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ABSTRACT: Selective manipulation of the epitranscriptome could
be beneficial for the treatment of cancer and also broaden the
understanding of epigenetic inheritance. Inhibitors of the tRNA
methyltransferase DNMT2, the enzyme catalyzing the S-adenosyl-
methionine-dependent methylation of cytidine 38 to 5-methylcyti-
dine, were designed, synthesized, and analyzed for their enzyme-
binding and -inhibiting properties. For rapid screening of potential
DNMT2 binders, a microscale thermophoresis assay was established.
Besides the natural inhibitors S-adenosyl-L-homocysteine (SAH) and
sinefungin (SFG), we identified new synthetic inhibitors based on
the structure of N-adenosyl-2,4-diaminobutyric acid (Dab).
Structure−activity relationship studies revealed the amino acid side
chain and a Y-shaped substitution pattern at the 4-position of Dab as
crucial for DNMT2 inhibition. The most potent inhibitors are alkyne-substituted derivatives, exhibiting similar binding and
inhibitory potencies as the natural compounds SAH and SFG. CaCo-2 assays revealed that poor membrane permeabilities of the
acids and rapid hydrolysis of an ethylester prodrug might be the reasons for the insu�cient activity in cellulo.

■ INTRODUCTION
Epigenetic inheritance is not only mediated by modifications of
DNA and histones but also driven by RNA and RNA
modifications.1−6 Various data suggest that RNA species are
involved in the heredity of specific phenotypes such as
mental7−10 or metabolic disorders.4,11−15 As an example,
metabolic disorders and their epigenetic transmission were
found to be linked to elevated levels of m2G and m5C
modifications on small noncoding RNAs (sncRNAs) in mouse
models,4 and it could be shown that deletion of the enzyme
responsible for these modifications, namely, the DNA
methyltransferase 2 (DNMT2), abolished sperm sncRNA-
mediated transmission of high-fat-diet-induced metabolic
disorders to descendants.11 The enzyme DNMT2 is also
essential for the epigenetic transmission of phenotypes linked
to the Kit and Sox9 genes between subsequent generations of
mice. These genes encode for a tyrosine kinase and a
transcription factor, variants of which lead to white colored
tails and feet (Kit) or to an enhanced growth (Sox9) ofDnmt2+/+
mice but not Dnmt2−/− mice.16

According to its sequence and structure, human DNMT2 is a
member of the DNA methyltransferase (MTase) family.17,18

Also, the catalytic motif is strongly conserved and highly
characteristic for DNA methyltransferases. In contrast to
DNMT1 and DNMT3, however, DNMT2 is primarily localized
in the cytoplasm instead of the nucleus and therefore lacks the
properties of a typical DNA methylating enzyme.19 Although it
was discussed that DNMT2 also modifies DNA at CG
residues,20 its main function is the methylation of tRNAAsp at
position C38 in the anticodon loop.19 Further substrates are
tRNAGly, tRNAVal, and tRNAGlu, depending on the species.21

Besides its role in epigenetics, DNMT2 is involved in other
physiological processes, some of which are not quite understood
so far. While induced loss of DNMT2 reduced the size of
zebrafish morphants and a�ected retina, liver, and brain
development,22 no morphological e�ects could be observed in
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flies, mice, and plants.19 An overexpression of DNMT2 in
Drosophila flies led to life span prolongation and an increased
stress resistance.23 This is substantiated by the fact that
Drosophila loss-of-function DNMT2 mutants showed reduced
viability under stress conditions.
Methylation of tRNA by DNMT2 prevents ribonuclease-

mediated cleavage of tRNA,24 thus regulating RNA stability and
correspondingly leading to higher rates of overall protein
synthesis.25 Moreover, the methylation of C38-tRNAAsp by
DNMT2 is required to ensure accurate polypeptide synthesis by
improving codon recognition. Methylation increases the
capacity of tRNA to discriminate between Asp and Glu codons
improving translational accuracy, which prevents the production
of aberrant proteins.26

There are also indications that DNMT2 plays a role in
malignancies as it is overexpressed in several cancer tissues, such
as cervical27 or bladder tissue.28 According to the COSMIC
database, various tumor samples showed upregulation of
DNMT2 and numerous somatic mutations in the enzyme
were found in tumors originating from di�erent tissues.29

Taken together, DNMT2 represents a potential target in
cancer treatment and epigenetic drug discovery.
In 2001, Dong et al. revealed the crystal structure of human

DNMT2 (Protein Data Bank (PDB) entry 1G55) in 1.8 Å
resolution. Consisting of 391 amino acids corresponding to a
size of ca. 40 kDa, the enzyme is a relatively small protein.30 A
comparison to DNMT1 and DNMT3 illustrates that in contrast
to other eukaryotic MTases DNMT2 lacks the large N-terminal
domain.17 The conserved C-terminal catalytic domain of
DNMT2 features a unique cysteine-phenylalanine-threonine
(CFT) motif between the catalytic motifs VIII and IX, which is
not found in other MTases.30,31 In the catalytic motif IV, the
protein contains the common proline-cysteine-glutamine
(PCQ) motif including the catalytically active cysteine.
However, in the crystal structure, this exact part of the catalytic

center is disordered.30 A more defined structure of the loop can
be found in the DNMT2 homologue of Entamoeba histolytica,
which shows an α-helical conformation.32

DNMT2 requires S-adenosyl-L-methionine (SAM) as cofac-
tor, transferring SAM’s methyl group to the 5-position of the
tRNA substrate’s cytidine, yielding m5C38-tRNAAsp and S-
adenosyl-L-homocysteine (SAH) (Figure 1).19

Currently, only a few DNMT2 inhibitors have been reported.
The anticancer drugs 5-azacytidine (5-azaC) and 5-aza-2′-
deoxycytidine (decitabine) inhibit RNA and DNA MTases
(Figure 1) leading to a change of the methylation activity in
cancer patients.33−35 During transcription and replication, the
drugs are randomly incorporated into nascent DNA (decitabine
and 5-azaC) and RNA (5-azaC) by respective polymerases. Due
to the substitution of cytidine’s carbon atom in position 5 with
nitrogen in decitabine and 5-azaC, DNA and RNA MTases
remain covalently bound to the target nucleic acids, thus
inhibiting the catalytic activity of the enzymes.36,37 A similar
mechanism of inhibition is exhibited by the pyrimidinone
derivative zebularine. It forms a covalent complex with DNA
MTases, such as C5 Mtase from Haemophilus hemolyticus
(M.HhaI), which shows close similarity to human DNMT2.38

However, inhibition of DNMT2 itself has not been reported yet.
Due to the structural similarity to 5-azaC, an analogous
mechanism of inhibition by zebularine is supposed as
incorporation into tRNA has been found.39

The natural SAM-related nucleoside sinefungin (adenosyl-
ornithine, SFG),40 originally isolated from Streptomyces griseolus,
exhibits competitive inhibition of several SAM-dependent
MTases.41 However, the inhibitory potential toward DNMT2
has not been quantified yet. Similarly, the inhibition of DNMT2
by SAH, which has been reported to be a nonselective feedback
inhibitor of several SAM-dependent MTases, has not been
investigated in detail.42

Figure 1.Modification of tRNA byDNMT2with SAM as a cosubstrate. 5-Azacytidine and sinefungin are inhibitors of DNMT2. Zebularine is a known
DNAMTase inhibitor and is supposed to exhibit an analogous mechanism as 5-azacytidine as it has been shown to be incorporated into tRNA.39 Its
inhibitory potential against DNMT2 has not been reported yet. However, the M.HhaI C5Mtase, which shows close similarity to DNMT2, is a known
target of zebularine.38
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Figure 2. Inhibitor design based on the SAH sca�old.

Scheme 1. Syntheses of Thioethers 8a, 8b: (A) Synthesis of Alkyl Bromides 2 and 4; (B) Synthesis of Acetyl-Protected Thiol
Building Block 6 Followed by Nucleophilic Substitution and Deprotectiona

aReagents and conditions: (a) MeOH, SOCl2, rt, 16 h, 79%; (b) Boc2O, THF, NEt3, rt, 16 h, 70%; (c) PPh3, DIAD, AcSH, THF, 0 °C, 18 h, 95%;
(d) 2, NaOMe, MeOH, rt, 16 h, 75%; (e) (1) LiOH, THF/H2O, rt, 1 h; (2) DCM/TFA (1:1), H2O, 5 °C, 1 h, 96%; (f) 4, NaOMe, MeOH, rt, 16
h, 84%; (g) HCOOH, H2O, 0 °C, 2 d, 96%.
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As a successful strategy in the search for inhibitors or tools for
study of SAM-dependent MTases, the derivatization of the
natural binder SAHhas been exploited for various targets such as
the catechol-O-MTase (COMT),43−45 proteinMTases (PMTs)
including histone MTases (HMTs) such as DOT1L,46 RNA
MTases such as METTL3,47 and the SARS-CoV-2 mRNA cap
MTase48,49 or the previously mentioned DNAMTases DNMT1
and DNMT3B2.50,51 The DOT1L inhibitor pinometostat is
currently being tested in clinical trials.52 For DNMT2, synthetic
inhibitors based on SAH were previously described, albeit only
with very low a�nity.53 However, a systematic approach to
identify and improve such inhibitors or tools has not yet been
followed so far.
In this work, we present the discovery of potent DNMT2

inhibitors based on SAH’s adenosyl sca�old. While this
nucleoside substructure was retained, we performed struc-
ture−activity relationship studies by investigating di�erent side-
chain types (Figure 2). We prepared four compound series:

(1) First, SAH analogs lacking either the amino or the acid
group (8a, 8b) were tested to identify the pharmaco-
phoric significance of these moieties.

(2) In order to extend the possibilities for substitution, we
exchanged the homocysteine’s sulfur atom with nitrogen
yielding N-adenosyl-2,4-diaminobutyric acid (adenosyl-
Dab) derivatives (14a−d, 17a−e). This additionally
introduces a basic functionality, which−depending on the
pH value−can be protonated but does not provide a
permanently charged group as found in SAM. Analo-

gously to the sulfide derivatives, we generated two
compounds, each of which lacks one of the functional
groups in the side chain (14b, 14c). To constrain the
flexibility of the aliphatic side chain, we implemented a
five-membered ring (14d). In addition, we developed
derivatives with benzene as a rigidizing element,
substituted with and without polar functions (17a−e).

(3) We also investigated the e�ect of an amide function as a
replacement of the thioether group (21a−d). To enable a
comparison of the sulfide and amine derivatives, we also
created structures lacking either the amine or the
carboxylic acid group of the amino acid side chain (21c,
21d). Since the amide function yields a shorter bond
length compared to thioether- or amine-based linkers, we
generated a structure with an extended aliphatic side chain
(21b).

(4) In order to target both the SAM- and cytidine-binding
site, we designed Y-shaped structures (27a−27t).

The compounds were tested for binding to DNMT2 using
microscale thermophoresis (MST). Both DNMT2 binders and
nonbinders were evaluated with regard to their inhibitory e�ect
on DNMT2-catalyzed methylation of substrate tRNAAsp in a
tritium incorporation assay. This procedure was also followed in
order to investigate if DNMT2 binding directly resulted in
DNMT2 inhibition and if the MST binding assay can be used as
a prescreening method prior to the laborious, time-consuming,
and expensive radioactive assay.

Scheme 2. Syntheses of Aliphatic Amine Derivatives: (A) Synthesis of Aldehyde Building Blocks 11a−c and Structure of the
Commercially Available Ketone 11d; (B) Reductive Amination and Deprotection to Yield the Amines 14a−da

aReagents and conditions: (a) N,O-dimethylhydroxylamine, CDI, DCM, rt, 18−25 h, 81−89%; (b) DIBAL, THF, −78 °C, 2−2.5 h, 34−81%; (c)
11a−c, NaBH(OAc)3, HOAc, THF, rt, 5−72 h, 57−76%; (d) (1) TFA/DCM 1:1, −20 °C; (2) TFA/H2O 1:6, 8 °C, 99%; (e) 11d, NaBH(OAc)3,
HOAc, THF, rt, overnight, 68%; (f) (1) TFA/DCM 1:1, −20 °C; (2) TFA/H2O 1:6, 8 °C, 99%.
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For the most potent methylation inhibitors, IC50 values were
determined in the tritium incorporation assay, and KD values
were determined using isothermal titration calorimetry (ITC).

In our studies, we identified novel SAH-based DNMT2
binders and inhibitors with low micromolar a�nity.

Scheme 3. Syntheses of Aromatic Amine Derivatives 17a−ea

aReagents and conditions: (a) 15a−e, NaBH(OAc)3, HOAc, THF or 1,2-DCE/MeCN, rt, 3.5−24 h, 55−92%; (b) TFA/H2O 1:6, 5 °C, 91−99%;
(c) (1) TFA/DCM 1:1, −20 °C; (2) TFA/H2O 1:6, 5 °C, 97−99%.

Scheme 4. Syntheses of Amide Derivatives 21a−d and Phthalimide 19a

aReagents and conditions: (a) phthalimide, PPh3, DIAD, THF, rt, 5 h, 71%; (b) TFA/H2O 1:6, 8 °C, 2 h, 96%; (c) hydrazine, EtOH, Δ, 7 h, 93%;
(d) R1−CHR2−(CH2)n−COOH, TBTU, DIPEA, DMF, rt, 2.5−30 h, 76−97%; (e) (1) TFA/DCM 1:1, −20 °C; (2) TFA/H2O 1:6, 8 °C, 99%.
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■ RESULTS AND DISCUSSION
Chemistry. First, SAH analogs lacking either the amino or

the acid group (8a, 8b, series 1, Figure 2) were synthesized to
identify the pharmacophoric significance of these moieties
(Scheme 1). The acetyl-protected thiol building block 6, used as
precursor for both compounds, was synthesized from 2′,3′-O-
isopropylideneadenosine 5 in a Mitsunobu reaction using
thioacetic acid and diisopropyl azodicarboxylate (DIAD). The
methyl ester 7a was synthesized by nucleophilic substitution
reaction of 6 with methyl-4-bromobutyrate (2), which was
obtained from 4-bromobutyric acid (1) by esterification. The
Boc-protected amine 7bwas obtained analogously by reaction of
6 with 3-(Boc-amino)propyl bromide (4), which was obtained
by reaction of 3-aminopropyl bromide hydrobromide (3) with
Boc anhydride. The obtained sulfide 7a was deprotected using
lithium hydroxide in THF/water followed by treatment with
trifluoroacetic acid (TFA) and water in DCM at 5 °C to yield 8a.
Compound 7bwas deprotected by treatment with formic acid in
water at 0 °C yielding 8b.
In series 2 compounds, the homocysteine’s sulfur atom was

exchanged with nitrogen yielding N-adenosyl-2,4-diaminobuty-
ric acid (adenosyl-Dab) derivatives (14a−d, 17a−e). Also in
this series, we generated two compounds that lack either the
amino or the carboxylic acid function in the side chain (14b,
14c). In addition, a five-membered ring (14d) was introduced in
order to constrain the flexibility of the side chain. The necessary
precursor aldehydes 11a−c for reductive amination of 5′-amino-
5′-deoxy-2′,3′-O-isopropylidene adenosine 12 (for the synthesis
of 12, see Scheme 3) were prepared in two-step syntheses
starting from the protected carboxylic acids 9a−c (Scheme 2).
These were converted to the respective Weinreb amides 10a−c
with N,O-dimethylhydroxylamine and 1,1′-carbonyl-diimida-

zole (CDI) followed by reduction with diisobutylaluminum
hydride (DIBAL) at −78 °C. The secondary amines 13a−d
were prepared by reductive amination of the aldehydes 11a−c
and the commercially available ketone 11d, respectively, with
amine 12 using sodium triacetoxyborohydride and acetic acid.
Deprotection of 13a−d to yield 14a−d was achieved by
treatment with 50% (v/v) TFA in dichloromethane at −20 °C
followed by 14% (v/v) TFA in water at 8 °C.
The amine building block 12 was also modified with the

commercially available aldehydes 15a−e using sodium
triacetoxyborohydride and acetic acid to form the respective
benzylic amines 16a−e (Scheme 3). These were treated with
14% (v/v) TFA in water at 8 °C to yield the target compounds
17a−c. To accomplish the deprotection of 16d and 16e to 17d
and 17e, respectively, a two-step procedure was required, using
50% (v/v) TFA in dichloromethane at −20 °C first, followed by
treatment with 14% (v/v) TFA in water at 8 °C.
For the syntheses of the amides 21a−d (series 3), 2′,3′-O-

isopropylideneadenosine 5 was modified with phthalimide via
Mitsunobu reaction with diisopropyl azodicarboxylate (DIAD)
(Scheme 4) to yield compound 18. In the following Gabriel
synthesis, the phthalimide 18 was cleaved with hydrazine to
yield 5′-amino-5′-deoxy-2′,3′-O-isopropylidene adenosine 12.
This intermediate was coupled with di�erent Boc- and tert-butyl
ester-protected carboxylic acids in the presence of 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluorobo-
rate (TBTU) to obtain the corresponding amides 20a−d.
Concomitant deprotection of all protecting groups (Boc, tert-
butyl ester, isopropylidene group) to yield compounds 21a−d
was achieved by performing a two-step procedure, using 50%
(v/v) TFA in dichloromethane at −20 °C first, followed by
treatment with 14% (v/v) TFA in water at 8 °C. To obtain the

Scheme 5. Synthesis of Y-Shaped Methyl Derivative 27aa

aReagents and conditions: (a) 2-nitro-N-methylbenzenesulfonamide, PPh3, DIAD, THF, rt, 24 h, 23%; (b) Cs2CO3, thiophenol, MeCN, rt, 72 h,
65%; (c) (1) ethyl chloroformate, N-methyl morpholine, THF, −10 °C to −5 °C, 15 min; (2) NaBH4, THF/H2O, 5 °C to rt, 18 h, 73%; (d) (1)
tosyl chloride, DMAP, NEt3, 1,2-DCE, 0 °C to rt, 4 h; (2) NaI, acetone, rt, 42 h, 66%; (e) DIPEA, MeCN (dry), 18.5 h at rt, 6 h at 55 °C, 28%; (f)
TFA/DCM 1:1, H2O, 5 °C, 99%.
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deprotected phthalimide derivative 19, the isopropylidene-
protected phthalimide 18was treated analogously using 14% (v/
v) TFA in water.
For the synthesis of the Y-shapedmethyl derivate 27a of series

4 (Scheme 5), 2′,3′-O-isopropylideneadenosine 5 was function-
alized with 2-nitro-N-methylbenzenesulfonamide under Mitsu-
nobu conditions. The resulting sulfonamide 22 was hydrolyzed
using cesium carbonate and thiophenol. In the following step,
the methylated amine 23 was reacted with the alkyl iodide 25 to
form the protected Y-shaped methyl derivative 26a, which was
deprotected using TFA and water at 5 °C to give 27a. The alkyl
iodide 25 was obtained by reducing the protected aspartate 9a
with ethyl chloroformate and sodium borohydride followed by
treatment first with tosyl chloride, then with sodium iodide.
The other Y-shaped compounds of series 4, 27b−t (Scheme

6, Table 1), were synthesized starting from amine 13a. This
intermediate was either reacted with various aldehydes via
reductive amination or di�erent alkyl bromides and chlorides via
nucleophilic substitution to obtain the tertiary amines 26b−t.
To generate the isopropyl derivative 27d, the primary amine 12
was first alkylated with acetone and then with aldehyde 11a, each
in a reductive amination reaction. In the final step, all protective
groups were removed by treatment with TFA and water at 5 °C
yielding compounds 27b−t. Compound 27s was obtained as a
50:50 mixture of two epimers (27s-A/B), but separation by
HPLC (hydrophilic C18 column MZ-Aqua Perfect) failed.
Therefore, the single epimers 27s-A and 27s-Bwere obtained by
separation of the precursor epimers 26s-A and 26s-B by HPLC
(C18) followed by deprotection of these single epimers by
treatment with TFA and water at 5 °C.
To evaluate the e�ect of compound 27s-A/B in cells, an ethyl

ester prodrug was prepared. Therefore, 27s-A/B was treated
with thionyl chloride in ethanol at 60 °C to give the
corresponding ethyl ester 28-A/B as a 50:50-mixture of two
epimers (Scheme 7). The separation of the epimers was
achieved by HPLC yielding 28-A and 28-B. The assignment of

the absolute configuration of the chiral center within the alkyl
side chain was not possible, neither for 27s nor for 28. However,
since both epimers turned out to be equipotent (see below), we
refrained from further e�orts to assign the configuration.

Biological Evaluation: DNMT2 Binding and Inhibition.
As a preliminary screening, all compounds including SFG and
SAH were tested for binding to human DNMT2 at
concentrations of 100 μM via MST to discriminate between
binders and nonbinders (Figure 3). The readout of the assay was
based on the normalized fluorescence signal. If a shift in the
normalized fluorescence signal was detected, this was attributed
to the formation of a protein−ligand complex. To discriminate
binders and nonbinders, the 99% confidence intervals of the
respective fluorescence signals were calculated. If the di�erence
between the confidence interval of the measurement and that of
the control measurement was more than 1‰ relative to the
normalized fluorescence, the compound was defined as a binder.
To evaluate the inhibitory potential of the compounds, tritium
incorporation assays using DNMT2, substrate tRNAAsp, and 3H-
SAM as cosubstrate were performed with compound concen-
trations of 100 μM. The results of these assays are presented in
Table 2.
To evaluate the quality of an assay, especially of high-

throughput screenings (HTS) Zhang et al. developed a tool
called Z-factor.54 This value can be used to compare assays, or to
optimize their quality. A Z-factor of 1 represents an ideal assay,
whereas Z-factors > 0.5 classify excellent assays. The same
interpretation can be applied to the Z′-factor, which describes
the quality of an assay itself. The only di�erence is that Z′ instead
compares between negative and positive controls. For the
prescreening assay viaMST, SFGwas chosen as positive control,
since it was described as a potent pan-methyltransferase
inhibitor in the literature and also showed high inhibition
against DNMT2 within this study. Furthermore, 27s-A/B was
chosen as another positive control compound because it was the
most potent inhibitor within this study. Since both epimers

Scheme 6. Synthesis of Y-Shaped Amine Derivatives 27b−t (Series 4)a

aReagents and conditions: (a) RCHO, NaBH(OAc)3, HOAc, 1,2-DCE, 0 °C → rt, overnight, 14−89%; (b) RBr, DIPEA, DMF, rt, overnight, 55−
74%; (c) RBr or RCl, DIPEA, CuBr, DMF, rt, 16−48 h, 41−49%; (d) acetone, NaBH3CN, HOAc, MeOH, 0 °C, 0.5 h; (e) 11a, NaBH(OAc)3,
HOAc, 1,2-DCE, 0 °C → rt, overnight, 66%; (f) TFA/DCM 1:1, H2O, 5 °C, 99%; (g) (1) TFA/DCM 1:1, 5 °C; (2) TFA/H2O 1:6, 5 °C, 99%.
The structures of compounds 27b−27t are presented in Table 1.
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showed comparable inhibition of DNMT2, the mixture was
used. As negative control DMSO was chosen. A quartet of runs
with technical septets were performed, each by three di�erent
persons, and revealed Z′-factors of 0.72 (SFG) and 0.76 (27s-A/
B) for the prescreening assay via MST. It was stated by Zhang et
al. that Z′-factors are always higher than their corresponding Z-
factors, but they also stated that a Z-factor > 0 is su�cient for a
“yes/no” type assay. Therefore, Z′-factors of 0.72 and 0.76 can
be considered su�cient for the desired purposes within this
study.
For selected compounds exhibiting both binding to DNMT2

and at least 60% inhibition of the enzymatic methylation activity
at a concentration of 100 μM (27m, 27n, 27o, 27s-A/B), KD
and IC50 values for DNMT2 binding and DNMT2 inhibition,
respectively, were determined using ITC and the tritium

incorporation assay. The results are summarized in Table 3.
Examples of dose−response curves for determination of the IC50
values and examples of ITC thermograms are displayed in
Figures 4 and 5.
In general, a very good correlation between DNMT2 binding

and DNMT2 inhibition was found (Table 2). Compounds that
did not emerge as DNMT2 binders also did not show significant
DNMT2 inhibition at 100 μM. Only two compounds (14a and
27b) that were identified as binders in the MST assay were
found to be inactive in the tritium incorporation assay. In
summary, the MST assay as implemented for this study
exhibited good predictive value: 88.9% of all detected binders
could be verified as inhibitors in the enzymatic assay.
Furthermore, all nonbinders were found to be inactive in the
enzyme inhibition assays. Therefore, the MST binding assay is

Table 1. Structures of N-Substituted Adenosyl-Dab Derivatives 27a−t (Series 4)a

a* indicates that 27s-A/B is a 1:1 mixture of two epimers with di�erent configuration (R or S) at the stereocenter within the alkyl side chain. The
single epimers with unknown configuration at this position are 27s-A and 27s-B.

Scheme 7. Synthesis of the Ethyl Esters 28-A and 28-B of Compound 27s-A/Ba

aReagents and conditions: (a) SOCl2, EtOH, 0 °C → 60 °C, 9 h, 27%.
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validated as a suitable method for early discrimination of
promising compounds from those with no or low inhibitory
activity.
In line with these general findings, both SFG and SAH could

be classified as binders in the MST assay and also showed
inhibition of the enzymatic activity (ca. 85% at 100 μM). IC50
values for SFG and SAH were determined to be 13.2 ± 0.8 μM
and 15.8± 1.5 μM, respectively, while theKD values, determined
by ITC, were 7.5 ± 3.5 μM and 13.6 ± 4.4 μM.
The truncated SAH analogues 8a and 8b (series 1) exhibited

neither DNMT2 binding nor DNMT2 inhibition indicating that
both functionalities, that is, the amine and the carboxylic acid,

are crucial for an interaction with the enzyme. Within the
secondary amine series with aliphatic chains (14a−d, series 2),
only the amino acid derivative 14a showed binding to DNMT2,
but obviously without a�ecting the enzymatic activity.
Compound 14a was thus investigated at a higher concentration
of 1 mM, at which it indeed inhibited the enzyme by 44%,
confirming the low a�nity toward DNMT2. Also, all the
compounds of series 2 with aromatic moieties within the side
chain exhibited neither binding to nor inhibition of DNMT2
(17a−e).
Comparably to the amines 14a−c, the amides 21a−d (series

3) contain either an amino acid chain or only the amine or the

Figure 3. (a, c) MST traces of DNMT2 in absence (control, blue) and presence of 100 μM 27o or 27s-A/B (orange), shown as average of n = 4. Fnorm
indicates the fluorescence signal normalized to the initial fluorescence. (b, d) Fluorescence signal at 20 sMST-on time for control and for 27o and 27s-
A/B; 99% confident intervals are given.
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Table 2. Binding of Compounds to DNMT2 as Determined by MST and Inhibition of DNMT2 as Determined in the Tritium
Incorporation Assays

aMean values ± standard deviations of three independent measurements. n.i. = no inhibition. *p < 0.05. **p < 0.01. ***p < 0.005. ****p < 0.001.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750−9788

9759



carboxylic acid function with 21b bearing a glutamate instead of
an aspartate residue in the side chain. This should counter the
shorter chain length generally found in amides compared to
amines or thioethers. All compounds of this series showed
neither binding to DNMT2 nor inhibition of the enzymatic
activity. The same holds true for phthalimide 19.
Next, Y-shaped tertiary amines (series 4, Figure 2), which

structurally are more related to SFG, were investigated. The
“inverse” SFG derivative with a methyl residue at the nitrogen
atom (27a) displayed binding at 100 μM and also inhibited the
DNMT2 activity by 30%. For the ethyl analogue 27b, binding
could be detected but not DNMT2 inhibition. The n-propyl and
n-butyl derivatives 27c and 27e displayed neither binding nor
inhibition, suggesting that incorporating linear aliphatic residues
at this position is less suitable for the design of DNMT2
inhibitors.
Similar behavior could be observed for the branched

derivatives 27d, 27f, and 27g. The smallest derivative, 27d (i-
Pr), exhibited binding to the enzyme at 100 μM in the MST
assay and inhibited the enzymatic activity by 44%. The larger

branched derivatives 27f (i-Bu) and 27g (neopentyl) showed
neither binding nor inhibition at 100 μM.
The preference for smaller residues further became evident

when investigating cyclic aliphatic residues. For compound 27h,
containing a cyclopropane residue, binding and inhibition
(28%) were detected. Analogue 27i with a four-membered ring
was also determined as a binder and a weak inhibitor (32%).
Compound 27j, derivatized with a cyclopentane moiety,
displayed binding and weak inhibition (25%). The compound
with the largest investigated cyclic aliphatic residue, namely, a
cyclohexane ring (27k), showed neither inhibition nor binding
at 100 μM.
The best inhibitors of the methylation activity of DNMT2

were found within the series of the Y-shaped amines that contain
an unsaturated residue. The allylic derivative 27l was
determined as a binder by MST and also inhibited the
DNMT2 activity by 54%. Similar behavior was observed for
the aromatic compounds 27q and 27r, with benzyl or a
phenethyl groups, respectively. Both compounds bound to the
enzyme at a concentration of 100 μM. Moreover, both
compounds reduced the enzymatic activity at 100 μM by ca.

Table 3. KD Values, as Determined by ITC, and IC50 Values of the Most Potent DNMT2 Inhibitorsd

aAs determined by ITC. bMean values ± standard deviations of three independent measurements. cMean values ± standard deviations of six
independent measurements. dN denominates the binding stoichiometry as determined by ITC.
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57% and 23%, respectively. The propargylic derivative 27m also
was found to bind to the enzyme at 100 μM and inhibited it by
72%.
For this compound, we determined the IC50 (Figure 4) and

KD values (Figure 5), using the tritium incorporation assay and
ITC. While the KD value of 11.4 ± 2.4 μM was very similar to
that of the natural products SAH and SFG, the IC50 value of 77.1
± 5.5 μM was higher. In order to identify the possible binding
site of 27m, a replacement titration via ITC was performed. For
this purpose, DNMT2 was preincubated with 27m and titrated
against SAH. No binding enthalpy was detected suggesting, that
27m and SAH address the same binding site.
In the next step, 27m was further derivatized to attain the first

structure−activity relationship of this compound class. The
propargyl residue was exchanged with a 3-butinyl moiety (27p).
This compound was found to bind to DNMT2, but only led to
weak inhibition of the enzyme (30%) at 100 μM. Also, a methyl
or ethyl group was attached to the triple bond. The
corresponding compounds 27n and 27o were both identified
as binders by MST. They also inhibited DNMT2 by ca. 62%.
The determined IC50 values of 39.7± 9.2 μMand 32.2± 4.3 μM
(Figure 4) were in the same range as those found for SAH and
SFG and slightly better than that of 27m. With 10.4± 2.2 μM for
27n and 10.5 ± 3.3 μM for 27o, the KD values, as determined by
ITC, were also in the same range.
Since both 27d and 27m exhibited substantial inhibition at

100 μM, both structures were merged, leading to 27s-A/B and
27t. These compounds were identified as binders in the MST
assay. While 27t reduced the enzymatic activity only by 17%,
27s-A/B inhibited DNMT2 around 82% at 100 μM. The IC50
and KD values (Figure 5) of 12.9 ± 1.9 μM and 8.1 ± 1.4 μM
were comparable to those of SAH and SFG, and the IC50 value
was found to be nearly 1 order of magnitude lower than that of
the unsubstituted propargyl derivative 27m.
Compound 27s-A/B is a mixture of two epimers, with either

(S) or (R) configuration of the stereocenter within the alkyl side
chain. To assess if the single isomers exhibit di�erent biological
activities, the separated epimers 27s-A and 27s-B were analyzed
regarding the inhibition of DNMT2. At 86% and 82%, the
inhibition of both epimers was comparable and well in the range

of the 1:1 mixture 27s-A/B (82% inhibition at 100 μM)
indicating no di�erent activities. An exact assignment of the
separated epimers to the R or S derivatives was not possible by
NMR, but since no preference for one epimer was observed, this
was not investigated further.
With the exception of SAH and 27s-A/B, theKD values for the

tested compounds (SAH, SFG, 27m, 27n, 27o, 27s-A/B) are
generally lower than the IC50 values with ratios of KD/IC50 ≈ 2
(SFG), 7 (27m), 4 (27n), 3 (27o); that is, binding to DNMT2
does not lead to a “productive” inhibition to the same degree.
This may be due to the di�erent conditions used in both assays
leading to slightly di�erent hydration shells or surface charges,
which might result in di�erent binding behaviors. Furthermore,
IC50 determination is strongly dependent on the experimental
conditions, potentially adding to this bias.55 The most profound
di�erence between the assays is the lack of the substrate tRNAAsp

in ITC measurements. Binding of such a large and strongly
charged molecule might induce conformational changes in the
enzyme and is probably altering its surface charge significantly.
Such di�erences would explain distinct binding modes of
compounds in the presence or absence of RNA.
Our data clearly demonstrated that the amino acid residue is

crucial for the interaction withDNMT2. This could be shown by
investigating derivatives with aromatic linkers and with
analogues lacking either the amino or carboxylic acid function.
Exchange of the sulfur atom of SAH with secondary amines or
amides abolished the activity of the compounds. With tertiary Y-
shaped amines (series 4 compounds) however, DNMT2 activity
could be successfully inhibited. In general, smaller residues were
superior. The strongest inhibition could be achieved by
unsaturated residues, with the propargylic derivatives 27m,
27n, 27o, and 27s-A/B being the most promising compounds.
Remarkably, 27s-A/B, which resulted from merging the most
potent aliphatic compound 27d with the propargylic derivative
27m, was the most potent inhibitor of DNMT2, with IC50 and
KD values being similar to those of SAH and SFG. The
thermodynamic data collected with the ITC measurements
indicated that 27s-A/B is the most enthalpically driven inhibitor
(−58.7 kJ mol−1) within this study, even more enthalpically
driven than SAH (−55.3 kJ mol−1). On the other hand, SFG

Figure 4. Dose−response curves for determination of the IC50 values for DNMT2 inhibition by the investigated compounds as determined by the
tritium incorporation assay. Error bars refer to biological triplicates; “pos” describes the relative enzyme activity without compound and “neg” the
relative enzyme activity without addition of substrate tRNAAsp.
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benefits the most from an entropic gain (−4.8 kJ mol−1).
Although 27m showed a substantial gain in enthalpy (−37.8 kJ
mol−1), this e�ect is partially compensated by a loss of entropy
(9.6 kJ mol−1). The same applies for 27s-A/B with an enthalpic
gain of −58.7 kJ mol−1 but also a considerable loss of entropy
(29.6 kJ mol−1). For the elongated propargylic derivatives 27n
and 27o, a remarkable gain in enthalpy (−27.0 kJ mol−1) and a
slight gain in entropy (−1.4 kJ mol−1) could be detected.

Selectivity toward Di�erent SAM-Dependent MTases.
Due to the close structural resemblance of the synthesized
inhibitors to the ubiquitous MTase cosubstrate SAM, selectivity
toward other SAM-dependent MTases is of major concern. The
compounds listed in Table 4, including the natural products
SAH and SFG, were subjected to tritium incorporation enzyme
assays at a concentration of 100 μM with several di�erent
MTases to assess their selectivity profiles. The chosen MTases

Figure 5. ITC thermograms (a, b) and titration curve fittings (c, d) of 27o (a, c) and 27s-A/B (b, d); KD values, thermodynamic data, and binding
stoichiometry are listed in Table 3.

Table 4. Selectivity Profiles of SAH, SFG, and Several DNMT2 Inhibitors against a Selection of SAM-Dependent MTasesa

compound DNMT3A-3Lb NSUN2b NSUN6b G9ab DNMT2b

SAH 96.7 ± 2.8 97.3 ± 0.4 99.6 ± 4.6 94.3 ± 1.2 85.7 ± 1.7
SFG 98.0 ± 3.2 77.1 ± 2.2 70.2 ± 1.8 43.0 ± 9.8 83.5 ± 1.1
27m 97.6 ± 5.6 n.i. 25.9 ± 3.5 22.8 ± 0.3c 72.2 ± 1.2
27n 93.9 ± 2.1 n.i. 12.9 ± 7.6 37.6 ± 5.9 61.3 ± 2.1
27o 95.3 ± 1.6 n.i. 22.7 ± 4.9 32.0 ± 14.5 62.8 ± 0.1
27s-A/B 84.2 ± 0.7 n.i. n.i. 71.0 ± 5.6 81.6 ± 2.1

aThe inhibition of the enzymes was investigated at 100 μM inhibitor concentration in tritium incorporation assays. bMean values ± standard
deviations of three independent measurements. cMean value ± standard deviation of two independent measurements. n.i. = no inhibition.
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included DNMT3A-3L18 due to its close structural resemblance
to DNMT2, the functionally related tRNA m5C MTases
NSUN2 and NSUN6,56−58 as well as the functionally unrelated
but SAM-dependent histone MTase G9a.59

All investigated compounds showed better inhibition of the
DNMT3A-3L construct compared to DNMT2. SAH and SFG
both displayed around 100% inhibition at 100 μM, while 27m,
27n, and 27o reduced the enzyme’s activity by 98%, 94%, and
95%, respectively. At 84%, the inhibition by 27s-A/B was the
weakest one in this comparison exhibiting similar inhibition of
DNMT2 and DNMT3A-3L.
SAH inhibited both NSUN2 and NSUN6 nearly to 100%,

while SFG displayed weaker inhibition of 77% and 70%,
respectively. All investigated synthetic compounds did not
significantly inhibit NSUN2. NSUN6 activity was only weakly
reduced by 27m, 27n, and 27o, while 27s-A/B inhibited neither
NSUN2 nor NSUN6.
The G9a activity was reduced by all investigated inhibitors.

