Sequence-specific Methyltransferase-Induced
Labeling of DNA (SMILing DNA)
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A new concept for sequence-specific labeling of DNA by using
chemically modified cofactors for DNA methyltransferases is
presented. Replacement of the amino acid side chain of the
natural cofactor S-adenosyl-.-methionine with an aziridine group
leads to a cofactor suitable for DNA methyltransferase-catalyzed
sequence-specific coupling with DNA. Sequence-specifically fluo-
rescently labeled plasmid DNA was obtained by using the DNA

1. Introduction

The completion of the human genome sequencing project!"
emphasizes the need for more structural and functional studies.
A major task in investigating bionanostructures is to make them
visible. In this respect, intrinsic physical properties of biopoly-
mers or reporter molecules specifically conjugated to them
have been utilized for visualization, and monitoring binding and
dynamics. The attached reporter molecule must be chosen such
that it does not interfere with the structure of a biopolymer or
hinder its interaction with other molecules. Bearing in mind the
size of biopolymers and the recurrence of a small number of
monomeric units, sequence-specific labeling is a challenging
task. Here we present a new concept for sequence-specific
labeling of DNA which should also be applicable for sequence-
specific labeling of RNA and proteins.

2. Labeling of DNA

In principle, DNA can be labeled either by chemical or enzymatic
methods. Phosphoramidite solid-phase DNA synthesis is the
standard chemical method to synthesize labeled short oligo-
deoxynucleotides by incorporation of modified phosphorami-
dites.? The modified unit can either contain the reporter group
or a linker with a functional group for post-synthetic modifica-
tion. Chemical modification of nucleic acids can also be achieved
by bisulfite-catalyzed transamination of the N4-amino group of
cytosine residues, bromination of the C5-position of pyrimidines
and the C8-position of purines, followed by reaction with
derivatized amines or photochemical coupling of azides like
photobiotin, to name just a few methods.”! In addition,
platinum-based reagents have been used to label nucleic
acids."™ Enzymatic labeling methods mainly rely on the ability
of DNA polymerases or terminal transferases to incorporate
modified deoxynucleoside triphosphates.®! Random labeling can
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methyltransferase from Thermus aquaticus (M.Tagl) as catalyst
and attaching a fluorophore to the aziridine cofactor. First results
suggest that all classes of DNA methyltransferases with different
recognition sequences can be used. In addition, this novel method
for DNA labeling should be applicable to a wide variety of reporter
groups.

be performed with Klenow polymerase (random primed label-
ing), Escherichia coli DNA polymerase | (nick translation) or Taq
DNA polymerase (polymerase chain reaction, PCR), and end-
labeling can be achieved with terminal deoxynucleotidyl trans-
ferase. In general, these chemical and enzymatic methods are
not suitable for sequence-specific internal labeling of long DNA
molecules.

3. Sequence-Specific Recognition of DNA by
Small Molecules

A requirement for sequence-specific DNA labeling is the
aptitude of molecular structures for sequence-specific DNA
recognition. Several types of small molecules have been
developed for this purpose.

DNA intercalators generally bind with low sequence-specific-
ity to DNA by incorporating the planar aromatic systems
between two base pairs. Great efforts have been made to find
intercalators with increased sequence-specificities, and a pep-
tide-linked bis-intercalator which sequence-specifically recog-
nizes a six-base-pair sequence was recently presented.”

Short triple-helix-forming oligodeoxynucleotides (TFO) can be
used for sequence-specific targeting of double-stranded DNA.
They preferentially bind to homopurine - homopyrimidine se-
quences by forming triple helices.® The two strands of the
targeted double helix form usual Watson - Crick base pairs, and
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the third strand binds via Hoogsteen hydrogen bonding in the
major groove. Although different TFO binding motifs have been
observed, the approach still remains limited to purine-rich
sequences. Very stable triple helices can be obtained with
peptide nucleic acid (PNA). Interestingly, PNA does not prefer-
entially lead to classical triplexes with double-stranded DNA, but
forms triplex invasion complexes in which two PNA molecules
bind to DNA."

