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Different types of DNA damage
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Chemical (aberrant) methylation of DNA and RNA

— Introduced at random positions by methylating
agents

— Methylating agents are present in the environment

— Methylating agents are also generated
intracellularly

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

— Cells have multiple proteins dedicated to repairing
alkylated DNA




Methylating agents

Synthetic (lab chemicals)
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Targets for chemical alkylations in DNA bases

Repair of alkylation damage by different proteins

@ Alkylbase glycosylase
. Alkyl transferase
@ oxidative demethylase (AIkB)
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sugar




Alkylbase glykosylases
(base excision repair)

E. coli: Tag, AIkA

Human: MPG (methylpurine glycosylase)
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AlkB - DNA repair by oxidative demethylation
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Targeted, enzyme mediated
methylations

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 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 replication

=p — \ertebrates and plants: Regulation of gene
expression by cytosine methylation

The modified base 5-methylcytosine
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— Important mediator of gene regulation in vertebrates and flowering
plants.

— Methylation is associated with repression of transcription.

— 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 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 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
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Reversal of cytosine methylation

— Plants (Arabidopsis): Enzymes capable of
demethylation 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-
methylcytosine DNA glycosylases

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

Plants - demethylation by base excision repair (BER)
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Reversal of 5-meC methylation in mammalian cells -
examples

Rapid and active demethylation of sperm DNA upon fertilisation.
Demethylation of oocyte DNA involves slow, passive process (dilution by
replication without remethylation)
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Reversal of 5-meC methylation in mammalian cells
- examples

Demethylation of the IL-2 promoter during T cell activation
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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
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Reversal of 5-meC methylation in mammalian cells
- _conceivable mechanisms
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Active demethylation of mammalian DNA
- some popular models (1:2)

Base excision repair of 5meC
by glycosylase (MBD4 or TDG)
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Active demethylation of mammalian DNA
- some popular models (2:2)

Deamination of 5meC by specific
deaminase (AID, Apobecl), followed by
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 mC hmc
NH, NH,
- Two additional related proteins exist, TET2 and TET3 N TET HO N
T O pyidation 'lq o

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

- 5-meC and 5-hmC indistiguishable by most popular

methods for studying DNA methylation

YVOTHVOV

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

Science
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Ooi and Bestor,2009

The Nuclear DNA Base S-Hydroxymethyleytosine Is Present in Purkinje Nearons and
the Brain

Involvement of 5meC hydroxylation in apparent
demethylation in the zygote

5-Hydroxymethylcytosine in the mammalian
zygote is linked with epigenetic reprogramming

Reprogramming of the paternal genome upon
fertilization involves genome-wide oxidation
- of 5-methylcytosine RHAS R MG o0

Khursheed qbal', Seung-Gi lin™", Gerd P. Pfoifer. and Piroska E. Szabo™

Wty st

Red: 5meC
Green: 5hmC
PN1 PN2 PN3 New knowledge: Apparent rapid

demethylation of sperm DNA upon
fertilisation really corresponds to
hydroxylation of 5meC into 5hmC.

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

1. Tet proteins (Tetl, Tet2, Tet3) can further oxidize 5hmC into 5- az
formylcytosine (5fC) and 5-carboxycytosine (5caC) Fza
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3. Thymine DNA glycosylase (TDG) can excise 5caC from DNA
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Do Tet proteins and deaminases act together to achieve DNA
demethylation?

Thymine DNA Glycosylase Is Essential
for Active DNA Demethylation by Linked
Deamination-Base Excision Repair

Salhvatare Conoling, ' Jinfel Xu,' Mara Sannai,’ Robon Moom," Elena Cantil! Antonio Cighano,” Madeisine Le Coz.!
Karthik Duvisajan,? Andy Wisdels, Diso Sopranc,’ Lara K. Abrmowits,’ Mastss 5, Barolomss:,® Florian Rimbew, "
Maria Rosari Bass,' Tiriana Bruno, Maurizio Fanciull,® Catharire Reneer,” Andros J. Kiin-Szanta,

Yoahiio Matsumedo, ™' Dominigue Kobl,'! Inwn Davidson,'! Christophe Albert],® Licnet Larue, "

and Alonsa Bellacosa'*
Cell 146, 67-79, July 8, 2011
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Putting it all together into one (still messy) picture

