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Abstract—Methyltransferases (MTases) play an important role in the functioning of living systems, catalyzing
the methylation reactions of DNA, RNA, proteins, and small molecules, including endogenous compounds
and drugs. Many human diseases are associated with disturbances in the functioning of these enzymes; there-
fore, the study of MTases is an urgent and important task. Most MTases use the cofactor S-adenosyl- L-methi-
onine (SAM) as a methyl group donor. SAM analogs are widely applicable in the study of MTases: they are
used in studies of the catalytic activity of these enzymes, in identification of substrates of new MTases, and
for modification of the substrates or substrate linking to MTases. In this review, new synthetic analogs of
SAM and the problems that can be solved with their usage are discussed.
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INTRODUCTION

Methyltransferases (MTases) play an important
role in the functioning of living systems, catalyzing the
methylation reactions of DNA, RNA, proteins, and
small molecules, including endogenous compounds
and drugs. DNA methylation determines the epigene-
tic regulation of gene expression [1]. RNA methyla-
tion is necessary for the correct course of the processes
involving these molecules, primarily protein synthesis
and splicing [2]. Methylation expands the functional
diversity of proteins [3]. It is involved in a large num-
ber of intracellular processes, for example, histone meth-
ylation regulates gene expression [4]. Methylation of
small molecules is the way to change their properties and
participation in biochemical processes [5].

Disruption of MTases changes the nature of intra-
cellular methylation processes, which, in turn, often
leads to the emergence of various diseases [2, 6];
therefore, the study of MTases is an important task.
Many methods and approaches utilizing analogs of
methylation  cofactor  S-adenosyl-L-methionine

Abbreviations: MTase, methyltransferase; NNMT, nicotin-
amide- N-methyltransferase; SAM, AdoMet, or S-adenosyl-L-
methionine; MAT, methionine adenosyltransferase; mTAG,
methyltransferase-directed transfer of activated groups;
CuAAC, copper-catalyzed azide—alkyne cycloaddition; PC,
photo-caging groups; PEG linker, hydrophobic polyethylene
glycol fragment; FP, fluorescence polarization (fluorescence
anisotropy).

(SAM, or AdoMet) have been developed to study
MTases. Using SAM analogs, one can control the
activity of MTases, determine substrates for newly dis-
covered proteins of this class, and chemically modify
methylation substrates.

A considerable part of this review is devoted to syn-
thetic SAM analogs obtained over the past two
decades and the problems that can be solved using
these analogs.

METHYLTRANSFERASES

Methyltransferase [E.C. 2.1.1] represent a wide
group of enzymes that catalyze methylation of various
substrates and regulate such biological processes as
metabolism, biosynthesis, functioning and degrada-
tion of nucleic acids, protein activity, and detoxifica-
tion of exogenous compounds [7]. The overwhelming
majority of known MTases utilize SAM as a donor of
the methyl group, which, after cleavage of the CH;
group, is converted into S-adenosyl-L-homocysteine
(SAH) (Fig. 1) [8].

Currently about 300 SAM-dependent MTases are
known in the human proteome; the type of substrate
(small molecules, lipids, proteins, or nucleic acids)
and the type of methylated atom (usually nitrogen,
oxygen, carbon, or sulfur) are known for about
120 MTases [9, 10].
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Fig. 1. Transfer of the methyl group by the SAM-dependent M Tase from the cofactor to the substrate. During this reaction, SAM

is converted to SAH.

Role of MTases in Biological Processes

In the living system, methylation has various func-
tions, depending on the type of substrate. DNA meth-
ylation is responsible for the epigenetic regulation of
eukaryotic gene expression; it plays an important role
in the embryonic development of multicellular organ-
isms and is involved in genome imprinting and car-
cinogenesis. In prokaryotic cells, methylation is used
to control DNA repair and replication time [11], as
well as in restriction—modification systems to protect
against foreign genetic elements [12].

RNA methylation supplements the four-letter
genetic code with nucleotides containing modified
bases or 2'-methylhydroxy groups. It provides bio-
chemical, biophysical, and metabolic stabilization of
RNA, which are necessary for these molecules to per-
form specific functions, as well as quality control of
RNA. Methylation is inherent to most RNAs that per-
form catalytic functions, including those involved in pro-
tein synthesis and splicing [13]. It is also involved in the
emergence of antibiotic resistance in bacteria [14].

Protein methylation allows significant expansion of
the 20-amino acid “alphabet,” introducing greater
diversity into the amino acid composition of proteins
and changing their functional properties. The amino
group of lysine and the guanidine fragment of arginine
are methylated most often; less often methylated are
the hydroxyl groups of serine and tyrosine, and the
carboxyl groups of the side chains of glutamic and
aspartic acid [15]. Also, the N- and C-terminal groups
of any amino acid residues in proteins, including the
amide fragments of the side chains of glutamine and
asparagine, can undergo methylation [16]. Methyla-
tion of lysine and arginine in histone molecules is the
best studied and represented in cells. These modifica-
tions regulate gene transcription [17].

