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Abstract 

 

In the nucleus of eukaryotic cells the DNA is wrapped around octamers of histone proteins 

containing two H2A-H2B dimers and one (H3-H4)2 tetramer. This entity represents the basic 

repeating unit of chromatin called the nucleosome. N- and C-terminal regions of all four 

histones are protruding out of the nucleosome and are therefore available for many different 

posttranslational modifications (PTMs). A huge diversity of histone PTMs like methylation, 

acetylation and phosphorylation regulate DNA-templated processes like transcription, 

replication and DNA repair.  

One of these modifications trimethylation of histone H3 lysine 9 (H3K9me3) is a hallmark of 

heterochromatin, which is densely packed, mostly transcriptionally silent and late replicating 

during S-phase. We characterized a new group of proteins, the CDY family (chromodomain 

on the Y) as H3K9me3 binding proteins. The human genome encodes three CDY family 

genes, two autosomal genes CDYL1, CDYL2 and the Y-chromosomal CDY gene. CDY 

family proteins contain a N-terminal chromodomain, a known methyllysine recognition 

module, and a C-terminal enoyl-CoA-hydratase (ECH) domain. Interestingly, the CDYL1 

gene has three different splicing variants CDYL1a, CDYL1b and CDYL1c. Due to splicing 

CDYL1c contains no chromodomain at all.  

Using in vivo and in vitro approaches we delineated the specificity of the CDY family 

chromodomains for methyllysine recognition. We show that CDY as well as CDYL1b exhibit 

specific binding to H3K9me3, whereas CDYL2 binds with comparable strength to different 

methyllysines embedded in ARK(S/T) motifs. Subtle amino acid changes in the CDYL1a 

chromodomain prohibit H3K9me3 interaction in vitro and in vivo. This deficient binding 

could be rescued by mutation of specific amino acids residues. The results elucidate essential 

elements of chromodomains and indicate that intact chromodomains are necessary for 

association with H3K9me3. However, additional experiments showed that chromodomains 

are not sufficient for heterochromatin association of CDY proteins in vivo. We demonstrated 

that multimerization of CDYL1b via the ECH-like domain is essential for efficient 

heterochromatin localization. In agreement, CDYL1c overexpression could displace CDYL1b 

from heterochromatin. Based on these results we speculate that homomeric CDYL1b 

complexes are implicated in directing higher order chromatin structures by crossbridging 

different regions of H3K9me3 chromatin. 

CDYL1 is able to repress transcription via a C-terminal domain most likely due to interaction 

with HDAC1, HDAC2 and the repressor complex CoREST. We could show that PRMT5 is a 



 

X 

new CDYL1-modifier, which methylates an arginine embedded in an ARKQ motif in vitro. 

The ARKQ motif is also a target of G9a that methylates the neighboring lysine residue. 

Surrounding serine residues are phosphorylated in a mitosis-dependent manner. It is possible 

that this highly modified region is implicated in regulation of CDYL1-mediated interactions. 

Lastly, Xenopus laevis knockdown and overexpression experiments suggest that CDYL1b is 

highly important for developmental processes. 

Altogether this work represents in vivo and in vitro results indicating that members of the 

CDY family are basic heterochromatin proteins involved in translation of the H3K9me3 

modification. Our studies point toward an important function of CDY family proteins in 

diverse epigenetic pathways. 
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1 Introduction 

1.1 Chromatin  

DNA as genetic information of eukaryotic cells is stored in the cell nucleus [1]. The genome 

of a eukaryotic cell contains up to and in some cases over 3 billions of base pairs [2]. For this 

reason DNA reaches a length of about two meters but it has to be packaged into the nucleus, 

which is only a few micrometers in diameter. To manage the dimensions of the eukaryotic 

genome the DNA has to be significantly compacted. This condensation is accomplished by 

association of the DNA with a set of nuclear proteins resulting in a structure called chromatin. 

Chromatin as a complex of DNA and proteins controls gene activity and the inheritance of 

traits [3].  

 

Figure 1-1 DNA organization and chromatin structure within the cell. 

The DNA is wrapped around nucleosomes in regular intervals forming the ‘beads on the string’ type 
of chromatin. 30 nm diameter fibers and further higher order structures are folded by currently not-
well known mechanism. During mitosis the DNA is than compacted more than 10000 fold (adapted 
from [3]) 
 
 
On a physiological level, firstly shown by Heitz et al, two different forms of chromatin exist 

called euchromatin and heterochromatin [4]. Euchromatin has an open accessible 
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conformation, is early replicating during S-phase and contains the majority of active genes 

[5]. In contrast, heterochromatin has a condensed structure, is replicating late during S-phase 

and is relatively gene-poor [5] (compare also with Table 1-1).  

 

Table 1-1 Summary of euchromatin and heterochromatin characteristics. 

Listed characteristics will be discussed in more detail in following chapters. BPTF: bromodomain 
PHD finger transcription factor, WDR5: WD repeat domain 5, HP1: heterochromatin protein 1. Table 
was combined from [3, 5-7]. 

 Euchromatin Heterochromain 

Conformation during 

S-phase 

decondensed condensed 

Gene density high low 

Replication mainly early late 

Levels of Histone 

acetylation 

high low 

Specific modifications H3K4me 

H3K36me 

H3K9me 

H3K27me 

H4K20me 

Effector proteins e.g. BPTF, WDR5 e.g. HP1, Polycomb 

Histone variants H3.3 MacroH2A 

Levels of DNA 

methylation 

low high 

 

Some parts of the genome including centromeres, pericentric and telomeric regions are 

condensed in structure and not actively transcribed at all times. Therefore these parts are 

known as constitutive heterochromatin [8]. Other heterochromatic regions can change their 

status during development or differentiation and are able to respond to cellular signals. Thus 

they have been called facultative heterochromatin [8]. 

 

1.1.1 Histones and nucleosomes  

The repetitive unit of chromatin consists of 146 bp of DNA wrapped around an octamer of 

histones and is called the nucleosome. The octamer of histones includes two histone 

H2A/histone H2B dimers flanking one tetramer built of two copies of histone H3/histone H4 

([9] and Figure 1-2).  
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Figure 1-2 Structure of the nucleosome 

One (H3-H4)2 tetramer and two H2A-H2B dimers form an octamer around which 146 bp of DNA is 
wound in a left-handed superhelix to form the fundamental unit of chromatin, the nucleosome. In these 
pictures the different layers of histone and DNA interaction are shown starting with the (H3-H4)2 
tetramer followed by adding the two H2A-H2B dimers and in the end the DNA (adapted from [10]). 
The dyad axis for the histone core is marked by a dot and a clockwise arrow. The location of the H3 

N helix, the H2A docking domain and the H3-H3 (marked as 4HB) four helix bundle are shown. 
H2B-H4 four helix bundle is indicated as 4HB (H2B-H4). The interaction surface between the two 
H2A L1 loops is boxed. Residues in H3 that have been identified to maintain selectivity between 
different assembly pathways are shown in magenta (‘RI’). H2A: yellow, H2B: red, H3: blue, H4: 
green. 
 
 
A fifth histone, H1 interacts with the nucleosomal core as well as with the linker DNA 

between two nucleosomes and is therefore able to compact chromatin to higher order 

structures [11].  

The histone family proteins are small and contain a substantial amount of lysine and arginine 

residues, which lead to an isoelectric point at a very basic pH. The core histones H2A, H2B, 

H3 and H4 contain a ~65 amino acid motif called the histone fold. The histone fold is 

evolutionarily very conserved and reaches up to 100% identity between plants and humans 

[12, 13]. In a histone dimer, three connected helices of the paired histone fold interdigitate in 

a head to tail fashion and form a compact structure [14]. The final association of these dimers 
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to an octamer provides a globular domain around which the DNA is supercoiled, mainly 

interacting with its negatively charged backbone phosphate groups [9].  

In specific cases nucleosomes contain different histone variants. Histone variants (e.g H3.3 or 

MacroH2A) have high homology to canonical core histones but are generally not as 

ubiquitous and have specific function in DNA replication, DNA repair and chromosome 

segregation [15].  

In addition, nucleosomes can differ from one another by covalent modifications. The N- and 

C-terminal regions as relatively unstructured parts of the histones protrude out of the 

nucleosomal entity [9] and carry many different posttranslational modifications, which are 

important for regulation of higher-order DNA packing and therefore transcriptional activity 

[7].  

 

1.1.2 Chromatin as genomic regulator  

Chromatin makes it possible to store the genetic information encoded in the DNA sequence in 

the cellular nucleus. But chromatin is not only the protective and constant scaffold of the 

DNA. Dynamic changes in chromatin structure regulate important cellular processes like 

transcription, replication, mitotic chromosome condensation, recombination, apoptosis and 

DNA repair [3, 16, 17].  

Structural changes of chromatin can be accomplished by chromatin remodeling complexes, by 

integration of different histone variants or by posttranslational modifications (PTMs) on the 

histone tails [18-20]. Variations in chromatin structure lead to a more or less accessible DNA 

and therefore influence on processes, which require the admission to the genetic information. 

In addition, nuclear factors are targeted to specific regions of chromatin by PTMs on histones 

[21, 22]. Different combinations of the covalent modifications on histones recruit distinct 

mediator proteins for downstream functions [7]. Therefore, by directing the accessibility and 

readout of different genomic regions, chromatin acts a key player in multiple fundamental 

DNA-template based pathways. 

 

1.1.3 Chromatin modifications 

As described in chapter 1.1.2; chromatin can influence important cellular processes directly 

by changes in structure or indirectly by recruitment of effector proteins. Both processes can 

be maintained by posttranslational modifications mainly on histone N- or C-terminal tails or 

by DNA methylation. Histones can carry PTMs at many sites such as acetylation on lysine 
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residues, phorphorylation on serine, threonine or tyrosine residues, methylation on lysine or 

arginine residues, sumoylation on lysine residues, ubiquitylation on lysine residues, 

deimination of arginine residues, ADP-ribosylation of glutamates or isomerization of proline 

residues as defined by mass spectrometry and specific antibodies [6, 23]. Lysines can carry 

mono-, di- or trimethylation and arginine residues can be mono- or dimethylated 

(symmetric/asymmetric). This complexity of histone modifications gives an enormous 

potential for functional responses.  

 

Table 1-2 Excerpt of chromatin modifications in mammals 

Observed transcriptional role of chromatin modifications in mammals (adapted from [6, 23-26])  

Mark Relevant site Transcriptional role 

DNA methylation 

Methylated cytosine 

(meC) 

CpG islands Repression 

Histone PTMs 

Acetylated lysine  

(Kac) 

H3 (9, 14, 18, 56) 

H4 (5, 8, 13, 16) 

H2A 

H2B 

Activation 

Phosphorylated 

serine/threonine/tyrosine 

(S/T/Yph) 

H3 (3, 10, 28, 41) 

H2A 

H2B 

Activation 

H3 (4, 36, 79) Activation Methylated lysine  

(Kme) 
H3 (9, 27) 

H4 (20) 

Repression 

 

H3 (17, 23) 

H4 (3) 

Activation Methylated arginine 

(Rme) 

H3 (8) Repression 

H2A (119) Repression Ubiquitylated lysine 

(Kub) H2B (120) Activation 

Sumoylated lysine 

(Ksu) 

H2A (126) 

H2B (6, 7) 

Repression 

Isomerized proline H3 (30-38) Activation/Repression 
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(Pisom) 

Deimination 

(R>Cit) 

H3 

H4 

Repression 

ADP-ribosylation 

(Ear1) 

H2B (2) Indirect Activation 

 

Histones PTMs and also DNA methylation correlate with the transcriptional status of a gene 

or a genomic region (Table 1-2). 

Additionally, PTMs such as acetylation, methylation of lysines, phosphorylation and 

ubiquitylation are implicated in DNA repair [23]. The condensation status of chromatin is 

influenced by phosphorylation as well as by acetylation [27, 28] and only acetylation is up to 

now known to be required for S phase initiation and fixing of replication origins [29, 30].  

But recent publications show that PTMs do not have only one role but cover many functions, 

which are sometimes conflicting. Most of the PTMs act in a dynamic way rather than with 

static on/off switches, resulting in many combinations and functional possibilities. These 

observations raised the idea of the ‘histone code’. According to this theory the combination of 

different histone modifications can create synergistic or antagonistic interaction affinities for 

chromatin-associated proteins. The combinatorial nature reveals a ‘histone code’, which could 

extend the information of the genetic code. Therefore it was proposed that the histone 

modifications regulate most chromatin-templated processes by recruitment or displacement of 

chromatin-associated proteins [7].  

 

1.1.4 Histone modifying enzymes 

Histone modifications are established by enzymes, which set a mark on a specific sequence 

position (‘writers’). Histone acetyltransferase (HATs) [31], histone kinases [32], histone 

methyltransferases (HMTs) [33] and enzymes that mediate histone ubiquitylation [34], 

sumoylation [35], ADP-ribosylation [36], deimination [37] and proline isomerization have 

been identified [38]. 

Several enzymes, that remove histone modifications have been described (‘erasers’) such as 

histone deacetylases (HDACs) [39], specific histone phosphatases [32] and histone lysine 

demethylases [40]. Arginine methylations are reversed by arginine demethylases or by 

deimination [41]. In addition, clipping of the histone tail [42] and exchange of the histone 

itself can remove or change histone modifications [43]. Histone methyltransferases and 

kinases are the most sequence specific histone-modifying enzymes known to date [23]. But it 
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is possible that interaction partners, surrounding modifications and their methylation status 

influence histone-modifying enzymes and maintain a specific establishment of a histone PTM 

[44, 45]. 

 

1.1.5 Translating a histone mark 

Histone modifications can either influence the chromatin directly by structural changes (‘cis’) 

or more indirectly by recruitment of DNA and accordingly chromatin manipulating factors 

(‘trans’) (compare with Figure 1-3). 

 

 

Figure 1-3 Translation of histone modifications 

Histone modifications can fulfill their function via two general not mutually exclusive mechanisms. 
They can either influence the charge of chromatin, which might affect inter/intra nucleosomal contacts 
and results in structural changes of the chromatin fiber (‘cis’). Or histone modification can recruit 
histone PTM recognizing proteins, which mediate downstream mechanism (‘trans’). Red star: 
acetylation; M: methylation; P: phosphorylation, BD: bromodomain; CD: chromodomain, 14-3-3: 14-
3-3 proteins 
 
 
Direct influence on chromatin (‘cis’) 

Histone modifications may influence the chromatin structure directly by disruption or 

establishment of nucleosomal contacts to unwind or to compact chromatin. An argument for 

such an action in cis is that the whole histone tail is important for the regulation of higher 

order chromatin structure [46]. The most potential for a direct effect on chromatin structure is 

accredited to histone acetylation since acetylation neutralizes the basic charge of the lysine 

and could affect the interaction of basic histone proteins and the negatively charged DNA. In 

vitro studies have shown that chromatin condensation is blocked by a certain amount of 

histone acetylation in general [47, 48]. This observation was recently verified in vitro by 

showing that subtraction of H4K16 acetylation by histone deacetylases facilitates compaction 
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of chromatin [28]. Vice versa H4K16ac has a negative effect on the formation of 30 nm fibers 

and higher-order packaging [49]. Due to its charge effects, phosphorylation of histones may 

also mediate a decompacting effect on chromatin structure [50]. 

 

Indirect effect on chromatin - readout of histone modifications (‘trans’) 

Effector proteins containing specific domains can recognize histone PTMs depending on both 

modification state and position within a histone sequence (‘readers’) and can thereby 

modulate chromatin function (‘trans’ action).  

 

Table 1-3 Histone PTMs with their binding modules 

Histone modifications and their associated binding domains are shown (adapted from [22]). Italic font 
indicates domains belonging to the royal family [22, 51]. 

Reader module PTM mark 

Bromodomain Many histone Kac 

Chromodomain H3K9me2/3, H3K27me2/3 

Double chromodomain H3K4me1/2/3 

Chromo barrel H3K36me2/3 

Tudor (Rme2s) 

Double/tandem tudor H3K4me3, H4K20me1/2/3 

MBT H4K20me1/2, H1K26me1/2, H3K4me1, 

H3K9me1/2 

PHD finger H3K4me0/3, H3K9me3, H3K36me3 

WD40 repeat H3R2/K4me2  

14-3-3 H3S10ph, H3S28ph 

BRCT H2AX S139ph 

 

Histone PTMs and their corresponding binding domains are listed in Table 1-3. 

Bromodomains, for example, are binding modules for acetylated lysines. Bromodomains are 

found in transcription factors or chromatin remodeling complexes [52]. Recruitment of these 

effector proteins to promotor regions induce transcriptional activation as shown in several 

model systems [53]. 

Chromodomains recognize methylated lysines. Important examples harboring this binding 

module are heterochromatic protein 1 (HP1), which recognizes H3K9me2/3 and Polycomb, 

which binds to H3K27me3 [54]. By binding of HP1 to methylated lysines it mediates gene 
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silencing and heterochromatinization of genetic loci [55]. Targeting of Polycomb proteins 

leads to transcriptional repression [56].  

Interestingly, some effector proteins contain more than one type of the described histone PTM 

binding module. Examples are the Ubiquitin-E3-ligase ICBP90, the transcription factor 

TAFII250 and the methyltransferase MLL1. Besides its putative enzymatic region the 

ICBP90 protein contains a PHD finger, a tandem tudordomain, and an SRA domain, and is 

able to bind to methylated histones as well as to hemi-methylated DNA [57, 58]. TAFII250 

contains two bromodomains recognizing acetylated lysine residues and the MLL1 factor 

contains a bromodomain and several PHD fingers providing several binding opportunities 

[59]. Different combinations of reading, writing and even erasing modalities are established 

by interactions of proteins in large chromatin complexes. One of these complexes is the Mi-

2/nucleosome remodeling and deacetylase (NURD) complex. The complex contains among 

others the ATP-dependent chromatin remodeling factor Mi-2, which combines conserved 

PHD fingers and chromodomains, HDACs, which deacetylate histones, and the MBD protein 

(methyl CpG-binding domain), which specifically binds to methylated DNA [60].  

The RSC complex (remodels the structure of chromatin), a chromatin remodeling and DNA 

repair complex, also contains 15 subunits with altogether eight bromodomains [61]. Another 

example is the CtBP co-repressor complex, which contains beside the repressor protein CtBP, 

the chromodomain containing protein CDYL1, histone H3 lysine 9 methyltransferase G9a, 

the histone H3 lysine 4 demethylase LSD1 and histone deacetylases HDAC1 and 2 [62]. The 

CtBP co-repressor complex with its many functionalities has been connected to several 

important processes such as developmental control and mitosis [63, 64]. 

 

1.1.6 Histone modification distribution along genomic regions 

As described before, histone PTMs occur in many different combinations and can be 

translated by their appropriate binding partners. Mapping approaches such as chromatin 

immunoprecipitaion (ChIP) followed by microarray analysis or high throughput sequencing 

revealed some general patterns.  

The histone PTMs can generally be divided in two groups: (a), broad domains of modified 

nucleosomes covering several kb of the DNA or (b), peaks occurring within 1 kb of DNA as 

highly localized modified nucleosomes (Figure 1-4).  
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Figure 1-4 Distribution of histone modifications along chromatin regions.  

A, Distribution of histone PTMs along active promotor regions. B, Inactive gene promoters with 
according histone PTMs. C, Histone PTMs patterning along a typical mammalian chromosome. 
Figure was adapted from [65, 66].   
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Special histone PTMs cluster in transcriptionally active parts of the genome (compare with 

chapter 1.1) such as acetylation of lysines or methylation on histone H3 lysine 4 or 36. Di- 

and trimethylated lysine 9 of histone H3 or lysine 20 of histone H4 are largely associated with 

permanently silenced regions such as constitutive heterochromatin. Interestingly, mostly 

H3K27me2/3 as well as H3K4me3 cover facultative heterochromatic regions with bivalent 

behavior [65, 66]. Bivalent domains are silent domains, which are poised for gene activation 

during development [67]. 

Along active genes H3K4me, H3K9ac and H3K18ac are closely distributed around the 

transcriptional start site (TSS) of genes. In contrast, H3K36me3 covers the body of genes 

excluding the TSS completely. H4K12ac as well as H4K16ac decorate the whole gene region 

independent from promotor or intron/exon structure. Inactive genes include mainly 

nucleosomes methylated at H3K9 or H3K27, but interestingly they also contain a discrete 

peak of H3K4me at the TSS. 

 

1.1.7 Cross-talk between histone modifications 

As highlighted before, the high density and variation in histone modifications raised the idea 

of the ‘histone code’. Different combinations of histone marks plus DNA methylation lead to 

diverse possibilities of inter-modificational influences (cross-talk) [68]. Histone modifications 

might affect each other positively or negatively in a direct or in an effector-mediated way.  

The simplest possibility for the direct influence is by blocking a modification by another 

preexisting mark. For example H3K9 methylation can be avoided by an existing H3K9 

acetylation or vice versa. Histone modifications on neighboring sites might also block the 

binding sites for certain enzymes, as shown for the histone methyltransferase of histone H3 

lysine 9 Suv39h, which recruitment is suppressed by a neighboring phosphorylation mark on 

histone H3 serine 10 [69].  

It is also likely that different histone PTMs enhance the binding of recruitment factors as 

suggested for BPTF, the PHD finger-linked bromodomain [22]. The PHD finger binding to 

H3K4me3 and the bromodomain recognizing hyperacetylated histone H4 are separated by a 

fixed distance, which defines the relative orientations of their binding pockets. Therefore it is 

possible that both domains are simultaneously used to engage both H3K4me3 and an 

acetylated lysine. 

Existing histone modifications might also act via recruiting enzymes, which set other 

additional marks, as was demonstrated for H3K9me3 and Dim-2, which methylates DNA 

[70]. 



CHAPTER 1 - Introduction 

12 

Another possibility is that enzymes are activated or suppressed by the interaction of a present 

histone mark. Enzymes such as Dot1 histone methyltransferase are stimulated by an 

ubiquitin-mark on H2A [71]. In contrast, acetylation of histones seems to be repressed by 

sumoylation of histones [72]. These examples make clear that cross-talk between histone 

modifications is a general regulation mechanism of chromatin function. 

 

1.1.8 Histone H3 lysine 9 methylation 

Establishment and removal of the H3K9 methylation mark 

In mammals the histone methyltransferases G9a and G9a-like protein GLP monomethylate 

lysine 9 of histone H3 [73]. G9a is implicated in downregulation of euchromatic gene regions 

most probably by methylation of H3K9 [74]. However, G9a expressed in cell-culture is 

distributed to heterochromatic regions [75]. In Drosophila G9a has a suppression effect in 

position-effect variagation experiments and is required for gene silencing [76]. Therefore it is 

likely that G9a has an influence on H3K9 monomethylation of heterochromatin. 

Suv39h1/h2 as well as ESET/SETDB1 histone methyltransferase mediate di- or 

trimethylation of histone H3 lysine 9 [23, 77]. These mechanisms include interaction of the 

histone methyltransferases with DNA-binding proteins as well as with small RNAs [78]. 

Suv39-like enzymes are mainly located at heterochromatin and are obviously responsible for 

heterochromatic-specific H3K9 marks in animals [79, 80]. Heterochromatic foci of human 

double null Suv39h1
-
/Suv39h2

- mice failed to show H3K9 trimethylation [81] and in 

Drosophila a gain-of-function mutation of Su(var)3-9 lead to ectopic heterochromatinization 

[82].  

In contrast, SETDB1 was mainly found in euchromatic regions, where it participates in gene 

silencing [83]. Without SETDB1, the relative concentration of H3K9 methylation at 

heterochromatic regions remain unchanged [84]. Therefore it is likely that G9a as well as 

Suv39h1/h2 are the main HMTs establishing H3K9 methylation at heterochromatic regions.  

Several demethylating enzyme ‘erasers’ of the H3K9 methylation have been described. For 

example, in a complex with the androgen receptor LSD1 demethylates H3K9me and activates 

transcription [44]. H3K9 can also be demethylated by the jumonji proteins JHDM2A, 

JMJD2A/JHDM3A, JMJD2B, JMJD2C/GASC1 and JMJD2D [23] but the mechanism and 

occurrences of these events are not well understood so far.  
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Localization of H3K9 methylation  

H3K9me1 occurs at insulator or enhancer regions of genes. Additionally H3K9me1 can be 

detected at active gene regions predominantly in close proximity to the transcriptional start 

site and the 5’ coding region [65]. H3K9me2/3 is a classic mark of constitutive 

heterochromatin associating with gene deserts, imprinted domains, repetitive elements, 

centromeric and pericentromeric regions as shown in Figure 1-4C. Nevertheless, H3K9me3 

can also be found in active gene regions [85].  

Thus, three localizations of H3K9me exist, which (a) define heterochromatic regions, (b) are 

involved in silencing of euchromatic loci by modification of the promotor regions or (c) might 

take part in repression of unintentional transcription inside of active transcriptional units [86]. 

The H3K9 metylation seem to be a very ancient mark of heterochromatin. Evolutionary, three 

of the five basal groups of eukaryotes (unikonts, plants, chromalveolates) show 

heterochromatin-associated H3K9 methylation [86]. In contrast, other heterochromatic 

methylation marks such as H4K20me3, which is used only in animals to establish 

heterochromatin, seem to be more or less lineage-specific [87].  

 

Biology of H3K9 methylation  

Besides DNA methylation, H3K9 methylation seems to be an ancient feature of 

heterochromatic regions of most eukaryotes. In Drosophila the knockout of the H3K9 histone 

methyltransferase Su(var)3-9 leads to defects in differentiation and to impaired 

heterochromatin stability [88, 89]. These data are consistent with observations of knockouts 

of the homologous Suv39h1/h2 genes in mice. Suv39h1/h2 deficient mice have an impaired 

viability and severely reduced genome stability [90]. Therefore H3K9 methylation might play 

not only a role in heterochromatin formation and maintenance but might also function in 

cellular memory and epigenetic pathways [27, 57, 87, 91].  

Epigenetic changes are changes in phenotype or gene expression caused by mechanisms other 

than modulation of the DNA sequence. Importantly, these changes are heritable. Stable 

propagation of DNA methylation was directly demonstrated [92]. But the mechanism of 

transmission of H3K9me from one cell generation to the next is still under debate. During 

replication the assembly of the nucleosomal core particle seems to include two steps. The 

(H3-H4)2 tetramer is deposited on DNA followed by H2A-H2B dimer association. Recently it 

was suggested that instead of (H3-H4)2 tetramer one newly synthesized H3-H4 dimer are 

paired with H3-H4 dimer from the mother strand, which would lead to an even segregation of 

parental nucleosomes [93]. Nevertheless, both pathways could provide the inheritance of 
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histone modification marks. Interestingly, the propagation of the silencing H3K9 methylation 

mark is dependent on the RNAi machinery and DNA recognition factors [94]. In addition it 

was shown, that H3K9 methylation could direct DNA methylation [87]. Thus, H3K9 

methylation is implicated in the epigenetic pathways of the cell. 

 

Regulation of H3K9me3 mark 

Lysine 9 of histone H3 is embedded in an ARKS motif, which occurs also in other histone 

and non-histone proteins [95]. Interestingly PTMs of the neighboring arginine (methylation) 

as well as the neighboring serine (phosphorylation) has been described [96, 97]. These 

additional PTMs establish another layer of regulation as shown for phosphorylation of serine 

10 and HP1. At the onset of mitosis Aurora B phosphorylates serine 10. This phosphorylation 

destroys the interaction of the HP1 chromodomain with H3K9me3 due to blocking of an 

essential hydrogen bond (compare also with 1.2.3/chromodomains) and displaces HP1 from 

heterochromatin [27]. This PTM correlates strongly with the initial condensation of chromatin 

during mitosis and has recruitment potential for chromosomal condensation factors [50].  

 

H3K9me2/3 readout 

In higher eukaryotes heterochromatin protein 1 isoforms HP1 , HP1  and HP1  bind to the 

H3K9 methylation mark [55, 98] with their chromodomains and mediate the 

heterochromatinization of genetic regions in Drosophila [99]. The chromodomain of Chp1, a 

protein of S. pombe, also recognizes H3K9me3 and is critical for efficient establishment of 

centromeric heterochromatin [100]. The ankyrin repeats of G9a were also shown to interact 

with H3K9me1/2 at least in vitro [73]. Recently also ICBP90, a ubiquitin-E3-ligase, 

interacting with the DNA-methyltransferase DNMT1 has been described as H3K9 

methylation binding protein [57, 58].  

Because of the many different functions of H3K9 methylation it is likely that also other 

heterochromatin effector proteins recognize H3K9me2/me3. Recently, a new protein family 

harboring a putative histone methylation-binding module, a chromodomain, was identified, 

the CDY family (chromodomain on the Y). Several findings such as its association with the 

CoREST complex or interaction with HDAC1 and HDAC2 indicate a heterochromatin 

association and function [62, 101, 102]. But until now, it is not known if and how CDY 

family proteins interact and function on heterochromatin. 
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1.2 CDY family of proteins  

The CDY family (chromodomain on the Y) has three members: the Y chromosomal 

multicopy gene CDY and the two autosomal genes CDYL1 and CDYL2.  

 

1.2.1 Identification of the CDY family 

The CDY family of proteins was first identified in 1997 using a human testis library. CDNA 

clones of multiple copies of the CDY gene on the human Y chromosome were isolated and 

sequenced [103]. Interestingly, CDY has not only a Y chromosomal localization but has also 

testis specific mRNA expression. This observation of a functional coherence of testis 

expression and localization of the genes disproved the theory of a Y chromosomal wasteland. 

Instead it was predicted that there is a functional connection of Y deletions and male 

infertility. Later on this theory was verified by PCR-assays for the presence or absence 

important Y chromosomal landmarks. The examination of 48 male individuals by these 

assays validated that Y-chromosomal deletion of the region containing the CDY genes lead to 

spermatogenic failure [104].  

 

 

Figure 1-5 Alignment of CDY family members. 

Exon/intron structure of CDY, CDYL1 and CDYL2 genes is shown. CDYL1 and CDYL2 are multiple 
exon genes in contrast to CDY, which harbors only one exon. Amino acid identity (a.a. identity) of 
amino acid sequence of the different exons is given in percent. Figure is adapted from [105].  
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In 1999 a second gene located on the autosomal chromosome 6 could be assigned to the CDY 

family: CDYL1 (chromodomain on the Y like) [106]. The study provides evidence that 

CDYL1 has two transcripts. One of the transcripts is ubiquitously transcribed and the other 

has a testis-specific expression. Comparison of CDYL1 and CDY revealed that CDYL1 has an 

equal exonic sequence compared to CDY but has additional introns [106]. Thus CDY is a 

single-exon gene whereas CDYL1 is a multi-exon gene. 

The third member of the CDY family, CDYL2, was identified in 2003 and is located on the 

human chromosome 16. CDYL2 is expressed ubiquitously at low levels but has prevalence in 

the spleen, prostate, testis and leukocytes [105]. CDYL1 and CDYL2 have a similar but not 

identical intron/exon structure and are quite divergent from each other in their amino acid 

sequence [105]. Overview alignments (amino acid identities) between CDY, CDYL1 and 

CDYL2 are schematically presented in Figure 1-5.  

 

1.2.2 Evolutionary aspects of the CDY family 

A common ancestor of the CDY gene family arose in the chordate and deuterostomia ciona 

savignyi. CDY family proteins contain two recognizable domains: a chromodomain and an 

enoyl-CoA-hydratase (ECH) domain. Chromodomains are present in almost all eukaryotes 

and enoyl-CoA-hydratases are even more ancient, as they are found also in prokaryotic 

organisms.  

 

Figure 1-6 Evolution of CDY family  

CDYL1 and CDYL2 evolved from a common ancestor by an ancient duplication. Later a processed 
CDYL1 mRNA was retro-transposed to the Y chromosome and created the single-exon CDY gene. 
CDY underwent the most nucleotide substitutions and was therefore predicted to be under positive 
selection. 
 



CHAPTER 1 - Introduction 

17 

Therefore, the fist progenitor of CDY family members must have emerged de novo by domain 

accretion on the chordate lineage. Mechanistically it is likely that the progenitor evolved from 

exon shuffling [107]. Thereby the chromodomain exons could be juxtaposed in front of the 

exons encoding the ECH domain via genomic rearrangement such as translocation or 

transposition [105]. From the phylogenetic tree represented in Figure 1-6 it can be concluded 

that CDYL1 and 2 derived from one common ancestor gene by an ancient duplication. CDY 

derived much more recently from the CDYL1 gene. This event could have been a retro-

transposition of a processed CDYL1 mRNA, followed by several rounds of amplification 

resulting in a multi-copy CDY gene on the Y chromosome [106].  

Interestingly, CDY can only be found in simian primates [105] and has a higher amino acid 

substitution rate than CDYL1 and CDYL2 [105]. These observations lead to the hypothesis 

that CDY evolved under positive selection pressure. Accordingly it was predicted that the 

CDY gene underwent a neofunctionalization, which resulted in a testis-specific expression 

with a function in spermatogenesis [105]. 

 

1.2.3 Domain structure of CDY family proteins 

All CDY family members consist of a chromodomain, a connecting hinge region, an enoyl-

CoA-hydratase domain and a short C-terminal part (compare with Figure 1-7). The 

chromodomain consists of 55 amino acids and the enoyl-CoA-hydratase domain has about 

173 amino acids.  

 

 

Figure 1-7 Domain structure of CDY family members 

 

Chromodomain 

Chromodomains are evolutionarily highly conserved regions of about 40 amino acids, which 

are present in various proteins involved in chromatin organization and gene regulation [108].  
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The domain folds into a globular conformation of about 30 Å in diameter. It consists of an 

antiparallel three-stranded -sheet packed against an -helix in the carboxy-terminal segment 

of the domain (Figure 1-8). Overall the -sheets have a negative net charge and form a 

hydrophobic groove on one side, which is composed of conserved residues. 

Connected to these observations the first defined molecular function could be assigned to the 

HP1 chromodomain. Primarily it was suggested that chromodomains are RNA-binding 

modules [109]. But then several groups showed that the main function of the HP1 

chromodomain is the binding of the histone H3 tail methylated on lysine 9 [98, 110]. 

Accordingly, it was demonstrated that canonical chromodomains in general recognize 

methylated H3.  

The binding of the HP1 chromodomain to methylated lysine 9 of histone H3 is maintained by 

its hydrophobic pocket by providing an appropriate environment for docking onto the histone 

H3 tail. The H3 tail adopts a -sheet conformation and builds together with two antiparallel -

sheets of the chromodomain a three -sheet bundle.  

