53BP1, the amino acid sequence of Crb2 alone was insufficient to predict the existence of 

the second Tudor domain. Structural alignments of the tandem Tudor domains of 53BP1 

and Crb2 shows a similar orientation of the individual domains relative to one another, 

though both Tudor domains of Crb2 are significantly larger than those of 53BP1 

(Botuyan et al. 2006).  Additional residues are located in the loops connecting the third 

and fourth strands from each domain when compared to the corresponding loops of 
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53BP1.    The detailed structural comparison of 53BP1 and Crb2 has highlighted the high 

degree of structural conservation within the Tudor fold and between tandem Tudor 

domains of orthologous proteins, even when domain annotation of proteins is precluded 

by a lack of sequence similarity.   This work has also indirectly suggested the existence 

of a much larger family of Tudor domain-containing proteins, with additional members 

remaining unidentified owing to poor sequence conservation with known family 

members. 

 

 

The hybrid tandem Tudor of JMJD2A 

JMJD2A is a member of a conserved family of Jmjc domain-containing proteins 

belonging to the Jmjc histone deacetylase superfamily (Tsukada et al. 2006).  With regard 

to its specific function, JMJD2A has been reported to interact with histone deacetylase 

complexes and Rb and to function as a transcription repressor (Gray et al. 2005;Zhang et 

al. 2005).  In contrast to the tandem Tudor domains of 53BP1 and Crb2, the crystal 

structure of JMJD2A revealed an alternate mode of tandem Tudor assembly, termed a 

hybrid tandem Tudor (Figure 3E).  The two domains of JMJD2A are interdigitated 

forming a saddle-shaped structure with each lobe resembling the canonical Tudor domain 

of SMN and p100 (Huang et al. 2006). The hybrid Tudor domains are formed by the 

exchange of β-strands 3 and 4 with respect to the canonical Tudor domain.  The swapped 

β3 strand forms a long contiguous strand with the nonswapped β2.  The two long strands 

bridge the two individual domains (Huang et al. 2006).   
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Triple Tudor Repeat: Spindlin 1  

Spindlin is a major maternal transcript in the mouse that has been found to associate and 

co-migrate with the meiotic spindle in the first meiotic cell cycle (Oh et al. 1997).  

Spindlin1, the human homologue, exhibits up-regulated expression in ovarian cancer 

cells, where it localizes in the cell nuclei. The over-expression of Spindlin1 is believed to 

correlate with variations in cell cycle distribution during mitosis, which is consistent with 

studies of other spindlin1 homologues (Fletcher et al. 2002).  The crystal structure of 

spindlin1 consists of three tandem repeats of Tudor-like domains (Figure 3F) (Zhao et al. 

2007).  The individual domains adopt similar folds with a total sequence identity of 32% 

among three domains.  The spindlin1 and Tudor domains all compose two sheets that are 

made of five anti-parallel β-strands with portions of the second strains participating in 

both β-sheets.  As seen in the canonical Tudor domains, the long β-strands are bent by 

approximately 90° about classical β-bulges, though the orientations of the fifth β-strand 

are somewhat divergent between the spindlin1 and Tudor domains. Globally, the β-sheets 

of each domain are arranged such that they lie perpendicular to one another with the first 

β-sheet of each domain exposed to the solvent and the second sheet buried in the protein 

interior (Zhao et al. 2007). To date, spindlin1 is the largest of the Tudor domain-

containing proteins to be studied structural, thus further comparisons for the global 

topology of Tudor domain association cannot be made.  As with Esa1, there virtually no 

experimental evidence for the role of Spindlin1 in protein-protein interactions, the 

identity of its binding partners, or the ability of the protein to interact with a methylated 

ligand through one of more of its canonical Tudor domains. 
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Methyl lysine recognition through the aromatic cage 