Methylation of small molecules is one of the bio-
synthesis processes for many endogenous compounds.
Products of methylation by MTases include protein
cofactors, signaling and protective molecules, mem-
brane components, pigments, and many other com-
pounds [18, 19].

Methylation Cofactor SAM

SAM, a cofactor of almost all known MTases [8],
acts as a methyl group donor in the methylation reac-
tion of N, C, O, and S-nucleophilic centers. This is the
second most common organic cofactor after ATP [20].
The main feature of the SAM molecule is the trivalent
sulfur atom, which ensures its high reactivity in the
methylation reaction of various substrates (DNA,
RNA, proteins, small molecules), usually proceeding
according to the Sy2 mechanism.

The asymmetrically substituted sulfonium ion in
the SAM molecule is a chiral center. The S and R epi-
mers are optically stable and can be separated. It has
been shown that the methylation reaction is stereospe-
cific, and it is preferable that only the natural S-epi-
mer enters into the reaction, while the R-epimer,
binding in the same active center, does not transfer the
methyl group to the substrate [21, 22].

SAM is also used as a source of methylene groups
(in the biosynthesis of cyclopropyl fatty acids), amino
groups (in the synthesis of 7,8-diaminoperlagonic
acid, a precursor of biotin), ribosyl moieties (in the
biosynthesis of epoxykevosin, a modified tRNA
nucleoside), and aminopropyl groups (in the synthesis
of ethylene and polyamines) [23].

In living systems, SAM is usually formed from ATP
and L-methionine with methionine adenosyltransfer-
ase (MAT, S-adenosylmethionine synthetase) as the
catalyst [24, 25]. This enzymatic reaction is also used
for the synthesis of SAM in preparative quantities from
ATP and methionine [26, 27]. To increase conversion,
inorganic pyrophosphatase is added to the reaction
mixture, which utilizes the pyrophosphate formed
[28]. Another variant of the reaction yielding SAM is
based on the use of the SalLL enzyme, which catalyzes
the interaction of 5-chloradenosine (CIDA) with
methionine (Fig. 2) [29]. Yet another way to obtain
SAM is to isolate this product from yeast [30]. A syn-
thetic method to produce SAM is also used, based on
the interaction of a methyl halide with SAH under
acidic conditions [22, 31]. In the this case, however, a
mixture of S and R epimers is formed.
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In neutral and alkaline environments, SAM under-
goes spontaneous degradation via two parallel path-
ways: degradation to methylthioadenosine (MTA) and
homoserine lactone, and hydrolysis to adenine and
S-ribosylmethionine [32].

The presence of a trivalent sulfur atom determines
the four main pathways of SAM metabolism in cells:
(1) removal of the methyl group in the methylation
reaction to form SAH; (2) cleavage of the sulfur—car-
bon bond of the methionine chain with the formation
of MTA and homoserine lactone; (3) radical cleavage
of the bond between the sulfur atom and the ribose
residue, catalyzed by iron-containing enzymes, to
form a reactive 5'-deoxyadenosyl radical; and (4) rad-
ical cleavage with the formation of the ACP radical
and MTA (Fig. 3) [33—35].

It has been shown that the synthesis of functionally
active isosteric analogs of SAM increases their stability
in the main decomposition reactions (depurination,
intramolecular cyclization, and sulfonium epimeriza-
tion). Binding of such analogs of SAM with MTases
proceeds almost identically to the initial cofactor [36—
38]. Thorson and co-workers have synthesized ana-
logs of SAM (Fig. 4), in which the nitrogen atom in
position 7 of the adenine fragment was replaced by
carbon, and the carboxyl group, by a tetrazole ring,
which led to a significant increase in the stability of the
SAM analog at pH 8. Biochemical and structural
studies showed that these SAM analogs bind to the
dnrK MTase (carminomycin 4- O-methyltransferase),
while the enzymatic activity of the protein is com-
pletely retained [36].

Another isosteric substitution in the SAM mole-
cule is the replacement of the carboxyl group with a
phosphonium or phosphonic group (Fig. 5). This
results in the prevention of SAM lactonization, which
stabilizes SAM. It has been shown that such molecules
are able to effectively bind to MTases [39, 40].