SAH and SFG inhibited G9a by 94% and 43%, respectively.
While 27m, 27n, and 27o inhibited the histone MTase only
weakly (23−38%), 27s-A/B displayed stronger inhibition
(71%).
The profound inhibition of DNMT3A-3L by all synthetic

compounds clearly demonstrates that the compounds are not
selective in this regard. Due to the high structural similarity
between DNMT2 and DNMT3A this is not surprising,
especially if one considers the structural similarity of the
synthetic inhibitors to the ubiquitous cofactor SAM.
Inhibition of DNMT3A by SAH and SFG was reported with

IC50 values in the low- to sub-micromolar range,60,61 supporting
the obtained results. High inhibition by SAH was also
determined for the closely related DNMT3B (IC50 < 500
nM).50,51

In the comparison with the functionally related enzymes
NSUN2 and NSUN6, however, the investigated compounds
revealed remarkable selectivity. The most active synthetic
DNMT2 inhibitor, 27s-A/B, was not active at 100 μM against
NSUN2 and NSUN6. This might be attributed to the Y-shaped
structure, which is also suggested by the slight preference of
SAH over SFG by both enzymes.
The inhibition of G9a by SFG was weak compared to other

MTases with only around 40% inhibition at 100 μM. However,
reported inhibition of G9a by SFG varies strongly, with IC50
values ranging from the low micromolar range to over 500 μM,
and therefore this observation is not surprising.62−64 Further-
more, the reported trend of inhibition by SAH and SFG, with
more profound inhibition by SAH (94% at 100 μM) was
reproduced.63

Compounds 27m, 27n, and 27o exhibited only weak
inhibition of G9a, which is also lower compared to that of
DNMT2. On the other hand, 27s-A/B reduced G9a activity
strongly and comparably to DNMT2.
As expected, the designed DNMT2 inhibitors do not display

very pronounced selectivity, most likely due to their close
resemblance to the natural cofactor SAM. Especially for
DNMT3A-3L, this problem becomes very evident since both
proteins share conserved structural motives. Since DNMT1
shares a comparable high structural conservation, a similarly
unselective behavior of the compounds can be anticipated.18

This holds true especially when considering reported inhibition
for SFG, SAH, and their most potent synthetic analogues toward
DNMT1, which exhibit IC50 values in the low- to sub-
micromolar range.50,51,65,66 Also, for G9a, no profound

preference of the compounds toward DNMT2 was observed,
particularly not for 27s-A/B, the best synthetic DNMT2
inhibitor so far. Surprisingly, in the comparison with NSUN2
and NSUN6, no or only weak inhibition by the synthetic
inhibitors was observed, proving that at least partial selectivity
was achieved.

Inhibition of tRNA Methylation In Cellulo. To first
determine the hydrolysis of the ethyl ester in aqueous solution at
physiological pH value, compound 28-A (100 μM) was
dissolved in 100 mM TRIS bu�er, pH 7.4, and incubated at
37 °C. The amount of hydrolysis product was determined by
LC-MS after 3 h, followed by 6 h intervals (Figure 6).

Figure 6 shows that the ethyl ester is hydrolyzed to ca. 60%
during the first 24 h of incubation.
The most promising compound 27s-A/B, its ester derivative

28-A/B, SFG, and a negative control (27c) were tested in a
cellular context. Since no preference for one compound was
identified (vide supra), a mixture of the epimers was used both in
case of 27s and 28.
First, the cell toxicities were investigated in cell viability assays.

Therefore, 27s-A/B, SFG, 28-A/B, and 27c were subjected to
MTT assays. All compounds showed negligible toxicity against
HEK-293 cells up to the highest concentration in the assay,
revealing 50% cytotoxic concentration (CC50) values >500 μM.
According to these results, a concentration of 100 μM was
chosen for cell-based experiments. Next, the inhibitors’
potencies for modulating DNMT2 activity was elucidated in
HEK-293 cells. SFG and derivative 27s-A/B were chosen as
representative molecules. The structurally related compound
27c containing a propyl side chain was chosen as a negative
control since it did not show inhibition of DNMT2 in vitro. For
estimating inhibition in vivo, HEK-293 cells were incubated with
100 μMcompound dissolved in DMSO or with DMSO only as a
control for 24 h at 37 °C. Total RNA was extracted from treated
cells, and subsequently total tRNA was isolated by gel
electrophoresis. To determine m5C levels, LC-MS/MS and
bisulfite sequencing were conducted. LC-MS/MS analysis was
performed using total tRNA. This method allows highly accurate
quantification, but information on sequence is lost as the RNA is
digested down to nucleosides.67 Therefore, bisulfite sequencing
was chosen as an orthogonal method being capable of analyzing
RNA on nucleotide level while the information about its
sequence context is maintained.68 With this approach, changes
in m5C levels at position C38 of tRNAAsp, which are attributed to
DNMT2 activity, can be mapped.

Figure 6. Hydrolysis of prodrug 28-A (100 μM) in 100 mM TRIS
bu�er at pH 7.4 and 37 °C as determined by LC-MS.
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Bisulfite sequencing and LC-MS/MS analysis did not reveal
any significant decrease in m5C levels relative to the DMSO
control for the synthetic compounds 27c and 27s-A/B as shown
in Figure 7a. Treatment with SFG on the other hand slightly
reduced the m5C level down to 94% according to bisulfite
sequencing, whereas no significant change could be observed in
LC-MS/MS measurements. According to in vitro enzyme
assays, 27s-A/B is able to bind and inhibit DNMT2 with
comparable a�nity as SFG. Changing the in vitro systemwith its
limited components to a more complex cellular environment
comes along with an increased number of possible target
MTases, as well as the process of cell penetration. Consequently,
the overall inhibitor concentration that is accessible for DNMT2
is significantly decreased. Thus, a prodrug approach was
followed by converting the acidic moiety of 27s-A/B into the
ethyl ester 28-A/B. The enhanced lipophilicity is expected to
increase cell permeability, while the ester group can be cleaved
by esterases in cellulo to yield the active compound 27s-A/B.69

In vitro activity of ester 28-A/B was elucidated using the
tritium incorporation assay revealing no significant inhibition at
a concentration of 100 μM. To assess the prodrug’s activity in
cellulo, HEK-293 cells were treated with the compound as
described above.
As depicted in Figure 7b, the usage of ester 28-A/B led to a

slight reduction in m5C levels in LC-MS/MS and bisulfite
sequencing experiments, which was not significant for LC-MS/
MS experiments but was significant for the latter ones.
Overall, it can be observed that the investigated compounds

are not able to inhibit DNMT2 significantly in a cellular
environment. But there is a good perspective in optimizing their
physicochemical properties by applying a diverse range of
prodrug approaches. Compared to the free acid 27s-A/B, its
ester derivative 28-A/B seems to slightly reduce the m5C levels
indicating an improvement in its cellular concentration.
However, this reduction was only perceived when applying
bisulfite sequencing. Accordingly, the well-known pan MTase
inhibitor SFG also showed a minor decrease in the modification
level, only observable when evaluated by bisulfite sequencing.
Among others, possible explanations could be that studied

compounds compromise multiple charged functional groups
hindering permeation of the molecule through the cell
membrane in a quantitative manner. Moreover, di�erences are
present between bisulfite sequencing and LC-MS/MS analysis,
which are possibly due to their principle of analyzing RNA:
bisulfite sequencing is capable of identifying changes in the m5C

level specific to position 38, which is targeted by DNMT2,
whereas in LC-MS/MS measurements the determined m5C
level is restricted to the input RNA and loses its sequence
information. Consequently, m5C levels in LC-MS/MS data
include the total amount of methylated cytidines independent
from their position and target enzyme. In combination with the
weak inhibitory e�ect in cellulo, no significant reduction in m5C
levels could be detected by LC-MS/MS whereas this was
possible with bisulfite sequencing.

Cell Permeabilities. To determine the cell permeabilities of
acid 27s and its supposed ester prodrug 28, CaCo-2
permeability assays were performed. A CaCo-2 monolayer
separating a donor and acceptor compartment was treated with
either 27s-A/B or 28-B at 37 °C for 24 h, and the solutions from
each compartment were analyzed by LC-MS. Analyses of the
solutions from the assays with 28-B revealed 20% of ester 28-B
and 78% of acid in the donor compartment, whereas the
acceptor compartment consisted of 2% acid. In the assays with
the acid 27s-A/B, only traces of the compound (0.6%) could be
detected in the acceptor compartment. In conclusion, neither
27s-A/B nor 28-B was found to pass the cell barrier in
significant amounts. In the case of the ester 28-B, this might be
due to its rapid hydrolysis rate observed under the tested
conditions. This is in accordance with the results of the assays to
detect inhibition of tRNA methylation in cellulo (see above):
these assays showed very low, but significant inhibition of tRNA
methylation in cells by the ester prodrug but not by the acid.
For stronger cellular e�ects, future investigations to obtain

more potent inhibitors and to optimize the compounds’
membrane permeabilities, for example, by strategies yielding
prodrugs less susceptible to hydrolysis, are needed.

Structure−Activity Relationship (SAR) Elucidation by
Molecular Docking and Solvent Analysis. To explain the
SAR observed in the MST and tritium incorporation assays,
molecular docking studies were performed. The chosen docking
setup was able to reproduce the crystallographic binding mode
of SAH (PDB-ID 1G55,30 redocking RMSD = 0.77 Å, FlexX-
score = −42.0 kJ mol−1) indicating its ability to predict realistic
binding modes. Due to the common SAH-related substructure
of the molecules reported herein, binding poses showed strong
overlap with the reference ligand as well as an overall narrow
score distribution complicating discrimination of binders and
nonbinders simply by docking score (Table S1). However, some
general trends could be observed. For Y-shaped ligands (27a−t,
series 4), orientation of the aliphatic side chains toward the

Figure 7. (a) Relative m5C levels in HEK-293 cells after treatment with 100 μM SFG, 27c, or 27s-A/B for 24 h at 37 °C. Displayed are relative m5C
levels normalized to a DMSO control as elucidated by LC-MS/MS (blue) and bisulfite sequencing (orange). Error bars refer to three independent
biological replicates, *p < 0.05, n.s. = not significant. (b) Relative m5C levels in HEK-293 cells after treatment with 100 μM 27c or 28-A/B for 24 h at
37 °C. Displayed are relative m5C levels normalized to a DMSO control as elucidated by LC-MS/MS (blue) and bisulfite sequencing (orange). Error
bars refer to four (DMSO, 28-A/B) or two (27c) independent biological replicates, **p < 0.01, n.s. = not significant, n.d. = significance was not
determined due to low number of replicates.
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tRNA cytidine binding site was observed (Figure 8a) according
to the design hypothesis and described by a favorable score for
binders (in order of ascending FlexX-score −44.2 to −39.2 kJ
mol−1, Table S1) 27m, 27a, 27r, 27p, 27o, 27q, 27l, 27b, 27h,
and 27n and a slightly lower score for bulky, potentially with the
pocket clashing, nonbinders 27f, 27k, and 27g (FlexX score
−28.5 to −38.5 kJ mol−1, Table S1). This nicely agrees with the
experimental results (Table 2, Table 3) but underestimates the
a�nity of 27s-A/B (−37.0 kJ mol−1 for the R- and −34.5 kJ
mol−1 for the S-epimer) and the weak binder 27t (−24.9 kJ
mol−1). Also, in agreement with the experiments, removal of the
acidic moiety resulted in a reduced score (8b FlexX-score −30.4
kJ mol−1, 14c −36.4 kJ mol−1, 21d −35.7 kJ mol−1). Di�erently
from the MST and tritium assay results, removal of the primary
amine of the homocysteine moiety was tolerated in the docking
studies (8a FlexX-score −42.1 kJ mol−1, 17d −40.2 kJ mol−1,
21c −49.0 kJ mol−1), as was an amide linker (21a −41.4 kJ
mol−1, 21b −51.1 kJ mol−1). However, it seems reasonable that
basic amines are more likely to mimic the charged sulfur atom of
the native substrate SAM and bind with higher a�nity compared
to uncharged linkers like amides. To further elucidate the
discrepancies between docking and experiment, solvent analysis
was performed using the three-dimensional reference inter-
action site model (3D-RISM, Table S2) approach. The detailed
analysis of hydration sites within 4 Å of the derivatized
homocysteine substructure of SAH demonstrated that crystallo-
graphic water molecule positions could be reproduced with high
accuracy (Figure 8b). This also includes water molecules being
part of the docking setup (Wat-413, Wat-414, Wat-459, and
Wat-495) forming three polar interactions with the enzyme or
ligand with RMSD between crystallographic positions and 3D-
RISM-predicted hydration sites within 0.16−0.93 Å. In close
proximity to the primary amine, two hydration sites correspond-
ing to Wat-459 andWat-413 were further predicted to be highly
stable (predicted ΔG of −7.2 and −10.8 kcal mol−1,
respectively). This might hold the explanation for the
importance of the primary amine group as removal would
disrupt the H-bond and water network potentially destabilizing
the two hydration sites. Additionally to Wat-659 and Wat-656,

one more hydration site (“Wat-predicted“, Figure 8b) not
corresponding to a crystallographic water molecule was
identified in the region toward the cytidine binding site. All
three hydration sites are rather unfavorable (predicted ΔG of
+0.6, + 3.3 and +5.1 kcal mol−1, respectively), and removal of the
corresponding water molecules by aliphatic groups like in the Y-
shaped molecules of series 4 (27a−t), except those with too
bulky groups like in 27f, 27g, and 27k, should result in a
beneficial desolvation and increased potency. This might also
hold an explanation for the more favorable temperature-
dependent entropy contribution to binding of 27m, 27n, and
27o (−TΔS of +9.6,−1.4 and−1.4 kJ mol−1, respectively, Table
3) compared to SAH (+27.5 kJ mol−1). While desolvation of a
hydrophobic sub-pocket is usually accompanied by a gain (at
least a partial one) of entropy,70 SAH lacks a substituent to
displace these water molecules. This might also account for 27s-
A/B whose substituent might not reach deep enough into that
sub-pocket (Figure 8a).
Crystal structure analysis indicated that the higher potency of

27m−o against DNMT2 over NSUN6 might be attributed to a
close shape-complementarity without larger gaps in the cytidine
sub-pocket, which was found to be larger and open in NSUN6
(Figures S239 and S240).72 While for NSUN2 no structure is
available in the PDB, the most sequentially similar proteins are
bacterial methyltransferases from Pyrococcus horikoshii, Enter-
ococcus faecium or Methanocaldococcus jannaschii sharing only
29−32% sequence identity. Hence an Alphafold2-derived
homology model73,74 of NSUN2 was analyzed. It revealed
both structural and sequential di�erences between NSUN2 and
DNMT2, especially within the binding site, where only 17%
identical and 30% similar residues were found. Additionally, an α
helix forming one site of the cytidine binding site in DNMT2
(residues V366−L377) is not present in NSUN2 and NSUN6
highlighting a variety of potential selectivity determining
features (Figure S241). Di�erently DNMT2 and DNMT3A
share a highly similar fold (Figure S242) and slightly higher
sequence similarity of 39%.However, within the binding site, the
interaction profile is nearly identical (Figure S243) as is that of
the cytidine-site residues. Nevertheless, some of the di�erences

Figure 8. (a) Predicted binding modes of 27s-A/B ((R)-epimer, light orange carbon atoms) and 27o (light teal carbon atoms) in complex with
hDNMT2 (white carbon atoms and surface) in superposition with crystallographic ligand SAH (light blue carbon atoms). (b) 3D-RISM predicted
hydration sites and corresponding water molecules within 4 Å of the SAH homocysteine substructure colored by estimated interaction energy.
Identical point of view for panels a and b. For clear view, only residues forming polar interactions (yellow dashes) are depicted as lines and labeled.
PDB-ID 1G55. Figures were made with PyMOL.71
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like L377/W893, N375/R891 or S76/G707 might hold
opportunities for selective ligand design.

■ CONCLUSION
In this study, we introduced new inhibitors of DNMT2 based on
the adenosyl sca�old as novel examples for non-natural m5C
RNA MTase inhibitors, outclassing previously described
synthetic specimens but not the natural compounds SAH and
SFG.53 Amino and amide analogues of SAH were designed,
synthesized, and screened using MST and an enzymatic tritium
incorporation assay. A clear correlation between the binding
assay (MST) and the inhibition assay (3H incorporation assays)
with a high predictivity of the MST was found. Thus, in future
studies, the laborious, time-consuming, and expensive tritium-
based activity assay can be omitted for initial screenings and can
be applied for hit validation. Themost promising hits discovered
in the present study were further investigated using ITC and
detailed enzymatic assays. These revealed the compounds
possessing similar binding and inhibition constants as SAH and
SFG. As expected, these compounds compete with SAH for the
same binding pocket. Our findings clearly indicated the need for
a complete amino acid side chain for potent inhibition.
Furthermore, a Y-shaped structure with a third substituent at
the nitrogen atom was shown to be essential. This structure−
activity relationship (SAR) is nicely backed by a computational
analysis, which predicted the replacement of unfavorable water
molecules by this third residue. As substituents at this position,
small aliphatic moieties are favored, with alkyne groups being
most potent. In summary, our findings will contribute to the
further development of DNMT2 inhibitors and tool com-
pounds, which might help to shed light on the underlying
functions of this enzyme in the development of cancer or in
epigenetic inheritance.

■ EXPERIMENTAL SECTION
Syntheses. General Information. All reagents and solvents were

commercial grade and used without further purification. Reaction
progress was monitored by thin-layer chromatography using Alugram
Xtra F254 silica plates from Machery-Nagel. Column chromatography
was performed with silica gel (40−63 μm) fromMachery-Nagel. NMR
spectra were recorded on Bruker Fourier 300 at 300 MHz. Chemical
shifts are indicated in parts per million (ppm), with the solvent
resonance (CDCl3, DMSO-d6 or CD3OD from Deutero GmbH) as
internal standard. The identities and purities of final compounds were
determined by combined HPLC/ESI-MS analysis using an Agilent
1100 series HPLC system with an Agilent Zorbax SB-Aq (4.6 × 150
mm2; mobile phase MeCN/H2O = 20:80 + 0.1% HCOOH; flow rate
0.7 mL/min) column. Samples were applied using 5 μL injection with
quantitation by AUC at 254 nm. Fourier-transformed ATR-corrected
IR spectra were measured on an Avatar 330 single crystal spectrometer
from ThermoNicolet. Melting points (uncorrected) were measured
with an MPM-H3 using semiopen capillaries. Specific rotations [α]D20
were determined with a Krüss P3000 polarimeter and are given in deg
cm3 g−1 dm−1. The purity of all compounds tested in biological assays
was ≥95% as determined by LC-MS.
Methyl 4-Bromobutanoate (2). 4-Bromobutyric acid (2.06 g, 11.98

mmol, 1.0 equiv) was dissolved in methanol (20 mL); then thionyl
chloride was added dropwise while stirring the solution. The mixture
was kept stirring overnight at rt. The solvent was evaporated under
reduced pressure at 40 °C, and the residue was dissolved in ethyl acetate
(20 mL). After being washed with saturated NaHCO3 solution (3 × 10
mL) and with brine (10 mL), the organic phase was dried over
anhydrous Na2SO4. Evaporation of the solvent under reduced pressure
at 40 °C a�orded the desired product as an orange oil (1.72 g, 9.50
mmol, 79%). 1HNMR (300MHz, CDCl3): δ/ppm = 3.68 (s, 3H), 3.45
(t, J = 6.4 Hz, 2H), 2.50 (t, J = 7.1 Hz, 1H), 2.23−2.09 (m, 2H). 13C

NMR (75MHz, CDCl3): δ/ppm = 173.0, 51.7, 32.7, 32.2, 27.8. FT-IR:
ν/cm−1 = 2952, 2028, 1733, 1436, 1367, 1313, 1250, 1206, 1172,1131,
1060, 1026, 994, 874, 779.

tert-Butyl (3-Bromopropyl)carbamate (3). 3-Bromopropylamine
hydrobromide (1.01 g, 4.57 mmol, 1.0 equiv), di-tert-butyl dicarbonate
(1.20 g, 5.48 mmol, 1.2 equiv), and triethylamine (1.4 mL, 10.05 mmol,
2.2 equiv) were suspended in ethyl acetate (20 mL), and the mixture
was stirred overnight at rt. The mixture was then washed with saturated
NaHCO3 solution (3 × 10 mL), 1 M HCl (3 × 10 mL), and brine (10
mL), and the organic phase was dried over anhydrous Na2SO4.
Evaporation of the solvent under reduced pressure at 40 °C a�orded the
desired product as a colorless solid (707 mg, 3.22 mmol, 70%). 1H
NMR (300MHz, CDCl3): δ/ppm = 3.43 (t, J = 6.5 Hz, 2H), 3.26 (t, J =
6.6 Hz, 2H), 2.09−1.98 (m, 2H), 1.43 (s, 9H,). 13C NMR (75 MHz,
CDCl3): δ/ppm = 156.0, 79.5, 39.1, 32.7, 30.8, 28.4. FT-IR: ν/cm−1 =
3375, 2980, 2950, 1682, 1520, 1436, 1387, 1363, 1340,1295, 1278,
1247, 1221, 1161, 1134, 1086, 1040, 1030, 991, 916, 873. Mp: 39−42
°C.

S- ( ( (3aS ,4S ,6R ,6aR) -6 - (6 -Amino-9H-pur in -9 -y l ) -2 ,2 -
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl) Ethane-
thioate (6). According to the method of Pignot et al.,75 a solution of
triphenylphosphine (1.69 g, 6.44mmol, 2.2 equiv) in dry THF (10mL)
was cooled to 0 °C in an ice bath. ThenDIAD (1.26mL, 6.44mmol, 2.2
equiv) was added dropwise while stirring, over a period of 10 min. The
resulting suspension was stirred for an additional 30 min while keeping
it at 0 °C. Compound 5 (902 mg, 2.93 mmol, 1.0 equiv) was added, and
the mixture was stirred and cooled for 15 min. Thioacetic acid (0.46
mL, 6.44mmol, 2.2 equiv) was diluted with dry THF (2mL) and added
dropwise to the suspension, while stirring. The resulting mixture was
stirred at 0 °C for an additional hour and subsequently overnight at rt.
The solvent was removed under reduced pressure at 40 °C, and the
residue was purified by column chromatography (DCM/MeOH =
97:3) to a�ord the desired product as a pale-yellow solid (1.02 g, 2.79
mmol, 95%). 1H NMR (300 MHz, CD3OD): δ/ppm = δ 8.25 (s, 1H),
8.24 (s, 1zH), 6.18 (d, J = 2.3 Hz, 1H), 5.53 (dd, J = 6.4, 2.3 Hz, 1H),
4.99 (dd, J = 6.4, 3.1 Hz, 1H), 4.26 (td, J = 6.9, 3.1 Hz, 1H), 3.29−3.12
(m, 2H), 2.32 (s, 3H), 1.57 (s, 3H), 1.37 (s, 3H). 13C NMR (75 MHz,
CD3OD): δ/ppm = 194.2, 155.3, 151.9, 148.1, 139.7, 118.5, 113.4,
89.5, 85.0, 83.2, 82.8, 30.0, 28.3, 25.3, 23.4. FT-IR: ν/cm−1 = 3332,
3183, 2987, 2936, 1690, 1640, 1597, 1578, 1475, 1423, 1373, 1329,
1296, 1237, 1206, 1155, 1134, 1076, 1002, 968. Mp: 54−57 °C. [α]D20 =
−32 (10 mg/mL; MeOH).

Methyl 4-((((3aS,4S,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)thio)-
butanoate (7a). According to the method of Pignot et al.,75 to a
solution of compound 6 (150mg, 0.41mmol, 1.0 equiv) and 2 (111mg,
0,62 mmol, 1.5 equiv) in dry methanol (10 mL) was added sodium
methoxide (49 mg, 0.90 mmol, 2.2 equiv) while stirring under an argon
atmosphere. After stirring overnight at rt, the solvent was removed
under reduced pressure at 40 °C, and the residue was purified by
column chromatography (DCM/MeOH = 97:3) to a�ord the desired
product as a colorless solid (125 mg, 0.30 mmol, 72%). 1H NMR (300
MHz, CD3OD): δ/ppm= 8.29 (s, 1H), 8.24 (s, 1H), 6.19 (d, J = 2.4Hz,
1H), 5.55 (dd, J = 6.4, 2.4 Hz, 1H), 5.08 (dd, J = 6.4, 3.0 Hz, 1H), 4.35
(td, J = 6.9, 3.0 Hz, 1H), 3.65 (s, 3H), 2.81 (d, J = 6.9 Hz, 2H), 2.53 (t, J
= 7.2 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 1.78 (p, J = 7.3 Hz, 2H), 1.60 (s,
3H), 1.40 (s, 3H). 13C NMR (75 MHz, CD3OD): δ/ppm = 173.1,
155.3, 151.9, 139.8, 113.3, 89.6, 86.2, 83.1, 83.1, 49.9, 32.8, 31.2, 30.3,
25.2, 23.6, 23.4. FT-IR: ν/cm−1 = 3297, 3135, 2990, 2935, 2026, 1732,
1732, 1670, 1600, 1561, 1473, 1365, 1328, 1304, 1267, 1200, 1175,
1092, 1057, 971. Mp: 99−102 °C. [α]D20 = −14 (10 mg/mL; MeOH).
tert-Butyl (3-((((3aS,4S,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)thio)propyl)-
carbamate (7b). To a solution of compound 6 (150 mg, 0.41 mmol,
1.0 equiv) and 3 (146 mg, 0,62 mmol, 1.5 equiv) in dry methanol (10
mL) was added sodiummethoxide (49mg, 0.90 mmol, 2.2 equiv) while
stirring under an argon atmosphere. After stirring overnight at rt, the
solvent was removed under reduced pressure at 40 °C, and the residue
was purified by column chromatography (DCM/MeOH = 97:3) to
a�ord the desired product as a colorless solid (165 mg, 0.34 mmol,
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84%). 1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.33 (s, 1H), 8.17 (s,
1H), 7.34 (s, 2H), 6.16 (d, J = 2.4 Hz, 1H), 5.50 (dd, J = 6.3, 2.4 Hz,
1H), 4.99 (dd, J = 6.3, 2.7 Hz, 1H), 4.26−4.21 (m, J = 8.0, 6.4, 2.7 Hz,
1H), 2.95−2.89 (m, J = 6.4 Hz, 2H), 2.81−2.66 (m, J = 13.5, 7.2 Hz,
2H), 2.44 (t, J = 7.3 Hz, 2H), 1.53 (s, 3H), 1.36 (s, 9H), 1.33 (s, 3H).
13C NMR (75 MHz, DMSO-d6): δ/ppm = 156.1, 155.5, 152.7, 148.7,
140.0, 120.1, 113.2, 89.2, 85.7, 83.34, 83.1, 77.4, 33.4, 29.5, 28.7, 28.2,
26.8, 25.1. FT-IR: ν/cm−1 = 3323, 3181, 2978, 2930, 1695, 1638, 1596,
1508, 1475, 1458, 1420, 1366, 1329, 1248, 1207, 1161, 1075, 982, 868,
798, 782, 723. Mp: 74−77 °C. [α]D20 = −9 (10 mg/mL; MeOH).
4-((((2S,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-

hydrofuran-2-yl)methyl)thio)butanoic Acid (8a). To a solution of
compound 7a (175 mg, 0.41 mmol, 1.0 equiv) in THF (4 mL) and
water (3 mL) was added lithium hydroxide monohydrate (52 mg, 1.24
mml, 3.0 equiv). After stirring at rt for 1 h, themixture was acidified with
1 M HCl and extracted with CHCl3/iPrOH (3:1). The combined
organic extracts were dried over Na2SO4, and the solvent was removed
under reduced pressure at 40 °C. The residue was taken up in DCM
(1.5 mL), and trifluoroacetic acid (1.5 mL), followed by water (200
μL), was added dropwise at 5 °C. After stirring at 5 °C for 1 h, the
solvent was removed under reduced pressure and co-distilled with
DCM (3 × 40 mL) at 40 °C. Water was added, and the mixture was
lyophilized to give the desired product as a colorless resin (146mg, 0.39
mmol, 96%). 1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.45 (s, 1H),
8.35 (s, 1H), 6.00 (d, J = 4.9 Hz, 1H), 4.69 (t, J = 4.9 Hz, 1H), 4.27 (t, J
= 4.9 Hz, 1H), 4.21−4.12 (m, 1H), 2.97−2.80 (m, 2H), 2.60−2.51 (m,
2H), 2.34−2.26 (m, 2H), 1.85−1.72 (m, 2H). 13C NMR (75 MHz,
DMSO-d6): δ/ppm = 176.9, 152.4, 150.1, 145.9, 144.0, 120.6, 90.5,
86.0, 75.3, 73.9, 35.1, 33.5, 33.1, 25.9. FT-IR: ν/cm−1 = 3099, 2934,
1693, 1508, 1420, 1324, 1197, 1136, 1096, 1054, 836, 798, 785, 723,
681. [α]D20 =−2 (10mg/mL;MeOH). ESI-MS:m/z [M+H]+ = 370.10
(100%), 371.04 (21.1%), 372.09 (6.4%). Calculated: 370.12 (100%),
371.12 (18.2%), 372.12 (1.4%). Purity: 95% (HPLC, MeCN/H2O =
20:80 + 0.1% HCOOH); tR = 3.17 min.
(2R,3R,4S,5S)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminopropyl)-

thio)methyl)tetrahydrofuran-3,4-diol (8b). To a suspension of
compound 7b (50 mg, 0.10 mmol) in water (1 mL), formic acid (1
mL) was added at 0 °C. The mixture was stirred for 2 days at rt. The
solvent was removed by lyophilization, and the desired product was
obtained as a pale-yellow solid (34 mg, 0.99 mmol, 96%). 1H NMR
(300MHz, DMSO-d6): δ/ppm = 8.17 (s, 1H), 7.34 (s, 2H), 5.89 (d, J =
5.6 Hz, 1H), 4.75 (t, J = 5.6 Hz, 1H), 4.14 (t, J = 4.4 Hz, 1H), 4.00 (d, J
= 4.4 Hz, 1H), 3.02−2.71 (m, 2H), 2.10 (t, J = 7.5 Hz, 1H), 1.72 (q, J =
7.5 Hz, 2H). 13C NMR (75 MHz, DMSO-d6): δ/ppm = 174.2, 156.4,
152.9, 149.8, 140.3, 119.5, 87.9, 84.4, 72.89, 34.2, 33.0, 31.8, 25.6. FT-
IR: ν/cm−1 = 3332, 3183, 2927, 2360, 2341, 1643, 1574, 1477, 1421,
1374, 1333, 1301, 1248, 1209, 1174, 1127, 1088, 1045, 1003, 826, 796,
719. Mp: 66−69 °C. [α]D20 = −22 (10 mg/mL; MeOH). ESI-MS: m/z
[M + H]+ = 341.13 (100%), 342.11 (15.9%), 343.12 (6.1%).
Calculated: 341.14 (100%), 342.14 (17.2%), 343.14 (5.6%). Purity:
97% (HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 4.00 min.
tert-Butyl N2-(tert-Butoxycarbonyl)-N4-methoxy-N4-methyl-L-as-

paraginate (10a). According to the method of Zhang et al.,76 to a
solution of Boc-Asp-OtBu (19.4 g, 67.0 mmol, 1.0 equiv) in DCM (130
mL)was added 1,1-carbonyldiimidazole (12.0 g, 73.7 mmol, 1.1 equiv),
and the reaction was stirred at rt for 1 h. Then, N,O-dimethylhydroxyl-
amine hydrochloride (7.19 g, 73.7 mmol, 1.1 equiv) was added, and the
reaction mixture was stirred at rt for a further 18 h. The mixture was
diluted with EtOAc (100 mL), and the residue was filtered o�. The
filtrate was washed several times with 1 M HCl, saturated NaHCO3
solution, and brine until no side products were detected by TLC. The
combined organic layers were dried over anhydrous Na2SO4, filtered,
and concentrated under reduced pressure at 40 °C to give 10a (18.7 g,
56.3 mmol, 84%) as a colorless oil. 1H NMR (300 MHz, CDCl3): δ/
ppm = 5.65 (d, J = 8.9 Hz, 1H), 4.49−4.38 (m, 1H), 3.67 (s, 3H), 3.15
(s, 3H), 3.13−2.80 (m, 2H), 1.44 (s, 9H), 1.42 (s, 9H). 13C NMR (75
MHz, CDCl3): δ/ppm= 171.9, 170.7, 155.9, 81.9, 79.6, 61.3, 50.5, 34.8,
32.1, 28.5, 28.0. FT-IR: ν/cm−1 = 3252, 2984, 2934, 1729, 1703, 1630,
1520, 1250, 1141, 1000, 960, 841. [α]D20 = +15 (10 mg/mL; CHCl3).

tert-Butyl 4-(Methoxy(methyl)amino)-4-oxobutanoate (10b). 4-
(tert-Butoxy)-4-oxobutanoic acid (500 mg, 2.87 mmol, 1 equiv) and
1,1′-carbonyldiimidazole (512 mg, 3.16 mmol, 1.1 equiv) were
dissolved in DCM (10 mL) and stirred at room temperature for 1 h.
N,O-Dimethylhydroxylamine hydrochloride (308 mg, 3.16 mmol, 1.1
equiv) was added, and the reaction mixture was allowed to stir at room
temperature for 19 h. After the solid matter was filtered o�, the filtrate
was diluted with DCM (10 mL) and washed with 1 M HCl (15 mL),
saturated NaHCO3 solution (15 mL), and brine (15 mL). The organic
layer was dried over anhydrous Na2SO4 and concentrated under
reduced pressure at 40 °C to give the desired product as a colorless oil
(552 mg, 2.54 mmol, 89%). 1H NMR (300 MHz, CDCl3): δ/ppm =
3.68 (s, 3H), 3.15 (s, 3H), 2.67 (t, J = 7.3 Hz, 2H), 2.52 (t, J = 7.3 Hz,
2H), 1.42 (s, 9H). 13CNMR (75MHz, CDCl3): δ/ppm = 173.1, 172.3,
80.5, 61.3, 32.4, 29.9, 28.2, 27.1. FT-IR: ν/cm−1 = 2984, 2934, 1720,
1663, 1360, 1248, 1159, 1105, 987, 888, 847, 751.

tert-Butyl (3-(Methoxy(methyl)amino)-3-oxopropyl)carbamate
(10c). Boc-β-Ala-OH (500 mg, 2.64 mmol, 1 equiv) and 1,1′-
carbonyldiimidazole (471 mg, 2.91 mmol, 1.1 equiv) were dissolved
in DCM (10 mL) and stirred at room temperature for 1 h. N,O-
Dimethylhydroxylamine hydrochloride (284mg, 2.91mmol, 1.1 equiv)
was added, and the reaction mixture was allowed to stir at room
temperature for 17 h. After the solid matter was filtered o�, the filtrate
was diluted with DCM (10 mL) and washed with 1 M HCl (15 mL),
saturated NaHCO3 solution (15 mL), and brine (15 mL). The organic
layer was dried over anhydrous Na2SO4 and concentrated under
reduced pressure at 40 °C to give the desired product as a colorless oil
(537 mg, 2.31 mmol, 88%). 1H NMR (300 MHz, CDCl3): δ/ppm =
6.72 (t, J = 5.7 Hz, 1H), 3.65 (s, 3H), 3.14 (q, J = 7.0 Hz, 2H), 3.08 (s,
3H), 2.52 (t, J = 7.0 Hz, 2H), 1.37 (s, 9H). 13C NMR (75 MHz,
CDCl3): δ/ppm= 171.6, 155.5, 77.5, 60.9, 35.9, 31.7, 31.6, 28.2. FT-IR:
ν/cm−1 = 3346, 2975, 2937, 1698, 1651, 1505, 1449, 1390, 1365, 1249,
1166, 995, 971, 782.

tert-Butyl (S)-2-((tert-Butoxycarbonyl)amino)-4-oxobutanoate
(11a). According to the method of Zhang et al.,76 a solution of
diisobutylaluminum hydride (DIBAL) in hexane (1M, 4.06mmol, 4.06
mL, 1.5 equiv) was added dropwise to a solution of compound 10a (900
mg, 2.71 mmol, 1 equiv) in anhydrous THF (25 mL) at −78 °C. The
reaction mixture was stirred at −78 °C for 2.5 h. KHSO4 solution (0.35
M, 20 mL) was added, and the mixture was extracted with diethyl ether
(3 × 80 mL). The combined organic extracts were washed with 1 M
HCl (3 × 50 mL), saturated NaHCO3 solution (3 × 50 mL), and brine
(3 × 50 mL). After drying with anhydrous Na2SO4, the solution was
concentrated under reduced pressure at 40 °C to obtain the desired
product as a colorless oil (600 mg, 2.20 mmol, 81%) that crystallized
after storage at−20 °C. 1HNMR (300MHz, CDCl3): δ/ppm= 9.72 (s,
1H), 5.36 (d, J = 8.1 Hz, 1H), 4.54−4.39 (m, 1H), 3.07−2.87 (m, 2H),
1.44 (s, 9H), 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3): δ/ppm =
199.5, 170.0, 155.4, 82.7, 80.0, 49.4, 46.4, 28.4, 28.0. FT-IR: ν/cm−1 =
3458, 2977, 2932, 1732, 1711, 1494, 1266, 1333, 1223, 1055, 846. Mp:
67−70 °C. [α]D20 = +16 (10 mg/mL; CHCl3).