 

Figure 1-8 HP1 chromodomain binding to trimethylated lysine 3 of histone H3.  

HP1 chromodomain (orange) binds to the H3 peptide carrying a trimethylation on lysine 9 (red). The 
three blue residues Y24, W45 and Y48 build a tri-aromatic cage binding the methylation. The 
glutamate 23 (green) makes a hydrogen bond to the peptide backbone, whereas glutamate 56 (green) 
contacts serine 10 of the histone H3 tails. Figure was adapted from PDB: 1kne and [110]. 
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Additionally, three aromatic residues (Figure 1-8) cage the methylammonium group of 

histone H3 methylated on lysine 9. Glutamate 23 of the chromodomain makes a hydrogen 

bond to the H3 peptide backbone and glutamate 56 interacts with the serine 10 adjacent to the 

methylated lysine 9 (Figure 1-8).  

Methylations of lysines occur also on other sites within histones (compare with Table 1-2) but 

interestingly chromodomains studied to this point can only recognize lysines embedded in 

ARKS motifs (e.g. H3K9me, H3K27me) or ARTKQ motifs (e.g. H3K4me). The 

chromodomain of the Polycomb protein binds specifically to methylated lysine 27 of histone 

H3 [111]. The overall folds of the HP1 and the Polycomb chromodomain are similar, but their 

peptide-binding grooves show distinct features that provide the discrimination between the 

two marks [111].  

 

Figure 1-9 Alignment of chromodomains. 

Alignment of chromodomains from the human CDY family CDY, CDYL1a, CDYL1b and CDYL2 
with human HP1 , HP1  and HP1  as well as with CBX2, CBX4, CBX7 and CBX8 the Polycomb 
homologs of Homo sapiens. Red stars indicate the three residues forming the tri-aromatic cage for 
histone methylation binding. 
 
 
The Polycomb chromodomain interacts with more amino acids of the histone tail surrounding 

the methylation mark and the HP1 chromodomain recognizes the residues in close vicinity of 

the PTM in a more precise manner. An alignment of the CDY family of chromodomains with 

the chromodomains of the three human isoforms of HP1 ( , , ) and with the chromodomain 

of the human Polycomb proteins CBX2, CBX4, CBX7 and CBX8 is presented in Figure 1-9. 

CDY family chromodomains show a high homology to the HP1 and Polycomb 

chromodomains. The three aromatic residues described as important for the function are 

present in the CDY family chromodomains, exept for in the CDYL1a splicing variant (see 

also 1.2.4). A superposition of the CDYL2 chromodomain with the HP1 chromodomain 

bound to the H3 peptide carrying a methylation on lysine 9 shows that CDYL2 and by 

homology also CDY and CDYL1 may have a tertiary structure similar to HP1 (Figure 1-10). 
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Therefore it is possible that the chromodomain of CDY family proteins may interact with 

histones methylated on certain lysine residues.  

 

 

Figure 1-10 Alignment of HP1 and the human CDYL2 chromodomain. 

HP1 (PDB: 1kne) chromodomain (pink) is bound to a histone H3 peptide carrying a trimethylation on 
lysine 9 (black). The overlayed CDYL2 (PDB: 2dnt) chromodomain is shown in green. Figure was 
adapted from [95]. 
 

 

Enoyl-CoA-hydratase domain 

Enoyl-CoA-hydratases (also termed as crotonases) can act as isomerases, dehydrogenases and 

hydratases [112].  

 

Figure 1-11 Alignment of the Enoyl-CoA-hydratase domains of the CDY family. 

Dark orange indicates identical residues, whereas light orange labels homologous residues. Red stars 
label the three important enzymatic residues in enoyl-CoA-hydratases. ECHP: human peroxisomal 
ECH, ECHM: human mitochondrial ECH. Blue box: Adenine binding site, Red box: active loop. 
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The substrates of crotonases are mainly double bonds of unsaturated fatty acids during -

oxidation in mitochondria (short fatty acids) as well as in peroxisomes (very long fatty acids). 

An alignment of the CDY family enoyl-CoA-hydratase with the mitochondrial and 

peroxisomal enzymatic domains reveal only a moderate overall homology (Figure 1-11). The 

adenine binding pocket interacting with Acetyl-CoA in enoyl-CoA-hydratases shows a 

slightly higher degree of homology. In agreement, it was demonstrated that CDYL1 ECH 

domain interacts with coenzyme A [101].  

Despite a good consistence of amino acids within the active loop, the three important residues 

(one glycine and two glutamates see Figure 1-11) maintaining the enzymatic reaction of 

enoyl-CoA-hydratases are exchanged in the ECH domain of the CDY family. 

 

 

Figure 1-12 CDY family enoyl-CoA hydratase domains build trimeric structures 

A, trimeric fold of the CDYL1 ECH domain (PDB: 1gtr). Each monomer has a different color. B, 
hexameric fold of CDY ECH domain (PDB: 2fw2). C, rat peroxisomal enoyl-CoA hydratase (PDB: 
1dub). D, superposition of A and C. 
 
 

Nevertheless, the ECH domains of the CDY family fold into the typical arrangement of 

enoyl-CoA-hydratase enzymes (Figure 1-12). Figure 1-12A shows the compact trimeric 
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structure formed by three CDY family proteins. Two of the homotrimers are able to form 

loose dimers (Figure 1-12B). 

Figure 1-12C and D represent a superposition of the CDY-family ECH domain with the rat 

enoyl-CoA-hydratase enzyme and reveal that at least the crotonase-like fold of the ECH 

domain is conserved.  

 

1.2.4 Splicing variants of CDYL1 

According to NCBI, the mRNA of the transcribed CDYL1 gene can be formed into at least 

three distinct splicing variants (a, b and c). CDYL1a and b differ in their N-termini, so that the 

first aromatic cage residue of the CDYL1a variant is missing. Therefore it is likely that the 

chromodomain of the CDYL1a splicing variant is not functional (compare also with the 

chromodomain alignment of Figure 1-9). The CDYL1c variant includes the ECH domain and 

a few additional N- and C-terminal residues, but has no chromodomain at all. 

Due to the differences in domain structure, the splicing variants might harbor distinct 

functions.  

 

 

Figure 1-13 Splicing variants of CDYL1 

CDYL1a, b and c are splicing variants of the transcribed CDYL1 gene. CDYL1a has thereby a 
different N-terminal region. CDYL1c consists mainly of the ECH domain. 
 
 

1.2.5 Interaction partners of CDY family proteins 

Over the last few years several proteins interacting with CDYL1 have been described. These 

include the histone deacetylases HDAC1 and HDAC2, the histone methyltransferase G9a, the 

repressor REST (repressor element 1-silencing transcription factor) and WIZ (widely 

interspaced zinc finger motifs) [101, 102, 113].    
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The histone deacetylases HDAC1 and HDAC2 interact with the C-terminal part of CDYL1 

containing the ECH domain [101]. Binding of HDAC1 to CDYL1 reduces  CDYL1 affinity to 

coenzyme a [101].  

Secondly, it was demonstrated that CDYL1 has the ability to bridge G9a and REST to target 

the histone methyltransferase G9a to conserved REST responsive sites to repress transcription 

[102].  

In addition, CDYL can interact with Wiz, which binds to the C-terminal binding protein 

CtBP, a member of the CoREST complex, with the help of its PLDLS motif [113]. 

Interestingly, it was also shown that WIZ is an interaction partner of G9a [113]. 

Due to its physical interactions with the described proteins, CDYL1 can be part of at least two 

high molecular weight complexes. One of them is the CoREST complex containing the co-

repressor CoREST, the histone demethylase LSD1, G9a, HDAC1 and 2 and the C-terminal 

binding protein CtBP and about 15 more proteins [62]. Secondly CDYL1 can be part of the 

‘CDYL co-repressor complex’. Besides HDAC1 and 2, G9a and about ten other proteins this 

complex contains also WIZ and the repressor protein REST [102]. Therefore CDYL1 

obviously conducts part of its functions via different multiprotein complexes. But 

interestingly not all CDYL1 of the cell is associated with the described proteins. Cellular 

fractionation experiments conducted via ultracentrifugation revealed that a major part of 

CDYL1 does not co-fractionate with HDAC1 and 2, G9a and REST [102] suggesting further 

interaction partners and functions of the CDYL1 protein.  

 

1.2.6 Biological impact of CDY family proteins 

The first hints of a probable CDY family function came from systematic Y chromosome 

analysis. Deletion of a region containing among others the CDY gene locus was correlated to 

spermatogenic failure in 48 patients [104]. These findings were supported by data showing 

that CDY and CDYL1 expression correlates with histone H4 hyperacetylation during 

spermatogenesis and that both proteins locate to the nucleus of maturing spermatids where the 

H4 hyperacetylation takes place. Additionally, it was demonstrated that CDY as well as 

CDYL1 exhibit histone acetyltransferase activity in vitro [114].  

In contrast, Caron et al demonstrated that CDYL1 could act as a transcriptional co-repressor 

when targeted to a reporter gene. Interestingly, the chromodomain is not involved in this 

repressive function. These observations were connected with the CDYL1 ability to interact 

with HDAC1 and 2, which could mediate the repression of the reporter gene [101]. CDYL1 is 

also involved in repression of the E-cadherin gene as part of the CoREST complex. Knock 
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down of CtBP, one of the key players of the CoREST complex, led to a relief of the CDYL1-

mediated repression [101].  

These results disagreed partially with former observations presenting CDY family proteins as 

histone acetyltransferases, because acetylation of histones is known to be linked to 

transcriptional activation [115]. But Caron et al also demonstrate an interaction of coenzyme 

A and CDYL1. Acetyl-coenzyme A is on one hand a co-substrate of acetyltransferase 

reactions because it delivers the transferred acetyl-group. But on the other hand CoA is also a 

substrate of crotonases, which act on unsaturated fatty acids. 

Due to these conflicting results the function of CDY family proteins is not well understood so 

far. But these data and the facts that CDY family genes are very conserved in chordates and 

are specifically expressed in tissues (compare with chapter 1.2.2), point to a function of CDY 

family proteins in more general processes such as development.  

 

1.3 Open questions 

In CDY family proteins a chromodomain is connected to an enoyl-CoA-hydratase domain 

with the help of more flexible hinge region. It is known that chromodomains are located in the 

nucleus and that they are implicated in chromatin organization and regulation [108]. As 

described, a very different function can be assigned to enoyl-CoA-hydratase enzymes. They 

are located in peroxisomes or mitochondria and are involved in water addition of -oxidation 

process [112].  

Expression profile, chromosome location, splicing events, interaction partners and the 

conservation of both the chromodomain fold and the ECH domain trimeric structure, point to 

a very specific function of CDY family members (compare with chapter 1.2) probably on 

heterochromatic regions. CDY family proteins can be part of repressive heterochromatic 

complexes (e.g. CoREST) and are, if targeted to a promotor, able to repress the transcription 

of a reporter gene [101, 102, 113]. The deletion of the Y chromosomal part including the 

CDY locus leads to spermatogenic failures in Homo sapiens.  

It is likely that the chromodomain as well as the ECH domain are conducting essential 

functions in these processes. However, detailed information about the biological role of the 

chromodomain and the ECH domain of the CDY family proteins are rather limited. So far it is 

not known if CDY family proteins are able to bind to heterochromatin or heterochromatin 

specific histone modifications and how this is connected to the ECH domain.  

Therefore it is necessary to carefully examine the interaction profile of CDY family 

chromodomains in vitro, compare them to binding properties of known chromodomains and 
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connect them to in vivo localization and function of CDY family proteins. Further it is 

important to analyze differences between the family members as well as between splicing 

variants to shed light on the main role of CDY family proteins in different cell types and 

organisms. In addition, it is necessary to understand how CDY family proteins mediate their 

probable heterochromatin functions and how they are regulated during these activities.  
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3 Specificity of the chromodomain Y chromosome family of 

chromodomains for lysine methylated ARK(S/T) motifs 

 

 

 

 

 

 

Citation  

 

Fischle W*, Franz H*, Jacobs SA, Allis CD, Khorasanizadeh S (2008) Specificity of the 

chromodomain Y chromosome family of chromodomains for lysine-methylated ARK(S/T) 

motifs. J Biol Chem. Jul 11;283(28):19626-35 Epub May 1  

© the American Society for Biochemistry and Molecular Biology 

* equally contributed 

 

Original contribution 

 

Preparation and accomplishment of biological experiments presented in Figure 2, 4 and 5 and 

the Supplement Figure S1, i.e. cloning and purification of CDY and CDYL2, fluorescence 

polarization experiments, transfection and immunostaining of NIH3T3 cells, classification 

and quantification of observed phenotypes; writing of the according method section in the 

manuscript.



Specificity of the Chromodomain Y Chromosome Family of
Chromodomains for Lysine-methylated ARK(S/T) Motifs*!S

Received for publication, April 4, 2008, and in revised form, April 29, 2008 Published, JBC Papers in Press, May 1, 2008, DOI 10.1074/jbc.M802655200

Wolfgang Fischle‡§¶1,2, Henriette Franz¶1, Steven A. Jacobs‡3, C. David Allis‡§, and Sepideh Khorasanizadeh‡4

From the ‡Department of Biochemistry and Molecular Genetics, University of Virginia Health System, Charlottesville, Virginia 22908-0733,
§Laboratory of Chromatin Biology, The Rockefeller University, New York, New York 10021, and ¶Laboratory of
Chromatin Biochemistry, Max Planck Institute for Biophysical Chemistry, 37077 Göttingen, Germany

Previous studies have shown twohomologous chromodomain
modules in the HP1 and Polycomb proteins exhibit discrimina-
tory binding to related methyllysine residues (embedded in
ARKS motifs) of the histone H3 tail. Methylated ARK(S/T)
motifs have recently been identified in other chromatin factors
(e.g. linker histone H1.4 and lysine methyltransferase G9a).
These are thought to function as peripheral docking sites for the
HP1 chromodomain. In vertebrates, HP1-like chromodomains
are also present in the chromodomain Y chromosome (CDY)
family of proteins adjacent to a putative catalytic motif. The
human genome encodes three CDY family proteins, CDY,
CDYL, and CDYL2. These have putative functions ranging from
establishment of histone H4 acetylation during spermiogenesis
to regulation of transcription co-repressor complexes. To delin-
eate the biochemical functions of the CDY family chromodo-
mains, we analyzed their specificity ofmethyllysine recognition.
We detected substantial differences among these factors. The
CDY chromodomain exhibits discriminatory binding to lysine-
methylated ARK(S/T) motifs, whereas the CDYL2 chromodo-
main binds with comparable strength to multiple ARK(S/T)
motifs. Interestingly, subtle amino acid changes in the CDYL
chromodomain prohibit such binding interactions in vitro and
in vivo. However, point mutations can rescue binding. In sup-
port of the in vitro binding properties of the chromodomains,
the full-length CDY family proteins exhibit substantial variabil-
ity in chromatin localization. Our studies underscore the signif-
icance of subtle sequence differences in a conserved signaling
module for diverse epigenetic regulatory pathways.

The human Y chromosome has been thoroughly sequenced
and compared with partially sequenced Y chromosomes of
chimpanzee and mouse (1–3). The Y chromosomes are
believed to be enriched in genes essential for spermatogenesis
and testis development. Interstitial Y chromosome deletions

are associated with spermatogenic failure and male infertility
(1, 4, 5). One gene that is present in multiple copies on the
human Y chromosome is CDY,5 which exhibits testis-specific
expression (1). Interestingly, the mouse Y chromosome does
not encode CDY, suggesting a developmentally advanced usage
of CDY in primates (3).
The human CDY gene seems to be derived from the autoso-

mal homologs CDYL or CDYL2 (Fig. 1, A and B) (6). CDYL is
ubiquitously expressed, whereas CDYL2 exhibits selective
expression in tissues of testis, prostate, spleen, and leukocytes
(6). Themouse genome also encodes related CDYL andCDYL2
genes (Fig. 1B). The presence of CDY-like genes appears to be a
hallmark of echinoderm and vertebrate genomes. In sea urchin
and chicken genomes we found only one CDY-like gene that
corresponds to mammalian CDYL2 (Fig. 1B).
CDY family proteins have two conserved domains implicated

in histone modification and recognition; that is, a chromodo-
main followed by an enoyl-coenzyme A hydratase/isomerase
(ECH) putative catalytic domain (Fig. 1A). Previously, it was
shown that the chromodomain of human CDY interacts with
methylated lysine 9 of the histone H3 tail (H3K9me) (7). The
ECH domain has been implicated in conflicting chromatin
modification processes. One function of this domain is acetyla-
tion of germ line histone H4 (8). Another function is direct
recruitment of histone deacetylases to sites within somatic cells
(9).
Epigenetic control of gene expression hinges on effecter rec-

ognitionmodules that help establish appropriate methyllysine-
dependent interactionswith chromatin (for review, see Ref. 10).
The HP1 and Polycomb chromodomains (Fig. 1B), which are
similar to the chromodomains of CDY family proteins, distin-
guish twomethylated lysine residues withinARKSmotifs in the
H3 tail (H3K9me and H3K27me) (11–16). Sequences immedi-
ately preceding the ARK(S/T)motif impact on the specificity of
chromodomain interactions. HP1 chromodomains are subject
to a binary methyl-phos switch as they are prohibited from
interaction with H3K9me3 upon phosphorylation of the adja-
cent serine 10 in the H3 tail (H3S10ph) (17–20).
Additional complexity in epigenetic control arises from

usage of histone variants. For example, substitutions of histone
H3with variants results in indexing of chromatin for transcrip-
tional activation or repression (22, 23), and an H3 barcode
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hypothesis has been proposed (24). In human testis, three
somatic histoneH3 variants (H3.1,H3.2, andH3.3) are encoded
together with a testis-specific subtype (H3t) (25). These vari-
ants have no amino acid changes N-terminal to the ARKS
motifs, except in theH3t subtype. Althoughmass spectrometry
has identified in vivo methylation of H3tK27 (26), an effector
binding module has not yet been reported. Another lysine-
methylated ARKS motif is found in the N-terminal tail of a
linker histone H1 subtype in humans (H1.4K26) (27, 28).
An ARKT mimic of H3K9me has also been identified in the

lysine methyltransferase G9a (G9aKme), suggesting a broader
usage of ARK(S/T) motifs in human epigenetic signaling (29,
30). The G9aKme is targeted by the HP1 chromodomain in one
transcriptional co-repressor complex (30). Interestingly, the
human CDYL protein was also found associated with G9aKme
in pulldown experiments from cellular extracts.
Because methylation of lysine residues within numerous

ARK(S/T) motifs appears to orchestrate complex epigenetic
pathways (for review, see Refs. 29, 32–34), determining the
specificity of effectors may be a paradigm for understanding
epigenetic signaling. Using a series of in vitro and cell-based
assays, we studied the biochemical specificity of the chromodo-
mains in the CDY family proteins. Our studies reveal a surpris-
ing variability in discriminatory interactions of CDY and
CDYL2 chromodomains with methylated ARK(S/T) motifs.

EXPERIMENTAL PROCEDURES

Antibodies—Polyclonal antibodies specific for H3K9me3
were a gift from Dr. Thomas Jenuwein (IMP Vienna). The
monoclonal antibody against mouse HP1! was obtained from
Chemicon, and the monoclonal anti-FLAG antibody was pur-
chased from Sigma.
Peptide Preparation—The sequences of the synthetic pep-

tides corresponding to histone tails are listed below. A non-
native tyrosine residue at the C terminus of each peptide was
used for concentration determination by UV absorption meas-
urements. Peptides were labeled with fluorescein as previously
described (13):
H3K9me1, H3K9me2, H3K9me3: NH2-ARTKQTARK-

(me)STGGKAY-COOH; H3K27me, H3K27me2, H3K27me3:
NH2-APRKQLATQAARK(me)SAPSTY-COOH; H3tK27me3:
NH2-APRKQLATQVARK(me)SAPSTY-COOH; H1.4K26-
me3: NH2-TPVKKKARK(me)SAGAAKY-COOH; H3K9me3-
S10ph: NH2-ARTKQTARK(me)S(ph)TGGKAY-COOH; H3K27-
me3S28ph: NH2-APRKQLATQAARK(me)S(ph)APSTY-COOH;
H3K9ac: NH2-ARTKQTARK(ac)STGGKAY-COOH; H3K4me3,
NH2-ARTK(me3)QTARKSTGGKAY-COOH; H3K4me2K9me2:
NH2-ARTK(me2)QTARK(me2)STGGKAY-COOH; G9aKme3,
G9aKme1: NH2-QPKVHRARK(me)TMSKPGY-COOH; unmodi-
fiedH3(1–15):NH2-ARTKQTARKSTGGKAY-COOH;unmodified
H3(15–32): NH2-APRKQLATQVARKSAPSTY-COOH;
unmodified H1.4(18–32): NH2-TPVKKKARKSAGAAKY-COOH;
unmodifiedG9a,NH2-QPKVHRARKTMSKPGY-COOH.
Molecular Biology—For binding studies, the chromodo-

mains of human CDY (GenBankTM AF000981; residues 1–78),
human CDYL (GenBankTM AF081259; residues 1–133,
58–133, or 60–133), mouse CDYL (GenBankTM AF081261;
residues 1–128 or 51–128), and mouse CDYL2 (GenBankTM

AK015452; residues 1–75) were amplified by PCR and cloned
into the BamHI/NdeI sites of the pET16b vector (Novagen).
Full-length CDY and CDYL2 were cloned into a modified pMAL
vector (NewEnglandBiolabs) for expression asMBP-His fusion
proteins (details are available upon request). To generate C-ter-
minal epitope-tagged constructs for the transient expression of
full-length humanCDYandhumanCDYL,we used PCR ampli-
ficationwith reverse primers containing the sequence encoding
for the FLAG and hemagglutinin peptides (for details, see Ref.
47). cDNAs were cut with the appropriate restriction enzymes
and cloned into the BamHI/XbaI sites of the pcDNA3.1" vec-
tor (Invitrogen). Site-directed mutagenesis was performed
according to the QuikChange protocol (Stratagene).
Fluorescence Polarization Binding Assays—Fusion proteins

with the N-terminal His tag were expressed in Escherichia coli
strain BL21(DE3) (Novagen) and purified by Ni2"-affinity
chromatography (Qiagen) and gel filtration chromatography
(Superdex 75 resin, GE Healthcare). N-terminal MBP-His
fusion proteins of full-length CDY and CDYL2 were expressed
in BL21 RIL (Novagen) and purified consecutively on maltose
and nickel-nitrilotriacetic acid resins. Protein concentrations
were determined by absorbance spectroscopy using predicted
extinction coefficients (for CDY chromodomain "280 # 19,750
M$1cm$1; for MBP-His-CDY "280 # 113,000 M$1cm$1; for
CDYL chromodomain "280 # 15,220 M$1cm$1; for CDYL2
chromodomain "280 # 20,910 M$1cm$1; for MBP-His-CDYL2
"280 # 126,000 M$1cm$1). Peptide concentrations were deter-
mined using absorbance spectroscopy (extinction coefficient
for tyrosine, "280 # 1280 M$1cm$1; extinction coefficient for
fluoresceinated peptides "492 # 68,000 M$1cm$1). Fluores-
cence polarization binding assays were performed under con-
ditions of 20 mM imidazole, pH 8.0, 25 mM NaCl, 2 mM dithio-
threitol and in the presence of 100 nM fluorescein-labeled
peptide following a previously described protocol (13). Data
were obtained using a Teacan Polarion 96-well plate reader or a
Hidex Chameleon II plate reader (100 flashes). Sample plates
were kept on ice until fluorescence reading at room tempera-
ture. Titration binding curves were analyzed using Kaleida-
Graph (Synergy Software) as previously described (13).
Isothermal Titration Calorimetry—Isothermal titration cal-

orimetry (ITC) experiments were carried out as described pre-
viously using a VP-ITC instrument (MicroCal) (13). Chromo-
domains of CDY or HP1 were dialyzed against 50 mM sodium
phosphate, pH 8.0, 25 mM NaCl, and 2 mM dithiothreitol. Pep-
tides were purified by gel filtration in water (G10 resin, GE
Healthcare), lyophilized, and dissolved in the chromodomain
dialysis buffer. Exothermic heats of reaction (#cal/s) were
measured at the indicated temperatures by automated
sequencing of 30 injections of the H3 peptides (750 #M), each
10 #l, spaced at 2-min intervals, into 1.41ml of chromodomain
(CDY at 60#M;HP1 at 70#M). Binding curveswere analyzed by
non-linear least squares fitting of the data using the Origin
(MicroCal) software package.
Cell Transfection—NIH3T3 (American Cell Culture Collec-

tion) and mouse embryonic fibroblast (a kind gift of Dr.
Thomas Jenuwein, IMP Vienna) cells were grown at 37 °C in a
humidified atmosphere, 5% CO2 using Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 10% fetal
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bovine serum, 2 mM glutamine. Cells were transfected using
Lipofectamine 2000 as instructed by the manufacturer
(Invitrogen).
Immunofluorescence—For immunofluorescence staining,

cells were grown and transfected on glass coverslips. 48 h post-
transfection, cells were fixed in solution I (1% PBS, 3.7% form-
aldehyde, 1% Triton X-100, 2% Nonidet P-40) for 10 min and
then washed in 1% PBST (PBS, 1% Triton X-100) for 3 % 10
min. Slides were blocked for 1 h (1% PBST, 5% goat serum, 2%
bovine serum albumin) and incubated with the indicated pri-
mary antibodies overnight in a humidified atmosphere. Dilu-
tions for primary antibodieswere anti-H3K9me3 (1:1500), anti-
HP1! (1:2000), and anti-FLAG (1:500). Slides were washed in
1%PBST for 3 % 10 min and incubated with the appropriate
secondary antibodies (Molecular Probes, Jackson ImmunoRe-
search) for 2 h in a humidified atmosphere. After washing in 1%
PBST, DNA was stained with DAPI (1 #g/ml) for 10 s. Pictures
were taken on a Leica SP5 confocal microscope or a Zeiss Axio-
pod II both equipped with 60% lenses.

RESULTS

Variability in Binding to H3Methylated on Lys-9—The CDY
class of chromodomains exhibits high homology to HP1 and
Polycomb chromodomains (Fig. 1B). Three aromatic residues
were shown to be necessary for assembling amethyllysine bind-
ing aromatic cage in HP1 and Polycomb chromodomains (11,
12, 16). Interestingly, the chromodomains of the CDYL pro-
teins do not have the first aromatic cage residue, suggesting
substantial difference in the function of this factor. A three-
dimensional structure corresponding to the chromodomain of
CDYL2 has been deposited in the protein data bank (PDB
accession code 2dnt). We prepared a superposition of the
CDYL2 structure with the peptide-bound structure of the HP1
chromodomain involving an H3K9me3 peptide (11) (Fig. 1C).
This comparison established that CDYL2 and, by homology,
CDY and CDYL chromodomains, despite amoderate sequence
identity (&42%), have tertiary structures similar to HP1.
Whereas HP1 and Polycomb chromodomains are 50-residue
modules, the CDY family chromodomains are 55-residuemod-

FIGURE 1. The CDY protein family and their chromodomains. A, schematic representation of the primary structures of CDYL, CDYL2, and CDY. a.a., amino
acids. B, sequence alignment of CDY family chromodomains, which are related to HP1 and Polycomb chromodomains. Three stars above the sequence mark the
positions of the aromatic cage residues. Secondary structure elements above the sequence correspond to that deduced for CDYL2 (from PDB code 2dnt). The
accession codes are: human CDY, Q9Y6F8; Macaque CDY, AJ31484;, human CDYL, Q9Y232; mouse CDYL, Q9WTK2; human CDYL2, AK096185; Macaque CDYL2,
AY271718; mouse CDYL2, AK015452; chicken CDYL2, XP_418964; sea urchin CDYL2, XP 781347. C, backbone superposition of the three-dimensional structure
of the human CDYL2 chromodomain (green, from PDB code 2dnt) on the structure of the Drosophila HP1 (from PDB code 1kne) chromodomain (pink) bound
to an H3K9me3 peptide (black). D, interaction of recombinant human CDY family chromodomains with an H3K9me3 peptide as measured by fluorescence
polarization. Averages from at least three independent measurements are plotted. See Table 1 for dissociation constants.
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ules containing a longer C-terminal !-helix (Fig. 1B). Previ-
ously, binding of the CDY chromodomain to H3K9me2 and
H3K9me3 peptides was identified through protein microarray
analysis (7).
To determine the specificity and affinity for methylated his-

tone lysine residues among the three CDY family members,
recombinant chromodomains of CDY, CDYL, and CDYL2
were expressed in bacteria and purified. Because the CDYL
chromodomain has an incomplete aromatic cage plus anN-ter-

minal extension (Fig. 1, A and B), we prepared a recombinant
construct that included the N terminus of the protein together
with the chromodomain module. Recombinant proteins were
used in fluorescence polarization assays to measure equilib-
riumbinding to fluoresceinated synthetic peptides correspond-
ing to the histone H3 tail. The binding data are shown in Fig.
1D, and the dissociation constants are listed in Table 1. In
accordance with sequence prediction and the presence of an
incomplete aromatic cage, we measured no binding of the
CDYL chromodomain to H3K9me3 (KD ' 500 #M). Surpris-
ingly, we measured a substantial difference in the dissociation
constants associated with CDY and CDYL2. The interaction of
the CDY chromodomain with the H3K9me3 peptide is 8-fold
stronger than that of CDYL2. The results confirm subtle
sequence differences among CDY family chromodomains,
impacting on their interaction with methylated histone tails.
The binding studies potentially implicate each CDY family
member as part of distinct chromatin modification pathways.
To compare the binding affinity of the chromodomain con-

structs with that of the full-length proteins, we prepared
recombinant full-length CDY and CDYL2 (Fig. 2) and meas-
ured binding to the H3K9me3 peptide by fluorescence polar-
ization (Fig. 2). As observed for the chromodomain fragments,
the full-length CDY protein displayed a significantly stronger
binding (by 10-fold) compared with the full-length CDYL2
protein. These results reveal the chromodomain of CDY and
CDYL2 are able to bind to methylated ARK(S/T) motifs
autonomously.
Distinct in Vivo Distribution of CDY, CDYL, and CDYL2

Proteins—Given theCDYLchromodomain does not bind to the
H3K9me3 peptide and the CDY chromodomain binds more
avidly than the CDYL2 chromodomain, we investigated the in
vivo localization of these proteins in relation to heterochroma-

tin in mammalian systems. We
made use of mouse fibroblast cells
(NIH3T3 and MEF cells) that show
a distinct pattern of DNA-dense,
pericentromeric heterochromatin
regions in the nucleus. These coin-
cide with local enrichment of
H3K9me3 modification. The distri-
bution of CDY family proteins in
these cells was compared using
transiently expressed fusion con-
structs that encode their full-length
polypeptides with a C-terminal
FLAG tag. As Fig. 3 shows, all three
fusion proteins displayed an exclu-
sively nuclear distribution (see also
supplemental Fig. S1).
In all cells inspected, we detected

the transiently expressed CDY pro-
tein excluded from the nucleoli and
enriched at the many large DAPI-
dense regions reminiscent of the
endogenous HP1! protein (17)
(supplemental Fig. S2). Previously,
Kim et al. (7) also showed CDY and

FIGURE 2. Interaction with methylated lysine residues is an intrinsic property of CDY family proteins.
A, interaction of recombinant full-length human CDY and mouse CDYL2 proteins fused to MBP with an
H3K9me3 or the corresponding unmodified peptide as measured by fluorescence polarization. Averages from
at least three independent measurements are plotted. B, recombinant MBP fusion proteins used for the meas-
urements in panel A were run on SDS-PAGE gels and stained with Coomassie Blue. Arrows indicate the MBP-
CDY and MBP-CDYL2 recombinant proteins. Major degradation products co-purifying with the recombinant
proteins are indicated. Molecular weight (MW) markers are shown on the left.

TABLE 1
Dissociation constants (!M) measured by fluorescence polarization
for CDY family chromodomains interacting with synthetic peptides
as described under “Experimental Procedures”

Peptide CDY CDYL CDYL2
H3 Lys-9
Unmodified &300 '500 '500
H3K4me3 &300 '500 '500
H3K9ac &300 '500 '500
H3K9me1 3.4 ( 0.5 '500 67 ( 10
H3K9me2 0.7 ( 0.1 '500 8.9 ( 1.1
H3K9me3 0.5 ( 0.1 452 ( 81 3.9 ( 0.5
H3K4me2K9me2 0.9 ( 0.2 &500 11.0 ( 2.1
H3K9me3S10ph 38 ( 4 '500 '500

H3 Lys-27
Unmodified '500 '500 '500
H3K27ac '500 '500 '500
H3K27me1 &300 113 ( 15
H3K27me2 119 ( 37 18.4 ( 3.1
H3K27me3 76 ( 11 '500 12.4 ( 1.2
H3K27me3S28ph '500 '500

Testis H3 Lys-27
H3tK27me3 7.5 ( 0.8 &500 2.6 ( 0.4

H1.4 Lys-26
Unmodified '500 '500 '500
H1.4K26me3 10 ( 1 &500 2.2 ( 0.4

G9a Lys-185
Unmodified 185 ( 17 '500 '500
G9a-K185me1 36 ( 9 '500 108 ( 27
G9a-K185me3 0.6 ( 0.2 &500 4.9 ( 1.2
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HP1$ exhibit overlapping distributions in chromatin with the
H3K9me3 modification. Although the transiently expressed
CDYL protein was also excluded from the nucleoli, CDYL
showed a diffuse distribution pattern that never overlapped
with regions of H3K9me3 (Figs. 3B and supplemental Fig. S2B).
Interestingly, the CDYL2 protein was found throughout the
nucleus in a punctate distribution pattern with pronounced
cell-to-cell variation. Whereas some nuclei displayed granular
staining of CDYL2, others showed larger areas of CDYL2
enrichment (Figs. 3C and supplemental Fig. S3C). Although
CDYL2 enrichment at DAPI dense regions was less pro-
nounced as compared with CDY, all cells analyzed exhibited
someCDYL2 co-localizedwith regions of H3K9me3. Together,
these observations underscore substantial differences in chro-
matin recognition and binding of the CDY family proteins.

CDY and CDYL2 Are Differentially Sensitive to the Degree of
Lysine Methylation—The level of methylation (mono-, di-, or
trimethylation) of lysine residues in histone tails is important
for chromatin regulation (10, 35). We, therefore, measured the
binding affinities of CDY andCDYL2 as a function of themeth-
ylation level on H3K9. Previous studies as well as data listed in
Table 2 indicate that theHP1 chromodomain exhibits 2–3-fold
reduced interaction with H3K9me2 peptide as compared with
H3K9me3 peptide, whereas the binding toH3K9me1 peptide is
substantially weaker. We found CDYL2 to resemble these fea-
tures in HP1 (Table 1). However, the CDY chromodomain
showed 20-fold stronger binding to H3K9me1 as compared
with CDYL2. Interestingly, the binding of CDY to the
H3K9me1 peptide is as efficient as the binding of CDYL2 or
HP1 to the H3K9me3 peptide (Tables 1 and 2).