Methylation Coproduct SAH

When MTases transfer the methyl group from SAM
to a substrate, the SAH molecule is formed. In most
cases, SAH is a competitive inhibitor of MTases. The
strength of SAH binding to MTases is often even
higher than that of the SAM cofactor [33, 41]. There-
fore, cellular homeostasis of SAM and SAH is very
important and degradation of SAH after the methyla-
tion reaction must be precisely regulated. In eukary-
otic cells, SAH decomposes with the formation of
homocysteine and adenosine in a reaction catalyzed
by SAH hydrolase (Fig. 6) [41]. In prokaryotic cells,
SAH is cleaved to adenine and S-ribosylhomocysteine
predominantly in a reaction catalyzed by MTA/SAH
nucleosidase [42]. All known prokaryotic MTA/SAH
nucleosidases are three-substrate enzymes capable of
cleaving adenine not only from SAH, but also from
MTA and 5'dAdo [43].
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Fig. 2. Enzymatic and synthetic methods to produce SAM.
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SYNTHETIC ANALOGS OF SAM

Synthetic SAM analogs are created and used to
solve several types of problems related to the study or
activity control of SAM-dependent MTases. In this
review, synthetic analogs of SAM are considered based
on the problems they are used to solve.

The first group consists of MTase inhibitors. These
compounds bind to the enzyme and block its catalytic
activity. In the second group, we select SAM analogs

“Ado, S-7-deazaadenosyl. Reprinted from [36] with permission from the publisher.

that contain functional groups other than methyl.
They are recognized by MTase, bind the enzyme, and
enter the catalytic reactions, which allows the sub-
strates to be modified with new molecular fragments.
The third group of synthetic SAM analogs are com-
pounds recognized by MTase as a cofactor, which,
under the action of MTase, form an adduct with the
enzyme substrate. Finally, to the fourth group, we
assigned SAM analogs that are capable of binding to
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MTases, but do not enter further catalytic reactions.
These are used to introduce functional fragments that
allow the study of MTases.

Inhibitors of M Tases

There are many MTase inhibitors with different
mechanisms of action. They were obtained using vari-
ous strategies, including virtual and high-throughput
screening followed by lead compound optimization
[44—46].

Some compounds of natural origin (Fig. 7) act as
competitive inhibitors of DNA MTases (DNMT) [47].
These include polyphenols, flavonoids, anthraqui-
nones, and compounds of some other classes. Among
the first MTase inhibitors described were curcumin,
(—)-epigallocatechin-3-gallate (EGCG), machanin,
genistein, quercetin, silibinin, luteolin, quasinol Q,
hypericin, boswellic acid, and lycopene [47, 48].
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Another class of inhibitors are analogs of the SAM
cofactor, which are involved in competitive binding to
MTases and lack specificity for a particular MTase, i.e.
these are the so-called PAN inhibitors. The group
includes the coproduct of methylation, SAH; the
decomposition product of SAM, methylthioadenos-
ine; and sinfungin, an antifungal agent of bacterial ori-
gin. Modification of substituents in the inhibitor mol-
ecule in accordance with the characteristics of the
active site of M Tase allows the selectivity of its binding
to a specific enzyme to be increased (Fig. 8) [49—56].

The nucleoside drugs azacytidine (5-azacytidine)
and decitabine (5-aza-2'-deoxycytidine), whose
action is based on the inhibition of DNA MTases, in
particular DNMT3A, are used in the treatment of
myelodysplastic syndrome [58]. However, these drugs
cannot be classified as cofactor analogs. These are
classic nucleoside inhibitors, that is, substrate (DNA)
analogs. Methylation of these fragments in the DNA
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strand leads to covalent cross-linking with the enzyme
and thus irreversible blockade of its catalytic activity [59].

Analogs of SAM Used to Transfer New Functional
Groups onto a Substrate

This section discusses SAM analogs and derivatives
that can serve as synthetic cofactors for the introduc-
tion of new functional groups, including various
labels, into MTase substrates. They are used to search
for substrates of new MTases, as well as to study the
functional activity of enzymes. The transferred label
can be, for example, an isotopically substituted methyl
group. In addition, MTases are prone to “make mis-
takes” and transfer more complex functional groups to
substrates.

Transfer of an isotopically substituted methyl group.
Using the SAM molecule isotopically substituted at
the methyl group, radioactive or stable isotopes of car-
bon and hydrogen can be introduced into an MTase
substrate by in vitro methylation reactions.

(A) Transfer of a radioactive label. To introduce a
radioactive label into the MTase substrate, an in vitro
methylation reaction is carried out with a recombinant
MTase or cell extract [60] in the presence of a SAM
molecule containing *C or *H atoms in the methyl
group.

The methylation reaction under the action of
SAM-dependent MTases is accompanied by the for-
mation of SAH, which inhibits the reaction. There-
fore, to increase the MTase turnover rate, SAH nucle-

osidase, an enzyme that cleaves SAH, is often added to
the reaction mixture [61].

