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Different types of DNA damage

chemical 
agents replication

errors

interstrand
crosslink

mismatch dimer

X-ray
UV

spontaneous
instability

abasic site

single-strand break

double-strand break

adduct

DNA
pol

Lesions on DNA bases are cytotoxic or mutagenic

Cytotoxic 
(replication blocking)
lesion

Mutagenic
(miscoding)
lesion

DNA
pol

Stalled DNA polymerase Replication error (mutation)
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Mutations 

Genomic Replication

Cancer

Mutations 

Genomic 

Cancer

DNA
damage

instability

AgingDNA
repair

instability

Aging

Chemical (aberrant) methylation of DNA and RNA

Methylating agents are present in the environment

– Introduced at random positions by methylating  
agents

– Methylating agents are also generated 
intracellularly

– Methylating agents are present in the environment

– Most aberrant methylations of DNA are harmful 
(cytotoxic or mutagenic)

– Cells have multiple proteins dedicated to repairing 
alkylated DNA
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Methylating agents
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O CH3 - X

Methyl halides (X = Cl I Br)

Synthetic (lab chemicals) Environmental (natural)

CH3   O   S   O   CH3

O

O

O

Methyl methanesulfonate (MMS)

Methyl halides (X  Cl, I, Br)
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NH2 NH2

Targets for chemical alkylations in DNA bases
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Alkylbase glycosylase

Alkyl transferase

Oxidative demethylase (AlkB)

Repair of alkylation damage by different proteins
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Alkylbase glykosylases
(base excision repair)

E. coli: Tag, AlkA
Human: MPG (methylpurine glycosylase)

= alkylated base e g alkylated base, e. g.

N

N

NH2

N

N

CH3

3 methyladenine

Alkylbase glykosylase

Oth 3-methyladenineOther enzymes
(AP-endonuclease, phosphodiesterase, 
DNA polymerase, ligase)

Alkylbase transferases
- suicide repair proteins

E. coli: Ogt, Ada
Humans: MGMT (methylguanine methyltransferase)

m
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AlkB - DNA repair by oxidative demethylation

Formaldehyde

Methylation of macromolecules 
(DNA, RNA and protein)

1. Aberrant methylations (damage), 
induced by methylating agents 

2 T t d di t d2. Targeted, enzyme mediated 
methylations
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Targeted, enzyme mediated 
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1. DNA 

2. RNA 

3. Protein

Targeted, enzyme mediated 
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Targeted methylation of DNA – examples

– Restriction methylases (bacteria): Own DNA is 
methylated (e g N6 methyladenine) at specificmethylated (e.g. N6-methyladenine) at specific 
sequences, thereby preventing cleavage by 
corresponding restriction endonucleases

– In bacteria: Dam methylation of GATC sequences 
is used to distinguish between ”old” and ”new” 
strand in DNA replicationstrand in DNA replication

– Vertebrates and plants: Regulation of gene 
expression by cytosine methylation

The modified base 5-methylcytosine

– Important mediator of gene regulation in vertebrates and flowering 
plants.

– Methylation is associated with repression of transcription.y p p

– Cytosine methylation is important in mediating imprinting, i. e. the 
silencing of one of the two alleles of a gene.

– In mammals: Methylation at CG dinucleotides, referred to as CpG 

– Plants: Methylation at CpG, but also at CpNpG.
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CpG islands

– Found in the promoter region of most (76 %) 
human geneshuman genes

– High frequency of CpGs (relative to rest of the 
genome)

– 0.4 – 3 kb long, rich in G + C (>55 %)

– Methylation of CpG islands is associated with 
(heritable) repression of transcription

Two types of cytosine methylation of DNA

– De novo methylation. When an active, non-
methylated gene becomes inactivated bymethylated  gene becomes inactivated by 
methylation.

– Maintenance methylation. Mechanism responsible 
for maintaining methylation patterns as cells 
divide; the hemimethylated DNA resulting from 
DNA replication is converted to fully methylated 
DNA
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DNA cytosine methylases in mammalian cells

Maintenance
methylation

De novo
methylation

tRNA
methylation!!