DNA Demethylation Dynamics > Glycosylase
— Oxygenase
Nidhi Brutani,'-* David M. Bums,” and Helen M. Blau'* —» Deaminase
Cell 146, September 16, 2011
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Some possible pathways for active DNA demethylation:

1. Tet-mediated oxidation into 5caC, excision by TDG

2. Hydroxylation into 5hmC, deamination into 5ShmU, 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

2. RNA

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

for reading frame maintenance during translation
Hopper and Phizicky, 2003
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MRNA methylation

— 7-methylguanine on 5' end (capping):
— Promotes translation and nuclear export
— Prevents degradation
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MRNA methylation

— N6-methyladenine
— Dominating modified base in mMRNA

— 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

H.\-CHs H. .H
N Y FTO N Y
7l 7l
<T N,} Fean/o-KG <J’,”' N/)
DNA or RNA ) DNA or RNA
N6-Methyladenine (m°A) Adenine (A)

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)

rae al biology BRIEF COMMUNICATION

PUBLISHED ONLINE: 16 OCTOBER 207 | DOI: 10.1038/NCHEMBIO.687

Né6-Methyladenosine in nuclear RNA is a major

substrate of the obesity-associated FTO HPLC-analysis of nucleosides from m°A-

containing RNA treated with hFTO
Guifang Jia'®, Ye Fu's, Xu Zhao*®, Qing Dai', Guanqun Zheng', Ying Yang?, Chengqi Y#,

Tomas Lindahl®, Tao Pan5, Yun-Gui Yang? & Chuan He'**
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Targeted, enzyme mediated
methylations

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 processes
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Three different kinds of arginine methylation
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- 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

@ Serine phosphorylation site ]:| Lysme acclylation sile
Lysine ubigquitination site £ 5
O Lysine methvation site Q@ Arginine methylution sile

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)
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histone methylation

Several different enzymes are involved in
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Histone demethylation

Histone methylation was for a long time thought to be
irreversible. During the last decade, this view has changed
dramatically due to the discovery of three different classes of

demethylases

Demethyliminases (PAD4)

Amine oxidases (LSD1)

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

Human PAD4 Regulates Histone SCIENCE VOL 306 & OCTOBER 2004
Arginine Methylation Levels Vot (e e . e oo sone’
via Demethvlimination T Dbt & Rosdr® i et

y Michael R, Stallcup,* €. David Allis,”* Scott A, Coonrod’™

H 0
A'N -,
H?\O PADA4 +
+
deimination 1 HJN_ -
"""" o NH methyl-
= ammonium
N—{Me
H NHz
mona-methyl citrulline

arginine

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

Lysine demethylation by amine oxidation

Histone Demethylation Mediated by the
Nuclear Amine Oxidase Homolog LSD1

Yujiang Shi,' Fei Lan,' Caitlin Matson,'
Cell, Vol. 119, 941-953, December 29, 2004, Peter Mulligan,’ Johnathan R. Whetstine,'
Philip A. Cole,* Robert A. Casero,® and Yang Shi'*

H (0]
N

2FAD H 0
ZH.0 LSD1
+ 2 HCHO
- formaldehyde
HN, 2 FADH, :
© ® “
lysine
di-methyl
lysine

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

Histone demethylation by a family of
JmjC domain-containing proteins

Yu-ichi Fsukada “, Jia Fang ", Hediye Erdjument-Bromage’, Maria E Warren®, Christoph H. Borchers®,
Paul Tempst® & Yi Zhang"

nature

Vol 439016 February 2006|d
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Several different proteins
have been identified

The initial discovery of histone demethylation by JmjC proteins
followed by numerous articles in Nature, Science and Cell
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Current research in our group
- methylation, demethylation and hydroxylation

Pal @. Falnes
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Outline

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

» Unravelling the function of the human AlkB
homologue ALKBHS8

* (Novel protein methyltransferases - another
time..)




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

Targets for chemical alkylations in DNA bases

|
N, N
N1°s 7 N
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The two types of methylating agents

Sy2-type S\1-type
(N-methylations) (N- and O-methylations)
1 [CH,|
CHs':S:'O O=N=NSc_NH,
5 ;
Methyl methanesulfonate (MMS) Methylnitrosourea (MNU)

(@)

1]
CHysO=S-0-|CH4
;i

O=N-N<~_\ ~H
. i N\No2
Dimethyl sulfate (DMS) NH

[CH:-

Methyl halides (X = ClI, I, Br)

N-methyl-N"-nitro-N-nitrosoguanidine (MNNG)

Repair of alkylation damage in E. coli

» Repair genes were identified by isolating
mutant strains that were hypersensitive
towards alkylating agents

* Repair proteins
— Alkylbase glycosylases (Tag, AlkA)
— Alkyl transferases (Ada, Ogt)
— AlkB??




