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SUMMARY 

Post-translational histone methylation plays a particularly important role in a wide range of 
biological processes including transcriptional regulation, cell differentiation, heterochromatin 
formation, X-chromosome inactivation and genomic imprinting. Histone methylation was 
thought to be a permanent epigenetic mark until recently, when a number of studies have 
demonstrated that it is dynamically regulated by histone demethylases. The major family of 
histone demethylases is comprised of JmjC (Jumonji C) domain-containing proteins. Gis1 and 
Rph1, two out of five JmjC domain-containing proteins in Saccharomyces cerevisiae, are thus 
predicted to be histone demethylases. In this investigation, these proteins were fused to GST 
(Glutathione S-transferase), expressed in bacteria, and isolated by GST purification. 
Demethylation assays of purified GST-fusion proteins using core histones and histone peptides 
containing certain methylations were carried out, and then changes in methylation were 
monitored with Western blots and mass spectrometry. The results suggest that Rph1 is a 
H3K9me3, H3K36me3 and H3K36me2 specific demethylase, while Gis1 appeared to have no 
function in reversing histone methylation. 
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INTRODUCTION 

Regulation of gene expression 

Gene expression, the process by which the genetic code present in the form of specific DNA 
sequences is deciphered into biologically active proteins, is critical to all living creatures. 
Control of gene expression is thus of great importance, both for environmental adaptation of 
unicellular organisms and cell differentiation of higher organisms. For unicellular prokaryotes, 
regulation mainly takes place at transcription initiation, allowing a rapid and efficient response 
to changes in the surrounding environment. However, in eukaryotes, especially in multicellular 
organisms, more complex and tightly controlled regulation of gene expression is employed, 
with control of all the processes from transcription to protein synthesis taking place. 
Regulation occurring at various levels of gene expression include control of the chromatin 
state, transcriptional initiation, RNA processing and modification, RNA transport, translational 
initiation, post-translational modification, protein transport, and protein stability control. The 
most fundamental level of regulation is dynamical local alteration of chromatin architecture, 
which determines accessibility of genes. The eukaryotic DNA is compacted with histones into 
chromatin. Histone modifications, as well as DNA methylation of cytosines in CpG 
dinucleotides, are implicated in nucleosome structure and chromatin condensation and further 
affect recruitment of RNA polymerase and transcription factors to specific genes. 

Chromatin, histones and histone modification 

Eukaryotic chromatin is composed of arrays of nucleosomes, repeating packing units on a 
string of DNA. Individual nucleosomes consist of 147 base pairs of DNA tightly wrapped 
around an octamer core assembled out of two copies each of the core histones H2A, H2B, H3 
and H4. The linker histone H1 binds at the outside of the nucleosome core to stabilize its 
structure by locking the entry and exit sites of DNA.  

Histones are all relatively small proteins that are rich in arginine and lysine residues, giving 
them a highly positive charge, which facilitates their attraction to the negatively charged DNA. 
The core histones have been highly conserved during evolution and share a similar structure of 
helix-turn-helix-turn-helix motives allowing easy assembly of H2A-H2B dimers and the 
H3-H4 tetramer. Another characteristic of core histones is that each of them possesses an 
unstructured N-terminal tail, which protrudes from the core particle.  

Although also some residues in the globular domains are covalently modified, the N-terminal 
tails of histones are the primary modification substrates undergoing a large number of 
post-translational modifications via enzymatic reactions, including acetylation, methylation, 
phosphorylation, ubiquitilation (covalent addition of one or several ubiquitins to protein) and 
sumoylation (covalent addition of SUMO protein (Small Ubiquitin-related MOdifier)). Such 
modifications regulate chromatin dynamics and therefore play an important role in multiple 
downstream cellular processes, such as control of replication, regulation of transcription and 
repair of DNA. More than 60 modification sites on histones have been reported (Kouzarides, 
2007). Some modifications are correlated with transcription activation while others confer 
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gene silencing. Combinations of diverse patterns of modification are emerging as important 
epigenetic signals and have been termed the “histone code” (Strahl and Allis, 2000).  

Among all histone modifications, acetylation occurring on lysine residues is the best studied, 
with the enzymes catalyzing acetylation and deacetylation firmly estabilished. Furthermore, it 
has been revealed that acetylation generally is linked to activation of gene expression by 
neutralizing the basic lysine and loosening the interaction of DNA and histone (Hong et al., 
1993; Kouzarides, 2007). 

Histone methylation and demethylation 

Histone methylation has attracted enormous interest in the past few years due to the 
identification of enzymes involved in methylation and the discovery of its critical role in a 
wide range of biological processes including transcriptional regulation, cell differentiation, 
heterochromatin formation, X-chromosome inactivation and genomic imprinting (Kouzarides, 
2007). Recent studies have indicated that aberrant methylation of histone is associated with 
multiple human diseases, including cancer (Hake et al., 2004; Okada et al., 2005; Schneider et 
al., 2002).  

Arginine (R) and lysine (K) residues are both subject to three states of methylation. Arginine 
methylation can produce the mono-methyl, symmetrical di-methyl or asymmetrical di-methyl 
states, while lysine methylation can occur in the mono-, di- or tri-methylated state (Klose and 
Zhang, 2007) (Figure 1). Arginine methylation in humans is catalyzed by arginine 
methyltransferases on the residues 2, 8, 17 and 26 of histone H3 (H3R2, H3R8, H3R17 and 
H3R26) and residue 3 of histone H4 (H4R3) (Kouzarides, 2007; Tsukada and Zhang, 2006). 
Lysine methylation is carried out by the SET domain-containing protein family and the Dot1 
protein family on residues 4, 9, 27, 36, 79 of H3 (H3K4, H3K9, H3K27, H3K36 and H3K79) 
and residue 20 of H4 (H4K20) (Kouzarides, 2007; Tsukada and Zhang, 2006). In general, 
H3K4, H3K36 and H3K79 methylation is associated with active genes, while H3K9, H3K27 
and H4K20 methylation is located at the silenced regions of chromatin (Martin and Zhang, 
2005).  