(2005)

Goll and Bestor (2005)

Catalytically inactive

Reversal of cytosine methylation

– Plants (Arabidopsis): Enzymes capable of 
demethylation have been characterized and theydemethylation have been characterized, and they 
have been shown to mediate gene activation.

– Vertebrates: Reversal appears to occur, but the 
mechanisms involved remain elusive. 
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Reversal of cytosine methylation in plants

– The proteins ROS1 (Repressor of silencing) and 
Demeter have both been shown to be active 5-Demeter have both been shown to be active 5
methylcytosine DNA glycosylases

– Both these proteins have been shown to prevent 
(or reverse) gene inactivation in plants

Plants - demethylation by base excision repair (BER)

Kapoor et al., 2005
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Rapid and active demethylation of sperm DNA upon fertilisation.
Demethylation of oocyte DNA involves slow, passive process (dilution by 
replication without remethylation)

Reversal of 5-meC methylation in mammalian cells  -
examples

Reik et al., 2001

Demethylation of the IL-2 promoter during T cell activation

Reversal of 5-meC methylation in mammalian cells  
- examples

Methylated
CpGs

Unmethylated
CpGs

Bird, 2003
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Reversal of 5-meC methylation in mammalian cells  
- examples

Cyclical demethylation at hormone driven promoters; 
active demethylation is likely to be involved: 

Nature 2008

Methylation

Reversal of 5-meC methylation in mammalian cells  
- conceivable mechanisms

Morgan et al, 2005
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Active demethylation of mammalian DNA
- some popular models (1:2)

Base excision repair of 5meC 
by glycosylase (MBD4 or TDG)by glycosylase (MBD4 or TDG)

Active demethylation of mammalian DNA
- some popular models (2:2)

Deamination of 5meC by specific 
deaminase (AID, Apobec1), followed by ( , p ), y
base excision repair of resulting T/G 
mismatch by glycosylase (MBD4 or TDG)
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A new player (2009): 5-hydroxymethylcytosine (5-hmC)

- A new enzyme, TET1, was found to use an AlkB-like 
mechanism to hydroxylate 5-meC to 5-hmC

- Two additional related proteins exist, TET2 and TET3

Questions:
- Is 5-hmC a new epigenetic mark?
- Is 5-hmC an intermediate in the demethylation of 5-meC?

- 5-hmC was found to be abundant in Purkinje neurons

- 5-meC and 5-hmC indistiguishable by most popular 
methods for studying DNA methylation

Ooi and Bestor,2009 

Involvement of 5meC hydroxylation in apparent 
demethylation in the zygote

Red:    5meC
Green: 5hmC

New knowledge: Apparent rapid 
demethylation of sperm DNA upon 
fertilisation really corresponds to 
hydroxylation of 5meC into 5hmC. 

Developmental time

Iqbal et al., 2011
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Adding more complexity to active DNA demethylation 
Possible roles of Tet proteins and 5hmC

1. Tet proteins (Tet1, Tet2, Tet3) can further oxidize 5hmC  into 5-
formylcytosine (5fC) and 5-carboxycytosine (5caC) 

2. 5fC and 5caC are present in mammalian genomic DNA
(especially in ES cells; E14)

3. Thymine DNA glycosylase (TDG) can excise 5caC from DNA

Ito et al., 2011

Do Tet proteins and deaminases act together to achieve DNA 
demethylation?

1. TDG knock-out mice displayed
hypermethylation of certain genes

2. TDG associates with the cytosine
deaminase AIDdeaminase AID

3. TDG displyed activity on 5-
hydroxymethyluracil (product of 5-
methylcytosine hydroxylation and deamination) 
in DNA 
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Putting it all together into one (still messy) picture

Glycosylase
Oxygenase
Deaminase

Some possible pathways for active DNA demethylation:
1. Tet-mediated oxidation into 5caC, excision by TDG
2. Hydroxylation into 5hmC, deamination into 5hmU, excision by TDG
3. Deamination into T, excision by TDG

A flurry of papers in Nature, Science and Cell on 5hmC and Tet proteins 
after their discovery in 2009. Hot stuff! 
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Targeted, enzyme mediated 
methylations