The amount of radioactive methyl group intro-
duced into macromolecules is estimated using a scin-
tillation counter [62] or measured by radioautographic
analysis after separation in polyacrylamide gel [63].
Before calculating the radioactivity, it is necessary to
separate the unreacted radioactive SAM and low
molecular weight radioactive decay products from the
labeled substrate. When studying DNA MTases, the
use of DE-8I filter paper for DNA binding after the
termination of the reaction is considered classical
[64]. In the case of protein methylation, isolation of
proteins and peptides from the reaction mixture using
the ZipTip-C4 pipette tips containing C4 sorbent,
which selectively binds peptides, was proposed [65].
When RNA methylation is carried out in vitro, the
product is separated by precipitating RNA from the
reaction mixture with ethanol after phenol—chloro-
form extraction of proteins [63]. Another variant of the
detection of a labeled reaction product in the presence
of an excess of radioactive SAM is called SPA (scintil-
lation proximity assay). In this case, pre-biotinylated
substrates are used, for example, modified peptides
that interact with beads containing a scintillator [66].

In vitro studies of methylation processes using
radioactive labels make it possible to identify and con-
firm the macromolecular substrates of MTases. For
example, this method established that the YbeA Mtase
methylates pseudouridine at position 1915 of the 23S
rRNA of Escherichia coli [67], and the YfiC Mtase of
E. coli is responsible for the modification of m°A37 in
valine tRNA [62].
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(B) Transfer of a methyl group containing stable iso-
topes. The isotopically substituted SAM molecule can
be used to introduce the stable isotopes 2H and/or *C
into the MTase substrate. This isotopic tag allows for a
quantitative assessment of the methylation product
content using mass spectrometry. For example, in vitro
RNA methylation with S-(5'-adenosyl)-L-methi-
onine-d; followed by RNA analysis in LC-MS/MS
experiments was used to determine METTL14 meth-
yltransferase activity. This protein binds the MTase
partner METTL3 and, as part of the strong heterodi-
meric complex METTL3—METTL14, modifies m°A
in mammalian mRNA [68].
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In addition, the introduction of the C isotope
opens up the possibility of studying methylation using
nuclear magnetic resonance (NMR), since this car-
bon isotope has a nonzero spin magnetic moment and
can be detected by NMR. For example, solid-state
NMR was used to analyze tumor tissues grown with
the addition of *C-methionine [69]. Once in cells,
labeled methionine is converted into 3C-labeled
SAM, which then serves as an MTase substrate. In this
work, by measuring the ¥C,"H-HSQC NMR spectra
of methyl groups, the differences in the distribution of
BCH, groups in tumors and normal tissues were ana-
lyzed, which may be associated with atypical methi-
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onine metabolism, in particular, that caused by the
incorrect work of MTases.

Transfer of a double-activated functional group. The
SAM sulfonium center is a key fragment in the trans-
methylation reaction; therefore, it is this part of the
molecule that is most often modified. The develop-
ment of SAM analogs has led to effective synthetic
cofactors for labeling substrates by transferring acti-
vated functional groups from SAM to the substrate,
which can then be ligated to more complex fragments.
These functional groups were called “doubly acti-
vated,” and the method was called methyltransferase-
directed transfer of activated groups (mTAG) [70].
The transferred groups are amine-containing frag-
ments that can be modified in the reaction with an N-
hydroxysuccinimide ester; fragments with a terminal
alkyne or azide, which can be functionalized in the
reaction of azide—alkyne cycloaddition (click chemis-
try); or photoactivated fragments.

The mechanism of methyl group transfer from
SAM to the substrate molecule has been studied in
detail [71]. One of the factors determining the transfer
rate is the small size of the transferred methyl group.
Its replacement by ethyl or propyl substitute at the tri-
valent sulfur atom of SAM leads to a significant
decrease in the transfer rate due to steric effects [72,
73]. In 2006, Elmar Weinhold’s group reported a new
type of SAM analog, in which the methyl group was
replaced by an allyl or propargyl group (Fig. 9) [74,
75]. The reaction rate (Sy2) of the transfer of the func-
tional group from such SAM analogs to the substrate is
only an order of magnitude slower, despite the steric
factor. The reaction proceeds due to the stabilization
of the transition state involving the m-electrons of the
double or triple bond. When DNA MTase from Ther-
mus aquaticus (M.Taql, methylates adenine residue
(N6) in the TCGA site) is used, propargyl transfer
from the SAM analog to DNA is quite efficient [74].

Similar SAM derivatives are obtained by the reac-
tion of nucleophilic substitution of an activated radical
(allyl or propargyl) with SAH (Fig. 9). The reaction is
carried out under acidic conditions, which stabilizes
the resulting product and affects the regioselectivity
due to protonation of amino groups [75]. During the
reaction, two diastereomers are formed, which can be
separated by HPLC.

Propargyl-containing analogs are of great interest
as reporters of methylation, since the triple bond
transferred to the substrate can be further modified
with a functional label using the azide—alkyne cyc-
loaddition (AAC) reaction [76—79].