Histones undergo numerous types on post-translational modification, including 

methylation. The combination of modifications is believed to extend heritable 

information beyond the DNA sequence alone (Strahl et al. 2000).  Specific methylation 

states of the histones may result in either up-regulation or down-regulation of 

transcriptional activities of various genes (Kouzarides 2002;Sims, III et al. 2003;Sims, III 

et al. 2006).  In general, prior studies of the Tudor, chromodomains and PHD fingers 

have suggested that the mode of methyl-histone recognition involves a cage of two to 

four aromatic amino acids and an acidic residue to balance the charge of the 

methylammonium ion (Corsini et al. 2007).  The best studied examples of such an 

interaction are the crystal structures of the 53BP1 and JMJC2A proteins in complex with 

various histone peptides. 

 

The JMJD2A hybrid tandem Tudor domain has the novel property of binding two distinct 

peptides, H3K4me3 and H4K20me3, with equal affinity.  Both peptides interact with the 

second of the Tudor domains and the methyllysine of each peptide is also caged by F932, 

W967 and Y973 (Huang et al. 2006;Lee et al. 2008).  In each case, the resolution of the 

crystallographic data permitted unambiguous assignment of the majority of residues in 

the peptide and showed the peptides to bind in opposite orientations along the protein 

surface (Figure 3E, panel).  For the H3K4me3 peptide, R2 recognition by D945 of 

JMJC2A was one of the primary stabilizing interactions.   The H4K20me3 peptide was 

also stabilized through an interaction of a peptide arginine with the Tudor domain.  In this 

case, however, R19 of the peptide bound D939 of JMJD2A.  No interaction was observed 
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between D945 and the H4K20me3.  Likewise, N940 of JMJD2A hydrogen bonds with 

the backbone amide and hydroxyl groups of residue T3 from H3K4me3 but did not 

participate in any interactions with H4K20me3.  Residues Y942 and T968 are also 

involved in weaker intermolecular hydrogen bonds and selectively contact only one of 

the peptides.  Through the hydroxyl group, Y942 forms a hydrogen bond with the 

terminal amino group of the H3K4me3 peptides but is distant from the binding site of the 

H4K20me3 peptide.  The hydroxyl group of T968, however, forms a hydrogen bond with 

the guanidino group of R23 from H4K29me3 but does not contact the H3K4me3 peptide. 

It is important to note that despite major differences in the binding modes of these 

peptides, no structural changes were noted on the JMJC2A protein on peptide binding 

(Lee et al. 2008).  It has been suggested that the binding modes ensure the dual specificity 

of the protein while preventing simultaneous recognition of both histone peptides.  While 

the in vivo relevance of the dual specificity of JMJD2A has yet to be established, these 

studies have highlighted the complexity of methyllysine recognition and inherent 

difficulty in definitively determining the in vivo specificity of the methyllysine 

recognition domains. 

 

Accordingly, ligand binding studies for the 53BP1 protein have provided several 

suggestions of relevant peptides.  Initial NMR titrations of 53BP1 suggested that the 

tandem Tudor domain was capable of interaction with both unmethylated and 

symmetrically dimethylated arginine-glycine-rich peptides (Charier et al. 2004) though 

the fast exchange rate yielded dissociation constants in the millimolar range.  Despite the 

low affinity of the protein for the peptides, the interaction was mapped to a cavity 
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containing three aromatic and two charged residues (Charier et al. 2004).   More detailed 

analysis of the interaction of 53BP1 with a series of H3 and H4 peptides demonstrated 

that the protein was capable of interaction with dimethylated H4K20 peptides with 

micromolar affinity (Botuyan et al. 2006) and bound dimethylated H3K79 with much 

lower affinity (Kd, 2.0 mM) (Botuyan et al. 2006).  The high resolution crystal structures 

of 53BP1 in its apo and H4K20me2-bound forms permitted extensive analysis of the 

induced fit mechanism employed by 53BP1 in the interaction (Figure 3D, panel). The 