1. DNA 

2. RNA 

3. Protein

RNA methylation

– RNA modifications: Nature's way of expanding the 
repertoire of building blocks

– ~100 different modified bases are found in RNAs, 
methylation is the most common modification 

– tRNA is the most heavily modified RNA; each 
tRNA contains several modified nucleosides

– RNA modification is though to serve both structural 
and regulatory purposes

– Can such be modifications be reversed?
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tRNA methylation is important for proper translation

Positions 34 and 37 of particular importance
• Position 34 = wobble position; modification assures proper decoding 

during translation
• Position 37 = proper modification (often 1-methylguanosine) required 

f di f i t d i t l tifor reading frame maintenance during translation
Hopper and Phizicky, 2003

mRNA methylation

– 7-methylguanine on 5' end (capping):
– Promotes translation and nuclear export

P t d d ti– Prevents degradation
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mRNA methylation

– N6-methyladenine
– Dominating modified base in mRNA

F ti l i ifi k b t ff t l t– Functional significance unknown, but may affect nuclear export
or processing

– Recent article showed that the human enzyme FTO (fat mass and 
obesity protein), which is a human AlkB homologue, is able to 
efficiently demethylate N6-methyladenine

FTO mediated demethylation of N6-methyladenine in RNA

Initially, FTO was shown to have weak activity on 3-methylthymine in DNA (Gerken et al., Science, 2007)

HPLC-analysis of nucleosides from m6A-
containing RNA treated with hFTO
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Targeted, enzyme mediated 
methylations

1. DNA 

2. RNA 

3. Protein

Protein methylation

– Primarily Occurs on N-atoms of Lys and Arg 
residues

– Lys and Arg methylations are very frequent on
histone proteins

– Arg (but not Lys) methylations are also found on 
other proteins, and has been shown to regulate 
several different processesseveral different processes
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Three different kinds of arginine methylation

Bedford and Richard, 2006

Three different kinds of lysine methylation

N
+

CH3

H2 N
+

CH3

H

CH3

N
+

CH3
CH3

CH3

N
H O

N
H O

N
H O

Monomethyl
lysine

Trimethyl
lysine

Dimethyl
lysine



25

Histones 
in chromatin

- Nucleosomes consist of histone octamers
- Protruding histone ”tails””
- Histones: Basic proteins, rich in Lys and Arg
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Histone tails are heavily modified: 
Acetylation, metylation, phosphorylation

Wood and Shilatifard, 2006

The histone code: It has been postulated that the combination of 
various histone modifications constitute a code that regulates gene 
expression through recruitment of specific proteins (transcription 
factors and chromatin remodelling proteins)

Alberts et al, 2002
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Several different enzymes are involved in 
histone methylation

Schneider and Shilatifard, 2006

Histone demethylation

Histone methylation was for a long time thought to be 
irreversible. During the last decade, this view has changed 

Demethyliminases (PAD4)

Amine oxidases (LSD1)

dramatically due to the discovery of three different classes of 
demethylases

Oxidative demethylases (JmjC-containing proteins)
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Arginine demethylation by 
demethylimination

PAD4 acts on several methylated sites in histones H3 and h4
Not true demethylation (conversion to citrulline)

Lysine demethylation by amine oxidation

LSD1 (lysine specific demethylase 1) demethylates lysine 4 of histone H3 
(K4-H3)
First true histone demethylase to be discovered!!
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Lysine demethylation by JmjC-containing proteins

Reversal of methylation at 
H3-K9, H3K27, and H3-
K36.

Reverses both mono-, di-, 
and trimethylated lysines.

Identical to the AlkBIdentical to the AlkB 
mechanism for DNA/RNA 
repair.