tert-Butyl 4-Oxobutanoate (11b). A solution of diisobutylalumi-
num hydride (DIBAL) in hexane (1 M, 3.05 mmol, 3.05 mL, 1.5 equiv)
was added dropwise to a solution of compound 10b (442 mg, 2.03
mmol, 1 equiv) in anhydrous THF (12 mL) at −78 °C. The reaction
mixture was stirred at−78 °C for 2 h. KHSO4 solution (0.35M, 10mL)
was added, and the mixture was extracted with ethyl acetate (3 × 25
mL). The combined organic extracts were washed with 1 M HCl (3 ×
15 mL), saturated NaHCO3 solution (3 × 15 mL), and brine (3 × 15
mL). After drying with anhydrous Na2SO4, the solution was
concentrated under reduced pressure at 40 °C to obtain the desired
product as a colorless oil (109 mg, 0.69 mmol, 34%). 1H NMR (300
MHz, CDCl3): δ/ppm = 10.09 (s, 1H), 3.05−2.98 (m, 2H), 2.87−2.79
(m, 2H), 1.73 (s, 9H). 13C NMR (75 MHz, CDCl3): δ/ppm = 200.5,
171.6, 81.0, 38.8, 30.4, 28.1. FT-IR: ν/cm−1 = 2978, 2932, 1724, 1456,
1392, 1366, 1246, 1151, 1073, 949, 875, 845, 754.

tert-Butyl (3-Oxopropyl)carbamate (11c). A solution of diisobuty-
laluminum hydride (DIBAL) in hexane (1 M, 2.83 mmol, 2.83 mL, 1.5
equiv) was added dropwise to a solution of compound 10c (438 mg,
1.89 mmol, 1 equiv) in anhydrous THF (12 mL) at −78 °C. The
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reaction mixture was stirred at −78 °C for 2 h. KHSO4 solution (0.35
M, 6 mL) was added, and the mixture was extracted with diethyl ether
(3 × 25 mL). The combined organic extracts were washed with 1 M
HCl (3 × 15 mL), saturated NaHCO3 solution (3 × 15 mL), and brine
(3 × 15 mL). After drying with anhydrous Na2SO4, the solution was
concentrated under reduced pressure at 40 °C to obtain the desired
product as a colorless oil (110 mg, 0.64 mmol, 34%). 1H NMR (300
MHz, CDCl3): δ/ppm = 10.09 (s, 1H), 5.32 (d, J = 7.5 Hz, 1H), 3.71
(q, J = 6.0 Hz, 2H), 2.99 (t, J = 6.0 Hz, 2H), 1.71 (s, 9H). 13C NMR (75
MHz, CDCl3): δ/ppm = 201.5, 155.9, 79.4, 44.4, 34.1, 28.4. FT-IR: ν/
cm−1 = 3367, 2978, 2932, 1684, 1510, 1366, 1274, 1249, 1163, 1040,
1003, 751, 666.
9 - ( ( 3 a R , 4 R , 6 R , 6 a R ) - 6 - ( A m i n o m e t h y l ) - 2 , 2 -

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine
(12). According to the method of Liu et al.,77 to a suspension of
compound 18 (3.63 g, 8.32 mmol, 1 equiv) in ethanol (100 mL) was
added hydrazine monohydrate (6.47 mL, 133.08 mmol, 16 equiv), and
the mixture was refluxed for 1 h. After cooling, the precipitate was
filtered o�, and the solvent was removed under reduced pressure at 40
°C. The residues were dissolved in ethanol (60 mL) and stirred for 15
min at room temperature, followed by filtration. The filtrate was
concentrated under reduced pressure at 40 °C, and the residues were
purified by column chromatography (DCM/MeOH + 0.1% NEt3) to
a�ord the desired product as a white powder (2.32 g, 7.57 mmol, 91%).
1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.37 (s, 1H), 8.15 (s, 1H),
7.34 (s, 2H), 6.08 (d, J = 3.2 Hz, 1H), 5.45 (dd, J = 6.3, 3.2 Hz, 1H),
4.98 (dd, J = 6.3, 2.8Hz, 1H), 4.09 (td, J = 5.8, 2.8Hz, 1H), 2.70 (dd, J =
5.8, 2.8 Hz, 2H), 1.53 (s, 3H), 1.32 (s, 3H). 13C NMR (75 MHz,
DMSO-d6): δ/ppm = 156.2, 152.8, 149.0, 140.0, 119.2, 113.2, 89.1,
87.1, 82.7, 81.6, 43.7, 27.1, 25.2. FT-IR: ν/cm−1 = 3538, 3331, 3176,
1746, 1701, 1660, 1601, 1477, 1381, 1330, 1303, 1270, 1218, 1091,
1016, 902, 872, 798. Mp: 212−215 °C. [α]D20 = −32 (10 mg/mL;
MeOH).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
2-((tert-butoxycarbonyl)amino)butanoate (13a). To a 0 °C cooled
solution of 12 (7.18 g, 28.9 mmol, 1.1 equiv) in THF/MeCN (1:3 =
160 mL) under argon atmosphere were added a suspension of 11a
(7.18 g, 26.3 mmol, 1.0 equiv) in THF/MeCN (1:3 = 12 mL) and
HOAc (1.50 mL, 26.3 mmol, 1.0 equiv). After stirring for 30 min,
NaBH(OAc)3 (8.36 g, 39.4 mmol, 1.5 equiv) was added, and the
reaction was stirred for 18 h at 5 °C. The suspension was diluted with
saturated NaHCO3 solution (250 mL), and the aqueous layer was
extracted with DCM (5 × 50 mL). The combined organic layers were
dried over anhydrousNa2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1 to 10:1 + 0.5% NEt3) to give 13a (9.11 g, 16.2
mmol, 62%) as a colorless solid. 1H NMR (300 MHz, CDCl3): δ/ppm
= 8.26 (s, 1H), 7.88 (s, 1H), 6.40 (s, 2H), 6.05 (d, J = 8.2 Hz, 1H), 5.93
(d, J = 3.4 Hz, 1H), 5.45 (dd, J = 6.5, 3.4 Hz, 1H), 5.03 (dd, J = 6.5, 3.4
Hz, 1H), 4.37−4.30 (m, 1H), 4.29−4.19 (m, 1H), 2.96−2.66 (m, 3H),
2.65−2.53 (m, 1H), 1.98−1.71 (m, 2H), 1.56 (s, 3H), 1.43−1.29 (m,
21H). 13C NMR (75 MHz, CDCl3): δ/ppm = 171.9, 156.0, 155.7,
153.1, 149.4, 139.9, 120.4, 114.6, 91.1, 85.0, 83.1, 82.2, 81.7, 79.4, 53.0,
51.4, 46.3, 32.3, 28.4, 28.1, 27.4, 25.5. FT-IR: ν/cm−1 = 2980, 1703,
1640, 1597, 1504, 1476, 1425, 1367, 1330, 1297, 1213, 1152,1075, 857,
798, 750, 665. Mp: 96−100 °C. [α]D20 = −33 (10 mg/mL; CHCl3).
tert-Butyl 4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
butanoate (13b).To a solution of compound 12 (93 mg, 0.30 mmol, 1
equiv) and compound 11b (48mg, 0.30mmol, 1 equiv) in THF (7mL)
were added acetic acid (17 μL, 0.30 mmol, 1 equiv) and NaBH(OAc)3
(97 mg, 0.46 mmol, 1.5 equiv). After the mixture was stirred at room
temperature overnight, the reaction was quenched by addition of
saturated NaHCO3 solution (15 mL), followed by extraction with
DCM (4 × 15 mL). The combined organic extracts were dried over
anhydrous Na2SO4, and the solvent was removed under reduced
pressure at 40 °C. Purification by column chromatography (DCM/
MeOH = 20:1 + 0.1% NEt3) a�orded the desired product as a colorless
oil (101 mg, 0.23 mmol, 75%). 1H NMR (300 MHz, CDCl3): δ/ppm =

8.30 (s, 1H), 7.88 (s, 1H), 6.31 (s, 2H), 5.98 (d, J = 3.2 Hz, 1H), 5.43
(dd, J = 6.5, 3.2 Hz, 1H), 4.99 (dd, J = 6.5, 3.2 Hz, 1H), 4.37−4.28 (m,
1H), 2.94−2.78 (m, 2H), 2.67−2.50 (m, 2H), 2.22 (t, J = 7.4 Hz, 2H),
1.77−1.65 (m, 2H), 1.57 (s, 3H), 1.38 (s, 9H), 1.35 (s, 3H). 13C NMR
(75 MHz, CDCl3): δ/ppm = 172.9, 156.0, 153.2, 149.5, 139.9, 120.5,
114.6, 90.9, 85.6, 83.5, 82.4, 80.2, 51.3, 49.1, 33.4, 28.2, 27.4, 25.5, 25.4.
FT-IR: ν/cm−1 = 2985, 2938, 2852, 1669, 1507, 1426, 1370, 1197,
1178, 1132, 1078, 868, 831, 798, 720. [α]D20 = −22 (10 mg/mL;
CHCl3).

tert-Butyl (3-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
propyl)carbamate (13c).To a solution of compound 12 (131mg, 0.43
mmol, 1 equiv) and compound 11c (74 mg, 0.43 mmol, 1 equiv) in
THF (7 mL) was added acetic acid (24 μL, 0.43 mmol, 1 equiv) and
NaBH(OAc)3 (136 mg, 0.64 mmol, 1.5 equiv). After the mixture was
stirred at room temperature overnight, the reaction was quenched by
addition of saturated NaHCO3 solution (15 mL), followed by
extraction with DCM (4 × 15 mL). The combined organic extracts
were dried over anhydrous Na2SO4, and the solvent was removed under
reduced pressure at 40 °C. Purification by column chromatography
(DCM/MeOH = 30:1 + 0.1% NEt3) a�orded the desired product as a
colorless powder (150 mg, 0.32 mmol, 76%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.27 (s, 1H), 7.94 (s, 1H), 6.16 (s, 2H), 6.00 (d, J =
3.2 Hz, 1H), 5.44 (dd, J = 6.4, 3.2 Hz, 1H), 5.33 (t, J = 6.4 Hz, 1H), 5.06
(dd, J = 6.4, 3.2 Hz, 1H), 4.48−4.38 (m, 1H), 3.29−3.11 (m, 2H),
3.02−2.89 (m, 2H), 2.85−2.60 (m, 2H), 1.76−1.63 (m, 2H), 1.59 (s,
3H), 1.41−1.34 (m, 12H). 13C NMR (75 MHz, CDCl3): δ/ppm =
156.3, 155.8, 153.2, 149.4, 140.1, 120.4, 114.8, 91.1, 85.0, 83.5, 82.4,
79.2, 51.2, 47.7, 39.1, 29.5, 28.5, 27.4, 25.5. FT-IR: ν/cm−1 = 3326,
3182, 2980, 2937, 1642, 1598, 1475, 1366, 1250, 1210, 1159, 1076, 867.
Mp: 46−49 °C. [α]D20 = −22 (10 mg/mL; CHCl3).

Di-tert-butyl (2S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-
yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-
amino)pyrrolidine-1,2-dicarboxylate (13d). To a solution of com-
pound 12 (103 mg, 0.34 mmol, 1 equiv) and compound 11d (96 mg,
0.34 mmol, 1 equiv) in THF (5 mL) was added acetic acid (19 μL, 0.34
mmol, 1 equiv) and NaBH(OAc)3 (107 mg, 0.50 mmol, 1.5 equiv).
After the mixture was stirred at room temperature overnight, the
reaction was quenched by addition of saturated NaHCO3 solution (15
mL), followed by extraction with DCM (4 × 15 mL). The combined
organic extracts were dried over anhydrous Na2SO4, and the solvent
was removed under reduced pressure at 40 °C. Purification by column
chromatography (DCM/MeOH = 30:1 + 0.1% NEt3) a�orded the
desired product as a colorless oil (130 mg, 0.23 mmol, 68%). 1H NMR
(300MHz, CDCl3): δ/ppm= 8.31 (s, 1H), 7.90 (s, 1H), 6.02−5.92 (m,
3H), 5.42−5.35 (m, 1H), 5.08−5.01 (m, 1H), 4.41−4.30 (m, 1H),
4.18−4.04 (m, 1H), 3.78−3.67 (m, 1H), 3.34−3.23 (m, 2H), 2.98−
2.88 (m, 2H), 2.49−2.29 (m, 1H), 1.91−1.77 (m, 1H), 1.59 (s, 3H),
1.45−1.35 (m, 21H). 13C NMR (75 MHz, CDCl3): δ/ppm = 172.4,
155.8, 153.9, 149.4, 140.2, 140.1, 120.5, 114.8, 91.0, 85.2, 83.6, 82.2,
81.5, 80.2, 58.7, 56.5, 51.9, 49.636 36.3, 28.5, 28.1, 27.4, 25.5. FT-IR: ν/
cm−1 = 3331, 3181, 2978, 2934, 1694, 1643, 1597, 1476, 1366, 1212,
1152, 1075, 855, 769. [α]D20 = −29 (10 mg/mL; CHCl3).

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)amino)butanoic Acid Trifluor-
oacetate Salt (14a). Cold trifluoroacetic acid (1.5 mL) was added to a
solution of compound 13a (72 mg, 0.13 mmol) in DCM (1.5 mL) at
−20 °C. The solution was stirred at −20 °C until LC-MS analysis
indicated complete removal of Boc and ester groups. DCM (40 mL)
was added, and the solvent was removed under reduced pressure at 40
°C. After co-distillation with DCM (3 × 40 mL), the residues were
dissolved in water (1.5 mL) and cooled down to 5 °C. Cold
trifluoroacetic acid (250 μL) was added, and the solution was stirred at
5 °C overnight. Water (5 mL) was added, and the mixture was
lyophilized. The desired product was obtained as the trifluoroacetate
salt (colorless solid, 78 mg, 0.13 mmol, 99%). 1H NMR (300 MHz,
CD3OD): δ/ppm = 8.38 (s, 1H), 8.26 (s, 1H), 6.02 (d, J = 5.4 Hz, 1H),
4.74−4.67 (m, 1H), 4.36−4.27 (m, 2H), 3.95 (dd, J = 8.6, 4.8 Hz, 1H),
3.58−3.47 (m, 1H), 3.45−3.36 (m, 1H), 3.34−3.26 (m, 2H), 2.34−
2.21 (m, 1H), 2.20−2.07 (m, 1H). 13C NMR (75 MHz, CD3OD): δ/
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ppm = 172.7, 153.5, 149.8, 147.6, 144.1, 120.7, 91.1, 81.8, 75.1, 73.2,
53.1, 50.7, 46.5, 28.1. FT-IR: ν/cm−1 = 3308, 3166, 3072, 1672, 1508,
1424, 1324, 1198, 1132, 1074, 837, 799, 723, 667.Mp: 58−61 °C. [α]D20
= +2 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 368.15 (100%),
369.14 (17.0%), 370.15 (2.3%). Calculated: 368.17 (100%), 369.17
(18.2%), 370.17 (2.5%). Purity: > 98% (HPLC,MeCN/H2O= 20:80 +
0.1% HCOOH); tR = 3.48 min.
4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-

hydrofuran-2-yl)methyl)amino)butanoic Acid (14b). Cold trifluoro-
acetic acid (1.5 mL) was added to a solution of compound 13b (26 mg,
0.06 mmol) in DCM (1.5 mL) at −20 °C. The solution was stirred at
−20 °C until LC-MS analysis indicated complete removal of the ester
group. DCM (40 mL) was added, and the solvent was removed under
reduced pressure at 40 °C. After co-distillation with DCM (3× 40mL),
the residues were dissolved in water (1.5 mL) and cooled down to 5 °C.
Cold trifluoroacetic acid (250 μL) was added, and the solution was
stirred at 5 °C overnight. Water (5 mL) was added, and the mixture was
lyophilized to give the desired product as a slightly yellow resin (20 mg,
0.06 mmol, quant.). 1H NMR (300 MHz, CD3OD): δ/ppm = 8.43−
8.35 (m, 2H), 6.05 (d, J = 5.0 Hz, 1H), 4.78 (t, J = 4.9 Hz, 1H), 4.39−
4.26 (m, 2H), 3.61−3.48 (m, 1H), 3.45−3.35 (m, 1H), 3.09 (t, J = 7.8
Hz, 2H), 2.39 (t, J = 6.9 Hz, 2H), 1.98−1.81 (m, 2H). 13C NMR (75
MHz, CD3OD): δ/ppm= 176.1, 153.0, 149.8, 146.9, 144.5, 121.2, 91.9,
81.6, 74.8, 73.3, 50.6, 48.6, 31.5, 22.2. FT-IR: ν/cm−1 = 3088, 2846,
1667, 1508, 1423, 1323, 1182, 1129, 1047, 919, 834, 798, 721. [α]D20 =
+2 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 353.13 (100%),
354.11 (17.5%), 355.13 (2.5%). Calculated: 353.16 (100%), 354.16
(15.6%), 355.16 (2.5%). Purity: > 98% (HPLC,MeCN/H2O= 20:80 +
0.1% HCOOH); tR = 3.85 min.
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminopropyl)-

amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (14c).
Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 13c (46 mg, 0.10 mmol) in DCM (1.5 mL) at 5 °C. The
solution was stirred at 5 °C until LC-MS analysis indicated complete
removal of the Boc group. DCM (40 mL) was added, and the solvent
was removed under reduced pressure at 40 °C. After co-distillation with
DCM (3 × 40 mL), the residues were dissolved in water (1.5 mL) and
cooled down to 5 °C. Cold trifluoroacetic acid (250 μL) was added, and
the solution was stirred at 5 °Covernight.Water (5mL) was added, and
the mixture was lyophilized. The desired product was obtained as the
trifluoroacetate salt (colorless solid, 59 mg, 0.10 mmol, quant.). 1H
NMR (300 MHz, CD3OD): δ/ppm = 8.37 (s, 1H), 8.35 (s, 1H), 6.05
(d, J = 4.9 Hz, 1H), 4.78 (t, J = 4.9 Hz, 1H), 4.41−4.31 (m, 2H), 3.64−
3.53 (m, 1H), 3.48−3.40 (m, 1H), 3.19−3.13 (m, 2H), 3.04−2.96 (m,
2H), 2.11−1.98 (m, 2H). 13C NMR (75 MHz, CD3OD): δ/ppm =
153.7, 149.9, 148.0, 144.1, 121.1, 91.8, 81.4, 74.8, 73.2, 50.7, 46.1, 37.8,
25.2. FT-IR: ν/cm−1 = 3065, 2847, 1666, 1427, 1180, 1123, 1065, 1044,
834, 797, 759, 721, 667. Mp: 66−68 °C. [α]D20 = +4 (10 mg/mL;
MeOH). ESI-MS: m/z [M + H]+ = 324.17 (100%), 325.14 (16.3%),
326.11 (1.7%). Calculated: m/z: 324.18 (100%), 325.18 (17.0%).
Purity: 98% (HPLC,MeCN/H2O = 20:80 + 0.1%HCOOH); tR = 1.93
min.
(2S)-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxy-

tetrahydrofuran-2-yl)methyl)amino)pyrrolidine-2-carboxylic Acid
(14d). Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 13d (50 mg, 0.09 mmol) in DCM (1.5 mL) at −20 °C. The
solution was stirred at−20 °C until LC-MS analysis indicated complete
removal of Boc and ester groups. DCM (40 mL) was added, and the
solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 × 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
μL) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized to give the desired
product as a yellow resin (34 mg, 0.09 mmol, quant.). 1H NMR (300
MHz, DMSO-d6): δ/ppm = 8.51 (s, 1H), 8.29 (s, 1H), 8.09 (s, 2H),
6.00 (d, J = 5.8 Hz, 1H), 4.79−4.72 (m, 1H), 4.47−4.37 (m, 1H),
4.26−4.17 (m, 2H), 4.09−3.97 (m, 1H), 3.61−3.49 (m, 2H), 3.48−
3.37 (m, 2H), 2.86−2.71 (m, 1H), 2.18−2.01 (m, 1H). 13C NMR (75
MHz, DMSO-d6): δ/ppm = 169.1, 154.3, 150.2, 148.9, 141.4, 119.4,
88.4, 80.1, 72.6, 71.6, 58.0, 54.8, 48.4, 46.4, 30.5. FT-IR: ν/cm−1 =

3011, 1669, 1506, 1422, 1180, 1128, 1047, 1024, 997, 827, 798, 763,
720. ESI-MS:m/z [M +H]+ = 380.15 (100%), 381.12 (20.3%), 382.14
(2.6%). Calculated: 380.17 (100%), 381.17 (19.3%), 382.17 (2.7%).
Purity: 98% (HPLC,MeCN/H2O = 20:80 + 0.1%HCOOH); tR = 3.75
min.

9 - ( ( 3aR , 4R , 6R , 6aR ) - 6 - ( ( B en z y l am ino )me thy l ) - 2 , 2 -
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine
(16a).To a solution of compound 12 (140mg, 0.46mmol, 1 equiv) and
benzaldehyde (15a; 46 μg, 0.46 mmol, 1 equiv) in 1,2-DCE/MeCN
(2:1, 9 mL) were added acetic acid (26 μL, 0.46 mmol, 1 equiv) and
NaBH(OAc)3 (145 mg, 0.69 mmol, 1.5 equiv). After the mixture was
stirred at room temperature overnight, the reaction was quenched by
addition ofMeOH (2mL), and the solvent was removed under reduced
pressure at 40 °C. Purification by column chromatography (DCM/
MeOH = 30:1 + 0.1% NEt3) a�orded the desired product as a colorless
powder (116 mg, 0.40 mmol, 87%). 1H NMR (300 MHz, CDCl3): δ/
ppm= 8.07 (s, 1H), 7.85 (s, 1H), 7.30−7.17 (m, 5H), 6.25 (s, 2H), 5.96
(d, J = 3.2 Hz, 1H), 5.44 (dd, J = 6.4, 3.2 Hz, 1H), 5.05 (dd, J = 6.4, 3.2
Hz, 1H), 4.42−4.35 (m, 1H), 3.77 (s, 2H), 2.96−2.81 (m, 2H), 1.58 (s,
3H), 1.35 (s, 3H). 13CNMR (75MHz, CDCl3): δ/ppm = 155.9, 153.1,
149.4, 140.0, 139.8, 128.5, 128.2, 127.1, 120.5, 114.6, 91.2, 85.5, 83.4,
82.4, 53.8, 50.7, 27.4, 25.5. FT-IR: ν/cm−1 = 3316, 3159, 2987, 2935,
1643, 1596, 1474, 1373, 1329, 1207, 1073, 863, 732, 698. Mp: 57−60
°C. [α]D20 = −24 (10 mg/mL; CHCl3).

3-( ( ( ( (3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl ) -2 ,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
methyl)phenol (16b). To a solution of compound 12 (157 mg, 0.51
mmol, 1 equiv) and 3-hydroxybenzaldehyde (15b; 63mg, 0.51mmol, 1
equiv) in THF (2 mL) were added acetic acid (29 μL, 0.51 mmol, 1
equiv) and NaBH(OAc)3 (163 mg, 0.77 mmol, 1.5 equiv). After the
mixture was stirred at room temperature for 7 h, the reaction was
quenched by addition of MeOH (1 mL), and the solvent was removed
under reduced pressure at 40 °C. Purification by column chromatog-
raphy (DCM/MeOH = 10:1 + 0.1% NEt3) a�orded the desired
product as a colorless oil (193 mg, 0.47 mmol, 92%). 1H NMR (300
MHz, CDCl3): δ/ppm = 8.22 (s, 1H), 8.05 (s, 1H), 7.04 (t, J = 7.8 Hz,
1H), 6.69−6.59 (m, 3H), 6.12 (d, J = 2.8 Hz, 1H), 5.45 (dd, J = 6.3, 2.8
Hz, 1H), 5.00 (dd, J = 6.3, 3.2 Hz, 1H), 4.35 (td, J = 6.0, 3.2 Hz, 1H),
3.62 (s, 2H), 2.83 (d, J = 6.0 Hz, 2H), 1.57 (s, 3H), 1.35 (s, 3H). 13C
NMR (75 MHz, CDCl3): δ/ppm = 158.6, 157.3, 153.9, 150.2, 142.0,
141.6, 130.4, 120.7, 120.4, 116.2, 115.5, 115.2, 91.8, 86.9, 84.8, 83.9,
54.2, 51.5, 27.5, 25.6. FT-IR: ν/cm−1 = 3543, 3339, 2982, 1645, 1600,
1480, 1457, 1424, 1376, 1331, 1050, 969, 869, 788, 696. Mp: 247 °C
(decomposition). [α]D20 = −13 (10 mg/mL; CHCl3).

9-((3aR,4R,6R,6aR)-2,2-Dimethyl-6-(((3-nitrobenzyl)amino)-
methyl)tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine
(16c).To a solution of compound 12 (402mg, 1.31mmol, 1 equiv) and
3-nitrobenzaldehyde (15c; 198 mg, 1.31 mmol, 1 equiv) in THF (10
mL) were added acetic acid (75 μL, 1.31 mmol, 1 equiv) and
NaBH(OAc)3 (417 mg, 1.97 mmol, 1.5 equiv). After the mixture was
stirred at room temperature overnight, the reaction was quenched by
addition of MeOH (15 mL), and the solvent was removed under
reduced pressure at 40 °C. Purification by column chromatography
(DCM/MeOH = 40:1 + 0.1% NEt3) a�orded the desired product as a
colorless oil (358 mg, 0.81 mmol, 62%). 1H NMR (300 MHz, CDCl3):
δ/ppm= 8.19−8.13 (m, 1H), 8.11−8.03 (m, 2H), 7.86 (s, 1H), 7.60 (d,
J = 7.8 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 6.26 (s, 2H), 5.96 (d, J = 3.2
Hz, 1H), 5.48 (dd, J = 6.4, 3.2 Hz, 1H), 5.08 (dd, J = 6.4, 3.2 Hz, 1H),
4.45−4.34 (m, 1H), 3.90−3.84 (m, 2H), 2.99−2.81 (m, 2H), 1.60 (s,
3H), 1.38 (s, 3H). 13CNMR (75MHz, CDCl3): δ/ppm = 155.9, 152.9,
149.3, 148.5, 142.5, 140.2, 134.1, 129.3, 122.9, 122.2, 120.4, 114.7, 91.3,
85.6, 83.3, 82.3, 53.0, 50.7, 27.4, 25.5. FT-IR: ν/cm−1 = 3323, 3159,
2982, 2935, 1643, 1597, 1525, 1475, 1348, 1207, 1074, 867, 798, 751.
[α]D20 = −16 (10 mg/mL; CHCl3).

tert-Butyl 3-(((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
methyl)benzoate (16d). To a solution of compound 12 (200 mg, 0.65
mmol, 1 equiv) and tert-butyl 3-formylbenzoate (15d; 135 mg, 0.65
mmol, 1 equiv) in THF (5 mL) was added acetic acid (37 μL, 0.65
mmol, 1 equiv) and NaBH(OAc)3 (208 mg, 0.98 mmol, 1.5 equiv).
After the mixture was stirred at room temperature overnight, the
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reaction was quenched by addition of saturated NaHCO3 solution (25
mL), followed by extraction with DCM (4 × 20 mL). The combined
organic extracts were dried over anhydrous Na2SO4, and the solvent
was removed under reduced pressure at 40 °C. Purification by column
chromatography (DCM/MeOH = 30:1 + 0.1% NEt3) a�orded the
desired product as a yellowish oil (177 mg, 0.36 mmol, 55%). 1H NMR
(300 MHz, CDCl3): δ/ppm = 8.12 (s, 1H), 7.92−7.89 (m, 1H), 7.88−
7.83 (m, 2H), 7.49−7.43 (m, 1H), 7.33 (t, J = 7.6 Hz, 1H), 6.06−5.93
(m, 3H), 5.46 (dd, J = 6.4, 3.3 Hz, 1H), 5.07 (dd, J = 6.4, 3.3 Hz, 1H),
4.43−4.36 (m, 1H), 3.83 (s, 2H), 2.99−2.82 (m, 2H), 1.60 (s, 3H),
1.57 (s, 9H), 1.37 (s, 3H). 13C NMR (75 MHz, CDCl3): δ/ppm =
165.9, 155.8, 153.2, 149.5, 140.1, 132.3, 132.2, 129.2, 128.4, 128.3,
120.6, 114.7, 91.2, 85.5, 83.4, 82.4, 81.1, 53.5, 50.7, 28.3, 27.5, 25.6. FT-
IR: ν/cm−1 = 3322, 3159, 2980, 2933, 1706, 1643, 1475, 1368, 1294,
1157, 1076, 909, 850, 729. [α]D20 = −18 (10 mg/mL; CHCl3).
tert-Butyl (3-(((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-
methyl)phenyl)carbamate (16e). To a solution of compound 12 (151
mg, 0.49 mmol, 1 equiv) and tert-butyl (3-formylphenyl)carbamate
(15e) (109 mg, 0.49 mmol, 1 equiv) in 1,2-DCE (5 mL) were added
acetic acid (28 μL, 0.49 mmol, 1 equiv) and NaBH(OAc)3 (157 mg,
0.74 mmol, 1.5 equiv). After the mixture was stirred at room
temperature overnight, the reaction was quenched by addition of
MeOH (2mL), and the solvent was removed under reduced pressure at
40 °C. Purification by column chromatography (DCM/MeOH = 30:1
+ 0.1% NEt3) a�orded the desired product as a colorless powder (214
mg, 0.42 mmol, 85%). 1H NMR (300 MHz, CDCl3): δ/ppm = 8.15 (s,
1H), 7.95 (s, 1H), 7.33 (s, 1H), 7.25−7.15 (m, 2H), 6.95−6.89 (m,
1H), 6.01 (d, J = 3.1 Hz, 1H), 5.94 (s, 2H), 5.44 (dd, J = 6.4, 3.1 Hz,
1H), 5.05 (dd, J = 6.4, 3.1 Hz, 1H), 4.45−4.38 (m, 1H), 3.85−3.71 (m,
2H), 2.95−2.80 (m, 2H), 1.60 (s, 3H), 1.50 (s, 9H), 1.38 (s, 3H). 13C
NMR (75 MHz, CDCl3): δ/ppm = 155.8, 153.3, 153.0, 149.5, 140.6,
140.1, 138.8, 129.1, 122.8, 120.5, 118.4, 117.6, 114.6, 91.3, 85.8, 83.7,
82.5, 80.6, 53.8, 50.7, 28.5, 27.4, 25.5. FT-IR: ν/cm−1 = 3319, 3178,
2977, 2977, 2934, 1716, 1643, 1594, 1367, 1239, 1156, 1072, 867, 733.
Mp: 68−71 °C. [α]D20 = −12 (10 mg/mL; CHCl3).
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-((benzylamino)-

methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17a). Cold
trifluoroacetic acid (250 μL) was added to a suspension of compound
16a (29 mg, 0.07 mmol) in water (1.5 mL) at 5 °C. The mixture was
stirred at 5 °C for 48 h. Water (5 mL) was added, and the mixture was
lyophilized to give the desired product as the trifluoroacetate salt
(colorless solid, 34 mg, 0.07 mmol, quant.). 1H NMR (300 MHz,
CD3OD): δ/ppm = 8.36 (s, 1H), 8.16 (s, 1H), 7.42 (s, 5H), 6.06 (d, J =
4.7 Hz, 1H), 4.76 (t, J = 4.7 Hz, 1H), 4.43−4.35 (m, 2H), 4.26 (d, J =
2.8 Hz, 2H), 3.56 (dd, J = 13.0, 9.2 Hz, 1H), 3.43 (dd, J = 13.0, 2.7 Hz,
1H). 13C NMR (75 MHz, CD3OD): δ/ppm = 154.1, 149.8, 148.5,
143.9, 132.1, 131.2, 130.8, 130.3, 121.2, 92.0, 81.5, 74.8, 73.3, 52.4,
49.9. FT-IR: ν/cm−1 = 3326, 3186, 2800, 1644, 1574, 1459, 1423, 1327,
1206, 1067, 825, 797, 699. Mp: 61−63 °C. [α]D20 = +6 (10 mg/mL;
MeOH). ESI-MS: m/z [M + H]+ = 357.16 (100%), 358.12 (20.8%),
359.14 (2.0%). Calculated: 357.17 (100%), 358.17 (18.7%), 359.17
(2.6%). Purity: 97% (HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH);
tR = 3.44 min.
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-hydroxybenzyl)-

amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17b).
Cold trifluoroacetic acid (250 μL) was added to a suspension of
compound 16b (37 mg, 0.09 mmol) in water (1.5 mL) at 5 °C. The
mixture was stirred at 5 °C overnight. Water (5 mL) was added, and the
mixture was lyophilized to give the desired product as the
trifluoroacetate salt (yellowish solid, 43 mg, 0.09 mmol, 99%). 1H
NMR (300 MHz, CD3OD): δ/ppm = 8.35 (s, 1H), 8.18 (s, 1H), 7.16
(t, J = 8.0Hz, 1H), 6.85−6.74 (m, 3H), 6.02 (d, J = 4.6 Hz, 1H), 4.70 (t,
J = 4.6 Hz, 1H), 4.37−4.26 (m, 2H), 4.11 (s, 2H), 3.52−3.31 (m, 2H).
13C NMR (75 MHz, CD3OD): δ/ppm = 159.3, 153.0, 149.7, 146.8,
144.4, 133.3, 131.4, 121.8, 121.2, 117.9, 117.6, 92.1, 81.5, 74.8, 73.3,
52.3, 49.8. FT-IR: ν/cm−1 = 3087, 2840, 1669, 1592, 1427, 1195, 1129,
1040, 834, 797, 721, 697. Mp: 61 °C (decomposition). [α]D20 = +4 (10
mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 373.17 (100%), 374.14
(20.1%), 375.17 (2.6%). Calculated: 373.16 (100%), 374.17 (18.8%),

375.17 (2.5%). Purity: 100% (HPLC, MeCN/H2O = 20:80 + 0.1%
HCOOH); tR = 4.06 min.

(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-nitrobenzyl)-
amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17c).
Cold trifluoroacetic acid (500 μL) was added to a suspension of
compound 16c (96 mg, 0.22 mmol) in water (3 mL) at 5 °C. The
mixture was stirred at 5 °C overnight. Undissolved residues were
filtered o�, and water (5 mL) was added to the filtrate. The mixture was
lyophilized to give the desired product as a colorless oil (103 mg, 0.20
mmol, 91%). 1H NMR (300 MHz, CD3OD): δ/ppm = 8.37 (s, 1H),
8.32−8.29 (m, 1H), 8.27 (s, 1H), 8.23−8.17 (m, 1H), 7.85−7.77 (m,
1H), 7.61 (t, J = 8.0 Hz, 1H), 6.04 (d, J = 4.5 Hz, 1H), 4.70 (t, J = 4.5
Hz, 1H), 4.44−4.29 (m, 4H), 3.61−3.41 (m, 2H). 13C NMR (75MHz,
CD3OD): δ/ppm = 153.9, 149.8 (2x C), 148.2, 143.9, 137.4, 134.3,
131.5, 126.03, 125.4, 121.1, 99.0, 81.3, 74.8, 73.3, 51.4, 50.3. FT-IR: ν/
cm−1 = 3326, 3201, 3090, 1672, 1531, 1509, 1482, 1427, 1354, 1199,
1134, 834, 799, 722. [α]D20 = +14 (10 mg/mL; MeOH). ESI-MS: m/z
[M +H]+ = 402.14 (100%), 403.1 (21.2%), 404.17 (2.7%). Calculated:
402.15 (100%), 403.16 (18.8%), 404.16 (2.7%). Purity: 99% (HPLC,
MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.37 min.