The low stability of propargyl-SAM, associated
with the rapid hydrolysis of the alkynyl group under
physiological conditions (the half-life is several min-
utes), makes it difficult to work with (Fig. 10) [80].
Thus, for some MTases, the transmethylation reaction
requires a long incubation time. During this time,
propargyl-SAM undergoes hydrolysis to Kketo-

RUDENKO et al.

AdoMet, which leads to low conversion of propargyl
transfer to the substrate [71, 81].

Later, the ketone analog keto-AdoMet (Fig. 11)
was shown to be useful for labeling substrates, since its
high reactivity and the absence of keto groups in pro-
teins and DNA allows specific labeling. This approach
was first used by Zhaohui Sunny Zhou. After the
transfer of the keto group from keto-AdoMet to the
substrate in the presence of thiopurine-S-methyl-
transferase (TPMT), it was reacted with a hydroxyl-
amine derivative of the Alexa Fluor 647 dye. This
made it possible to isolate the in vivo methylation
product from the cell lysate by HPLC [82].

Modified propargyl-SAM analogs with increased
stability were described by the Weinhold group. Pent-
2-en-4-ynyl radical was transferred from the SAM
analog (AdoEnYn, Fig. 12) to histone H3 in the pres-
ence of histone H3 Dim-5 lysine methyltransferase at
pH 9. Histone H3 modified with a terminal alkyne can
additionally bind to azide-PEG-biotin using the
CuAAC reaction [83].

The Minkui Luo group synthesized a SAM analog
containing the 4-propargyloxybut-2-enyl radical
(Pob-SAM, Fig. 12). The transfer of the functional
fragment to the substrate did not occur in the presence
of the native form of arginine methyltransferase
(PRMT1). However, by rational protein engineering,
mutant forms of the enzyme with changes in the
SAM-binding pocket have been obtained. Thus, the
Y39F/M48G-PRMT1 enzyme showed high effi-
ciency of histone H4 modification in the presence of
Pob-SAM, which at the next step was modified with a
fluorescent probe in the CuAAC reaction [85]. SAM
analogs with a bulky functional fragment are often
inactive when using native forms of MTases, but this
problem can often be solved by creating modified
forms of enzymes [85—87]. In some DNA and RNA
MTases, there is no significant effect of the size of the
transferred fragment on the enzymatic activity. Thus,
the native forms of MTases Henl, Ecm1, M. Taql,
M. Hhal, and Dam effectively catalyze the transfer of
a large fragment containing a fluorophore or biotin
residue [88—93].

The Saulius KlimaSauskas group investigated the
stability of various alkynyl-containing SAM analogs.
They have a half-life in the range 3 minto 5h atpH 7.4
[80] and degrade along the path of alkyne hydration.
The Minkui Luo group proposed replacement of the
sulfur atom in SAM with selenium. For the selenium-
containing derivatives of SAM (SeAM) they synthe-
sized, no hydration of the alkynyl fragment was
observed at pH 7.5. It was found that the decomposi-
tion of selenium analogs proceeds along the path of
the formation of propargyl-Se-MTA and homoserine
lactone (Fig. 10) [94]. The reactivity of the selenium
derivative ProSeAM is higher than that of its sulfur
analog, which increases the efficiency of enzymatic
transfer of the functional group due to the increased
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activation of the selenonium center compared to the
sulfonium analog [95]. The advantage of ProSeAM
has been demonstrated by efficient labeling of the
PKMT (protein lysine methyltransferases) series of
substrates [81, 96]. The high stability of ProSeAM and
its compatibility with most M Tases made it possible to
perform proteomic analysis of the activity of endoge-
nous protein MTases in various cell lines [81].

Thorson and et al. studied the possibility of enzy-
matic synthesis of a series of SAM and SeAM deriva-
tives from ATP and the corresponding methionine
derivatives in the presence of various MAT enzymes.
The catalytic subunit of human SAM synthase MATII
(hMAT2A) and SAM synthase of methanogenic ther-
mophilic archaea Methanocaldococcus jannaschii
(mMAT) exhibited high substrate plasticity. It is
known that the expression of the AMAT2A gene is
increased in cancer cells. This may open the way for
the synthesis of S/Se-AdoMet analogs as metabolic
probes for studying the role of methylation in the
development of tumor processes [97, 98].

The use of natural MAT enzymes in the synthesis
of SAM analogs is limited to aliphatic groups at the
sulfur atom of the SAM analog [99, 100]. The search
for a universal SAM synthase capable of converting
methionine derivatives containing an S-benzyl frag-
ment led to the creation of the 1122A/1330A form of
the MAT enzyme from Cryptosporidium hominis
(ChMAT). In 2020, Andrea Rentmeister’s team,
through point substitutions of amino acid residues in