Unlike acetylation, additional methyl groups added to a lysine residue does not alter the overall 
charge of the histone, suggesting that the methylation modification employs a different 
approach to regulate chromatin function than disruption of histone-DNA interaction. As an 
alternative, these marks are predicted to serve as docking sites for different effectors that are 
capable of specifically recognizing certain methylated lysines, and even discriminate between 
methylation states on the same residue (Shi et al., 2006; Wysocka et al., 2006). This hypothesis 
has been supported by identification of a number of methylated histone binding domains 
(Bannister et al., 2001; Huang et al., 2006; Kim et al., 2006; Shi et al., 2006; Wysocka et al., 
2006).  

In comparison to other reversible histone modifications such as acetylation, phosphorylation 
and ubiquitilation, histone methylation has long been considered a static, irreversible mark. 
This conclusion was drawn from the earlier observation that the total turnover of the histone 
methyl groups takes place at a similar speed to histone turnover. A few mechanisms including 
histone replacement or histone tail clipping have been proposed to explain the turn-over of 
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histone methyl groups. However, increasing evidence has revealed that histone methylation is 
a reversible and dynamic modification, regulated by specific histone demethylases that carry 
out the active enzymatic removal of methyl groups.  

 
Figure 1. Arginine and lysine methylation on histones. a | Arginine methylation. b | Lysine methylation. 
Methyl groups are highlighted in red. HMT refers to histone methyltransferase. 

 

Histone demethylases  

The first enzyme that has been reported to be able to reverse histone methylation was the 
human peptidylarginine deiminase 4 (PADI4). However, PADI4 is not a true histone 
demethylase because it does not carry out demethylation but demethylimination instead, 
referring to converting both methylated and non-methylated arginines to citrulline (Cuthbert et 
al., 2004; Wang et al., 2004).  

There are two distinct protein families capable of catalyzing demethylation. The first bona fide 
histone demethylase, human amine oxidase LSD1, was discovered by Shi and coworkers in 
2004. LSD1 was shown to specifically demethylate mono- (me1) and di-methylated (me2) 
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H3K4 or H3K9 via a FAD (Flavin Adenine Dinucleotide)-dependent oxidative pathway 
(Figure 2a) (Shi et al., 2004). However, LSD1 does not have the ability to affect tri-methylated 
lysines since the enzymatic reaction it employs requires a protonated nitrogen (Shi et al., 
2004). 

The second histone demethylase family is composed of a large number of Jumonji-C (JmjC) 
domain containing proteins, where the JmjC domain catalyzes enzymatic removal of methyl 
groups from methyl-lysine via an Fe (II)- and α-ketoglutarate (α-KG)-dependent hydroxylation 
mechanism (Figure 2b). For example, JHDM1 (JmjC domain-containing histone demethylase 
1) targets H3K36me1 and H3K36me2 in mammals (Tsukada et al., 2006), JHDM2A and 
JHDM2B have demethylase activity toward H3K9me1 and H3K9me2, and the 
JHDM3/JMJD2 family acts on tri-methylated lysines (Whestine et al., 2006). Owing to the 
increasing identification of JmjC-containing histone demethylases as well as the conservation 
of the JmjC domain, additional members belonging to this protein family are also predicted to 
function as histone demethylases.  

Figure 2. Two mechanisms for demethylation of methylated lysines. The carbons atoms highlighted in red 
indicate the destiny of the methyl group. a | LSD1 demethylates mono-methylated lysine via a FAD-dependent 
oxidative mechanism. The same mechanism can be extrapolated to demethylation of di- but not tri-methyl lysine. 
b | The JHDM family demethylates mono-methylated lysine via a hydroxylation reaction using Fe (II) and α-KG 
as cofactors. The same mechanism can be extrapolated to demethylation of di- and tri-methyl lysine. 
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The jumonji domain and histone demethylase activity 

The jumonji domain named after the mouse jumonji protein (Takeuchi et al., 1995), was 
originally described as a bipartite domain which is highly conserved and present in many 
transcription factors from budding yeast to human (Balciunas and Ronne, 2000). The jumonji 
domain consists of the JmjN and JmjC domains, where the JmjN domain of approximately 40 
amino acids is located towards the N-terminus of the protein. While the JmjC domain has been 
characterized as the catalytic core of histone demethylase activity, the crystal structure of 
JMJD2A determined recently has shown that the JmjN domain might also be involved in the 
activity of the enzyme as a regulator, by binding to the JmjC domain, which leads to a 
conformational change (Chen et al., 2006). In some studies, deletion of the JmjN domain in the 
JARID and JHDM3/JMJD2 families has been observed to cause loss of demethylase activity.  

JmjC domain-containing proteins in Saccharomyces cerevisiae 

Saccharomyces cerevisiae, also known as budding yeast, is a commonly used model organism 
in molecular biology, due to the ease with which it is cultured and genetically manipulated. 
Between budding yeast and higher eukaryotes, fundamental cellular processes and biological 
pathways are evolutionarily conserved, including the histone methylation modification system.  

In contrast to higher organisms, histone methylation in budding yeast occurs on H3K4, H3K36 
and H3K79 (Martin and Zhang, 2005), while neither methylated arginine nor methylated 
H3K9, H3K27 and H3K20 residues have been reported (Millar and Grunstein, 2006). The 
three yeast histone lysine methyltransferases Set1, Set2 and Dot1 methylate H3K4, H3K36 and 
H3K79, respectively (Martin and Zhang, 2005). For histone demethylation, different enzymes 
encoded by the budding yeast genome are able to demethylate tri- and di-methylated H3K4 
and all three methylation states of H3K36 (described below), but no demethylases targeting 
H3K4me1 and methylated H3K79 substrates have been found.  