dimethyllysine binding pocket of 53BP1 is distinct from any of the other known 

methyllysine recognition domains, which all preferentially bind trimethylated peptides in 

addition to binding other methylation sites with high affinity.  Relative to such domains, 

the 53BP1 peptide binding site is much narrower and involves a greater number of 

interactions that ensure a optimal complementarity between the dimethyllysine and the 

binding pocket (Botuyan et al. 2006).   The dimethyllysine is caged by four aromatic 

residues (W1495, Y1502, F1519, and Y1523) and D1521 in the first Tudor domain.  The 

aromatic amino acid participate in can der Waals and cation-π interactions with the 

methyllysine ammonium group while a salt bridge is formed between the carboxylate 

group of D1521 and the dimethylammonium ion of the H4K20me2 peptide.  A direct 

hydrogen bond is also apparent between the carboxylate group of D1521 and the amino 

protein of the methylated lysine (Botuyan et al. 2006).   The lack of amino proton in the 

trimethyllysine variant of the peptide likely contributes to the specificity of the 

interaction for the dimethylated peptide, as the loss of this proton precludes formation of 

this hydrogen bond.  With regard to the unmethylated and monomethylated peptides, it is 

likely that the less optimal van der Waals and cation-π interactions with the four aromatic 
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rings in the binding cage of 53BP1 not entirely compensated for by the presence of the 

D1521-mediated hydrogen bonding.  Additionally, the increased affinity of 53BP1 for the 

h4K20me2 peptide is possible due to the presence of a histidine residue that immediately 

before the methyllysine in this peptide while the H3K9 and H3K27 peptides all retain an 

arginine in the this position, though the lack of density observed in the crystal structure 

suggests that the peptide exhibits significant conformational flexibility outside of the 

methyllysine recognition site.  Additional binding and structural studies are required to 

fully delineate the interactions involved in peptide recognition that lie on the surface of 

53BP1. 

 

In addition to JMJD2A and 53BP1, other Tudor domains have received some attention in 

the search for relevant cellular ligands.  Classical biochemical and cell biology studies 

have demonstrated the interaction of SMN with fibrillarin, a highly conserved nucleolar 

protein that is associated with all Box C/D small nucleolar RNAs and functions in 

processing and modification of pre-rRNA (Jones et al. 2001).  SMN has also been shown 

to interact with Sm proteins, core components of the snRNPs (Sprangers et al. 2003).  

NMR titrations and deletion studies have identified the symmetrically dimethylated 

arginine residues in the arginine-glycine-rich tails of the Sm proteins and fibrillin as the 

binding sites for SMN, respectively (Jones et al. 2001;Sprangers et al. 2003).  The p100 

protein has also been identified as a member of the U snRNP complexes and the 

interaction is directly mediated through the TSN domain.  In a recurring theme, SMN, 

and likely p100, employs an aromatic cage in the recognition of the methylarginine 

ligands.     
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Concluding Remarks 

The structural studies of PHD, MBT and Tudor domains have revealed similarities in the 

mechanisms by which these proteins recognize methylated lysines.  In all cases 

described, the conserved utilization of aromatic caging has been identified as a necessary 

feature in methyl lysine binding.  The exploitation of limited variation in the number and 

identity of the aromatic and charged residues, in combination with variations in amino 

acid sequence in the histone tails, appears confer specificity of binding to these 

recognition domains.  The conservation of the aromatic cage for recognition of diverse 

histone peptides and degrees of methylation raises several questions with regard to the in 

vivo functions of these protein domains.  Foremost of the outstanding problems is 

probably the determination of contribution of the individual to the binding specificity.  

How do simple amino acid substitutions in the aromatic cage lend to the differentiation 

between the lysine methylation states? To what extent do the surface complementary and 

inter-residue interactions determine the global specificity the protein-protein interaction?  