Several different proteins 
have been identified

- New enzymes
(27 human JmjC proteins exist)

The initial discovery of histone demethylation by JmjC proteins 
followed by numerous articles in Nature, Science and Cell 

- New specificities

- Processes
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MBV9100, 2 November 2011

Lecture 2

Current research in our group 
- methylation, demethylation and hydroxylation

Pål Ø. Falnes
Department of Molecular Biosciences, University of Oslo

• The discovery of a new repair mechanism: 
AlkB mediated oxidative demethylation

Outline

ed ated o dat e de et y at o

• Unravelling the function of the human AlkB
homologue ALKBH8 

(N l t i th lt f th• (Novel protein methyltransferases - another
time..)
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• The discovery of a new repair mechanism: 
AlkB mediated oxidative demethylationAlkB mediated oxidative demethylation

• Unravelling the function of the human AlkB
homologue ALKBH8
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The two types of methylating agents

O CH3

SN2-type
(N-methylations)

SN1-type
(N- and O-methylations)

CH3   O   S   O   CH3

O

O

CH3   S   O   CH3

O
C   NH2

O   N   N
3

O

HO N N
CH3

Methyl methanesulfonate (MMS) Methylnitrosourea (MNU)

H
NO2

C   N
O   N   N

NHDimethyl sulfate (DMS)

N-methyl-N´-nitro-N-nitrosoguanidine (MNNG)
CH3 - X

Methyl halides (X = Cl, I, Br)

• Repair genes were identified by isolating 
mutant strains that were hypersensitive

Repair of alkylation damage in E. coli

mutant strains that were hypersensitive 
towards alkylating agents

• Repair proteins
– Alkylbase glycosylases (Tag, AlkA)

Alk l t f (Ad O t)– Alkyl transferases (Ada, Ogt)

– AlkB??
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AlkB
• alkylation (methylation) sensitive mutant of E. coli (1983)

• sensitive to MMS and DMS (SN2-type), but not MNU 
and MNNG (SN1-type) methylating agents

WT

• gene cloned and protein expressed (1985)

alkB
mutant

Wild-type (WT) alkB mutant

• for many years, no in vitro DNA repair activity of AlkB detected

• homologues found in most organisms, e.g. humans, C. elegans, 
drosophila, and yeast (S. pombe) 

• gene cloned and protein expressed (1985)

Aravind and Koonin (2001)

S fil h h d th t AlkBSequence profile searches showed that AlkB may 
belong to the family of 2-oxoglutarate- and iron-
dependent oxygenases. 
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Suggested common fold for 2-OG/Fe(II)-oxygenases

Aravind and Koonin (2001)

Fe(II)
binding

2-oxoglutarate
binding

Bacteriophage M13 (single-stranded DNA virus)

Protein

DNA

Transformation

DNA replication

Bacterium
(E. coli)

Production of new virus
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MMS
Transform
E. coli Wild-type

Dinglay et al. (2000):
AlkB mutants are defective in reactivation of MMS treated 
single-strand (but not double-stranded) phage DNA

M13 ssDNA

yp

AlkB mutant

on
 (

%
) 100

Wild-type 

MMS (mM)

0 10 20 30

P
la

qu
e

 fo
rm

at
io

0.1

1

10
yp

alkB-mutant Conclusion: 
AlkB may be involved in processing 
replication blocking lesions 
introduced into single-stranded 
DNA

MMS

E. coli prot. extr.
dNTP, NTP, 
[-32P]dCTP

Question: Does AlkB enhance the replication of  methylated ssDNA
in an E. coli protein extract?

M13 ssDNA

MMS (mM)

MMS
[ P]dCTP

2OG/Fe2+

+/- AlkB

M13 RF DNA
(double-stranded)

No enzyme

AlkB

0 31 10MMS (mM)

Yes!
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Conclusion 1
AlkB removes (or modifies) replication blocking methyl 
lesions from single-stranded DNA

MMS AlkB
2OG/Fe

Question:
What lesions are repaired by AlkB?

N
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N
1 75

6

Introduction of cytotoxic N-alkylations in single-stranded DNA
- differences between SN1- and  SN2-type alkylating agents
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NO

sugar
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2 6SN2-type

(e.g. MMS)

Cytosine( %)

SN2 agents generate much more of 1-meA and 3-meC
(The E. coli alkB mutant is hypersensitive towards SN2, but not SN1 
alkylating agents)
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1-methyladenine and 3-methylcytosine are primarily introduced
into single-stranded (and not double-stranded) DNA

3-meC

Singer and Grunberger (1983)
1-meA

N3 of adenosine and N3 of cytosine are shielded from methylation in dsDNA.