Given the lack of a LSD1 (human amine oxidase, the fist found histone demethylase) 
homologue in budding yeast, it is believed that the five JmjC domain-containing proteins Jhd1 
(YER051W), Jhd2 (YJR119C), Ecm5 (YMR76W), Gis1 (YDR096W) and Rph1 (YER169W) 
are responsible for histone demethylation. Jhd1is grouped into the JHDM1 family, and is an 
active H3K36me2- and H3K36me1-specific demethylase. Jhd2 and Ecm5 belong to the 
JARID group, but only Jhd2 has been shown to mediate demethylation on H3K4me3 and 
H3K4me2 (Liang et al., 2007; Seward et al., 2007).  

Gis1 and Rph1 are members of the JHDM3/JMJD2 subfamily. Rph1 has been shown to be 
capable of removing H3K36 tri- and di-methylation, as well as methylation of H3K9, which 
was unexpected given that methylated H3K9 does not exist in budding yeast (Klose et al., 
2007). Bioinformatic analysis reveals that Gis1 and Rph1 are very similar with 34% sequence 
similarity overall, higher similarity within the JmjN and JmjC domain, and 93% identical 
C-terminal zinc fingers (Balciunas and Ronne, 2000). Nevertheless, in the JmjC domain of 
Gis1, there is a histidine-to-tyrosine substitution in one of the vital residues required for Fe (II) 
chelating (Klose et al., 2006). Gis1, therefore, is predicted to possess no histone demethylase 
activity. However, no evidence so far has verified this prediction.  
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Glutathione S-transferase purification system 

The GST (Glutathione S-transferase) gene fusion system is a common approach to expressing 
and purifying proteins. The protein of interest is fused to the C-terminal of GST by cloning its 
gene into the same open reading frame as the GST gene, and this fusion is then expressed in 
bacteria. GST has high affinity and specificity for glutathione, enabling the use of 
glutathione-coated sepharose beads to purify GST-fusion protein via affinity chromatography. 
Other unwanted proteins are washed out, while the GST-fusion protein is captured by the 
glutathione beads selectively and then eluted by reduced glutathione. 

Mass spectrometry of peptides 

Mass spectrometry, especially MALDI-TOF (Matrix-assisted laser desorption/ionization-Time 
of flight) mass spectrometry, has been a useful tool to identify and analyze both peptides and 
proteins. It is such a sensitive method that it can detect subtle changes taking place on the 
peptide by mass difference. The peptide sample is ionized on a solid matrix by a pulsed laser 
beam and the charged molecules are then propelled by electrostatic lenses to the time -of-flight 
mass analyzer. Thus, the result produced by the mass spectrometer is intensity peaks and 
mass-to-charge ratios (m/z). The molecular weight of a peptide can be calculated from the m/z 
value.  

Aim 

Given that the JmjC domain in a great many proteins has been demonstrated to catalyze 
demethylation, other JmjC domain-containing proteins are good histone demethylase 
candidates. The aims of this study was to investigate whether Gis1 and Rph1, two out of five 
JmjC domain-containing proteins in budding yeast, are capable of reversing histone 
methylation and to determine the specificity of any found enzymatic activity.   
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RESULTS 

To investigate putative histone demethylase activities of Gis1 and Rph1, two out of five JmjC 
domain-containing proteins in budding yeast, three different expression plasmids were 
constructed. The identity of these was based on previous attempts to study the putative Gis1 
demethylase activity in the Ronne lab, and on the crystal structure of the catalytic core of 
JMJD2A, a human JmjC domain-containing histone demethylase. The previous study in this 
group showed that full-length Gis1 was degraded during expression in E. coli, while a shorter 
Gis1 construct only containing the JmjN and JmjC domains did not exhibit enzymatic activity 
under the demethylase assay conditions tested (Ulfstedt, 2006). However, the crystal structure 
of JMJD2A revealed that the JmjC domain interacts physically with downstream residues, 
suggesting that these elements may also be needed for enzymatic function (Chen et al., 2006). 
These residues were not included in the short construct of Gis1 previously tested. For these 
reasons, three new constructs were made that encode sequences for full-length Rph1 and 
shorter Gis1 and Rph1 fragments, both of which contain the JmjN and JmjC domains as well as 
an extra 42 amino acids immediately following the JmjC domain (Figure 3). Given the fact that 
Rph1 was identified as an active histone demethylase (Klose et al., 2007) soon after this 
project started, Rph1 served as a positive control to test whether the demethylation assay 
worked. In addition, GST was utilized as a negative control to verify that the GST-tag had no 
effect on demethylation.  

JmjN JmjC Zinc fingers GST

GST-Gis1 (1-366 a.a.)
(69.4 kDa)

GST-Rph1 (1-397 a.a.)
(73.1 kDa)

GST
(26.9 kDa)

GST-Rph1
(117.1 kDa)

JmjN JmjC Zinc fingers GSTJmjN JmjC Zinc fingersJmjNJmjN JmjCJmjC Zinc fingersZinc fingers GSTGST

GST-Gis1 (1-366 a.a.)
(69.4 kDa)
GST-Gis1 (1-366 a.a.)
(69.4 kDa)

GST-Rph1 (1-397 a.a.)
(73.1 kDa)
GST-Rph1 (1-397 a.a.)
(73.1 kDa)

GST
(26.9 kDa)
GST
(26.9 kDa)

GST-Rph1
(117.1 kDa)
GST-Rph1
(117.1 kDa)

 

Figure 3. Schematic representation of proteins examined in this study. In GST-fusion proteins, the GST part 
is located at the N-terminal. GST-Rph1 contains full length Rph1. GST-Gis1 (1-366 a.a.) and GST-Rph1 (1-397 
a.a.) both contain the JmjN and JmjC domains as well as an extra 42 amino acids immediately following the JmjC 
domain, but do not include zinc fingers. The molecular weights of the proteins are also indicated. 