3-(((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxyte-
trahydrofuran-2-yl)methyl)amino)methyl)benzoic Acid Trifluoroa-
cetate Salt (17d). Cold trifluoroacetic acid (1.5 mL) was added to a
solution of compound 16d (79 mg, 0.16 mmol) in DCM (1.5 mL) at
−20 °C. The solution was stirred at −20 °C until LC-MS analysis
indicated complete removal of the ester group. DCM (40 mL) was
added, and the solvent was removed under reduced pressure at 40 °C.
After co-distillation with DCM (3 × 40 mL), the residues were
dissolved in water (1.5 mL) and cooled down to 5 °C. Cold
trifluoroacetic acid (250 μL) was added, and the solution was stirred at
5 °C overnight. Water (5 mL) was added, and the mixture was
lyophilized. The desired product was obtained as the trifluoroacetate
salt (colorless solid, 82 mg, 0.16 mmol, quant.). 1H NMR (300 MHz,
CD3OD): δ/ppm = 8.34 (s, 1H), 8.21 (s, 1H), 8.04 (d, J = 1.6 Hz, 1H),
7.98 (dt, J = 7.7, 1.6 Hz, 1H), 7.61 (dt, J = 7.7, 1.6 Hz, 1H), 7.46 (t, J =
7.7 Hz, 1H), 6.02 (d, J = 4.5 Hz, 1H), 4.68 (t, J = 4.6 Hz, 1H), 4.37−
4.24 (m, 4H), 3.55−3.36 (m, 2H). 13C NMR (75 MHz, CD3OD): δ/
ppm = 168.8, 153.0, 149.7, 146.7, 144.4, 135.6, 133.0, 132.7, 132.3,
131.8, 130.5, 121.2, 92.0, 81.4, 74.9, 73.3, 52.0, 50.1. FT-IR: ν/cm−1 =
3076, 3076, 2847, 1667, 1509, 1427, 1280, 1182, 1129, 1042, 826, 797,
749, 721. mp: 65−67 °C. [α]D20 = +10 (10 mg/mL; MeOH). ESI-MS:
m/z [M + H]+ = 401.14 (100%), 402.12 (22.2%), 403.14 (2.5%).
Calculated: 401.16 (100%), 402.16 (19.9%), 403.16 (3.3%). Purity:
100% (HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.91 min.
(2R,3R,4S,5R)-2-(6-Amino-9H-purin-9-yl)-5-(((3-aminobenzyl)-

amino)methyl)tetrahydrofuran-3,4-diol Trifluoroacetate Salt (17e).
Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 16e (108mg, 0.21mmol) in DCM (1.5mL) at−20 °C. The
solution was stirred at −20 °C until LC-MS analysis indicated complete
removal of the Boc group. DCM (40 mL) was added, and the solvent
was removed under reduced pressure at 40 °C. After co-distillation with
DCM (3 × 40 mL), the residues were dissolved in water (1.5 mL) and
cooled down to 5 °C. Cold trifluoroacetic acid (250 μL) was added, and
the solution was stirred at 5 °Covernight.Water (5mL)was added, and
the mixture was lyophilized. The desired product was obtained as the
trifluoroacetate salt (1:1.3; ocherous solid, 111 mg, 0.21 mmol, quant.).
1H NMR (300 MHz, CD3OD): δ/ppm = 8.33 (s, 1H), 8.18 (s, 1H),
7.39−7.32 (m, 1H), 7.25−7.20 (m, 2H), 7.19−7.14 (m, 1H), 6.01 (d, J
= 4.7 Hz, 1H), 4.72−4.67 (m, 1H), 4.36−4.28 (m, 2H), 4.25−4.14 (m,
2H), 3.56−3.45 (m, 1H), 3.42−3.34 (m, 1H). 13C NMR (75 MHz,
CD3OD): δ/ppm = 153.4, 149.7, 147.4, 144.2, 140.0, 133.9, 131.6,
126.8, 122.4, 122.0, 121.1, 92.0, 81.4, 74.8, 73.3, 52.0, 50.1. FT-IR: ν/
cm−1 = 2979, 2637, 1666, 1507, 1465, 1427, 1188, 1128, 1041, 836,
797, 721, 695. Mp: 69−72 °C. [α]D20 = +6 (10 mg/mL; MeOH). ESI-
MS: m/z [M + H]+ = 372.16 (100%), 373.13 (20.9%), 374.15 (2.2%).
Calculated: 372.18 (100%), 373.18 (21.3%), 374.19 (1.7%). Purity:
100% (HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.88 min.
2- ( ( (3aR ,4R ,6R ,6aR) -6 - (6 -Amino-9H-pur in-9-y l ) -2 ,2 -

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)isoindoline-
1,3-dione (18). According to the method of Liu et al.,77 to a suspension
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of compound 5 (1000 mg, 3.25 mmol, 1 equiv) in THF (40 mL) were
added phthalimide (479 mg, 3.25 mmol, 1 equiv) and triphenylphos-
phine (853 mg, 3.25, 1 equiv). DIAD (639 μL, 3.25 mmol, 1 equiv) was
added dropwise, and the mixture was stirred at room temperature for 5
h. The precipitate was filtered o� and washed with cyclohexane to give
the desired product as a colorless solid.More product could be obtained
by adding cyclohexane to the filtrate and stirring the mixture overnight.
The precipitate was filtered o� and washed with cyclohexane. Yield:
1.01 g, 2.31 mmol, 71%. 1H NMR (300 MHz, DMSO-d6): δ/ppm =
8.28 (s, 1H), 7.86 (s, 1H), 7.81 (s, 4H), 7.31 (s, 2H), 6.18 (d, J = 2.0Hz,
1H), 5.44 (dd, J = 6.3, 2.0 Hz, 1H), 5.18 (dd, J = 6.3, 3.7 Hz, 1H), 4.43−
4.33 (m, 1H), 3.97−3.83 (m, 2H), 1.50 (s, 3H), 1.30 (s, 3H). 13CNMR
(75 MHz, DMSO-d6): δ/ppm = 167.8, 156.1, 152.5, 148.6, 140.3,
134.5, 131.4, 123.1, 119.2, 113.5, 88.7, 83.8, 83.4, 81.8, 27.0, 25.3. FT-
IR: ν/cm−1 = 3326, 3161, 2979, 1709, 1661, 1597, 1397, 1327, 1208,
1074, 869, 798, 725. Mp: 147−150 °C. [α]D20 = +18 (10 mg/mL;
DMSO).
2-(((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-

hydrofuran-2-yl)methyl)isoindoline-1,3-dione (19). Cold trifluoro-
acetic acid (250 μL) was added to a suspension of compound 18 (40
mg, 0.09 mmol) in water (1.5 mL) at 5 °C. The mixture was stirred at 5
°Covernight.Water (5mL)was added, and themixture was lyophilized
to give the desired product as a colorless solid (35 mg, 0.09 mmol,
96%). 1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.67 (s, 1H), 8.27 (s,
1H), 7.90−7.79 (m, 4H), 5.92 (d, J = 5.3 Hz, 1H), 4.74 (t, J = 5.3 Hz,
1H), 4.24 (t, J = 4.4 Hz, 1H), 4.21−4.13 (m, 1H), 4.02−3.85 (m, 2H).
13C NMR (75 MHz, DMSO-d6): δ/ppm = 167.9, 158.5, 151.9, 148.6,
147.2, 142.0, 134.6, 131.5, 123.2, 113.0, 87.9, 81.8, 73.1, 71.5. FT-IR: ν/
cm−1 = 3318, 3120, 2944, 1679, 1395, 1188, 1127, 1029, 1000, 972,
874, 797, 738. mp: 143−147 °C. [α]D20 = +32 (10 mg/mL; DMSO).
ESI-MS: m/z [M + H]+ = 397.12 (100%), 398.06 (19.7%), 399.11
(2.5%). Calculated: 397.13 (100%), 398.13 (19.9%), 399.13 (3.3%).
Purity: 97% (HPLC,MeCN/H2O = 20:80 + 0.1%HCOOH); tR = 4.20
min.
tert-Butyl N4-(((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-N2-(tert-bu-
toxycarbonyl)-L-asparaginate (20a). To a solution of compound 12
(200mg, 0.65mmol, 1 equiv) andDIPEA (111 μL, 0.65mmol, 1 equiv)
in DMF (2 mL) was added HBTU (248 mg, 0.65 mmol, 1 equiv), and
the mixture was stirred at room temperature for 15 min. Boc-Asp-OtBu
(189 mg, 0.65 mmol, 1 equiv) was added, and the mixture was stirred
for 1 h. The solution was diluted with saturated NaHCO3 solution and
extracted with ethyl acetate (3 × 20 mL). The combined organic
extracts were dried over anhydrous Na2SO4, and the solvent was
removed under reduced pressure at 40 °C to give the desired product as
a yellowish solid (352 mg, 0.61 mmol, 93%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.39 (s, 1H), 7.86 (s, 1H), 6.27 (s, 2H), 5.80 (d, J =
4.8 Hz, 1H), 5.73 (d, J = 8.0 Hz, 1H), 5.25 (t, J = 5.7 Hz, 1H), 4.80 (dd,
J = 6.3, 2.1 Hz, 1H), 4.50−4.41 (m, 2H), 4.22−4.08 (m, 1H), 3.27−
3.17 (m, 1H), 2.96−2.89 (m, 2H), 1.60 (s, 3H), 1.45 (s, 9H), 1.37−
1.30 (m, 12H). 13C NMR (75 MHz, CDCl3): δ/ppm = 170.7, 170.6,
155.9, 155.8, 152.7, 148.9, 140.7, 120.1, 114.9, 92.8, 83.5, 82.3, 82.2,
81.6, 79.8, 51.3, 41.1, 38.4, 28.3, 28.1, 27.6, 25.4. FT-IR: ν/cm−1 =
3323, 2980, 2932, 1709, 1643, 1480, 1367, 1296, 1249, 1153, 1096,
1077, 852, 798. Mp: 85 °C (decomposition). [α]D20 = −136 (10 mg/
mL; CHCl3).
tert-Butyl N5-(((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-

dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-N2-(tert-bu-
toxycarbonyl)-L-glutaminate (20b). To a solution of compound 12
(200mg, 0.65mmol, 1 equiv) andDIPEA (111 μL, 0.65mmol, 1 equiv)
in DMF (2 mL) was added TBTU (210 mg, 0.65 mmol, 1 equiv), and
the mixture was stirred at room temperature for 40 min. Boc-Glu-OtBu
(198 mg, 0.65 mmol, 1 equiv) was added, and the mixture was stirred
for 2.5 h. The solution was diluted with saturated NaHCO3 solution
and extracted with ethyl acetate (3 × 20 mL). The combined organic
extracts were dried over anhydrous Na2SO4, and the solvent was
removed under reduced pressure at 40 °C. The residues were dissolved
in DCM (2 mL), and n-heptane (20 mL) was added. The resulting
precipitate was filtered o� and washed with n-heptane to give the
desired product as a colorless solid (322 mg, 0.54 mmol, 84%). 1H

NMR (300 MHz, CDCl3): δ/ppm = 8.33 (s, 1H), 8.18 (s, 1H), 8.13 (t,
J = 5.8 Hz, 1H), 7.36 (s, 2H), 7.10 (d, J = 7.7 Hz, 1H), 6.11 (d, J = 3.1
Hz, 1H), 5.41 (dd, J = 6.4, 3.1 Hz, 1H), 4.88 (dd, J = 6.4, 3.1 Hz, 1H),
4.22−4.14 (m, 1H), 3.83−3.72 (m, 1H), 3.37−3.32 (m, 2H), 2.25−
2.13 (m, 2H), 1.97−1.81 (m, 1H), 1.80−1.64 (m, 1H), 1.53 (s, 3H),
1.40−1.34 (m, 18H), 1.31 (s, 3H). 13C NMR (75 MHz, CDCl3): δ/
ppm = 171.7, 171.6, 156.2, 155.5, 152.7, 148.7, 140.1, 119.3, 113.5,
89.2, 84.1, 82.7, 81.7, 80.2, 78.0, 53.9, 40.8, 31.5, 28.2, 27.6, 27.0, 26.5,
25.2. FT-IR: ν/cm−1 = 3323, 3212, 2980, 2932, 1709, 1643, 1480, 1367,
1213, 1153, 1096, 852, 798. Mp: 83−86 °C. [α]D20 = −91 (10 mg/mL;
CHCl3).

tert-Butyl 4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-4-ox-
obutanoate (20c).To a solution of compound 12 (204mg, 0.67mmol,
1 equiv) and DIPEA (113 μL, 0.67 mmol, 1 equiv) in DMF (2 mL) was
added TBTU (214mg, 0.67mmol, 1 equiv), and themixture was stirred
at room temperature for 40 min. 4-(tert-Butoxy)-4-oxobutanoic acid
(116 mg, 0.67 mmol, 1 equiv) was added, and the mixture was stirred
for 2.5 h. The solution was diluted with saturated NaHCO3 solution
and extracted with ethyl acetate (3 × 20 mL). The combined organic
extracts were dried over anhydrous Na2SO4, and the solvent was
removed under reduced pressure at 40 °C to give the desired product as
a yellowish solid (300 mg, 0.65 mmol, 97%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.49 (d, J = 8.9 Hz, 1H), 8.35 (s, 1H), 7.85 (s, 1H),
6.17 (s, 2H), 5.80 (d, J = 5.0 Hz, 1H), 5.38−5.32 (m, 1H), 4.84 (dd, J =
6.2, 2.0 Hz, 1H), 4.52−4.44 (m, 1H), 4.26−4.13 (m, 1H), 3.27−3.14
(m, 1H), 2.82−2.61 (m, 2H), 2.59−2.44 (m, 2H), 1.60 (s, 3H), 1.40 (s,
9H), 1.34 (s, 3H). 13CNMR (75MHz, CDCl3): δ/ppm = 172.4, 172.3,
156.2, 152.9, 149.0, 140.6, 121.2, 114.6, 92.9, 83.7, 82.3, 81.7, 80.6,
41.1, 30.9, 30.5, 28.2, 27.7, 25.3. FT-IR: ν/cm−1 = 3326, 3186, 2980,
2926, 1722, 1642, 1598, 1367, 1332, 1151, 1095, 852, 798. Mp: 62−65
°C. [α]D20 = −164 (10 mg/mL; CHCl3).

tert-Butyl (3-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-2,2-
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)amino)-3-
oxopropyl)carbamate (20d). To a solution of compound 12 (200 mg,
0.65 mmol, 1 equiv) and DIPEA (111 μL, 0.65 mmol, 1 equiv) in DMF
(2 mL) was added TBTU (210 mg, 0.65 mmol, 1 equiv), and the
mixture was stirred at room temperature for 30 min. Boc-β-Ala-OH
(124 mg, 0.65 mmol, 1 equiv) was added, and the mixture was stirred
overnight. The solution was diluted with saturated NaHCO3 solution
and extracted with ethyl acetate (3 × 20 mL). The combined organic
extracts were dried over anhydrous Na2SO4, and the solvent was
removed under reduced pressure at 40 °C to give the desired product as
a colorless solid (298 mg, 0.62 mmol, 96%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.36 (s, 1H), 8.22 (d, J = 8.2 Hz, 1H), 7.87 (s, 1H),
6.42 (s, 2H), 5.83 (d, J = 4.5 Hz, 1H), 5.46−5.36 (m, 1H), 5.30−5.23
(m, 1H), 4.80 (dd, J = 6.3, 2.4 Hz, 1H), 4.49−4.42 (m, 1H), 4.17−4.03
(m, 1H), 3.52−3.40 (m, 2H), 3.34−3.23 (m, 1H), 2.67−2.46 (m, 2H),
1.60 (s, 3H), 1.35 (s, 9H), 1.32 (s, 3H). 13C NMR (75 MHz, CDCl3):
δ/ppm = 172.4, 156.2, 156.0, 152.8, 148.9, 140.6, 121.1, 114.9, 92.5,
83.6, 82.5, 81.5, 79.3, 41.1, 36.9, 36.3, 28.5, 27.6, 25.4. FT-IR: ν/cm−1 =
3323, 3207, 2980, 2935, 1643, 1600, 1507, 1366, 1247, 1210, 1164,
1077, 854, 750. Mp: 98−101 °C. [α]D20 = −132 (10 mg/mL; CHCl3).

N4-(((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxyte-
trahydrofuran-2-yl)methyl)-L-asparagine Trifluoroacetate Salt
(21a). Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 20a (106mg, 0.18mmol) in DCM (1.5mL) at−20 °C. The
solution was stirred at −20 °C until LC-MS analysis indicated complete
removal of Boc and ester groups. DCM (40 mL) was added, and the
solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 × 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
μL) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized. The desired product
was obtained as the trifluoroacetate salt (colorless solid, 89 mg, 0.18
mmol, quant.). 1H NMR (300 MHz, CD3OD): δ/ppm = 8.35 (s, 1H),
8.29 (s, 1H), 5.91 (d, J = 5.3 Hz, 1H), 4.64 (t, J = 5.3 Hz, 1H), 4.22−
4.12 (m, 2H), 4.08−4.00 (m, 1H), 3.61−3.40 (m, 2H), 2.94−2.76 (m,
2H). 13C NMR (75 MHz, CD3OD): δ/ppm = 171.4, 171.3, 153.2,
149.9, 147.1, 144.1, 120.8, 90.8, 85.0, 75.1, 72.8, 51.0, 42.3, 35.4. FT-IR:
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ν/cm−1 = 3087, 2981, 1664, 1507, 1423, 1323, 1186, 1129, 1069, 899,
836, 798, 721. Mp: 72 °C (decomposition). [α]D20 = −20 (10 mg/mL;
MeOH). ESI-MS: m/z [M + H]+ = 382.13 (100%), 383.12 (17.2%),
384.13 (2.1%). Calculated: 382.15 (100%), 383.15 (15.6%), 384.15
(2.7%). Purity: 95% (HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH);
tR = 3.68 min.
N5-(((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxyte-

trahydrofuran-2-yl)methyl)-L-glutamine Trifluoroacetate Salt (21b).
Cold trifluoroacetic acid (1.5 mL) was added to a solution of
compound 20b (101 mg, 0.17 mmol) in DCM (1.5 mL) at −20 °C.
The solution was stirred at −20 °C until LC-MS analysis indicated
complete removal of Boc and ester groups. DCM (40 mL) was added,
and the solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 × 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
μL) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized. The desired product
was obtained as the trifluoroacetate salt (yellowish solid, 87 mg, 0.17
mmol quant.). 1H NMR (300 MHz, CD3OD): δ/ppm = 8.36 (s, 1H),
8.30 (s, 1H), 5.91 (d, J = 5.4 Hz, 1H), 4.66−4.61 (m, 1H), 4.16−4.10
(m, 1H), 4.08−4.00 (m, 1H), 3.95−3.88 (m, 1H), 3.59−3.39 (m, 2H),
2.46−2.38 (m, 2H), 2.19−1.99 (m, 2H). 13C NMR (75 MHz,
CD3OD): δ/ppm = 174.5, 171.6, 152.8, 150.0, 146.5, 144.2, 120.9,
90.9, 85.1, 75.2, 72.9, 53.6, 42.5, 32.4, 27.2. FT-IR: ν/cm−1 = 3082,
2945, 1667, 1556, 1507, 1424, 1323, 1184, 1129, 898, 836, 797, 721.
Mp: 77−80 °C. [α]D20 = −17 (10 mg/mL; MeOH). ESI-MS: m/z [M +
H]+ = 396.15 (100%), 397.14 (18%), 398.15 (2.6%). Calculated:
396.16 (100%), 397.17 (16.7%), 398.17 (2.5%). Purity: 96% (HPLC,
MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 2.22 min.
4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihydroxytetra-

hydrofuran-2-yl)methyl)amino)-4-oxobutanoic Acid (21c). Cold
trifluoroacetic acid (1.5 mL) was added to a solution of compound
20b (50 mg, 0.11 mmol) in DCM (1.5 mL) at −20 °C. The solution
was stirred at −20 °C until LC-MS analysis indicated complete removal
of the ester group. DCM (40 mL) was added, and the solvent was
removed under reduced pressure at 40 °C. After co-distillation with
DCM (3 × 40 mL), the residues were dissolved in water (1.5 mL) and
cooled down to 5 °C. Cold trifluoroacetic acid (250 μL) was added, and
the solution was stirred at 5 °Covernight.Water (5mL) was added, and
the mixture was lyophilized to give the desired product as a colorless
solid (40 mg, 0.11 mmol, quant.). 1H NMR (300 MHz, CD3OD): δ/
ppm = 8.40−8.28 (m, 2H), 5.94 (d, J = 5.9 Hz, 1H), 4.77−4.71 (m,
1H), 4.21−4.10 (m, 2H), 3.77−3.66 (m, 1H), 3.41 (dd, J = 14.3, 4.1
Hz, 1H), 2.63−2.55 (m, 2H), 2.55−2.47 (m, 2H). 13C NMR (75MHz,
CD3OD): δ/ppm = 175.0, 174.9, 154.6, 150.1, 149.5, 143.5, 120.9,
90.8, 85.6, 74.9, 72.7, 42.1, 31.6, 30.0. FT-IR: ν/cm−1 = 3305, 3102,
2935, 1646, 1553, 1420, 1195, 1129, 1059, 834, 798, 721. Mp: 64−67
°C. [α]D20 = −64 (5 mg/mL; MeOH). ESI-MS:m/z [M +H]+ = 367.12
(100%), 368.09 (16.8%), 369.10 (2.3%). Calculated: 367.14 (100%),
368.14 (15.6%), 369.14 (2.7%). Purity: 100% (HPLC, MeCN/H2O =
20:80 + 0.1% HCOOH); tR = 4.19 min.
3-Amino-N-(((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihy-

droxytetrahydrofuran-2-yl)methyl)propanamide Trifluoroacetate
Salt (21d). Cold trifluoroacetic acid (1.5 mL) was added to a solution
of compound 20d (83 mg, 0.17 mmol) in DCM (1.5 mL) at −20 °C.
The solution was stirred at −20 °C until LC-MS analysis indicated
complete removal of Boc and ester groups. DCM (40 mL) was added,
and the solvent was removed under reduced pressure at 40 °C. After co-
distillation with DCM (3 × 40 mL), the residues were dissolved in
water (1.5 mL) and cooled down to 5 °C. Cold trifluoroacetic acid (250
μL) was added, and the solution was stirred at 5 °C overnight. Water (5
mL) was added, and the mixture was lyophilized. The desired product
was obtained as the trifluoroacetate salt (yellow resin, 78mg, 0.17mmol
quant.). 1H NMR (300MHz, CD3OD): δ/ppm = 8.44 (s, 1H), 8.38 (s,
1H), 5.99 (d, J = 5.2 Hz, 1H), 4.75−4.68 (m, 1H), 4.25−4.18 (m, 1H),
4.16−4.08 (m, 1H), 3.65−3.51 (m, 2H), 3.20−3.14 (m, 2H), 2.66−
2.58 (m, 2H). 13C NMR (75 MHz, CD3OD): δ/ppm = 171.1, 152.2,
148.7, 146.4, 142.4, 119.5, 89.5, 83.6, 73.7, 71.5, 41.0, 35.7, 31.4. FT-IR:
ν/cm−1 = 3271, 3088, 1666, 1557, 1507, 1423, 1325, 1183, 1126, 1074,
835, 798, 721. [α]D20 = −23 (10 mg/mL; MeOH). ESI-MS: m/z [M +

H]+ = 338.13 (100%), 339.12 (15.5%), 340.11 (2.0%). Calculated:
338.16 (100%), 339.16 (14.4%), 340.16 (2.1%). Purity: 95% (HPLC,
MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 4.02 min.

N-( ( (3aR ,4R ,6R ,6aR) -6- (6 -Amino-9H-pur in-9-y l ) -2 ,2 -
dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-N-methyl-2-
nitrobenzenesulfonamide (22). To a solution of 2′,3′-O-isopropyli-
denadenosine (5) (0.5 g, 1.6 mmol, 1.0 equiv) in THF (12 mL) at 0 °C
were added 2-nitro-N-methylbenzenesulfonamide (387 mg, 1.8 mmol,
1.1 equiv), PPh3 (726 mg, 2.8 mmol, 1.7 equiv), and DIAD (0.54 mL,
560 mg, 2.8 mmol, 1.7 equiv), and the mixture was stirred at rt for 24 h.
The reaction was concentrated, and the residue was recrystallized in hot
MeOH (25 mL) and further purified by column chromatography
(DCM/MeOH = 25:1) to give 22 (192 mg, 0.38 mmol, 23%) as a
yellow solid. 1HNMR (300MHz, CDCl3): δ/ppm= 8.30 (d, J = 9.0Hz,
2H), 8.17 (s, 1H), 7.92 (dd, J = 8.3, 1.4 Hz, 1H), 7.85−7.78 (m, 2H),
7.76−7.66 (m, 1H), 7.36 (s, 2H), 6.21 (d, J = 2.3 Hz, 1H), 5.45 (dd, J =
6.4, 2.3 Hz, 1H), 5.08 (dd, J = 6.4, 3.4 Hz, 1H), 4.40−4.27 (m, 1H),
3.63 (dd, J = 14.5, 5.3 Hz, 1H), 3.51−3.40 (m, 1H), 2.77 (s, 3H), 1.53
(s, 3H), 1.32 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 156.1,
152.7, 148.7, 147.8, 140.3, 134.5, 132.3, 130.4, 129.8, 124.3, 119.2,
113.6, 89.0, 84.4, 83.2, 81.8, 51.4, 35.7, 27.0, 25.2. FT-IR: ν/cm−1 =
3114, 1543, 1372, 1347, 1217, 1205, 1170, 1103, 1072, 1057, 972, 877,
854, 777, 767, 693. Mp: 230−233 °C. [α]D20 = −10 (10 mg/mL;
MeOH). Rf = 0.25 (DCM/MeOH = 20:1).

9-((3aR,4R,6R,6aR)-2,2-Dimethyl-6-((methylamino)methyl)-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-amine (23). To a
solution of 22 (172 mg, 0.34 mmol, 1.0 equiv) in MeCN (3 mL) were
added Cs2CO3 (332 mg, 1.02 mmol, 3.0 equiv) and thiophenol (0.14
mL, 1.36 mmol, 4.0 equiv), and the suspension was stirred at rt for 72 h.
By the addition of 1MNaOH (20mL), the reaction was quenched, and
the aqueous layer was extracted withDCM(3× 20mL). The combined
organic layers were dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH = 90:10 to 70:30)
to give 23 (71 mg, 0.22 mmol, 65%) as a yellow oil. 1H NMR (300
MHz, CDCl3): δ/ppm = 8.26 (s, 1H), 7.87 (s, 1H), 6.56 (s, 2H), 5.97
(d, J = 3.3 Hz, 1H), 5.42 (dd, J = 6.6, 3.2 Hz, 1H), 5.01−4.94 (m, 1H),
4.37−4.30 (m, 1H), 2.83 (d, J = 4.9 Hz, 2H), 2.37 (s, 3H), 1.55 (s, 3H),
1.32 (s, 3H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 156.0, 153.1,
149.3, 139.8, 120.3, 114.6, 90.9, 85.2, 83.5, 82.4, 53.5, 36.4, 27.3, 25.4.
FT-IR: ν/cm−1 = 3163, 2986, 1643, 1596, 1474, 1374, 1328, 1296,
1265, 1208, 1155, 1074, 866, 798, 732, 702. [α]D20 = −17 (10 mg/mL;
MeOH). Rf = 0.11 (DCM/MeOH = 10:1).

tert-Butyl (tert-Butoxycarbonyl)-L-homoserinate (24). To a
solution of Boc-Asp-OtBu (2.5 g, 8.7 mmol, 1.0 equiv) in dry THF
(100 mL) under argon atmosphere at −10 °C was added N-methyl
morpholine (0.95 mL, 875 mg, 8.7 mmol, 1.0 equiv). After 1 min, ethyl
chloroformate (0.82 mL, 938 mg, 8.7 mmol, 1.0 equiv) was added, and
the mixture was stirred for 15 min at−5 °C. Then, the precipitates were
filtered o�, and the filtrate was dropwise added to a 5 °C chilled solution
of NaBH4 (0.67 mL, 736 mg, 19.5 mmol, 2.3 equiv) in water. The
reaction was slowly warmed up to rt and was stirred at rt for 18 h. The
mixture was cooled to 5 °C and acidified to pH 2 with 3 M HCl. Then,
the aqueous phase was extracted with EtOAc (2 × 25 mL), and the
combined organic layers were washed with brine (3 × 25 mL), dried
over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(cyclohexane/EtOAc = 1:1) to give 24 (1.73 g, 6.3 mmol, 73%) as a
colorless oil. 1H NMR (300 MHz, CDCl3): δ/ppm = 5.48−5.23 (m,
1H), 4.45−4.22 (m, 1H), 3.76−3.55 (m, 2H), 3.33 (s, 1H), 2.20−2.04
(m, 1H), 1.44 (d, J = 6.4 Hz, 18H). 13C NMR (75.5 MHz, CDCl3): δ/
ppm = 172.1, 156.8, 82.4, 80.5, 58.4, 51.0, 36.7, 31.3, 28.4, 28.4, 28.1,
28.0. FT-IR: ν/cm−1 = 3377, 2979, 1715, 1505, 1456, 1392, 1367, 1251,
1154, 1054, 846. [α]D20 = −39 (10 mg/mL; MeOH). Rf = 0.40
(cyclohexane/EtOAc = 2:1).

tert-Butyl 2-((tert-Butoxycarbonyl)amino)-4-iodobutanoate (25).
To a solution of 24 (0.5 g, 1.8 mmol, 1.0 equiv) in 1,2-dce at 0 °C were
added DMAP (22 mg, 0.18 mmol, 0.1 equiv), tosyl chloride (693 mg,
3.6 mmol, 2.0 equiv), and NEt3 (1.26 mL, 9.1 mmol, 5.0 equiv). After
the mixture was stirred at rt for 4 h, the solvent was removed under
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reduced pressure at 40 °C. The obtained residue was dissolved in
EtOAc (20 mL) and washed with 1 M HCl (3 × 20 mL), saturated
NaHCO3 solution (3 × 20 mL), and brine (3 × 20 mL). The organic
layer was dried over MgSO4, filtered, and concentrated under reduced
pressure at 40 °C to give a yellow oil. To a solution of the oil in acetone
(5 mL) was added NaI (4.1 g, 27.3 mmol, 3.0 equiv), and the solution
was stirred at rt for 42 h under light exclusion. The reaction was
quenched by the addition of 10 mL of ice water and then extracted with
EtOAc (3 × 15 mL). The organic layer was washed with brine (3 × 15
mL), dried over Na2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The obtained oil was purified via column
chromatography to give 25 (462 mg, 1.2 mmol, 66%) as a brown oil.
1HNMR (300MHz, CDCl3): δ/ppm= 5.15−5.00 (m, 1H), 4.18 (d, J =
5.1 Hz, 1H), 3.25−3.07 (m, 2H), 2.44−2.28 (m, 1H), 2.18−2.07 (m,
1H), 1.46 (d, J = 8.0 Hz, 18H). 13C NMR (75.5 MHz, CDCl3): δ/ppm
= 170.7, 155.4, 82.7, 80.2, 55.1, 37.8, 28.5, 28.1, −0.4. FT-IR: ν/cm−1 =
2978, 2934, 1714, 1504, 1455, 1392, 1367, 1251, 1153, 1046, 1022, 846.
[α]D20 = −13 (10 mg/mL; MeOH). Rf = 0.61 (cyclohexane/EtOAc =
2:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(methyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26a).
To a solution of 23 (62 mg, 0.19 mmol, 1.0 equiv) in dry MeCN (1
mL) was added dropwise a solution of 25 (90 mg, 0.23 mmol, 1.2
equiv) in dry MeCN (1 mL). After stirring for 30 min, DIPEA (40 μL,
0.23 mmol, 1.2 equiv) was added, and the mixture was stirred at rt for
futher18 h. After the reaction was heated to 55 °C for 6 h, the reaction
was quenched by the addition of brine (10 mL), and the aqueous layer
was extracted with EtOAc (3 × 15 mL). The combined organic layers
were dried over anhydrous Na2SO4, filtered, and concentrated under
reduced pressure at 40 °C. The residue was purified by column
chromatography (DCM/MeOH = 30:1) to give 26a (30 mg, 0.05
mmol, 28%) as a colorless oil. 1H NMR (300 MHz, CDCl3): δ/ppm =
8.33 (s, 1H), 7.94 (s, 1H), 6.05 (d, J = 2.2 Hz, 1H), 5.95 (s, 2H), 5.59
(d, J = 8.3 Hz, 1H), 5.48−5.40 (m, 1H), 5.02−4.86 (m, 1H), 4.47−4.33
(m, 1H), 4.23−4.10 (m, 1H), 2.85−2.35 (m, 4H), 2.27 (s, 3H), 2.06−
1.70 (m, 3H), 1.60 (s, 3H), 1.46−1.32 (m, 21H). 13CNMR (75.5MHz,
CDCl3): δ/ppm= 171.6, 155.8, 155.6, 153.2, 149.4, 140.2, 120.5, 114.7,
90.9, 84.9, 84.0, 83.3, 81.9, 79.7, 59.4, 54.3, 52.9, 42.7, 29.3, 28.5, 28.1,
27.3, 25.5. FT-IR: ν/cm−1 = 2978, 1704, 1642, 1597, 1475, 1366, 1330,
1296, 1249, 1211, 1152, 1076, 909, 870, 729. [α]D20 = −12 (10 mg/mL;
MeOH). Rf = 0.41 (DCM/MeOH = 10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)(ethyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26b). To a sol-
ution of 13a (204 mg, 0.36 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added acetaldehyde (48 mg, 1.09 mmol,
61 μL, 3.0 equiv) and HOAc (31 μL, 0.54 mmol, 1.5 equiv). The
mixture was stirred at 0 °C for 30min, and thenNaBH(OAc)3 (130mg,
0.62 mmol, 1.7 equiv) was added. The reaction was slowly warmed up
to rt and was then stirred overnight. The reaction was quenched by the
addition of saturatedNaHCO3 solution (20mL), and the aqueous layer
was extracted with EtOAc (3 × 10 mL). The combined organic layers
were dried over Na2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26b as a colorless oil (71 mg, 0.12
mmol, 34%). 1HNMR (300MHz, CDCl3): δ/ppm = 8.30 (s, 1H), 7.92
(s, 1H), 6.23 (s, 2H), 6.03 (d, J = 2.1 Hz, 1H), 5.73 (d, J = 8.1 Hz, 1H),
5.52−5.41 (m, 1H), 4.95 (dd, J = 6.5, 3.4 Hz, 1H), 4.36−4.27 (m, 1H),
4.21−4.08 (m, 1H), 2.79−2.69 (m, 1H), 2.63−2.37 (m, 5H), 1.97−
1.81 (m, 1H), 1.78−1.62 (m, 1H), 1.58 (s, 3H), 1.44−1.34 (m, 21H),
1.32−1.26 (m, 2H), 0.92 (t, J = 6.7 Hz, 3H). 13C NMR (75.5 MHz,
CDCl3): δ/ppm= 171.9, 155.9, 155.6, 153.1, 149.3, 140.2, 120.4, 114.4,
91.0, 85.6, 83.9, 83.4, 81.7, 79.4, 55.6, 53.1, 50.1, 48.0, 29.8, 29.2, 28.4,
28.1, 27.2, 25.2, 11.3. FT-IR: ν/cm−1 = 2977, 1704, 1643, 1597, 1366,
1297, 1248, 1210, 1152, 1061, 909, 871, 799, 729. [α]D20 = −9 (10 mg/
mL; MeOH). Rf = 0.51 (DCM/MeOH = 10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)(propyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26c). To a sol-

ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added propionaldehyde (51 μL, 0.71
mmol, 2.0 equiv) and HOAc (30 μL, 0.53 mmol, 1.5 equiv). The
mixture was stirred at 0 °C for 30min, and thenNaBH(OAc)3 (128mg,
0.60 mmol, 1.7 equiv) was added. The reaction was slowly warmed up
to rt and was then stirred overnight. The reaction was quenched by the
addition of saturatedNaHCO3 solution (20mL), and the aqueous layer
was extracted with EtOAc (3 × 10 mL). The combined organic layers
were dried over Na2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26c as a colorless oil (129 mg, 0.21
mmol, 60%). 1HNMR (300MHz, CDCl3): δ/ppm = 8.27 (s, 1H), 7.89
(s, 1H), 6.47 (s, 2H), 6.01 (d, J = 2.1 Hz, 1H), 5.84 (d, J = 8.1 Hz, 1H),
5.52−5.43 (m, 1H), 4.94 (dd, J = 6.4, 3.3 Hz, 1H), 4.32−4.25 (m, 1H),
4.17−4.07 (m, 1H), 2.79−2.65 (m, 1H), 2.60−2.20 (m, 5H), 1.94−
1.80 (m, 1H), 1.71−1.60 (m, 1H), 1.55 (s, 3H), 1.45−1.30 (m, 21H),
0.76 (t, J = 6.8Hz, 3H). 13CNMR (75.5MHz, CDCl3): δ/ppm= 172.0,
156.0, 155.6, 153.0, 149.2, 140.1, 120.3, 114.2, 91.0, 85.6, 83.8, 83.5,
81.5, 79.3, 56.6, 56.1, 53.1, 50.8, 29.1, 28.4, 28.0, 27.2, 25.5, 19.8, 11.8.
FT-IR: ν/cm−1 = 2978, 1704, 1642, 1597, 1475, 1367, 1297, 1248,
1210, 1153, 1076, 907, 871, 799, 728. [α]D20 = −22 (10 mg/mL;
MeOH). Rf = 0.57 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(isopropyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(26d). To a 0 °C cooled solution of 12 (150 mg, 0.49 mmol, 1.0 equiv)
were added acetone (72 μL, 0.98 mmol, 2.0 equiv) and HOAc (56 μL,
0.98 mmol, 2.0 equiv). After stirring for 30 min at rt, NaBH3CN (154
mg, 2.45 mmol, 5.0 equiv) was added, and the reaction was stirred at rt
for 18 h. The solvent was removed under reduced pressure at 40 °C, and
the residue was dissolved in water (15mL). The aqueous layer was then
extracted with EtOAc (3 × 20 mL). The combined organic layers were
dried over anhydrousNa2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was utilized without further purification.
The residue (64 mg, 0.21 mmol, 1.0 equiv) was dissolved in 1,2-dce (4
mL) and was cooled to 0 °C. Compound 11a (114 mg, 0.42 mmol, 2.0
equiv) and HOAc (18 μL, 0.31 mmol, 1.5 equiv) were added, and the
mixture was stirred at 0 °C for 30 min. After the addition of
NaBH(OAc)3 (71mg, 0.33mmol, 1.6 equiv), the reaction was stirred at
rt for 18 h. By the addition of saturated NaHCO3 solution (20 mL), the
reaction was quenched. The aqueous layer was extracted with EtOAc (3
× 20 mL), and the combined organic layers were dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure at 40 °C.
The residue was purified by column chromatography (DCM/MeOH =
30:1) to give 26d (84 mg, 0.14 mmol, 66%) as a colorless oil. 1H NMR
(300 MHz, CDCl3): δ/ppm = 8.28 (s, 1H), 7.90 (s, 1H), 6.38 (s, 2H),
6.02 (d, J = 2.1 Hz, 1H), 5.84 (d, J = 8.1 Hz, 1H), 5.53−5.44 (m, 1H),
4.98 (dd, J = 6.5, 3.2 Hz, 1H), 4.33−4.21 (m, 1H), 4.18−4.03 (m, 1H),
3.00−2.83 (m, 1H), 2.77−2.63 (m, 1H), 2.58−2.33 (m, 3H), 1.99−
1.85 (m, 1H), 1.78−1.63 (m, 1H), 1.57 (s, 3H), 1.46−1.32 (m, 21H),
0.98 (d, J = 6.5 Hz, 3H), 0.77 (d, J = 6.5 Hz, 3H). 13CNMR (75.5MHz,
CDCl3): δ/ppm= 172.0, 156.0, 155.6, 153.0, 149.2, 140.3, 120.3, 114.3,
91.1, 86.4, 83.8, 83.4, 81.5, 79.3, 53.1, 52.1, 50.9, 47.1, 30.4, 29.7, 28.4,
28.0, 27.2, 25.5, 19.4, 16.2. FT-IR: ν/cm−1 = 2976, 1704, 1643, 1597,
1366, 1298, 1248, 1210, 1153, 1075, 908, 870, 799, 728. [α]D20 = −20
(10 mg/mL; MeOH). Rf = 0.45 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)(butyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26e). To a sol-
ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added butanal (51mg, 0.71mmol, 64 μL,
2.0 equiv) and HOAc (30 μL, 0.71 mmol, 1.5 equiv). The mixture was
stirred at 0 °C for 30 min, and then NaBH(OAc)3 (128 mg, 0.60 mmol,
1.7 equiv) was added. The reaction was slowly warmed up to rt and was
then stirred overnight. The reaction was quenched by the addition of
saturated NaHCO3 solution (20 mL), and the aqueous layer was
extracted with EtOAc (3 × 10 mL). The combined organic layers were
dried over Na2SO4, filtered, and concentrated under reduced pressure
at 40 °C. The residue was purified by column chromatography (DCM/
MeOH= 30:1) to give 26e as a colorless oil (155 mg, 0.25 mmol, 71%).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750−9788

9773



1HNMR (300MHz, CDCl3): δ/ppm = 8.29 (s, 1H), 7.90 (s, 1H), 6.32
(s, 2H), 6.02 (s, 1H), 5.79 (d, J = 8.0 Hz, 1H), 5.57−5.41 (m, 1H), 4.95
(dd, J = 6.5, 3.3 Hz, 1H), 4.37−4.24 (m, 1H), 4.19−4.08 (m, 1H),
2.79−2.65 (m, 1H), 2.61−2.21 (m, 5H), 1.98−1.79 (m, 1H), 1.77−
1.62 (m, 1H), 1.57 (s, 3H), 1.43−1.34 (m, 21H), 1.32−1.08 (m, 5H),
0.81 (t, J = 7.1Hz, 3H). 13CNMR (75.5MHz, CDCl3): δ/ppm= 171.9,
155.9, 155.6, 153.1, 149.2, 140.2, 120.4, 114.3, 91.0, 85.6, 83.9, 83.5,
81.6, 79.3, 56.1, 54.3, 53.1, 50.8, 29.1, 28.7, 28.4, 28.0, 27.2, 25.5, 20.5,
14.0. FT-IR: ν/cm−1 = 2978, 1704, 1642, 1597, 1475, 1367, 1330, 1297,
1248, 1210, 1153, 1076, 908, 871, 799, 728. [α]D20 = −23 (10 mg/mL;
MeOH). Rf = 0.48 (DCM/MeOH = 20:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(isobutyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26f).
To a solution of 13a (250 mg, 0.44 mmol, 1.0 equiv) in 1,2-dce (4
mL) at 0 °C under argon atmosphere were added isobutanal (49 μL,
0.53 mmol, 1.2 equiv) and HOAc (38 μL, 0.67 mmol, 1.5 equiv). The
mixture was stirred at 0 °C for 30min, and thenNaBH(OAc)3 (160mg,
0.75 mmol, 1.7 equiv) was added. The reaction was slowly warmed up
to rt and was then stirred overnight. The reaction was quenched by the
addition of saturatedNaHCO3 solution (20mL), and the aqueous layer
was extracted with EtOAc (3 × 10 mL). The combined organic layers
were dried over Na2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26f as a colorless oil (162 mg, 0.26
mmol, 59%). 1HNMR (300MHz, CDCl3): δ/ppm = 8.24 (s, 1H), 7.86
(s, 1H), 6.59 (s, 2H), 6.00 (d, J = 2.1 Hz, 1H), 5.91 (d, J = 8.0 Hz, 1H),
5.53−5.41 (m, 1H), 4.94 (dd, J = 6.5, 3.1 Hz, 1H), 4.31−4.22 (m, 1H),
4.17−3.96 (m, 1H), 2.70 (dd, J = 13.5, 7.2 Hz, 1H), 2.58−2.25 (m,
3H), 2.12−1.99 (m, 2H), 1.96−1.78 (m, 1H), 1.54 (s, 5H), 1.42−1.26
(m, 21H), 0.82 (d, J = 6.6 Hz, 3H), 0.72 (d, J = 6.6 Hz, 3H). 13C NMR
(75.5 MHz, CDCl3): δ/ppm = 172.1, 156.0, 155.6, 153.0, 149.1, 140.1,
120.2, 114.1, 91.1, 85.6, 83.7, 83.6, 81.4, 79.2, 63.7, 56.6, 53.1, 51.4,
28.8, 28.3, 28.0, 27.1, 26.3, 25.4, 20.9, 20.8. FT-IR: ν/cm−1 = 2978,
1705, 1640, 1597, 1475, 1367, 1248, 1210, 1153, 1091, 907, 872, 727.
[α]D20 = −34 (10 mg/mL; MeOH). Rf = 0.52 (DCM/MeOH = 10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(neopentyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(26g). To a solution of 13a (250 mg, 0.44 mmol, 1.0 equiv) in 1,2-dce
(4 mL) at 0 °C under argon atmosphere were added pivalaldehyde (97
μL, 0.89 mmol, 2.0 equiv) and HOAc (38 μL, 0.67 mmol, 1.5 equiv).
The mixture was stirred at 0 °C for 30 min, and then NaBH(OAc)3
(160 mg, 0.75 mmol, 1.7 equiv) was added. The reaction was slowly
warmed up to rt and was then stirred overnight. The reaction was
quenched by the addition of saturated NaHCO3 solution (20 mL), and
the aqueous layer was extracted with EtOAc (3 × 10 mL). The
combined organic layers were dried over Na2SO4, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH = 30:1) to give
26g as a colorless oil (97 mg, 0.15 mmol, 35%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.29 (s, 1H), 7.88 (s, 1H), 6.27 (s, 2H), 6.02 (d, J =
2.2 Hz, 1H), 5.57 (d, J = 7.1 Hz, 1H), 5.47 (d, J = 6.3 Hz, 1H), 5.04−
4.95 (m, 1H), 4.39−4.26 (m, 1H), 4.16−4.02 (m, 1H), 2.85−2.72 (m,
1H), 2.70−2.53 (m, 2H), 2.51−2.40 (m, 1H), 2.20−2.11 (m, 2H),
1.95−1.80 (m, 1H), 1.57 (s, 4H), 1.48−1.31 (m, 21H), 0.80 (s, 9H).
13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.9, 155.9, 155.5, 153.1,
149.3, 140.1, 120.4, 114.3, 91.0, 85.9, 83.9, 83.5, 81.7, 79.4, 68.4, 58.4,
53.2, 53.1, 29.5, 28.4, 28.3, 28.0, 27.3, 25.5. FT-IR: ν/cm−1 = 2977,
1705, 1643, 1598, 1478, 1366, 1248, 1209, 1152, 1075, 909, 871, 730.
[α]D20 = −16 (10 mg/mL; MeOH). Rf = 0.55 (DCM/MeOH = 10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(cyclopropylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-
butanoate (26h). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclopropanecarbaldehyde (75 μL, 0.71 mmol, 2.0 equiv) and HOAc
(30 μL, 0.53 mmol, 1.5 equiv). The mixture was stirred at 0 °C for 30
min, and then NaBH(OAc)3 (128 mg, 0.60 mmol, 1.7 equiv) was
added. The reaction was slowly warmed up to rt and was then stirred

overnight. The reaction was quenched by the addition of saturated
NaHCO3 solution (20 mL), and the aqueous layer was extracted with
EtOAc (3 × 10 mL). The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure at 40 °C.
The residue was purified by column chromatography (DCM/MeOH =
30:1) to give 26h (123mg, 0.20 mmol, 57%) as a colorless oil. 1HNMR
(300 MHz, CDCl3): δ/ppm = 8.25 (s, 1H), 7.89 (s, 1H), 6.53 (s, 2H),
6.01 (d, J = 2.1 Hz, 1H), 5.94 (d, J = 8.0 Hz, 1H), 5.53−5.40 (m, 1H),
4.95 (dd, J = 6.4, 3.3 Hz, 1H), 4.37−4.24 (m, 1H), 4.13 (dd, J = 7.6, 3.0
Hz, 1H), 2.81 (dd, J = 13.5, 6.7 Hz, 1H), 2.68−2.41 (m, 3H), 2.27 (d, J
= 6.5 Hz, 2H), 1.96−1.78 (m, 1H), 1.78−1.59 (m, 1H), 1.54 (s, 3H),
1.39−1.28 (m, 21H), 0.83−0.66 (m, 1H), 0.37 (dd, J = 8.0, 3.6 Hz,
2H), 0.06−0.10 (m, 2H). 13C NMR (75.5 MHz, CDCl3): δ/ppm =
171.9, 156.0, 155.6, 153.0, 149.1, 140.0, 120.2, 114.2, 90.9, 85.4, 83.8,
83.4, 81.5, 79.2, 59.3, 56.0, 53.1, 50.6, 29.0, 28.4, 28.2, 28.0, 27.1, 25.5,
8.3, 4.2, 3.7. FT-IR: ν/cm−1 = 2980, 1704, 1640, 1367, 1248, 1211,
1153, 1091, 1077, 907, 871, 727. [α]D20 = −17 (10 mg/mL; MeOH). Rf
= 0.50 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydro-furo[3,4-d][1,3]dioxol-4-yl)-methyl)-
(cyclobutylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-
butanoate (26i). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclobutancarbaldehyde (64 μL, 0.71 mmol, 2.0 equiv) and HOAc (30
μL, 0.53 mmol, 1.5 equiv) The mixture was stirred at 0 °C for 30 min,
and then NaBH(OAc)3 (128 mg, 0.60 mmol, 1.7 equiv) was added.
The reaction was slowly warmed up to rt and was then stirred overnight.
The reaction was quenched by the addition of saturated NaHCO3
solution (20mL), and the aqueous layer was extracted with EtOAc (3×
10 mL). The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH= 30:1) to give 26i
(97 mg, 0.15 mmol, 43%) as a colorless oil. 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.29 (s, 1H), 7.89 (s, 1H), 6.38 (s, 2H), 6.02 (d, J =
2.1 Hz, 1H), 5.90 (d, J = 8.0 Hz, 1H), 5.56−5.43 (m, 1H), 4.93 (dd, J =
6.4, 3.2 Hz, 1H), 4.29 (td, J = 6.9, 3.2 Hz, 1H), 4.17−4.06 (m, 1H), 2.70
(dd, J = 13.5, 7.0 Hz, 1H), 2.59−2.26 (m, 6H), 2.07−1.60 (m, 7H),
1.57 (s, 3H), 1.53−1.46 (m, 1H), 1.45−1.29 (m, 21H). 13CNMR (75.5
MHz, CDCl3): δ/ppm = 172.0, 156.0, 155.6, 153.1, 149.2, 140.2, 120.3,
114.2, 91.1, 85.6, 83.8, 83.5, 81.5, 79.2, 61.0, 56.2, 53.2, 51.1, 33.4, 28.6,
28.4, 28.0, 27.4, 27.2, 27.1, 25.5, 18.7. FT-IR: ν/cm−1 = 2975, 1705,
1644, 1598, 1366, 1297, 1248, 1209, 1152, 1075, 1029, 871, 799. [α]D20
= −28 (10 mg/mL; MeOH). Rf = 0.50 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(cyclopentylmethyl)amino)-2-((tert-butoxycarbonyl)amino)-
butanoate (26j). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclopentanecarbaldehyde (76 μL, 0.71 mmol, 2.0 equiv) and HOAc
(30 μL, 0.53 mmol, 1.5 equiv). The mixture was stirred at 0 °C for 30
min and thenNaBH(OAc)3 (128mg, 0.60mmol, 1.7 equiv) was added.
The reaction was slowly warmed up to rt and was then stirred overnight.
The reaction was quenched by the addition of saturated NaHCO3
solution (20mL), and the aqueous layer was extracted with EtOAc (3×
10 mL). The combined organic layers were dried over Na2SO4, filtered,
and concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH= 30:1) to give 26j
as a colorless oil (67 mg, 0.10 mmol, 29%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.25 (s, 1H), 7.85 (s, 1H), 6.13 (s, 2H), 5.99 (d, J =
2.1 Hz, 1H), 5.88 (d, J = 8.0 Hz, 1H), 5.53−5.39 (m, 1H), 4.94 (dd, J =
6.4, 3.2 Hz, 1H), 4.36−4.22 (m, 1H), 4.14−4.03 (m, 1H), 2.81−2.63
(m, 1H), 2.62−2.12 (m, 5H), 1.94−1.62 (m, 5H), 1.57 (s, 3H), 1.49−
1.40 (m, 4H), 1.39−1.32 (m, 21H), 1.16−0.91 (m, 2H). 13C NMR
(75.5 MHz, CDCl3): δ/ppm = 172.0, 155.9, 155.7, 153.1, 149.2, 140.3,
120.4, 114.3, 91.2, 85.7, 83.9, 83.7, 81.5, 79.3, 60.8, 56.3, 53.4, 51.4,
37.7, 31.3, 31.2, 28.7, 28.5, 28.1, 27.2, 25.5, 25.3, 25.2. FT-IR: ν/cm−1 =
2950, 1705, 1643, 1598, 1366, 1297, 1248, 1209, 1153, 1075, 909, 871,
799, 730, 682. [α]D20 = −30 (10 mg/mL; MeOH). Rf = 0.53 (DCM/
MeOH = 10:1).
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tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)-
(cyclohexylmethyl)amino)-2-((tert-butoxycarbonyl)-amino)-
butanoate (26k). To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv)
in 1,2-dce (4 mL) at 0 °C under argon atmosphere were added
cyclohexanecarbaldehyde (51 μL, 0.43 mmol, 1.2 equiv) and HOAc
(30 μL, 0.53 mmol, 1.5 equiv). The mixture was stirred at 0 °C for 30
min, and then NaBH(OAc)3 (128 mg, 0.60 mmol, 1.7 equiv) was
added. The reaction was slowly warmed up to rt and was then stirred
overnight. The reaction was quenched by the addition of saturated
NaHCO3 solution (20 mL), and the aqueous layer was extracted with
EtOAc (3 × 10 mL). The combined organic layers were dried over
Na2SO4, filtered, and concentrated under reduced pressure at 40 °C.
The residue was purified by column chromatography (DCM/MeOH =
30:1) to give 26k (207mg, 0.31 mmol, 89%) as a colorless oil. 1HNMR
(300 MHz, CDCl3): δ/ppm = 8.26 (s, 1H), 7.87 (s, 1H), 6.55 (s, 2H),
6.00 (d, J = 1.4 Hz, 1H), 5.91 (d, J = 8.0 Hz, 1H), 5.46 (d, J = 6.4 Hz,
1H), 4.94 (d, J = 3.3 Hz, 1H), 4.34−4.22 (m, 1H), 4.16−4.04 (m, 1H),
2.76−2.64 (m, 1H), 2.60−2.40 (m, 2H), 2.40−2.24 (m, 1H), 2.20−
1.98 (m, 2H), 1.93−1.70 (m, 2H), 1.69−1.48 (m, 7H), 1.42−1.30 (m,
21H), 1.30−1.12 (m, 3H), 1.10−0.99 (m, 2H), 0.80−0.62 (m, 2H).
13C NMR (75.5 MHz, CDCl3): δ/ppm = 172.0, 156.0, 155.6, 153.0,
149.1, 140.1, 120.3, 114.1, 91.1, 85.6, 83.8, 83.6, 81.4, 79.2, 62.3, 56.7,
53.2, 51.6, 35.7, 31.7, 31.6, 28.9, 28.4, 28.0, 27.1, 26.7, 26.1, 26.0, 25.4.
FT-IR: ν/cm−1 = 2926, 1705, 1640, 1597, 1476, 1367, 1330, 1211,
1153, 1076, 907, 871, 799, 727. [α]D20 = −22 (10 mg/mL; MeOH). Rf =
0.59 (DCM/MeOH = 10:1).
tert-Butyl (S)-4-(Allyl(((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-

yl)-2,2-dimethyltetrahydro-furo[3,4-d][1,3]dioxol-4-yl)methyl)-
amino)-2-((tert-butoxycarbonyl)-amino)butanoate (26l). To a sol-
ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4 mL) were
added allyl bromide (30 μL, 0.39 mmol, 1.1 equiv) and DIPEA (66 μL,
0.39 mmol, 1.1 equiv), and the mixture was stirred at rt overnight. The
reaction was quenched by the addition of brine (20 mL), and the
aqueous layer was extracted with EtOAc (3 × 10 mL). The combined
organic layers were dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH= 30:1) to give 26l
as a colorless oil (117 mg, 0.19 mmol, 55%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.29 (s, 1H), 7.90 (s, 1H), 6.44−6.18 (m, 2H), 6.03
(d, J = 2.2 Hz, 1H), 5.81−5.60 (m, 2H), 5.48−5.42 (m, 1H), 5.09−4.98
(m, 2H), 4.97−4.90 (m, 1H), 4.38−4.27 (m, 1H), 4.19−4.09 (m, 1H),
3.18−3.08 (m, 1H), 3.05−2.95 (m, 1H), 2.80−2.67 (m, 1H), 2.64−
2.38 (m, 3H), 1.98−1.82 (m, 1H), 1.79−1.62 (m, 1H), 1.58 (s, 3H),
1.46−1.32 (m, 21H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.8,
155.9, 155.6, 153.1, 149.3, 140.1, 134.8, 120.4, 118.2, 114.4, 90.8, 85.5,
83.9, 83.4, 81.7, 79.4, 57.6, 55.7, 52.9, 50.4, 29.3, 28.4, 28.1, 27.2, 25.5.
FT-IR: ν/cm−1 = 2979, 1705, 1642, 1597, 1476, 1366, 1330, 1297,
1248, 1210, 1152, 1075, 911, 871, 799, 730. [α]D20 = −15 (10 mg/mL;
MeOH). Rf = 0.56 (DCMMeOH = 10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)(prop-2-
yn-1-yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26m).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added propargyl bromide (58 mg, 0.49 mmol, 37 μL, 1.1
equiv) and DIPEA (66 μL, 0.39 mmol, 1.1 equiv), and the mixture was
stirred at rt overnight. The reaction was quenched by the addition of
brine (20mL), and the aqueous layer was extracted with EtOAc (3× 10
mL). The combined organic layers were dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure at 40 °C. The residue
was purified by column chromatography (DCM/MeOH = 30:1) to
give 26m as a colorless oil (155 mg, 0.26 mmol, 74%). 1H NMR (300
MHz, CDCl3): δ/ppm = 8.27 (s, 1H), 7.92 (s, 1H), 6.48 (s, 2H), 6.03
(d, J = 2.2 Hz, 1H), 5.68 (d, J = 8.2 Hz, 1H), 5.48−5.40 (m, 1H), 4.99−
4.85 (m, 1H), 4.36−4.25 (m, 1H), 4.22−4.13 (m, 1H), 3.36 (t, J = 2.4
Hz, 2H), 2.81−2.60 (m, 2H), 2.52 (t, J = 6.8 Hz, 2H), 2.07 (s, 1H),
1.95−1.80 (m, 1H), 1.80−1.64 (m, 1H), 1.55 (s, 3H), 1.42−1.30 (m,
21H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.8, 155.9, 155.5,
153.0, 149.2, 140.0, 120.3, 114.4, 90.8, 85.5, 83.9, 83.1, 81.7, 79.5, 77.9,
73.5, 55.3, 52.7, 50.2, 42.6, 29.8, 28.4, 28.0, 27.1, 25.4. FT-IR: ν/cm−1 =

2980, 1704, 1640, 1597, 1367, 1329, 1297, 1248, 1211, 1153, 1075, 908,
871, 728. [α]D20 = −13 (10 mg/mL; MeOH). Rf = 0.68 (DCM/MeOH
= 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)(but-2-
yn-1-yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26n).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added 1-bromo-2-butyne (43 μL, 0.49 mmol, 1.4 equiv) and
DIPEA (66 μL, 0.49), and the mixture was stirred at rt overnight. The
reaction was quenched by the addition of brine (20 mL), and the
aqueous layer was extracted with EtOAc (3 × 10 mL). The combined
organic layers were dried over anhydrous Na2SO4, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH = 30:1) to give
26n as a colorless solid (128 mg, 0.21 mmol, 60%). 1H NMR (300
MHz, CDCl3): δ/ppm = 8.31 (s, 1H), 7.96 (s, 1H), 6.32 (s, 2H), 6.05
(d, J = 2.2 Hz, 1H), 5.63 (d, J = 8.2 Hz, 1H), 5.45 (d, J = 6.4 Hz, 1H),
4.99−4.86 (m, 1H), 4.43−4.30 (m, 1H), 4.23−4.12 (m, 1H), 3.38−
3.30 (m, 2H), 2.90−2.62 (m, 2H), 2.60−2.49 (m, 2H), 2.03−1.75 (m,
2H), 1.58 (s, 3H), 1.45−1.35 (m, 21H), 1.22 (s, 3H). 13C NMR (75.5
MHz, CDCl3): δ/ppm = 171.8, 155.8, 155.6, 152.9, 149.3, 140.1, 120.3,
114.5, 90.9, 85.4, 84.0, 83.2, 81.7, 79.5, 77.4, 72.8, 55.5, 52.8, 50.3, 42.9,
29.7, 28.0, 27.2, 25.5, 3.4. FT-IR: ν/cm−1 = 2929, 1705, 1642, 1597,
1367, 1329, 1296, 1248, 1210, 1153, 1077, 908, 871, 799, 729. Mp: 83−
86 °C. [α]D20 = −10 (10 mg/mL; MeOH). Rf = 0.49 (DCM/MeOH =
10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro-[3,4-d][1,3]dioxol-4-yl)methyl)(pent-2-
yn-1-yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26o).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL)were added 1-bromo-2-pentyne (50 μL, 0.49mmol, 1.4 equiv) and
DIPEA (66 μL, 0.39 mmol, 1.1 equiv), and the mixture was stirred at rt
overnight. The reaction was quenched by the addition of brine (20
mL), and the aqueous layer was extracted with EtOAc (3 × 10 mL).
The combined organic layers were dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure at 40 °C. The residue
was purified by column chromatography (DCM/MeOH = 30:1) to
give 26o (115 mg, 0.18 mmol, 51%) as a colorless solid. 1H NMR (300
MHz, CDCl3): δ/ppm = 8.33 (s, 1H), 7.97 (s, 1H), 6.10 (s, 2H), 6.06
(d, J = 2.2 Hz, 1H), 5.58 (d, J = 8.2 Hz, 1H), 5.49−5.40 (m, 1H), 5.01−
4.82 (m, 1H), 4.41−4.31 (m, 1H), 4.25−4.13 (m, 1H), 3.44−3.31 (m,
2H), 2.88−2.63 (m, 2H), 2.59−2.51 (m, 2H), 2.11 (qt, J = 7.5, 2.1 Hz,
2H), 2.01−1.71 (m, 2H), 1.59 (s, 3H), 1.47−1.29 (m, 21H), 1.06 (t, J =
7.5 Hz, 3H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.8, 155.7,
155.6, 153.1, 149.4, 140.1, 120.4, 114.5, 90.9, 87.5, 85.4, 84.0, 83.2,
81.8, 79.6, 72.9, 55.5, 52.9, 50.3, 42.9, 29.7, 28.5, 28.1, 27.3, 25.5, 14.3,
12.4. FT-IR: ν/cm−1 = 2926, 1705, 1642, 1366, 1247, 1210, 1153, 1080,
1028, 908, 871, 848, 730. Mp: 51−54 °C. [α]D20 = −11 (10 mg/mL;
MeOH). Rf = 0.46 (DCM/MeOH = 10:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro[-3,4-d][1,3]dioxol-4-yl)methyl)(but-3-
yn-1-yl)amino)-2-((tert-butoxycarbonyl)amino)butanoate (26p).
To a solution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in DMF (4
mL) were added 4-bromo-1-butyne (46 μL, 0.49 mmol, 1.4 equiv) and
DIPEA (66 μL, 0.39 mmol, 1.1 equiv), and the mixture was stirred at rt
overnight. After the reaction was heated to 95 °C for 3 days, the reaction
was quenched by the addition of brine (20 mL). The aqueous layer was
extracted with EtOAc (3 × 10 mL). The combined organic layers were
dried over anhydrousNa2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26p (30 mg, 0.05 mmol, 14%) as a
colorless solid. 1H NMR (300 MHz, CDCl3): δ/ppm = 8.35 (s, 1H),
7.93 (s, 1H), 6.05 (d, J = 2.2 Hz, 1H), 5.84 (s, 2H), 5.57−5.45 (m, 2H),
5.04−4.98 (m, 1H), 4.40−4.32 (m, 1H), 4.22−4.13 (m, 1H), 2.89−
2.47 (m, 6H), 2.29 (td, J = 7.3, 2.7 Hz, 2H), 1.94 (s, 1H), 1.85−1.67 (m,
2H), 1.61 (s, 3H), 1.48−1.37 (m, 21H). 13C NMR (75.5 MHz,
CDCl3): δ/ppm= 171.8, 155.6, 153.1, 149.3, 140.5, 124.9, 120.5, 114.6,
91.1, 85.5, 83.9, 83.4, 82.5, 81.9, 79.7, 69.6, 55.8, 53.1, 52.8, 50.7, 29.8,
28.5, 28.1, 27.3, 25.5, 16.7. FT-IR: ν/cm−1 = 2976, 2928, 1709, 1643,
1598, 1476, 1366, 1330, 1297, 1248, 1210, 1153, 1079, 871.Mp: 64−67
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°C. [α]D20 = −21 (10 mg/mL; MeOH). Rf = 0.55 (DCM/MeOH =
10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(benzyl)-
amino)-2-((tert-butoxycarbonyl)amino)butanoate (26q). To a sol-
ution of 13a (200 mg, 0.35 mmol, 1.0 equiv) in 1,2-dce (4 mL) at 0 °C
under argon atmosphere were added benzaldehyde (72 μL, 0.71 mmol,
2.0 equiv) and HOAc (30 μL, 0.53 mmol, 1.5 equiv). The mixture was
stirred at 0 °C for 30 min, and then NaBH(OAc)3 (128 mg, 0.60 mmol,
1.7 equiv) was added. The reaction was slowly warmed up to rt and was
then stirred overnight. The reaction was quenched by the addition of
saturated NaHCO3 solution (20 mL), and the aqueous layer was
extracted with EtOAc (3 × 10 mL). The combined organic layers were
dried over Na2SO4, filtered, and concentrated under reduced pressure
at 40 °C. The residue was purified by column chromatography (DCM/
MeOH= 30:1) to give 26q as a colorless oil (142mg, 0.23mmol, 63%).
1H NMR (300 MHz, CDCl3): δ/ppm = 8.19 (s, 1H), 7.82 (s, 1H),
7.24−7.15 (m, 5H), 6.24 (s, 2H), 6.01 (d, J = 2.1 Hz, 1H), 5.67 (d, J =
8.1 Hz, 1H), 5.33 (d, J = 5.9 Hz, 1H), 4.84 (dd, J = 6.4, 3.4 Hz, 1H),
4.41−4.29 (m, 1H), 4.22−4.09 (m, 1H), 3.69 (d, J = 13.5 Hz, 1H), 3.44
(d, J = 13.5 Hz, 1H), 2.82−2.70 (m, 1H), 2.66−2.42 (m, 3H), 2.03−
1.89 (m, 1H), 1.84−1.69 (m, 1H), 1.57 (s, 3H), 1.45−1.31 (m, 21H).
13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.8, 155.8, 155.5, 153.1,
149.2, 139.9, 138.3, 129.1, 128.3, 127.3, 120.3, 114.4, 90.8, 85.3, 83.9,
83.5, 81.7, 79.4, 59.0, 55.7, 53.0, 50.8, 29.3, 28.5, 28.0, 27.2, 25.5. FT-
IR: ν/cm−1 = 2979, 1704, 1642, 1597, 1367, 1247, 1209, 1152, 1074,
908, 870, 728, 699. [α]D20 = −14 (10 mg/mL; MeOH). Rf = 0.66
(DCM/MeOH = 10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)-
(phenethyl)amino)-2-((tert-butoxycarbonyl)amino)butanoate
(26r).To a solution of 13a (250mg, 0.44mmol, 1.0 equiv) in 1,2-dce (4
mL) at 0 °C under argon atmosphere were added phenylacetaldehyde
(103 μL, 0.89 mmol, 2.0 equiv) and HOAc (38 μL, 0.67 mmol, 1.5
equiv). The mixture was stirred at 0 °C for 30 min, and then
NaBH(OAc)3 (160 mg, 0.75 mmol, 1.7 equiv) was added. The reaction
was slowly warmed up to rt and was then stirred overnight. The reaction
was quenched by the addition of saturated NaHCO3 solution (20 mL),
and the aqueous layer was extracted with EtOAc (3 × 10 mL). The
combined organic layers were dried over Na2SO4, filtered, and
concentrated under reduced pressure at 40 °C. The residue was
purified by column chromatography (DCM/MeOH= 30:1) to give 26r
as a colorless oil (140 mg, 0.21 mmol, 48%). 1H NMR (300 MHz,
CDCl3): δ/ppm = 8.30 (s, 1H), 7.87 (s, 1H), 7.24−7.01 (m, 5H), 6.52
(s, 2H), 6.03 (d, J = 2.1 Hz, 1H), 5.74 (d, J = 8.1 Hz, 1H), 5.52−5.42
(m, 1H), 4.95 (dd, J = 6.5, 3.4 Hz, 1H), 4.39−4.28 (m, 1H), 4.16−4.06
(m, 1H), 2.94−2.78 (m, 1H), 2.77−2.47 (m, 7H), 2.04−1.86 (m, 1H),
1.83−1.66 (m, 1H), 1.58 (s, 3H), 1.46−1.32 (m, 21H). 13CNMR (75.5
MHz, CDCl3): δ/ppm = 171.8, 155.9, 155.5, 152.9, 149.1, 140.1, 139.9,
128.6, 128.4, 126.0, 120.2, 114.3, 90.9, 85.5, 83.7, 83.3, 81.6, 79.4, 56.2,
55.8, 52.8, 50.6, 33.0, 29.2, 28.0, 27.9, 27.1, 25.4. FT-IR: ν/cm−1 =
2978, 1704, 1642, 1598, 1367, 1248, 1209, 1152, 1075, 909, 870, 729,
700. [α]D20 = −14 (10 mg/mL; MeOH). Rf = 0.50 (DCM/MeOH =
10:1).
tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-

2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((R)/(S)-
but-3-yn-2-yl)amino)-2-((tert-butoxycarbonyl)-amino)butanoate
(26s). To a solution of 13a (200 mg, 0.35 mmol, 1.1 equiv) in DMF (4
mL) were added 3-bromo-1-butyne (32 μL, 0.35 mmol, 1.0 equiv),
DIPEA (66 μL, 0.39mmol, 1.1 equiv), andCuBr (7mg, 0.035mmol, 10
mol %), and the mixture was stirred at rt overnight. The reaction was
quenched by the addition of brine (20 mL), and the aqueous layer was
extracted with EtOAc (3 × 10 mL). The combined organic layers were
dried over anhydrousNa2SO4, filtered, and concentrated under reduced
pressure at 40 °C. The residue was purified by column chromatography
(DCM/MeOH = 30:1) to give 26s (107 mg, 0.17 mmol, 49%) as a
colorless solid. The diastereomers were separated by semipreparative
HPLC (reversed phase C18, MeCN/H2O = 25:75 + 0.1% TFA, tR(26s-
B) = 24 min, tR(26s-A) = 26 min) and directly used in the next step
without further characterization. 1H NMR (300 MHz, CDCl3): δ/ppm

= 8.29 (s, 2H), 7.68 (s, 2H), 6.15 (dd, J = 4.8, 2.2 Hz, 1H), 5.44 (s, 1H),
5.25 (td, J = 6.4, 2.1 Hz, 1H), 4.97 (q, J = 4.9 Hz, 1H), 4.67−4.50 (m,
1H), 4.24 (d, J = 21.4 Hz, 1H), 4.12−4.00 (m, 1H), 3.55−2.79 (m,
4H), 2.63−2.41 (m, 1H), 2.25−2.04 (m, 1H), 1.99−1.79 (m, 1H), 1.60
(s, 3H), 1.48 (dd, J = 20.0, 6.7 Hz, 3H), 1.44−1.31 (m, 21H). 13CNMR
(75.5 MHz, CDCl3): δ/ppm = 170.6, 155.7, 152.2, 148.1, 145.0, 142.7,
120.1, 115.9, 90.7, 84.3, 83.9, 82.6, 82.4, 82.3, 80.2, 78.2, 53.6, 52.4,
50.8, 48.9, 28.3, 28.2, 27.9, 27.1, 25.4, 18.0. FT-IR: ν/cm−1 = 2982,
1695, 1505, 1456, 1427, 1369, 1181, 1140, 1082, 911, 832, 799, 722.
Mp: 80−83 °C. [α]D20 = +3 (10 mg/mL; CDCl3). Rf = 0.69 (DCM/
MeOH = 9:1).

tert-Butyl (S)-4-((((3aR,4R,6R,6aR)-6-(6-Amino-9H-purin-9-yl)-
2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)(2-meth-
ylbut-3-yn-2-yl)amino)-2-((tert-butoxycarbonyl) amino)butanoate
(26t). To a solution of 13a (150 mg, 0.27 mmol, 1.0 equiv) in DMF (4
mL) were added 3-chlor-3-methyl-1-butyne (33 μL, 0.29 mmol, 1.1
equiv), DIPEA (50 μL, 0.29 mmol, 1.1 equiv), and CuBr (38 mg, 0.27
mmol, 1.0 equiv), and themixture was stirred at rt for 48 h. The reaction
was quenched by the addition of brine (20 mL), and the aqueous layer
was extracted with EtOAc (3 × 10 mL). The combined organic layers
were dried over anhydrous Na2SO4, filtered, and concentrated under
reduced pressure at 40 °C. The residue was purified by column
chromatography (DCM/MeOH = 30:1) to give 26t (69 mg, 0.11
mmol, 41%) as a colorless oil. 1H NMR (300 MHz, CDCl3): δ/ppm =
8.30 (s, 1H), 7.91 (s, 1H), 6.27 (s, 2H), 6.08−5.98 (m, 1H), 5.52−5.41
(m, 1H), 5.36 (d, J = 8.0 Hz, 1H), 5.00 (dd, J = 6.6, 3.4 Hz, 1H), 4.31
(td, J = 6.6, 3.4 Hz, 1H), 4.14−3.97 (m, 1H), 2.97 (dd, J = 14.1, 6.7 Hz,
1H), 2.70 (ddd, J = 16.7, 11.0, 6.7 Hz, 3H), 2.13 (s, 1H), 2.06−1.87 (m,
1H), 1.82−1.69 (m, 1H), 1.57 (s, 3H), 1.38 (d, J = 11.3 Hz, 24H), 1.25
(s, 3H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.9, 155.8, 155.5,
152.9, 149.3, 140.4, 120.5, 114.4, 91.0, 87.2, 86.9, 84.0, 83.2, 81.8, 79.6,
70.8, 55.0, 53.7, 52.9, 48.3, 32.4, 29.1, 28.8, 28.4, 28.0, 27.3, 25.6. FT-
IR: ν/cm−1 = 3307, 2980, 2935, 1705, 1644, 1598, 1477, 1367, 1249,
1211, 1155, 1094, 871, 755. [α]D20 = +6 (10 mg/mL; CHCl3). Rf = 0.50
(DCM/MeOH = 9:1).