AlkB

» alkylation (methylation) sensitive mutant of E. coli (1983)

* sensitive to MMS and DMS (Sy2-type), but not MNU
and MNNG (S, 1-type) methylating agents

Wild-type alkB mutant

» gene cloned and protein expressed (1985)

» for many years, no in vitro DNA repair activity of AIkB detected

1
CHy3-0-{CH,
o
Methyl roeel e dlooale: (MMS)

min
=l

1

Burviving fraction

alkB
mutant

* homologues found in most organisms, e.g. humans, C. elegans,

drosophila, and yeast (S. pombe)

Aravind and Koonin (2001)

Sequence profile searches showed that AIkB may
belong to the family of 2-oxoglutarate- and iron-

dependent oxygenases.

2-Oxoglutarate

O
O
o O FelOG-
oxydenase
RH y9

Fe*
O,

Succinate

e

0

CQ,




Suggested common fold for 2-OG/Fe(ll)-oxygenases

Isopenicillin synthase Prolyl-4-hydroxylase
/ < i
\l‘an:blc/_/ - .
e il T =
Ve L : ) /

Fe(ll) 1 2-oxoglutarate

binding vanasie  binding
region

Aravind and Koonin (2001)

Bacteriophage M13 (single-stranded DNA virus)

@:DNA. O

Protein \

\;I'ransformation
— \
\ \
Bacterium
(E. coli)

DNA repllcatlon

©00 ___Co>

@ @ Production of new virus




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

Transform
MMS E. coli
_—
° o
% o
M13 ssDNA © o o0
g 100 AlkB mutant
Tc:: o  Wild-type
=g 10 alkB-mutant- Conclusion.
g :
S AlkB may be involved in processing
°§ 1r replication blocking lesions
= introduced into single-stranded
0.1k : : L DNA
0 10 20 30
MMS (mM)

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

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

20G/Fe?
+/- AlkB

M13 ssDNA M13 RF DNA

(double-stranded)

MMS (mM)| 0 1 3 10

NO enzyme |# s Yes'

AlKB |-




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

MMS AlkB
20G/Fe
—_) bt

Question:
What lesions are repaired by AlkB?

Introduction of cytotoxic N-alkylations in single-stranded DNA
- differences between S 1- and S,2-type alkylating agents

N
79 s\> Adenine
N

Syl-type
(e.g. MNU) |
(1.4 %) sugar
(18 %) (2.3 %) NH;
Z,
(10 %) 4->)N\3 ) 5| Cytosine
S\2-type = 21 8
(e.g. MMS) © \
sugar

Sy2 agents generate much more of 1-meA and 3-meC
(The E. coli alkB mutant is hypersensitive towards Sy2, but not Sy 1
alkylating agents)




1-methyladenine and 3-methylcytosine are primarily introduced

into single-stranded (and not double-stranded) DNA

Singer and Grunberger (1983)1_meA U(T)=A pair

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?

(AIkB relevant lesions seem to be formed primarily in dsDNA)

Release of radioactivity from [*H]methylated ssDNA by AlkB

[*H]MNU
—_—

sSDNA

N

— e °

AlkB EtOH Pellet
ZOG/FQ prec.

N

w
o

Released radioact.
(% of total)
N
o

=
o

_— Poly(dA)

___— M13ssDNA

0.5 1.0 15

AlkB (pmol)

Poly(dC)

Supernatant

|

Count
radioactivity




HPLC analysis of released material (supernatant) and remaining DNA

Supernatant DNA
1000 - . N 1 8000 -
~ a0 | 0 enzyme I
Poly(dA) g_ | o AIKB | 6000
o 4000 -
= 400
2 200 2000 -
=2
S
S 125
Poly(dC) g wof
o 5
50 -
25 |-

T M i Y i [ B Gt A EEE A A R b i o
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22

Elutiontime (min)

AIkB removes 1-meA and 3-meC from DNA. But how??