 

Purification of GST-fusion proteins 

The three constructs were generated by PCR amplification and cloned into all expression 
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vector (Figure 3). The full-length version of Rph1 fused to GST appeared to either not be 
expressed or be degraded after overexpression in bacteria (data not shown). The other two 
GST-fusion proteins as well as GST alone were purified from bacteria and then analyzed by 
SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamine Gel Electrophoresis). As seen on the 
Coomassie stained gel (Figure 4), the proteins were produced and purified successfully. 
However, some extra bands in the lane of the GST-Gis1 (1-366 a.a.) construct are not present 
in the GST control lane, suggesting that they might be degradation products of GST-Gis1 
(1-366 a.a.). Concentration of the purified proteins was estimated with naked eyes by 
comparing with known amounts of BSA (Bovine Serum Albumin). The yields of GST-Gis1 
(1-366 a.a.) and GST were satisfyingly high (about 7 μg/μl and 13 μg/μl, respectively), while 
the concentration of GST-Rph1 (1-397 a.a.) was rather low, approximately 1 μg/μl.  
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Figure 4. Coomassie stained protein gel of GST-fusion proteins purified from E. coli BL21 cells, compared 
with known amount of BSA. The purified proteins were all diluted four times. The candidate proteins are 
marked by “*”. The “M” indicates protein ladder lane. The molecular weight (M.W.) of the protein ladder is 
indicated to the left of the panel. 

 

Analysis of histone demethylase activity toward H3K36 methylation by Western blotting 

The demethylation assay with the purified GST-fusion proteins and core histones from chicken 
as substrates was performed and the methylation status of the histones were detected by 
Western blotting using antibodies against H3K36me3, H3K36me2, and H3K36me1. As shown 
in Figure 5, accumulation of H3K36me2 and H3K36me1 was observed in the demethylation 
reaction with GST-Rph1 (1-397 a.a.), indicating that Rph1 is capable of initiating 
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demethylation on H3K36me3 and H3K36me2 (in agreement with Klose et al., 2007). In 
contrast, GST-Gis1 (1-366 a.a.) appears to be unable to remove H3K36 methylation. However, 
it is odd that no trimethylated H3K36 was detected, not even in the demethylation reaction 
with just GST and these experiments need to be repeated for complete verification. 
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Figure 5. Western blots of the demethylation reactions of core histones incubated with purified proteins 
using H3K36 methylation specific antibodies. Equal amounts of core histones were used in the demethylation 
reactions with the purified enzymes. Changes of methylation levels on H3K36 were monitored by H3K36me3- 
(top panel), H3K36me2- (middle panel), and H3K36me1- (bottom panel) antibodies.  

 

Analysis of histone demethylase activity towards various histone peptides by mass 
spectrometry 

Peptides corresponding to specific methylation states on histone H3 (H3K36me1, H3K9me3 
and H3K4me1) were incubated with the purified proteins under the demethylation assay 
conditions. The methylation level was monitored by mass spectrometry. With the exception of 
the reaction where GST-Rph1 (1-397 a.a.) was incubated with the H3K9me3 peptide, the 
peptides in the other reactions were either not detected or suspected to undergo hydrolysis to 
smaller fragments. A loss of 14 Da in the mass spectrometry data (Figure 6) represents the 
removal of a methyl group followed by addition of a hydrogen. Consistent with the recent 
report, this result revealed that Rph1 is a H3K9me3-specific demethylase, which converts 
H3K9me3 to H3K9me2. However, the reported demethylation of H3K9me3 to H3K9me1 by 
Rph1 (Klose et al., 2007) was not observed in my study.  



 12

H3K9me3 peptide

14 Da

27
50

.8
66

27
64

.8
91

2750 2760 2770 2780

m/z

R
el

at
iv

e 
In

te
ns

ity

27
64

.6
73

H3K9me3 peptide
+

GST-Rph1 (1-397 a.a.)

H3K9me3 peptide

14 Da

27
50

.8
66

27
64

.8
91

2750 2760 2770 2780

m/z

R
el

at
iv

e 
In

te
ns

ity

27
64

.6
73

14 Da

27
50

.8
66

27
64

.8
91

14 Da

27
50

.8
66

27
64

.8
91

2750 2760 2770 2780

m/z

R
el

at
iv

e 
In

te
ns

ity

27
64

.6
73

2750 2760 2770 2780

m/z
2750 2760 2770 2780

m/z

R
el

at
iv

e 
In

te
ns

ity

27
64

.6
73

R
el

at
iv

e 
In

te
ns

ity

27
64

.6
73

H3K9me3 peptide
+

GST-Rph1 (1-397 a.a.)

 

Figure 6. Mass spectrometry analysis of demethylation of the H3K9me3 peptide by GST-Rph1 (1-397 a.a.). 
The numbers besides the peaks indicate mass of the peptides. The peak shift of 14 Da corresponds to a removal of 
–CH3 followed by addition of –H. 
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DISCUSSION 

A large number of JmjC domain-containing proteins have been demonstrated to be active 
histone demethylases. Most studies have been conducted on human proteins, but there have 
also been some very recent reports studying JmjC domains in yeast. Out of the five JmjC 
domain-containing proteins in budding yeast, it is now known that Jhd1, Jhd2 and Rph1 are all 
active histone demethylases. Gis1, which has a substitution in one of the cofactor binding 
residues is predicted to have no capacity for demethylation (Klose et al., 2007). However, there 
has been some evidence suggesting that Gis1 may target H3K36me2 and H3K36me1 (Tu et al., 
2007). To date, no clear evidence has been presented to fully prove these predictions.  