The contribution of steric restraint on the specificity of the protein-histone interaction 

when the conformation of the entire histone tail is considered rather than the peptide 

alone is also of interest.  The intramolecular interactions between the a single methyl-

lysine-binding domain and other domains, which may also exhibit methyl-lysine affinity, 

add another significant complication to any attempts at elucidating the relevant in vivo 

activity of the larger proteins of which these domains are often only a small part.  While 

the above studies have contributed a large amount of knowledge to an area of research 

that remains in its infancy, it is clear that there is much, even with respect to methyl-
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lysine-binding proteins alone, that remains to be investigated.  The multiple layers of 

complexity beginning with the multiple potential ligands for each domain up to the 

dynamic interchange of histone modifications and the association of the histone code 

reading proteins within numerous multi-subunit protein complexes add pose numerous 

challenged  in any attempt to dissect the fundamental mechanisms of Epigenetic 

inheritance. 
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Figure Legends 

 

Figure 1.  Histone lysine binding pockets in PHD finger proteins. A. ING2-H3K4me3 

complex. The K4me3 is accommodated in a two-aromatic-residue cage. B. BPTF-

H3K4me3 complex. The K4me3 is accommodated in a four-aromatic-residue cage. C. 

RAG2-H3K4me3 complex. The K4me3 is accommodated in a two-aromatic-residue 

channel. D. BHC80-H3K4me0 complex. The unmethylated lysine is recognized by 

hydrogen bonds and electrostatic interactions. E. DNMT3L-H3K4me0 complex. The 

unmethylated lysine is recognized by hydrogen bonds and electrostatic interactions. F. 

PYGO1-H3K4me3 complex. The methyl-lysine binding pocket consists of aromatic 

residues and a negatively charged residue, which preferentially bind H3K4me2 over 

H3K4me3 

 

Figure 2. MBT domain functions as a lowly methylated lysine recognition motif. A. 

L3MBTL1-H4K20me2 complex. The second MBT repeat in L3MBTL1 selectively binds 

mono or di-methylated histone lysine peptides. B. The crystal structure of Drosophila 

Scm in complex with a mono-methylated peptide RKme1S. The mono-methylated lysine 

is inserted in a binding pocket formed by three aromatic residues and a negatively 

charged residue from the C-terminal MBT repeat. 

 

Figure 3.  Structural diversity and variation in the modes of peptide recognition 

amongst members of the Tudor domain family.  For each structure, the residues 

forming the aromatic cage involved in ligand recognition are shown with corresponding 
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numbering of the full-length protein.  The canonical Tudor domain is colored in cyan and 

accessory helices in chartreuse.  Additional features or Tudor domains are colored in light 

cyan.  A. Survival of Motor Neuron (SMN) protein exhibits what has been described as 

the canaonical Tudor domain (PDB 1MHN). B. The p100 Tudor domain (PDB 2HQX). 

C. The knotted Tudor domain of the Esa1 protein (PDB 2RO0).  The additional β-strands 

of the knot are coloring light cyan at the N- and C-termini. D. 53BP1 contains a 

competent ligand binding site in the first of two tandem Tudor domains.  The interaction 

of 53BP1 with the H4K20me2 peptide is depicted in greater detail in the left panel (PDB 

2IGO). E. The hybrid tandem Tudor domains of JMJD2A associate in a saddle structure.  

The second Tudor domain is involved in the recognition of the H3K4me3 (PDB 2GFA) 

and H4K20me3 (PDB 2QQS) peptides and does so through alternative utilization of 

surface residues, shown in the lower left panel.  For the peptide binding figures of 53BP1 

and JMJD2A, the Blue numbers denote amino acids comprising the bound peptide and 

the Black numbering corresponds to the proximal Tudor domain side chains. F. The 

association of three canonical Tudor domains is shown for the Spindlin1 crystal structure 

(PDB 2NS2).  The first Tudor is colored in cyan and the second and third domains in 

darker and lighter shades, respectively. 
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Figure 1. 
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