To determine the thermody-
namic basis for the unusually strong
binding of CDY to the methylated
H3 tail, we performed isothermal
titration calorimetry. We studied
the chromodomains of CDY and
Drosophila HP1 proteins under
identical solution conditions (Table
2). These measurements showed
CDY binds the H3K9me3 peptide
8-fold stronger than HP1. The free
energy of binding to the H3 tail is
more favorable for CDY by 1.2 kcal/
mol. Isothermal titration calorime-
try measurements of CDY binding
to the H3K9me3 peptide at five dif-
ferent temperatures allowed us to
estimate the heat capacity of bind-
ing ()Cp # $0.22 kcal/mol"K). The
small )Cp suggests negligible con-
formational changes occur in the
CDY chromodomain upon binding
to theH3 tail, a result in close agree-
mentwith that found forDrosophila
HP1 (11, 36).
Using calorimetry, we found

the enthalpy of binding to the
H3K9me3 peptide is substantially
more favorable for CDY than for
HP1. This finding emphasizes the

FIGURE 3. Differential nuclear distribution of CDY family proteins. FLAG-tagged human CDY (A), human
CDYL (B), or mouse CDYL2 (C) were transiently expressed in NIH3T3 cells. Immunostaining with anti-FLAG-
specific antibodies (green) and anti-H3K9me3 (red)-specific antibodies was analyzed by confocal microscopy.
The merged image corresponds to the overlay of the two color channels. Yellow areas indicate colocalization
sites for CDY family proteins with H3K9me3 modification. Cells of medium expression level representative for
the nuclear distribution of the CDY family proteins are shown (see supplemental Fig. S1 for more images). DNA
inside the cell nucleus was stained with DAPI and defines areas of high DNA density that are presumed to be
heterochromatic. Scale bar, 10 #m.

TABLE 2
Thermodynamic parameters for binding to H3 peptides methylated on Lys-9
Isothermal titration calorimetry analysis of the human CDY chromodomain is compared with the Drosophila HP1! chromodomain under identical solution conditions.

Protein Peptide T KD "H N "G T"S
° C #M kcal/mol kcal/mol kcal/mol

CDY H3K9me3 5 0.11 ( 0.03 $11.83 ( 0.04 0.97 $8.61 $3.22
CDY H3K9me3 10 0.14 ( 0.05 $12.62 ( 0.03 0.96 $8.54 $4.08
CDY H3K9me3 15 0.30 ( 0.07 $13.69 ( 0.03 1.00 $8.59 $5.10
CDY H3K9me3 20 0.35 ( 0.11 $14.99 ( 0.04 0.99 $8.57 $6.42
CDY H3K9me3 25 0.73 ( 0.17 $16.19 ( 0.04 1.02 $8.53 $7.66
CDY H3K9me2 15 0.86 ( 0.16 $17.21 ( 0.04 1.03 $8.23 $8.98
CDY H3K9me1 15 7.86 ( 1.1 $17.70 ( 0.04 1.18 $6.38 $11.32
HP1 H3K9me3 16 2.3 ( 0.1 $9.71 ( 0.04 1.02 $7.36 $2.46
HP1 H3K9me2 16 6.9 ( 0.2 $9.47 ( 0.04 1.02 $6.78 $2.69
HP1 H3K9me1 16 31.3 ( 0.5 $7.75 ( 0.03 1.04 $5.92 $1.81
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ability of CDY to establish more favorable polar interactions
with the H3 tail than those used by HP1. Previous studies have
shown that recognition of methyllysine by the HP1 chromodo-
main is driven by cation-% interactions between themethylated
ammonium group of methylated H3K9 and the side chains of
three aromatic residues (11, 16). Themagnitude of the cation-%
interaction depends on the electron density of the aromatic
ring, which can substantially vary from a tyrosine to a pheny-
lalanine as well as the degree of solvent exposure in the inter-
action site (37, 38).Whereas both CDYL2 andHP1 have a tyro-
sine at the first position of the aromatic cage, this position in
CDY is substitutedwith a phenylalanine residue (Fig. 1B). Inter-
estingly, this phenylalanine residue in CDY is further posi-
tioned between two polar (glutamic acid) residues that appear
to improve solvent exposure of the aromatic cage. Together,
these observations suggest that subtle amino acid changes sur-
rounding the aromatic cage can lead to substantial differences
in the strength of the cation-% interactions between chromo-
domains and methylated lysine residues.
CDY and CDYL2 Respond to a Binary Switch—A binary

switch mechanism has been associated with the simultaneous
presence of the H3K9me3 and H3S10ph modifications on the
same histone tail (H3K9me3S10ph) (19, 20). Human HP1 vari-
ants are unable to interact with chromatin during mitosis
because of the overwhelming presence of serine 10 phosphoryl-
ation (17, 18). In addition to its relevance tomitosis, H3S10ph is
associated with transcriptionally active chromatin (10). To
investigate the response of CDY and CDYL2 to such a binary
switch, we performed additional fluorescence polarization
binding assays. We found that both CDY and CDYL2 chromo-
domains are sensitive to the presence of H3S10ph. The binding
to the H3K9me3S10ph peptide is 76-fold weaker for CDY and
100-fold weaker for CDYL2 as compared with binding to the
H3K9me3 peptide (Table 1).
CDY and CDYL2 Chromodomains Bind to a Similar Frag-

ment of the H3 Tail—The comparison of the structure of the
CDYL2 chromodomain with that of HP1 suggests that H3 tail

residues 5 through 10 should be suf-
ficient for binding to CDY and
CDYL2 chromodomains (11) (Fig.
1C). The interaction of CDY and
CDYL2 chromodomains with the
H3 tail involves one residue C-ter-
minal to themethyllysine, serine 10.
As discussed above, serine 10 phos-
phorylation has a major impact on
binding affinity. To determine to
what extent residues N-terminal to
the methyllysine could impact on
CDY and CDYL2 interaction with
the H3 tail, we tested the influence
of an adjacent modification on
binding affinity, the presence of
methylation at H3K4. We per-
formed additional fluorescence
binding assays using a peptide with
simultaneous dimethylations at
H3K4 and H3K9 (H3K4me2K9me2

peptide). As listed in Table 1, binding of CDY andCDYL2 chro-
modomains to the H3K4me2K9me2 peptide is nearly the same
as interaction with H3K9me2, &1.2-fold weaker. This finding
suggests residue 4 of the H3 tail (position n-5) does not impact
on the binding of CDY and CDYL2 to the H3 tail, similar to
what has been observed for the interaction of Drosophila HP1
with the H3 tail (11).
PointMutations Rescue CDYL Binding to the H3 Tail—Table

2 shows that we could not measure appreciable binding of the
CDYL chromodomain to any methylated H3K9 peptide or the
unmethylated peptide. We speculated that the critical contrib-
uting factor might be the absence of one of the residues in the
aromatic cage (Fig. 1B). Given the 70% sequence identity
between CDYL and CDY, we asked whether the H3 tail could
bind to CDYL using alternate histone H3 modifications. We
concentrated on methylated H3K4 (H3K4me3) and acetylated
H3K9 (H3K9ac)modifications, as bothmodifications are found
associated with the histone H3.3 variant within transcription-
ally active chromatin. As shown in Table 1, we found no appre-
ciable binding of CDYL to either of these peptides. We then
asked whether the N-terminal extension of the chromodomain
in CDYL could interfere with binding interactions. By prepar-
ing a separate recombinant construct of human CDYL that
excluded the N-terminal extension, we measured the affinity
for methylated and unmethylated H3 peptides again and
observed no substantial differences (data not shown). The cor-
responding recombinant chromodomain of the mouse CDYL
also did not bind to the H3K9me3 peptide (data not shown).
We then asked whether we could establish efficient binding

of the CDYL chromodomain to the H3K9me3 peptide by using
site-directed mutagenesis. We used the CDY sequence as a
guide to prepare point mutations in CDYL. To restore the aro-
matic cage, we prepared a Leu-61 to Phe mutant (position 4 in
the chromodomain; Figs. 1B and 4A). Thismutant exhibits neg-
ligible improvement in binding affinity for the H3K9me3 pep-
tide (Fig. 4B and Table 3). In the structure of the complex of
HP1with theH3 tail, the side chain of the residue preceding the

FIGURE 4. Point mutations rescue CDYL H3K9me3 binding. A, close-up view of the aromatic cage and
surrounding secondary structure elements of the HP1 chromodomain interacting with H3K9me3 (PDB code
1kne). The side chains of E3 and E38 form hydrogen bonds with the backbone of the H3 tail and are solvent-
exposed. Residues are numbered according to the sequence alignment in Fig. 1B. B, fluorescence polarization
analysis of wild-type (WT) and mutant human CDYL chromodomains interacting with an H3K9me3 peptide.
Averages from at least three independent measurements are plotted.
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first aromatic residue is a Glu (position 3 in the chromodo-
main), which forms intermolecular hydrogen bond with the
backbone of Lys 9 (Fig. 4A). Glu-3 also improves solvent expo-
sure at the binding pocket of the HP1 chromodomain. Because
this residue is substituted with an Ala in human CDYL, we
tested the effect of an Ala to Glu mutation for binding to
the H3K9me3 peptide and measured a small but noticeable
improvement in binding (factor of 3) (Fig. 4B). Subsequently,
we prepared a double mutant of CDYL with substitutions at
both positions 3 and 4 of the chromodomain and found a
synergistic effect (30-fold improvement in binding) (Fig. 4B,
Table 3).
Because themutation of the CDYL chromodomain residue 3

exhibited a synergistic effect with the addition of the aromatic
residue 4, we hypothesized mutations at residues 1 and 2 may
further improve solvent exposure of the peptide binding
pocket, impacting cation-% interactions. Therefore, we pre-
pared four simultaneous mutations in CDYL to convert resi-
dues 1–4 to those of the CDY chromodomain
(P1S,P2Q,A3E,L4F, Fig. 1B). This mutant CDYL exhibited a
further 10-fold improvement in binding to the H3K9me3 pep-
tide (Fig. 4B, Table 3). As compared with CDY, this mutant
CDYL bound only 4-fold weaker to the H3K9me3 peptide, yet
the bindingwas 2-fold stronger than thatmeasured for CDYL2.
To test the affinity of these CDYLmutants for H3K9me3 in a

cell-based assay, we transiently expressed full-length CDYL
polypeptides bearing the A3E,L4F and P1S,P2Q,A3E,L4F
mutations in NIH3T3 cells. As Fig. 5 shows, both mutant pro-
teins were exclusively localized to the cell nucleus and were
excluded from the nucleoli as was the wild-type CDYL protein
(Fig. 3B). Interestingly, the nuclear distribution of the mutant
proteins in relation to the DAPI dense areas and regions of
pericentric heterochromatin with H3K9me3 varied among dif-
ferent cells. Three types of localization patterns for CDYL
mutants could be observed (Fig. 5C). In a substantial number of
cells, both mutants showed diffuse staining (type I) that was

excluded from pericentromeric heterochromatin and is remi-
niscent of the wild-type CDYL protein (Figs. 3B and 5). Inter-
estingly, in some cells the A3E,L4Fmutant CDYL showed some
overlap with DAPI dense regions and H3K9me3 modification
as indicated by the yellow areas in the merged images (type II).
Although the P1S,P2Q,A3E,L4F mutant CDYL exhibited both
type I and type II localization patterns, it also showed punctate
overlap with pericentromeric heterochromatin (type III), rem-
iniscent of the CDY protein (Fig. 3A). Overall, the gradual
changes in subnuclear localization observed support the bio-
chemical function of these point mutations.
Other Potential Binding Sites for CDY and CDYL2 in

Chromatin—In addition to H3K9me3, other lysine-methylated
ARK(S/T) motifs depicted in Fig. 6A may recruit CDY family
chromodomains. Therefore, we measured dissociation con-
stants for the binding ofCDY,CDYL2,wild-typeCDYL, and the
mutant CDYL chromodomains to four additional peptides (Fig.
6B, Tables 1 and 3).We found the binding of the CDY chromo-
domain toH3K27me3 andH3tK27me3 peptides to be 150- and
15-fold weaker, respectively, than binding to the H3K9me3
peptide. Interaction of CDY chromodomain with the
H1.4K26me3 peptide was also found to be 20-fold weaker than
binding to the H3K9me3 peptide. Surprisingly, the CDY chro-
modomain bound to the G9a-K185me3 peptide with dissocia-
tion constant similar to that found for the H3K9me3 peptide
(Fig. 6B). When we compared binding differences among
monomethylated peptides, we found the dissociation constant
for binding of CDY to H3K9me1 and G9a-K185me1 peptides
are significantly different, 3.4 and 36 #M, respectively.
Together, these results suggest the CDY chromodomain is
capable of discriminating between various lysine-methylated
ARK(S/T) motifs.
Interestingly, the CDYL2 and the mutant CDYL chromodo-

mains are substantially less selective than the CDY chromodo-
main in binding to different ARK(S/T) motifs (Fig. 6B). Among
the peptides tested, theH3K27me3peptide showed theweakest

TABLE 3
Dissociation constants (!M) measured by fluorescence polarization for recombinant mutant CDYL chromodomains interacting with synthetic
peptides as described under “Experimental Procedures”

Peptide Wild type A3E L4F A3E,L4F P1S,P2Q,A3E,L4F
H3 Lys-9
Unmodified '500 '500 '500 '500 '500
H3K4me3 '500 '500 '500 '500 '500
H3K9ac '500 '500 '500 '500 '500
H3K9me1 '500 240 ( 60 '500 55 ( 10 13 ( 2
H3K9me2 '500 186 ( 24 &500 33 ( 8 3.4 ( 0.5
H3K9me3 '500 216 ( 31 452 ( 81 25 ( 11 2.2 ( 0.3
H3K4me2K9me2 '500 177 ( 33 &500 41 ( 7 3.5 ( 0.4
H3K9me3S10ph '500 '500 '500 '500 '500

H3 Lys-27
Unmodified '500 '500 '500 '500 '500
H3K27ac '500 '500 '500 '500 '500
H3K27me3 '500 323 ( 41 '500 101 ( 17 23 ( 5

Testis H3 Lys-27
H3TK27me3 '500 225 ( 22 &500 38 ( 8 13 ( 3

H1.4 Lys-26
Unmodified '500 '500 '500 '500 100 ( 24
H1.4K26me3 '500 500 ( 71 &500 81 ( 12 6.5 ( 1.9

G9a Lys-185
Unmodified '500 '500 '500 '500 '500
G9aK185me3 '500 182 ( 31 &500 37 ( 7 40 ( 10
G9aK185me1 '500 271 ( 53 '500 52 ( 19 19 ( 3
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interaction for all CDY family chromodomains. Although the
CDYL2 chromodomain exhibits similar binding to G9a-
K185me3, H1.4K26me3, H3tK27me3, and H3K9me3 peptides,
the mutant CDYL chromodomain is able to discriminate and
bind strongly to the H3K9me3 peptide. The variability in disso-
ciation constants listed inTables 1 and 3 underscores the role of
sequence differences in CDY family chromodomains for the
specificity of their interactions with modified histone tails.

DISCUSSION

The expansion of HP1-like chromodomains in diverse pro-
teins of higher eukaryotes suggests an increase in complexity of
epigenetic regulatory pathways from lower to higher
eukaryotes. The human genome contains the largest number of
HP1-like chromodomains that are encoded by 16 different
genes, and these encode proteins belonging to 5 different fam-
ilies, HP1, Suv91, Polycomb, CDY, and MPP8 (supplemental
Fig. S3). Among these factors, HP1 and Suv91 are typically
found associated with H3K9me3 regions of chromatin. The
CDY and MPP8 families appear to be hallmarks of vertebrate
genomes. The origin of their expansion intomultiple variants is
not well known. Previously, an evolutionary tree was delineated
for the human CDY family genes, which suggested CDYL is the
ancestor of CDY and CDYL2 (6). This would suggest that evo-
lutionary forces first abolishedmethyllysine binding in anHP1-
like chromodomain to formulate CDYL; subsequently methyl-
lysine binding was gained in CDYL2 and CDY. This order of

events is unlikely because the genomes of simple vertebrates
like sea urchin or chicken encode only one CDY family gene
whose sequence suggests full capability of binding to lysine-
methylated ARK(S/T) motifs (Fig. 1B). Therefore, we assume
CDYL2 is the ancestor of CDY and CDYL proteins.
The CDYL chromodomain is unable to bind to any lysine-

methylated ARK(S/T) motif. We identified mutations in the
CDYL chromodomain that can impact the interaction of the
full-length protein with H3K9me3 regions of chromatin, sug-
gesting its chromodomain is significant for cellular localization.
Previous studies have implicated CDYL in transcriptional co-
repressor complexes containing multiple chromatin modifica-
tion enzymes and docking factors (39). Interestingly, the CDYL
protein co-purified with the methylated G9a protein in human
cell extracts (30). Together these results suggest the combined
action of another factor could make up for the missing portion
of the CDYL binding pocket. This may be related to a study on
the yeast histone deacetylase complex Rpd3S, where the com-
bined action of a PHD finger and a chromodomain from two
different polypeptides has been suggested to regulate binding to
H3K36me3 modification (40).
Although human CDY and CDYL2 chromodomains are able

to recognize a variety of lysine-methylated ARK(S/T) motifs,
there are substantial differences in their binding specificities.
We found that the CDY chromodomain preferentially binds to
the H3K9me3 peptide, whereas CDYL2 can equally interact

FIGURE 5. CDYL mutant chromodomain H3K9me3 interaction is sufficient for localization to pericentromeric heterochromatin. FLAG-tagged human
CDYL chromodomain mutants A3E,L4F (A), and P1S,P2Q,A3E,L4F (B) were transiently expressed in NIH3T3 cells. Cells were immunostained and analyzed as
described in Fig. 3. Cells of medium expression level representative for three different types (I-III) of nuclear distribution found for both mutants are shown. The
scale bar is 10 #m. C, the occurrence of type I, II, or III nuclear distribution in each cell for wild-type CDYL (WT), CDYL A3E,L4F, and CDYL P1S,P2Q,A3E,L4F were
statistically analyzed. Frequency plots resulting from the evaluation of at least 40 cells each from different transfection experiments are shown.
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with H3K9me3, H3tK27me3, andH1.4K26me3 peptides. Stud-
ies on mouse polycomb (Pc) variants also showed substantial
diversity in binding selectivity toward H3K9me3 and
H3K27me3 (21). For example, Pc1 (Cbx2) showed equal bind-
ing toH3K9me3 andH3K27me3, whereas Pc2 (Cbx4) showed a
3-fold stronger binding to H3K9me3 (21). The mammalian Pc
proteins are believed to contribute to chromatin architecture
on the inactive X chromosome and reflect assembly of faculta-
tive heterochromatin using H3K9me3 and H3K27me3 modifi-
cations (21). The same chromatin modifications also seem to
contribute to chromatin regulation during spermatogenesis
(41, 42). Additional studies are required to determine how var-
iability inmethyllysine recognition byCDY,CDYL, andCDYL2
could impact on their functions in chromatin regulation in tes-

tis. Acetylation of histone H4 during spermatogenesis is sug-
gested to hinge on the expression of CDY and CDYL, and these
polypeptides are unique for their ability to link a repressive
modification like H3K9me3 with that of histone H4 acetylation
(8). Enrichment of CDY variants in testis might contribute to
genomic imprinting, which leads to appropriate transcription
of paternally derived genes (for review, see Refs. 31, 32, and 43).
Unfortunately, at present only limited knowledge is available on
the features of chromatin in human male germ cells.
Recently, we reported substantial evolutionary differences in

the binding abilities of CHD double chromodomains that cor-
relatewith limited amino acid changes (44). These observations
are consistent with complex control mechanisms associated
with signaling enzymatic function in higher eukaryotes (45). In

FIGURE 6. Interaction of CDY family chromodomains with methyllysines embedded in ARK(S/T) motifs. A, the ARK(S/T) motifs in chromatin that are
potential binding sites of CDY family chromodomains are specified. The various methyltransferases that are known to establish the different methyla-
tions are listed above each lysine residue. B, fluorescence polarization binding assays were used to determine the specificities of the CDY, CDYL2, and
CDYL P1S,P2Q,A3E,L4F chromodomains to each of these peptides containing a trimethyllysine. Averages from at least three independent measure-
ments are plotted.
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both the CDY and CHD families of chromodomains, catalytic
activity is physically separable from an N-terminal chromodo-
main that appears to link input or output signals associated
with epigenetic regulation. Another role of the chromodomain
may be direct participation in enzymatic activity. For example,
studies on Suv91 (supplemental Fig. S3) showed deletion of
the chromodomain or point mutations in the aromatic cage
impaired enzyme activity (i.e. trimethylation of H3K9) despite
the presence of an intact catalytic SET domain (46). Additional
studies are necessary to further dissect the catalytic function of
CDY family ECH domains and subsequently investigate
whether their chromodomains directly participate in enzy-
matic activity and/or serve to link with input/output signaling
networks.
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Supplementary Figure S1. CDY family proteins display distinct nuclear distribution.  FLAG-tagged 
hCDY (A), hCDYL (B), or mCDYL2 (C) were transiently expressed in NIH3T3 cells.  Immunostaining 
with anti-FLAG specific antibodies (green) and anti-H3K9me3 (red) specific antibodies is shown. The 
merged image corresponds to the overlay of the two color channels.  Different cells of medium expression 
level are shown.  DNA inside the cell nucleus was stained with DAPI.  Whereas hCDY and hCDYL 
showed similar distribution in all cells analyzed, the localization of CDYL2 varied from cell to cell. 
Images representative of the different distributions observed are shown (see also Figure 3C). Scale bar, 10 
!m. 
 
Supplementary Figure S2.  CDY but not CDYL localizes to pericentromeric heterochromatin 
enriched in H3K9me3.  A. Immunostaining of MEF cells with anti-HP1" (green) and anti-H3K9me3 
(red) specific antibodies shows co-localization to pericentromeric regions inside the cell nucleus.  DNA 
inside the cell nucleus was stained with DAPI and defines areas of high DNA density that are presumed to 
be heterochromatic.   FLAG-tagged hCDY (B) or hCDY (C) were transiently expressed in MEF cells.  
Immunostaining with anti-FLAG specific antibodies (green) shows co-localization of hCDY, but not 
hCDYL, with regions enriched in H3K9me3 (red).  Note that the subnuclear, DAPI-dense, dot-like 
structures are not an artifact of the transient overexpression of the proteins but are also observed in non-
transfected cells (see untransfected cells in (A), the lower half of (B), and the upper half of (C)). 
 
Supplementary Figure S3.  A. Sequence alignments of the chromodomains of all 16 human proteins 
with potential to recognize lysine-methylated ARKS/T  motifs.  Sequence identity in each protein family 
is highlighted in yellow.  Residues of the aromatic cage are marked with red stars above the sequences.  
B. Schematic representation of the conserved domains in the five distinct protein families aligned in panel 
A.  The chromodomain is represented by a yellow triangle.  Two polypeptide families, Suv91 and CDY, 
contain (putative) catalytic modules.
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Proteins containing defined recognition modules mediate
readout and translation of histone modifications. These factors
are thought to initiate downstream signaling events regulating
chromatin structure and function. We identified CDYL1 as an
interaction partner of histone H3 trimethylated on lysine 9
(H3K9me3). CDYL1 belongs to a family of chromodomain fac-
tors found in vertebrates. We show that three different splicing
variants of CDYL1, a, b, and c, are differentially expressed in
various tissues with CDYL1b being the most abundant variant.
Although all three splicing variants share a commonC-terminal
enoyl-CoA hydratase-like domain, only CDYL1b contains a
functional chromodomain implicated in H3K9me3 binding. A
splicing event introducing an N-terminal extension right at the
beginning of the chromodomain ofCDYL1a inactivates its chro-
modomain. CDYL1c does not contain a chromodomain at all.
Although CDYL1b displays binding affinity to methyl-lysine
residues in different sequence context similar to chromodo-
mains in other chromatin factors, we demonstrate that the
CDYL1b chromodomain/H3K9me3 interaction is necessary but
not sufficient for associationof the factorwithheterochromatin.
Indeed, multimerization of the protein via the enoyl-CoA
hydratase-like domain is essential for H3K9me3 chromatin
binding in vitro and heterochromatin localization in vivo. In
agreement, overexpression of CDYL1c that can multimerize,
but does not interact withH3K9me3 can displace CDYL1b from
heterochromatin. Our results imply that multimeric binding to
H3K9me3 by CDYL1b homomeric complexes is essential for
efficient chromatin targeting. We suggest that similar multiva-
lent binding stably anchors other histone modification binding
factors on their target chromatin regions.

For packaging the chromosomes of an eukaryotic cell into
the nucleus the negatively charged DNA is wrapped around a
positively charged octamer of histone proteins consisting of
two H2A–H2B dimers and one (H3–H4)2 tetramer. 147 bp of
DNA are wound around one histone octamer forming the fun-
damental repeating unit of chromatin, the nucleosome. N- and

C-terminal tails of the histones are protruding out of this struc-
tural entity.
Histones are subject to a plethora of post-translational mod-

ifications (1–3). Among these methylation of lysine residues
plays a special role. Specific sites of lysinemethylation as well as
distinct stages of lysine methylation are associated with differ-
ent nuclear processes (4, 5). For example, trimethylation of H3
lysine 4 (H3K4me3) is found in euchromatic structures, which
are open for transcription and are early replicating during
S-phase. In contrast trimethylation of lysine 9 of histone 3
(H3K9me3) is accumulated at heterochromatic regions. These
are densely packed, mostly transcriptional silent and late repli-
cating in S-phase (6, 7).
Whereas histone modifications might directly affect chro-

matin structure (8, 9), a number of protein domains have been
identified that specifically bind certain histone modifications
(10, 11). These factors are thought to read-out and translate the
effects of individual histone modifications or combinations
thereof. Different proteins containing chromodomains have
been implicated in binding methylated histone lysine residues
preferentially when in higher (tri- and dimethylated) states. For
example, heterochromatin protein 1 (HP1)4 was shown to rec-
ognize H3K9me, whereas Polycomb binds H3K27me (12).
Structural analysis of a number of binding domains has identi-
fied aromatic cages of at least three residues as central elements
in histonemethyl-lysine binding (10). Although the interaction
of different protein domains with histone modifications has
been well studied in vitro using isolated histone tail peptides,
the exact parameters by which these proteins are recruited to
their target sites on chromatin have not been worked out.
Recently, a new chromodomain containing group of pro-

teins was described (13). The cdy (chromodomain on the Y)
family represents a set of related genes in higher eukaryotes.
In humans the CDY family comprises two autosomal genes,
namely CDYL1 and CDYL2 as well as multiple gene copies of
CDY on the Y chromosome (14). Evolutionary, a common
ancestor of the cdyl gene appeared first in deuteriostomia. This
predecessor was later duplicated to yield the cdyl1 and cdyl2
genes. A very recent multiplication of the cdyl1 gene in the
primate lineage lead to multiple cdy copies on the Y chromo-
some (14–16).
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Author’s Choice—Final version full access.

□S The on-line version of this article (available at http://www.jbc.org) contains
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CDY family proteins have a N-terminal chromodomain, a
central hinge region, and a C-terminal enoyl-CoA hydratase-
like (ECH) domain in common (see Fig. 1A). Recently, we could
show that the chromodomains of CDY andCDYL2, which have
high sequence similarities with HP1 and Polycomb chromodo-
mains, can recognize di- or trimethylated histone and non-
histone lysine residues. The strongest interaction was found for
the H3K9me3 modification (17). In contrast, CDYL1 was not
able to recognize H3K9me3 because of subtle sequence differ-
ences at the very beginning of the chromodomain affecting the
first of three aromatic cage residues. Mutagenesis of a few res-
idues at the N terminus of the CDYL1 chromodomain lead to
restored binding activity toH3K9me3 peptides in vitro and par-
tial relocalization to heterochromatic regions in vivo. Other
studies indicated that CDYL1 binding to H3K9me3 might be
increased after methylation by the histone methyltransferase
G9a (18). Interestingly, biochemical pull-down experiments
identifiedCDYL1 as the binding protein of automethylatedG9a
(19). The exact reasons for the different methyl-lysine binding
behavior of CDYL1 are not understood.
Biochemically, CDYL1 was found in the CoREST complex

where it bridges the repressor REST and the histone meth-
yltransferase G9a (20–22). The ECH-like domain of CDYL1
was shown to interact with histone deacetylases HDAC1 and
HDAC2 likely via CoREST association thereby acting as
corepressor during transcriptional repression (23). Conflicting
results have suggested that the ECH-like domain of CDY and
CDYL1 might constitute a histone acetyltransferase activity in
elongating spermatids during hyperacetylation and replace-
ment of histones (24). In peroxisomes and mitochondria, tri-
meric enoyl-CoA hydratases accomplish the hydration of the
double bond of fatty acids during !-oxidation (25, 26). The
functional impact of putative multimerization of ECH-like
domains onto the CDY family protein function has not yet been
investigated.
In this studywe present results that clarify the different bind-

ing abilities reported for CDYL1 to methylated lysine residues.
CDYL1 exists in three different splicing variants, a, b, and c. The
b form is not only themost abundant splicing variant but is also
exclusively able to recognize H3K9me3 in vitro and in vivo. We
further demonstrate that the chromodomain of CDYL1 alone is
not sufficient to stably bind toH3K9me3 chromatin in vitro and
tomediate localization toDNA-dense heterochromatic regions
in vivo. Besides a functional chromodomainmultimerization of
the ECH-like domain is necessary to bring CDYL1b to
heterochromatin.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmids for expression of hCDYL1a were de-
scribed elsewhere (17). cDNAs corresponding to the open reading
frame of hCDYL1b or hCDYL1c were amplified from an EST
clone (IMAGE: 6140263) using PCR and cloned into a derivative
pcDNA3.1 vector (Invitrogen) generating C-terminal fusion to a
2! FLAG-2! HA epitope tag. The GenBankTM accession num-
bers of the cDNAs used are as follows: hCDYL1a, AF081259;
hCDYL1b, BC108725; hCDYL1c, BC119682. For expression in
Escherichia coli cDNAs corresponding to the open reading frame
of hCDYL1a, hCDYL1b, and hCDYL1c were subcloned into

pET11a (Novagen). The hCDYL1b chromodomain (1–78 aa) was
cloned into pET16b (Novagen) for expression with a His10 tag.
hCDYL1c (309 aa) and hCDYL1c"Cterm (1–236 aa) were cloned
into pcDNA3.1myc-His (Invitrogen). cDNAs corresponding to
the CDYL1b fragments described in Fig. 5C were PCR amplified
from Xenopus laevis EST clone XL213m10 and cloned into the
pCS2# vector (RZPD) generating fusion to a C-terminal 1!
FLAG epitope: chromo, 1–64 aa; chromohinge"NLS, 1-
233 aa; chromohinge, 1–295 aa; hingeECH, 64–541 aa;
CDYL1c"C-term, 233–541 aa; CDYL1c"NLS, 295–541 aa;
ECH, 295–463 aa; chromoCDYL1c, 1–64 aa fused to 233–541
aa; and chromoCDYL1c"C-term, 1–64 fused to 233–463 aa.
Real Time PCR—Total RNA of human tissues was a gift from

Dr. Thomas Giger (Max Planck Institute for Evolutionary
Anthropology, Leipzig). For real time PCR total RNA was iso-
lated according to the TRIzol protocol (Invitrogen). DNA was
digested with a DNA free kit (Ambion). cDNA was made
using random hexamers and the First Strand Synthesis kit
(Invitrogen). cDNA was used for real time PCR using IQ
SYBR Green Supermix on a MJ Research DNA engine Opti-
con (Bio-Rad). The following primers were used for real time
PCR detection: hCDYL1a forward, 5$-GGTCAGCCTGGG-
GAAAAAGC-3$; hCDYL1a reverse, 5$-CGGGAGGCTGC-
TGTGCC-3$; hCDYL1b forward, 5$-CTTCCGAGGAGCT-
GTACGAGGTTG-3$; hCDYL1b reverse, 5$-TCTCCGTGT-
GGCGTCTGTTGAA-3$; hCDYL1c forward, 5$-GCTTCCG-
AGGAGCTGTACGAGTACATCTC-3$; hCDYL1c reverse,
5$-CAAAAGGCTGGTCTCTTCTGTCGTCAAT-3$.
Western Blotting—For Western blot analysis primary anti-

bodies were used as follows: anti-CDYL (Abcam), 1:1,000; anti-
H3, 1:40,000 (Abcam); anti-HP1" and anti-HP1! (Upstate),
1:2,000; anti-FLAG (Sigma), 1:1,000; anti-H3 (Upstate),
1:10,000; anti-green fluorescent protein (Roche), 1:10,000.
Recombinant Chromatin—Expression and purification of

WT X. laevis histones was performed as described (27).
H3K9me3 was generated by native protein ligation (28). In
short, the coding sequence for X. laevis H3"1–20,C21A was
amplified by PCR and cloned into the pET3d expression vector.
The truncated H3 protein was expressed and purified like the
WT histones. The H3 N-terminal peptide containing residues
1–20 and trimethylated lysine 9 was synthesized using Fmoc
(N-(9-fluorenyl)methoxycarbonyl)-based solid-phase synthesis
and activated at the C terminus by thioesterification. Ligation
of the activated H3 peptide to the truncated H3 histone and
purification of the ligation product was performed as described
(28). Identity and purity of histones was verified by SDS-PAGE
as well as by mass spectrometry (supplemental Fig. S2).
Assembly of histone octamers containing H3unmod and

H3K9me3 as well as reconstitution of recombinant oligonu-
cleosomes was performed by salt dialysis as described using the
12! 200! 601 template (27, 29). Briefly, octamers were recon-
stituted usingH3unmod orH3K9me3 and purified by gel filtra-
tion on Superdex 200 (GE Healthcare). Scavenger DNA corre-
sponding to a 148-bp length fragment PCR amplified from
pUC18was used in all reconstitutions.Assembly reactionswere
titrated at different octamer:DNA ratios. Reproducibly, an
octamer:DNA ratio of 1.1:1 resulted in saturated nucleosomal
arrays. Assembly reactions were analyzed by native gel electro-