Problems and difficulties encountered 

When the fusion proteins were purified using glutathione-coated sepharose beads, the first 
difficulty was encountered. As shown in Figure 4, several extra bands besides the bands of the 
proteins of interest were present in the lanes of GST-Gis1 (1-366 a.a.) and GST alone. The 
bands present in both lanes indicated either degradation of the GST part or unspecific 
interactions of bacterial proteins with the sepharose beads, whereas the bands only seen in the 
GST-Gis1 (1-366 a.a.) sample suggested degradation of this protein. As for GST-Rph1 (1-397 
a.a.), the yield was rather low as compared to the other two proteins. The first possible 
explanation was raised by the fact that a huge amount of this protein remained captured on the 
sepharose beads (data not shown), suggesting that it was bound more strongly to the beads than 
GST-Gis1 and GST, perhaps due to direct binding of Rph1 itself to the beads. A relatively low 
expression level of this protein may also have contributed to the poor yield. One possible 
explanation for this could be that Rph1 has a negative effect on bacteria in some way, which 
could also explain the failure of full-length Rph1 expression. To solve the problem of 
unspecific binding, purification conditions should be optimized. Instead of the very simple 
GST purification carried out in this work, purification could be conducted using a column, 
which allows for more efficient protein separation. Alternatively, other chromatography 
systems could be utilized.  

In the mass spectrometry analysis, only the demethylation reaction with freshly-purified 
GST-Rph1 (1-397 a.a.) and the H3K9me3 peptide was successful. The peptides in the other 
reactions appeared to be proteolysed by a trypsin-like activity during the demethylation assay, 
the conditions of which are also optimal for trypsin acivity: pH value at 8.0, temperature at 37 
ºC and the lysine- and arginine-rich histone peptides being excellent trypsin substrates. 
Addition of protease inhibitors to the demethylation reaction was advised and will be tested in 
the future.  

In Western blotting of core histones incubated with purified proteins, changes in the levels of 
H3K36me3, H3K36me2 and H3K36me1 were supposed to be examined by use of the specific 
antibodies. However, no H3K36me3 even in the reactions with GST was detected while 
H3K36me2 and H3K36me1 were only detected in the reactions with Rph1. Low levels of 
H3K36me3 in the core histones is a possibility since the methylation status of this extract was 
unknown. However, this does not make sense because Rph1 would need H3K36me3 as a 
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substrate to generate and accumulate the high levels of H3K36me2 seen in Figure 5. The most 
likely explanation is that there is a detection problem with the H3K36me3 antibody, and this 
will be further explored in the future.  

Rph1 is a H3K9me3-, H3K36me3- and H3K36me2-specific demethylase 

The results that GST-Rph1 (1-397 a.a.) demethylated H3K9me3, H3K36me3 and H3K36me2 
were consistent with Klose et al. (2007), demonstrating that the demethylation assay used in 
this study works. Conversion of H3K9me3 to H3K9me1 by GST-Rph1 (1-397 a.a.) was not 
observed (Figure 6), probably owing to insufficient incubation time with the enzyme. The 
positive finding further revealed that deletion of the zinc fingers did not abrogate the 
demethylase activity of Rph1. However the unequivocal conclusion that Rph1 is a H3K9me3-, 
H3K36me3- and H3K36me2-specific demethylase cannot be reached until the assays 
described above have been repeated. Moreover, the pattern of demethylase activity of Rph1 
should be verified using different methods, i.e. Western blotting with antibodies against H3K9 
methylation and mass spectrometry analysis of peptides containing H3K36 methylation should 
both be performed.  

Gis1 did not display demethylase activity under the assay conditions 

In all the reactions, GST-Gis1 (1-366 a.a.) did not mediate any demethylation of the different 
substrates tested under the assay conditions. However, the possibility that Gis1 possesses 
enzymatic capacity to remove the methylation from these or other substrates cannot be 
excluded. Impurities present in the purification product could inhibit its function. It is also 
possible that Gis1 targets and acts on other methylations. Further investigations with 
differently methylated histone substrates will be performed. 
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MATERIALS AND METHODS 

Strains and plasmids 

Three E. coli strains and four plasmids utilized in this study are listed in Table 1 and 2, 
respectively.   

Table 1. E. coli strains used in cloning and protein expression.  
Strain  Application 

SF8  Ordinary transformation and plasmid amplification 

One Shot® TOP10F' Chemically Competent Cells 
(Invitrogen) 

 TOPO® TA Cloning 

BL21-CodonPlus® Competent Cells 1 
 (Stratagene) 

 Overexpressing GST-fusion proteins 

1 This strain contains extra tRNA genes but lacks endonuclease I, Lon protease and OmpT protease, all of which 
facilitate expressing eukaryotic proteins in E.coli. Overexpression of GST-fusion proteins in this strain is IPTG 
(Isopropyl β-D-1-thiogalactopyranoside)-inducible and is under the control of T7 promoter.  

Table 2. Plasmids used in cloning and protein expression. 
Plasmid  Application Description 

pNN7  Amplifying GIS1 Containing the entire coding sequences of GIS1  

pDB131  Amplifying RPH1 Containing the entire coding sequences of RPH1 

pCR®2.1-TOPO® 
vector (Invitrogen) 

 TOPO® TA Cloning An open, linear, ready-to-use plasmid, because of 
covalently bound Topoisomerase I and overhanging 
single deoxythymidine (T) residues at both 3' ends 

pGEX-3X  
(GE Healthcare Life 
Sciences) 

 Constructing 
expression vectors 

With a single BamHI-site and XmaI-site at the 
C-terminal end of the encoding region of GST 

Peptides and antibodies  

The peptides used in demethylation assay and the antibodies employed in the Western blotting 
experiments are shown in detail in Table 3 and Table 4, respectively. 