Could it be that 1-meA and/or 3-meC are repaired by AlkB? 
(AlkB relevant lesions seem to be formed primarily in dsDNA)

Release of radioactivity from [3H]methylated ssDNA by AlkB
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HPLC analysis of released material (supernatant) and remaining DNA 
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AlkB removes 1-meA and 3-meC from DNA. But how??

Mechanistic similarity between 2OG/Fe-oxygenases 
and cytochrome P450 (CYP) enzymes
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Cytochrome P450 enzymes catalyse dealkylation reactions

Methyl group is hydroxylated

Does AlkB work by a similar mechanism?

Methyl group is hydroxylated, 
then spontaneously released as formaldehyde (HCHO)

Formaldehyde generation after incubation of methylated 
poly(dA) with AlkB 
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Mechanism for DNA damage reversal by AlkB

Alkylbase glycosylase

Alkyl transferase

Oxidative demethylase (AlkB)

Repair of alkylation damage by different proteins
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VG, 15. october 2002

”British scientists discover 
new mechanism for DNA repair”
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The discovery of the AlkB function - a timeline 
Bioinformatics: 
AlkB is a member of the superfamily of 
Fe/OG oxygenases 
(Aravind and Koonin, Genome Biol., 2001)

A methylation (MMS) sensitive mutant, 
alkB, of E. coli was isolated
(Kataoka et al., J. Bact., 1983)

A new DNA repair enzyme?

AlkB important for protection against 
methylation damage in ssDNA (rather 
than dsDNA) (Dinglay et al., Genes Dev., 2000)

AlkB mechanism 
unraveled

WT

alkB

1983 1985 2000 2001 2002

AlkB gene cloned, 
protein expressed 
(Kataoka et al., Mol Gen Genet. 1985)

18 papers
("AlkB" + "repair" in title/abstract)

104 papers

alkB
mutant

Unraveling the AlkB function has stimulated discoveries within 
epigenetics

AlkB mechanism (2002): 
- enzymatic, macromolecular demethylation
- DNA hydroxylation

JBP-1 protein in trypanosomes

A novel 
epigenetic mark?

Yu et al.Yu et al.

Human Tet1 (JBP-1 homolog)
Ooi and Bestor,2009 

epigenetic mark?

Science, 2009 Nature, 2006
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Putative human AlkB homologues

Kurowski et al. (2003) BMC Genomics, 4:48

ss-oligo: AAAGCAAGAAACGAAAAAGCGAAA...  .. ...  .....   ...

TTTCGTTCTTTGCTTTTTCGCTTT
...  .. ...  .....   ...AAAGCAAGAAACGAAAAAGCGAAAds-oligo:

E. coli AlkB and human AlkB homologs: 
Different preferences for single-stranded vs double-stranded DNA
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AlkB

Extended substrate specificity of AlkB

AlkB

ssDNA
*

dsDNA*
DNA*:RNA

*
ssRNA

*
dsRNA*

RNA*:DNA
*

Lesion in DNA Lesion in RNA

Falnes et al., (2004) Nucl. Acids Res., 32, 3456-61

Falnes et al., (2002) Nature, 419, 178-182
Aas et al., (2003) Nature, 421, 859-863

hABH2

Substrate specificity of hABH2

ssDNA
*

dsDNA*
DNA*:RNA

*
ssRNA

*
dsRNA*

RNA*:DNA
*

Lesion in DNA Lesion in RNA

Falnes et al., (2004) Nucl. Acids Res., 32, 3456-61
Aas et al., (2003) Nature, 421, 859-863
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hABH3

Substrate specificity of hABH3

ssDNA
*

dsDNA*
DNA*:RNA

*
ssRNA

*
dsRNA*

RNA*:DNA
*

Lesion in DNA Lesion in RNA

Falnes et al., (2004) Nucl. Acids Res., 32, 3456-61
Aas et al., (2002) Nature, 421, 859-863

DNA repair Protein repairRNA repair

?