Mechanistic similarity between 20G/Fe-oxygenases
and cytochrome P450 (CYP) enzymes

2-Oxoglutarate Succinate
O O
'OMO- )k/Yo-
O
') o Fe/OG- o)
oxygenase
RH - ROH
Fe
0, CG,
NADPH H Cytochrome NADP"
P450
RH - ROH
Fe
0, H.0




Cytochrome P450 enzymes catalyse dealkylation reactions

o CH HCHO CH

e, A 1" CHQH I A Lo

N ~ N N
N | N> _3 N | /> HN I />

P

A= CYP2ET P e
4, CH, CH,
Caffeine Theobromine

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

Does AlkB work by a similar mechanism?

Formaldehyde generation after incubation of methylated
poly(dA) with AlkB

— T T T
g
S 400 1
)
2 300 1
= ® Formaldehyde released
) O m®A remaining
‘®© 200 7
£
o
£ 100 7
H<I
E 1 1 1

100 200 300

AIkB (pmol)
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Mechanism for DNA damage reversal by AlkB

NH,

CH; N 2-Oxoglutarate Succinate N
> S
gﬁ \\H_aﬁgf//f
(RMA) / Fe”

1-Methyladenine

o o
M )k/\"/ cHon 1

NH,

N o] = N
1] N
N Mg gt
DNA DiNA
(RNA) (RNA)
Adenine

Repair of alkylation damage by different proteins

.Alkylbase glycosylase
. Alkyl transferase
@ oxidative demethylase (AlkB)

sugar

sugar
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AlkB-mediated oxidative
demethylation reverses
DNA damage in Escherichia coli

Pal 0. Falnes, Rune F. Johansen & Erling Seeberg
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Oxidative demethylation by
Escherichia coli AlkB
directly reverts DNA base damage
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LONDON (VG) Britis-
ke forskere har opp-
daget en my metode
for & reparere ode-

lagte DNA-molekyler.

"British scientists discover
new mechanism for DNA repair

Prosessen kalles pa fags-
praket for «oksydativ avme-
tallisering» fordi AlkB benyt-
ter seg av en kjemisk prosess
som er avhengig av jern og
andre metaller.
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The discovery of the AlkB function - a timeline

A methylation (MMS) sensitive mutant,

alkB, of E. coli was isolated
(Kataokacet al., J. Bact., 1983)

A new DNA repair enzyme?

o
cua—s";' -o-cHy|
]
Methyl methanesultonate (MMS)

Bioinformatics:
AlkB is a member of the superfamily of

Fe/OG oxygenases
(Aravind and Koonin, Genome Biol., 2001)

2-Oxoglutarate Succinate
(o] o
-OMO- )l\/\r(o-
-0
o o FelOG- o)
oxygenase
RH - ROH
Fe
o, co,

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

AIkB mechanism
unraveled

min
] 0 120
1
WT
§
s
2z
E
H T
alkB
)
mutant AIkB gene cloned,
protein expressed
A (Kataoka et al., Mol Gen Genet. 1985)

................................................ 18 papers

("AIkB" + "repair" in title/abstract)

2000 2001 2002
...................................................... i -« 104 papers:-

Unraveling the AIkB function has stimulated discoveries within
epigenetics

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

\

The protein that binds to DNA base J in
trypanosomatids has features of a thymidine

hydroxylase Yuetal. Nueleic Acids Research, 2007,

JBP-1 protein in trypanosomes

Anovel
epigenetic mark?

Human Tetl (JBP-1 homolog)

WAOMVEUC

£ Hydrmnymathyicytosing

Conversion of S-Methyleytosine to S-Hydroxymethyleytosine in Mammalian DNA by

MLL Partner TET1

Mamta

Ooi and Bestor,2009

ahilinng,' Kian Peng Koh,' Yinghun Shen” William A Pastor,’ Hozefa Bandukwala,' Yevgeny

Brudno.” Suneet Agarwal, Loks mrayan M. Iver,’ David R, Lin™® L Arovind ** Anjana Rao'*

Science, 2009

Histone demethylation by a family of
JmjC domain-containing proteins

s E W

N.
TN
dR dR
T-rrustivg| Actoning
addurn
GHy
N, <N,
N — L
(CH,), - (CHgy
HCHO
c o g
HN H coo- Mt HN H COOr
Mathyl Lysing
Iysing

Nature, 2006
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Putative human AlkB homologues

AlkB (bacterial)

ABH1

ABH4

ABHB6

ABH8

i € ABH3)
(ABH2)