Table 3. Peptides used in demethylation assay.  

Peptide   Methylation on Histone H3 Amino acid sequence 

H3K36me1 
(Upstate, #12-570) 

 Monomethylation on Lysine 36 
ATKAARKSAPATGGV(me1K)KPHRYRPG 
(amino acids 21-44 of Histone H3) 

H3K9me3 
(Upstate, #12-568) 

 Trimethylation on Lysine 9 
ARTKQTAR(me3 K)STGGKAPRKQLA 
(amino acids 1-21 of Histone H3) 

H3K4me1 
(Upstate, #12-563) 

 Monomethylation on Lysine 4 
ART(me1K)QTARKSTGGKAPRKQLA 
(amino acids 1-21 of Histone H3) 
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Table 4. Antibodies employed in the Western blotting experiments.  

Antibody Derivation Application 

Anti-H3K36me1 antibody Upstate (#07-548) Primary antibody 

Anti-H3K36me2 antibody Upstate ( #07-369) Primary antibody 

Anti-H3K36me3 antibody Abcam (ab9050) Primary antibody 

Goat anti-rabbit IgG  BIO-RAD (170-6515) Secondary antibody 

Cloning and expression vector construction 

PCR amplification 

The DNA fragments corresponding to short-length Gis1 (1-366 a.a. (amino acid residue)) and 
short-length Rph1 (1-397 a.a.) were PCR amplified from the plasmids pNN7 and pDB131, 
respectively, using Pfu DNA Polymerase (Fermentas). Owing to some mutations, detected via 
sequencing afterwards, that were present downstream of the region used for the short version 
of RPH1, the full-length RPH1 gene was amplified from yeast genomic DNA instead of the 
pDB131 plasmid. All the PCR products were endowed with restriction cutting sites at both 
ends by using corresponding primers (listed in Table 1). The fragments were extracted using 
the QIAquick Gel Extraction Kit (QIAGEN�28706) after being separated on a 1% agarose gel 
(with 0.5 μg/ml ethidium bromide (Bio-RAD)) in running buffer TAE (40 mM Tris 
(trishydroxymethylaminomethane) [pH 8.0], 20 mM acetic acid and 1 mM EDTA (Ethylene 
diamine tetracetic acid)).  

TOPO Cloning® 

To allow efficient ligation of the TOPO® vector and gel-cleaned PCR fragments, single 
deoxyadenosine (A) residues were added to the 3' ends, by incubating a mixture of PCR 
fragment, Taq DNA Polymerase, Taq Buffer, MgCl2 and dATP for 15 minutes at 72 ºC (all the 
reagents were purchased from Fermentas). The fragments with overhanging As were then 
inserted into the TOPO® vector using the TOPO TA Cloning® Kit (with pCR®2.1-TOPO® 
vector). The ligated vectors were transformed into the One Shot® TOP10F' cells and plated 
onto LB (Luria Broth) agar-Ampicillin (LB medium:10 g Tryptone, 5 g yeast extract and 10 g 
NaCl in 1 liter H2O; 15 g agar per 1 liter of LB; 150 μg/ml ampicillin) plates with 2.4 μg X-gal 
and 4 μmol IPTG added. The plates were incubated for about 24 hours at 37 ºC. 5 ml of LB 
(100 μg/ml ampicillin) was inculated with white colonies chosen from the plate and incubated 
overnight at 37 ºC with shaking.  

The overnight cultures were mixed with 300 μl SET (8% sucrose, 50 mM EDTA, 50 mM 
Tris-HCl [pH 7.5]), 1 mg lysozyme, and 300 μl TET (1% TritonX-100, 50 mM EDTA, 50 mM 
Tris-HCl [pH 7.5]), and then incubated for 3 minutes at 95 ºC. The cellular debris was removed 
after centrifugation at 16060×g for 30 minutes at 4 ºC. Plasmid DNA was precipitated with one 
volume of cold isopropanol and dissolved in 75 μl TE buffer (10 mM Tris-HCl [pH 7.5], 1 mM 
EDTA). In order to digest RNA, 2 μl of RNaseA (10 mg/ml, Sigma) was added to and 
incubated with the plasmid sample for 30 minutes at 37 ºC. Proteins in the sample was 
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extracted by 75 μl phenol and removed after centrifugation at 16060×g for 5 minutes. The 
supernatant containing plasmids was transferred to a fresh tube. To get rid of traces of 
remaining phenol and proteins, one volume of chloroform was added and well mixed. The 
water phase containing plasmids was separated from organic phase by centrifuging at 16060×g 
for 5 minutes. Restriction digestion of plasmids with EcoRI (Fermentas) was performed to 
verify the size of the TOPO® vector and the inserts. 

Cleavage 

The fragments of interest were cleaved out of TOPO® vectors with different restriction 
enzymes i.e., the short-length GIS1 with BamHI (Fermentas) and the short- and full-length 
RPHI with XmaI (Fermentas). Meanwhile, the pGEX-3X plasmid was treated with BamHI and 
XmaI, respectively. All the digestion products were purified using electrophoresis, followed by 
gel extraction under the same conditions as previously described.  