H3K9me3 Chromatin Binding of CDYL1

35050 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 50 • DECEMBER 11, 2009

 at unknown institution, on January 13, 2010
www.jbc.org

Downloaded from
 

http://www.jbc.org/content/suppl/2009/10/05/M109.052332.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/cgi/content/full/M109.052332/DC1
http://www.jbc.org/


phoresis and analytical ultracentrifugation. To further control
the saturation level of the oligonucleosomal templates, assem-
bled material was analyzed after digestion with the restriction
enzyme HhaI, which cuts within every 601 repeat that is not
protected by histone octamers in the 12-mer template. Also,
material was analyzed by scanning force microscopy after mild
fixation with glutaraldehyde and fixation on mica support (see
supplemental Fig. S3) (30). Last, responsiveness of reconsti-
tuted material to higher order compaction by Mg2# titration
for chromatin templates containing H3unmod and H3K9me3
was compared (supplemental “Materials andMethods” and Fig.
S4). Reconstituted material was used for all measurements
without further purification after extensive dialysis against 10
mM triethanolamine, 0.1 mM EDTA, pH 7.5.
Peptide and Chromatin Pulldowns—Peptides used for pull-

down studies carried a biotinylated lysine residue at the C ter-
minus: H3unmodified, ARTKQTARKSTGGKAPRKQLK-bio-
tin; H3K9me3, ARTKQTARK(me3)STGGKAPRKQLK-biotin.
For peptide pulldown 10#g of biotinylated histone peptide was
bound to 40 #l of prewashed strepatvidin-coated magnetic
beads (Pierce) for 3 h at room temperature. 1 ml of precleared
HeLa S3 nuclear extract (5 mg/ml) prepared as described was
incubated with the peptide-boundmagnetic beads overnight at
4 °C. Beads were washed six times with 1 ml of PD150 (20 mM
HEPES, pH 7.9, 150mMKCl, 0.2% (v/v) TritonX-100, 20% (v/v)
glycerol) supplemented with Protease Inhibitor Complete
EDTA-free (Roche Applied Science). After boiling the beads in
loading buffer recovered proteins were separated on 4–20%
gradient SDS-polyacrylamide gels (Invitrogen). Proteins were
either detected by Western blot procedures or analyzed by
mass spectrometry (MS). Chromatin pulldowns were carried
out accordingly using 2 #g of recombinant chromatin assem-
bled on biotinylated DNA templates.
Chromatin Precipitation—Proteins were translated in vitro

using theT7TNTkit (Promega). 1.75#g of chromatin and 45#l
of the TNT reaction were mixed in 500 #l of end volume of CP
buffer (20mMTris-HCl, 0.2% (v/v) TritonX-100, 150mMNaCl,
1 mM dithiothreitol, protease inhibitor EDTA free) and incu-
bated 2 h at 4 °C. MgCl2 was added to 5mM final concentration
and the reactions were incubated for 15 min at 4 °C. Precipi-
tated chromatin was collected at 13,000 ! g for 30 min at 4 °C.
Chromatin pellets were washed once with CP buffer supple-
mented with 5 mM MgCl2. The supernatant was removed and
the pellet dissolved by boiling (5min) in SDS gel loading buffer.
Mass Spectrometry—SDS-PAGE gels were stained with Coo-

massie Blue, and the entire gel lanes were cut into 23 slices of
equal size. Proteins within the slices were digested according to
Shevchenko et al. (31). Peptides were extracted and analyzed by
LC-coupled tandem MS on an Orbitrap Xl mass spectrometer
(Thermo Fisher Scientific). CID fragment spectra were
searched against the NCBInr data base using the MASCOT
search engine.
Fluorescence Polarization Measurements—Peptides used for

fluorescence polarization measurements were as described
(17). Fluorescence polarization assays were essentially car-
ried out and analyzed as described (32). A titration series of
10-#l volumes in 384-well plates were read multiple times on a
PlateChameleon II plate reader (HIDEXOy).Multiple readings

and the independent titration series were averaged after data
normalization.
Cell Transfection and Immunofluorescence—Mouse embry-

onic fibroblast (MEF, gift of Dr. Thomas Jenuwein, IMP,
Vienna) cells were grown at 37 °C in a humidified atmosphere,
5% CO2 using Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum, 2 mM glutamine, and 1!
penicillin/streptomycin (Invitrogen). Transfection was carried
out using JetPei (PolyPlusTransfections). For immunofluores-
cence, cells were grown and transfected on glass coverslips. 24 h
post-transfection cells were fixed with 3% paraformaldehyde in
PBS for 15 min at 37 °C. After three washing steps with PBST
(1! PBS, 0.2% Triton X-100) and a 10-min permeabilization
(PBST, 0.2% Nonidet P-40) at room temperature, cells were
blocked for 1 h at room temperature (1! PBS, 5% goat serum,
2% bovine serum albumin, 0.2%TritonX-100). Coverslips were
incubated with the indicated primary antibodies diluted in
blocking buffer for 1 h at room temperature. Dilutions of pri-
mary antibodies were as follows: anti-H3K9me3 (Upstate),
1:1,000; anti-FLAG and anti-HA (Sigma), 1:1,000; anti-myc
(Millipore), 1:1,000. Coverslips were washed three times with
PBST and then incubated with the appropriate secondary anti-
bodies (anti-mouse Alexa555, 1:2,000 or anti-rabbit Alexa488,
1:2,000; Molecular Probes) for 1 h at room temperature. After
washing (3 ! 5 min, 1! PBST) cells were mounted with
MOWIOL (Calbiochem) containing 50 #g/ml of 4$,6-dia-
midino-2-phenylindole. Pictures were captured on a Leica SP5
confocal microscope (!60 objective).
MultimerizationAssay—15#g of anti-FLAG antibody per 40

#l of goat anti-mouse IgG magnetic beads (Invitrogen) were
incubated 2 h in 1 ml of PBS at 4 °C under constant rotation.
YFP-CDYL1b and FLAG-tagged CDYL1b constructs were
expressed using the SP6 TNT kit (Promega). 50 #l of the reac-
tions were incubated with the anti-FLAG-coated beads in 1 ml
of PD150 overnight at 4 °C under constant rotation. Beads were
washed six times in PD150 and boiled in SDS gel loading buffer
(5 min).

RESULTS

Identification of CDYL1 as H3K9me3-binding Protein—To
gain insight into translation of the H3K9me3 histonemodifica-
tion for regulating heterochromatin formation and mainte-
nance we used H3 peptides trimethylated on lysine 9 for pull-
down experiments out of HeLa S3 nuclear extracts. Compared
with a mock (beads only) and the unmodified H3 peptide con-
trol we identified 25 protein factors specifically bound to the
H3K9me3 peptide as analyzed by SDS-PAGE and followingMS
analysis (Fig. 1A). Specific proteins were assigned with an arbi-
trary cut-off of at least three sequenced peptides per protein
where at least two peptides had to be unique in sequence (not
shown). According to gene ontology analysis, out of the 25 fac-
tors 18 have functions in nucleobase, nucleoside, nucleotide,
and nucleic acid metabolic processes. Among these 18 proteins
10 are involved in chromatin maintenance and architecture.
The identified chromatin-related factors include the three
mammalian HP1 isoforms (", !, $), CAF1, and surprisingly
CDYL1. A total of 12 peptides covering 45.6% of the amino acid
sequence of CDYL1 could be identified (Fig. 1B). None of the
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sequenced peptides could be assigned to the very N-terminal
region of the CDYL1 polypeptide (originally described by Lahn
et al.) (blue sequence in Fig. 1B) (15, 24). Also, no precursor
could be detected in theMSanalysis of this particularmolecular
weight region of the SDS-PAGE gels that matched any tryptic
peptide derived from the very N-terminal region. Recent stud-
ies have reported a new exon acquisition in the mammalian
cdyl1 gene (33). Also, we reported that the chromodomain of
the originally described CDYL1 polypeptide sequence does not
bind to H3K9me3 (17). These observations lead us to hypothe-
size that alternative splicing might generate different CDYL1
protein species with different functionality.
To independently confirm the results of the MS analysis,

we repeated the H3 peptide pulldowns fromHeLa S3 nuclear
extracts. Using antibodies specific for CDYL1 we could
confirm specific enrichment of CDYL1 exclusively on the
H3K9me3 matrix compared with the unmodified control pep-
tide and the mock control inWestern blots (Fig. 1C). Similarly,
HP1! was found highly enriched in the H3K9me3-associated
protein fraction. From these results we conclude that CDYL1,
in contrast to former results, can associate with the heterochro-
matic H3K9me3 modification.
CDYL1Has Three Splicing Variants and CDYL1b Is theMost

Abundant Splicing Variant—To clarify whether differential
splicing could indeed explain the distinctive H3K9me3 bind-
ing behavior of CDYL1 in different experimental settings, we
performed data base searches. In silico analysis defined three
putatively alternative spliced mRNAs (a, b, and c) transcribed
from the CDYL1 locus on chromosome 6 (supplemental Fig.
S1). The CDYL1 gene locus contains 10 exons. The previously
known CDYL1mRNA is generated by splicing the first three to
the last six exons. From here on, we will refer to this mRNA as

CDYL1a as also suggested by Li et
al. (33). The second splice variant
CDYL1b mRNA emerges from
exons 4–10 and a third variant orig-
inates from splicing of exon 4 to
exons 6–10 of the CDYL gene locus
(CDYL1c).
Sequence analysis and domain

comparison indicate that the poly-
peptides corresponding to CDYL1
variants a andbboth connect aN-ter-
minal chromodomain via a 238-aa
long linker region to a C-terminal
ECH-like domain (Fig. 2A). Due to
the described splicing events the
CDYL1a protein contains a pro-
longed N-terminal part. Sequence
comparison of the chromodomain
of CDYL1 splicing variants a and b
with the canonical chromodomain
of HP1! reveals high sequence
homology (Fig. 2D). However, splic-
ing eliminates the first of three
aromatic cage residues from the
CDYL1a sequence, as the splicing
site is located to the veryN terminus

of the CDYL1 chromodomain (Fig. 2D). Mutagenesis of any of
the three HP1 aromatic cage residues in the Drosophila HP1"
protein results in loss of H3K9me interaction (34). Mutation of
the CDYL1a residues at this position to the corresponding res-
idues in CDY restores H3K9me3 interaction (17).We therefore
conclude that alternative splicing of CDYL1 generates two pro-
teins containing a chromodomain signature with differential
H3K9me3 interaction potential. In contrast, CDYL1c lacks the
chromodomain region and a 175-aa long part of the linker
region altogether.
Real time PCR analysis of cDNAs of two human cell lines

(HeLa S3 and HEK293) and four human tissues (brain, liver,
kidney, and testis) revealed that CDYL1b is the major splicing
variant of the CDYL1 gene (Fig. 2B). In agreement with former
results CDYL1a mRNA levels in testis were found elevated and
reaching CDYL1b expression suggesting a specific role for this
splicing variant in this tissue (14). Also,Western blot analysis of
HEK293 human cell nuclear extracts using an antibody specific
forCDYL1 showed the highest abundance ofCDYL1b (Fig. 2C).
Our observations indicate that transcription of the CDYL1
locus results in three splicing variants with different expression
levels and different capabilities to bind to H3K9me3.
Only CDYL1b Recognizes Methyl-lysines—To find out whether

CDYL1b is indeed a CDYL1 splicing variant that recognizes
H3K9me3 we in vitro transcribed and translated FLAG-
tagged CDYL1 variants a, b, and c. We then tested binding to
H3K9me3 in peptide pulldown experiments. HP1! was used as
positive control. As Fig. 3A shows, CDYL1a and -c displayed no
preferential binding to the H3 tail trimethylated on lysine 9. In
contrast, CDYL1b was clearly enriched in the H3K9me3 pep-
tide-bound fraction.

FIGURE 1. CDYL1 is an H3K9me3 binding factor. A, the indicated histone H3 peptides were used in pulldown
experiments of HeLa S3 cell nuclear extract. Beads without coupled peptides were used as control (mock).
Specifically recovered proteins were run on SDS-PAGE and stained with Coomassie Blue. Proteins were iden-
tified by MS/MS analysis. The positions of CDYL1 and HP1 proteins are indicated on the right. Molecular weight
(MW) markers are indicated on the left. B, peptide sequence of CDYL1. The highlighted (red) peptides were
identified by MS/MS analysis. The N terminus of CDYL1 is shown in blue. C, Western blot analysis of a histone H3
peptide pulldown experiment of HeLa S3 cell nuclear extract as in A using the indicated antibodies.

H3K9me3 Chromatin Binding of CDYL1

35052 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 50 • DECEMBER 11, 2009

 at unknown institution, on January 13, 2010
www.jbc.org

Downloaded from
 

http://www.jbc.org/content/suppl/2009/10/05/M109.052332.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/cgi/content/full/M109.052332/DC1
http://www.jbc.org/cgi/content/full/M109.052332/DC1
http://www.jbc.org/


Fluorescence polarization measurements were used to
quantify interaction of the CDYL1a and CDYL1b chromodo-
mains to differentially modified histone and non-histone
peptides. Fig. 3B shows the binding curves to H3 peptides with
or without trimethylation on lysine 9. Although the CDYL1a
chromodomain had very little affinity for theH3K9me3 peptide
over the unmodified counterpart, the CDYL1b chromodomain
displayed significant affinity to H3K9me3 but discriminated
against the unmodified H3 peptide. In agreement with the
results from the pulldown assays, the chromodomain of
CDYL1bwas found to interact the strongest with theH3K9me3
peptide (see Fig. 3C for a summary of all binding data). The
measured Kd of 2 #Mwas highly similar to that reported for the
HP1/H3K9me3 interaction (12, 34). Similar to HP1, weaker
interaction with the dimethylated (1.5-fold) and monomethyl-
ated (4-fold) forms of this site as well as with the H3K27 meth-
ylationmarks was seen. The chromodomain of CDYL1b recog-
nized H3K4me3 and H4K20me3 peptides with much lower
affinity.
A phosphate on serine 10 (H3S10) next to H3K9me3 abol-

ished the affinity of the CDYL1b chromodomain for this
modification. H3S10 is phosphorylated at the onset of mito-
sis by the Aurora B kinase (35). We and others (36, 37) have
shown previously that this phosphorylation event delocal-
izes HP1 from heterochromatin during M-phase. In agree-
ment with a putative regulation of CDYL1b chromatin asso-
ciation by a “methyl-phos switch” (38), immunofluorescence
analysis of CDYL1b during mitosis showed the absence of
the protein from condensed chromatin during M-phase
(data not shown).

Previous studies had identified CDYL1 as the binding
partner of automethylation of the G9a histone methyltrans-
ferase on lysine 185. However, in vitro interaction with the
available CDYL1 protein could not be verified (19). In fluo-
rescence polarization assays we found the CDYL1b chromodo-
main to bind a peptide corresponding to G9aK185me3 with 8
#M affinity. In contrast, the chromodomain of CDYL1a showed
no interaction (Fig. 3C). Altogether, our analysis demonstrates
that only the chromodomain of CDYL1b but not that of
CDYL1a can bind differentially methylated lysine residues in
distinct histone and non-histone sequence context.
CDYL1b Recognizes H3K9me3 in Chromatin Context—Re-

duced binding of recombinant HP1 to chromatin templates
compared with isolated histone peptides has been reported
(39). Because 15–20-aa long peptides do not represent the tar-
geting and binding situation of CDYL1 in the cell, we wanted to
analyze H3K9me3 binding of CDYL1b in the context of chro-
matin. Therefore, we established an in vitro chromatin recon-
stitution system that makes use of uniformly K9me3-modified
H3 obtained by native protein ligation (supplemental Fig. S2)
(28, 40). Oligonucleosomal arrays on a 12 ! 200 ! 601 se-
quence were assembled under template saturating conditions
and contained 10–12 nucleosomes in average (supplemental
Fig. S3). No differences in the biophysical properties between
arrays reconstitutedwith unmodifiedH3 orH3K9me3 could be
detected (supplemental Fig. S4 and data not shown) (27, 29, 41).
To analyze the CDYL1 interaction biotinylated recombinant
chromatin with or without the H3K9me3 modification was
bound to streptavidin-coated beads. This matrix was used to
pull out the binding proteins of HeLa S3 nuclear extracts. After

FIGURE 2. CDYL1b is the major splicing variant. A, schematic representation of the protein domain structure of CDYL1 splicing variants a, b, and c. CD,
chromodomain. B, mRNA levels of CDYL1 splicing variants a, b, and c in human cell lines HEK293 and HeLa S3 as well as in the indicated human tissues were
analyzed using real time PCR. Relative expression levels were normalized to the lowest expression (hCDYL1a in HEK293), which was set arbitrarily to 1. Error bars
represent standard deviation of three independent measurements. C, Western blot analysis of E. coli cells expressing recombinant CDYL1a, -b, or -c and nuclear
extracts of HEK293 cells using anti-CDYL antibodies. D, sequence alignment of chromodomains of CDYL1a and -b with the chromodomain of HP1!. Identical
residues are highlighted in red; homolog residues are highlighted in orange. Secondary structure elements of HP1! are indicated on the top. Stars mark
aromatic amino acids forming an aromatic cage for methyl-lysine recognition.
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extensive washing the bound frac-
tions were analyzed by Western
blotting. As Fig. 3D shows, HP1!
and CDYL1 were clearly enriched
on the H3K9me3 chromatin tem-
plate compared with the unmodi-
fied control or the mock (beads
only) reaction.
To further analyze chromatin

binding of CDYL1, we in vitro tran-
scribed and translatedCDYL1 splic-
ing variants a, b, and c and repeated
the analysis using recombinant pro-
teins. AlthoughCDYL1bwas able to
bind to the H3K9me3 chromatin
template, no interaction could be
detected for CDYL1a or CDYL1c
(Fig. 3E).
Heterochromatic Localization of

CDYL1b Is Dependent on H3K9me3—
Next, we asked whether CDYL1
splicing variants localize to hetero-
chromatic, H3K9me3-enriched loci
in vivo. Because the commercially
available antibodies as well as our
specifically raised antisera recog-
nizing CDYL1 failed to detect the
protein in immunofluorescence ex-
periments, we transiently expressed
FLAG-tagged CDYL1 a, b, or c in
MEF WT cells. Immunofluores-
cence analysis was carried out using
antibodies against the FLAG tag and
compared with the distribution
of H3K9me3 and DNA (Fig. 4A).
Whereas CDYL1a and CDYL1c were
found diffusely distributed through-
out the whole cell nucleus only
CDYL1b showed a dotted distribu-
tionpattern.The regions enriched in
CDYL1b-FLAG co-localized with
the DNA-dense regions of pericen-
tric heterochromatin as well as with
the spots highly enriched in the
H3K9me3 modification.
To find out if this localization to

areas of heterochromatin is indeed
dependent on H3K9me3 modifica-
tion, we used MEF Suv3–9h1/h2
(%/%) double knock-out cells.
Suv3–9h1 and Suv3–9h2 are known
as main enzymes establishing the
H3K9me3 modification (42). There-
fore, MEF Suv3–9h1/h2 (%/%) dou-
ble knock-out cells show a strongly
reduced amount of H3K9me3. The
cells nevertheless, sustain the dot-
ted structure of DNA-dense regions

FIGURE 3. CDYL1b specifically recognizes H3K9me3 in the context of chromatin. A, the indicated
FLAG-tagged proteins were produced by in vitro translation and tested for interaction with differentially
modified H3 peptides using pulldown assays. Beads without coupled peptides were used as control
(mock). Western blot analysis of the input and bound fractions using anti-FLAG antibodies is shown.
B, fluorescence polarization binding experiments using the indicated H3 peptides and the recombinant
chromodomains of CDYL1a and CDYL1b. The average bound fraction of H3 peptides from three indepen-
dent experiments is blotted. C, summary of Kd values of interaction of recombinant CDYL1a and CDYL1b
chromodomains with the indicated peptides as measured by fluorescence polarization binding assays.
The average of at least three independent experiments including standard deviation is given. D, recom-
binant 12-mer oligonucleosomal arrays reconstituted with the indicated H3 species were immobilized on
agarose beads and incubated with HEK293 cell nuclear extract. Beads without coupled chromatin were
used as control (mock). Western blot analysis of the input and bound fractions using the indicated anti-
bodies is shown. E, CDYL1a, -b, and -c were produced by in vitro translation and incubated with recombi-
nant 12-mer oligonucleosomal arrays reconstituted with the indicated H3 species. Recombinant chroma-
tin was precipitated by addition of Mg2# as described under “Experimental Procedures.” Western blot
analysis of input recombinant proteins and material recovered after centrifugation using the indicated
antibodies is shown. Mock, precipitation in the absence of added recombinant chromatin.
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corresponding to pericentric heterochromatin (43). We tran-
siently expressed the different CDYL1 splicing variants inMEF
Suv3–9h1/h2 (%/%) cells (Fig. 4B). Although the absence of
Suv3–9h1/h2 neither impacted CDYL1a nor CDYL1c sub-
nuclear localization, distribution of CDYL1b was signifi-
cantly different compared with the wild type situation.
CDYL1b did not localize to the DNA-dense heterochromatic
areas, but showed a diffuse appearance in the nucleus.
According to these observations, CDYL1b is a heterochro-
matin factor whose localization is dependent on the pres-
ence of H3K9me3.
CDYL1b Is Forming Multimers—An identical ECH-like

domain is at the C terminus of all CDYL1 splicing variants.
Enoyl-CoA hydratase enzymes are known to have besides
hydratase activity also dehydrogenase and isomerase activity.
During !-oxidation in mitochondria and peroxisomes enoyl-
CoA hydratases add water to unsaturated acyl-CoA at the posi-
tion between the second and third carbon atomwithin the fatty
acid chain (25, 44). Sequence comparison of the CDYL1 ECH-
like domain with the human peroxisomal (ECHP) and mito-
chondrial (ECHM) enoyl-CoA hydratase proteins revealed a
good overall homology (Fig. 5A). BLAST alignment resulted in
39% identity, 58% homology to hECHM, and 24% identity, 47%
homology to hECHP over a stretch of 167 aa. Three residues,
one glycine and two glutamines are essential for ECH enzy-
matic activity (26, 45). In CDYL1 these three residues are
exchanged against leucine, serine, and tyrosine, respectively,
suggesting a different role for the CDYL1 ECH-like domain. In
agreement, closer inspection of the structure of rat ECH with a
bound acetoacetyl-CoA (Protein Data Bank code 1dub), which
is a potent inhibitor of ECH enzymes (45), revealed that it is
unlikely that the ECH-like domain of CDYL1 can catalyze a
hydratase reaction (supplemental Fig. S5). Despite these amino
acid exchanges, structural superposition of the CDYL1 ECH-
like domain (PDB 1gtr) and the rat peroxisomal ECH (PDB
1dub) show that the overall trimeric-fold of these proteins
remains unchanged (Fig. 5B).
We confirmed multimerization of CDYL1. Anti-FLAG immu-

noprecipitation of in vitro translated FLAG-tagged CDYL1b

mixed with in vitro translated YFP-
CDYL1b contained YFP-CDYL1b
as analyzed by Western blotting
using anti-green fluorescent pro-
tein antibodies (Fig. 5D). We then
mapped the CDYL1 interaction
regions using a series of CDYL1b-
FLAG deletion constructs (see Fig.
5C). As Fig. 5D shows CDYL1 mul-
timerization was depending on the
C-terminal part of CDYL1b that
contains the ECH-like domain. This
region is identical in sequence to
CDYL1c (Fig. 5D, CDYL1c). Mul-
timerization of this 309-aa long
region of CDYL1 (see also Fig. 2A)
was abolished when the 73 aa C-
terminal to the predicted ECH-like
domain were missing (Fig. 5D,

CDYL1c"Cterm). The isolated ECH-like region as determined
by sequence alignment and domain prediction programs were
not sufficient for CDYL1 multimerization (Fig. 5D, ECH).
Additional self-binding of CDYL1b was mapped to the protein
part covering a fragment of the hinge region and the chromo-
domain (Fig. 5D, chromohinge). We conclude that CDYL1 can
interact with itself via a C-terminal region containing the ECH-
like domain and an N-terminal part of the protein.
Multimerization Is Required for CDYL1bH3K9me3Chroma-

tin Binding—It has been suggested that simultaneous, multi-
valent histone modification binding is required to anchor
chromatin proteins on their target sites (46, 47). Because
CDYL1 shows a strong tendency to multimerize via a C-termi-
nal region containing the ECH-like domain, we reasoned that
multimeric presentation of the H3K9me3-binding N-terminal
chromodomain might be a prerequisite for stable chromatin
association. Reticulocyte extracts programmed to express
CDYL1b anddifferent deletionmutants (see Fig. 5C) were incu-
batedwith oligonucleosomal arrays reconstitutedwith unmod-
ified H3 or H3 uniformly bearing the K9me3 modification. As
Fig. 6 shows only mutant CDYL1 protein chromoCDYL1c,
which contains a chromodomain directly linked to the C-ter-
minal region containing the ECH-like domain, interacted
robustly with H3K9me3 chromatin, like WT CDYL1b. The
H3K9me3 interacting chromodomain is required for this bind-
ing as the multimerizing C-terminal region containing the
ECH-like domain when linked to the hinge region showed no
interaction (Fig. 6, hingeECH). Similarly, the chromodomain
when linked to the C-terminal region containing the ECH-like
domain that misses the very C-terminal part required for mul-
timerization did not bind H3K9me3 chromatin in this assay
(Fig. 6, chromoCDYL1c"Cterm). In agreement with the mul-
timerization potential of the chromohinge domainmutant, this
protein showed weak chromatin interaction (Fig. 6, chromo-
hinge). From these experiments we conclude that multimeriza-
tion is required for stable CDYL1 chromatin binding.
Multimerization Is Necessary for H3K9me3 Localization—

To investigate if multimerization has any effect on localization of
CDYL1, the subnuclear distribution of different FLAG-tagged

FIGURE 4. CDYL1b subnuclear localization is dependent on H3K9me3. A, MEF WT cells were transfected
with FLAG-tagged CDYL1a, -b, or -c and stained with the indicated antibodies. DNA was visualized using
4$,6-diamidino-2-phenylindole (DAPI). Bars represent 7.5 #m. B, MEF Suv3–9h1/h2 (%/%) double knock-out
cells were transfected and analyzed as in A.
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truncated variants of CDYL1b were analyzed in MEF WT cells
(Fig. 7A, for constructs, see Fig. 5C). With the exception of the
ECH-like domain alone all mutant proteins showed accumula-
tion in the cell nucleus. Al-
though the chromodomain might
accumulate in the nucleus indi-
rectly, the results indicate a putative
NLS at the end of the hinge region.
Indeed, additional experiments ver-
ified a bona fide NLS at residues
235–298 of CDYL1b (supplemental
Fig. S6).
Despite the interaction with

H3K9me3, immunofluorescence
analysis showed that the CDYL1b
chromodomain alone is not able to
localize to the regions containing
pericentric heterochromatin. Also,
the chromodomain connected to the
following hinge region of the CDYL1
protein (chromohinge) showed no
overlap with the DNA-dense regions
enriched in H3K9me3. As predicted
due to the absence of an H3K9me3
binding domain, the CDYL1b con-
struct missing the chromodomain
(hingeECH) showed no preferential
localization to heterochromatin. In
contrast, the chromodomain con-
nected to the CDYL1c splicing vari-
ant (chromoCDYL1c) displayed
a dotted localization within the
nucleus overlapping with H3K9me3-
dense areas. When this chromo-
CDYL1c construct lacks the very
C-terminal part, the spotted distri-
bution is abolished. This 73-aa
region at the very C terminus of
CDYL1c is necessary for multimer-
ization (see Fig. 5D). From this anal-
ysis we conclude that the chromo-
domain of CDYL1b is necessary but
not sufficient to localize the protein
to H3K9me3 chromatin. Addition-
ally, multimerization of the protein
is required to anchor CDYL1b to
heterochromatic regions.
Overexpression of CDYL1c Can

Displace CDYL1b from H3K9me3
Heterochromatin—As shown in
Figs. 5D and 7A, CDYL1c can inter-
act with itself forming multimers
but is not able to localize to
H3K9me3 chromatin in vivo. We
reasoned that CDYL1c could form
complexes with CDYL1b thereby
negatively regulating CDYL1b
chromatin association. Therefore,

we transfected myc-tagged CDYL1c and HA-tagged CDYL1b
intoMEFWT cells at different plasmid ratios. As Fig. 7B shows
coexpression of CDYL1c at a 1:1 ratio did not impair CDYL1b
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localization to the DNA-dense foci of pericentric heterochro-
matin. In contrast, 80–90% of MEF cells transfected with
CDYL1c:CDYL1b at a 100:1 plasmid ratio showed delocaliza-
tion of CDYL1b from heterochromatin displaying a diffuse
CDYL1b signal in the nucleoplasm. Importantly, coexpression
of CDYL1c"Cterm, which is neither able to localize to
H3K9me3 nor to multimerize with full-length CDYL1b (see
Fig. 5D), did not have a similar negative effect onCDYL1b local-
ization to heterochromatin. These experiments further sustain
the interpretation that an intact chromodomain andmultimer-
ization is required for CDYL1b heterochromatin localization.

DISCUSSION

Our detailed analysis of CDYL1 function in the context of
H3K9me binding has the following implications: (i) different
splicing variants a, b, and c of CDYL1 bind differentially to
methylated lysine residues in histones and other proteins. (ii)
CDYL1b chromodomain/H3K9me3 interaction is not sufficient
for association of the factorwith heterochromatin. (iii)Multim-
erization of CDYL1b is necessary for stable H3K9me3 chroma-
tin association in vitro and for H3K9 heterochromatin localiza-
tion in vivo.
The originally described CDYL1 polypeptide corresponds to

the less abundant CDYL1a splicing variant (15, 33). CDYL1was
identified and described in different experiments interacting
withmethylated lysine residues in histones andG9a (18, 19, 48).
Although the CDYL1 splicing variant was not specified, inter-
action in the case of methylated G9a could not be verified using
recombinant proteins (19). We think that it is likely that
CDYL1a andnotCDYL1bwas used in these studies. Indeed, the

chromodomains of both CDYL1b
and CDYL1a after restoration of the
aromatic cage by mutagenesis
bind a methylated G9a peptide with
affinity comparable with methyl-
ated histone peptides in vitro (this
study and see Ref. 17). At present, it
is unclear whether the N-terminal
extension of CDYL1a compared
with CDYL1b brings additional
functionality to the protein, poten-
tially establishing a different role for
the methyl-lysine binding deficient
chromodomain.
Biochemical evidence has been

provided that places CDYL1 as a
bridge between G9a and REST in a
WIZ and histone modifying
enzymes containing corepressor
complex (21, 22). Although direct

interaction of CDYL1 and G9a could be demonstrated using
recombinant proteins, it is tempting to speculate that this inter-
action is in vivo further controlled by G9a automethylation and
CDYL1b chromodomain binding. Methylation of CDYL1
might also play a role because in vitroG9a can target CDYL1 for
methylation at a lysine residue C-terminal to the chromodo-
main. It has been suggested that this post-translational modifi-
cation might negatively regulate the CDYL1/H3K9me3 inter-
action (18). However, as the observed effect was only 2-fold and
as CDYL1awas used for these studies, the exact relation of G9a,
CDYL1, and their methylation within the REST-CoREST com-
plex needs further investigation. In any case, it has to be noted
that a large fraction of CDYL1b exists outside of the REST-
CoREST complex, likely targeting other methyl-lysine residues
(see Ref. 22).5

Besides the chromodomain the ECH-like domain is likely
central to CDYL1 and CDY protein family function. These
regions show a very high degree of conservation, whereas the
linking hinge region ismore variable. It was originally suggested
that the ECH-like domain of CDY and CDYL1 might have
intrinsic histone acetyltransferase activity (24).However, struc-
tural analysis andmodelingmakes it unlikely that acetyl-CoA is
indeed a substrate of theCDYL1ECH-like domain (49). Indeed,
we have failed to reproduce histone acetyltransferase activity of
CDY family proteins.5 Nevertheless, it was found that the
CDYL1 ECH-like domain interacts with CoA. Although CoA
can indeed be modeled onto the structure of CDYL1 it remains

5 H. Franz and W. Fischle, unpublished observations.

FIGURE 5. CDYL1b multimerizes via its ECH-like domain. A, sequence alignment of the human CDYL1 ECH-like domain with mitochondrial (ECHM) and
peroxisomal enoyl-CoA hydratases (ECHP). Identical residues are highlighted in red; homolog residues are highlighted in orange. Secondary structure elements
of ECH enzymes are indicated on the top. Stars mark residues directly involved in ECH catalysis. Blue box, catalytic center; yellow box, adenine binding site.
B, tertiary and quaternary structures of human CDYL1 (1gtr, red) and rat ECHP (1dub, blue) as determined by x-ray crystallography are shown. The image on the
right represents an overlay of hCDYL1 and rECHP structures. Different color shading indicates different polypeptides. C, schematic representation of XlCDYL1
constructs used for immunoprecipitation and immunofluorescence experiments (see D, and Figs. 6 and 7A). Domain boundaries of the mutant proteins are as
indicated by the aa positions. D, the FLAG-tagged CDYL1 proteins indicated on the bottom were produced by in vitro translation together with full-length
YFP-CDYL1b. Expressed proteins (input) as well as material bound to beads (mock) or anti-FLAG antibodies (FLAG IP) were analyzed by Western blotting using
the indicated antibodies. Arrowhead marks position of YFP-CDYL1b; asterisks mark antibody heavy and light chain.

FIGURE 6. CDYL1b multimerization is required for H3K9me3 chromatin interaction. The indicated FLAG-
tagged XlCDYL1 proteins were produced by in vitro translation and incubated with recombinant 12-mer oli-
gonucleosomal arrays reconstituted with the indicated H3 species. Recombinant chromatin was precipitated
by addition of Mg2# as described under “Experimental Procedures.” Western blot analysis of in vitro translated
recombinant proteins (input) and material recovered after centrifugation using the indicated antibodies is
shown. Mock, precipitation in the absence of added recombinant chromatin.