the hydrophobic binding pocket of ChMAT, in which
the methyl group of SAM is located, determined that
the replacement of bulky amino acid residues with less
bulky ones affects the activity of the enzyme in relation
to methionine analogs containing large terminal frag-
ments. It was found that ChMAT-1122A and ChMAT-
1330A catalyzed reaction of interaction between ATP
and the S-benzyl derivative of methionine with a satis-
factory conversion of 5—25%. The enzyme containing
a double substitution 1122A/I330A (PC-ChMAT)
showed a conversion of 65—70%. Comparison of
X-ray diffraction data for ChMAT and PC-ChMAT
showed that these amino acid substitutions did not
change the overall structure of the active site, but at
the same time reduced steric hindrances in the active
center. Similarly, the L147A/1351A form of thermostable
SAM synthase from M. jannaschii (PC-MjMAT) was
constructed; it catalyzes the conversion of sterically
loaded methionine derivatives and ATP into SAM
analogs at 65°C, which made it possible to use them in
cascade reactions with M. Taql, in which the optimal
activity is observed at elevated temperatures [101]. In
parallel, Thorson et al. investigated 38 mutant forms of
hMAT2A SAM-synthases, with amino acid substitu-
tions which affected the binding of the enzyme to the
cofactor in the region of the carboxyl group of SAM.
The K289 hMAT2A form exhibited a change in
selectivity towards the methionine analog, L-methi-
oninol. The resulting SAM analog exhibited increased
stability [102].
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Fig. 13. Norbornene SAM analogs used for labeling DNA (top) and a general diagram of the labeling process (bottom). Reprinted
(adapted) from [105, Creative Commons Attribution-NonCommercial 3.0 License].

Double-activated SAM analogs that do not contain
a triple bond have found application in the study of
MTases [70, 84, 103]. Rentmeister and colleagues, using
the example of two MTases (Ecml and M. Taql),
demonstrated the transfer of a norbornene fragment
(Fig. 13) attached via a p-xylylene linker to the sulfur
atom of the SAM analog (AdoNorb and AdoNorc) to
nucleic acids of different sizes. Subsequent bioconju-
gation with fluorophores or biotin was performed in
the absence of copper (I) salts, which can be useful in
a thiol-rich cell environment due to the low stability of
the azides therein [104]. Benzyl fragments were trans-
ported by DNA MTase Ecm1 with catalytic efficiency
higher than that for the methyl group from SAM. This
demonstrates the broad applicability of the corre-
sponding SAM analogs [105].

In the work of Rentmeister et al., new SAM deriv-
atives carrying the most common photocrosslinking
fragments (arylazide, diazirin, and benzophenone),
attached through a benzyl linker, were obtained (Fig. 14).
It was shown that the obtained photocrosslinkers can
be enzymatically transferred to N7-cap-mRNA, the
target of MTase Ecml. Upon photoactivation of the
modified substrate by UV radiation, the labeled RNA
is crosslinked with the eIF4E cap-binding protein
interacting with it [91].

Further development of bioconjugation methods
has led to the creation of rewritable labels. In 2020, the
Paco Fernandez-Trillo group developed a new SAM
analog that has an acylhydrazone linker and a terminal
azide as a substrate label (Fig. 15). The design of the
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label allows modification of the DNA substrates of
MTases (M.Tagl and M.Mpel) and then removal of
the label and followed by modification of the same
substrate with functional fragments, permanently or
with the possibility to be rewritten. Using the M.Mpel
DNA MTase as an example, a protocol was developed
for the isolation of fluorescent DNA followed by
rewriting the label with biotin for isolation on strepta-
vidin magnetic beads [106].

The relatively low stability of SAM analogs imposes
restrictions on their synthesis and isolation tech-
niques. The main problem of the classical method of
synthesis arises at the last stage—the S-addition of
highly electrophilic alkyl triflates or allyl bromides to
the precursor of the SAM analog. This step proceeds
with low yield and requires a large excess (20—200 eq)
of an expensive bifunctional linker. A modification of
the synthesis strategy proposed by Johan Hofkens et
al. allows the synthesis of non-natural SAM analogs
containing cysteine, and not homocysteine, in the
amino acid portion of the molecule from the available
starting compounds in high yield (Fig. 16). The pro-
posed method changes the sequence of attachment of
substituents to the sulfur atom: first, an MTA analog,
modified with a functional linker or dye, is formed and
then a scaffold of the SAM analog is created by attach-
ing an amino acid moiety. It was also shown that
M.Tagl MTase can transfer a large label from the
unnatural SAM analog containing a PEG linker with a
dye to the substrate [107].
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The use of molecular systems with photocaging
groups is an important tool in the study of interactions
and functions of biomolecules [108—110]. MTases
using the SAM cofactor post-synthetically methylate
biomolecules, thereby modulating their activity. In
many cases, this process is dynamic and reversible
[111]. In 2018, SAM analogs containing photocaging
groups were described for the first time (Fig. 17). They
can be transferred to the substrate (DNA) in the pres-
ence of M. Taql MTase, thereby blocking the R. Taql
restriction endonuclease binding site. Removal of the
photocaging group occurs upon irradiation with UV
light (365 nm) for 10—30 min. Thus, the use of these
SAM analogs makes it possible to simulate natural
processes involving methylation and demethylation
enzymes, and to regulate these processes in time [112,
113]. Later, an enzymatic cascade containing modified
SAM synthase (PC-MAT) and DNA (MTaql) or

RNA (Ecml) MTase was proposed, which made it
possible to introduce photocaging groups using ATP
and methionine analogs [101, 114—118].