ABH7

ABHS

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

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

ds-oligo: TTTCGTTCTTTGCTTTTTCGCTTT — Radiolabel

ss-oligo:  AAAGCAAGAAACGAAAAAGCG

® ss-oligo
O ds-oligo

w
o
T

N
o
T

N
o
T

Released radioact.
(% of total)

001 01 1 10 100 00l 01 1 10 100 001 01 1 10 100
AlkB (pmol) hABH2 (pmol) hABH3 (pmol)
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Extended substrate specificity of AlkB

AlkB

NS

ssDNA dsDNA  DNA*RNA ssRNA dsRNA RNA*:.DNA
Lesion in DNA Lesion in RNA

Falnes et al., (2002) Nature, 419, 178-182
Aas et al., (2003) Nature, 421, 859-863
Falnes et al., (2004) Nucl. Acids Res., 32, 3456-61

Substrate specificity of nABH2

hABH2

K 4

gt m m A m AL L
ssDNA dsDNA  DNA*:RNA SSRNA dsRNA  RNA*DNA
Lesion in DNA Lesion in RNA

Aas et al., (2003) Nature, 421, 859-863
Falnes et al., (2004) Nucl. Acids Res., 32, 3456-61
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Substrate specificity of nABH3

hABH3

AN

ssDNA dsDNA  DNA*RNA ssRNA dsRNA RNA*:.DNA

Lesion in DNA Lesion in RNA

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

DNA repair RNA repair Protein repair
|

21
|

Replication

_2 ~ Y
= j Transcription
" ._J_)

& p
- Y |~ Y — )
p— F— ;} :
= - Protein
y & 5~
DNA DNA RMNA

Source: Micklos et al., "DNA Science”, 2003
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» Unravelling the function of the human AlkB
homologue ALKBHS8

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

AlkB (bacterial)

ABH1

ABH4

ABHE

RNA/DNA repair? ABH8 — tRNA modification

7 (2003
[ ———e
DNA repair

(2003/2006 ABH7

~—

ABHS

Kurowski et al. (2003) BMC Genomics, 4:48
FTO (ninth member of family): Role in mMRNA demethylation (previous lecture; Nat.Chem. Biol., 2011)
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Bioinformatics gave clues about a role for
ALKBHS8 in tRNA modification.

RRM
(RNA tRNA
recognition
motif) AlkB methyltransferase
I N e [T Animals
ALKBH8 i

[T T S. cerevisiae

Trm9
i

[

Novel Methyltransferase for Modified Uridine Residues at the Wobble
Position of tRNA
Hamid R. Kalhor and Steven Clarke*

Depariment of Chemisory and Biochemistory and Molecular Biology Institute, University of Califomia,
Los Angeles, California 90005

MOLECULAR AND CELLULAR BioLoGy, Dec. 2003,

Family codon box:

Th e g en etl C C O d e 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 e different o
amino acids \ g & g
@ -~
T z <
T, 24
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Reading the genetic code

Codon
[1T2T1T317 [ |
1 1

MRNA [ ]

1
Anticodon D) +—— Position 34;
O O the wobble position

QO
-

tRNA

The challenging case of wobble uridine

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

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

Two conflicting requirements
- Promiscuity (wobbling)
- Restriction

Solution: Wobble uridine modification

(wobble uridines are usually modified)

(1| U,

= C, Gl
y

U34 Aa

[} G,

(] U3

,_-1‘: As
G34 c3 P
034 \_\ AS
=] G3 Glu

o

HN R

|
Hol o™

o’

OH OH
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Bioinformatics gave clues about a role for
ALKBHS8 in tRNA modification.

RRM
(RNA tRNA
recognition
motif) AlkB methyltransferase
I N e [T Animals
ALKBH8 i

[T T S. cerevisiae

Trm9
i

[

Novel Methyltransferase for Modified Uridine Residues at the Wobble
Position of tRNA
Hamid R. Kalhor and Steven Clarke*

Depariment of Chemisory and Biochemistory and Molecular Biology Institute, University of Califomia,
Los Angeles, California 90005

MOLECULAR AND CELLULAR BioLoGy, Dec. 2003,

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

5-carboxymethyl-uridine (cm5SU) 5-methylcarboxymethyl-uridine (mcm?®U)
o 0 o i/
CH,-C-OH CH,-C-O-CH,
HN I HN |
O)\N SAM SAH o’!\N
=0 e} N : =0 e}
Trm9
ALKBH8?
O OH © OH
Modified wobble U '
(in tRNA-Arg, tRNA-Glu, tRNA-Lys, etc)