Source: Micklos et al., ”DNA Science”, 2003
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• The discovery of a new repair mechanism: 
AlkB mediated oxidative demethylationAlkB mediated oxidative demethylation

• Unravelling the function of the human AlkB
homologue ALKBH8 

Putative human AlkB homologues (ABH or ALKBH)
- very little is still known 

RNA/DNA repair?
(2003)

tRNA modification

Kurowski et al. (2003) BMC Genomics, 4:48

DNA repair
(2003/2006)

FTO (ninth member of family): Role in mRNA demethylation (previous lecture; Nat.Chem. Biol., 2011)
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Bioinformatics gave clues about a role for 
ALKBH8 in tRNA modification.

RRM
(RNA tRNA

hABH8

Trm9

AlkB

(
recognition 

motif)

Animals

tRNA 
methyltransferase

S. cerevisiae

ALKBH8

The genetic code 
Family codon box:
Purine (A, G)  and pyrimidine (C,T) 
ending codons encode the same 
amino acid

Split codon box:
Pyrimidine (C,T) and purine (A, G)   
ending codons encode different 
amino acids
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Reading the genetic code 

1 2 3

Codon

36 35 34Anticodon

mRNA

Position 34; 
the wobble position

tRNA

The challenging case of wobble uridine

Family codon boxes: 
- A single tRNA with U in wobble position can read all four 
codons (bacteria)

Gly

Split codon boxes: 
- The tRNA with U in wobble position only reads the purine (A, G) 
ending codons 

Asp

Glu

Two conflicting requirements
- Promiscuity (wobbling)
- Restriction

Solution: Wobble uridine modification
(wobble uridines are usually modified)
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Bioinformatics gave clues about a role for 
ALKBH8 in tRNA modification.

RRM
(RNA tRNA

hABH8

Trm9

AlkB

(
recognition 

motif)

Animals

tRNA 
methyltransferase

S. cerevisiae

ALKBH8

The reaction catalysed by Trm9
(on the wobble nucleoside in some tRNAs)

5-methylcarboxymethyl-uridine (mcm5U)5-carboxymethyl-uridine (cm5U)

Trm9
ALKBH8?

SAH

Modified wobble U
(in tRNA-Arg, tRNA-Glu, tRNA-Lys, etc)
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Saponification of tRNA
(generating substrate for metyltransferase (MT) assay)

5-methylcarboxymethyl-uridine (mcm5U)5-carboxymethyl-uridine (cm5U)

Trm9

SAH

NaOH

Our
Y2H

TRM112 (HSPC152) - a partner of ALKBH8

HSPC152ALKBH8
Y2H

Mammals

Sequence homology

TRM112

Yeast trm112ptrm9p

Studte et al. (2008) Mol Microbiol 

active
enzyme complex

Y2H
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Methyltransferase activity of a ALKBH8/TRM112 complex
(Erwin van den Born)

- Coexpression of 6xHis-tagged ALKBH8 (or individual domains) with untagged (co-
purifying) TRM112 in E. coli

- Purification of proteins from E. coli lysate on Talon beads

- Incubation of recombinant enzyme with saponified calf tRNA in the presence of [3H]SAM

ALKBH8 + TRM112
ALKBH8-MT + TRM112

Songe-Møller et al., Mol. Cell. Biol, (2010)

Generating a ALKBH8 knock-out mouse (Klungland group)

2 3 4 5 6 7 8 9 10 11 121

Deleted in KO (Alkbh8 -/-)

AlkBRRM MT

Exons
2 3 4 5 6 7 8 9 10 11 121

Amino acids

Domains

1 100 200 300 400 500 600 664

GCGNG
RTSFTFR

AlkBRRM MTDomains
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Mammalian tRNAs  containing mcm5U and 
derivatives in the wobble position