Analogs of SAM That Covalently Bind the Substrate

Another type of SAM analog are molecules capable
of covalently binding to a substrate under the action of
MTases. These SAM analogs most often include an
aziridine ring or a Michael acceptor.

Aziridine derivatives are highly active electrophiles
with a three-membered ring containing one nitrogen
atom. MTA derivatives containing an aziridine group
instead of a sulfur atom can react via Sy2 with ring
opening and the formation of a cofactor—substrate
conjugate (Fig. 18). In 1998, the Weinhold group pre-
sented alkylation of a DNA substrate with an aziridine
derivative of MTA in the presence of M.Taql MTase
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Commercial 3.0 License].

(N6-adenine-DNA methyltransferase), while this
reaction was not observed in the absence of the
enzyme [119]. The described approach opened up the
possibility of creating bifunctional structures containing
a fluorophore or affinity label for detecting the position
of a cofactor analog after conjugation [120—123].

Next, the 5'- N-substituted compound 1 (Fig. 19),
which contains a fragment of nitrogen mustard gas and
a functional group, was created [124]. Such com-
pounds are quite stable and allow the difficulties asso-
ciated with the low stability of the aziridine moiety to
be avoided. The highly reactive aziridine ring is easily
formed in situ upon intramolecular cyclization (Fig. 19).
The transferred functional group allows further
biorthogonal attachment of additional labels.

SAM analog 2 (Fig. 19), containing the amino acid
moiety, showed a higher alkylating ability than com-
pound 1, which is due to an increase in the binding
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strength of the modified cofactor with MTase [125].
The effectiveness of this approach has been shown for
MTase substrates of various classes [ 126—128].

The influence of the amino acid portion of SAM
analogs has been described by the Yongcheng Song
team. A homologue of compound 2, in which the
length of the amino acid moiety of the cofactor was
increased by one methylene group (Fig. 20), could sig-
nificantly enhance inhibition of an MTase DOTI1L
(methylates lysine 79 of histone H3). Thus, the 1Cs,
value of this homologue decreased to 0.038 uM com-
pared to 15.7 uM for compound 2. It is assumed that
the homologue containing an additional CH, group
reproduces the binding of SAM to MTase to a greater
extent, since two C—N bonds (~1.47 A each) are much
shorter than the C—S bonds (~1.82 A) in SAM and
SAH [51].



242

RUDENKO et al.

NH, N
No= HN— T /},\1 DNA MTase N HN\/\NH o N
N —_—
N -/-\@ o
N OH
H B
OH

Fig. 18. Labeling DNA with a labeled MTA derivative, which covalently binds the substrate via an aziridine group. Reprinted
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Fig. 19. Derivative of MTA 1 and derivative of SAM 2 containing highly reactive nitrogen mustard moiety.

Aziridine derivatives are promising for use as
probes for the identification of M Tase substrates [129,
130]; however, a number of disadvantages limit their
widespread use. First, the synthesis of such molecules
is laborious: low yields at the last stages, formation of
B-halide upon removal of protective groups, and low
stability of the product complicate their preparation.
Second, the formed bisubstrate adducts irreversibly
inhibit MTases, which requires stoichiometric
amounts of the enzyme for labeling. Third, the high
reactivity of aziridine analogs can lead to non-specific
and non-enzymatic alkylation of nucleophilic centers
of DNA and protein molecules. To date, SAM aziri-
dine analogs can only be obtained synthetically.

Despite the convenience and versatility of M Tase-
driven transfer of a functional group from a SAM ana-
log to a substrate [101], in practice this approach is
limited for studying the substrate—MTase interaction
in situ, since substrates of other M Tases present in the
cell can also be labeled, which leads to loss of specific-
ity. In this case, a direct relationship between a specific
substrate—enzyme pair cannot be established.

A solution to this problem was proposed by
J.K. Coward and A .E. Pegg. They developed the con-
cept of enzyme inhibition by multisubstrate adducts
[131]. The idea is based on the fact that the binding
strength of a substrate and/or a cofactor with an
enzyme may be low, but the binding strength of a

bisubstrate consisting of covalently bound substrate
and cofactor molecules is multiplied due to the loss of
the entropic contribution to the free energy of binding
for one of the fragments of the bisubstrate [132].