20



Saponification of tRNA
(generating substrate for metyltransferase (MT) assay)

5-carboxymethyl-uridine (cmSU) 5-methylcarboxymethyl-uridine (mcm?®U)
o o}
2 [ 2 TR
CH,-C-OH CH,-C-O-CH,
HN I HN |
NaOH
=0 e} —— =0 e}
O OH © OH

TRM112 (HSPC152) - a partner of ALKBHS

Our
Y2H
Mammals ALKBHS ammmnd TRM112
A A
Sequence homology
v

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

- Coexpression of 6xHis-tagged ALKBHS8 (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 [BH]SAM

o e  ALKBHA o <« ALKBH8 + TRM112
__ 5000 A ALKBHBTRM112 yd 1 ALKBH8-MT + TRM112
[= - o /
o a4popl T OMI__ o o A d
— o & MTITRM112 e
- & MT-mutTRM112 /.~
B2 300F o TRMI2 1
ED
wI g—
2
-
=

Enzyme (pmol)

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

Generating a ALKBH8 knock-out mouse (Klungland group)

Deleted in KO (Alkbh8 )

Ol
1 2 3 4 5678 9 10 11 12
Exons l : : : : : : : :l. ......... i : ...... l
1
! |
. 1 100 200 300 400: 500 600 664
Amino acids | } } } — t —
| 1
! GcGNG
RTSFTFR  § |
1 : 1
Domains [ TRRMI [AKkE | W] 10
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Mammalian tRNAs containing mcm®U and
derivatives in the wobble position

Modifications found in:  Lys tRNA  (mcm®s2U)
Arg tRNA  (mcmds2U)
GIlutRNA  (mcm®s2U)
Sec tRNA  (mcm®U/mcm>Um)

LC/MS/MS analysis of nucleosides from Alkbh87- tRNA

. o
(Cathrine Vagbg)
5 T80 - - B
memU | s mem*Um = mcmPs<l N s
3 a a g 2
o 8 = o = £ =
% cH oo, b % cn,CocH % CH,COCH B
Hiy o I A N
&J\ l T dJ\ j . /l 7 B 8§
HO o N . é HO O N __J:: HO 8 N N »
0 = = Q. = o. | & =
2 =4 o 5 <3
2 I 3 E -y
H o D 1 &
OH OH ﬂw OH OCH, OH OH b
e N O L
7 8 56 7 8 78 8
Time [min) Time (min) Time {min}

mcmsU,mcm®s2U, and mecm3Um are absent from Alkbh8-- tRNA

5
cm*lJ . <
H o
o 3. F s
CH,COH l @
HN’Ij' :
s 6 7
N .
HO 2 z
0. | 550 x
] &
£ =
%
OH OH
5 6 7
Time {min)

cm®U accumulates in Alkbh8’ tRNA

Songe-Mgller et al., Mol. Cell. Biol, 2010
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AlkB-like
20G/Fe(l)- Trm9-like tRNA
oxygenase methyltransferase

1 RRM (Ox)

(MT) 664

ALKBHS8

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

Several possibilities

- A demethylase for the methylation introduced by the MT domain,
converting mecm>®U to cm®U; possibly to regulate protein translation? No

- A demethylase for the ribose methylation of mcm>Um 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)? ?7??

The RNA Modification Database

7= -

T
050 (¢ pseudouricine

051D dihydrouridine

052 |msuU S-methyluridine

053 |Um 2'-0-methyluridine

054 |m*Um 5.2'-0-dimethyluricine

055 [mbe 1-methylpseudouridine

036 [¥m 2'-0-methylpseudeuridine

057 |s2U Z-thiguridine

058 |=*u 4-thiguridine

055 |m7=3U S-methyl-Z-thisuridine

060 |s3m 2-thig-2'-0-methyluridine

061 [acpiU 3-(3-aming-3-carboxypropyljuridine
062 ho®U S-hydroxyuridine

0563 |mo®U S-methaosxcyuriding

054 [emo®U uriding S-oxyacstic acid

065 [mema®U  |uridine 5-axyacstic acid mathyl aster
066 |chm®U 5-{carboxyhy i

067 |mchm®J  |5-(carbosxyhydrosxymethyljuridine methyl ester

vdroxymethy

068 |mcm®U  |5-methosycarbonylmzthyluridine

063 |mcm®lUm  |S-methoxycarbenylmethyl-2'-0-mathyluridine
0|mcms20 | 5-methoxycarbenylmethyl- 2-thicuriding
1|nm=3 S-aminomethyl-2-thisuridine