U34

mcm
5

2

Modifications found in: Lys tRNA (mcm5s2U)
Arg tRNA (mcm5s2U)
Glu tRNA (mcm5s2U)
Sec tRNA (mcm5U/mcm5Um)

mm

LC/MS/MS analysis of nucleosides from Alkbh8-/- tRNA 
(Cathrine Vågbø)

mcm5U,mcm5s2U, and mcm5Um are absent from Alkbh8-/- tRNA

cm5U accumulates in Alkbh8-/- tRNA
Songe-Møller et al., Mol. Cell. Biol, 2010
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AlkB-like
2OG/Fe(II)-
oxygenase

(Ox)

Trm9-like tRNA
methyltransferase

(MT)RRM

ALKBH8

1 664

So, the MT domain of ALKBH8 has the expected Trm9-like MT activity 
- what about the AlkB (oxygenase) domain? 

Several possibilities

- A demethylase for the methylation introduced by the MT domain, 
converting mcm5U to cm5U; possibly to regulate protein translation? No

- A demethylase for the ribose methylation of mcm5Um in tRNA-Sec
(regulating selenoprotein expression)? No

- Not a demethylase, but a hydroxylase (unlike N-linked methyl groups, 
C-linked methyl groups will not spontaneously rearrange to 
formaldehyde upon hydroxylation)? ????

We know about mcm5U, 
but what are these ones??
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mchm5U and chm5U - hydroxylated forms of mcm5U and cm5U, respectively 

ALKBH8-Ox

?

mcm5U mchm5U

?

cm5U chm5U

ALKBH8-Ox

?

1979: chm5U was reported in the wobble position of tRNA2Gly from silk worm (B. mori)
(the silk glands of B. mori contain a lot of the very Gly-rich silk fibroin protein, 
making is easy to isolate large amounts of tRNA2Gly from this tissue)

Where are mchm5U an chm5U found - and what is 
known about these modifications?

1988: The nucleoside in the 
wobble position was found to be 
mchm5U, not chm5U, (mchm5U is 
readily demethylated to chm5U 
under weakly alkaline 
conditions).

It was found that tRNA2Gly 
contains the S-stereoisomer of 
mchm5U

No further studies on this 
nucleoside
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Nucleoside standards for (S)-mchm5U and (R)-mchm5U were
obtained (Andrzej Malkiewicz and Grazyna Leszczynska)

The presence of these nucleosides in calf liver tRNA was
investigated by LC-MS/MS

(R)-mchm5U

Investigating the presence of (S)-mchm5U in mammalian tRNA

Total tRNA

te
ns

ity

tRNAGly
UCC

tRNAGly
UCC

tRNAArgtRNAArg

(S)-mchm5U

- Both R- and S-diastereromers of mchm5U are present i 
calf liver tRNA

- (S)-mchm5U is found in tRNA-Gly(UCC)

- (R)-mchm5U is found in tRNA-Arg(UCG)

Nucleoside 
standards

5 6 75 6 7
Time (min)

In
t tRNA g

UCG
tRNA g

UCG

- ALKBH8 is found in all multicellular eukaryotes

- Strong sequence similarity (identical anticodon loop) between tRNA-
Gly(UCC) from such organisms

Could ALKBH8 be the hydroxylase responsible for generating (S)-mchm5U in 
tRNA-Gly(UCC)? 

AlkB-like
2OG/Fe(II)-
oxygenase

(Ox)

Trm9-like tRNA
methyltransferase

(MT)RRM

ALKBH8

1 664

mcm5U

ALKBH8-MT
+TRM112

cm5U (S)-mchm5U

ALKBH8-Ox (?)

2OG
O2

CO2

Succinate

Fe(II)
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Incubation of Alkbh8-/- tRNA with recombinant enzymes 
reveals the biochemical activity of the ALKBH8 oxygenase

mcm5U

ALKBH8-MT
+TRM112

cm5U (S) mchm5U

ALKBH8-Ox (?)

Fe(II)
mcm5Ucm5U (S)-mchm5U

2OG
O2

CO2

Succinate

The Klungland lab generated additional mouse models in the Alkbh8-/- background, 
containing transgenes where one of the two domains of ALKBH8 are inactivated (*).