Ligation 

All the reagents utilized were from Fermentas. To prevent religation, the digested vectors were 
SAPed (Shrimp Alkaline Phosphatase) by incubating 1-10 pmol of DNA ends with 1 μl SAP, 5 
μl 10× SAP buffer and H2O up to 50 μl for 30 minutes at 37 ºC, after which SAP was 
deactivated for 15 minutes at 65 ºC. The insert fragments were ligated in different ratios with 
the enzymatically digested and SAPed pGEX-3X vector in a total volume of 10 μl with 0.4 μl 
of T4 DNA ligase, 1 μl 10× T4 ligation buffer and 5 mM ATP. The ligation reaction was 
incubated at room temperature overnight and stopped by deactivation for 10 minutes at 65 ºC. 
The expression constructs were transformed into E.coli SF8 cells, and subsequently purified 
from the overnight cultures using phenol and chloroform extraction. The expression constructs 
with the inserts were selected by restriction cutting using appropriate enzymes (the 
short-length GIS1 and RPHI with EcoRI and the full-length RPHI with BamHI); meanwhile 
the right orientation of inserts was also identified. And then the correct constructs were 
transformed into BL21-CodonPlus® Competent Cells for fusion protein expression. 

Sequencing 

The fragments of interest in the TOPO® vectors were confirmed by sequencing the entire 
construct, using a pair of existing vector-specific primers, M13 rev (-29) primer and M13 uni 
(-21) primer, and three additional internal primers for the full-length RPH1 constuct. Correct 
orientation and ligation in the pGEX-3X vector was also verified by sequencing, using two 
vector-specific primers binding upstream and downstream of the cloning site. All the primers 
are shown in the Table 5. 

Table 5. Primers used in PCR amplification and sequencing. 

Primer Sequence (5' to 3') Application 

GIS1 forward GGATCCCCATGGAAATCAAGCCAGTTG PCR of short-length GIS1 

GIS1 reverse GGATCC TCAAAAACTTCGAACTTTTTGAAAT PCR of short-length GIS1 

RPH1 forward CCCGGGATGACGAAACTAATCGCTCC' PCR of short- and full-length 
RPH1 
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RPH1(short) reverse CCCGGGTCACCTGTGAAGTAAGGGCATG PCR of short-length RPH1 

RPH1 reverse CCCGGGTCAGTTTAAAGGTGTACTCTG PCR of RPH1 

M13 uni (-21) CAGGAAACAGCTATGACC 5' sequencing of TOPO® vector 

M13 rev (-29) TGTAAAACGACGGCCAGT 3' sequencing of TOPO® vector 

Internal RPH1 forward 1 AGGCTCCGTTTCCAAATCCAC Internal sequencing of RPH1 

Internal RPH1 forward 2 TTTGCTTTGGAGGAGTGGCTAC Internal sequencing of RPH1 

Internal RPH1reverse AAACAGTGCGGGGTCTTCTC Internal sequencing of RPH1 

pGEX-3X forward GGGCTGGCAAGCCACGTTTGGTG 5' sequencing of pGEX-3X 

pGEX-3X reverse CCGGGAGCTGCATGTGTCAGAGG 3' sequencing of pGEX-3X 

The nucleotides in red indicate the stop codons introduced by the primers into the PCR amplicons. The shaded 
sequences are recognition sites of restriction enzymes:  
BamHI: 5'- G G A T C C -3'; XmaI: 5'- C C C G G G -3' 

Purification of GST-fusion proteins 

Expression of proteins 

10 ml of 2× YT media (Yeast Tryptone media: 10 g yeast extract, 16 g tryptone and 5 g NaCl in 
1 liter H2O, pH 7.0) with 100 μg/ml ampicillin and 34 μg/ml chloramphenicol was inoculated 
with E.coli BL21 carrying expression vectors with correct inserts. These pre-cultures were 
grown overnight with shaking at 37 ºC and then diluted 1:100 into 500 ml of pre-warmed 2× 
YT media (100 μg/ml ampicillin, 34 μg/ml chloramphenicol). Growth was continued until an 
OD600 of 0.8 was reached. IPTG (Isopropyl β-D-1-thiogalactopyranoside) was then added to a 
final concentration of 0.1 mM and incubation was continued for another 8 hours. Bacteria were 
harvested by centrifugation at 5000×g for 15 minutes at 4 ºC, resuspended in ice-cold 1× PBS 
(Phosphate-buffered Saline: 0.14 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 
pH 7.3), and then centrifuged in Falcon tubes at 2700×g for 15 minutes at 4 ºC. After removal 
of the supernatant, the cell pellets were frozen at -80 ºC. 

Preparation of cell lysates  

The pellet was resuspened in ice-cold 1× PBS containing Complete, EDTA-free, Protease 
inhibitor cocktail (Roche) (one tablet to 100 ml solution) and kept on ice. The cells were lysed 
by sonication with 5 pulses of 30 seconds followed by 1 minute intervals of cooling and then 
incubated with Triton X-100 (final concentration 1%) for 30 minutes at 4 ºC with end-over-end 
rotation. The cell debris was removed by centrifugation at 12000×g for 10 minutes at 4 ºC.  

Preparation of the 50% slurry of Glutathione Sepharose 4B 

Glutathione Sepharose 4B beads were purchased from Amersham Biosciences. 1.33 times the 
required bed volume of well resuspended Sepharose beads was transferred to a fresh Falcon 
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tube and centrifuged at 500×g for 5 minutes. The supernatant was aspirated and 10 ml of ice 
cold 1× PBS per 1.33 ml of original slurry was added to wash the beads. The wash was 
removed by centrifugation at 500×g for 5 minutes. A 50% slurry was then generated by adding 
1 ml ice-cold 1× PBS into every 1.33 ml of original slurry. 