72 mnm  |S-methylaminemethyluridine
3|mnms30 | S-methylzminomathyl-2-thicuridine

074 |mnm®z=? | 5-methylaminomethyl- 2-selensuridine

075 |ncm®U S-carbamoylmethyluridine

076 [ncm®Um  |5-carbamoylmethyl-2'-0-methyluridine

077 |cmnm®  |5-carboxymethylaminamethyluridine

07 & [cmnm*Um |5-carboxymethylaminsmethyl- 2'-0-methyluridine

073 [emnm®s2|5- carboscymethylzminamethyl-2-thisuridine

058 [zm U S-taurinomethyluridine

03%|zm®?  |5-taurinomethyl-2-thisuridine

1032 |inm= S-lisopentenylaminamathyljuridine

104 |inm*s3)  |5-[isepentznylaminamsthyl]- 2-thisuridine

We know about mcm>5U,
but what are these ones??

066|chm®U 5-(carboxyhydrosymethyljuridine
067 Imchm®U ' |5-(carboxyhydroxymethylluridine methyl ester
0568 |memU S-methexycarbenylmethyluridine
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mchm3U and chm>®U - hydroxylated forms of mcm®U and cm®U, respectively

o}

CH,COCH
j\)'ﬁ/ 2 U2l

Q N

HO 0

HO  OH

mcm5U

0]

CHzCO,H

Q N

HO 0

HO  OH

cmsU

ALKBH8-Ox

—_—
?

ALKBHS8-0Ox
—_—
?

HO

HO

HO  OH

chmsU

Where are mchm®U an chm®U found - and what is

known about these modifications?

1979: chm®U 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 tRNA2GIly from this tissue)

[T E-(Carboxy-hydroxymethyljuridine. a new modified nucleoside located in the anticodon of tRNA2GIy from the posterior silk glands of Bombyx mori
2 Kawakami M. Nishio K. Takemura S. Kondo T. Gota T
Mucleic Acids Symp Ser. 1979,(8):s53-5. é
PubMed - i JLINE] Cc
A
G—C
c—G
G—C
- - Um-A
1988: The nucleoside in the u—a
wobble position was found to be S=CsecccY i
mchmsU, not chm®U, (mehmsU is | o%a ne msc"mséc';(‘;‘swcs
readily demethylated to chm5U o AL va
under weakly alkaline Dg A AGng
conditions). E_é
C—G . . Q o
c A o % ot b o
It was found that tRNA2Gly A e WYL
contains the S-stereoisomer of e e o ot
mchmsy o0 "n'L’QJ
Y 5l
) ) [+ ] p
No further studies on this (RF-mehmU (S)-mchm'U
nucleoside
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Investigating the presence of (S)-mchm>U in mammalian tRNA

Nucleoside standards for (S)-mchm®U and (R)-mchm>U were
obtained (Andrzej Malkiewicz and Grazyna Leszczynska)

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

(R)-mchm°U
(S)-mchm5Ul
i v
e i i c/%ffo—o Total tRNA
HN c =,
o on ot lo{' H
o] o] NI
Loy tRNASY .
0 OH t
(R1-mchm'U (S)-mchmU o
g tRNAGS
- Both R- and S-diastereromers of mchm?®U are present i
calf liver tRNA A J\
Nucleoside
standards
- (S)-mchm?®U is found in tRNA-Gly(UCC) q H
- (R)-mchm3U is found in tRNA-Arg(UCG) *Time (min)

- ALKBHS is found in all multicellular eukaryotes

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

Anticodon
loop

B.mor @

H. sapiens

D. melanogaster &
A. mellifera IS5 CERE

3. cerevisiae

Could ALKBHS8 be the hydroxylase responsible for generating (S)-mchm®U in
tRNA-Gly(UCC)?