H3K9me3 Chromatin Binding of CDYL1

DECEMBER 11, 2009 • VOLUME 284 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 35057

 at unknown institution, on January 13, 2010
www.jbc.org

Downloaded from
 

http://www.jbc.org/content/suppl/2009/10/05/M109.052332.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


to be determined whether CoA is a substrate, substrate carrier,
or possibly an allosteric regulator.
Our studies indicate that a major function of the ECH-like

domain resides in multimerization. Indeed, only CDYL1 that
can interact with itself is directed to H3K9me3 heterochro-
matin, but a functional chromodomain on itself is not capa-
ble of this targeting. Although the CDYL1b chromodomain/
H3K9me3 interaction at 2 #M is comparable with other
chromodomain methylhistone peptide interactions (12, 34), it
is nevertheless, weak. We hypothesize that CDYL1b protein
multimerization generates amultivalent bindingmode that sig-
nificantly enhances interaction (46). Similar behavior has been
suggested for HP1, which dimerizes via a C-terminal chro-
moshadow domain. Mutations that affect HP1 dimerization as
well as overexpression of the chromoshadow domain alone
cause dissociation of HP1 from heterochromatin (50, 51). Fur-
ther studies are required to directly analyze and quantify the
impact of ECH-like domain multimerization onto CDYL1b/
H3K9me3 chromatin binding.
Our results also show that multimerization of CDYL1 might

not be limited to the ECH-like domain, but could also be medi-
ated by additional regions of the protein. Although it is cur-
rently unclear how many CDYL1 polypeptides do associate to
form chromatin binding complexes, structural analysis of the

homologous CDY has found evidence for hexamerization
beyond trimerization (PDB 2fw2) (49). Obviously, stronger
chromatin interaction will result from the presence of extra
H3K9me3 binding sites if additional associations are sterically
possible. Indeed, multiple histone modification binding
domains in complexes or multimerization of individual chro-
matin readout factors could be key in reading and translating
histone modifications by establishing robust interaction.
Enhancement of binding via multimerization could possibly
explain the obvious strong targeting of CDYL1b to sites of
H3K9me3 in vivo compared with not much weaker binding to
H3K27me3 in vitro.
Another aspect of CDYL1b multimerization besides gener-

ating binding strength could be affecting chromatin structure
and behavior by binding multiple regions simultaneously.
Although multivalent binding of chromatin factors to histone
modifications has not yet been demonstrated and whereas
effects of multiple binding events have not been analyzed, we
wonder whether such interaction could be involved in estab-
lishing or maintaining higher order chromatin structures. In
this sense CDYL1 might act as a chromatin architectural pro-
tein enhancing the transition of 10-nm fibers to 30-nm struc-
tures and higher order chromatin arrangements (52).

FIGURE 7. CDYL1b subnuclear localization is dependent on multimerization. A, the FLAG-tagged CDYL1 proteins indicated on the left were transiently
expressed in MEF WT cells. Immunofluorescence analysis was carried out using the indicated antibodies. Images representative of a large number of analyzed
cells are shown. B, MEF WT cells were transfected using the indicated ratios of CDYL1c"NLS-myc and CDYL1b-HA or CDYL1c-myc and CDYL1b-HA plasmids.
Immunofluorescence analysis was carried out using the indicated antibodies. DNA was visualized using 4$,6-diamidino-2-phenylindole (DAPI). Bars represent
7.5 #m.
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Mecklenbräuker, I., Viale, A., Rudensky, E., Zhou, M.M., Chait, B. T., and
Tarakhovsky, A. (2007)Mol. Cell 27, 596–608

20. Lakowski, B., Roelens, I., and Jacob, S. (2006) J.Mol. Neurosci. 29, 227–239
21. Kuppuswamy,M., Vijayalingam, S., Zhao, L. J., Zhou, Y., Subramanian, T.,

Ryerse, J., and Chinnadurai, G. (2008)Mol. Cell. Biol. 28, 269–281
22. Mulligan, P.,Westbrook, T. F., Ottinger,M., Pavlova,N., Chang, B.,Macia,

E., Shi, Y. J., Barretina, J., Liu, J., Howley, P. M., Elledge, S. J., and Shi, Y.
(2008)Mol. Cell 32, 718–726

23. Caron, C., Pivot-Pajot, C., van Grunsven, L. A., Col, E., Lestrat, C., Rous-

seaux, S., and Khochbin, S. (2003) EMBO Rep. 4, 877–882
24. Lahn, B. T., Tang, Z. L., Zhou, J., Barndt, R. J., Parvinen,M., Allis, C. D., and

Page, D. C. (2002) Proc. Natl. Acad. Sci. U.S.A. 99, 8707–8712
25. Kim, J. J., and Battaile, K. P. (2002) Curr. Opin. Struct. Biol. 12, 721–728
26. Hamed, R. B., Batchelar, E. T., Clifton, I. J., and Schofield, C. J. (2008) Cell

Mol. Life Sci. 65, 2507–2527
27. Luger, K., Rechsteiner, T. J., Flaus, A. J., Waye, M.M., and Richmond, T. J.

(1997) J. Mol. Biol. 272, 301–311
28. Shogren-Knaak, M. A., and Peterson, C. L. (2004)Methods Enzymol. 375,

62–76
29. Huynh, V. A., Robinson, P. J., and Rhodes, D. (2005) J. Mol. Biol. 345,

957–968
30. Leuba, S. H., and Bustamante, C. (1999)Methods Mol. Biol. 119, 143–160
31. Shevchenko, A., Wilm, M., Vorm, O., and Mann, M. (1996) Anal. Chem.

68, 850–858
32. Jacobs, S. A., Fischle, W., and Khorasanizadeh, S. (2004) Methods Enzy-

mol. 376, 131–148
33. Li, X., Liang, J., Yu, H., Su, B., Xiao, C., Shang, Y., and Wang, W. (2007)

Trends Genet. 23, 427–431
34. Jacobs, S. A., and Khorasanizadeh, S. (2002) Science 295, 2080–2083
35. Vagnarelli, P., and Earnshaw, W. C. (2004) Chromosoma 113, 211–222
36. Fischle,W., Tseng, B. S., Dormann, H. L., Ueberheide, B.M., Garcia, B. A.,

Shabanowitz, J., Hunt, D. F., Funabiki, H., and Allis, C. D. (2005) Nature
438, 1116–1122

37. Hirota, T., Lipp, J. J., Toh, B. H., and Peters, J. M. (2005) Nature 438,
1176–1180

38. Fischle, W., Wang, Y., and Allis, C. D. (2003) Nature 425, 475–479
39. Eskeland, R., Eberharter, A., and Imhof, A. (2007) Mol. Cell. Biol. 27,

453–465
40. Muralidharan, V., and Muir, T. W. (2006) Nat. Methods 3, 429–438
41. Lowary, P. T., and Widom, J. (1998) J. Mol. Biol. 276, 19–42
42. Völkel, P., and Angrand, P. O. (2007) Biochimie 89, 1–20
43. Peters, A. H., O’Carroll, D., Scherthan, H., Mechtler, K., Sauer, S., Schöfer,

C., Weipoltshammer, K., Pagani, M., Lachner, M., Kohlmaier, A., Opravil,
S., Doyle, M., Sibilia, M., and Jenuwein, T. (2001) Cell 107, 323–337

44. Palosaari, P. M., Vihinen, M., Mäntsälä, P. I., Alexson, S. E., Pihlajaniemi,
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5 Additional results 

5.1 CDYL1b function at heterochromatin 

Proteins of the CDY family were shown to function as histone acetyltransferases in human 

spermatogenesis [114]. Expression of histone acetyltransferases in cells lead to an enrichment 

of the overall acetylation status of chromatin [116]. To test if CDYL1b is also a histone 

transferase in somatic-like cells, overexpression experiments in MEF cells were carried out. 

In addition chromatin effector proteins such as histone deacetylases HDAC1 or HDAC2, 

histone methyltransferase G9a and histone demethylase LSD1 were found to interact with 

CDYL1 directly or within a complex [62, 101, 102]. Histone deacetylases reduce the 

acetylation status of histone 3 [117, 118], G9a is able to methylate the lysine 9 of histone 3 

[119, 120] and LSD1 removes the active mark methylation of lysine 4 of histone 3 [121]. 

These findings lead to the second hypothesis that CDYL1 might function as recruitment 

platform within heterochromatic regions. Thus different amounts of CDYL1b on 

heterochromatic regions could result in changes in the overall modification status of histones.  

Thirdly, one former study revealed that CDYL1 is able to repress transcription [101] with its 

C-terminal domain. To verify these results and to map the repressive regions in CDYL1 

proteins, luciferase assays were accomplished. 

 

5.1.1 CDYL1b expression has no influence on histone modifications 

To test if CDYL1b is a histone acetyltransferase and acts as recruitment platform for 

heterochromatic factors, FLAG-tagged CDYL1b was expressed in MEF cells. CDYL1b was 

stained with an antibody against its FLAG tag and the DNA with DAPI. Several histone 

modifications were detected with specific antibodies. The level of histone acetylation, 

H3K4me1, H3K4me2, H3K4me3, H3K9me1, H3K9me2 and H3K9me3 was analyzed on a 

single cell level (Figure 5-1). Representative pictures are shown and reveal that the variability 

of the inspected histone modification status is not dependent on CDYL1b expression.  

Although it is still possible that CDYL1b acts as histone acetyltransferase or as recruitment 

factor for chromatin modifying enzymes in special cases, these experiments show that the 

modulation of histone modification level is not changed by CDYL1b expression.  
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Figure 5-1 CDYL1b overexpression does not influence overall histone modification level 

NIH3T3 cells were transfected with FLAG-tagged CDYL1b and stained with FLAG, antibodies 
against the represented histone modifications and DAPI as DNA-coloring dye. Representative pictures 
for each histone modification are shown. Bar = 25 m. 
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5.1.2 CDYL1 has at least two repressive activities 

Previous studies revealed that CDYL1 is able to repress transcription [101] with its C-

terminal domain. To map the repressive activity of the protein, different GAL4-tagged 

constructs of CDYL1 were cloned (compare with chapter 7.2.2). These constructs were 

transfected into HEK293 cells together with a plasmid containing the GAL4-binding sites 

UAS in front of the tyrosine kinase promotor and following the firefly luciferase gene. A 

plasmid containing a renilla luciferase gene controlled by a CMV- promotor was used as an 

intrinsic transfection efficiency measurement. The luciferase expression was determined by 

substrate turnover, which produces countable luminosity. The firefly luminosity was then 

normalized to the renilla signal as well as to untransfected controls, determining the 

background signal.   

 

Figure 5-2 CDYL1b harbors two repressive activities. 

Dual luciferase assay with GAL4-tagged CDYL1b constructs cloned from the Xenopus laevis 
CDYL1b (compare also with 7.2.2 and 7.4.6). Error bars represent s.e.m. from three independent 
experiments. 
 
 
This dual luciferase assay showed clearly (Figure 5-2) that GAL4-tagged CDYL1b is able to 

repress firefly luciferase transcription compared to the control. The chromodomain alone 
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improves the transcription of the reporter about 1.4 fold in contrast to the hingeECH, which 

combines the whole repressive activity of the protein. Interestingly, two different constructs, 

one containing the chromodomain and a part of the hinge region and the other one harboring 

the whole part of the CDYL1c variant, were both able to repress the firefly luciferase 

transcription. These observations reveal that CDYL1b has at least two transcriptional 

repressor activities. 

 

5.2 CDYL1b regulation  

At the onset of mitosis Aurora B phosphorylates serine 10 to induce phosphorylation 

dependent chromatin changes [122]. This serine 10 phosphorylation mark prevents the 

heterochromatic protein HP1 from binding to H3K9me3 modification [27, 123]. 

Fluorescence polarization experiments described in chapter 4 show that the chromodomain of 

CDYL1b binds with a Kd of 2 M to a histone H3 peptide (aa 1-20) carrying a trimethylation 

on lysine 9. Phosphorylation of the neighboring serine 10 abolishes this interaction (Kd value 

of above 400 M). To test if serine phosporylation also inhibits CDYL1b localization to 

H3K9me3 enriched loci in cell culture, immunofluorescence experiments were performed.  

In addition, it was shown that heterochromatic regions are sequestered to the nuclear 

periphery and that the localization of the chromatin correlates with the transcriptional activity 

of the region [124]. Thus repressed sections of the DNA are found close to the nuclear 

membrane whereas transcribed regions are located within the nucleoplasm in much closer 

proximity to the center of the nucleus. The targeting of CDYL1b to the promotor of a 

luciferase leads to repression of its transcription (Figure 5-2). Thus it is possible that also 

CDYL1 acts as a sequestering factor for genes that are actively repressed. 

 

5.2.1 CDYL1b is displaced from chromatin during mitosis 

To test if histone H3 serine 10 phosphorylation regulates CDYL1b localization, MEF cells 

were transfected with FLAG-tagged hCDYL1b and stained with FLAG and 

H3K9me3S10ph. Cells in different phases during mitosis such as G2/M transistion, 

metaphase, anaphase and telophase as defined by DNA staining were imaged by confocal 

microscopy (Figure 5-3). Thus CDYL1b is displaced from chromatin when serine 10 is 

phosphorylated at the beginning of mitosis (G2/M transition). Dephosphorylation of histone 

H3 serine 10 in telophase is correlated with the relocalization of CDYL1b to chromatin.  
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Figure 5-3 CDYL1b delocalizes from chromatin during mitosis 

MEF cells were transfected with FLAG-tagged hCDYL1b and stained with antibodies against the 
FLAG tag and the histone H3 carrying a tri-methylation on lysine 9 and a phosphorylation on the 
neighboring serine 10. The DNA was stained with DAPI. Representative cells in different stages 
during mitosis are shown. 
 
 

Together with the findings that CDYL1b chromodomain bind to H3K9me3 peptides but not 

to H3K9me3S10ph peptides desribed in chapter 4, these results provide evidence that 

CDYL1b binding to heterochromatin is regulated by histone H3 serine 10 phosphorylation. 
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5.2.2 CDYL1b associates with the nuclear membrane/matrix 

To test if CDYL1 is sequestered to a special nuclear compartment, fractionation experiments 

were carried out. Membranes belong to the insoluble fraction in a classical nuclear extraction 

experiment (Figure 5-4). In contrast to Lamin B, CDYL1b was extracted from the insoluble 

fraction with a buffer containing 420 mM salt.  

To answer the question if CDYL1 might be associated with membranes, a membrane 

extraction experiment was performed. For this experiment the prepared HeLaS3 nuclei were 

treated with the DNA/RNA digesting enzyme Benzonase. A centrifugation step pelleted the 

membrane and matrix proteins whereas chromatin or DNA-only associated proteins remained 

in the supernatant. Therefore proteins such as the TATA-box binding protein TBP are mainly 

solubilized and can be detected in the nuclear soluble fraction. The core histone H2A was 

found within the nuclear soluble fraction as well as associated with membranes. 

Interestingly, CDYL1 was not separated from the membranes by this treatment. CDYL1 

stayed associated with the Lamin B containing portion of the cell. To test at which salt 

concentration the association of CDYL1 to membranes is disrupted, the membranes were 

incubated with different salt concentrations. Lamin B as well as histone H3 were associated 

with the isolated membranes until a concentration of 500 mM salt. 

In contrast to that the heterochromatic protein LSD1, lysine-specific demethylase 1, and 

CDYL1 were partially washed off the membranes at 300 mM salt. Above 400 mM CDYL1 

was completely detached from membranes. The observation that the CDYL1-membrane 

association was dependent on salt concentration excludes hydrophobic interactions with the 

membrane. Nevertheless it is possible that CDYL1 binds to membrane associated factors or 

nuclear matrix proteins via ionic bonds, which are highly sensitive to salt concentrations. 
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Figure 5-4 CDYL1 associates with nuclear membranes 

A, nuclear extraction of HeLaS3 cells. Western Blot of the cytosol, nuclear proteins extracted with 420 
mM salt (nuclear extract) and the insoluble chromatin fraction is shown examined with antibodies 
against CDYL1, Lamin B, TATA-box binding protein TBP and histone H2A. B, membrane extraction 
of HeLaS3 cells. Cytosol, soluble nuclear protein extracted using Benzonase digestion, and the nuclear 
membrane/matrix fraction were blotted and stained with the same antibodies as in A. C, membrane 
treatment with different salt concentrations. Membranes were extracted with increasing amounts of 
salt. From each extraction step pellet and soluble fraction are probed. Western Blots of CDYL1, 
LSD1, Lamin B and histone H3 were performed. Ponceau stain of the Western Blot membrane 
inidicated equal loading of the gel. M: marker, I: 20% input. 
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To map the region of CDY that associates with membranes, the FLAG-tagged splicing 

variants CDYL1a, b, c were transfected into HEK293 cells and were used for membrane 

isolation experiments. As presented in Figure 5-5 CDYL1a and b showed no differences in 

membrane/matrix association. Interestingly, the CDYL1c splicing variant was not enriched in 

the membrane but in the nuclear soluble fraction. This leads to the conclusion that the 

chromohinge region of the CDYL1 protein might be necessary to establish an interaction to 

the nuclear membrane or with the nuclear matrix.  

 

 

Figure 5-5 CDYL1a and b are membrane associated 

HEK293 cells were transfected with FLAG-tagged CDYL1a, b or c. The nuclei of the cells were 
extracted and the cytosol was saved. The chromatin was digested with Benzonase. The nuclear 
remnants such as membranes and matrices were pelleted via centrifugation. The supernatant contained 
the soluble nuclear proteins. 
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5.3  CDYL1b is a substrate of PRMT5 

As described in chapter 1.2.5, fractionation experiments of cellular extracts revealed that 

CDYL1 is not only a part of multiprotein complexes such as CoREST. A large portion of 

CDYL1 is not co-fractionated with the complex proteins. This observation leads to the 

hypothesis that CDYL1 has other functions than acting in the CoREST complex and possibly 

has also other interaction partners. It is also likely that these interaction partners support or 

even mediate the transcriptional repression seen with CDYL1 targeting. To test this 

hypothesis different strategies of finding new interaction partners of CDYL1 were conducted. 

 

5.3.1 Identification of PRMT5 as interaction partner of CDYL1b 

To identify new interaction partners of CDYL1b, two different strategies an indirect pulldown 

and an immunoprecipitation (IP) were carried out. First, pulldown experiments were 

performed using bead-coupled histone H3 peptides in HeLaS3 nuclear extracts. Peptides 

unmodified or trimethylated on lysine 9 were used. Beads without coupled peptide served as a 

negative control.  

 

Figure 5-6 Identification of PRMT5 as an interaction partner of CDYL1b 

A, Pulldown experiment with mock control, unmodified or lysine 9 trimethylated histone H3 peptide 
(1-20) out of HeLaS3 nuclear extract. Fractions bound to the peptides were loaded on a SDS-PAGE 
and were analyzed via mass spectrometry. Factors exclusively bound to H3K9me3 were extracted 
from mass spectrometry results employing R comparisons with the proteins bound to mock control 
and unmodified peptide. An arbitrary cut-off of at least 2 unique peptides was applied. Sequence 
coverage and unique peptides of the H3K9me3 enriched factor PRMT5 are shown. B, 
Immunoprecipitation of FLAG-tagged CDYL1b out of HEK293 cells was performed with following 
mass spectrometry analysis. Interaction factors of CDYL1b were extracted by R comparison to mock 
contol (cut-off: unique peptides 2). Sequence coverage and the number of unique peptides of the 
identified PRMT5 are shown.  
 
 
The protein fraction bound to the corresponding peptide was loaded on a SDS-PAGE and 

analyzed via mass spectrometry. Proteins only appearing in the H3K9me3 bound fraction 

identified with at least two unique peptides were extracted from the data set using the 



CHAPTER 5 – Additional results 

38 

statistical program R (for R protocol see chapter 8.4). Among 37 specifically identified 

proteins CDYL1 was found with 12 identified peptides (for complete results see 8.5.1). 

PRMT5, a arginine-methyltransferase modifying histones [125] and other nuclear proteins 

[126], was discovered with 2 unique peptides (Figure 5-6A). Therefore PRMT5 is a factor 

interacting directly or indirectly via another protein with the heterochromatic modification 

H3K9me3 (for further description of the experiments see chapter 4/Figure 1A). 

 

Figure 5-7 Verification of PRMT5 as interaction partner of CDYL1b 

A, Immunoprecipitation of FLAG-tagged CDYL1b out of HEK293 nuclear extract. Input, mock 
control and CDYL1b-FLAG-IP were loaded on an SDS-gel with following Western Blot. The blotted 
proteins were detected with the antibodies FLAG and PRMT5. B, Immunoprecipitation of 
transfected myc-tagged PRMT5 out of HEK293 nuclear extracts. The samples were loaded on a SDS-
gel and were then analyzed via Western Blot. The membrane was stained with myc and CDYL 
antibodies. C, Indicated FLAG-tagged CDYL1b constructs were transfected into HEK293 cells, 
immunoprecipitation and Western Blot analysis was performed as described in A.  
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Secondly, HEK293 cells were transfected with FLAG-tagged CDYL1b and nuclear extracts 

were prepared. The extracts containing FLAG-tagged CDYL1b were used to find interaction 

partners of CDYL1b by immunoprecipitation. Untransfected HEK293 cells were used as 

negative control. Proteins only found in the CDYL1b-FLAG-IP above an arbitrary cut-off of 

at least two unique peptides were extracted from the mass spectrometry data via R (see 8.4 for 

R protocol, see 8.5.2 for complete results). Among 98 identified factors binding to CDYL1b, 

PRMT5 was identified with 8 unique peptides (Figure 5-6B). For this reason PRMT5 was 

within the group of 13 factors with the highest number of identified peptides and have a high 

probability of interacting with CDYL1b.  

To verify these results independent IPs were carried out. FLAG-tagged CDYL1b was 

transfected into HEK293 cells and immunoprecipitated via its FLAG-tag. The 

immunoprecipitation results were analyzed via Western Blot (Figure 5-7A). The blotted 

proteins were detected with an antibody against the FLAG-tag of CDYL1b and an antibody 

against PRMT5. Compared to the control lane, CDYL1b is able to co-precipitate nuclear 

PRMT5. These results confirm the mass spectrometry results of Figure 5-6. In a reverse 

experiment of immunoprecipitation of transfected myc-tagged PRMT5 followed by analysis 

via SDS-PAGE and Western Blot (detection of proteins with myc and CDYL1) a co-

precipitation of endogenous CDYL1 was detected (Figure 5-7B). PRMT5 was therefore able 

to interact with CDYL1b. 

To map the interaction surface of PRMT5, different FLAG-tagged deletion constructs of 

CDYL1b were transfected into HEK293 cells. The truncated versions of CDYL1b were 

immunoprecipitated from nuclear extracts and examined by Western Blot with FLAG and 

PRMT5 antibodies (Figure 5-7C). The immunoprecipitaions revealed that the 

chromodomain as well as the chromodomain connected to the hinge region were able to co-

precipitate PRMT5. In contrast, the construct covering the whole C-terminal region of the 

protein (CDYL1c) was not able to co-precipitate PRMT5. CDYL1b therefore interacts with 

PRMT5 with its chromodomain and its hinge region. 

 

5.3.2 PRMT5 methylates CDYL1b R80 in vitro 

PRMT5 is a type II arginine methyltransferase mediating symmetric dimethylation of arginine 

residues. PRMT5 is implicated in various cytoplasmic processes including modulation of 

signaling cascades and biogenesis of small nuclear ribonucleotide proteins [127, 128]. 

PRMT5 also has nuclear functions that are not yet clearly understood. For example PRMT5 

methylates histone H3R8 and histone H4R3 and thereby downregulates transcription [24, 125, 
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129]. In addition non-histone proteins such as p53 or the elongation factor SPT5 are regulated 

by arginine methylation mediated by PRMT5 [130, 131].  

As seen in Figure 5-7, the interaction between PRMT5 and CDYL1b appeared to be rather 

weak. Therefore it is possible that PRMT5 binds to CDYL1b in order to modify it and to 

regulate CDYL1b mediated transcriptional repression.  

To test this hypothesis an in vitro methyltransferase assay for a PRMT5-mediated reaction 

was established. Myc-tagged PRMT5 was transfected into HEK293 cells and was 

immunoprecipitated with a myc antibody bound to magnetic beads. As a control, beads 

without myc antibody were used for the immunoprecipitation (mock-IP). The beads with or 

without the PRMT5 protein were incubated with recombinant CDYL1b constructs expressed 

in E.coli in the presence of 3H-S-adenosyl-methionine.  

A Coomassie stained gel and autoradiograph of the reaction are shown in Figure 5-8A. Lanes 

one and two of this gel and its corresponding autoradiograph demonstrated that PRMT5 was 

able to modify CDYL1b full-length protein.  

The modified residues were lying within the hinge region of the CDYL1b protein because in 

contrast to the hinge region (lane seven and eight) CDYL1c and the chromodomain alone 

were not modified by PRMT5.  

The hinge region of CDYL1b contains an ARKS-like motif as shown in Figure 5-8B. PRMT5 

is able to methylate arginine residues of histones within the ARKS motif. Thus it is likely that 

PRMT5 modifies CDYL1b within this amino acid sequence. To test this hypothesis the 

arginine 80 residue of CDYL1b was mutated to an alanine. Wild type CDYL1b and the 

mutant CDYL1b R80A were expressed in E.coli and used for methyltransferase assays as 

described. Figure 5-8C reveals that the PRMT5 methylation reaction on CDYL1b was 

abolished by the mutation of arginine 80. Therefore arginine 80 lying within the hinge region 

of CDYL1b was the target of PRMT5-mediated methylation. 
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Figure 5-8 PRMT5 modifies R80 of CDYL1b in vitro 

A, Methyltransferase assay with immunoprecipitated myc-tagged PRMT5 or with beads alone (mock-
IP) and recombinant CDYL1b constructs (CDYL1b: 60 kDa, CDYL1c: 35 kDa, chromodomain: 8 
kDa, hingeregion: 18 kDa). Coomassie stain and autoradiograph of the experiment are shown. B, 
sequence of aa 70-90 of the CDYL1b hinge region with marked ARKQ motif. Orange arginine residue 
was mutated to an alanine. C, Methyltransferase assay as described in A with wt CDYL1b and 
CDYL1b R80A. In addition, Western Blot of recombinant proteins is shown.  
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5.3.3 CDYL1b R80 methylation has only a minor effect on transcriptional 

repression 

As shown in Figure 5-2 CDYL1b represses transcription. CDYL1b was methylated by the 

arginine methyltransferase PRMT5 at arginine 80 in vitro. Arginine methylation of factors 

such as the transcription elongation factor SPT5 lead to transcriptional repression [126].  

 

 

Figure 5-9 CDYL1b R80 methylation has a minor effect on transcriptional repression 

Dual luciferase assay of the Gal4-tagged Xenopus laevis constructs CDYL1b, CDYL1b R80A, 
chromohinge NLS and chromohinge NLS R80A. Percentage of the effect relative to wild type 
CDYL1b is plotted. Error bars represent s.e.m of three independent experiments. p-values: calculated 
with a standard Student t-test. 
 
 
It is also possible that CDYL1b arginine methylation leads to transcriptional repression. A 

mutation of the methylated arginine residue might therefore affect the CDYL1b mediated 

transcriptional repression. To test this hypothesis, the aginine 80 residues of the Gal4-tagged 

CDYL1b and the Gal4-tagged chromohinge NLS were mutated to alanine. The mutated 

constructs were tested in a dual luciferase assay in comparison to the wt proteins. As shown in 

Figure 5-9, the mutation of the arginine residue had only a minor effect on the repressive 

abilities of CDYL1b. The repression of CDYL1b R80A and chromohinge NLS R80A was 

about 13% reduced. P-values were determined with a two-tailed, paired, standard Students t-

test. The difference between chromohinge NLS and the corresponding mutant was 

significant.  
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According to these results, it is not likely that arginine methylation of CDYL1b hinge 

mediates the whole repressive effect on transcription.  

 

5.4 Function of CDYL1b during Xenpous laevis development 

The first common ancestor of the CDY protein family appears in chordates (1.2.2). CDYL1 as 

well as CDYL2 are very conserved in the vertebrate lineage. Database analysis revealed that 

the CDYL1 gene is expressed in Xenopus laevis in oocytes, during gastrula and during neurula 

stages. Interestingly, mouse in situ hybridizations published on genepaint.org showed an 

expression of CDYL1 during embryogenesis. Therefore, it is likely that the evolution and the 

expression of CDYL1 are coincident with the acquisition of new abilities within the chordate 

lineage. It is possible that this function is connected to the CDYL1 function to bind to 

heterochromatic regions enriched in H3K9me3. To determine whether CDYL1 has a function 

in development, the model organism Xenopus laevis was used for initial CDYL1 knock down 

and overexpression experiments.  

 

5.4.1 Expression of CDYL1b during Xenopus laevis development 

To test the hypothesis of a putative CDYL1b function during development, CDYL1b 

expression was examined during Xenopus laevis maturity. First, the expression of xlCDYL1b 

was profiled on mRNA level.  

As shown in Figure 5-10A the xlCDYL1b mRNA levels did not change within the stages 10.5 

to 40 compared to the ornithine decarboxylase, a house keeping gene, which is permanently 

expressed. Next, in situ hybridizations with a probe against the mRNA of xlCDYL1b were 

performed to identify regions of increased xlCDYL1b expression (Figure 5-10B). Therefore 

embryos of different stages were stained. As presented xlCDYL1b mRNA is not enriched in 

specialized regions until stage 29/30. At that point xlCDYL1b was highly enriched in the eye 

placode as well as within the ear placode. In stage 32, neural tissues neighboring ear and eye 

placode showed increased xlCDYL1b expression. The other tissues all had an equally low 

amount of xlCDYL1b mRNA expression. 
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Figure 5-10 Expression of CDYL1b during Xenopus laevis development  

A, RNA of Xenopus laevis embryos was extracted, reverse transcribed and used for PCR reactions 
with following gel electrophoresis clarifying the mRNA expression status of the CDYL1 gene. The 
non-cycling ornithine decarboxylase was used as a control.  B, Whole mount in situ hybridizations of 
Xenopus laevis embryos. Antisense probe obtained from the xlCDYL1b plasmid XL007a18 was used. 
Representative embryos are shown. Arrows indicate eye (stage 29/30) and ear placode (stage 31). 
 
 

5.4.2 CDYL1b overexpression in Xenopus laevis embryos 

The xlCDYL1b gene was transcribed during Xenopus laevis early development in comparable 

amounts. It is likely that the amount of xlCDYL1b mRNA in the cells is tightly regulated 

because of a very specialized function during development. Overexpression of the protein 

might lead therefore to a deregulated development. To shed light into this hypothesis, one-

cell-stage embryos were injected with different amounts of in vitro synthesized xlCDYL1b 

mRNA. 
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Figure 5-11 CDYL1b overexpression leads to developmental defects 

A and B, -galactosidase (lacZ) or xlCDYL1b sense mRNA were injected into one-cell-stage 
embryos in the indicated amounts. A, representative pictures of the main phenotypes in the injection 
experiments are shown. B, quantification of the Xenopus laevis phenotype prevalence. Counted 
embryos are given by n. S.e.m. was calculated from at least three independent experiments.  
 
 
As control -galactosidase mRNA was used. Figure 5-11 shows that xlCDYL1b 

overexpression led to a deregulated development of Xenopus laevis embryos. Increasing 

amounts of xlCDYL1b resulted in a shortening of the embryo at the dorsal site. Injection of 

0.5 ng of xlCDYL1b mRNA led to 30% phenotype within the population. Doubling the  

amount of xlCDYL1b mRNA increased this value to about 45%.  

Therefore it is likely that Xenopus laevis development is dependent on a normal xlCDYL1b 

level. 

 

5.4.3 Knock down of CDYL1b during development 

Verification of the overexpression phenotype of xlCDYL1b was achieved by a knock down 

experiment. If Xenopus laevis development might depend on a tight regulation frame of 

CDYL1b also lower amounts of the mRNA and therefore of the protein would result in 

developmental defects.  

To test this hypothesis, Morpholino oligomers targeted to the 5’UTR region of xlCDYL1b 

were synthesized (M). The oligomers were tested in comparison to controls (Control M) by 
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adding them to a normal in vitro transcription/translation experiment of a plasmid containing 

xlCDYL1b as well as a part of the 5‘UTR region.  

 

 

Figure 5-12 CDYL1b Morpholino efficiency 

Morpholinos were tested with in vitro transcription and translation experiments. A 5’UTR containing 
plasmid of xlCDYL1b-FLAG was transcribed/translated in presence of control Morpholinos (Control 
M) or xlCDYL1b Morpholino (M) in decreasing concentrations. Results were analyzed by SDS-
PAGE and Western Blot using an antibody against the FLAG-tag of the protein. 

  

 
Increasing amounts of Morpholino oligomer targeted against xlCDYL1b led to a decrease of 

xlCDYL1b production in comparison to the control (Figure 5-12). Next, 20 ng of the 

described oligomers were injected into one-cell-stage Xenopus laevis embryos. The embryos 

were grown as described and then examined in the tadpole stage.  

Embryos with a lower amount of xlCDYL1b developed a prolonged dorsal region with a 

smaller head size in comparison to the controls (shown in Figure 5-13A). This phenotype was 

seen in about 65% of knockdown CDYL1b embryos. Importantly, this phenotype was rescued 

by co-injection of different amounts of xlCDYL1b mRNA.  

250 pg of xCDYL1b mRNA reduced the prevalence of the phenotype within Xenopus laevis 

population to 35% (compare with Figure 5-13B). These experiments reveal that xlCDYL1b 

needs to be tightly regulated during embyogenesis. Up- or downregulation of the xlCDYL1b 

mRNA levels resulted in severe developmental defects. 
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Figure 5-13 Knock down of xlCDYL1b can be rescued with xlCDYL1b mRNA 

A and B, 20 ng of Control Morpholinos (Control M) or xlCDYL1b Morpholinos (M) lying within the 
5’ region of the xlCDYL1b gene were injected into one-cell-stage Xenopus laevis embyos. For rescue 
sense RNA of xlCDYL1b was co-injected in indicated amounts (62.5-250 pg). A, representative 
pictures of main phenotype occurring in controls, xlCDYL1b knock downs or rescued Xenopus laevis 
embryos. B, quantification of the phenotype prevalence in injection experiments. n displays the 
number of embryos injected. S.e.m of at least three independent experiments is shown. 
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6 General discussion 

6.1 Chromodomains of CDY family members 

6.1.1 Chromodomains of CDY family proteins bind to H3K9me3 

CDY family proteins contain a chromodomain, a connecting hinge region, and an ECH 

domain (compare with 1.2.3). Chromodomains are found in several nuclear proteins and they 

have been connected to chromatin organization and gene regulation [108]. Proteins such as 

HP1, Polycomb or CHD1 (Chromain helicase DNA-binding 1) contain chromodomains, 

which bind to methylated histones. Small amino acid exchanges within the chromodomains 

lead to specificity differences as shown for HP1 and Polycomb [111]. The preferred target of 

HP1 chromodomain is H3K9me3 and for Polycomb it is H3K27me3, both heterochromatic 

PTMs. In contrast, CHD1 can recognize H3K4me3, a hallmark of euchromatic regions, with 

its two neighboring chromodomains. 