In 2016, the Zhaohui Sunny Zhou group carried
out enzymatic synthesis of an analog of SAM AdoVin
(S-adenosyl-L-vinthionine, Fig. 21) containing a
Michael acceptor. Using thiopurine methyltransferase
(TPMT) as an example, they showed that it is possible
to isolate a protein from reaction mixtures in a complex
with a substrate—AdoVin adduct, which made it possible
to identify a new substrate of the enzyme [133].

MTase-Binding Analogs of SAM

For most MTases, SAH competes for the SAM
binding site and often has a binding constant higher
than SAM [18, 33]. SAH analogs have been proposed
as agents for the selective photoinduced isolation of
MTases and further study of adducts by mass spec-
trometry. For the first time, “hook” compounds for
SAM-dependent MTases were synthesized by Wein-
hold’s group [134]. Such “hooks” consist of three
parts: a SAH fragment for directed non-covalent bind-
ing to enzymes (Fig. 22 (1)), a photocaging group for
covalent cross-linking with an enzyme (Fig. 22 (2)),
and a biotin-containing fragment, which serves for the
subsequent isolation of the resulting adducts using

MOLECULAR BIOLOGY  Vol. 56

No.2 2022



ANALOGS OF S-ADENOSYL-L-METHIONINE IN STUDIES OF METHYLTRANSFERASES 243

NH,

w J

NH,

//

NH
\n/k/\/ OH

HO
N
2 (IC5y 15.7 uM) 3 (IC5(0.038 uM)
H3-Lys79 H3-Lys79Me;

DOTI1L

NH, + SAM > N+’CH3
2o0r3 | \CH3

CH;
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magnetic beads with immobilized streptavidin
(Fig. 22 (3)). SAH was chosen as the targeting group
to which the remaining fragments were attached via
amino linkers at the N-6 or C-8 position of the purine
residue (Fig. 22).

The effectiveness of these compounds has been
demonstrated by the example of various MTases act-
ing on DNA, RNA, and proteins. These compounds
formed a covalent crosslink upon irradiation and
allowed for isolation and identification of SAH-linked
proteins from complex mixtures, such as cell lysate.
The efficiency of isolation of M Tases without covalent
crosslinking by the photocaging group turned out to be
significantly lower [134, 135]. On the basis of this scaf-
No. 2
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fold, “hooks” containing fluorescent labels have also
been obtained [136, 137].

Iredia Iyamu and Rong Huang obtained an azo ana-
log of the SAH coproduct in their 2020 work (Fig. 23). It
is a bisubstrate MTase inhibitor equipped with a fluo-
rescent dye attached via a long linker to the N-6 posi-
tion of the adenine ring. The high binding constant for
NNMT MTase allowed the development of a compet-
itive assay to search for new NNMT inhibitors using
fluorescence polarization (FP). Importantly, FP
competitive assay allows identification of inhibitors
that directly or allosterically interfere with the bind-
ing of the cofactor to the active site of NNMT. The
high reproducibility of the method makes it possible
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to use it for high-throughput screening of NNMT RNA riboswitch (III riboswitch RNA) was deter-

inhibitors [138]. mined [139—141].
Fluorescent SAM analogs can be used to determine
the binding constant of the cofactor not only with CONCLUSION
MTases, but also with other SAM-binding molecules. The examples above allow us to conclude that the

Thus, by measuring the fluorescence of the DAPSM  possibilities of using synthetic SAM analogs in the
analog (Fig. 24), the binding constant of SAM with an  study of MTases and their substrates are vast.
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Over the past two decades, a huge variety of syn-
thetic SAM analogs have been developed, each with its
own specific properties. Interest in such compounds is
growing from year to year. This is facilitated by the
constantly expanding range of tasks in which such
molecules can be used. These tasks include the control
of MTase activity using selective low-molecular-
weight inhibitors, the establishment of MTase func-
tions using unique labels, and various modifications of
MTase substrates.

However, there are still many unresolved issues.
For example, most SAM analogs are poorly stable
under the conditions required for further reactions
involving MTases. Another difficulty is that the struc-
tural differences between SAM analogs and the natu-
ral cofactor usually affect the strength of their binding
to MTases. Synthetic molecules may not be well rec-
ognized by MTase; they can bind, yet not enter, the
subsequent enzymatic reaction; or they can bind to the
enzyme, react, and, due to the high affinity, not be
released from the MTase active center after the end of
the enzymatic reaction. The question of the non-spec-
ificity of MTases also remains unresolved when using
SAM analogs in cellular systems (in vivo or in vitro).
The identification, modification, or isolation of the
substrate of the studied MTase is complicated by the
presence of a large number of other MTases in the cell
competing for the cofactor, which leads to a nonspe-
cific transfer of the functional group to non-target
substrates.

Nevertheless, the constant expansion of the syn-
thetic base, as well as the continuously growing num-
ber of studies in the field of the development of new
molecules that meet certain properties required for the
study of MTases, give rise to the hope that many of
these problems will soon be overcome.
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