AlkB-like ALKBH8-MT ALKBH8-0x (?)
20G/Fe(ll)- Trm9-like tRNA +TRM112 Fe(ll)
oxygenase methyltransferase cmy —— mcmiU (S)-mchm®U
1_RRM (Ox) (MT) 664
O ) 20G CO,
ALKBHS O,  Succinate
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Incubation of Alkbh87- tRNA with recombinant enzymes
reveals the biochemical activity of the ALKBH8 oxygenase

75 WT
50
25 ALKBH8-MT ALKBH8-Ox (?)
+TRM112 Fe(ll)
75 Alkbhg—1 cmSU —— mcm°U 7T> (S)-mchm>U
/ 20G CO
25
25| Alkbhs™=
25
75} Alkbhg==
+ALKBHS 1 RRM Ox MT 664
50 T T T
5 “ ALKBH8
. I 352 664
(—
P > ALKBH8-MT
S££6
£8
Ny
N

Using mouse models to further investigate the role
ALKBHS8 in mchm>®U formation in mammals

The Klungland lab generated additional mouse models in the Alkbh8-- background,
containing transgenes where one of the two domains of ALKBHS8 are inactivated (*).

AlkB-like
20G/Fe(ll)- Trm9-like tRNA
oxygenase methyltransferase
1 RRM (Ox) (MT) 664
[ I [ ]
ALKBH8
Mouse model Abbreviation| Expressed ALKBHS8 protein(s)
Wild-type WT I ———
Alkbh8 Alkbhg- None
Alkbh8/KI(MT*) KI(MT~) —
Alkbh8/KI(Ox*) KI(Ox*) e ——
Alkbh8//KI(MT*)/KI(Ox*) | KI(MT*+/Ox*) +
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LC-MS/MS analysis of mchm®U in total

(R)-mchm®U
(S)-mchm5ul
v

tRNA from the various mouse models

Mouse model Abbreviation| Expressed ALKBHS8 protein(s) WT
Wild-type WT e
Alkbhg* Alkbhg- None
Alkbh8/KI(MT*) KI(MT*) :—:*— Alkbhg™"
Alkbh8"/KI(Ox*) KI(Ox*) Cr——t
I:_:i_
Alkbh8"/KI(MT+)/KI(Ox*) | KI(MT*/Ox*) +
— b3 KI(MT™)
>
2
g
=
- - KI(Ox*)
- (S)-mchmb5U formation requires both the
methyltransferase (MT) and oxygenase (Ox) activities
of ALKBH8
KI(MT*/Ox*)
- (R)-mchm>3U formation requires the
methyltransferase activity, but not the oxygenase
activity of ALKBH8 -
Time (min)

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

Model

- based on data from mice and in vitro enzymology

(S)-mchmsU | tRNA Y
ALKBHB8-Ox

ALKBHS'MT_
cmSy =———> | mcm°U

Unknown
hydroxylase
(OxX)

(R)-mchmsu | tRNA S
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Q o
AlkB-like c—C
20G/Fe(ll)- Trm9-like tRNA HN e
oxygenase methyltransferase OJ\N OH H
1 RRM (Ox) (MT) 664 o
I T - 0.
P
ALKBHS8 . Gl
tRNA 52
s Unknown oxygenase (OxX) oS Q0 OH
49 H
» (S)-mchm®U
O\\G,od‘\"’
O\\vo\" N /C,,f
HN | Ic',,_/ OJ\N H H
o‘J\N H H —————p '°—|/0\I Q,,+
"0—[/0\' ALKBH8-MT .
O OH o] . oo
O OH . HN)E_IC‘/
! mcmsU ",
OJ\N H OH
cmsyU i
L RNA /9
t ucG
Q OH
(R)-mchm®uU
. (R)-mchm®U
Presence of the mchm®U diastereomers (@pmonmeu|
in various organisms cal
Mouse
LC-MS/MS analysis of total tRNA Bee
(Cathrine Vagbg)
> v
g ‘Worm
Plant
Budding yeast
(no ALKBH8)
S-mchm>®U shows co-occurence with ALKBHS8 Ve
. Fission yeast
R-mchmb>U observed only in mammals (no ALKBHE)
5 6 7
Time (min)

van den Born et al., Nat. Commun. (2011)
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Conclusions - ALKBHS

- mchm®U is a novel wobble uridine modification in mammalian tRNA

- mchm3U exists in two diastereomeric forms, R- and S-, found in tRNA-
Arg(UCG) and tRNA-Gly(UCC), respectively

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

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

- The methyltransferase activity of ALKBHS is required for the formation of a
number of modified wobble uridines, including (R)- and (S)-mchm?3U

- The oxygenase activity of ALKBH8 hydroxylates mcm3U to S-mchm?®U in
tRNA-Gly(UCC)
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SO0 %ap o o
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