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(methyl)amino)butanoic Acid
Trifluoroacetate Salt (27a). To a solution of 26a (21 mg, 0.04 mmol)
in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O (200
μL). The solution was kept at 5 °C for 3 d. After the reaction was diluted
and co-distilled with DCM (3 × 20 mL), the residue was once more
dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27a (20 mg, 0,04 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.50 (s,
1H), 8.26 (s, 1H), 6.11 (d, J = 5.4Hz, 1H), 4.74 (t, J = 5.4Hz, 1H), 4.53
(d, J = 10.9 Hz, 1H), 4.31 (t, J = 4.4 Hz, 1H), 4.04 (dd, J = 9.2, 3.6 Hz,
1H), 3.77 (t, J = 12.1 Hz, 1H), 3.62−3.50 (m, 2H), 3.49−3.38 (m, 1H),
2.93 (s, 3H), 2.48−2.30 (m, 1H), 2.24−2.08 (m, 1H). 13C NMR (75.5
MHz, CD3OD): δ/ppm= 171.3, 153.3, 149.8, 147.3, 144.0, 120.4, 90.5,
80.3, 74.9, 73.4, 59.4, 56.1, 53.3, 39.7, 26.1. FT-IR: ν/cm−1 = 3093,
1668, 1507, 1425, 1325, 1196, 1129, 835, 799, 722. Mp: 86−89 °C.
[α]D20 = +14 (6 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 382.2
(100%), 383.1 (18.7%), 384.1 (2.5%). Calculated: 382.2 (100%), 383.2
(16.2%), 384.2 (1.2%). Purity: 99% (HPLC, MeCN/H2O = 20:80 +
0.1% HCOOH); tR = 1.89 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(ethyl)amino)butanoic Acid
Trifluoroacetate Salt (27b). To a solution of 26b (66 mg, 0.11
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27b (69 mg, 0.11 mmol, 99%, 2.0 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.35 (s,
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1H), 8.25 (s, 1H), 6.01 (d, J = 4.2 Hz, 1H), 4.61 (t, J = 4.7 Hz, 1H),
4.43−4.24 (m, 2H), 3.94 (dd, J = 8.2, 4.5 Hz, 1H), 3.70−3.46 (m, 2H),
3.46−3.10 (m, 4H), 2.39−2.19 (m, 1H), 2.19−2.03 (m, 1H), 1.20 (t, J
= 7.2 Hz, 3H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 170.7, 151.5,
148.3, 145.2, 142.9, 119.4, 90.2, 78.8, 73.4, 72.0, 54.5, 51.2, 50.2, 24.6,
7.2. FT-IR: ν/cm−1 = 2471, 2074, 1663, 1506, 1424, 1183, 1128, 973,
833, 799, 721. Mp: 80−83 °C. [α]D20 = +18 (10 mg/mL; MeOH). ESI-
MS: m/z [M + H]+ = 396.2 (100%), 397.2 (20.1%), 398.2 (2.5%).
Calculated: 396.2 (100%), 397.2 (17.3%), 398.2 (1.4%). Purity: 99%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 2.82 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(propyl)amino)butanoic Acid
Trifluoroacetate Salt (27c). To a solution of 26c (121 mg, 0.20 mmol)
in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O (200
μL). The solution was kept at 5 °C for 3 d. After the reaction was diluted
and co-distilled with DCM (3 × 20 mL), the residue was once more
dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27c (106 mg, 0.20 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.19 (s,
1H), 8.13 (s, 1H), 5.85 (d, J = 4.0 Hz, 1H), 4.45 (t, J = 4.5 Hz, 1H),
4.26−4.12 (m, 2H), 3.78 (dd, J = 7.8, 5.0 Hz, 1H), 3.54−3.11 (m, 4H),
3.05−2.84 (m, 2H), 2.25−2.07 (m, 1H), 2.05−1.91 (m, 1H), 1.47 (dt, J
= 9.3, 7.0 Hz, 2H), 0.68 (t, J = 7.3 Hz, 3H). 13C NMR (75.5 MHz,
CD3OD): δ/ppm = 171.6, 152.5, 149.6, 146.0, 144.4, 120.9, 91.9, 80.0,
74.7, 73.4, 56.4, 56.2, 52.1, 51.8, 25.9, 17.9, 11.0. FT-IR: ν/cm−1 =
2979, 2473, 2074, 1662, 1506, 1425, 1183, 1130, 973, 834, 798, 721.
Mp: 64−67 °C. [α]D20 = +21 (10 mg/mL; MeOH). ESI-MS: m/z [M +
H]+ = 410.2 (100%), 411.2 (24.5%), 412.2 (3.6%). Calculated: 410.2
(100%), 411.2 (18.4%), 412.2 (1.6%). Purity 100% (HPLC, MeCN/
H2O = 20:80 + 0.1% HCOOH); tR = 2.61 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(isopropyl)amino)butanoic
Acid Trifluoroacetate Salt (27d). To a solution of 26d (65 mg, 0,11
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27d (77 mg, 0.11 mmol, 99%, 2.5 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.34 (s,
1H), 8.29 (s, 1H), 6.01 (d, J = 3.6 Hz, 1H), 4.58 (s, 1H), 4.37−4.29 (m,
2H), 3.88 (dd, J = 8.4, 4.4 Hz, 1H), 3.78−3.63 (m, 1H), 3.58−3.49 (m,
2H), 3.46−3.23 (m, 2H), 3.19 (d, J = 3.0 Hz, 1H), 2.41−2.22 (m, 1H),
2.13 (d, J = 12.2 Hz, 1H), 1.28 (d, J = 6.5 Hz, 3H), 1.19 (d, J = 5.7 Hz,
3H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 172.0, 152.8, 149.7,
146.6, 144.2, 121.0, 92.0, 81.0, 74.7, 73.5, 57.9, 53.8, 52.7, 49.9, 27.0,
17.0, 16.0. FT-IR: ν/cm−1 = 2992, 2488, 1663, 1506, 1425, 1182, 1128,
975, 833, 799, 721. Mp: 88−91 °C. [α]D20 = +19 (10 mg/mL; MeOH).
ESI-MS: m/z [M + H]+ = 410.2 (100%), 411.2 (18.4%), 412.2 (1.6%).
Calculated: 410.2 (100%), 411.2 (20.2%), 412.2 (3.0%). Purity: 98%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.81 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(butyl)amino)butanoic Acid
Trifluoroacetate Salt (27e). To a solution of 26e (150 mg, 0.24
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27e (123 mg, 0.24 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.19 (s,
1H), 8.13 (s, 1H), 5.85 (d, J = 3.9 Hz, 1H), 4.45 (t, J = 4.4 Hz, 1H),
4.24−4.13 (m, 2H), 3.78 (dd, J = 7.7, 5.0 Hz, 1H), 3.57−3.11 (m, 4H),

2.97 (d, J = 5.0 Hz, 2H), 2.21−2.07 (m, 1H), 2.01 (dd, J = 9.6, 5.0 Hz,
1H), 1.40 (dd, J = 11.9, 6.0 Hz, 2H), 1.07 (dd, J = 7.5, 2.3 Hz, 2H), 0.63
(t, J = 6.7, 6.0 Hz, 3H). 13C NMR (75.5 MHz, CD3OD): δ/ppm =
171.5, 152.5, 149.7, 146.0, 144.5, 120.9, 91.9, 80.0, 74.7, 73.4, 56.4,
54.6, 52.1, 51.7, 26.3, 25.9, 20.7, 13.8. FT-IR: ν/cm−1 = 2969, 1663,
1506, 1424, 1182, 1129, 976, 834, 799, 721.Mp: 74−77 °C. [α]D20 = +17
(10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 424.2 (100%), 425.2
(19.8%), 426.2 (3.3%). Calculated: 424.2 (100%), 425.2 (19.5%),
426.2 (1.8%). Purity: 99% (HPLC, MeCN/H2O = 20:80 + 0.1%
HCOOH); tR = 2.63 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(isobutyl)amino)butanoic
Acid Trifluoroacetate Salt (27f). To a solution of 26f (160 mg, 0.26
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27f (200 mg, 0.26 mmol, 99%, 3.0 equiv TFA) as a colorless
trifluoroacetate salt. 1HNMR (300MHz, CD3OD): δ/ppm = 8.14 (d, J
= 12.3 Hz, 2H), 5.84 (d, J = 3.2 Hz, 1H), 4.36 (t, J = 3.9 Hz, 1H), 4.23−
4.13 (m, 2H), 3.75 (dd, J = 7.8, 4.8 Hz, 1H), 3.53−3.26 (m, 3H), 3.24−
3.11 (m, 1H), 2.94−2.71 (m, 2H), 2.24−1.92 (m, 2H), 1.90−1.72 (m,
1H), 0.70 (dd, J = 14.9, 6.5 Hz, 6H). 13C NMR (75.5 MHz, CD3OD):
δ/ppm = 171.6, 152.6, 149.6, 146.0, 144.4, 120.9, 92.2, 79.6, 74.7, 73.4,
63.0, 56.7, 53.0, 52.3, 25.7, 25.5, 20.5, 20.4. FT-IR: ν/cm−1 = 2476,
2241, 2072, 1666, 1426, 1186, 1136, 973, 834, 799, 722.Mp: 67−70 °C.
[α]D20 = +14 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 424.2
(100%), 425.2 (21.5%), 426.2 (2.9%). Calculated: 424.2 (100%), 425.2
(19.5%), 426.2 (1.8%). Purity: 98% (HPLC, MeCN/H2O = 20:80 +
0.1% HCOOH); tR = 3.88 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(neopentyl)amino)butanoic
Acid Trifluoroacetate Salt (27g). To a solution of 26g (67 mg, 0.11
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27g (73 mg, 0.11 mmol, 99%, 2.0 equiv TFA) as a colorless
trifluoroacetate salt. 1HNMR (300MHz, CD3OD): δ/ppm = 8.35 (d, J
= 9.2 Hz, 2H), 6.04 (d, J = 2.9 Hz, 1H), 4.51 (dd, J = 4.8, 2.9 Hz, 1H),
4.45−4.35 (m, 2H), 3.90 (dd, J = 8.8, 4.2 Hz, 1H), 3.77−3.34 (m, 4H),
3.17−3.01 (m, 2H), 2.41−2.23 (m, 1H), 2.23−2.08 (m, 1H), 1.02 (s,
9H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 172.0, 152.8, 149.6,
146.5, 144.1, 121.0, 92.4, 79.9, 74.6, 73.6, 68.4, 59.4, 56.4, 53.0, 32.6,
27.9, 26.2. FT-IR: ν/cm−1 = 2969, 1667, 1507, 1485, 1423, 1185, 1132,
976, 833, 799, 721. Mp: 86−89 °C. [α]D20 = −13 (10 mg/mL; MeOH).
ESI-MS: m/z [M + H]+ = 438.2 (100%), 439.2 (24.6%), 440.3 (3.9%).
Calculated: 438.3 (100%), 439.3 (20.5%), 440.3 (2.0%). Purity:100%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.82 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(cyclopropylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27h). To a solution of 26h (114
mg, 0.18 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H2O (200 μL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 × 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 × 20 mL). The residue was dissolved in H2O (7 mL) and was dried
by lyophilization to give 27h (124 mg, 0.18 mmol, 99%, 2.4 equiv TFA)
as a colorless trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/
ppm = 8.48 (s, 1H), 8.39 (s, 1H), 6.14 (d, J = 3.9 Hz, 1H), 4.71 (t, J =
4.5 Hz, 1H), 4.56−4.42 (m, 2H), 4.06 (dd, J = 8.3, 4.5 Hz, 1H), 3.86−
3.74 (m, 2H), 3.71−3.51 (m, 2H), 3.26−3.18 (m, 2H), 2.54−2.37 (m,
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1H), 2.35−2.19 (m, 1H), 1.19−1.05 (m, 1H), 0.82−0.67 (m, 2H), 0.45
(q, J = 3.9, 2.7 Hz, 2H). 13C NMR (75.5 MHz, CD3OD): δ/ppm =
172.0, 152.8, 149.7, 146.5, 144.2, 120.8, 91.8, 80.0, 74.8, 73.4, 59.5,
56.3, 52.6, 52.2, 26.1, 6.2, 5.1. FT-IR: ν/cm−1 = 2973, 1667, 1507, 1467,
1424, 1322, 1185, 1129, 1064, 949, 898, 833, 799, 721. mp: 70−73 °C.
[α]D20 = +17 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 422.2
(100%), 423.2 (17.8%), 424.2 (2.1%). Calculated: 422.2 (100%), 423.2
(19.5%), 424.2 (1.8%). Purity: 100% (HPLC, MeCN/H2O = 20:80 +
0.1% HCOOH); tR = 2.13 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(cyclobutylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27i). To a solution of 26i (114
mg, 0.18 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5 mL).
The solution was kept at 5 °C until complete deprotection of the amine
and carboxylic acid was detected by LC-MS. The reaction was diluted
and co-distilled with DCM (3 × 20 mL), and the residue was dissolved
in water (1.8 mL) and TFA (0.3 mL) at 5 °C. The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was dried by lyophilization to give 27i (91 mg, 0.13 mmol,
99%, 2.3 equiv TFA) as a colorless trifluoroacetate salt. 1H NMR (300
MHz, CD3OD): δ/ppm= 8.49 (s, 1H), 8.38 (s, 1H), 6.14 (d, J = 3.9Hz,
1H), 4.72 (t, J = 4.5 Hz, 1H), 4.55−4.37 (m, 2H), 4.02 (dd, J = 8.8, 4.1
Hz, 1H), 3.79−3.24 (m, 6H), 2.89−2.70 (m, 1H), 2.50−2.31 (m, 1H),
2.29−2.05 (m, 3H), 2.01−1.76 (m, 4H). 13C NMR (75.5 MHz,
CD3OD): δ/ppm = 172.5, 153.1, 149.7, 147.0, 144.1, 117.9, 114.1,
91.6, 80.1, 74.7, 73.5, 59.6, 56.6, 53.0, 31.5, 28.2, 28.0, 26.1, 19.4. FT-
IR: ν/cm−1 = 2977, 2461, 2073, 1664, 1506, 1423, 1182, 1128, 975,
833, 799, 721. Mp: 63−66 °C. [α]D20 = +19 (10 mg/mL; MeOH). ESI-
MS: m/z [M + H]+ = 436.2 (100%), 437.2 (23.4%), 438.2 (3.3%).
Calculated: 436.2 (100%), 437.2 (20.5%), 438.2 (1.0%). Purity: 100%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.89 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(cyclopentylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27j).To a solution of 26j (55mg,
0.09 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and
H2O (200 μL). The solution was kept at 5 °C for 3 d. After the reaction
was diluted and co-distilled with DCM (3 × 20 mL), the residue was
once more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The
solution was kept again at 5 °C until full conversion was detected by
LC-MS. Then, the reaction was diluted and co-distilled with DCM (5×
20 mL). The residue was dissolved in H2O (7 mL), and was dried by
lyophilization to give 27j (51 mg, 0.09 mmol, 99%, 1.0 equiv TFA) as a
colorless trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm =
8.36 (d, J = 21.6 Hz, 2H), 6.11 (d, J = 3.5 Hz, 1H), 4.74 (s, 1H), 4.50 (d,
J = 7.2 Hz, 2H), 4.05−3.84 (m, 1H), 3.80−3.40 (m, 4H), 3.30−3.11
(m, 2H), 2.56−2.04 (m, 3H), 2.02−1.72 (m, 2H), 1.72−1.43 (m, 4H),
1.38−1.11 (m, 2H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 173.0,
154.8, 149.9, 149.7, 143.3, 120.9, 91.9, 80.3, 74.4, 73.7, 60.7, 56.5, 54.4,
54.3, 36.5, 32.1, 32.0, 26.3, 25.9, 25.8. FT-IR: ν/cm−1 = 2961, 1669,
1421, 1199, 1131, 978, 833, 799, 721. Mp: 121−124 °C. [α]D20 = +15
(10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 450.2 (100%), 451.2
(25.2%), 452.2 (3.9%). Calculated: 450.3 (100%), 451.3 (21.6%),
452.3 (2.2%). Purity: 95% (HPLC, MeCN/H2O = 20:80 + 0.1%
HCOOH); tR = 3.99 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(cyclohexylmethyl)amino)-
butanoic Acid Trifluoroacetate Salt (27k). To a solution of 26k (150
mg, 0.23 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H2O (200 μL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 × 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 × 20 mL). The residue was dissolved in H2O (7 mL) and was dried
by lyophilization to give 27k (122mg, 0.23 mmol, 99%, 0.6 equiv TFA)
as a colorless trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/
ppm = 8.28 (s, 1H), 8.23 (s, 1H), 5.96 (d, J = 3.3 Hz, 1H), 4.50 (t, J =
3.9 Hz, 1H), 4.36−4.24 (m, 2H), 3.84 (dd, J = 8.6, 4.3 Hz, 1H), 3.65−
3.22 (m, 4H), 3.02−2.82 (m, 2H), 2.32−2.14 (m, 1H), 2.14−1.99 (m,
1H), 1.69−1.37 (m, 6H), 1.16−0.66 (m, 6H). 13C NMR (75.5 MHz,

CD3OD): δ/ppm = 172.2, 153.0, 149.7, 146.8, 144.2, 120.9, 92.1, 79.9,
74.7, 73.5, 62.0, 56.8, 53.8, 52.8, 34.5, 31.7, 31.6, 26.8, 26.4, 25.9. FT-
IR: ν/cm−1 = 2932, 2857, 1666, 1506, 1423, 1182, 1130, 976, 833, 799,
721.Mp: 126−129 °C. [α]D20 = +16 (10mg/mL;MeOH). ESI-MS:m/z
[M + H]+ = 464.2 (100%), 464.6 (10.2%), 465.5 (4.6%). Calculated:
464.3 (100%), 465.3 (22.7%), 466.3 (2.5%). Purity: 96% (HPLC,
MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 2.77 min.
(S)-4-(Allyl(((2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-yl)-3,4-dihy-

droxytetrahydrofuran-2-yl)methyl)amino)-2-aminobutanoic Acid
Trifluoroacetate Salt (27l). To a solution of 26l (100 mg, 0.17
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27l (119 mg, 0.17 mmol, 99%, 2.6 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.19 (s,
1H), 8.13 (s, 1H), 5.85 (d, J = 4.0 Hz, 1H), 5.76−5.59 (m, 1H), 5.40−
5.26 (m, 2H), 4.45 (t, J = 4.7 Hz, 1H), 4.30−4.10 (m, 2H), 3.78 (dd, J =
7.9, 5.0 Hz, 1H), 3.73−3.57 (m, 2H), 3.54−3.10 (m, 4H), 2.25−2.08
(m, 1H), 2.07−1.92 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ/ppm
= 171.7, 152.5, 149.7, 146.0, 144.5, 127.6, 126.8, 120.8, 91.7, 80.0, 74.7,
73.4, 56.7, 56.3, 52.2, 51.5, 25.9. FT-IR: ν/cm−1 = 2981, 1672, 1509,
1427, 1196, 1136, 836, 799, 723. Mp: 78−81 °C. [α]D20 = +14 (10 mg/
mL; MeOH). ESI-MS: m/z [M + H]+ = 408.2 (100%), 409.2 (20.8%),
410.2 (3.4%). Calculated: 408.2 (100%), 409.2 (18.4%), 410.2 (1.6%).
Purity:100% (HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR =
2.71 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(prop-2-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27m).To a solution of 26m (134
mg, 0.22 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H2O (200 μL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 × 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 × 20 mL). The residue was dissolved in H2O (7 mL) and was dried
by lyophilization to give 27m (157 mg, 0.22 mmol, 99%, 2.7 equiv
TFA) as a colorless trifluoroacetate salt. 1H NMR (300 MHz,
CD3OD): δ/ppm = 8.23 (s, 1H), 8.06 (s, 1H), 5.83 (d, J = 4.9 Hz,
1H), 4.45 (t, J = 4.9 Hz, 1H), 4.20 (d, J = 7.0 Hz, 1H), 4.09 (t, J = 4.9
Hz, 1H), 3.88 (t, J = 2.8 Hz, 2H), 3.85−3.76 (m, 1H), 3.51−3.28 (m,
2H), 3.24 (t, J = 7.1 Hz, 2H), 2.96 (s, 1H), 2.22−2.04 (m, 1H), 1.99−
1.84 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 172.2, 152.3,
149.7, 145.8, 144.5, 120.6, 91.1, 81.1, 80.7, 74.9, 73.4, 72.9, 56.8, 52.8,
52.5, 42.9, 26.3. FT-IR: ν/cm−1 = 3097, 1671, 1509, 1428, 1323, 1195,
1137, 837, 799, 723. Mp: 76−79 °C. [α]D20 = +12 (10mg/mL;MeOH).
ESI-MS: m/z [M + H]+ = 406.2 (100%), 407.2 (21.0%), 408.1 (2.5%).
Calculated: 406.2 (100%), 407.2 (18.4%), 408.2 (1.6%). Purity: 97%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 2.70 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(but-2-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27n). To a solution of 26n (119
mg, 0.19 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H2O (200 μL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 × 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 × 20 mL). The residue was dissolved in H2O (7 mL) and was dried
by lyophilization to give 27n (131mg, 0.19 mmol, 99%, 2.4 equiv TFA)
as a colorless trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/
ppm = 8.61 (s, 1H), 8.31 (s, 1H), 6.17 (d, J = 5.4 Hz, 1H), 4.77 (t, J =
5.3 Hz, 1H), 4.62−4.50 (m, 1H), 4.38 (t, J = 4.4 Hz, 1H), 4.28−4.09
(m, 3H), 3.85−3.50 (m, 4H), 2.55−2.36 (m, 1H), 2.33−2.13 (m, 1H),
1.92 (s, 3H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 173.0, 152.4,
149.7, 146.1, 144.3, 120.2, 90.4, 89.3, 80.6, 75.1, 73.3, 67.4, 56.6, 53.2,
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52.8, 42.7, 26.1, 3.2. FT-IR: ν/cm−1 = 2925, 1666, 1507, 1423, 1184,
1131, 976, 897, 835, 799, 722. Mp: 121−124 °C. [α]D20 = +13 (10 mg/
mL; MeOH). ESI-MS: m/z [M + H]+ = 420.2 (100%), 421.2 (20.6%),
422.2 (3.5%). Calculated: 420.2 (100%), 421.2 (19.5%), 422.2 (1.8%).
Purity: 99% (HPLC,MeCN/H2O = 20:80 + 0.1%HCOOH); tR = 1.95
min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(pent-2-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27o). To a solution of 26o (98
mg, 0.16 mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL)
and H2O (200 μL). The solution was kept at 5 °C for 3 d. After the
reaction was diluted and co-distilled with DCM (3 × 20 mL), the
residue was once more dissolved in DCM (1.5 mL) and TFA (1.5 mL).
The solution was kept again at 5 °C until full conversion was detected
by LC-MS. Then, the reaction was diluted and co-distilled with DCM
(5 × 20 mL). The residue was dissolved in H2O (7 mL) and was dried
by lyophilization to give 27o (93 mg, 0.16 mmol, 99%, 1.3 equiv TFA)
as a colorless trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/
ppm = 8.61 (s, 1H), 8.29 (s, 1H), 6.17 (d, J = 5.5 Hz, 1H), 4.75 (t, J =
5.3 Hz, 1H), 4.59−4.49 (m, 1H), 4.38 (t, J = 4.4 Hz, 1H), 4.30−4.10
(m, 3H), 3.83−3.47 (m, 4H), 2.46 (dt, J = 15.6, 7.9 Hz, 1H), 2.36−2.26
(m, 2H), 2.25−2.14 (m, 1H), 1.17 (t, J = 7.5 Hz, 3H). 13C NMR (75.5
MHz, CD3OD): δ/ppm= 173.3, 152.7, 149.7, 146.5, 144.2, 120.1, 94.6,
90.3, 80.7, 75.1, 73.3, 67.9, 56.6, 53.5, 53.1, 42.4, 26.2, 13.7, 13.0. FT-
IR: ν/cm−1 = 2981, 1669, 1507, 1422, 1321, 1198, 1130, 1061, 900,
833, 799, 721. Mp: 110−113 °C. [α]D20 = +14 (10 mg/mL; MeOH).
ESI-MS: m/z [M + H]+ = 434.2 (100%), 435.4 (9.4%), 436.2 (2.7%).
Calculated: 434.2 (100%), 435.2 (20.5%), 436.2 (1.0%). Purity: 100%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 2.78 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-1-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27p). To a solution of 26p (25
mg, 0.04 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5 mL).
The solution was kept at 5 °C until complete deprotection of the amine
and carboxylic acid was detected by LC-MS. The reaction was diluted
and co-distilled with DCM (3 × 20 mL), and the residue was dissolved
in water (1.8 mL) and TFA (0.3 mL) at 5 °C. The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was dried by lyophilization to give 27p (28 mg, 0.04 mmol,
99%, 2.5 equiv TFA) as a colorless trifluoroacetate salt. 1H NMR (300
MHz, CD3OD): δ/ppm = 8.63−8.24 (m, 2H), 6.11 (s, 1H), 4.74 (s,
1H), 4.55−4.35 (m, 2H), 4.01 (dd, J = 13.9, 7.3 Hz, 1H), 3.74−3.33
(m, 6H), 2.75−2.64 (m, 2H), 2.47 (d, J = 2.3 Hz, 1H), 2.43−2.26 (m,
1H), 2.19−1.99 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ/ppm =
172.6, 154.1, 148.7, 148.7, 143.2, 125.5, 91.6, 80.9, 80.2, 74.6, 73.5,
73.1, 56.7, 53.8, 53.6, 52.8, 26.5, 15.3. FT-IR: ν/cm−1 = 2926, 1673,
1506, 1423, 1200, 1132, 834, 800, 722. Mp: 163−166 °C. [α]D20 = +28
(10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 420.2 (100%), 421.2
(21.8%), 422.2 (2.9%). Calculated: 420.2 (100%), 421.2 (19.5%),
422.2 (1.8%). Purity: 100% (HPLC, MeCN/H2O = 20:80 + 0.1%
HCOOH); tR = 3.94 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(benzyl)amino)butanoic Acid
Trifluoroacetate Salt (27q).To a solution of 26q (115mg, 0.18 mmol)
in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O (200
μL). The solution was kept at 5 °C for 3 d. After the reaction was diluted
and co-distilled with DCM (3 × 20 mL), the residue was once more
dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was kept
again at 5 °C until full conversion was detected by LC-MS. Then, the
reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27q (104 mg, 0.18 mmol, 99%, 1.0 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.19 (s,
1H), 8.04 (s, 1H), 7.27−7.19 (m, 2H), 7.17−7.08 (m, 3H), 5.90 (d, J =
3.3 Hz, 1H), 4.39 (dd, J = 5.2, 3.3 Hz, 1H), 4.36−4.11 (m, 4H), 3.76−
3.67 (m, 1H), 3.52−3.20 (m, 4H), 2.29−2.10 (m, 1H), 2.10−1.96 (m,
1H). 13C NMR (75.5 MHz, CD3OD): δ/ppm = 172.5, 152.8, 149.6,
146.5, 144.2, 132.3, 131.1, 130.6, 130.3, 120.8, 92.0, 80.1, 74.8, 73.5,
58.9, 56.1, 53.1, 52.9, 26.2. FT-IR: ν/cm−1 = 3088, 2475, 1664, 1504,
1423, 1182, 1127, 975, 833, 799, 721, 702. Mp: 122−125 °C. [α]D20 =

+19 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 458.2 (100%),
459.2 (24.4%), 460.2 (3.9%). Calculated: 458.2 (100%), 459.2
(22.7%), 460.2 (2.5%). Purity:100% (HPLC, MeCN/H2O = 20:80 +
0.1% HCOOH); tR = 2.90 min.

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-
hydroxytetrahydrofuran-2-yl)methyl)(phenethyl)amino)butanoic
Acid Trifluoroacetate Salt (27r). To a solution of 26r (113 mg, 0.17
mmol) in DCM (1.5 mL) at 5 °C were added TFA (1.5 mL) and H2O
(200 μL). The solution was kept at 5 °C for 3 d. After the reaction was
diluted and co-distilled with DCM (3 × 20 mL), the residue was once
more dissolved in DCM (1.5 mL) and TFA (1.5 mL). The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was diluted and co-distilled with DCM (5 × 20 mL). The
residue was dissolved in H2O (7 mL) and was dried by lyophilization to
give 27r (103 mg, 0.17 mmol, 99%, 1.5 equiv TFA) as a colorless
trifluoroacetate salt. 1H NMR (300 MHz, CD3OD): δ/ppm = 8.31 (s,
1H), 8.19 (s, 1H), 7.17−6.93 (m, 5H), 5.98 (d, J = 4.2 Hz, 1H), 4.61 (t,
J = 4.7 Hz, 1H), 4.45−4.36 (m, 1H), 4.34−4.28 (m, 1H), 3.91 (dd, J =
8.2, 4.7 Hz, 1H), 3.72−3.28 (m, 6H), 2.94−2.82 (m, 2H), 2.43−2.23
(m, 1H), 2.21−2.07 (m, 1H). 13C NMR (75.5 MHz, CD3OD): δ/ppm
= 171.8, 152.9, 149.7, 146.7, 144.3, 137.2, 129.9, 129.7, 128.2, 121.0,
91.9, 80.3, 74.5, 73.5, 56.3, 55.7, 52.5, 52.3, 30.6, 26.0. FT-IR: ν/cm−1 =
3066, 1666, 1505, 1425, 1187, 1131, 976, 835, 799, 722, 702. Mp: 79−
82 °C. [α]D20 = +18 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ =
472.2 (100%), 473.3 (26.7%), 474.2 (3.8%). Calculated: 472.2 (100%),
473.2 (23.8%), 474.2 (2.7%). Purity: 99% (HPLC, MeCN/H2O =
20:80 + 0.1% HCOOH); tR = 3.87 min.

(2S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27s-A/B). To a solution of 26s
(31 mg, 0.05 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5
mL). The solution was kept at 5 °C until complete deprotection of the
amine and carboxylic acid was detected by LC-MS. The reaction was
diluted and co-distilled with DCM (3 × 20 mL), and the residue was
dissolved in water (1.8 mL) and TFA (0.3 mL) at 5 °C. The solution
was kept again at 5 °C until full conversion was detected by LC-MS.
Then, the reaction was dried by lyophilization to give 27s (39 mg, 0.05
mmol, 99%, 3.0 equiv TFA) as a colorless trifluoroacetate salt. 1HNMR
(300 MHz, CD3OD): δ/ppm = 8.43−8.28 (m, 2H), 6.02 (t, J = 3.8 Hz,
1H), 4.68−4.56 (m, 1H), 4.38−4.12 (m, 3H), 4.00−3.83 (m, 1H),
3.53−3.25 (m, 4H), 3.04 (dd, J = 3.6, 2.2 Hz, 1H), 2.32−2.14 (m, 1H),
2.13−1.98 (m, 1H), 1.42 (dd, J = 29.3, 6.9 Hz, 3H). 13C NMR (75.5
MHz, CD3OD): δ/ppm = 172.1, 171.7, 152.9, 149.8, 146.7, 144.1,
121.0, 91.8, 91.5, 82.6, 81.6, 79.6, 79.1, 78.4, 78.1, 74.8, 73.5, 73.3, 55.0,
54.6, 53.7, 52.3, 51.4, 51.2, 50.7, 27.4, 27.3, 18.2, 18.2. FT-IR: ν/cm−1 =
3091, 1670, 1508, 1427, 1323, 1196, 1134, 835, 799, 722. Mp: 60−63
°C. [α]D20 = +12 (10 mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 420.2
(100%), 421.1 (21.7%), 422.2 (3.2%). Calculated: 420.2 (100%), 421.2
(19.5%), 422.2 (1.8%). Purity: 100% (HPLC, MeCN/H2O = 20:80 +
0.1% HCOOH); tR = 3.95 min.

(2S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-
dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27s-A). To a solution of 26s-A
(36 mg, 0.06 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5
mL). The solution was kept at 5 °C until complete deprotection of the
amine and carboxylic acid was detected by LC-MS. The reaction was
diluted and co-distilled with DCM (3 × 20 mL), and the residue was
dissolved in water (3 mL) and TFA (0.5 mL) at 5 °C. The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was dried by lyophilization to give 27s-A (39 mg, 0.06
mmol, 99%, 2.1 equiv TFA) as a colorless trifluoroacetate salt (resin).
1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.53 (s, 1H), 8.36 (s, 1H),
5.94 (d, J = 4.9 Hz, 1H), 4.63 (t, J = 4.9 Hz, 1H), 4.20−4.06 (m, 2H),
3.99−3.85 (m, 2H), 3.33 (d, J = 2.0 Hz, 1H), 3.16−3.04 (m, 1H), 2.9−
2.81 (m, 2H), 2.80−2.63 (m, 1H), 2.04−1.92 (m, 2H), 1.32 (d, J = 6.9
Hz, 3H). 13C NMR (75.5 MHz, DMSO-d6): δ/ppm = 170.8, 153.4,
148.9, 148.8, 141.4, 119.2, 88.3, 82.5, 81.5, 76.3, 72.8, 71.9, 53.6, 50.8,
49.2, 47.9, 27.7, 19.1. FT-IR: ν/cm−1 = 2952, 2256, 2126, 1670, 1505,
1419, 1324, 1197, 1127, 1024, 997, 826, 798, 719. [α]D20 = −3 (10 mg/
mL; MeOH). ESI-MS: m/z [M + H]+ = 420.2 (100%), 421.1 (21.3%),
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422.2 (3.5%). Calculated: 420.2 (100%), 421.2 (19.5%), 422.2 (1.8%).
Purity: 96% (HPLC,MeCN/H2O = 20:80 + 0.1%HCOOH); tR = 3.31
min.
(2S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-

dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoic Acid Trifluoroacetate Salt (27s-B). To a solution of 26s-B
(74 mg, 0.12 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5
mL). The solution was kept at 5 °C until complete deprotection of the
amine and carboxylic acid was detected by LC-MS. The reaction was
diluted and co-distilled with DCM (3 × 20 mL), and the residue was
dissolved in water (3 mL) and TFA (0.5 mL) at 5 °C. The solution was
kept again at 5 °C until full conversion was detected by LC-MS. Then,
the reaction was dried by lyophilization to give 27s-B (58 mg, 0.12
mmol, 99%, 0.8 equiv TFA) as a colorless trifluoroacetate salt (resin).
1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.57 (s, 1H), 8.43 (s, 1H),
5.97 (d, J = 4.7 Hz, 1H), 4.62 (t, J = 4.7 Hz, 1H), 4.25−4.13 (m, 2H),
4.07−3.90 (m, 2H), 3.51−3.42 (m, 1H), 3.23−3.09 (m, 1H), 3.07−
2.81 (m, 3H), 2.15−2.02 (m, 1H), 2.02−1.87 (m, 1H), 1.27 (d, J = 6.7
Hz, 3H). 13C NMR (75.5 MHz, DMSO-d6): δ/ppm = 171.0, 153.1,
149.1, 148.3, 142.2, 119.5, 88.8, 81.3 (2x C), 77.5, 73.6, 72.1, 53.7, 51.5,
49.4, 48.8, 27.3, 18.7. FT-IR: ν/cm−1 = 2941, 2255, 2127, 1674, 1505,
1418, 1322, 1197, 1128, 1024, 1001, 824, 798, 719. [α]D20 = +20 (10
mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 420.2 (100%), 421.1
(21.9%), 422.2 (3.2%). Calculated: 420.2 (100%), 421.2 (19.5%),
422.2 (1.8%). Purity: 98% (HPLC, MeCN/H2O = 20:80 + 0.1%
HCOOH); tR = 3.39 min.
(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-di-

hydroxytetrahydrofuran-2-yl)methyl)(2-methylbut-3-yn-2-yl)-
amino)butanoic Acid Trifluoroacetate Salt (27t).To a solution of 26t
(25 mg, 0.04 mmol) in DCM (1.5 mL) at 5 °C was added TFA (1.5
mL). The solution was kept at 5 °C until complete deprotection of the
amine and carboxylic acid was detected by LC-MS. The reaction was
diluted and co-distilled with DCM (3 × 20 mL), and the residue was
dissolved in water (1.8 mL) and TFA (0.3 mL) at 5 °C. The solution
was kept again at 5 °C until full conversion was detected by LC-MS.
Then, the reaction was dried by lyophilization to give 27t (73 mg, 0.11
mmol, 99%, 2.0 equiv TFA) as a colorless trifluoroacetate salt. 1HNMR
(300 MHz, CD3OD): δ/ppm = 8.24 (s, 2H), 5.95 (d, J = 3.5 Hz, 1H),
4.51 (t, J = 3.5 Hz, 1H), 4.38−4.24 (m, 2H), 3.85 (t, J = 6.4 Hz, 1H),
3.69−3.35 (m, 4H), 3.17 (s, 1H), 2.37−2.20 (m, 1H), 2.16−1.97 (m,
1H), 1.55 (d, J = 4.7 Hz, 6H). 13C NMR (75.5 MHz, CD3OD): δ/ppm
= 170.8, 151.8, 145.8, 145.7, 116.5, 112.8, 90.5, 81.5, 80.6, 77.0, 73.4,
72.1, 61.1, 54.3, 49.9, 27.4, 25.1, 24.9. FT-IR: ν/cm−1 = 3095, 1663,
1506, 1427, 1186, 1133, 834, 799, 722. Mp: 74−77 °C. [α]D20 = +21 (10
mg/mL; MeOH). ESI-MS: m/z [M + H]+ = 434.2 (100%), 435.2
(22.6%), 436.2 (2.9%). Calculated: 434.2 (100%), 435.2 (20.5%),
436.2 (2.0%). Purity: 96% (HPLC, MeCN/H2O = 20:80 + 0.1%
HCOOH); tR = 2.18 min.
Ethyl (2S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-

3,4-dihydroxytetrahydrofuran-2-yl)methyl)(but-3-yn-2-yl)amino)-
butanoate (28-A/B). To a solution of 27-A/B (99 mg, 0.13 mmol) in
absolute ethanol (6mL) was added thionyl chloride (77 μL, 1.07mmol,
8.0 equiv) at 0 °C. The solution was stirred at 0 °C for 5 min and then
heated for 9 h at 50 °C. After the solvent was evaporated under reduced
pressure at 40 °C, the residue was purified by column chromatography
(DCM/MeOH = 10:1 + 1% NEt3) to give 28-A/B (15 mg, 0.04 mmol,
27%) as a colorless powder. The diastereomers 28-A and 28-B were
separated using a hydrophilic column (MZAqua Perfect), MeCN/H2O
= 9:91 + 0.1% TFA. After lyophilization 28-A (10 mg, 0.01 mmol, 2.7
equiv TFA) and 28-B (6 mg, 0.01 mmol, 2.0 equiv TFA) were obtained
as colorless trifluoroacetate salts (resins). 28-A: 1H NMR (300 MHz,
DMSO-d6): δ/ppm = 8.52 (s, 1H), 8.35 (s, 1H), 5.93 (d, J = 5.0 Hz,
1H), 4.61 (t, J = 5.0 Hz, 1H), 4.25−4.12 (m, 3H), 4.11−4.01 (m, 2H),
3.91−3.80 (m, 1H), 3.35−3.27 (m, 1H), 3.12−2.99 (m, 1H), 2.94−
2.72 (m, 2H), 2.68−2.56 (m, 1H), 2.04−1.90 (m, 2H), 1.31 (d, J = 6.9
Hz, 3H), 1.20 (t, J = 7.1Hz, 3H). [α]D20 =−1 (10mg/mL;MeOH). ESI-
MS: m/z [M + H]+ = 448.2 (100%), 449.2 (24.1%), 450.2 (3.2%).
Calculated: 448.2 (100%), 449.2 (24.2%), 450.2 (3.4%). Purity: 99%
(HPLC, MeCN/H2O = 20:80 + 0.1% HCOOH); tR = 3.78 min. 28-B:
1H NMR (300 MHz, DMSO-d6): δ/ppm = 8.46 (s, 1H), 8.30 (s, 1H),

5.92 (d, J = 4.9 Hz, 1H), 4.61 (t, J = 4.9 Hz, 1H), 4.23−4.03 (m, 5H),
3.87−3.76 (m, 1H), 3.38−3.28 (m, 1H), 3.04−2.90 (m, 1H), 2.89−
2.75 (m, 2H), 2.74−2.65 (m, 1H), 2.03−1.84 (m, 2H), 1.25−1.17 (m,
6H). [α]D20 = +33 (3 mg/mL; MeOH). ESI-MS:m/z [M +H]+ = 448.2
(100%), 449.2 (26.0%), 450.1 (3.6%). Calculated: 448.2 (100%), 449.2
(24.2%), 450.2 (3.4%). Purity: 99% (HPLC, MeCN/H2O = 20:80 +
0.1% HCOOH); tR = 3.68 min.