As shown in chapter 3 and 4, chromodomains of the CDY family bind also to methylated 

lysine marks. From fourteen analyzed peptides, the major targets of CDY and of the CDYL1 

splicing variant CDYL1b chromodomains are H3K9me2 and with a slightly lower binding 

constant, and therefore better binding, H3K9me3 (chapter 3/Table 1 and chapter 4/Figure 3).  

CDYL2 binds to H3K9me2/me3 with a Kd comparable to the other family members but 

surprisingly it has an even higher affinity to H1K26me3 and testis H3K27me3.  

The binding behaviour to methylated histones is also reflected in the nuclear localization of 

the proteins. Whereas CDY and CDYL1b clearly colocalize with the heterochromatic regions 

enriched in H3K9me3, the CDYL2 distribution overlaps only partially with this modification 

(chapter 3/Figure 3 and chapter 4/Figure 4). A large proportion of the protein is also localized 

in the nucleoplasm with a difuse distribution or with a dotted-like structure without 

overlapping with H3K9me3. This and the evolutionary observations on a DNA level that 

CDYL1 and 2 diverged from each other long time ago and that CDY arose from a retro-

transposition event of a processed CDYL1 mRNA (1.2.2 and [103, 106, 114]), point to 

different and maybe very specific tasks of CDY family members within the cell nucleus. In 

addition, the very distinct expression patterns of the CDY proteins argue also for functional 

specifications within different tissues or cell types. Whereas CDYL1b mRNA is ubiquitously 

expressed at high levels (chapter 4/Figure 2), the CDY locus has a testis-specific gene 

expression [106]. In contrast the CDYL2 gene is transcribed at very low levels in all tested 

cell types or tissues and is upregulated in the spleen, prostate, testis and in leukocytes [114].  
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Taken together, the CDY family members CDY and CDYL1b but not CDYL2 are newly 

defined heterochromatic proteins, which might affect heterochromatin establishment and 

maintenance.  

 

6.1.2 Chromodomain differences within splicing variants  

Interestingly, not all CDY family members recognize histone modifications or methylated 

lysines. Splicing variants of the CDYL1 gene CDYL1a and also CDYL1c are not able to bind 

to H3K9me2/3 for different reasons. CDYL1c is lacking the whole chromodomain whereas 

CDYL1a harbors a non-functional chromodomain and a prolonged N-terminal part (compare 

with chapter 4/Figure 2A/Supplementary Figure 1). Both proteins are therefore not located at 

heterochromatin regions (chapter 4/Figure 4A). In contrast, CDYL1b distribution within the 

nucleus clearly overlaps with H3K9me3 enriched loci. This localization is dependent on 

Suv39h1/h2, the H3K9me3 methyltransferase. Knock out of the two isoforms lead to 

displacement of CDYL1b from heterochromatin (chapter 4/Figure 4). 

Presented in Figure 1-9 and also in chapter 4/Figure 2D, CDYL1a has only a few amino acid 

exchanges within the chromdomain compared to CDYL1b. The CDYL1a chromodomain 

lacks the first aromatic residue of the tri-aromatic cage and a neighboring glutamate, which 

establishes hydrogen bonds to the peptide backbone. Mutation of these two residues to 

corresponding amino acids in CDY improves the binding to H3K9me3 and leads to 

localization to H3K9me3 mark in 30% of the analyzed cells (chapter 3/Table 3 and Figure 5). 

Two proline residues are located in front of the chromodomain of CDYL1a. Additional 

mutations of these two proline residues within the CDYL1a chromodomain to amino acids 

found in CDY at this position restored the CDYL1a binding to H3K9 methylation. The 

localization to H3K9me3 enriched loci within the nucleus was rescued in 70% of all cases 

(chapter 3/Table 3 and Figure 5).  

Thus, a functional chromodomain is necessary for targeting CDYL1 to the heterochromatic 

mark H3K9me3.  

A further conclusion of these experiments is that splicing events (i.e. CDYL1a, CDYL1b, 

CDYL1c) of the CDYL1 mRNA can actively influence the ability of the protein to bind to 

H3K9me3. Interestingly, under normal conditions the mRNA of the CDYL1a splice variants 

is upregulated in testis and the CDYL1c mRNA occurs only at very low levels in all 

examined tissues and cell lines (compare with chapter 4B/Figure 2). Theoretically these 

splicing events could occur in developmental stages, specific cell types or in response to DNA 



CHAPTER 6 – General discussion 

50 

damage or oxidative stress to regulate if CDYL1 proteins are located at H3K9me3 dense 

heterochromatin or not.  

 

6.1.3 Chromodomain binding to non-histone targets 

As shown in chapter 3/Table 1 and Table 2 and chapter 4/Figure 3 CDY family proteins exept 

CDYL1a and CDYL1c recognize methylated lysines of non-histone proteins such as the 

automethylation site of the histone methyltransferase G9a. Earlier studies demonstrated a 

direct interaction between CDYL1b (referred as mRNA isoform 2 in the original publications) 

and G9a using recombinant proteins and within the CoREST complex [62, 102]. It is possible 

that this contact is stabilized or even established by the CDYL1b chromodomain interaction 

with methylated G9a on lysine 185. An argument for this hypothesis is that pulldown assays 

carried out with the CDYL1a splicing variant failed to demonstrate a CDYL1a/G9a 

interaction in vitro [132].  

Because CDYL1b chromodomain in contrast to the CDYL1a chromodomain is able to bind 

G9aK185me3 it is likely that the G9a/CDYL1 contact is mediated by the trimethylation mark 

(compare also with Figure 6-2). 

 

6.1.4 Regulation of CDY family chromodomain binding to H3K9me2/me3 

It is possible that CDY family proteins are not permanently associated with heterochromatin 

regions. One hint is supplied by the chromatin displacement of CDYL1b during mitosis 

(shown in Figure 5-3). The delocalization of the protein is correlated with the appearance of 

the phosphorylation of histone 3 serine 10 set by the kinase Aurora B [122]. The removal of 

the phorphorylation mark occurs at a time coincident with CDYL1b relocalization to 

H3K9me3 enriched regions. Thus it is possible that the CDYL1b localization to 

heterochromatin is regulated by the H3K9me3S10ph mark. This hypothesis is supported by in 

vitro binding studies, which reveal that CDYL1b chromodomain binding to H3K9me3 is 

abolished if the neighboring serine is phosphorylated (chapter 4/Figure 3C). Therefore it is 

likely that CDY family chromodomain binding to H3K9me3 is regulated by additional 

histone PTMs such as phosphorylation. This regulatory possibility was already shown for the 

heterochromatin protein 1 (HP1) [27] and indicates that this might be a mechanism for 

heterochromatin binding proteins in general or chromodomain containing proteins in 

particular. 
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A second regulation mechanism for chromodomains of CDY family proteins was recently 

suggested [133]. CDYL1 can be methylated by the histone methyltransferase G9a in vitro. 

The methylated lysine residue of CDYL1 is located C-terminal to the chromodomain but in 

very close proximity. Methylation of this CDYL1 lysine residue leads to a about 2-fold 

reduced CDYL1/H3K9me3 interaction. Thus G9a mediated methylation within CDYL1 

might negatively regulate the H3K9me3 binding. But interestingly, CDYL1a instead of 

CDYL1b was used for the study. The CDYL1a affinity to H3K9me3 is about 200-fold less 

than the affinity of CDYL1b and could have had a major influence on the represented results. 

A third regulation mechanism of the CDY protein chromodomain binding to H3K9me3 can 

be splicing events (compare with 6.1.2). The only splicing events known to date regard 

CDYL1. Splicing of the first three exons (exons 1, 2, 3) to the six last exons (exons 5, 6, 7, 8, 

9, 10) (chapter 4/Supplementary Figure 1) lead to a non-functional chromodomain in splicing 

variant CDYL1a. Alternatively exon 4 is spliced to the six 3’ exons resulting in CDYL1b 

having a functional chromodomain. Third, only the last six exons are spliced together 

producing the mRNA for CDYL1c, which lacks the chromodomain. It is likely that these 

splicing events are regulated since CDYL1a transcript is only expressed in testis, but further 

investigations are needed to provide detailed mechanism for CDYL1 splicing variant 

expression. 

 

6.2 ECH domains of CDY family proteins 

6.2.1 Functionality of the ECH domain of CDY family proteins 

The chromodomain of CDY family proteins is connected to – via a more flexible hinge region 

– an effector-like enoyl-CoA-hydratase domain. Previous studies showed that CDY and 

CDYL1 had histone acetyltransferase activity in vitro [114]. This activity was assigned to 

their ECH domain. Still not verified, it was demonstrated that CDYL1 directly interacts with 

coenzyme A [101]. In contrast to these results recent structural comparisons revealed no 

overlap of the ECH domain of the CDY family with the known histone acetyltransferases 

[134]. Rather CDY family proteins are similar to enzymes with an enoyl-CoA-hydratase fold. 

Enoyl-CoA-hydratases are thought to be involved in enzymatic reactions of the -oxidation 

within the peroxisome and the mitochondria. During these reactions enoyl-CoA-hydratases 

act as dehydrogenases, isomerases and/or hydratases on unsaturated CoA-coupled fatty acids 

[135]. From database searches, CDY family proteins seem to have the highest similiarity to 

enoyl-CoA-hydratases catalyzing isomerase reactions [134].  
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Interestingly, enoyl-CoA-hydratases are arranged in a propeller-like structure composed of 

three independent monomers. In addition, two trimers are able to interact to form a hexamer. 

Structurally, enoyl-CoA-hydratases can be divided into three groups according to the position 

of their C-terminal helix [134] and [136]. The first group contains enoyl-CoA-hydratases in 

which the C-terminus protrudes out of the monomeric unit and covers the active site of the 

neighboring monomer of the same trimer. Within the second group the C-terminus folds back 

to cover the active site of its monomer and C-termini of the third group of enoyl-CoA-

hydratases cross the trimer-trimer border and envelop the active site of an opposing trimer. As 

seen from structural comparisons (see chapter 4/Figure 5/Supplemental Figure 5 and [134]) 

the ECH domain of CDY family proteins belong to the second group of enoyl-CoA-

hydratases.  

Due to these structural and functional observations it is not likely that CDY family members 

are histone acetyltransferases. Rather it is possible that CDY family proteins have a function 

similar to the described enoyl-CoA-hydratases. 

However, closer inspections reveal that within CDY family proteins the three active residues 

of enoyl-CoA-hydratases (chapter 4/Figure5A) are exchanged. In addition, no amino acids 

forming the active pocket of enoyl-CoA-hydratases are present in the ECH domain of the 

CDY family (chapter 4/Supplementary Figure 5). Therefore it is likely that although CDY 

family members harbor a typical enoyl-CoA-hydratase fold they are not able to catalyze a 

typical enoyl-CoA-hydratase enzymatic reaction. 

Fascinatingly the ECH domain of CDY family members is the only known enoyl-CoA-

hydratase localizing to the nucleus. Unsaturated fatty acids as targets of enoyl-CoA-

hydratases can be mainly found as posttranslational modifications (e.g. myristoylation, 

prenylation) or integrated into the nuclear membrane (e.g. phospholipids and glycolipids) 

[137-139].   

Thus it is possible that the ECH domain of CDY family proteins has a very different newly 

evolved nuclear function, or more likely that it has no enzymatic activity and just maintained 

the enoyl-CoA-hydratase-like fold because of its multimerization.  

 

6.2.2 Multimerization of ECH domain 

As described in the previous section it is possible that the ECH domain of CDY family 

proteins kept the enoyl-CoA-hydratase-like-fold because of its multimerization. Several 

experiments described in chapter 4 demonstrate the importance of multimerization for the 

CDY family proteins on the example CDYL1b.  
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Although the chromodomain of CDYL1b binds clearly to the H3K9me3 modification in vitro, 

cell-based experiments reveal that the chromodomain alone is not sufficient to localize to 

H3K9me3 enriched loci in vivo (chapter 4/Figure 7). In contrast, full length CDYL1b 

localizes to DAPI-dense and H3K9me3 stained regions within the nucleus whereas the 

splicing variant CDYL1a - a natural chromodomain mutant – shows no overlap with these 

heterochromatic areas (chapter 4/Figure 4). Thus another region of CDY family proteins is 

needed for targeting to H3K9me3.  

Interestingly, the chromodomain directly connected to the CDYL1c, a CDYL1 splicing 

variant harboring mainly the ECH domain, is confined to H3K9me3 dense regions. The same 

construct lacking the C-terminal part has a diffuse distribution within the nucleus (chapter 

4/Figure 7). 

Recent structural observations predict that the C-terminus of the ECH containing CDYL1c is 

important for forming homomultimers [134]. Multimerization assays reveal that the C-

terminus of the CDYL1c variant is necessary to form ECH domain mediated oligomers 

(chapter 4/Figure 4). In addition, it was proven that the multimerization ability highly 

increases the CDYL1b association to H3K9me3 modified chromatin in vitro (chapter 4/Figure 

6). Therefore chromodomain and ECH domain mediated multimerization are essential for 

localization to H3K9me3 enriched heterochromatin.  

Interestingly, the connection between multimerization and localization is not only a CDY 

family specific pattern. Several other heterochromatin proteins are also able to multimerize. 

These include for example HP1, the DNA methyltransferase DNMT1 or the silencing protein 

Sir3 [140-142]. For HP1 it was shown that a single-point mutation within the dimerizing 

chromoshadow domain prevents the protein from localizing to H3K9me3 [143]. Thus 

multimerization might be a general prerequisite of heterochromatin-localized proteins.  

 

6.3 Regulation of CDY family proteins  

6.3.1 Regulation by expression, splicing events or by splicing variants 

As described, CDY family proteins evolved very different expression patterns (1.2.2 and 

chapter 4/Figure 2). Whereas CDYL1 has a ubiquitous expression pattern, CDY is only 

expressed in testis [106]. CDYL2 is also consistently transcribed and translated but at very 

low levels. In spleen, prostate, testis and in leukocytes the expression of the CDYL2 locus is 

upregulated [114]. The CDY expression was correlated with hyperacetylation of histones 

during spermatogenesis, but its detailed function at this time point remains unclear [114]. 
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In addition, splicing events regulate the CDYL1 mRNA expression (i.e. CDYL1a, b and c 

compare with chapter 4/Figure 2). As described only CDYL1b exhibits heterochromatic 

distribution. Interestingly artificial overexpression of CDYL1c in cell lines displaces 

CDYL1b from heterochromatin (chapter 4/Figure 7). This effect is not observed when 

CDYL1c lacks the C-terminus, which mediates multimerization. A similar effect was 

observed for HP1. Overexpression of the dimerizing chromoshadow domain led to the 

displacement of endogenous HP1 from heterochromatin [144].  

It is conceivable that the displacement of CDYL1b from heterochromatin by its splicing 

variants is a general regulation mechanism. It has been reported that CDYL1c has a very low 

expression level (chapter 4/Figure 2). However, CDYL1c expression levels were only 

determined in cell lines at mixed cell cycle stages and in fully differentiated tissues. Could it 

be possible that CDYL1c is upregulated at different stages in cell cycle or during 

development? If this were the case CDYL1c could regulate CDYL1b heterochromatin 

localization. Further CDYL1a has a multimerizing ECH domain. Upregulation of CDYL1a in 

testis could theoretically influence CDYL1b localization to the H3K9me3 modification. 

Interestingly, CDYL1a gradually alleviates the repression activity of CDYL1b as shown with 

luciferase reporter assays [145]. 

Regulation of chromatin compounds by alternatively spliced variants has been reported. It 

was shown that the function of heterochromatin proteins like the ING1 (inhibitor of growth 1) 

or the HDAC associated transcription factor IKZF3 (Ikaros family of zink fingers 3) are 

influenced by their splicing variants [146, 147]. ING1a/INGb ratios are important for 

senescence in human diploid fibroblasts and different IKZF3 splicing variant combinations 

influence the IKZF3 interaction abilities with Ikaros and HDAC-containing complexes. 

In this context, it might indeed be possible that combinatorial effects of its splicing variants 

influence also the CDYL1b interaction with H3K9me3 enriched heterochromatin regions. 

This would be one important mechanism to regulate CDYL1b function at heterochromatin. 

 

6.3.2 Sequestration to nuclear membranes 

The experiments shown in Chapter 5.2.2 demonstrate that endogenous CDYL1 can be 

associated with nuclear membranes. Washing the membranes with buffers containing 

increasing amounts of salt influences this association. Salt concentrations above 400 mM 

detached CDYL1 from membranes completely. Thus, it is likely that the CDYL1 membrane 

association is mediated by ionic bonds to membrane localized proteins rather than 

hydrophobic interactions. So far interactions between lamin or lamin-interacting proteins and 



CHAPTER 6 – General discussion 

55 

CDYL1 were not described. But it is known that CDYL1 interacts with HDAC1 and HDAC2 

[101]. HDAC1 is able to associate with membranes [148] and could therefore serve as 

CDYL1 anchoring protein. It also was shown that also the heterochromatin proteins 1 is 

dynamically associated with membranes in dependence of histone deacetylase activity [149].  

As shown by mutant analysis membrane association is mediated by the chromohinge region 

of CDYL1 (Figure 5-5). The nuclear envelope associated part of HP1 was as well mapped to 

its N-terminal region including the chromodomain [149]. Even so, immunofluorescence 

experiments (chapter 3 and 4) staining of transfected FLAG-tagged CDYL1 do not show 

membrane association. Thus it is possible that the membrane association of CDYL1 seen in 

fractionation experiments is a secondary effect of its multimerization attribute and its 

heterochromatic localization. 

Recent genome-wide studies show that silenced regions of chromatin, i.e. heterochromatin, 

locate close to the nuclear lamina in Drosophila Kc cells [150] as well as in human fibroblasts 

[151]. CDYL1b is located at heterochromatin regions enriched in H3K9me3 modification 

mark (chapter 4/Figure 4). It is known that heterochromatin in general is closely localized to 

the nuclear periphery [152]. Additionally, CDYL1b is able to built multimeric structures up to 

hexamers, which might influence its solubility in membrane extraction experiments. It is 

possible that this characteristic is even more enhanced in transfected cells overexpressing 

CDYL1b.  

Therefore it is likely that the nuclear lamina association of CDYL1b is a secondary effect, 

rather than a regulatory pathway, but further experiments are needed to solve that issue.  

 

6.3.3 Posttranslational modifications 

PTMs such as arginine methylation are known to regulate the function of proteins [153]. 

PRMT5 mono- or synchronously dimethylate arginine residues of histones and other proteins 

[154]. Arginine methylation plays important roles in transcriptional regulation by influencing 

protein-protein, protein-DNA or protein-RNA interactions [126]. For example, histone H3 

arginine 8 and histone H4 arginine R3 are modified by PRMT5 and are known to be 

implicated in transcriptional repression. The transcriptional elongation factor SPT5 is 

regulated by PRMT5 methylation as well. Mutation of the targeting sites leads to increased 

interaction with RNA polymerase II stimulated transcriptional elongation in vitro [130]. 

The experiments shown in chapter 5.3 demonstrate that the CDY family member CDYL1b is 

modified by the arginine methyltransferase PRMT5 at arginine 80 in vitro. Arginine 80 is 

embedded in a ARKQ motif, which is related to ARKS motifs found in histone and non-
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histone proteins. ARKS motifs are targeting sites for modifying enzymes as well as binding 

partners recognizing PTMs [95, 133]. 

As determined by luciferase reporter assays, mutation of arginine 80 to alanine led to a very 

minor decrease of transcriptional repression (Figure 5-9). Since CDYL1b has at least two 

repressive modalities and additionally interacts with repressive factors such as HDACs or 

G9a, it is possible that one mutation will not abolish the whole effect on transcription. Rather 

than influencing all CDYL1b function it is likely that the modification mediates or inhibits the 

contact to one interacting partner. 

G9a was shown to modify CDYL1 in vitro [133] at a lysine 81 directly neighboring arginine 

80. A modification on the residue next to the lysine residue might play a role in establishment 

or prevention of CDYL1 lysine methylation. The lysine 81 methylation can be removed by 

JMJD2A-C in vitro [155].  

Interestingly, mass spectrometry analysis revealed that CDYL1 is phosphorylated on serines 

(serine 86 and serine 88) in close proximity to the described modified amino acids during the 

cell cycle [156]. According to this study serine 86 phosphorylation appears only during 

mitosis. Phosphorylation is known to introduce negative charge in the modified amino acid 

sequence. Thus, a phosphorylation would definitely influence interaction partners that bind to 

the positively charged arginine and/or lysine residues. 

 

 

Figure 6-1 Possible model of CDYL1b interaction regulation by posttranslational modifications 

CD: chromodomain, ECH: enoyl-CoA-hydratase domain, M: methylation, P: phosphorylation. 
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Although lysine and arginine methylation of CDYL1 have still to be verified in vivo the 

ARKQ motif and its surrounding amino acids seem to be diversly modified. Interestingly, it 

was shown that CDYL1 interacting partners such as HDAC1 and HDAC2 bind to the ARKQ-

motif-containing region of CDYL1 [101]. HDACs are known to be associated with 

heterochromatin. During mitosis they are displaced from heterochromatin by an unknown 

mechanism [157].  

Interestingly, a comparable diversly modified region of thirty amino acids regulates the tumor 

suppressor p53 [158]. Lysine methylation within this area enhances or suppresses the p53 

transcriptional activity. Furthermore, demethylation by LSD1 prevents p53 interaction with its 

co-activator 53BP1 [158]. Protein arginine methyltransferases like PRMT1 or CARM1 co-

activate p53 and facilitate p53 mediated transcription [158]. Additionally, p53 is 

phosphorylated within this region, which promotes its degradation and in response to UV-

radiation [159, 160].  

Therefore it is likely that the ARKQ-motif-containing region is involved in regulating 

CDYL1b association with its interaction partners. A possible model is shown in Figure 6-1. 

CDYL1b modifications by PRMT5 or G9a would create a binding surface for other 

interaction partners. During mitosis the interaction surface would be disturbed by 

phosphorylation. Several experiments are still necessary to confirm this hypothesis. First, the 

modifications R80me and K81me need to be verified in vivo and second, a modification-

dependent interaction between CDYL1b and its partners need to be demonstrated. 

 

6.4 Function of CDY family proteins 

6.4.1 Repressive function  

The detailed function of CDY family proteins remains unclear so far. Luciferase assays 

showed that CDYL1 targeted to a reporter gene repressed transcription [101]. The repressive 

activity is located in the C-terminal region of the protein (Figure 5-2). Targeting of the very 

N-terminal chromodomain to the reporter gene did not lead to transcriptional repression. 

Interestingly, the CDYL1 protein has at least two repressive domains, the hinge region as well 

as ECH domain.  

It is likely that CDYL1 mediates its function as co-repressor by recruiting tanscription 

regulating factors. CDYL1 interacts with HDACs as well as with G9a [101, 102]. 

Deacetylation of histones by HDACs and methylation by G9a are implicated in silencing of 

genetic loci [6, 31] and could therefore cause transcriptional repression. Additionally, it was 
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shown that CDYL1 is part of at least two partially overlapping repressive complexes named 

CoREST complex and CDYL repressor complex [62, 102]. Components of the complex such 

as the histone demethylase LSD1, which removes the active mark H3K4me3 [44, 121], the 

RE-DNA-element binding repressor REST or the C-terminal binding protein CtBP, which is 

recruited by more than thirty transcription factors for transcriptional repression [161], may 

enhance or mediate CDYL1 caused downregulation of transcription. Expression of CDYL1 in 

cell lines leads to no change of histone modifications like acetylation, H3K9me3 and 

H3K4me3 (Figure 5-1). The CDYL1b localization to H3K9me3 does not seem to be the rate 

limiting step of changes of these histone modifications. It is likely that the expression of 

CDYL1b together with its interaction partners HDAC1/2, LSD1 or G9a would reveal more 

details. But it is also possible that the results are influenced by overexpression of CDYL1b in 

transfected cells and therefore do not represent the native situation in the nucleus.  

Interestingly, not all CDYL1 is associated with different complex partners as shown by 

ultracentrifugation experiments [102]. It is possible that CDYL1 interacts also with other 

heterochromatin proteins, which might mediate the repressive activity of CDYL1 or other 

heterochromatin downstream effects. 

Thus CDYL1 is involved most likely indirectly in transcriptional repression and directly in 

crosslinking of complex components. It remains unclear if the other CDY family proteins 

might also have repressive functions. 

 

6.4.2 Putative developmental function of CDYL1b 

CDYL1b is expressed in oocytes, during the gastrula and the neurula state of Xenopus laevis 

development and during mouse embryogenesis (see chapter 5.4). Therefore it is possible that 

CDYL1 is implicated in so far unknown developmental processes.  

In absence of a cellular system initial experiments addressing this question were carried out in 

Xenopus laevis. In situ hybridizations show no specific enrichment of the xlCDYL1b gene in 

the embryos. The staining was not comparable to Xenopus laevis expression of the complex 

partner xlCoREST, which is localizing to neurogenic regions [162]. As published in 

xenbase.org, which combines information of in situ hybridizations and cDNA libraries, 

xlHDAC1, xlSuv39h as well as xlHP1 are expressed in the whole organism. No complete 

overlapping expression patterns with xlCDYL1b could be found.  

Overexpression of CDYL1b in different concentrations leads to severe developmental defects 

in Xenopus laevis in about 45% of the population. The embryos experienced impaired gastrula 
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and neurula, which resulted in head deformations and a decreased length of the dorsal region 

(see 5.4.2).  

Knock down experiments of CDYL1b were accomplished using Morpholino oligomers. The 

downregulation of the CDYL1b transcription caused a phenotype with a prolonged dorsal 

region and a smaller head size in about 65% of the examined embryos. This phenotype could 

be rescued by injecting CDYL1b mRNA. CDYL1b mRNA injected embryos showed a 

decreased phenotype prevalence of about 35%. Thus, the phenotype seems to be CDYL1b 

specific.  

Interestingly, HDAC1 null mutations in zebrafish embryos lead to multiple developmental 

defects. Prolonged dorsal area (curled down tail), reduced brain size as well as an absent jaw 

were clearly seen in HDAC1 mutants [163, 164]. Therefore it is possible that CDYL1b and 

HDAC1 phenotypes are correlated. 

To clearly understand the phenotype caused by CDYL1b further experiments are needed. It is 

possible that the up- or downregulation of CDYL1b expression leads to downregulation of 

downstream effectors important for a normal grastrula and neurula. Therefore the mRNA 

expression of factors orchestrating different developmental stages needs to be measured.  

As described for most eukaryotes H3K9me3 is also a hallmark of heterochromatin in Xenopus 

laevis [165, 166]. Theoretically different levels of CDYL1b expression could therefore lead to 

a decreased or increased occupancy of H3K9me2/3 containing heterochromatic regions. This 

possibility could also result in the observed developmental abnormalities.  

Although further experiments solving these questions are definitely required, the results 

presented here allow the conclusion that the CDYL1b levels have to be well balanced during 

development. Tight regulation could be a hint for an important developmental function, which 

needs to be further investigated.  

 

6.4.3 Hypothetical function of CDYL1b in establishment and maintenance of 

heterochromatin 

As shown in chapters 3, 4 and 5 CDYL1b chromodomain recognizes H3K9me2/3 

methylation in vivo and in vitro. It localizes to heterochromatin in cell culture and its nuclear 

distribution is dependent on the H3K9me3 mark. CDYL1b is implicated in transcriptional 

repression (5.1.2) and interacts with some heterochromatic factors (5.3). These attributes are 

characteristic for heterochromatin proteins. 
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Figure 6-2 Model of CDYL1b function at heterochromatin 

CDYL1b binds to the heterochromatin H3K9me3 mark via its chromodomain. The binding is 
dramatically enhanced by multimerization of the ECH domain. It is likely that the binding of CDYL1b 
induces structural changes in chromatin. In addition, CDYL1b might act as recruitment factor for 
indicated partners, which mediate downstream effects. M: methylation, Ac: acetylation.  



CHAPTER 6 – General discussion 

61 

In contrast to other CDY family members, CDYL1b is ubiquitously expressed, which might 

point to a general function in cellular maintenance (chapter 4). Besides the chromodomain, 

CDYL1b has an ECH domain. This domain is able to form trimers (chapter 4 and chapter 

1.2.3). Two trimers are thought to interact resulting in a loose hexamers. Multimerization is 

required for heterochromatin association in vitro and in vivo (chapter 4). The combination of 

six chromodomains in heterochromatin could cross-connect six histone tails carrying the 

H3K9me2/3 mark. This connection could therefore result in higher order structures (compare 

with Figure 6-2) found in heterochromatin [167].  

The putative developmental function as well as the putative regulation of CDYL1b 

localization to heterochromatin during mitosis and by its splicing variants (chapter 5) might 

further sustain to the hypothesis that CDYL1b might be an important factor in 

heterochromatin maintenance or even in heterochromatin establishment. It is possible that the 

CDYL1b interactions with heterochromatic factors like HDAC1/2, Wiz, CoREST 

components and G9a are implicated in these processes (compare also with Figure 6-2). 

For verification of this hypothesis further experiments examining the CDYL1b function in 

vitro and importantly in vivo are needed. Structural changes of chromatin by CDYL1b could 

be analyzed in vitro by compaction assays, ultracentrifugation and atomic force microscopy 

with recombinant CDYL1b and recombinant chromatin. The CDYL1b influence on 

development and possible heterochromatin establishment could be further analyzed in 

Xenopus laevis embryogenesis and with CDYL1 knockout mice. 
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7 Supplemental material and methods to chapter 5 

7.1 Materials 

7.1.1 Chemicals 

2-Mercaptoethanol Sigma, Steinheim 

4,6-Diamidino-2-phenylindole (DAPI) Sigma, Steinheim 

Acetic acid Merck, Mannheim 

Adenosine 5’-triphosphate (ATP) Sigma, Steinheim 

Agar Roth, Karlsruhe 

Agarose Serva, Heidelberg 

Albumin, Bovine (BSA) New England Biolabs, Ibswich (USA) 

Ampicillin AppliChem GmbH, Darmstadt 

Bromophenol blue Serva, Heidelberg 

Calcium chloride (CaCl2) Roth, Karlsruhe 

Chorionic gonadotropin (human) Sigma, Steinheim 

Coelenterazine Invitrogen, Karlsruhe 

Coenzyme A Invitrogen, Karlsruhe 

Colorless GoTaq Buffer (5x) Promega, Madison (USA) 

Coomassie Brilliant Blue BIO-RAD, Muenchen 

Cysteine chloride Sigma, Steinheim 

DL-Dithiothreitol (DTT) Alexis Biochemicals, Loerrach 

Dimethylsulfoxid (DMSO) Sigma, Steinheim 

DMEM Sigma, Steinheim 

DMEM GlutaMAX II [-Pyruvate] Gibco, Muenchen 

dNTPs Invitrogen, Karlsruhe 

ECL plus TM GE Healthcare, Buckinghamshire (UK) 

Ethanol Merck, Mannheim 

Ethidiumbromide Roth, Karlsruhe 

Ethylene glycol-bis ( -aminoethylether) 

N,N,N’,N’ tetraacetic acid (EGTA) 

Roth, Karlsruhe 

Ethylenediaminetetraacetate (EDTA) Roth, Karlsruhe 

Fetal calf serum 10x (FCS) Sigma, Steinheim 

Ficoll Sigma, Steinheim 
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Glycerol Merck, Mannheim 

Glycine Merck, Mannheim 

Glycogen Fermentas, St Leon-Rot 

Glycylglycine AppliChem GmbH, Darmstadt 

Hydrochloric acid (HCl) Merck, Mannheim 

Isopropyl ß-D-thiogalactopyranoside 

(IPTG) 

AppliChem GmbH, Darmstadt 

JetPei PolyPlusTransfection, New York (USA) 

L-Glutamine 100 x Gibco, Muenchen 

Lipofectamine 2000 Invitrogen, Karlsruhe 

Luciferin PJK, Rehovot (Israel) 

Magnesium chloride (MgCl2) Merck, Mannheim 

Magnesium sulfate (MgSO4) Roth, Karlsruhe 

Methanol Sigma, Steinheim 

Milk powder regilait, Saint-Martin-Belle-Roche 

 (France) 

Mowiol Calbiochem, Darmstadt 

N-2-Hydroxyethylpiperazine-N’-2-

ethanesulphonic acid (Hepes-NaOH) 

Merck, Mannheim 

Non essential amino acids Gibco, Muenchen 

Nonidet P-40 (NP-40) Roche, Penzberg 

Normal goat serum Bioscience International, Maine (USA) 

Paraformaldehyde Sigma, Steinheim 

Penicillin Streptomycin 100x 

(PenStrep) 

Gibco, Muenchen 

Peptone Roth, Karlsruhe 

Pfu Polymerase II reaction buffer New England Biolabs, Ibswich (USA) 

Phenol/Chloroform/Isoamyl alcohol Roth, Karlsruhe 

Phenylmethanesulphonylfluoride  

(PMSF) 

Serva, Heidelberg 

PLB buffer Promega, Madison (USA) 

Ponceau S Sigma, Steinheim 

Potassium chloride (KCl) Roth, Karlsruhe 

Potassium monohydrogen phosphate Merck, Mannheim 
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(K2HPO4) 

Potassium nitrate (KNO3) Merck, Mannheim 

Protease Inhibitor Roche, Penzberg 

Random Hexamers Invitrogen, Karlsruhe 

RNase Inhibitor Ambion, Austin (USA) 

S-[3H]adenosylmethionine GE Healthcare, Buckinghamshire (UK) 

Sodium acetate  Roth, Karlsruhe 

Sodium azide (NaN3) Alfar Aesor, Karlsruhe 

Sodium chloride (NaCl) Merck, Mannheim, 

Sodium dodecyl sulfate (SDS) VWR, Poole (UK) 

Sodium hydrogen phosphate (Na2HPO4) Merck, Mannheim 

Sodium pyruvate 100x Gibco, Muenchen 

Sodium tetraborate Amresco, Ohio (USA) 

Sodiumhydrogencarbonate (NaHCO3) Merck, Mannheim 

Streptavidin-coated beads Promega, Madison (USA) 

Succrose Serva, Heidelberg 

Triethanolamine VWR, Poole (UK) 

Tris (hydroxymethyl) aminoethane 

(Tris) 