In addition to the DNA major groove, the minor groove can be
targeted. Several natural products like Netropsin and Distamycin
bind in the minor groove. Based on structural DNA binding
studies of Distamycin (a polyamide containing N-methylpyrrole
repeating units), hairpin polyamides have been developed. They
are composed of pyrrole, imidazole and 3-hydroxypyrrole amino
acids, which give them the ability to distinguish between all four
possible base-pair combinations in the minor groove and to
recognize DNA sequence-specifically.®

Although enormous progress has been made in the field of
sequence-specific DNA recognition by small molecules, bio-
organic chemists are just starting to attach reporter groups to
these molecular structures and use them for sequence-specific
DNA labeling. Recently, sequence-specific but not covalent
labeling of DNA was achieved with a hairpin polyamide™ and a
TFO-based approach.' In addition, sequence-specific covalent
biotinylation was reported with biotin - TFO - psoralen conju-
gates by photochemical coupling, reaching a maximum yield of
80% after lengthy sequence optimization.! Given the difficul-
ties and limitations associated with these synthetic systems for
sequence-specific DNA labeling, it is interesting to have a look at
biological systems.

4. Sequence-Specific DNA Labeling with a
Methyl Group

Nature has evolved many different proteins that interact
specifically with DNA. They can exert their biological function
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by binding to appropriate sequences or by covalent modifica-
tion of DNA. In this respect, DNA methyltransferases (MTases) are
a very interesting class of enzymes because they combine both
the ability of sequence-specific DNA recognition and sequence-
specific covalent-bond formation. They catalyze the nucleophilc
attack of either adenine or cytosine residues within specific
double-stranded DNA sequences onto the activated methyl
group of the cofactor S-adenosyl-.-methionine (AdoMet, 1), and
can be regarded as enzymes that label DNA with a methyl group.
DNA MTases are categorized into two classes according to the
atom that is modified. N-DNA MTases catalyze the methylation of
the exocyclic amino group of either adenine or cytosine, and
C-DNA MTases catalyze the methylation of the 5-position of
cytosine (Scheme 1).0'%

5. A Novel Cofactor for DNA MTases

Since the de novo design and synthesis of molecular entities
capable of sequence-specific DNA recognition and modification
is still a very challenging task, we considered utilizing DNA
MTases for sequence-specific DNA labeling. Evidently, the methyl
group is not an attractive reporter group if one wants to avoid
the safety, stability and disposal problems associated with
radioactive isotopes. Thus, engineering novel cofactors for DNA
MTases that change the function of the enzymes and lead to
transfer of larger chemical entities onto DNA could be very
interesting for sequence-specific DNA labeling. In principal,
replacement of the methylsulfonium moiety in AdoMet 1 with a
thiiranium ring, by linking the activated methyl group with Cy of
the amino acid side chain, could lead to nucleophilic ring
opening and hence coupling of the whole cofactor to the target
sequence (Scheme 2). However, thiiranium compounds are
unstable in nucleophilic solvents.'3! Therefore, we decided to
introduce the more stable aziridine ring, which can be activated
for nucleophilic attack by protonation of the ring nitrogen atom.
Since cofactor binding studies with different DNA MTases
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Scheme 1. DNA methyltransferases (MTases) naturally catalyze the methyl group transfer from the cofactor S-adenosyl-.-methionine (AdoMet, 1) onto nucleobases
within double-stranded DNA. Adenine-specific N-DNA MTases form N6-methyladenine (A), cytosine-specific N-DNA MTases form N4-methylcytosine (B) and cytosine-
specific C-DNA MTases form C5-methylcytosine (C) within their DNA recognition sequences (indicated by thick lines).
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Scheme 2. Design of the new cofactor N-adenosylaziridine (2) starting from the
natural cofactor S-adenosyl-.-methionine (1) for MTase-catalyzed coupling with
DNA (A = adenine).

revealed that the amino acid side chain is not essential for
cofactor binding,'" we synthesized the new nucleoside N-
adenosylaziridine (2), which lacks the amino acid part, by
nucleophilic substitution of 5-deoxy-5-tosyladenosine with
aziridine. Using the DNA MTase from Thermus aquaticus (M.Taql)
as a paradigm, we established a DNA MTase-catalyzed transfer of
more than just a single carbon unit (methyl group), namely the
cofactor itself, onto DNA."! The new cofactor 2 is quantitatively
coupled with the exocylic amino group of adenine within the 5'-
TCGA-3' recognition sequence of M.Tagl (Scheme 3).

Most importantly, this cofactor design does not introduce
additional steric bulk compared with the natural cofactor and
does not take into account the individual mechanisms of N- and
C-DNA MTases for activating their target bases as nucleophiles.
Thus, it is not surprising that N-adenosylaziridine (2) functions as
a general cofactor for all classes of DNA MTases, as demonstrated
by the sequence-specific coupling catalyzed not only by N6-
adenine but also by N4-cytosine and C5-cytosine DNA MTases.!®!