Using mouse models to further investigate the role 
ALKBH8 in mchm5U formation in mammals

AlkB-like
2OG/Fe(II) Trm9 like tRNA

Mouse model Expressed ALKBH8 protein(s)

Wild-type

None

Abbreviation

WT

Alkbh8-/-
Alkbh8 /

2OG/Fe(II)-
oxygenase

(Ox)

Trm9-like tRNA
methyltransferase

(MT)RRM

ALKBH8

1 664

Alkbh8-/-/KI(MT+)/KI(Ox+)

KI(MT+)

KI(MT+/Ox+)

KI(Ox+)

None

**
**

**
**

+

Alkbh8 /
Alkbh8-/-

Alkbh8-/-/KI(Ox+)

Alkbh8-/-/KI(MT+)
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Mouse model Expressed ALKBH8 protein(s)

Wild-type

None

**

Abbreviation

WT

Alkbh8-/-
Alkbh8-/-

Alkbh8 / /KI(MT )

WT

(S)-mchm5U

(R)-mchm5U

LC-MS/MS analysis of mchm5U in total 
tRNA from the various mouse models

Alkbh8-/-/KI(MT+)/KI(Ox+)

KI(MT+)

KI(MT+/Ox+)

KI(Ox+)

**
**

**
**

+

Alkbh8-/-/KI(Ox+)

Alkbh8-/-/KI(MT+) Alkbh8-/-

In
te

ns
ity

KI(Ox+)

KI(MT+)

(S) h 5U f ti i b th th

KI(MT+/Ox+)

5 6 7
Time (min)

- (S)-mchm5U formation requires both the 
methyltransferase (MT) and oxygenase (Ox) activities 
of ALKBH8

- (R)-mchm5U formation requires the 
methyltransferase activity, but not the oxygenase 
activity of ALKBH8

van den Born et al., Nat. Commun. (in press)

(S)-mchm5U(S)-chm5U Gly
UCCtRNA

Model
- based on data from mice and in vitro enzymology

mcm5U
ALKBH8-MT

cm5U

ALKBH8-Ox ALKBH8-Ox

?

Unknown
hydroxylase

Unknown
hydroxylase

(R)-chm5U (R)-mchm5U

hydroxylase
(OxX)

hydroxylase
(OxX)

Arg
UCGtRNA



29

AlkB-like
2OG/Fe(II)-
oxygenase

(Ox)

Trm9-like tRNA
methyltransferase

(MT)RRM

ALKBH8

1 664

Unknown oxygenase (OxX)

OH H

Gly
UCCtRNA

H H

H H

Unknown oxygenase (OxX)

ALKBH8-MT

(S)-mchm5U

H OH
mcm5U

(R)-mchm5U

cm5U

Arg
UCGtRNA

Calf

Mouse

(S)-mchm5U

(R)-mchm5U

Presence of the mchm5U diastereomers 
in various organisms

LC MS/MS l i f t t l tRNA Bee

Plant

In
te

ns
ity

Worm

LC-MS/MS analysis of total tRNA
(Cathrine Vågbø)

S-mchm5U shows co-occurence with ALKBH8

R-mchm5U observed only in mammals

Budding yeast
(no ALKBH8)

Time (min)

Fission yeast
(no ALKBH8)

5 6 7

van den Born et al., Nat. Commun. (2011)
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- mchm5U is a novel wobble uridine modification in mammalian tRNA

- mchm5U exists in two diastereomeric forms, R- and S-, found in tRNA-
Arg(UCG) and tRNA-Gly(UCC), respectively

Conclusions - ALKBH8

- (R)- and (S)-mchm5U represents the first example of a isostereomeric pair 
of RNA modifications

- Mammalian ALKBH8 is a bifunctional tRNA modification enzyme with both 
methyltransferase and oxygenase activities

- The methyltransferase activity of ALKBH8 is required for the formation of a 
b f difi d bbl idi i l di (R) d (S) h 5Unumber of modified wobble uridines, including (R)- and (S)-mchm5U

- The oxygenase activity of ALKBH8 hydroxylates mcm5U to S-mchm5U in 
tRNA-Gly(UCC)
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