Roth, Karlsruhe 

Triton X100 Merck, Mannheim 

Trypan Blue Gibco, Muenchen 

Trypsin solution Gibco, Muenchen 

Tween 20 Sigma, Steinheim 

Yeast extract MOBIO, Hamburg 

7.1.2 Buffers and media 

Blocking solution: 1x PBS, 2% BSA, 0.2% Triton X100 (v/v), 5% Normal goat 

serum (v/v) 

Coomassie solution: 2.5% Coomassie Brilliant Blue, 10% acetic acid, 50% 

methanol 

Destaining solution: 10% acetic acid (v/v), 7.5% methanol (v/v) 

DMEM cell culture medium: 1x DMEM GlutaMAX II [-Pyruvate], 1x L-

Glutamine, 1x Pencillin Steptomycin, 1x FCS 

Fixation solution: 3% Paraformaldehyde (w/v) in 1x PBS 
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Freezing medium: DMEM cell culture medium, 10% (v/v) DMSO 

Laemmli buffer 1x: Tris 63 mM (pH 6.8), 0.1% 2-Mercaptoethanol (v/v), 0.0005% 

Bromophenol blue (w/v), 10% glycerol (v/v), 2% SDS (w/v) 

LB agar: 1.5 % (w/v) Agar in LB medium  

LB Ampicillin medium/agar: LB medium or agar with 100 g/ml Ampicillin 

LB medium: 1 % (w/v) Peptone, 0.5 % (w/v) Yeast extract, 0.5 % NaCl % (w/v), 

pH 7,5, autoclaved 

Low-ionic-strength suspension medium (LISM): 1 mM PMSF, 0.1 mM MgCl2 

Luciferase assay reagent “Firefly”: 25 mM Glycylglycine, 15 mM K2HPO4 (pH 

8.0), 4 mM EGTA, 15 mM MgSO4, 4 mM ATP pH 7.0, 1.25 mM DTT, 0.1 mM 

Coenzyme A, 80 M Luciferin 

Luciferase assay reagent “Renilla”: 1.1 M NaCl, 2.2 mM Na2EDTA, 0.22 M 

K2HPO4  (pH 5.1), 0.5 mg/ml BSA, 1.5 mM NaN3, 1.5 M Coelenterazine 

Lysis buffer: 50 mM Tris (pH 7.5), 5 mM EDTA, 0.5% SDS (w/v), 50 mM NaCl, 

Proteinase K (20 g/ml) 

MAB 2x:  50 mM Tris (pH 8.5), 20 mM MgCl2, 300 mM KCl, 500 mM Succrose 

MBS 1x: 10 mM Hepes-NaOH (pH 7.0), 88 mM NaCl, 1 mM KCl, 2.4 mM 

NaHCO3, 0.82 mM MgSO4, 0.41 mM CaCl2, 0.66 mM  KNO3  

MEF cell culture medium: 1x DMEM, 1x L-glutamine, 1x PentStrep, 1x FCS, 1 ml 

 mercaptoethanol, 1x Non essential amino acids, 1x Sodium pyuvate, steril filtered 

Mounting medium: Mowiol including 50 g/ml DAPI 

NE buffer A: 10 mM Hepes-NaOH (pH 7.9), 1.5 mM MgCl2, 10 mM KCl 

NE buffer B: NE Buffer A including 0.1% NP-40 (v/v) 

NE buffer C: 20 mM Hepes-NaOH (pH 7.9), 25% glycerol (v/v), 420 mM NaCl, 

0.2 mM EDTA, 1.5 mM MgCl2 

NE buffer D: 20 mM Hepes-NaOH (pH 7.9), 20% glycerol (v/v), 50 mM KCl, 0.2 

mM EDTA 

Nuclear membrane storage medium (NMSM): 20% glycerol (v/v), 1 mM EDTA, 

1 mM PMSF, 10 mM Tris (pH 7.5) 

PBS 1x: 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 (pH 7.4), 1.47 mM KH2PO4 

PBST: PBS including 0,1% of Tween 20 (v/v) 

PD150: 20 mM Hepes NaOH (pH 7.9), 20% glycerol, 150 mM KCl, 0.2% Triton 

X100 (v/v), 1x Protease Inhibitor 

PD300: 20 mM Hepes NaOH (pH 7.9), 20% glycerol (v/v), 300 mM KCl, 0.2% 
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Triton X100 (v/v), 1x Protease Inhibitor 

Permibilization solution: 1xPBS, 0.2% Trition X100 (v/v), 0.2% NP-40 (v/v) 

Ponceau: 5% acetic acid (v/v), 0.1% ponceau S (w/v) 

SDS-Running buffer: 25 mM Tris, 200 mM glycine. 0.1% SDS (w/v) 

Sucrose buffer pH 7.4 (SB 7.4): 0.3 M Sucrose, 0.1 mM MgCl2, 5 mM 2-

Mercaptoethanol, 1 mM PMSF, 10 mM Triethanolamine, pH adjusted to 7.4 (HCl) 

Sucrose buffer pH 8.5 (SB 8.5): as Sucrose buffer pH 7.4 but pH 8.5 

TBE: 90 mM Tris, 90 mM Sodiumtetraborate, 2 mM EDTA (pH 8.0) 

Transferbuffer: 200 mM glycine, 25 mM Tris-HCl, 0,04% SDS (w/v), 20% 

Methanol (v/v) 

Wash buffer: 1x PBS, 0.1% Triton X100 (v/v) 

7.1.3 Antibodies 

Used antibody dilutions are given in the according method sections (i.e. for Western Blot 

chapter 7.3.1 and for immunofluorescence chapter 7.4.7). 

FLAG M2 clone, lab intern 

H3 acetyl Millipore, Billerica (USA) 

H3K4me1 Abcam, Cambridge (UK) 

H3K4me2 Abcam, Cambridge (UK) 

H3K9me1 Millipore, Billerica (USA) 

H3K9me2 Millipore, Billerica (USA) 

H3K9me3 Millipore, Billerica (USA) 

H3K9me3S10phos Millipore, Billerica (USA) 

H4K3me3 Abcam, Cambridge (UK) 

Lamin B ImmuQuest, North Yorkshire (UK) 

mouse-alexa-555 Invitrogen, Karlsruhe 

mouse-HRP DakoCytomation, Hamburg 

mouse-IgG-magnetic beads DYNAL Biotech, Oslo (Norway) 

myc Millipore, Billerica (USA) 

PRMT5 Millipore, Billerica (USA) 

rabbit-alexa-488 Invitrogen, Karlsruhe 

rabbit-HRP DakoCytomation, Hamburg 

TBP Santa Cruz, Heidelberg 
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7.1.4 Kits 

CaPO4 transfection Kit Clontech, Mountain View (USA) 

Dig-RNA-labeling Kit Roche, Penzberg 

DNA purification Kit Qiagen, Hilden 

MiniPrep Qiagen, Hilden 

mMessage/Machine Ambion, Austin (USA) 

PCR purification Kit Qiagen, Hilden 

RNeasy purification Kit Qiagen, Hilden 

TNT Quick Coupled 

Transcription/Translation System 

Promega, Madison (USA) 

7.1.5 Enzymes 

Antarctic phosphatase New England Biolabs, Ibswich (USA) 

Benzonase Merck, Darmstadt 

Digestion enzymes New England Biolabs, Ibswich (USA) 

DNase, 10x DNase buffer New England Biolabs, Ibswich (USA) 

Dpn1 New England Biolabs, Ibswich (USA) 

MuLV reverse transcriptase Applied Biosystems, Darmstadt 

Pfu Polymerase II Stratagene, La Jolla (USA) 

Proteinase K Invitrogen, Karlsruhe 

T4-DNA-ligase and 10x buffer New England Biolabs, Ibswich (USA) 

7.1.6 Primers and other oligomers 

Oligonucleotides sequences were designed with the help of DNASTAR Lasergene 7 and were 

ordered from MWG, Ebersberg. The primer sequences used are listed in 7.2.2 or described 

when needed. Morpholino oligomers were obtained from GeneTools, LLC, Philomath (USA). 

7.1.7 Plasmids obtained from different sources 

For detailed informations plasmid cards are available at 8.3 except plasmids described in 

indicated publications or obtained from indicated people. 

DBD Gal4 null Judd Rice [168] 

pBluescript XL007a18 NIBB, Okazaki 

pBluescript XL213m10 NIBB, Okazaki 

pcDNA3.1 (-) myc His Invitrogen, Karlsruhe 

pcDNA3.1 (+) Flag HA Nora Koester-Eiserfunke [169] 
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pcDNA3.1 (+) hCDYL1a Flag HA Wolfgang Fischle [95] 

pcDNA3.1(+) Invitrogen, Karlsruhe 

pCMV Renilla Judd Rice [168] 

pCS2+ Imagene (RZPD), Berlin 

pCS2+ lacZ Annette Borchers [170] 

pET11a New England Biolabs, Ibswich (USA) 

UAS TK Judd Rice [168] 

7.1.8 Bacteria 

Escherichia coli BL21 (DE3) RIL (Stratagene, La Jolla) und DH5  (Invitrogen, Karlsruhe). 

7.1.9 Cell lines 

 Origin Organism Medium Reference 

HEK293 Embryonic 

Kidney 

Human DMEM Wolfgang Fischle 

HeLaS3 Cervical 

cancer 

Human DMEM Wolfgang Fischle 

MEF Embryonic 

Fibroblasts 

Mouse MEF Thomas Jenuwein 

NIH3T3 Fibroblasts Mouse DMEM Wolfgang Fischle 

7.1.10 Peptides 

Peptides were obtained from the Griesinger department of the Max Planck Institute of 

biophysical Chemistry. 

Name Histone 

(aa) 

Peptide sequence Modification Label 

H3unmod H3 1-20 MARTKQTARKSTGGKAPRKQ - Biotin C-term 

H3K9me3 H3 1-20 MARTKQTARKSTGGKAPRKQ K9me3 Biotin C-term 
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7.1.11 Software 

KaleidaGraph Version 4.0 Synergy Software, Reading (USA) 

Lasergene 7 DNASTAR, Madison (USA) 

Microsoft Office Microsoft Cooperation (USA) 

MicroWin MSE, Muenster 

R a language for statistival computing R Foundation for Statistical Computing, 

Vienna (Austria) 

7.1.12 Others 

10 cm cell culture dish Greiner, Solingen 

10 cm Petri dish Greiner, Solingen 

15 cm cell culture dish Sarstedt, Sarstedt 

6-well, 12-well, 24-well plates Greiner, Solingen 

Amersham ECL Hyperfilms GE Healthcare, Buckinghamshire (UK) 

Bioruptor Diogenode, Liége (Belgium) 

Centrifuge 5415 R Eppendorf, Hamburg 

Centrifuge 5810 R Eppendorf, Hamburg 

Coverslips d=1 cm VWR, Poole (UK) 

Cryo Freezing controller Nalgene, Ohio (USA) 

Cryotubes Greiner, Solingen 

Freezer -150°C Thermo Scientific, Braunschweig 

Freezer -80°C Thermo Scientific, Braunschweig 

Gel Doc 2000 BIO-RAD, Muenchen 

Gel dryer Model 583 BIO-RAD, Muenchen 

Hereaus Heracell 240 Incubator  Thermo Scientific, Braunschweig 

Hereaus Kelvitron  Incubator  Thermo Scientific, Braunschweig 

Homogenizer 2 ml (DOUNCE) VWR, Darmstadt 

Kodak X OMAT 2000 proccessor Carestream Health, New York (USA) 

Leica TCS SP5 Leica, Wetzlar 

Microinjector (Picospritzer) Parker, Cleveland (USA) 

Microscale Ted Pella Inc., Redding (USA) 

Microscope Axiovert 40CFL Zeiss, Jena 

Mini-PROTEAN 3 Cells BIO-RAD, Muenchen 

MiniTrans-Blot® BIO-RAD, Muenchen 
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Multitron shaker (Bacteria) HT Infors, Braunschweig 

Nanodrop ND-1000 Peqlab, Erlangen 

Neubauer chamber BRAND, Wertheim 

Nitrocellulose membrane BIO-RAD, Muenchen 

Optiplates Perkin Elmer, Shelton (USA) 

Orbitrap Xl mass spectrometer Thermo Scientific, Braunschweig 

PCR machine epgradient S  Eppendorf, Hamburg 

PlateChameleon Hidex, Turku (Finnland) 

Scanner Perfection V750 PRO Epson, Meerbusch 

Stuart Gyrorocker SSL3 Sigma, Steinheim 

Sub-Cell-GT  Agarose gel 

electrophoresis 

BIO-RAD, Muenchen 

Superfrost Ultra Plus slides Thermo Scientific, Braunschweig 

Thermomixer comfort Eppendorf, Hamburg 
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7.2  Molecular biological methods 

7.2.1 Polymerase chain reaction (PCR) 

hCDYL1b, CDYL1c, xlCDYL1b and hPRMT5 were amplified from EST clones (hCDYL1b 

Image clone: IMAGE:6140263, xlCDYL1b EST-clone: XL213m10 and hPRMT5 Image full 

length cDNA clone: IRAUp969D1078D) with the indicated primers (Table 7-1). For detailed 

sequences see chapter 8.1. The 50 l reaction volume contained 0.5 g template, 1xPfu 

Polymerase reaction buffer, 200 M dNTPs, 1 mM of each primer pair and 1 l of Pfu 

Polymerase II. The mixture was incubated in the PCR machine with the following protocol: 2 

min 94ºC; 5x (30 sec 94ºC, 1 min 55ºC, 2.5 min 72ºC); 25x (30 sec 94ºC, 1 min 60ºC, 2.5 min 

72ºC); 10 min 72ºC.  

7.2.2 Cloning 

Target DNA was amplified by PCR with indicated primers (Table 7-1). PCR products as well 

as target vectors were digested with indicated enzymes according to NEB protocols [171]. 

Then the digested vectors were dephosphorylated with Antarctic Phosphatase (NEB protocols 

[171]). The digested products were purified by PCR purification Kit and the concentration 

was determined by Nanodrop measurements at 260 nm. Then the DNA was ligated with 

DNA-ligase according to NEB protocols [171]. E. coli DH5  bacteria cells were transformed 

with the ligated DNA [172] and plated on ampicillin agar plates. The agar plates were 

incubated overnight at 37ºC. Single colonies were picked and cultured in 5 ml LB medium at 

37ºC overnight. Plasmid DNA was extracted by MiniPrep Kit and 500 ng were digested by 

the cloning enzymes [171]. The digest was loaded on a 1% agarose gel containing 0.01% 

ethidiumbromide (v/v) separated by electrophoresis in TBE buffer (20 min, 100V) using the 

Sub-Cell-GT  system. Gels were visualized with Gel Doc 2000. Plasmids showing the right 

insert sizes were sequenced by MWG (Ebersberg) or Seqlab (Göttingen) using company 

provided primers. 

Table 7-1 Cloned plasmids 

Indicated inserts were cloned into corresponding vector. Plasmids were used for production of 
recombinat proteins in E.coli (EC), transfection in cell culture (CC), Luciferase assays (LC), 
Morpholino tests (MT) and microinjection in Xenopus laevis embryos (MI).  

 Use Vector Primers (Sequence 5’-3’) Cloning 

sites 5’-

3’ 

5’UTR 
xlCDYL1b 
FLAG 

MT pCS2+ xlCDYL1b_5UTR_for 
tttttgcaggatccggaggaggccgagcacac 
xlCDYL1b_rev 
tccaggctcgagttacttgtcatcgtcgtccttctagtcgaac

BamHI 
XhoI 
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tcatcaatttttctttg 
hCDYL1b  EC pET11a hCDYL1b_for 

aaggttcatatggcttccgaggagctgtacg 
hCDYL1b_rev 
ggccattggatccttagaactcatcgatcttcctctg 

NdeI 
BamHI 

hCDYL1b  
chromo  

EC pET11a hCDYL1b _for 
aaggttcatatggcttccgaggagctgtacg 
hCDYL1b_chromo_rev 
ggccattggatccttacttctgcttctccgtgtggcgtc 

NdeI 
BamHI 

hCDYL1b 
chromo Flag 
tagged 

CC pcDNA3.1
(+) 
Flag HA 

hCDYL1b_chromo_Fl_for 
attgcgctagcAtggcttccgaggagctgtacga 
hCDYL1b_chromo_Fl_rev 
gcgcatgcggccgccttctgcttctccgtgtggcgt 

NheI 
NotI 

hCDYL1b 
chromohinge 
Flag tagged 

CC pcDNA3.1
(+) 
Flag HA 

hCDYL1b_chromo_Fl_for 
attgcgctagcAtggcttccgaggagctgtacga 
hCDYL1b_chromohinge_Fl_rev 
Gcgcatgcggccgcgaagccatcctgcttcctgac 

NheI 
NotI 

hCDYL1b Flag 
HA tagged 

CC pcDNA3.1
(+) 
Flag HA 

hCDYL1bFlHA_for 
tatccgcggccgcgccaccatggcttccgaggagctgta 
hCDYL1bFlHA_rev 
ggtatgcggccgcgaactcatcgatcttc 

NotI 
NotI 

hCDYL1b hinge  EC pET11a hCDYL1b_hinge_for 
aaggttcatatggagagcacattgaccagaacaaac 
hCDYL1b_hinge_rev 
ggccattggatccttagaacggagatgtacctttcccg 

NdeI 
BamHI 

hCDYL1c EC pET11a hCDYL1b_for 
aaggttcatatggatgcattaacagccaatgg 
hCDYL1c_rev 
ggccattggatccttagaactcatcgatcttcctctg 

NdeI 
BamHI 

hCDYL1c FLAG 
HA tagged 

CC pcDNA3.1 
Flag HA 

hCDYL1cFlHA_for 
gatcctcttcctcaccatggatgcattaacagccaatg 
hCDYL1bFlHA_rev 
ggtatgcggccgcgaactcatcgatcttc 

NotI 
NotI 

hPRMT5 myc-
tagged 

CC pcDNA3.1 
(-) myc 
His 

PRMT5myc_for 
agcccgctcgagatggcggcgatggcggtcggg 
PRMT5myc_rev 
gcttccggatccgaggccaatggtatatgag 

XhoI 
BamHI 

xlCDYL1b 
chromohinge 
Gal4 tagged 

CC 
LA 

DBD Gal4 
null 

xCDYL1b_Gal4_for 
cctggaggatccatggcttcagaggaactctac 
xCDYL1b_ch_Gal4_rev 
gcgcatgcggccgctcagaaaccatcttgctttctgac 

BamHI 
NotI 

xlCDYL1b 
chromo Gal4 
 tagged 

CC 
LA 

DBD Gal4 
null 

xCDYL1b_Gal4_for 
cctggaggatccatggcttcagaggaactctac 
xCDYL1b_c_Gal4_rev 
gcgcatgcggccgctcatttaggcttctcactgtgtctt 

BamHI 
NotI 

xlCDYL1b 
chromohinge 

NLS Gal4 
tagged 

CC 
LA 

DBD Gal4 
null 

xCDYL1b_Gal4_for 
cctggaggatccatggcttcagaggaactctac 
xCDYL1b_ch NLS _Gal4_rev 
gcgcatgcggccgctcataaagtagaagtacctttacc 

BamHI 
NotI 

xlCDYL1b 
FLAG 

MI pCS2+ xlCDYL1b_for 
cctggaggatccatggcttcagaggaactctac 
xlCDYL1b_rev 
tccaggctcgagttacttgtcatcgtcgtccttctagtcgaac
tcatcaatttttctttg 

BamHI 
XhoI 

xlCDYL1b Gal4 
tagged 

CC 
LA 

DBD Gal4 
null 

xCDYL1b_Gal4_for 
cctggaggatccatggcttcagaggaactctac 

BamHI 
NotI 
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xCDYL1b_Gal4_rev 
tccagggcggccgcttagaactcatcaatttttctttg 

xlCDYL1b 
hingeECH Gal4 
tagged 

CC 
LA 

DBD Gal4 
null 

xCDYL1b_hinECH_Gal4_for 
cctggaggatccatgcacagtgagaagccraaaga 
xCDYL1b_Gal4_rev 
tccagggcggccgcttagaactcatcaatttttctttg 

BamHI 
NotI 

xlCDYL1c Gal4 
tagged 

CC 
LA 

DBD Gal4 
null 

xCDYL1c_Gal4_for 
cctggaggatccatggaggctttgacacagctagt 
xCDYL1b_Gal4_rev 
tccagggcggccgcttagaactcatcaatttttctttg 

BamHI 
NotI 

 

7.2.3 Mutagenesis 

The target plasmid was amplified with the indicated primers (Table 7-2) with the same 

reaction mix as described in 7.2.1. The reaction was incubated in the PCR machine with the 

following protocol: 2 min 94ºC; 3x (30 sec 94ºC, 1 min 57ºC, 2 min 72ºC); 17x (30 sec 94ºC, 

1 min 63ºC, 2 min 72ºC); 10 min 72ºC. The products was purified with the PCR purification 

kit and digested with Dpn1 using the NEB protocol [171]. Next the DNA was transformed 

into E.coli DH5 , plated and analyzed as described before (7.2.2). 

Table 7-2 Primers for mutagenesis 

Target Mutagenesis primer (Sequence 5’-3’) 

hCDYL1b 
R80A 

hCDYL1b_R80A_for:  cctctcccaacaatgctgcaaaacaaatctccagatccacc 
hCDYL1b_R80A_rev: ggatctggagatttgttttgcagcattgttgggagaggtcctg 

xlCDYL1b 
R80A 

xCDYL1b_R80A_for: gacatctccaaataatgcagcaaaacaaatttccaggtcaac 
xCDYL1b_R80A_rev: gacctggaaatttgttttgctgcattatttggagatgtccg 

 

7.3 Biochemical methods 

7.3.1 SDS-PAGE and Western Blot 

Acrylamide gels were poured as described [173] and were used for gel electrophoresis with 

the Mini-PROTEAN 3 Cells. Gels were run in SDS running buffer for 30 min, 35 mA. Then 

the gels were blotted on nitrocellulose membranes with MiniTrans-Blot® using 

Transferbuffer (1 h, 100V) analyzed by mass spectrometry or stained with Coomassie 

(compare with 7.3.2). The membranes were stained with Ponceau solution (5 min, RT). For 

removal of the Ponceau excess the membrane was washed 3x with PBST. Next the membrane 

was blocked for 1 h with PBST including 5% fat free milk powder at RT. Afterwards the 

membrane was incubated with PBST (5% milk) including FLAG, myc, Lamin B, TBP, 

CDYL or PRMT5 in a 1:1000 dilution for 1 h, RT. Then the membrane was washed 3x 

with PBST, 5 min each followed by incubation with the secondary antibodies mouse or 
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rabbit conjugated to HRP in a 1:2000 dilution in PBST (5% milk) for 1 h, RT. Washing 

steps (3x, 10 min) with PBST removed excess of antibody solution. The membrane was 

developed with ECL plus and the signals detected with Amersham ECL Hyperfilms. The film 

was developed with the Kodak X OMAT. 

7.3.2 Coomassie staining 

To stain acrylamide gels the stacking gel was removed and the separating gel was stained for 

10 min in Coomassie solution under constant luffing. To remove the backround the gel was 

then placed in Destaining solution for at least 1 h. Afterwards the gel was scanned with the 

Epson Scanner. 

7.3.3 Mass spectrometry and analysis of the results 

The mass spectrometry analysis was performed by the mass spectrometry facility of Dr. 

Henning Urlaub at the Max Planck Institute of biophysical Chemistry. SDS PAGE gels were 

stained with Coommassie and entire gel lanes were cut into 23 slices of equal size. Proteins 

within the slices were digested according to Shevchenko et al. [174]. Peptides were extracted 

and analyzed by LC-coupled tandem MS on an Orbitrap Xl mass spectrometer (Thermo 

Fisher Scientific). CID fragment spectra were searched against NCBInr database using 

MASCOT as search engine. Output files were subtracted according to the gi-numbers (NCBI) 

of the found proteins with the help of the statistical program R (for details of programming 

compare with 8.4). Arbitrary cut-off values of at least 2 unique found peptides per protein 

were used.   

7.3.4 Protein expression  

Plasmids containing the DNA of the protein of interest were transformed into E.coli BL21 

RIL as described [172] and plated on ampicillin agar plates for incubation overnight at 37°C. 

Single colonies were picked and cultured in 5 ml LB media at 37°C, 150 rpm until an OD of 

0.5 determined by Nanodrop was reached. The adding of 0.2 mM IPTG induced the 

expression of the protein. After incubation time (4 h at 37°C) the bacteria were pelleted by 

cenrifugation (5 min, 4000 rpm). For methyltransferase assays the pellet was dissolved in 500 

l of MAB 2x and the solution was sonicated for 30 min (30 sec pulse, 30 sec pause) with the 

Diogenode Bioruptor. Then the solution was centrifuged for 10 min, 16000 rpm. The resulting 

pellet was discarded and the supernatant was used as reaction educts for methyltransferase 

assays. 



CHAPTER 7 – Supplemental materials and methods 

75 

7.4 Cell-based methods 

7.4.1 Cell culture 

Thawing of cells – Cryotubes were thawed in a 37°C water bath and 1 ml of 37°C prewarmed 

cell line specific medium was added (7.1.9). Then cells were transferred to a 10 cm plate with 

10 ml of 37°C prewarmed CO2–equilibrated medium. Afterwards the cells were incubated for 

overnight at 37°C in a 5% CO2 saturated atmosphere (Hereaus Heracell incubator). At the 

next day the medium was exchanged and the cells were cultivated until 80% confluence.  

Maintenance of cells – For maintenance of cells the confluence level of the cell line was 

determined by the Microscope Axiovert with a 20x amplification lens. A confluence level of 

about 80% required cell splitting. For that the cells were washed once with 1x PBS. Then 0.5-

2 ml (0.5 ml for a well of a 6-well plate, 1ml for 10 cm cell culture dish and 2 ml for a 15 cm 

cell culture dish) of Trypsin solution was added and incubated for 5 min 37°C. The detached 

cells were then diluted with 3 ml, 10 ml or 15 ml medium depending on the dish size 

respectively. Approximately 1/10 for HEK293 and HeLaS3 or 1/5 for MEF and NIH3T3 of 

the cells were seeded into new cell culture dishes. 

 Freezing of cells – For freezing the cells were grown to a confluence of about 70%. Then the 

cells were trypsinised as described in the former paragraph and an aliquot of 20 l were 

diluted with 20 l of Trypan Blue solution to stain dead cells. The living cells were counted 

with the help of a Neubauer chamber. The rest of the cells was centrifuged at 300xg, 5 min, 

RT. The cellular pellet was then resuspended in ice-cold Freezing medium (2x106 cells/ml) 

and aliquoted in 1 ml cryotubes. The tubes rested in a precooled Cryo Freezing Controller at -

80°C overnight and were then stored at -150°C. 

7.4.2 Nuclear extraction 

For nuclear extraction all buffers were used at 4°C and were supplemented with 1x protease 

inhibitor, 1 mM DTT and 1 mM PMSF. 4x107 HEK293 or HelaS3 cells were scraped of the 

dish and centrifuged at 300xg, 5 min, 4°C. The cell pellet was washed 2x with PBS followed 

by centrifugation (300xg, 5 min, 4°C). Cells were resuspended in 500 l NE buffer A and 

transferred to a 1,5 ml tube. The resuspension was centrifuged (600xg, 5 min, 4°C) and the 

pellet was washed again with 500 l NE buffer A. Afterwards the pellet was resuspended in 

500 l NE buffer B and incubated for 10 min on ice. The solution was mixed briefly after 5 

and 10 min during incubation time. Next the isolated nuclei were pelleted with 600xg, 5 min, 

4°C. Afterwards the supernatant was removed and the nuclear pellet was resuspended in 400 

l of NE buffer C and was transferred to a dounce homogenisator. The resuspension was 
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dounced every 5 min for 20 times, the 15 min incubation time was followed by an 

centrifugation of 10 min, 20000xg at 4°C. The nuclear extract was then transferred to a new 

tube and was diluted with 600 l of NE buffer C. Diluted extract was then used for 

immunoprecipitation. For detecting interaction partners of hCDYL1b FLAG and hPRMT5 

myc the nuclear extract was diluted with 600 l NE buffer D.  

7.4.3 Immunoprecipitation 

For immunoprecipitation HEK293 cells were transfected with the plasmid of interest using  

the CaPO4 transfection Kit. After two days of incubation on 37°C the proteins of the cells 

were extracted by the Nuclear extraction protocol. 5 l of the immunoprecipitating antibody 

( myc or Flag) was coupled to 40 l of mouse-IgG-magnetic beads for 3 h, RT under 

constant rotation. After washing (3x PBS) the beads were added to 1 ml of nuclear extract and 

were incubated 4 h or overnight at 4°C. Afterwards the beads were washed 6x with 1 ml 

PD150 at 4°C. For more stringency, especially for immunoprecipitated hPRMT5 myc protein 

used for methyltransferase assays, the six washing steps were performed with PD300. After 

washing the beads were either stripped with 1x Laemmli (5 min, 95°C) or resuspended in 

PD150.  

7.4.4 Methyltransferase assay 

For methyltransferase assays 5 l beads covered with immunoprecipitated hPRMT5 myc 

(7.4.3) were incubated with E.coli expressed recombinant proteins (7.3.4) in a reaction 

mixture containing MAB 1x and 2 Ci S-[3H]adenosylmethionine (SAM) for 1,5 h at 30°C, 

1200 rpm. The products were loaded on a SDS-page. The resulting gel was dried for 2 h, 

80°C with the help of the gel dryer and exposed to an Amersham ECL Hyperfilm. The film 

was developed with the Kodak X OMAT. 

7.4.5 Pulldown  

To detect binding of proteins to modified histone peptides, 1 g of the biotinylated peptides 

(7.1.10) were bound to 40 l streptavidin coated beads for 3 h at RT, 1400 rpm. After binding 

the beads were washed 3x with PBS to get rid of the peptide excess. 1 ml of nuclear extract or 

50 l of a in vitro transcription and translation reaction (TNT Quick coupled 

Transcription/Translation System) were incubated with 40 l peptide-bound beads overnight 

at 4°C under constant rotation. On the next day the beads were washed 6x with 1 ml PD150 at 

4°C. Then the beads were stripped with 20 l 1x Laemmli (5 min, 95°C) and loaded on a 

SDS-PAGE followed by mass spectrometry analysis or Western Blot analysis. 
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7.4.6 Dual luciferase assay 

HEK293 cells were seeded into standard 12-well plates 24 h prior treatment at a concentration 

of 1.5x105 cells/well. On the next day cells were transfected with a total amount of 1.2 g 

DNA per well. The total DNA contained 100 ng of the targeting plasmid UAS TK, which 

containes Gal4 binding sites and a tyrosine kinase promotor, 2 ng of CMV Renilla, a 

transfection control under CMV promotor control, the Gal4-tagged protein of interest in 

different amounts (2ng-50ng), and emty pcDNA3.1 vector to reach 1.2 g in total. The DNA 

was mixed with 100 l Serum-free DMEM GlutaMAX II. Per well 3,6 l Lipofectamine were 

added to 100 l Serum-free DMEM GlutaMAX II. The Lipofectamine solution was incubated 

for 5 min at RT and was then combined with the DNA solution followed by an incubation of 

20 min, RT. The Lipofectamine/DNA complexes were then added to the HEK293 cells and 

were incubated for 24 h at 37°C/ 5% CO2. Next day the cells were scraped off in medium and 

transferred to 1.5 ml Eppendorf tubes. Cells were pelleted by centrifugation of 5 min, 3000 

rpm, RT. The supernatant was discarded. The cells were resuspended in 100 l of 1x PLB 

buffer and were incubated for 15 min, RT under constant agitation 1400 rpm. The lysed cells 

were centrifuged 1 min, 14000 rpm and 20 l of the supernatant was pipetted into one well of 

a 96-well Optiplate. 100 l of the “Firefly” solution and afterwards 100 l “Renilla” solution 

were then added to each well by the PlateChameleon. After each step the luminosity was 

counted. The measured values were transferred into Microsoft Exel and normalized against 

the control transfected cells and the Renilla signal.  

7.4.7 Immunofluorescence 

Cells were grown in 24 well plates on coverslips (d = 1 cm). If necessary the cells were 

transfected at 30% confluency with JetPei as described [175]. The immunstaining was then 

performed two days post transfection. First the cells were washed 2 times with PBS, covered 

with Fixation solution and incubated at 37°C for 15 min. Afterwards Fixation solution was 

removed and the cells were washed 1x with the Wash buffer. 500 l of the Permeabilization 

solution was added to the cells followed by an incubation for 10 min at RT. Next the the cells 

were incubated for 1 h at RT in Blocking solution. Then, primary antibodies were added 

directly on the coverslip diluted in a total volume of 65 l Blocking solution ( H3 acetylated, 

H3K4me1, H3K4me2, H3K9me1, H3K9me2 and H3K9me3S10phos were used in a 

1:200 dilution, H3K4me3, H3K9me3, Lamin and FLAG in a 1:1000 dilution) and 

incubated again for 1h, RT.  This step was followed by 3x washing with 500 l of the Wash 

buffer and adding of the secondary antibodies diluted in 65 l total volume in Blocking 
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solution ( rabbit-alexa-488 and/or mouse-alexa-555 1:2000). Excess of antibodies was 

removed with 3x washing with Wash Buffer. Then coverslips were dipped into water to 

remove other salt contaminations and were mounted with the mounting medium Mowiol to 

Superfrost Ultra Plus slides. Slides were dried overnight at RT and analysed with the confocal 

microscope Leica TCS SP5. 

7.4.8 Membrane isolation 

Nuclei were prepared as described for nuclear extraction (7.4.2). A sample of the cytosolic 

fraction was saved. The nuclei from 2x107 cells were resuspended in 200 l LISM. 500 U 

Benzonase and 800 l of SB 8.5 were added. This resuspension was incubated under gentle 

stirring for 15 min at RT, and then 1 ml of ice-cold distilled water was added. After a 

centrifugation step of 30 min 16000xg the supernatant I was saved and the pellet resolved in 

800 l of SB 7.4. 250 U of Benzonase was added and incubated for 15 min, RT under 

constant rotation. After centrifugation of 30 min, 16000xg the supernatant II was removed 

and the pelleted membranes were dissolved in 20 l NMSM. The supernatant I was combined 

with the supernatant II and was analysed together with the membranes. For salt treatment 

indicated amounts (100 mM to 500 mM) of KCl were added to NMSM. The membranes were 

pelleted (5 min, max speed, 4°C), supernatant was removed and 100 l of NMSM containing 

100 mM, 200 mM, 300 mM, 400 mM or 500 mM KCl was added for 10 min, RT. Then 

membranes were pelleted again and the supernatant as well as the washed membranes were 

analyzed by Western Blot. 