6. Sequence-Specific Methyltransferase-
Induced Labeling of DNA (SMiLing DNA)

In principle, selective 1,2-diol cleavage of the attached adenosine
residue with periodate followed by reaction of the resulting
dialdehyde with a primary amine containing a reporter group
and subsequent reduction,'”? could lead to sequence-specific
labeling of DNA. Although such a multistep procedure appears
feasible, a one-step labeling reaction would be much more
convenient. We, therefore, investigated the possibility of using
the new aziridine cofactor in combination with DNA MTases as a
delivery system for reporter groups. For this purpose, a suitable
attachment position at the aziridine cofactor must be found.
Inspection of the three-dimensional structure of M.Tagl in
complex with a cofactor analogue and DNA['® revealed that
the 8-position of the adenine ring points towards the solvent.
Therefore, attaching a reporter group via a flexible linker at this
position should not block cofactor binding (Figure 1). Recently,
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Scheme 3. Reactions catalyzed by the adenine-specific DNA MTase M.Taql.
Nucleophilc attack of the exocyclic adenine amino group on the activated methyl
group of the natural cofactor S-adenosyl-.-methionine (1) leads to sequence-
specific methyl-group transfer (left) and nucleophilc ring opening of the new
cofactor N-adenosylaziridine (2); this results in sequence-specific coupling of the
whole cofactor with DNA (right).

we demonstrated that such an aziridine cofactor 3 containing a
dansyl fluorophore at the 8-position is quantitatively and
sequence-specifically coupled by M.Tagl with small duplex
oligodeoxynucleotides as well as plasmid DNA (Scheme 4).'!
In addition, the aziridine cofactor 4, which contains a biotin
group instead of the dansyl group, functions as a cofactor for
M.Tagl, as demonstrated by almost complete protection of

puC19
plasmid DNA

sequence-

specifically
labeled
puUC19

Scheme 4. Sequence-specific fluorescence labeling of pUC19 plasmid DNA (2686
base pairs). The aziridine cofactor 3 containing a dansyl fluorophore attached via
a flexible linker at the 8-position of the adenine ring, is quantitatively and
sequence-specifically coupled with all four 5'-TCGA-3' recognition sequences
(black bars) by M.Taql.
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M. Tagl M.Rsr M.DpnM

M. Pvudl M. Mboll M.Hhal

Figure 1. Cofactor binding pockets of DNA MTases. The enzymes are shown as an electrostatic surface potential structure (red = negative potential, blue positive
potential and grey is neutral). The cofactors or cofactor analogues are presented as stick models. The following Protein Data Bank entry numbers of cocrystal structures
were used to prepare the pictures: 1G38 (M.Taql), 1EG2 (M.Rsrl), 2DPM (M.DpnM), 1BOO (M.Pvull), 1G60 (M.Mboll), TMHT (M.Hhal).

linearized plasmid DNA against fragmentation iHa

by the corresponding restriction endonu- 'E:ﬂ I ?N\}a—ﬂﬁﬂ o, S
clease, R.Taqgl (Figure 2). Furthermore, prelimi- H@\N M 4 wH 5 E H
nary experiments in our laboratory indicate b" HN, NH
that an aziridine cofactor with the (negatively 11;

charged) cyanine5 fluorophore attached to
the 8-postion can be used in a M.Tagl-
catalyzed coupling reaction for the se- M. Tagl
quence-specific labeling of DNA. Thus, it is
expected that many more reporter and affinity
groups can be sequence-specifically delivered
to DNA. linearized pUC19 DNA
Most interestingly, the known crystal struc- —_——
tures of six DNA MTases with different se- * R. Taql
quence-specificities in complex with AdoMet
1 or cofactor analogues (and DNA for M.Taql
and M.Hhal) reveal that the 8-position of the
cofactor adenine ring is not only accessible in
M.Tagl but also in M.Rsrl, M.DpnM and M.Pvull
(Figure 1). Thus, aziridine labeling cofactors