Molecular Docking. Molecular docking was conducted using the
FlexX algorithm within the LeadIT-2.3.2 software under default
parameters.78,79 The protein structure of the human DNMT2−SAH
complex (PDB-ID 1G55)30 was obtained from the Protein Data Bank
(PDB).80 The binding site was defined to include all amino acids within
a 6.5 Å radius around the crystallographic ligand SAH and water
molecules 413, 414, 459, and 495 in a predefined orientation forming at
least three interactions with SAH and the binding site. The receptor was
protonated using the Protoss module81 within LeadIT. For molecular
docking, all ligands were energy-minimized using the Merck molecular
force field (MMFF94x)82 within MOE 2020.09.83 The docking setup
was validated by redocking of SAH (Table S1 Supporting Information).

Solvent analysis was performed using the 3D-RISM approach84

within MOE.83 The DNMT2−SAH complex structure PDB-ID 1G55
was prepared using theQuickPrepmodule to addmissing atoms and for
assignment of protonation states without further energy minimization
to preserve crystallographic water positions (structure resolution 1.80
Å). Receptor and ligand atoms 10 Å around SAH were considered in
solvent analysis using a grid spacing of 0.25 Å.

Expression and Purification of Human Full-Length DNMT2.
The plasmid coding for the full-length protein of human DNMT2 as
described by Dong et al.30 was kindly provided by Albert Jeltsch
(University of Stuttgart, Germany). The protein was expressed in E. coli
Rosetta 2 (DE3) pLysS cells (Merck KGaA, Darmstadt, Germany),
using a pET-28a vector to obtain an N-terminal polyhistidine tagged
protein. The sequence was then verified by Eurofins Genomics Europe
(Ebersberg, Germany). Cells were grown in TB medium at 37 °C until
they reached an optical density at 600 nm of 0.8. Overexpression was
induced by adding IPTG up to a final concentration of 500 μM and was
maintained overnight at 20 °C. Cells were harvested by centrifugation
at 4000g for 30 min at 4 °C; afterward the cell pellets were resuspended
in lysis bu�er (50 mM sodium phosphate, pH 8.0, 150 mM NaCl, 25
mM imidazole, 0.1% polysorbate-20). After incubation on ice for 40
min with lysozyme (Carl Roth, Karlsruhe, Germany), cells were
disrupted by sonication on ice in 15 s intervals. Cell debris was removed
by centrifugation at 17 500g for 60 min at 4 °C. The clear supernatant
was filtered using Chromafil Xtra RC 25 mm 0.45 μM syringe filters
(Macherey-Nagel, Düren, Germany). For purification, an ÄKTA start
system (Cytiva, Marlborough, Chicago, USA) was used. Therefore, the
supernatant was loaded on a HisTrap HP 5 mL column (Cytiva,
Marlborough, Chicago, USA), a wash-out with several column volumes
lysis bu�er was conducted, and finally DNMT2 was eluted using a
gradient up to 100% elution bu�er (50 mM sodium phosphate, pH 8.0,
150 mM NaCl, 800 mM imidazole, 0.1% polysorbate-20). To remove
DNA and RNA fragments, eluted DNMT2 was diluted 1:10 with IEX
bu�er A (10 mM sodium phosphate, pH 8.0, 0.1% polysorbate-20) and
loaded on a HiTrap Q HP 5 mL column (Cytiva, Marlborough, USA).
Several column volumes of IEX bu�er A were used for wash-out of
unspecific bound anions, followed by a gradient up to 100% IEX bu�er
B (10 mM sodium phosphate, 1MNaCl, 0.1% polysorbate-20) to elute
DNMT2. DNA and RNA fragments eluted at higher concentrations of
NaCl compared to DNMT2. For further purification, size exclusion
chromatography using a Superdex 16/600 75 pg column (Cytiva,
Marlborough, USA) equilibrated in SEC bu�er (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1%
polysorbate-20) was performed. DNMT2 was then concentrated using
Amicon Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt,
Germany) and diluted 1:4 with storage bu�er (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1%
polysorbate-20, 60% glycerol). Protein was stored in liquid state at −20
°C for further use.

Expression and Purification of Murine DNMT3A-3L Single
Chain Fusion Protein. The plasmid coding for the murine
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DNMT3A-3L single chain fusion protein (pET-Dnmt3A3L-sc27) was
kindly gifted from Albert Jeltsch (Addgene plasmid no. 71827; http://
n2t.net/addgene:71827; RRID:Addgene_71827).85 The sequence was
verified by Eurofins genomics (Ebersberg, Germany). For protein
expression, E. coli Rosetta 2 (DE3) pLysS cells (Merck KGaA,
Darmstadt, Germany) were transformed and grown in TB medium to
an optical density of 0.5. Overexpression was induced by addition of
IPTG to a final concentration of 500 μM, and cells were maintained
overnight at 16 °C. Cells were harvested by centrifugation at 4500g at 4
°C for 30 min; afterward cells were washed in lysis bu�er (30 mM
sodium phosphate, pH 7.3, 500 mM NaCl, 10 mM imidazole, 0.2 mM
DTT, 0.1% polysorbate-20, 10% glycerol) and centrifuged again at
10 000g at 4 °C for 10 min. Clear supernatant was removed, and cells
were flash frozen in liquid nitrogen to be stored at −80 °C until further
use.

Frozen cells were resuspended in lysis bu�er and incubated with
lysozyme on ice for 30 min. Afterward, cells were lysed by sonication in
45 s intervals on ice, and cell debris was removed by centrifugation at
17 000g at 4 °C for 90 min. Clear supernatant was filtered using
Chromafil Xtra RC 25 mm 0.45 μM syringe filters (Macherey-Nagel,
Düren, Germany) and loaded on a HisTrap HP 5 mL column (Cytiva,
Marlborough, Chicago, USA). A wash-out step with several column
volumes of lysis bu�er was conducted, and finally the DNMT3A-3L
single chain fusion protein was eluted using a gradient up to 100%
elution bu�er (30 mM sodium phosphate, pH 7.3, 500 mM NaCl, 500
mM imidazole, 0.2 mM DTT, 0.1% polysorbate-20, 10% glycerol). A
further purification step was conducted using a Superdex 16/600 75 pg
column (Cytiva, Marlborough, USA) equilibrated in SEC bu�er (20
mM HEPES, pH 7.3, 200 mM sodium chloride, 1 mM DTT, 0.1%
polysorbate-20, 10% glycerol). Eluted protein was then concentrated
using Amicon Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt,
Germany) and adjusted to a final concentration of 40% glycerol.
Protein was stored at −20 °C until further use.
Expression and Purification of Human NSUN2. The gene

coding for the full-length human NSUN2 (Uniprot ID Q08J23) was
synthesized and inserted into a pET28a(+) vector between EcoRI and
XhoI sites by Genscript (Piscataway, New Jersey, USA) as previously
described.86 The sequence was verified by Eurofins Genomics Europe
(Ebersberg, Germany). The plasmid used for this study will be available
at Addgene (Addgene ID: 188059). For protein expression, E. coli
Rosetta 2 (DE3) pLysS cells (Merck KGaA, Darmstadt, Germany)
were transformed and grown as described for the murine DNMT3A-3L
single chain fusion protein. Purification was conducted quite similarly
to that described for DNT3A-3L with some adjustments to the bu�ers
used. Cells were lysed and washed with lysis bu�er (50 mM sodium
phosphate, pH 8.0, 300mMNaCl, 10mM imidazole, 0.1% polysorbate-
20) and then eluted with elution bu�er (50 mM sodium phosphate, pH
8.0, 300 mM NaCl, 10 mM imidazole, 0.1% polysorbate-20). For size-
exclusion chromatography, a Superdex 16/600 75 pg column (Cytiva,
Marlborough, USA) equilibrated in SEC bu�er (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1%
polysorbate-20) was used. The eluted protein was then concentrated
using Amicon Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt,
Germany) and adjusted to a final concentration of 40% glycerol. The
protein was stored at −20 °C until further use.
Expression and Purification of Human NSUN6. The gene

coding for the full-length human NSUN6 (Uniprot ID Q8TEA1) was
synthesized and inserted into a pET22b(+) plasmid between NdeI and
XhoI sites by Genscript (Piscataway, New Jersey, USA), as described
earlier in literature.87 The sequence was verified by Eurofins Genomics
Europe (Ebersberg, Germany). The plasmid used for this study will be
available at Addgene (Addgene ID: 188060). For protein expression, E.
coli Rosetta 2 (DE3) pLysS cells (Merck KGaA, Darmstadt, Germany)
were transformed and grown as described for the murine DNMT3A-3L
single chain fusion protein. Purification was conducted quite similarly
to that described for DNMT3A-3L with some adjustments to the
bu�ers used. Cells were lysed and washed with lysis bu�er (50 mM
sodium phosphate, pH 7.5, 150 mM NaCl, 10 mM imidazole, 0.1%
polysorbate-20) and then eluted with elution bu�er (50 mM sodium
phosphate, 7.5, 150 mM NaCl, 500 mM imidazole, 0.1% polysorbate-

20). For size-exclusion chromatography, a Superdex 16/600 75 pg
column (Cytiva, Marlborough, USA) equilibrated in SEC bu�er (25
mMHEPES, pH 7.5, 300 mMNaCl, 1 mMDTT, 0.1% polysorbate-20,
10% glycerol) was used. The protein was concentrated using Amicon
Ultra 4 10K centrifugal filters (Merck KGaA, Darmstadt, Germany) and
diluted 1:4 with storage bu�er (25 mMHEPES, pH 7.5, 300 mMNaCl,
1 mM DTT, 0.1% polysorbate-20, 60% glycerol). Protein was stored at
−20 °C until further use.

Expression and Purification of the Methyltransferase
Domain of Human EHMT2 (G9a). The plasmid coding for the
methyltransferase domain of human EHMT2 (G9a) was a kind gift
fromCheryl Arrowsmith (Addgene plasmid no. 25503; http://n2t.net/
addgene:25503; RRID:Addgene_25503). The sequence was verified
by Eurofins Genomics Europe (Ebersberg, Germany). For protein
expression, E. coli Rosetta 2 (DE3) pLysS cells (Merck KGaA,
Darmstadt, Germany) were transformed and grown as described for the
murine DNMT3A-3L single chain fusion protein. The purification was
conducted quite similarly to that described for DNMT3A-3L with some
adjustments to the bu�ers used. Cells were lysed in lysis bu�er (100
mM sodium phosphate, pH 7.4, 250 mM NaCl, 0.1% 2-
mercaptoethanol, 0.1% polysorbate-20, 5% glycerol), washed with
wash bu�er (100 mM sodium phosphate, pH 7.4, 250 mM NaCl, 50
mM imidazole, 0.1% polysorbate-20, 5% glycerol), and then eluted with
elution bu�er (100 mM sodium phosphate, pH 7.4, 250 mMNaCl, 250
mM imidazole, 0.1% polysorbate-20, 5% glycerol). For size-exclusion
chromatography, a Superdex 16/600 75 pg column (Cytiva, Marl-
borough, USA) equilibrated in SEC bu�er (20 mM Tris-HCl, pH 8.0,
150 mM NaCl, 0.1% polysorbate-20) was used. The protein was flash
frozen in liquid nitrogen and stored at −80 °C until further use.

Expression and Purification of T7 Polymerase. For the protein
expression, competent BL21 (DE3) pLysS cells (Merck KGaA,
Darmstadt, Germany) were transformed with plasmid obtained by
Addgene (pQE 80L Kan T7WT was a gift from Andrew Ellington
(Addgene plasmid no. 102790; http://n2t.net/addgene:102790;
RRID:Addgene_102790). Cells were grown in LB medium at 37 °C
until an optical density of 0.8 at 600 nm was reached. After induction of
the expression by 500 μM IPTG, the expression was maintained
overnight at 37 °C. Disruption of cells was performed as described
above using lysis bu�erT7 (25 mM sodium phosphate, pH 7.4, 500 mM
NaCl, 25 mM imidazole). For purification, the clear supernatant was
loaded onto a HisTrap HP 5 mL column, and protein was eluted
performing a gradient up to 100% elution bu�erT7 (25 mM sodium
phosphate, pH 7.4, 500mMNaCl, 500mM imidazole). For storage, the
eluted protein was rebu�ered into 2× storage bu�erT7 (100 mM Tris-
HCl, pH 7.8, 200 mMNaCl, 0.2 mM EDTA, 2 mM DTT, 0.2% Triton
X-100) using Amicon Ultra 4 10K centrifugal filters (Merck KGaA,
Darmstadt, Germany) and was diluted 1:1 very gently with glycerol.
Protein was stored until further use at −20 °C.

Polymerase Chain Reaction (PCR). For the preparation of IVT
templates for tRNAAsp, PCR reactions were carried out in final volumes
of 200 μL. Taq DNA Polymerase (0.05 U μL−1; NEB; units defined by
the supplier) was added to the reaction bu�er (10 mM Tris-HCl, pH
8.3, 50 mM KCl, 1.5 mM MgCl2) containing 3 mM MgCl2, 400 μM
dNTP-Mix, 2 μM of each primer (forward, 5′-CGC GCG AAG CTT
AATACGACTCACTATA-3′; reverse, 5′-TGGCGGGCCGTCG-
3′) and 10 nM template (5′-TGG CGG GCC GTC GGG GAA TCG
AAC CCC GGT CTC CCG CGT GAC AGG CGG GGA TAC TCA
CCA CTA TAC TAA CGA CCC TAT AGT GAG TCG TAT T-3′).
After an initial denaturation step (2 min at 90 °C), 35 PCR cycles were
performed with annealing (30 s at 59 °C), elongation (45 s at 72 °C),
and denaturation (30 s at 90 °C) and a final elongation step of 5 min.

The template of tRNAThr was prepared accordingly with primers 5′-
CGCGCG AAGCTT AAT ACG ACT CAC TAT A-3′ (forward) and
5′-TGG AGG CCC CGC TGG GAG TCG AA-3′ (reverse) and the
following template: 5′-TAG TCG TAA GCT GAT ATG GCT GAT
TAG TCG GAA GCA TCG AAC GCT GAT TGG AGG CCC CGC
TGG GAG TCG AAC CCA GGA TCT CCT GTT TAC TAG ACA
GGC GCT TTA ACC AAC TAA GCT ACG GAG CCT ATA GTG
AGT CGT ATT A-3′.
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In Vitro Transcription (IVT) and Purification of tRNAAsp and
tRNAThr. A portion (400 μL) of the PCR reaction product without
further purification was added to reaction mix to reach a final volume of
1 mL in transcription bu�er (40 mM Tris-HCl, pH 8.8, 1 mM
spermidine, 5 mM DTT, 0.01% Triton X-100) containing 30 mM
MgCl2, 5 mM DTT, 5 mM of each NTP, 2.5 μg mL−1 BSA, and 50 μg
mL−1 of T7 polymerase. Reactions were carried out at 37 °C for 4 h.

The DNA template was digested by addition of 1 U RNase-free
DNase I (Thermo Scientific; units defined by the supplier) and 100 μL
DNase I bu�er (100 mM Tris-HCl, pH 7.5, 25 mM MgCl2, 1 mM
CaCl2, Thermo Scientific) to the transcription reaction and incubation
for 1 h at 37 °C.

In vitro transcribed RNA was purified by 10% denaturing
polyacrylamide gel electrophoresis (PAGE) for 90 min at 15 W.
RNA was visualized by UV shadowing and the corresponding gel area
was excised from the gel. After overnight elution in 0.5 MNH4OAc and
Nanosep filtering (0.45 μm, VWR), the RNA was precipitated with
EtOH.

Purified RNA was dissolved in Milli-Q water. The quality was
checked on 10% denaturing PAGE gels after staining with GelRed
(Biotrend Chemikalien GmbH, Köln, Germany) and visualizing RNA
on a Typhoon 9400 at an excitation wavelength of 525 nm. The
concentration was determined on a Nanodrop 2000 Spectrometer
(Thermo Scientific, Waltham, USA) by measuring the absorption at
260 and 280 nm.
Microscale Thermophoresis (MST). A screening of all com-

pounds for binding was performed on a Monolith NT.115 Pico
instrument (NanoTemper Technologies, Muenchen, Germany). His6-
tagged DNMT2 was labeled using the Monolith His-Tag Labeling Kit
RED-Tris-NTA second generation, according to the manufacturer’s
instructions. The labeling strategy was chosen due to the existence of a
His6 tag within the recombinant protein, which should allow specific
labeling without interfering with the binding site of the protein. Labeled
protein was diluted to 10 nM intoMST bu�er (50mMHEPES, pH 7.5,
150 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.05% polysorbate-20,
0.1% PEG-8000), and the compound was added in a final concentration
of 100 μM. HEPES was recommended by the manufacturer as a
reasonable bu�er; moreover, addition of 0.05% polysorbate-20 and
0.1% PEG-8000 stabilized the protein and prevented aggregation
during the measurements. Measurements were performed in
quadruplets in MST bu�er at 25 °C and at medium MST power in
Monolith NT.115 Capillaries (NanoTemper Technologies, Muenchen,
Germany). Medium MST power was su�cient to induce a shift in
thermophoresis; therefore the usage of high MST power was waived to
avoid stress for the protein. Furthermore, special care was taken to
always use fresh protein and bu�ers to reduce adsorption and
aggregation and also to maintain reducing conditions for the protein,
which was crucial for the interactions. The protein was incubated with
compound for 5 min at room temperature prior to measurements. The
raw data were analyzed using the MO.A�nity Analysis software
(NanoTemper Technologies, Muenchen, Germany). For binder/
nonbinder discrimination, a 99% confidence interval of normalized
fluorescence was calculated. If there was at least a 1‰ fluorescence
shift, based on normalized fluorescence between the confidence
intervals of testing compound and control, the compound was defined
as a binder.
Isothermal Titration Calorimetry (ITC). Calorimetric experi-

ments for determination of binding a�nity of detected inhibitors were
conducted with a MicroCal PEAQ-ITC Automated (Malvern
Panalytical, Malvern, UK). DNMT2 was concentrated and bu�er was
exchanged into ITC bu�er (50 mM sodium phosphate, pH 7.5, 300
mM NaCl, 0.5 mM EDTA, 2 mM β-mercaptoethanol, 0.05%
polysorbate-20) using Amicon Ultra 4 10K centrifugal filters (Merck
KGaA, Darmstadt, Germany) to a final concentration of 30 μM. Stocks
of compounds were provided as 25 mM stocks in DMSO and were
diluted to 300 μM with ITC bu�er. Measurements were performed in
13 injections at 25 °C in triplicate. Data were analyzed and fitted using
MicroCal PEAQ-ITC Analysis Software 1.21. (Malvern Panalytical,
Malvern, UK). Values were not bu�er-corrected, considering the low
ionization heat of phosphate bu�ers.88

For analysis of the binding site, DNMT2 was spiked with 300 μM
27m instead of DMSO and the titration was performed with 300 μM
SAH, which served as a known binder. Parameters and analysis were as
described in the preceding.

DNMT2 Activity Assay. The enzymatic assay was carried out in
100 mM Tris-HCl, pH 8, 100 mM NH4OAc, 0.1 mM EDTA, 10 mM
MgCl2, and 10 mM DTT. SAM was added as a mixture of 3H-SAM
(Hartmann Analytics) and cold SAM (NEB) to final concentrations of
0.025 μCi μL−1 and 0.9 μM. tRNAAsp was heated to 75 °C for 5 min and
cooled down to room temperature before it was added to the reaction
mixture to a final concentration of 5 μM. The amount of DMSO was
adjusted to 5%. The reactions were started by adding 250 nM DNMT2
to a final volume of 20 μL and carried out at 37 °C.

At 0 and 20 min, aliquots of 8 μL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The RNAwas precipitated on the filters in 5% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 20 and 10 min and once in EtOH for 10 min. After
drying, the filters were transferred into scintillation vials and 3 mL of
Gold MV liquid scintillation cocktail (PerkinElmer, Waltham, USA)
was added. Scintillation was measured on a scintillation counter
(TriCarb Liquid Scintillation Analyzer 4810TR) with a measurement
time of 1 min.

For compound screening, compounds were added to final
concentrations of 100 μM. Percentage of inhibition at this
concentration was obtained by referencing scintillation increase to a
positive control without compound. Errors refer to the standard
deviation of three independent measurements.

For IC50 value determination, compounds were analyzed at a
minimum of seven di�erent concentrations in experimental triplicates.
IC50 values were calculated by exponential fitting of the relative
enzymatic activities against the inhibitor concentrations using the LL.2
function of the drc package, version 3.0-1,89 in RStudio.90 IC50 errors
are given as standard errors.

DNMT3A-3L Activity Assay. The enzymatic assay was carried out
in 50mMKPi, pH 7.8, 1.0mMEDTA, 20mMNaCl, 0.2mgmL−1 BSA,
and 1.0 mMDTT. 3H-SAM (Hartmann Analytics) was added to a final
concentration of 0.63 μM and 0.05 μCi μL−1.

Substrate DNA was prepared by annealing 7.5 μM of oligos 5′-GTC
GTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTC-3′ and
5′-GAC GAC GAC GAC GAC GAC GAC GAC GAC GAC GAC
GAC-3′ (Biomers) in 100 mM HEPES, pH 7.5, and 15 mM KOAc by
heating to 95 °C and slowly cooling down to room temperature.

Duplex DNA was added to the reaction mixture to a final
concentration of 750 nM. The amount of DMSO was adjusted to
5%. The reactions were started by adding 1 μMDNMT3A-3L to a final
volume of 20 μL and carried out at 37 °C.

At 0 and 150 min, aliquots of 8 μL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). TheDNAwas precipitated on the filters in 5% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 10 and 20 min and once in EtOH for 10 min,
respectively. After drying, the filters were transferred into scintillation
vials, and 3 mL of Gold MV liquid scintillation cocktail (PerkinElmer,
Waltham, USA) was added. Scintillation was measured on a
scintillation counter (TriCarb Liquid Scintillation Analyzer 4810TR)
with a measurement time of 1 min.

Compounds were added to final concentrations of 100 μM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.

NSUN2 Activity Assay. The enzymatic assay was carried out in 50
mM Tris-HCl, pH 7.5, 5.0 mM EDTA, 5.0 mM MgCl2, 10% glycerol,
and 1.5 mMDTT. SAMwas added as a mixture of 3H-SAM (Hartmann
Analytics) and cold SAM (NEB) to final concentrations of 0.025 μCi
μL−1 and 0.9 μM. Total tRNA of E. coli (Roche Diagnostics GmbH)
was heated to 75 °C for 5 min and cooled down to room temperature
before it was added to the reaction mixture to a final concentration of
123 ng μL−1. The amount of DMSO was adjusted to 5%. The reactions
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were started by adding 250 nM NSUN2 to a final volume of 20 μL and
carried out at 37 °C.

At 0 and 20 min, aliquots of 8 μL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The RNAwas precipitated on the filters in 5% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 10 and 20 min and once in EtOH for 10 min,
respectively. After drying, the filters were transferred into scintillation
vials and 3 mL of Gold MV liquid scintillation cocktail (PerkinElmer,
Waltham, USA) was added. Scintillation was measured on a
scintillation counter (TriCarb Liquid Scintillation Analyzer 4810TR)
with a measurement time of 1 min.

Compounds were added to final concentrations of 100 μM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.
NSUN6 Activity Assay. The enzymatic assay was carried out in 50

mM Tris-HCl, pH 7.0, 50 mM NaCl, 5.0 mM MgCl2, and 1.0 mM
DTT. SAM was added as a mixture of 3H-SAM (Hartmann Analytics)
and cold SAM (NEB) to final concentrations of 1.2 μM and 0.038 μCi
μL−1. tRNAThr was heated to 75 °C for 5 min and cooled down to room
temperature before it was added to the reaction mixture to a final
concentration of 1 μM. The amount of DMSOwas adjusted to 5%. The
reactions were started by adding 30 nMNSUN6 to a final volume of 20
μL and carried out at 37 °C.

At 0 and 20 min, aliquots of 8 μL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The RNAwas precipitated on the filters in 5% ice cold TCA for at
least 15 min. The filters were washed twice with 5% TCA at room
temperature for 20 and 10 min and once in EtOH for 10 min. After
drying, the filters were transferred into scintillation vials, and 3 mL of
Gold MV liquid scintillation cocktail (PerkinElmer, Waltham, USA)
was added. Scintillation was measured on a scintillation counter
(TriCarb Liquid Scintillation Analyzer 4810TR) with a measurement
time of 1 min.

Compounds were added to final concentrations of 100 μM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.
G9a Activity Assay.The enzymatic assay was carried out in 20 mM

KPi, pH 8.0, 2.0 mM MgCl2, 0.01% Tween-20. SAM was added as a
mixture of 3H-SAM (Hartmann Analytics) and cold SAM (NEB) to
final concentrations of 0.025 μCi μL−1 and 0.9 μM. Histone H3 (AAs
1−25, Eurogentec) was added to the reaction mixture to a final
concentration of 1.6 μM. The amount of DMSO was adjusted to 5%.
The reactions were started by adding 30 nMG9a to a final volume of 20
μL and carried out at 37 °C.

At 0 and 20 min, aliquots of 8 μL were taken from the reaction
mixture and spotted on Whatman glass microfiber filters (GF/C, 25
mm). The peptide was precipitated on the filters in 0.2 M ice cold
NH4OAc for at least 15 min. The filters were washed twice with 0.2 M
NH4OAc at room temperature for 10 and 20 min and once in acetone
for 10 min. After drying, the filters were transferred into scintillation
vials, and 3 mL of Gold MV liquid scintillation cocktail (PerkinElmer,
Waltham, USA) was added. Scintillation was measured on a
scintillation counter (TriCarb Liquid Scintillation Analyzer 4810TR)
with a measurement time of 1 min.

Compounds were added to final concentrations of 100 μM.
Percentage of inhibition at this concentration was obtained by
referencing scintillation increase to a positive control without
compound. Errors refer to the standard deviation of three independent
measurements.
Cell Culture. HEK-293 cells were cultured in DMEM high glucose

medium (Thermo Scientific) supplied with 10% (v/v) fetal bovine
serum (FBS, Thermo Scientific) and 1% (v/v) Penicillin-Streptomycin
(10000 U mL−1, Thermo Scientific) in 175 cm2 cell culture flasks at 37
°C and 5% CO2. At a confluency of 80−90%, passaging was performed
by washing once with 5 mL of Dulbecco’s phosphate-bu�ered saline

(DPBS, Thermo Scientific) followed by adding 1 mL of trypsin-EDTA
(Thermo Scientific) before splitting in a ratio of 1:20. Cells were
passaged every 2−3 days.

Cell Viability Assays. Cell viability assays were performed as
described in the literature91 with minor adaptions. Briefly, HEK-293
cells were cultured in a humidified incubator at 37 °C with 5% CO2
atmosphere as described in the previous section. Cell viability assay
were performed in Dulbecco’s modified Eagle medium (DMEM, no
glucose, no glutamine, no phenol red, Thermo Scientific) supple-
mented with 10% (v/v) fetal bovine serum, 1% pyruvate (Thermo
Scientific), and 1% Penicillin-Streptomycin (10000 U mL−1). Cells
(10000 per well) were seeded into 96-well microplates in a volume of
200 μL of supplemented DMEM. Compounds, provided as 50 mM
stocks in DMSO, were added in a range of 500 μM to 800 nM (1% to
0.0016% DMSO, respectively) in duplicates to the wells. Negative
controls were performed with DMSO treatment in the same
concentrations as the compound solutions. After incubation for 24 h
at 37 °C and 5% CO2, 40 μL of a 3 mg mL−1 solution of 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT,
Sigma-Aldrich) was added to each well. After a further incubation at
37 °C and 5%CO2 for 20 min, the medium was removed and 225 μL of
an 8:1 mixture of DMSO/(0.1 M glycine pH 10.5 (Merck KGaA), 0.1
MNaCl) was added to each well. Plates were shaken for 20min, and the
absorbance was determined at 595 and 670 nm using an Infinite M200
Pro plate reader (Tecan, Ma ̈nnedorf, Switzerland). Background
absorbance at 670 nm was subtracted from absorbance at 595 nm.
The cell viability was calculated as the ratio of corrected absorbance in
compound treated cells to DMSO treated cells with corresponding
DMSO concentrations.

In Vivo Methylation Assay. 750 000 cells per well were seeded in
6-well plates, and 2.5 mL of DMEM supplemented with 10% FBS and
1% Penicillin-Streptomycin was added. After 24 h, the medium was
removed, and the experiment was initiated by the addition of 2.5 mL of
supplemented DMEM including a final concentration of 100 μM
compound (5 μL of a 50 mM stock in DMSO) or 5 μL of DMSO.
Incubation was carried out for 24 h at 37 °C and 5% CO2. To terminate
the experiment, the medium was removed, and cells were washed with
DPBS and directly harvested using 0.5 mL of Tri Reagent (Sigma-
Aldrich).

CaCo-2 Cell Permeability Assay. Cell permeabilities of 27s-A/B
and 28-B were assessed in transport studies across monolayers of a
human enterocyte cell line. CaCo-2 cells (clone C2Bbe1, passage 49,
LGC Standards, Wesel, Germany) were seeded at a density of 5 × 104
cells/cm2 in 24-well Transwell inserts with a pore diameter of 3.0 μm
(Corning Life Science, Corning, USA) in DMEM cell culture medium
(Gibco, Thermo Fisher Scientific, Waltham, USA) supplemented with
10% fetal calf serum (Sigma-Aldrich, St. Louis, USA) and 1%
nonessential amino acids (Gibco, Thermo Fisher Scientific, Waltham,
USA). Cells were cultured for 14 days at 37 °C and 5% CO2, and
medium was exchanged every 2−3 days. Before and after the transport
study, barrier integrity was evaluated via the transepithelial electrical
resistance using chop stick electrodes (Millicell ERS-2, Merck
Millipore, Burlington, USA). Compounds 27s-A/B and 28-B were
dissolved in DMSO and applied to the apical side of CaCo-2 cell layers
at a final concentration of 200 μM in cell culture medium (final
concentration of 1% DMSO v/v) in four separate experiments.
Compound-free DMSO solutions were used as controls. After 24 h, cell
culture media from the apical and basolateral compartments were
collected and lyophilized. The residues were each taken up in 200 μL of
MeOH, centrifuged, and analyzed by LC-MS using an Agilent Zorbax
SB-Aq column (4.6× 150mm2) with the mobile phasesMeCN/H2O =
10:90 + 0.1% HCOOH or MeCN/H2O = 5:95 + 0.1% HCOOH. The
flow rate was 0.7 mL/min. Samples were applied using 5 μL injection,
and the quantitation of the compounds in the apical and basolateral
compartment was conducted using the AUCs of the respective peaks at
254 nm. The retention times using the two di�erent mobile phases were
as follows: tR (27s-A/B) = 3.21 min (MeCN/H2O = 10:90 + 0.1%
HCOOH); tR (28-B) = 9.25 min (MeCN/H2O = 10:90 + 0.1%
HCOOH); 4.96 min (27s-A, MeCN/H2O = 5:95 + 0.1% HCOOH),
5.68 min (27s-B, MeCN/H2O = 5:95 + 0.1% HCOOH). Analyses of
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the solutions from the assays with 28-B revealed 20% of ester 28-B and
78% of acid in the donor compartment, whereas the acceptor
compartment contained 2% acid. In the assays with the acid 27s-A/
B, only traces of the compound (ca. 0.6%) could be detected in the
acceptor compartment. All values are mean values from the four
independent experiments.
Extraction of Total RNA. Total RNA was extracted in Tri Reagent

according to the manufacturer’s protocol with chloroform (Honeywell
Riedel-de Haen̈). Chloroform (200 μL per milliliter of Tri Reagent)
was added, and the samples were vortexed and incubated at 25 °C for 2
min followed by centrifugation for 15 min at 12 000g at 4 °C. Total
RNA contained in the upper phase was transferred into a new tube, and
the procedure was repeated. Afterward, RNA was precipitated by
addition of 500 μL of isopropanol (Honeywell Riedel-de Haen̈),
incubation for 10 min, and centrifugation at 13 000g at 4 °C for 30−45
min. The supernatant was discarded, and pellets were washed with 300
μL of 75% ethanol (Carl Roth) and centrifuged again. Following this
procedure, the pellet was dried and RNA was dissolved in 10 μL of
RNase-free water. Concentrations were determined on a Nanodrop
2000 Spectrometer (Thermo Scientific, Waltham, USA) by measuring
the absorption at 260 and 280 nm.
Isolation of Total tRNA. Total tRNA was isolated from total RNA

by 10% denaturing polyacrylamide gel elution as described in previous
sections with minor adaptions: the gel bands containing small RNA
species (75 to 120 nucleotides) were excised after running the gel for 90
min at 15 W, staining, and visualization as described previously. RNA
was eluted from the gel by adding 300 μL of NH4OAc (0.5 M), shaking
overnight at 850 rpm and 20 °C, and filtering through a Nanosep device
(0.45 μm, VWR). Finally, RNA was EtOH precipitated, and the
concentration was determined on a Nanodrop 2000 Spectrometer
(Thermo Scientific, Waltham, USA) by measuring the absorption at
260 and 280 nm.
LC-MS/MS-BasedQuantification ofm5C.Before measuring m5C

levels via LC-MS/MS, samples were digested down to nucleosides.
Therefore, RNA was incubated for 2 h at 37 °C in 5 mMTris-HCl (pH
8), 1 mMMgCl2, 0.3 U of nuclease P1 from Penicillium citrinum (Merck
KGaA), 0.1 U of phosphodiesterase I (venom exonuclease,
Worthington Biochemical Corporation), 1 U of alkaline phosphatase
from bovine intestinal mucosa (Merck KGaA), and 10 U of Benzonase
Nuclease (Merck KGaA).