7.5 Xenopus laevis methods 

7.5.1 Production and culturing of Xenopus laevis embryos   

Female frogs were stimulated the evening prior egg collection by injection of 50 U of human 

chorionic gonadotropin (hCG) into the dorsal lymph sac. Injected frogs were kept at room 

temperature overnight and the eggs were collected approximately 14 h later. For testis 

preparation of males the frogs were placed on ice for 30 min, decapitated and then the belly 

was opened. Testis was removed, cleaned from fat tissue, placed in 1x MBS containing 1x 

PenStrep and stored at 4°C. For in vitro fertilization approximately one quarter of a testis was 

macerated in 1.5 ml 1x MBS. The eggs of a female frog were collected in a 10 cm Petri dish 

and 100 l of the testis mixture diluted in with 900 l of water was added. After 15 min 

incubation at room temperature 0.1x MBS was added until the Petri dish was full. The success 

of the fertilization was visualized by turning of the eggs with their animal pigmented 
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hemisphere located upwards. This process normally occurred 15-30 min after addition of the 

testis mixture. 30-60 min after fertilization the eggs were separated from the Petri dish and 

were transferred to a beaker. The buffer was removed and replaced with 0.1x MBS containing 

2% (w/v) cysteine chloride, pH 8.0. Under gentle rotation the embryos were dejellyed for 2-4 

min, then washed for 5 times with 0.1x MBS and placed in a new Petri dish. Unhealthy eggs 

were removed and the remaining were incubated at 14-20°C until the desired stages were 

reached or were injected directly. 

7.5.2 In vitro synthesis of mRNA and obtainment of Morpholino oligomers 

Messenger RNA was prepared from the plasmids lacZ pCS2+ [170] and CDYL1b pCS2+ 

with the help of the mMessage/Machine Kit. Morpholino oligomers were obtained from 

GeneTools, LLC (Philomath). The xlCDYL1b morpholino is located in the 5-UTR of the 

xlCDYL1b gene and has the sequence 5’-CCGGGCTGAGGAGATTACTTTCTTT-3’. For 

control Standard Control oligos were used. Morpholinos were tested with TNT kit of Promega 

by spiking the TNT reaction of pCS2+ 5UTR xlCDYL1b-FLAG plasmid with 2-200 M of 

xlCDYL1b Morpholino or control. Resulted transcription was analyed via SDS PAGE and 

Western Blot. 

7.5.3 Microinjection of mRNA and Morpholinos 

After dejellying, the fertilized eggs were transferred to 1x MBS /1% Ficoll (w/v) prior to 

injection. The injection needle was back loaded with the mRNA and the drop size was 

calibrated using a microscale. 4 nl of the solution containing 10-1000 pg of the in vitro 

prepared mRNA and/or 20 ng of indicated morpholinos was injected. For injection 

approximately 50 eggs were transferred to a glas slide and the buffer was removed. Then eggs 

were injected in all orientations to exclude positioning effects of mRNA using a 

microinjector. Injected eggs rested for 1 h at RT in 1x MBS/1% Ficoll solution. Then they 

were transferred to 0.1x MBS and incubated until the desired stage at 14-18°C. 

7.5.4 RNA isolation and Reverse Transcription PCR  

To isolate the RNA embryos of the desired stage were collected in a Eppendorf tube (1 

embryo/tube) and 200 l lysis buffer was added. The embryos were homogenized by pipetting 

up and down and incubated at 42°C for 30 min. 200 l of Phenol/Chloroform/Isoamyl alcohol 

was added and centrifuged for 3 min, 13000xg, RT in a table top centrifuge. The aqueous top 

layer was transferred into a new tube containing 20 l 3 M sodium acetate, 1 l glycogen 

(20mg/ml) and 500 l of ethanol. After centrifugation (as described before) 500 l of 70% 
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ethanol (v/v) was added to wash the pellet followed by another centrifugation step, removal of 

the ethanol and drying of the pellet. The dried pellet was resuspended in 15 l of water. The 

DNA of the resuspension was removed with DNase treatment like described in the NEB 

protocol [171]. Afterwards the RNA was purified by Phenol/Chloroform/Isoamyl alcohol 

extraction. This time the pellet was dissolved in 20 l of water. 2 l of random hexamers were 

added and incubated for 4 min, 65°C. For reaction 4 l of Colorless GoTaq Buffer (5x 

including MgCL2), 1 l of 20 mM DTT, 0.5 l RNase inhibitor, 1 l dNTP mix, 1.5 l water 

and 1 l of the MuLV reverse transcriptase were added to 11 l of the RNA/hexamer mixture 

to a total volume of 20 l. As control an additional reaction was performed replacing the 

reverse transcriptase with 1 l of water. The mix was incubated for 30 min at 42°C. 1 l of 

this reaction was then used for a PCR reaction as described with an annealing temperature of 

60°C for all cycles, 27 cycles using the following primers xlCDYL1b for 5’-

CAGGAGTAACAGGCAAGCGAAGAT-3’, xlCDYL1b rev 5’-GGCAGGTCCATTTACAG 

CAACAA-3’ producing a 428 bp product or ornithine decarboxylase standard primers for 5’-

AGACCTTCGTGCAGGCAATC-3’ and rev 5’-AGGAAAGCCACCGCCAATAT-3’. The 

products were analyzed by gel electrophoresis described in the Cloning chapter (7.2.2). 

7.5.5 Whole mount in situ hybridization 

To prepare Digoxigenin-labeled antisense RNA the plasmids pBluescript XL213m10 and 

XL007a18 (7.1.7) were digested with BstXI or SacI for linearization due to NEB protocols 

[171]. The DNA was purified using a DNA-purification Kit and the concentration was 

determined by using the Nanodrop. Up to 1 g of the purified plasmid DNA were taken for 

preparing antisense RNA using the DIG-RNA-labeling Kit. The Digoxigenin-labeled RNA 

was purified with the RNeasy Kit and 1 l was loaded on a 1% agarose gel (see 7.2.2). The 

RNA could be stored at -80°C. Whole mount in situ hybridization was performed as described 

previously [170]. 
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8 Appendix 

8.1 DNA sequences of used proteins 

hCDYL1a: 
ATGACATTTCAGGCAAGCCACAGGTCAGCCTGGGGAAAAAGCAGGAAGAAAAACTGGCAATACGAGGGCCCAACCCAAAAG
TTATTCCTGAAGAGAAACAACGTGTCAGCACCAGATGGGCCTTCAGACCCCAGCATCTCCGTGAGCAGTGAGCAAAGCGGGG
CACAGCAGCCTCCCGCTTTACAGGTTGAAAGGATTGTTGACAAAAGGAAAAATAAAAAAGGGAAGACAGAGTATTTGGTTCG
GTGGAAAGGCTATGACAGCGAGGACGACACTTGGGAGCCGGAACAGCACCTCGTGAACTGTGAGGAATACATCCACGACTTC
AACAGACGCCACACGGAGAAGCAGAAGGAGAGCACATTGACCAGAACAAACAGGACCTCTCCCAACAATGCTAGGAAACAA
ATCTCCAGATCCACCAACAGCAACTTTTCTAAGACCTCTCCTAAGGCACTCGTGATTGGGAAAGACCACGAATCCAAAAACA
GCCAGCTGTTTGCTGCCAGCCAGAAGTTCAGGAAGAACACAGCTCCATCTCTCTCCAGCCGGAAGAACATGGACCTAGCGAA
GTCAGGTATCAAGATCCTCGTGCCTAAAAGCCCCGTTAAGAGCAGGACCGCAGTGGACGGCTTTCAGAGCGAGAGCCCTGAG
AAACTGGACCCCGTCGAGCAGGGTCAGGAGGACACAGTGGCACCCGAAGTGGCAGCGGAAAAGCCGGTCGGAGCTTTATTG
GGCCCCGGTGCCGAGAGGGCCAGGATGGGGAGCAGGCCCAGGATACACCCACTAGTGCCTCAGGTGCCCGGCCCTGTGACTG
CAGCCATGGCCACAGGCTTAGCTGTTAACGGGAAAGGTACATCTCCGTTCATGGATGCATTAACAGCCAATGGGACAACCAA
CATACAGACATCTGTTACAGGAGTGACTGCCAGCAAAAGGAAATTTATTGACGACAGAAGAGACCAGCCTTTTGACAAGCGA
TTGCGTTTCAGCGTGAGGCAAACAGAAAGTGCCTACAGATACAGAGATATTGTGGTCAGGAAGCAGGATGGCTTCACCCACA
TCTTGTTATCCACAAAGTCCTCAGAGAATAACTCACTAAATCCAGAGGTAATGAGAGAAGTCCAGAGTGCTCTGAGCACGGC
CGCTGCCGATGACAGCAAGCTGGTACTGCTCAGCGCCGTTGGCAGCGTCTTCTGTTGTGGACTTGACTTTATTTATTTTATACG
ACGTCTGACAGATGACAGGAAAAGAGAAAGCACTAAAATGGCAGAAGCTATCAGAAACTTCGTGAATACTTTCATTCAATTT
AAGAAGCCCATTATTGTAGCAGTCAATGGCCCAGCCATTGGTCTAGGAGCATCTATATTGCCTCTTTGCGATGTGGTTTGGGC
TAATGAAAAGGCTTGGTTTCAAACACCCTATACCACCTTCGGACAGAGTCCAGATGGCTGTTCTACCGTTATGTTTCCCAAGA
TAATGGGAGGAGCATCTGCAAACGAGATGCTGCTCAGTGGACGGAAGCTGACAGCGCAGGAGGCGTGTGGCAAGGGCCTGG
TCTCCCAGGTGTTTTGGCCCGGGACGTTCACTCAGGAAGTGATGGTTCGCATTAAGGAGCTTGCCTCGTGCAATCCAGTTGTG
CTTGAGGAATCCAAAGCCCTCGTGCGCTGCAACATGAAGATGGAGCTGGAGCAGGCCAACGAGAGGGAGTGTGAGGTGCTG
AAGAAAATCTGGGGCTCGGCCCAGGGGATGGACTCCATGTTAAAGTACTTGCAGAGGAAGATCGATGAGTTC 

 
hCDYL1b: 
ATGGCTTCCGAGGAGCTGTACGAGGTTGAAAGGATTGTTGACAAAAGGAAAAATAAAAAAGGGAAGACAGAGTATTTGGTT
CGGTGGAAAGGCTATGACAGCGAGGACGACACTTGGGAGCCGGAACAGCACCTCGTGAACTGTGAGGAATACATCCACGAC
TTCAACAGACGCCACACGGAGAAGCAGAAGGAGAGCACATTGACCAGAACAAACAGGACCTCTCCCAACAATGCTAGGAAA
CAAATCTCCAGATCCACCAACAGCAACTTTTCTAAGACCTCTCCTAAGGCACTCGTGATTGGGAAAGACCACGAATCCAAAA
ACAGCCAGCTGTTTGCTGCCAGCCAGAAGTTCAGGAAGAACACAGCTCCATCTCTCTCCAGCCGGAAGAACATGGACCTAGC
GAAGTCAGGTATCAAGATCCTCGTGCCTAAAAGCCCCGTTAAGAGCAGGACCGCAGTGGACGGCTTTCAGAGCGAGAGCCCT
GAGAAACTGGACCCCGTCGAGCAGGGTCAGGAGGACACAGTGGCACCCGAAGTGGCAGCGGAAAAGCCGGTCGGAGCTTTA
TTGGGCCCCGGTGCCGAGAGGGCCAGGATGGGGAGCAGGCCCAGGATACACCCACTAGTGCCTCAGGTGCCCGGCCCTGTGA
CTGCAGCCATGGCCACAGGCTTAGCTGTTAACGGGAAAGGTACATCTCCGTTCATGGATGCATTAACAGCCAATGGGACAAC
CAACATACAGACATCTGTTACAGGAGTGACTGCCAGCAAAAGGAAATTTATTGACGACAGAAGAGACCAGCCTTTTGACAAG
CGATTGCGTTTCAGCGTGAGGCAAACAGAAAGTGCCTACAGATACAGAGATATTGTGGTCAGGAAGCAGGATGGCTTCACCC
ACATCTTGTTATCCACAAAGTCCTCAGAGAATAACTCACTAAATCCAGAGGTAATGAGAGAAGTCCAGAGTGCTCTGAGCAC
GGCCGCTGCCGATGACAGCAAGCTGGTACTGCTCAGCGCCGTTGGCAGCGTCTTCTGTTGTGGACTTGACTTTATTTATTTTAT
ACGACGTCTGACAGATGACAGGAAAAGAGAAAGCACTAAAATGGCAGAAGCTATCAGAAACTTCGTGAATACTTTCATTCAA
TTTAAGAAGCCCATTATTGTAGCAGTCAATGGCCCAGCCATTGGTCTAGGAGCATCTATATTGCCTCTTTGCGATGTGGTTTGG
GCTAATGAAAAGGCTTGGTTTCAAACACCCTATACCACCTTCGGACAGAGTCCAGATGGCTGTTCTACCGTTATGTTTCCCAA
GATAATGGGAGGAGCATCTGCAAACGAGATGCTGCTCAGTGGACGGAAGCTGACAGCGCAGGAGGCGTGTGGCAAGGGCCT
GGTCTCCCAGGTGTTTTGGCCCGGGACGTTCACTCAGGAAGTGATGGTTCGCATTAAGGAGCTTGCCTCGTGCAATCCAGTTG
TGCTTGAGGAATCCAAAGCCCTCGTGCGCTGCAACATGAAGATGGAGCTGGAGCAGGCCAACGAGAGGGAGTGTGAGGTGC
TGAAGAAAATCTGGGGCTCGGCCCAGGGGATGGACTCCATGTTAAAGTACTTGCAGAGGAAGATCGATGAGTTC 

 
hCDYL1c: 
ATGGATGCATTAACAGCCAATGGGACAACCAACATACAGACATCTGTTACAGGAGTGACTGCCAGCAAAAGGAAATTTATTG
ACGACAGAAGAGACCAGCCTTTTGACAAGCGATTGCGTTTCAGCGTGAGGCAAACAGAAAGTGCCTACAGATACAGAGATAT
TGTGGTCAGGAAGCAGGATGGCTTCACCCACATCTTGTTATCCACAAAGTCCTCAGAGAATAACTCACTAAATCCAGAGGTA
ATGAGAGAAGTCCAGAGTGCTCTGAGCACGGCCGCTGCCGATGACAGCAAGCTGGTACTGCTCAGCGCCGTTGGCAGCGTCT
TCTGTTGTGGACTTGACTTTATTTATTTTATACGACGTCTGACAGATGACAGGAAAAGAGAAAGCACTAAAATGGCAGAAGCT
ATCAGAAACTTCGTGAATACTTTCATTCAATTTAAGAAGCCCATTATTGTAGCAGTCAATGGCCCAGCCATTGGTCTAGGAGC
ATCTATATTGCCTCTTTGCGATGTGGTTTGGGCTAATGAAAAGGCTTGGTTTCAAACACCCTATACCACCTTCGGACAGAGTCC
AGATGGCTGTTCTACCGTTATGTTTCCCAAGATAATGGGAGGAGCATCTGCAAACGAGATGCTGCTCAGTGGACGGAAGCTG
ACAGCGCAGGAGGCGTGTGGCAAGGGCCTGGTCTCCCAGGTGTTTTGGCCCGGGACGTTCACTCAGGAAGTGATGGTTCGCA
TTAAGGAGCTTGCCTCGTGCAATCCAGTTGTGCTTGAGGAATCCAAAGCCCTCGTGCGCTGCAACATGAAGATGGAGCTGGA
GCAGGCCAACGAGAGGGAGTGTGAGGTGCTGAAGAAAATCTGGGGCTCGGCCCAGGGGATGGACTCCATGTTAAAGTACTT
GCAGAGGAAGATCGATGAGTTC 
 

xlCDYL1b/XL213m10:  
ATGGCTTCAGAGGAACTCTACGAGGTAGAACAAATTGTTGATAAAAGGAAAAACAAAAAAGGTAAAGTTGAGTATTTGGTGC
ACTGGAAAGGATATGACAGTGGAGATGATACATGGGAGCCAGAACAACATTTAGTAAATTGTGAGGAATATATCCATGAATT
CAACAGAAGACACAGTGAGAAGCCTAAAGACAACAGTACAATAAGATCTAATCGGACATCTCCAAATAATGCAAGGAAACA
AATTTCCAGGTCAACAAATAGTGCTATTACACGAACATCTCCAAAGTCTGTGTCTCTAAGTAAGGAAAGTGACTCAAAAAAC
AACCAGTTACTCCATAGCAGTCCAAAATTGCGCAGAAGTCCTTCCCAAGCAATTCCAAGCAGGAAAAATATAGACCTTTCCA
GATCAGGAATAAAGATACTTGTGCCCAAAAGTCCAATGAAAAGTAGAACTACTGTTGATGGATTTCAGAACGAAAGTACAGA
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AAAATTAAATCATTTAGAACAAGAACAAGACACTACAGCCCCGGAGGTGACAGCTGAGAAACCAGTTGGGGCTTTATTGGGC
CCTGGTGCTGAAAGGGCTCGAATGGGGAGCAGACCAAGGCCTCAGTCTTTGGTACCACAGATTCAGATGCCACTAACAGTGA
CTGCAGCATCTGCATTAACTGTAAATGGTAAAGGTACTTCTACTTTAATGGAGGCTTTGACAGCTAGTGTTACTACCAATATA
CAGACTTCAGCAGGAGTAACAGGCAAGCGAAGATTCATTGATGAAAGAAGAGACCAGCCTTTTGATAAGAGACTACGATTTA
GTGTGAGACAAACTGAAAGTGCATACCGGTATAGAGACATTGTGGTCAGAAAGCAAGATGGTTTCACACATATTTTACTTTCT
ACAAAGTCTTCAGAAAATAATTCACTTAATCCAGAGGTAATGAAGGAAGTGCAAGGTGCACTAAATACTGCAGCTGCTGATG
ACAGCAAACTTGTTCTCTTTAGTGCAGTTGGAAGTGTCTTCTGCTGTGGTCTTGATTTCATATATTTTATACGCCGTTTAACTGA
TGATAGAAAACGGGAAAGCATTAAAATGGCTGAAGCTATTCGGACGTTTGTAAATACATTTATTCAGTTTAAGAAGCCAATA
ATTGTTGCTGTAAATGGACCTGCCATTGGACTTGGAGCATCAATATTGCCTCTTTGTGATGTTGTTTGGGCTAATGAGAAAGCT
TGGTTTCAGACACCTTACACTACTTTTGGACAGAGTCCAGATGGATGCTCGTCTCTTATGTTTCCTAAGATAATGGGCCTTGCA
TCAGCAAACGAAATGTTGTTCAGTGGAAGAAAACTGACTGCACAAGAGGCCTGTGCTAAAGGTCTAGTTTCCCAGGTGTTTTG
GCCTGGAACTTTCACCCAAGAGGTTATGGTTCGCATTAAGGAACTTGTGACCTGCAATCCAGTAGTACTTGAAGAATCTAAAG
GTCTAGTTCGTAATGTCATGAGAGGAGATTTAGAACAAACAAATGAAAGAGAGTGTGAAGTGCTAAAGAAAATTTGGGGATC
TCCACAAGGCATGGATTCCATGTTAAAATATTTGCAAAGAAAAATTGATGAGTTCTAA 

 
hPRMT5: 
ATGGCGGCGATGGCGGTCGGGGGTGCTGGTGGGAGCCGCGTGTCCAGCGGGAGGGACCTGAATTGCGTCCCCGAAATAGCTG
ACACACTAGGGGCTGTGGCCAAGCAGGGGTTTGATTTCCTCTGCATGCCTGTCTTCCATCCGCGTTTCAAGAGGGAGTTCATT
CAGGAACCTGCTAAGAATCGGCCCGGTCCCCAGACACGATCAGACCTACTGCTGTCAGGAAGGGACTGGAATACGCTAATTG
TGGGAAAGCTTTCTCCATGGATTCGTCCAGACTCAAAAGTGGAGAAGATTCGCAGGAACTCCGAGGCGGCCATGTTACAGGA
GCTGAATTTTGGTGCATATTTGGGTCTTCCAGCTTTCCTGCTGCCCCTTAATCAGGAAGATAACACCAACCTGGCCAGAGTTTT
GACCAACCACATCCACACTGGCCATCACTCTTCCATGTTCTGGATGCGGGTACCCTTGGTGGCACCAGAGGACCTGAGAGATG
ATATAATTGAGAATGCACCAACTACACACACAGAGGAGTACAGTGGGGAGGAGAAAACGTGGATGTGGTGGCACAACTTCC
GGACTTTGTGTGACTATAGTAAGAGGATTGCAGTGGCTCTTGAAATTGGGGCTGACCTCCCATCTAATCATGTCATTGATCGC
TGGCTTGGGGAGCCCATCAAAGCAGCCATTCTCCCCACTAGCATTTTCCTGACCAATAAGAAGGGATTTCCTGTTCTTTCTAA
GATGCACCAGAGGCTCATCTTCCGGCTCCTCAAGTTGGAGGTGCAGTTCATCATCACAGGCACCAACCACCACTCAGAGAAG
GAGTTCTGCTCCTACCTCCAATACCTGGAATACTTAAGCCAGAACCGTCCTCCACCTAATGCCTATGAACTCTTTGCCAAGGG
CTATGAAGACTATCTGCAGTCCCCGCTTCAGCCACTGATGGACAATCTGGAATCTCAGACATATGAAGTGTTTGAAAAGGACC
CCATCAAATACTCTCAGTACCAGCAGGCCATCTATAAATGTCTGCTAGACCGAGTACCAGAAGAGGAGAAGGATACCAATGT
CCAGGTACTGATGGTGCTGGGAGCAGGACGGGGACCCCTGGTGAACGCTTCCCTGCGGGCAGCCAAGCAGGCCGACCGGCG
GATAAAGCTGTATGCTGTGGAGAAAAACCCAAATGCCGTGGTGACGCTAGAGAACTGGCAGTTTGAAGAATGGGGAAGCCA
AGTGACCGTAGTCTCATCAGACATGAGGGAATGGGTGGCTCCAGAGAAAGCAGACATCATTGTCAGTGAGCTTCTGGGCTCA
TTTGCTGACAATGAATTGTCGCCTGAGTGCCTGGATGGAGCCCAGCACTTCCTAAAAGATGATGGTGTGAGCATCCCCGGGGA
GTACACTTCCTTTCTGGCTCCCATCTCTTCCTCCAAGCTGTACAATGAGGTCCGAGCCTGTAGGGAGAAGGACCGTGACCCTG
AGGCCCAGTTTGAGATGCCTTATGTGGTACGGCTGCACAACTTCCACCAGCTCTCTGCACCCCAGCCCTGTTTCACCTTCAGCC
ATCCCAACAGAGATCCTATGATTGACAACAACCGCTATTGCACCTTGGAATTTCCTGTGGAGGTGAACACAGTACTACATGGC
TTTGCCGGCTACTTTGAGACTGTGCTTTATCAGGACATCACTCTGAGTATCCGTCCAGAGACTCACTCTCCTGGGATGTTCTCA
TGGTTTCCCATCCTCTTCCCTATTAAGCAGCCCATAACGGTACGTGAAGGCCAAACCATCTGTGTGCGTTTCTGGCGATGCAG
CAATTCCAAGAAGGTGTGGTATGAGTGGGCTGTGACAGCACCAGTCTGTTCTGCTATTCATAACCCCACAGGCCGCTCATATA
CCATTGGCCTTGGTAA 

 

8.2 Amino acid sequences of used proteins 

hCDYL1a: 
MTFQASHRSAWGKSRKKNWQYEGPTQKLFLKRNNVSAPDGPSDPSISVSSEQSGAQQPPALQVERIVDKRKNKKGKTEYLVRWK
GYDSEDDTWEPEQHLVNCEEYIHDFNRRHTEKQKESTLTRTNRTSPNNARKQISRSTNSNFSKTSPKALVIGKDHESKNSQLFAASQ
KFRKNTAPSLSSRKNMDLAKSGIKILVPKSPVKSRTAVDGFQSESPEKLDPVEQGQEDTVAPEVAAEKPVGALLGPGAERARMGSR
PRIHPLVPQVPGPVTAAMATGLAVNGKGTSPFMDALTANGTTNIQTSVTGVTASKRKFIDDRRDQPFDKRLRFSVRQTESAYRYRD
IVVRKQDGFTHILLSTKSSENNSLNPEVMREVQSALSTAAADDSKLVLLSAVGSVFCCGLDFIYFIRRLTDDRKRESTKMAEAIRNFV
NTFIQFKKPIIVAVNGPAIGLGASILPLCDVVWANEKAWFQTPYTTFGQSPDGCSTVMFPKIMGGASANEMLLSGRKLTAQEACGK
GLVSQVFWPGTFTQEVMVRIKELASCNPVVLEESKALVRCNMKMELEQANERECEVLKKIWGSAQGMDSMLKYLQRKIDEF 

 
hCDYL1b: 
MASEELYEVERIVDKRKNKKGKTEYLVRWKGYDSEDDTWEPEQHLVNCEEYIHDFNRRHTEKQKESTLTRTNRTSPNNARKQISR
STNSNFSKTSPKALVIGKDHESKNSQLFAASQKFRKNTAPSLSSRKNMDLAKSGIKILVPKSPVKSRTAVDGFQSESPEKLDPVEQGQ
EDTVAPEVAAEKPVGALLGPGAERARMGSRPRIHPLVPQVPGPVTAAMATGLAVNGKGTSPFMDALTANGTTNIQTSVTGVTASK
RKFIDDRRDQPFDKRLRFSVRQTESAYRYRDIVVRKQDGFTHILLSTKSSENNSLNPEVMREVQSALSTAAADDSKLVLLSAVGSVF
CCGLDFIYFIRRLTDDRKRESTKMAEAIRNFVNTFIQFKKPIIVAVNGPAIGLGASILPLCDVVWANEKAWFQTPYTTFGQSPDGCST
VMFPKIMGGASANEMLLSGRKLTAQEACGKGLVSQVFWPGTFTQEVMVRIKELASCNPVVLEESKALVRCNMKMELEQANEREC
EVLKKIWGSAQGMDSMLKYLQRKIDEF 

 
hCDYL1c: 
MDALTANGTTNIQTSVTGVTASKRKFIDDRRDQPFDKRLRFSVRQTESAYRYRDIVVRKQDGFTHILLSTKSSENNSLNPEVMREV
QSALSTAAADDSKLVLLSAVGSVFCCGLDFIYFIRRLTDDRKRESTKMAEAIRNFVNTFIQFKKPIIVAVNGPAIGLGASILPLCDVV
WANEKAWFQTPYTTFGQSPDGCSTVMFPKIMGGASANEMLLSGRKLTAQEACGKGLVSQVFWPGTFTQEVMVRIKELASCNPVV
LEESKALVRCNMKMELEQANERECEVLKKIWGSAQGMDSMLKYLQRKIDEF 
 

xlCDYL1b/XL213m10: 
MASEELYEVEQIVDKRKNKKGKVEYLVHWKGYDSGDDTWEPEQHLVNCEEYIHEFNRRHSEKPKDNSTIRSNRTSPNNARKQISR
STNSAITRTSPKSVSLSKESDSKNNQLLHSSPKLRRSPSQAIPSRKNIDLSRSGIKILVPKSPMKSRTTVDGFQNESTEKLNHLEQEQDT
TAPEVTAEKPVGALLGPGAERARMGSRPRPQSLVPQIQMPLTVTAASALTVNGKGTSTLMEALTASVTTNIQTSAGVTGKRRFIDE
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RRDQPFDKRLRFSVRQTESAYRYRDIVVRKQDGFTHILLSTKSSENNSLNPEVMKEVQGALNTAAADDSKLVLFSAVGSVFCCGLD
FIYFIRRLTDDRKRESIKMAEAIRTFVNTFIQFKKPIIVAVNGPAIGLGASILPLCDVVWANEKAWFQTPYTTFGQSPDGCSSLMFPKI
MGLASANEMLFSGRKLTAQEACAKGLVSQVFWPGTFTQEVMVRIKELVTCNPVVLEESKGLVRNVMRGDLEQTNERECEVLKKI
WGSPQGMDSMLKYLQRKIDEF 
 
hPRMT5: 
MAAMAVGGAGGSRVSSGRDLNCVPEIADTLGAVAKQGFDFLCMPVFHPRFKREFIQEPAKNRPGPQTRSDLLLSGRDWNTLIVGK
LSPWIRPDSKVEKIRRNSEAAMLQELNFGAYLGLPAFLLPLNQEDNTNLARVLTNHIHTGHHSSMFWMRVPLVAPEDLRDDIIENAP
TTHTEEYSGEEKTWMWWHNFRTLCDYSKRIAVALEIGADLPSNHVIDRWLGEPIKAAILPTSIFLTNKKGFPVLSKMHQRLIFRLLK
LEVQFIITGTNHHSEKEFCSYLQYLEYLSQNRPPPNAYELFAKGYEDYLQSPLQPLMDNLESQTYEVFEKDPIKYSQYQQAIYKCLL
DRVPEEEKDTNVQVLMVLGAGRGPLVNASLRAAKQADRRIKLYAVEKNPNAVVTLENWQFEEWGSQVTVVSSDMREWVAPEK
ADIIVSELLGSFADNELSPECLDGAQHFLKDDGVSIPGEYTSFLAPISSSKLYNEVRACREKDRDPEAQFEMPYVVRLHNFHQLSAPQ
PCFTFSHPNRDPMIDNNRYCTLEFPVEVNTVLHGFAGYFETVLYQDITLSIRPETHSPGMFSWFPILFPIKQPITVREGQTICVRFWRCS
NSKKVWYEWAVTAPVCSAIHNPTGRSYTIGL 

8.3 Maps of used plasmids 

Plasmid maps are obtained from indicated companies. 

pBluescript (NIBB) 

 

 

 

pcDNA3.1(+) (Invitrogen) 

 



CHAPTER 8 – Appendix 

84 

pcDNA3.1(+) myc His (Invitrogen) 

 

 

 

pet11a (Novagen) 
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pCS2+ (RZPD) 

 

8.4 R programming for mass spectrometry analysis 

open “R” (D1=moc, D2=unmod, D3=me1, D4=me3) 
D1=read.table("/Users/hfranz/Desktop/S-Soros-250407-S2L1_dros.txt", sep="\t", header=T) ####### 

when that’s not working try “read.csv” 
D2=read.table("/Users/hfranz/Desktop/S-Soros-250407-S2L2_dros.txt", sep="\t", header=T) 
D3=read.table("/Users/hfranz/Desktop/S-Soros-250407-S2L3_dros.txt", sep="\t", header=T) 
D4=read.table("/Users/hfranz/Desktop/S-Soros-250407-S2L4_dros.txt", sep="\t", header=T) 
####### remove moc  control (D1) from each lane  
D1_D2=merge(D1,D2, by.x=1, by.y=1) ####### combining tables by GI number 
D1_D3=merge(D1,D3, by.x=1, by.y=1) 
D1_D4=merge(D1,D4, by.x=1, by.y=1) 
dim(D1_D2) ####### showing dimensions of table 
dim(D1_D3) 
dim(D1_D4) 
D2_unique=subset(D2,is.element(db_id,D1_D2$db_id)==FALSE) ####### building a subset of GIs 

of all which are not in the combined table D1_D2 but in D2 
dim(D2_unique) 
D3_unique=subset(D3,is.element(db_id,D1_D3$db_id)==FALSE) 
dim(D3_unique) 
D4_unique=subset(D4,is.element(db_id,D1_D4$db_id)==FALSE) 
dim(D4_unique) 
####### remove unmod control (D2) from each lane  

D2_unique_D3_unique=merge(D2_unique,D3_unique, by.x=1, by.y=1) 
dim(D2_unique_D3_unique) 
D3minusD2=subset(D3_unique,is.element(db_id,D2_unique_D3_unique$db_id)==FALSE) 
dim(D3minusD2) 
D2_unique_D4_unique=merge(D2_unique,D4_unique, by.x=1, by.y=1) 
D4minusD2=subset(D4_unique,is.element(db_id,D2_unique_D4_unique$db_id)==FALSE) 
dim(D4minusD2) 
write.table(D3minusD2, file="/Users/hfranz/Desktop/D3minusD2.txt", sep="\t") 
write.table(D4minusD2, file="/Users/hfranz/Desktop/D4minusD2.txt", sep="\t") 
####### use only proteins which have more than 1 unique peptide 
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D4minusD2_gr1= D4minusD2[D4minusD2[,8]>1,] 
dim(D4minusD2_gr1) 
D3minusD2_gr1= D3minusD2[D3minusD2[,8]>1,] 
dim(D3minusD2_gr1) 
write.table(D3minusD2_gr1, file="/Users/hfranz/Desktop/D3minusD2_gr1.txt", sep="\t") ####### 

save table where you want 
write.table(D4minusD2_gr1, file="/Users/hfranz/Desktop/D4minusD2_gr1.txt", sep="\t") 
####### proteins which are in L3 and L4 or in L3 or L4 only 
D3andD4=merge(D3minusD2,D4minusD2, by.x=1, by.y=1) 
write.table(D3andD4, file="/Users/hfranz/Desktop/D3andD4.txt", sep="\t") 
dim(D3andD4) 
D4only=subset(D4minusD2,is.element(db_id,D3andD4$db_id)==FALSE) 
dim(D4only) 
D3only=subset(D3minusD2,is.element(db_id,D3andD4$db_id)==FALSE) 
dim(D3only) 
D3minusD2_gr1= D3minusD2[D3minusD2[,8]>1,] 
dim(D3minusD2_gr1) 
D3only_gr1= D3only[D3only[,8]>1,] 
dim(D3only_gr1) 
D4only_gr1= D4only[D4only[,8]>1,] 
dim(D4only_gr1) 
write.table(D3minusD2_gr1, file="/Users/hfranz/Desktop/D3minusD2_gr1.txt", sep="\t") 
write.table(D3only, file="/Users/hfranz/Desktop/D3minusD2andD4.txt", sep="\t") 
write.table(D3only_gr1, file="/Users/hfranz/Desktop/D3minusD2andD4_gr1.txt", sep="\t") 
write.table(D4only_gr1, file="/Users/hfranz/Desktop/D4minusD2andD3_gr1.txt", sep="\t") 
write.table(D4only, file="/Users/hfranz/Desktop/D4minusD2andD3.txt", sep="\t") 
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8.5 Mass spectrometry results 

8.5.1 H3K9me3 bound fraction 
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8.5.2 Co-precipitated factors of CDYL1b IP 
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