Purification of fusion proteins 

For purification, a 50% slurry of Sepharose beads was first added into the cell lysate at a 
bead-to-original culture volume ratio of 1:1000 and then incubated for 30 minutes at room 
temperature with end-over-end rotation, allowing binding of GST-fusion proteins to the beads. 
The supernatant was decanted after centrifugation at 500×g for 5 minutes. The beads were then 
washed three times with 10 ml of ice-cold 1× PBS (with Complete, EDTA-free, Protease 
inhibitor cocktail (Roche) (one tablet to 100 ml solution)) followed by removal of the 
supernatant after centrifugation at 500×g for 5 minutes. The proteins were eluted using elution 
buffer (10 mM L-glutathione, 50 mM Tris-HCl [pH 8.0]) in three steps. The beads were 
incubated with 250 μl elution buffer for 10 minutes at room temperature with end-over-end 
rotation and then centrifuged at 500×g for 5 minutes. The supernatant containing proteins was 
transferred to a fresh eppendorf tube and kept on ice. The three eluates were pooled and 
dialyzed at 4 ºC overnight against a buffer composed of 50 mM KCl, 10% (v/v) glycerol, 1 
mM DTT (Dithiothreitol ), and 40 mM HEPES-KOH (pH 7.9) using Spectra/Por® 6 
Regenerated Cellulose Dialysis Membranes (Spectrum Laboratories). 

Sodium Dodecyl Sulfate-Polyacrylamine Gel Electrophoresis 

SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamine Gel Electrophoresis) was used to 
confirm the purity of the dialyzed protein samples, as well as to get a rough estimate of protein 
concentrations. The purified proteins and known amount of BSA (Bovine Serum Albumin) 
(Fermentas) were diluted in SDS sample loading buffer (50 mM Tris-HCl [pH 6.8], 2% SDS, 
0.1% bromophenol blue, 10% glycerol, 100 mM DTT, 0.2 mM EDTA) and boiled for 5 
minutes at 95 ºC. Those mixtures ready for loading, as well as PageRuler™ prestained protein 
ladder (Fermentas) were loaded onto a precast 12% polyacrylamide gel (Bio-Rad) and run at 
70V for 1.5 hours in running buffer (20 mM glycine, 25 mM Tris, 0.1% SDS). The gel was 
stained with Coomassie solution (0.1% Coomassie Brilliant Blue R-250 (Bio-Rad), 10% 
(NH4)2SO4, 2% phosphoric aicd, 20% methanol) overnight with agitation and then destained in 
25% methanol. 

Demethylation assay 

4 μM of purified protein was incubated with 10 μM of peptide (H3K36me1, H3K9me3 or 
H3K4me1) in freshly-prepared demethylation reaction buffer (50 mM HEPES-KOH [pH 8.0], 
100 μM Fe(NH4)2(SO4) 2, 1 mM α-ketoglutarate, 2 mM ascorbic acid) for 3 hours at 37 ºC. The 
reactions were inhibited by adding EDTA (pH 8.0) to 2 mM. The core histone demethylation 
assays were conducted under the same conditions as above, exept that, 2 μM of purified 
proteins and 11.78 μg of core histones from chicken (Upstate, #13-107) were added to each 
reaction of 25 μl. The reactions were stopped by boiling for 5 minutes at 95 ºC with 4× 
SDS-loading buffer for SDS-PAGE. 
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Mass spectrometry 

A 10 μl aliquot of each peptide demethylation reaction was sent for mass spectrometry analysis 
at the BMC Proteomics Research Center. 

Western blotting 

The core histone demethylation reaction mixtures were separated on a gel as described above 
(see SDS-PAGE). The protein samples were transferred onto a Hybond-P membrane 
(Amersham Biosciences) in transfer buffer (150 mM glycine, 20% (v/v) methanol, 25 mM 
Tris-HCl [pH 8.3]) at 80 mA overnight.  

The membrane was first blocked using nonfat dry milk in either TBS (Tris-buffered Saline: 
150 mM NaCl, 50 mM Tris-HCl [pH 7.5]) or TBST (TBS supplemented with Tween 20) at 
room temperature (RT). Then the membrane was incubated with primary antibody at an 
appropriate dilution in the same blocking solution. The secondary antibody was diluted 1:5000 
and incubated with the membrane in the blocking solution after unbound primary antibody had 
been rinsed off. Finally, detection was done with ECL™ Plus Western Blotting Analysis 
System (Amersham Biosciences) and exposure to Hyperfilm ECL (Amersham Biosciences) 
using various durations of exposure.  

The primary antibodies were used at dilutions ranging from 1:1000 to 1:10000.  Blocking 
solutions, incubation times and wash methods varied among different antibodies. Details are 
shown in Table 6. 

Table 6. Details of blocking, antibody incubation and wash steps in western blotting. 

Antibody 
Step in procedure 

H3K36me1 H3K36me2 H3K36me3 

Blocking solution  3% milk in TBS 10% milk in 0.05% TBST1 5% milk in 0.1% TBST2 

Blocking time  1 hr at RT 1 hr at RT 1 hr at RT 

Incubation with 
primary antibody  1:2000 dilution,  

2 hrs at RT 
1:10000 dilution,  
overnight at 4ºC 

1:1000 dilution,  
1 hr at RT 

Wash before adding 
secondary antibody  Twice with H2O Twice with H2O 

2 washes of 5 min and 
another 2 washes of 10 
min with 0.1% TBST 

Incubation with 
secondary antibody  1:5000 dilution, 

0.5 hr at RT 
1:5000 dilution, 
1 hr at RT 

1:5000 dilution, 
1 hr at RT 

Wash before 
detection  

Twice with H2O, 
10 min in 0.05% TBST, 
4-5 changes of H2O 

Twice with H2O, 
3-5 min in 0.05% TBST, 
4-5 changes of H2O 

2 washes of 5 min and 
another 2 washes of 10 
min with 0.1% TBST 

1TBST containing 0.05% Tween-20 
2TBST containing 0.1% Tween-20
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