with reporter groups at the 8-position could
also be substrates for these DNA MTases. Figure 2. M.Taql-catalyzed labeling of linearized plasmid DNA with biotin. The progress of the labeling
. reaction with the aziridine cofactor 4 is analyzed in a DNA protection assay. At the beginning of the
However, in the M.Mboll and M.Hhal structure labeling reaction (reaction time 0 h) fragmentation of R.EcoRI-linearized pUC19 DNA with the restriction
the 8-position appears to be blocked by the  engonuciease RTaq/ leads to three major DNA fragments on an agarose gel (one of the four Taq/
cofactor binding pocket. For the latter two  recognition sequences in pUC19 is destroyed by R.EcoR! linearization). With increasing reaction times
enzymes, attachment of the reporter group to (0.5 and 1 h) these bands disappear and bands corresponding to longer intermediates or the full-length
linearized plasmid appear. After 3 h the DNA is almost completely protected against fragmentation by
R.Taql; this indicates that the three Taql recognition sequences are blocked by covalent modification. No
or to the 6-position of the aziridine cofactor  pna protection against cleavage by RTaq! is observed in the absence of either M.Taql or the aziridine
should be more suitable. cofactor 4 (not shown).

HO  OH 4

the 7-position (7-deazaadenosine derivative)
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7. Perspectives

SMILing DNA has the potential to become a new general tool for
sequence-specific DNA labeling and is characterized by high
versatility and flexibility. It can be expected that not only a wide
range of reporter groups and affinity labels but also larger
chemical entities like peptides, oligosaccharides, oligonucleo-
tides, gold clusters or proteins are suitable for sequence-specific
attachment to DNA. In addition, REBASE,?? a data base for
restriction endonucleases and DNA MTases, currently lists about
900 DNA MTases with a multitude of recognition sequences
ranging from two to eight base pairs. Thus, a great number of
DNA sequences could be targeted. SMiLing DNA can be
regarded as a new labeling technology with potential applica-
tions in functional studies of DNA modifying enzymes, medical
diagnosis, molecular biology, and nanobiotechnology.

The new labeling cofactors could also be useful for sequence-
specific labeling of RNA and proteins by using AdoMet-depen-
dent RNA and protein MTases. Table 1 lists the accessibility of the
6-, 7- and 8-positions of the cofactor adenine ring in several
cocrystal structures. In most cases at least one position appears

Table 1. Accessibilities of the 6-, 7- and 8-positions of the cofactor adenine
ring in known crystal structures of RNA and protein MTases in complex with the
cofactor or analogues.

MTase Substrate Cofactort? Accessibility™ Pdbld
6 7 8

RNA MTases

VP39 mRNA AdoHcy + + (+)  1AV6

(Vaccinia virus)

FtsJ/Rrm)J 23S rRNA AdoMet (+) + — 1EIZ

(E. coli)

NS5 mRNA AdoHcy (+) + — 1L9K

(Dengue virus)

ErmC’ 23S rRNA AdoMet + + - 1QA0

(B. subtilis)

TrmD tRNA AdoMet — — + TUAM

(H. influenza)
Protein MTases

CheR chemotaxis AdoHcy — — (+) 1BC5
(S. typhimurium)  receptor

PIMT proteins AdoHcy — — + 1DL5
(T. maritima) isoaspartyl

PRMT3 proteins AdoHcy - - - 1F3L

(R. norvegicus) arginine

PIMT proteins Ado - — — 1JG3

(P. furiosus) isoaspartyl

hPIMT proteins AdoHcy (+) (+) 111N

(H. sapiens) isoaspartyl AdoHcy +) - (+)  1KR5

LSMT proteins AdoMet + (+) — 1POY
(P. sativum) lysine

SET7/9 histone H3 AdoMet (+) — — TN6C
(H. sapiens) lysine AdoHcy (+) - — 109S
HemK/PrmC proteins AdoMet (+) + - 1NV8
(T. maritima) glutamic acid

hDOT1L histone H3 AdoMet (+) + - TNW3
(H. sapiens) lysine

PRMT1 proteins AdoHcy + + + 10RI

(R. norvegicus) arginine

[a] AdoMet = S-adenosyl-.-methionine,  AdoHcy = S-adenosyl-L-homocys-
teine, Ado=adenosine. [b]+ =accessible, (+)=Iless accessible, — =
blocked. [c] Pdb = Protein Data Bank entry number.

suitable for attaching a reporter group. Thus, Sequence-specific
Methyltransferase-Induced Labeling (SMILing) could become a
general labeling technique for sequence-specific incorporation
of reporter molecules into DNA, RNA and protein biopolymers.
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