For relative quantification of m5C, deuterated m5C (D3-m5C) was
added to digested samples as an internal standard. Samples were
measured using an Agilent 1260 HPLC Infinity system equipped with a
diode array detector (DAD) and a Synergy Fusion RP column (4 μm
particle size, 80 Å pore size, 250 mm length, 2 mm inner diameter,
Phenomenex). The HPLC was coupled to a triple quadrupole mass
spectrometer (Agilent 6470) equipped with an electrospray ion source
(ESI, Agilent Jet Stream). Column temperature was set to 35 °C and
elution was performed at a flow rate of 0.350 mLmin−1 using a gradient
over 30 min with the following mobile phases: A (5 mM NH4OAc
adjusted to pH 5.3 using acetic acid) and B (100% acetonitrile,
CHROMASOLV, Honeywell Riedel-de Haen̈). The gradient included
a linear increase from 0−8% B (0−10 min) followed by 8−40% B (10−
20 min), 40−0% B (20−23 min), and a final constant composition of
0% B (23−30 min). HPLC separation was followed by a photometrical
measurement of the main nucleosides using a DAD at 254 nm prior to
entering the triple quadrupole mass spectrometer, which was run at a
gas temperature of 300 °C, gas flow of 7 L min−1, nebulizer pressure of
60 psi, sheath gas temperature of 400 °C, sheath gas flow of 12 L min−1,
capillary voltage of 3000 V, and nozzle voltage of 0 V.Measurement was
performed in the positive ion mode using the Agilent MassHunter
software, and modified nucleosides were monitored in the dynamic
multiple reaction monitoring (dynamic MRM) mode. The following
nucleoside-to-base mass transitions were used for detection of m5C and
D3-m5C: 258 → 126 (m5C), 261 → 129 (D3-m5C) with a retention
time (m5C and D3-m5C) of 7.6 min. Analysis was performed using the
Agilent MassHunter Qualitative Analysis Software V10.0. For relative
quantification, the ratio of unlabeled 12C-m5C and D3-m5C was
calculated and normalized to the UV peak area of adenosine. The final

m5C levels were related to the negative control with DMSO, which was
set to 1.

tRNA-Bisulfite-MiSeq. For tRNA-bisulfite-MiSeq, primers were
designed to in silico converted (C > U), unmethylated regions of
tRNAAsp according to Bormann et al.92 Within the amplified region,
target cytosine residue 38 was contained. For compatibility with
Illumina index and sequencing adapters, 5′ and 3′ Illumina overhang
adapters were appended to the tRNAAsp-specific primer sequences (vide
inf ra). For sequencing library preparation, 1 μg of total RNA isolated
from compound-treated HEK-293 cells was bisulfite-converted using
the EZ RNAMethylation Kit (Zymo Research). Target amplicons were
generated by RT-PCR. cDNA first-strand synthesis was performed
using the SuperScript III First-Strand Synthesis kit (Invitrogen). Briefly,
200 ng of bisulfite-converted total RNA was reverse-transcribed using
the tRNAAsp-specific reverse primer listed below and subsequently
amplified via PCR. PCR reactions were separated on agarose gels and
purified using the QIAquick Gel Extraction Kit (Qiagen). Dual indices
and sequencing adapters were attached to the amplicons by an indexing
PCR using the Illumina Nextera XT Index Kit v2 Set B (Illumina) and
the 2× KAPA HiFi Hot Start Ready Mix (KAPA Biosystems).
Amplicons were purified using AMPure XP beads (Beckman Coulter
Genomics) according to the 16S Metagenomic Sequencing Library
Preparation Protocol (Illumina). The final library was quantified via the
Qubit dsDNA BR Assay Kit (Life Technologies), pooled at equimolar
ratios, and submitted for MiSeq at the Genomic and Proteomic Core
Facility (German Cancer Research Center). Sequencing data
processing and methylation heatmap generation were performed
using the BisAMP pipeline.92 The forward primer used for library
preparation was 5′-tcg tcg gca gcg tca gat gtg tat aag aga cag TGT TAG
TAT AGTGGTGAGTAT-3′ and the reverse primer 5′-gtc tcg tgg gct
cgg aga tgt gta taa gag aca gCTCCCCATCAAAAAATTA-3′. Capital
letters correspond to target-specific sequences that were designed to in
silico converted (C > U), unmethylated regions of tRNAAsp. Small
letters represent Illumina overhang adapter sequences that are
compatible with Illumina index and sequencing adapters.

Statistics. P-values were determined with the Rstatix package93 in
RStudio90 using unpaired two-tailed Welsh t tests and adjusted to
reduce the number of false positive hits appearing due to performing
multiple comparisons. Adjustment of p-values was conducted using the
Benjamini−Hochberg method, a method based on the false discovery
rate (FDR), reducing false positive hits while minimizing adjustment-
based false negative results.94,95
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Zürcher, G.; Borroni, E.; Diederich, F. Bisubstrate Inhibitors for the
Enzyme Catechol-O-Methyltransferase (COMT): Influence of Inhib-
itor Preorganisation and Linker Length between the Two Substrate
Moieties on Binding Affinity. Org. Biomol. Chem. 2003, 1 (1), 42−49.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00388
J. Med. Chem. 2022, 65, 9750−9788

9786



(44) Paulini, R.; Lerner, C.; Jakob-Roetne, R.; Zürcher, G.; Borroni,
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MST Curves 

 

Figure S219. MST curve of 27a. 

 

Figure S220. MST curve of 27b. 
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Figure S221. MST curve of 27d. 

 

Figure S222. MST curve of 27h. 
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Figure S223. MST curve of 27i. 

 

Figure S224. MST curve of 27j. 
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Figure S225. MST curve of 27l. 

 

Figure S226. MST curve of 27m. 
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Figure S227. MST curve of 27n. 

 

Figure S228. MST curve of 27o. 
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Figure S229. MST curve of 27p. 

 

Figure S230. MST curve of 27q. 
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Figure S231. MST curve of 27r. 

 

Figure S232. MST curve of 27s-A/B. 
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Figure S233. MST curve of 27t. 

 

Figure S234. MST curve of 14a. 
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Determination of Z‘-factors  
 

Z‘-factors for the MST pre-screening assay were determined for the known pan-methyltransferase 
inhibitor SFG and 27s-A/B, which showed the highest affinity within the set of inhibitors against 
DNMT2. Therefore, DNMT2 was fluorescence-labeled as described above. Measurements were 
performed according to the method described above, but in septets for both SFG and 27s-A/B against a 
DMSO control. Z’-factors were calculated as described in literature by Zhang et al., J. Biomol. Screen. 
1999, 4, 67–73.  

 

 

 Measurement 1 Measurement 2 Measurement 3 Measurement 4 
 DMSO SFG DMSO SFG DMSO SFG DMSO SFG 

Fnorm 

902,19 888,05 901,93 881,65 903,89 883,27 901,37 886,47 
903,54 888,72 902,25 882,60 903,55 883,44 901,39 886,56 
903,98 889,29 901,91 881,71 903,44 884,08 898,49 886,68 
902,94 889,35 900,22 880,99 903,46 883,11 898,79 886,93 
903,03 889,19 902,49 883,19 903,09 884,06 899,27 887,46 
903,06 890,59 902,61 882,12 903,88 884,22 900,48 887,19 
901,94 890,06 902,24 883,20 903,60 884,98 899,27 887,78 

μ 902,95 889,32 901,95 882,21 903,56 883,88 899,87 887,01 
σ 0,71 0,83 0,81 0,83 0,26 0,65 1,21 0,49 
Z‘ 0,66 0,75 0,86 0,60 

 

 

 Measurement 1 Measurement 2 Measurement 3 Measurement 4 
 DMSO 27s DMSO 27s DMSO 27s DMSO 27s 

Fnorm 

891.19 874.97 898,14 876,95 897,88 878,57 876,95 898,14 
891.79 874.82 898,17 877,79 897,17 879,02 877,79 898,17 
892.05 874.82 897,39 877,16 897,91 878,65 877,16 897,39 
891.88 876.26 896,93 877,69 897,72 878,67 877,69 896,93 
891.56 875.69 897,62 879,15 898,62 879,07 879,15 897,62 
892.30 876.15 897,19 878,67 899,21 878,80 878,67 896,11 
892.34 877.59 898,82 879,47 897,39 880,07 879,47 897,19 

μ 891.87 875.76 897,75 878,12 897,98 878,98 897,36 878,12 
σ 0.41 1.01 0,66 0,98 0,71 0,52 0,72 0,98 
Z‘ 0,74 0,75 0,81 0,74 
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ITC Curves 

 

Figure S235. ITC curve of SAH. 

 

Figure S236. ITC curve of Sinefungin. 

 

Figure S237. ITC curve of 27m. 
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Figure S238. ITC curve of 27n. 
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Docking 
Table S1: Molecular docking results sorted by FlexX-score. aMolecules were classified as binders when 
MST-shift or at least 10% inhibition at a concentration of 100 µM in the inhibition assay was observed. 
bRe-docking RMSD of SAH: 0.77 Å 
 

Cpd. binder / non-bindera FlexX-score (kJ mol−1) 
14d  non-binder −51.95 
21b  non-binder −51.10 
14b  non-binder −49.84 
21c  non-binder −48.99 
Sinefungin  binder −48.33 
14a  binder −44.47 
27m  binder −44.23 
27q  binder −43.18 
27a  binder −42.92 
27r  binder −42.34 
27j  binder −42.21 
8a  non-binder −42.13 
SAHb  binder −42.02 
27p  binder −41.43 
21a  non-binder −41.38 
27o  binder −41.17 
17d  non-binder −40.17 
27l  binder −40.10 
27e  non-binder −40.09 
27i  binder −39.98 
27c  non-binder −39.91 
27b  binder −39.79 
27h  binder −39.75 
27n  binder −39.21 
17e  non-binder −38.65 
27f  non-binder −38.48 
27d  binder −38.33 
17c  non-binder −38.30 
17b  non-binder −37.41 
27s (R)  binder −37.00 
14c  non-binder −36.40 
21d  non-binder −35.66 
27k  non-binder −35.55 
19  non-binder −35.25 
27s (S)  binder −34.52 
17a  non-binder −33.05 
8b  non-binder −30.45 
27g  non-binder −28.51 
27t  binder −24.86 
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Table S2: 3D-RISM results for hydration sites within 4 Å of SAH for the SAH-DNMT2 complex crystal structure 
PDB-ID 1G55. Bold letters indicate hydration sites discussed in the main manuscript. aHydration site ID−247 has 
no corresponding crystallographic water molecule. Water molecule 656 can be linked to hydration site ID−244 
(RMSD 0.75Å). 

ID Occupancy dG Vol Aniso HB Tot HB Rec 
HB 
Lig Xtal Dist System 

193 0.02 8.09 1.06 0 4.38 4.38 0   Cplx 
199 0.43 4.16 1.89 0.42 −4.03 −5.46 1.43 HOH459 1.91 Cplx 
241 0.52 −2.9 3.14 0.68 −4.05 −2.55 −1.5 HOH642 1.77 Cplx 
203 0.54 3.65 0.76 0 −3.69 −3.69 0 HOH471 1.64 Cplx 
189 0.57 −10.78 1.11 0.06 −14.25 −6.89 −7.36 HOH413 0.73 Cplx 
183 0.59 −3.65 1.47 0.26 −1.35 −1.35 0 HOH644 1.75 Cplx 
196 0.59 4.46 0.76 0 −1.61 −1.01 −0.6   Cplx 
250 0.61 1.15 0.79 0.01 −3.75 −2.12 −1.64 HOH659 0.61 Cplx 
194 0.62 −9.97 1.93 0.44 −5.01 −5.01 0   Cplx 
239 0.62 10.23 0.79 0.01 −1.33 −0.04 −1.29 HOH571 1 Cplx 
197 0.64 −7.22 1.61 0.32 −14.11 −6.37 −7.74 HOH459 0.16 Cplx 
247 0.66 3.25 0.76 0 −4.97 −3.01 −1.96 HOH656 2.27a Cplx 
225 0.68 8.53 1 0.09 −2.91 −0.53 −2.38 HOH644 1.35 Cplx 
296 0.69 3.77 1.64 0.33 −10.12 −10.12 0 HOH658 1.05 Cplx 
191 0.71 −4.37 1.78 0.38 −4.28 −4.28 0 HOH642 2.01 Cplx 
192 0.71 5.07 1.05 0.11 −5.84 −4.74 −1.1 HOH414 0.51 Cplx 
231 0.71 7.71 0.76 0 −1.74 −0.24 −1.5 HOH657 1.2 Cplx 
284 0.74 5.32 1.06 0 −0.5 −0.13 −0.37   Cplx 
222 0.75 −5.17 0.76 0 −3.28 −3.28 0 HOH657 3.13 Cplx 
228 0.79 7.42 1.62 0.32 −4.39 −3.93 −0.47 HOH642 3 Cplx 
291 0.79 4.86 1.06 0 −0.72 −0.12 −0.59   Cplx 
244 0.86 5.22 1.06 0 −2.12 0 −2.12 HOH656 0.75 Cplx 
186 0.91 0.61 1.34 0.22 −4.37 −1.03 −3.34 HOH495 0.93 Cplx 
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Figure S239. SAH (light blue carbon atoms) in complex with DNMT2 (PDB-ID 1G55). 

 

 

Figure S240. Sinefungin (light blue carbon atoms) in complex with NSUN6 (PDB-ID 5WWR). 
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Figure S241. Surface of NSUN2 Alphafold homology model in superposition with the DNMT2-SAH 
complex (light blue ligand and cartoon, PDB-ID 1G55). Green surface patches illustrate identical 
residues, red patches different. An alpha-helix forming the cytidine binding site in DNMT2 (residues 
366−377) is also missing in NSUN2.  

 

 

Figure S242. Overall structure comparison of DNMT2-SAH complex (PDB-ID 1G55, white cartoon 
and ligh blue ligand) and DNMT3a-SAH complex (PDB-ID 6W8B, light orange cartoon and ligand).  
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Figure S243. Superposition of DNMT2 (white carbon atoms, surface and light blue ligand) and 
DNMT3a (light orange binding site and ligand) binding sites. Residues are labelled as 
DNMT2/DNMT3a. 
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CaCo-2 Cell Permeability Assay: Chromatograms 

 

Figure S244. DMSO control, MeCN/H2O = 5:95 + 0.1% HCOOH, the chromatogram shows the peaks 
of the medium used for the assays. 

 

Figure S245. 28-B, MeCN/H2O = 5:95 + 0.1% HCOOH, apical compartment; the chromatogram 
shows that the ester 28-B is hydrolzyed in the medium. 

Hydrolysis product of 28-B 
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Figure S246. 28-B, MeCN/H2O = 10:90 + 0.1% HCOOH, apical compartment; the chromatogram 
shows that the ester 28-B is hydrolyzed in the medium yielding the respective acid 27; only minor 
amounts of unhydrolyzed ester are found. 

 

 

Figure S247. 28-B, MeCN/H2O = 5:95 + 0.1% HCOOH, basolateral compartment; only the peak for 
the hydrolysis product is observed.  
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Figure S248. 27s-A/B, MeCN/H2O = 5:95 + 0.1% HCOOH, apical compartment; the chromatogram 
shows the peaks for both epimers 27s-A and 27s-B 
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ABSTRACT: Developing methyltransferase inhibitors is challeng-
ing, since most of the currently used assays are time-consuming
and cost-intensive. Therefore, e�cient, fast, and reliable methods
for screenings and a�nity determinations are of utmost
importance. Starting from a literature-known fluorescent S-
adenosylhomocysteine derivative, 5-FAM-triazolyl-adenosyl-Dab,
developed for a fluorescence polarization assay to investigate the
histone methyltransferase mixed-lineage leukemia 1, we herein
describe the applicability of this compound as a fluorescent tracer
for the investigation of DNA-methyltransferase 2 (DNMT2), a
human RNA methyltransferase. Based on these findings, we
established a microscale thermophoresis (MST) assay for
DNMT2. This displacement assay can circumvent various
problems inherent to this method. Furthermore, we optimized a screening method via MST which even indicates if the detected
binding is competitive and gives the opportunity to estimate the potency of a ligand, both of which are not possible with a direct
binding assay.
KEYWORDS: Drug discovery, High-throughput-screening, Microscale thermophoresis, RNA methyltransferase DNMT2,
Fluorescein-labeling

Originally the human DNA methyltransferase 2
(DNMT2) was considered to be a DNA-modifying

enzyme, as it shares most of its sequence with other members
of the DNMT family (DNMT1, DNMT3A, DNMT3B).1,2

However, in 2006, Goll et al. discovered that the main
substrate of DNMT2 is tRNA. DNMT2 catalyzes the
methylation of a cytosine at position 38 in the anticodon
loop of tRNAAsp. During this modification, the cofactor S-
adenosylmethionine (SAM) is converted to S-adenosyl-
homocysteine (SAH), a known product inhibitor of
DNMT2.3 Subsequently, tRNAVal and tRNAGly were also
found to be substrates of DNMT2, underlining its role as an
RNA methyltransferase, especially in humans.4 Since then, a lot
of possible physiological roles of DNMT2 were discussed. It
was proven that DNMT2 together with other RNA-
methyltransferases like NSUN2 has a critical influence on
tRNA stability and protein translation in cells.5−7 During
oxidative stress, an up-regulation of DNMT2 could be
detected, leading to the assumption that DNMT2 also helps
cells coping with exogenous stress factors.8−10 DNMT2 was as
well found to be overexpressed in cancer cells, where
mutations on DNMT2 are assumed to play a functional role
in tumorigenesis.11,12 Furthermore, DNMT2 is also involved in
the epigenetic inheritance process.13 Taken all this into

account, DNMT2 appears to be a promising drug target for
medicinal chemistry. Therefore, reliable methods to identify
potent binders are required.
Tritium incorporation assays using 3H-SAM are still the

most reliable and therefore often used methods to assay
methyltransferases like DNMT2, despite all the disadvantages,
such as time consumption and high costs.14,15 Other methods,
like LC-MS, still require a lot of working steps and time.16

Therefore, fast, reliable, and cost-e�cient screening methods
are needed to reduce the number of compounds subjected to
tritium incorporation or LC-MS assays to a minimum. At
present, various biophysical methods are available for a�nity-
based screening assays such as isothermal titration calorimetry
(ITC),17 di�erential scanning fluorimetry (DSF),18 surface
plasmon resonance (SPR),19 or microscale thermophoresis
(MST).20 All have their advantages but also their disadvan-
tages. ITC measurements not only determine ligand a�nities,
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by measuring the binding enthalpy, but also reveal
thermodynamic data of the binding as well as binding
stoichiometry. Although this is a very robust method, the
enormous amounts of protein and ligand needed can be a
major obstacle.21−23 DSF is a fast-screening method based on
the measurement of protein melting curves in the presence of a
fluorescent dye.18,24,25 A disadvantage is the fact that some
ligands induce only small thermal shifts, leading to a false
negative result in a screening campaign.26 Today, SPR is one
key technology applied in pharmaceutical research.27 Although
it o�ers several advantages, such as fast, reliable, and label-free
measurements, one cannot ignore that the necessity of surface
immobilization remains a major challenge. Besides SPR, the
significance of MST also emerges.28−31 In contrast to SPR or
ITC, thermodynamic properties cannot be analyzed using
MST with a single measurement but require several measure-
ments at di�erent temperatures.32 However, especially in early
drug discovery, this sample-saving method can be of great
benefit. It is based on the principle that molecules migrate in a
temperature gradient. This so-called thermophoresis is
reproducible at given conditions, but even small changes
such as ligand binding can alter that behavior.32 Furthermore,
the change in the thermophoresis behavior correlates with the
extent of this interaction. This allows an a�nity determination
of a protein−ligand interaction by observing fluorescence
changes.20,32,33 Besides thermophoresis, other e�ects can cause
these changes, e.g., temperature di�erences and changes in the
local environment of the fluorophore.34,35 The advantages of
this method are certainly its sensitivity and scalability, but also
the fact that screenings can be performed directly with cell
lysates or blood sera, which makes it a powerful method for
drug discovery.20,26,32,36−40 Determining binding a�nity by
MST, however, comes with some inherent problems. In most
cases, the protein of interest must be fluorescently labeled,
either in a covalent manner, by thiol or amide coupling, or in a
non-covalent manner, by His-tag labeling with a fluorescent
dye.32,33 Direct measuring of protein−ligand interactions by
MST only shows binding events but cannot reveal if the
detected binding is competitive with respect to the active site
of the protein, or if the ligand binding occurs on an allosteric
site. It can also be very challenging to reach saturation
conditions for the bound protein−ligand complex, especially if
ligands only have binding a�nities in the low single-digit
micromolar range like the currently known inhibitors of
DNMT2. Achieving saturation conditions often needs high
protein and ligand concentrations resulting in protein and/or
ligand aggregation and/or unspecific binding. Furthermore, the
maximal e�ect of a ligand on the thermophoresis behavior of
the protein−ligand complex is not predictable. Therefore, it is
not uncommon, that low-a�nity ligands have a stronger
influence on the thermophoresis behavior than high-a�nity
ones.
The main cause of these problems is notably due to the

necessity of fluorescent-labeling of the protein. If the
fluorescent dye is not attached to the enzyme but rather a
known ligand (fluorescence tracer)especially one with a
strong thermophoresis behaviora displacement assay could
be established to circumvent a lot of this problems. In this
paper, we introduce an optimized MST method with excellent
suitability for high-throughput-screening of DNMT2 ligands.
We developed a displacement assay, using a literature-known
fluorescein-based tool compound 5-FAM-triazolyl-adenosyl-
Dab (6, FTAD, see Scheme 1), that originally was applied by

Luan et al. in a fluorescence polarization (FP) assay for the
histone methyltransferase mixed-lineage leukemia 1 (MLL1).41

Our method circumvents the inherent problems previously
described, and provides the following improvements:

• reduced aggregation due to lower concentrations of
ligand

• half-quantitative screenings outcomes
• determination of active site interactions
• no enzyme labeling required

■ RESULTS AND DISCUSSION
Chemistry. For the preparation of the tool compound, we

followed a synthetic procedure similar to the one used by Luan
et al. (Scheme 1).41 First the azide 2 was prepared in a

nucleophilic substitution reaction of 2-chloroethylamine
hydrochloride 1 and sodium azide. This product was then
coupled to 5-carboxyfluorescein (5-FAM) using O-(2-oxo-
1(2H)pyridyl)-N,N,N′,N′-tetramethyluronium tetrafluorobo-
rate (TPTU) and N-ethyldiisopropylamine (DIPEA), yielding
compound 3. In the subsequent copper(I)-catalyzed azide−
alkyne cycloaddition (CuAAC), the alkyne 4 was connected to
the azide 3, forming the triazole product 5. The synthesis of
building block 4 was carried out according to literature.42 In
the final step, all protecting groups were cleaved using a two-
step procedure. First, 50% (v/v) trifluoroacetic acid (TFA in
DCM was used at 5 °C, then 14% TFA in water at 5 °C to
finally yield FTAD (6) as its trifluoroacetate salt.

Establishment of DNMT2 Fluorescence Polarization
Assay. Binding a�nity of FTAD (6) to DNMT2 was
investigated using the fluorescence polarization assay protocol
described for the histone methyltransferase MLL1.41 There-
fore, a saturation curve was measured, which resulted in a KD
value of 2.4 μM. These results indicated that this fluorescent
probe is not only suitable to assay MLL1 but also DNMT2. To
check the quality of this assay, the Z-factor was evaluated. The
obtained value of 0.92 for the Z-factor is very good and
su�cient to establish an assay for the determination of binding
a�nities.43 Next, the literature known binding a�nities of S-
adenosylhomocysteine (7, SAH) and sinefungin (8, SFG)
could be confirmed. KD values of 12.2 μM and 6.5 μM for SAH
and SFG were measured, which are quite similar to reported
values from literature (KD = 13.6 μM and KD = 7.5 μM).42

Furthermore, the binding a�nity of a recently published
DNMT2 inhibitor (9) was determined, revealing a KD of 7.8

Scheme 1. Synthesis of FTAD (6)a

aReagents and conditions: (i) NaN3, H2O, 85 °C, 24 h, 67%; (ii) 5-
FAM, TPTU, DIPEA, DMF, 0−20 °C, 48 h, 96%; (iii) CuSO4,
sodium ascorbate, MeOH/H2O, 16 h, 61%; (iv) 1. TFA, DCM, 5 °C;
2. TFA, H2O, 5 °C, 99%.
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μM which was also found to fit to the published value of 8.1
μM.42

To investigate if this tool compound may be suitable for
pan-methyltransferase assays, binding toward the human tRNA
methyltransferases NSUN2 and NSUN6 as well as the histone
methyltransferase EHMT2 of the KMT family was tested.
Unfortunately, FTAD showed only weak a�nities to those
methyltransferases with approximate KD values in the higher
two-digit or the three-digit micromolar range (data not
shown).
Nevertheless, these findings proved that this tool compound

which originally was designed to assay MLL1 via FP was also
suitable for DNMT2.
Establishment of DNMT2 Microscale Thermophoresis

Assay. In a next step, FTAD (6) was used as a fluorescence
tracer for a microscale thermophoresis (MST) displacement
assay. The assay is based on the formation of a FTAD-
DNMT2 complex, which allows fluorescence tracing. By
adding a ligand of interest FTAD is displaced, which results
in an altered fluorescence signal, since FTAD is no longer
bound to DNMT2 (Scheme 2). Excitation and emission

wavelengths of FTAD were su�cient for MST measurements
with blue light settings (excitation: 465−490 nm and emission:
500−550 nm). At first, an assay concentration for FTAD was
evaluated, starting with 50 nM, as described in the FP protocol.
Since the fluorescence signal was not optimal, the concen-
tration was increased. Finally, a concentration of 100 nM was
chosen, which allowed measurements with su�cient fluo-
rescence signal, at the lowest possible concentration.
Furthermore, no surface absorption or bleaching was detected
in standard capillaries. In a dilution series of DNMT2 at
constant FTAD concentrations, binding a�nity of FTAD
against DNMT2 was investigated using MST, revealing a KD
value of 1.8 μM, which is in very good accordance with the
binding a�nity determined using FP (Figure 1A,B).
Furthermore, a Z-factor of 0.90 (Figure 1C) for this assay
indicated that this assay had a very good quality. In the next
step, the binding a�nities of SAH and SFG were verified by
MST. Since displacement assays only provide EC50 values,
those results were corrected for the binding competition with
the fluorescence tracer according to the instructions of

Nanotemper Technologies to receive KD values. For SAH,
KD = 6.5 μM was determined, while for SFG, KD = 9.2 μM was
found. Both values were in high accordance with literature,
where KD values of 13.6 μM and 7.5 μM, respectively, were
described (Table 1). For compound 9, a KD value of 5.2 μM
was found, which correlates quite well with the literature value
(KD = 8.1 μM42). Interestingly, also for compound 10, a
literature known non-inhibitor of DNMT2,42 a very slight
protein−ligand interaction could be detected in this assay with

Scheme 2. Establishment of DNMT2 Microscale
Thermophoresis Assaya

aSteps: (1) Unlabeled DNMT2 cannot be observed by MST. (2)
DNMT2 is pre-incubated with FTAD; the FTAD-DNMT2 complex
can be observed by MST. (3) Displacement of FTAD with ligand of
interest; free FTAD can be observed by MST.

Figure 1. Microscale thermophoresis assay for FTAD against a
dilution series of human DNMT2. (A) Raw traces of runs. (B)
Normalized fluorescence plotted against concentration of human
DNMT2. Data is given as mean ± SD of triplicates. KD of FTAD
against DNMT2 was found to be 1.8 μM ± 0.1 μM. (C) Z-factor
determination of microscale thermophoresis assay. In orange, free
FTAD without DNMT2; in blue, FTAD in the presence of 2 μM
human DNMT2.
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an EC50 of >100 μM, this indicates that the method is even
capable to identify very low a�nity binders if needed. To
further confirm the potential of this assay for a�nity
determination, three additional SAH-derived DNMT2 inhib-
itors, 11−13,42 were selected and the KD values were
determined by the MST displacement assay and by ITC as
an orthogonal method.
The data are in very good agreement, proving the reliability

of the assay. Moreover, in comparison to the ITC method, the
amounts of samples, especially of protein, are much lower.
One of the most considerable findings was the fact that with

this displacement method the plateaus for total unbound and
bound protein could be resolved very well (Figure 2). Since
the maxima of the shifts can easily be measured by control
runs, the fits derived from those measurements are far more
reliable than those of direct binding assays based on MST.
Aggregation, up to concentrations needed to reach a plateau,
was not observed in any run. Furthermore, the signal-to-noise
ratio was highly increased compared to direct measurements of
labeled DNMT2. This may derive from the largely increased
shift, which is probably due to the fact, that the large DNMT2
molecule influences the thermophoresis behavior of the small
fluorescence tracer much more, than vice versa a small
molecular ligand a >40 kDa protein like DNMT2.
MST can be used as a fast and e�cient screening method.42

Although common MST assays using labeled protein are highly

sensitive screening methods that can detect binders with
almost negligible a�nity, there remain some problems. One is
for sure the comparability of the detected shifts. The extent of
the included shifts in thermophoresis does not correlate very
well with the a�nity of di�erent ligands; i.e., a less a�ne ligand
can induce a larger shift than a ligand with higher a�nity. In
our recently published structure−activity relationship (SAR)
study for SAH-derived DNMT2 inhibitors, MST was used as
an initial screening method. Some ligands were found to
induce noteworthy shifts in the thermophoretic behavior, but a
tritium incorporation assay revealed that a lot of those ligands
showed only poor inhibitory properties.42 By plotting the
induced shifts against the found inhibition, no correlation
could be detected (Figure 3A).
Therefore, a screening with our novel displacement method

was performed for a set of binders and non-binders of this SAR
study. A ligand concentration of 20 μM was found to be
suitable for this screening. Since for a displacement assay the
detectable shift is known from the beginning and depends only
on the fraction of bound and unbound fluorescence tracer, this
seemed to open the possibility to achieve a correlation between
the thermophoresis shifts and the actual inhibition of DNMT2.
Indeed, a correlation between the thermophoresis shifts in this
displacement assay and the measured inhibition from the
tritium incorporation assay could be found (Figure 3B). This
led to the conclusion that ligands inducing a thermophoretic
shift <5‰ should not be considered for further measurements,
while ligands inducing shifts ∼10‰ and higher are likely to be
very promising DNMT2 inhibitors. The displacement assay
not only allows researchers to discriminate good and poor
binders. Given the fact that FTAD binds to the active site of
DNMT2, this assay also indicates if the ligand is active-site
directed, which can be very helpful for the screening of
DNMT2 inhibitors that structurally do not resemble the
natural ligand. It is noteworthy that the displacement assay can
be performed at decreased ligand concentrations in a range of
20 μM instead of 100 μM, which can prevent unspecific
binding to the protein and therefore misleading hits from the
beginning.

■ CONCLUSION
Within this study we present a novel method for a fast and
reliable ligand screening for the human RNA methyltransferase
DNMT2 using microscale thermophoresis. The assay can
easily be extended to a high-throughput screening. This
displacement assay allows screenings at low ligand, dye, and
protein concentrations. Together with the small volumes
required for microscale thermophoresis, this results in a cost-
e�ective but still robust method. Under the conditions
described, no adsorption, bleaching, or aggregation was
detected, which usually can cause severe interferences in direct
microscale thermophoresis assays. Furthermore, this assay
reveals accurate screening results, which facilitates early-stage
drug discovery in the field of DNMT2. Due to the fact that the
fluorescence tracer is bound to the active site of DNMT2,
thermophoresis shifts detected by this method always indicate
active-site targeting, making further binding-site verification
unnecessary. As a result of the increased thermophoresis shifts
compared to direct microscale thermophoresis assays with
labeled protein, this method can be used for reliable binding
a�nity determination up to the low micromolar range. In
summary, we are highly convinced that this method can be a

Table 1. Binding A�nities of Di�erent Ligands toward
DNMT2 Measured by Orthogonal Biophysical Methods

aKD values from ITC experiments; shown are mean values ± SD of n
= 3 experiments. bMean values ± SD of n = 6 experiments. cKD values
from FP assays; shown are mean values ± SD of n = 3 experiments.
dKD values from MST displacement assays; shown are mean values ±
SD of n = 4 experiments. *n.d. = could not be determined due to the
high concentrations of enzyme and ligand required to quantify low-
a�nity binding.
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powerful tool accelerating the search for potent DNMT2
inhibitors.
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Experimental Section 
 

Expression of full-length human DNMT2  

Plasmid coding for the full length human DNMT2 was generously gifted by Albert Jeltsch (University of Stuttgart, Germany). Protein 
expression in E. coli and isolation was performed as described previously (Schwickert et al., J. Med. Chem. 2022, 65 (14), 9750–9788). 

Establishing of Fluorescence polarization (FP) assay 

Determination of KD value for FTAD 

Evaluation of a KD for FTAD against DNMT2 was conducted by measuring a saturation curve with increasing DNMT2 concentrations until 
a maximum of response was reached. Therefore, DNMT2 was concentrated in storage buffer (50 mM NaPi pH 8.0, 300 mM NaCl, 1 mM 
EDTA, 2 mM DTT, 0.1 % PS-20) using centrifugal filters. The mentioned buffer was chosen to ensure protein stability up to concentrations 
needed to observe a maximum in the binding behaviour. Finally, a dilution series was prepared to cover a concentration range from 150 
µM to 4.6 nM DNMT2. Each sample was incubated with 50 nM FTAD for 15 minutes prior to measurement to form protein-fluorophore 
complexes. Measurements were performed in triplicates on a Tecan Infinite F200 Pro fluorimeter in black 96-well half-area plates at room 
temperature. For excitation a wavelength of 485 nm was chosen, and emission was detected at 535 nm. 

Determination of Z factor 

For positive control FTAD was diluted to 50 nM in assay buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM DTT, 0.1% PEG-8000, 0.05% 
PS-20) and DNMT2 was added in a final concentration of 2 µM to a final volume of 50 µL. As a negative control for this assay FTAD was 
diluted to a final concentration of 50 nM in assay buffer, then storage buffer of DNMT2 was added to a final volume of 50 µL. Storage 
buffer of DNMT2 was added to match the buffers of the negative and the positive controls. This was done for 27 replicates of each control, 
the samples were then incubated for 15 minutes at room temperature prior to measurement. The reader settings were the same as 
described above, data was processed using Microsoft Excel Version 2206 Build 16.0.15330.20260 finally a Z-factor was calculated as 
described by Zhang et al. (Zhang et al., J. Biomol. Screen. 1999, 4 (2), 67–73). 

Fluorescence polarization (FP) assay  

All experiments were performed in black 96-well half area plates, at room temperature in triplicates using a Tecan Infinite F200 Pro 
fluorimeter. SAH, SFG and compound 9 were obtained as 25 mM DMSO stocks, and seven 1:1 dilutions in DMSO were prepared for each 
compound. DNMT2 and FTAD were diluted to a final concentration of 2 µM and 50 nM respectively in assay buffer. Finally, 2.5 µL DMSO 
stock was added to obtain a final volume of 50 µL, resulting in a concentration range from 250 µM to 1.95 µM for each compound. All 
samples were incubated for 15 minutes at room temperature prior to measurement. Reader settings were as described above, data was 
processed using GraFit5 v0.13.  KD values of measured EC50 values were calculated with the following formula as proposed by Munson 
et al. (Munson et al., J. Recept. Res. 1988, 8 (1–4), 533–546). 

𝐾𝐷
𝐿𝑖𝑔𝑎𝑛𝑑 =  

𝐸𝐶50

1 +
𝐿𝑇(𝑦0 + 2)

2 ∗ 𝐾𝐷
𝐷𝑦𝑒(𝑦0 + 1) + 𝑦0

− 𝐾𝐷
𝐷𝑦𝑒 � 𝑦0

𝑦0 + 2
� 

 

Establishing of microscale thermophoresis (MST) assay 

Determination of KD value for FTAD 

Optimal assay conditions for DNMT2 were evaluated previously (Schwickert et al., J. Med. Chem. 2022, 65 (14), 9750–9788), these 
conditions were also used for all following measurements. To determine an optimal concentration of FTAD several concentrations of FTAD 
were screened in assay buffer. A concentration of 100 nM FTAD showed sufficient fluorescence counts at 30% excitation power with blue 
light. To determine a KD for FTAD binding to DNMT2 a saturation curve was measured. Therefore, DNMT2 was concentrated as described 
for the FP assay. Finally, a dilution series was prepared to cover a concentration range from 150 µM to 4.6 nM DNMT2. Each sample was 
incubated with 100 nM FTAD for 15 minutes prior to measurement to form protein-fluorophore complexes. Measurements were performed 
using a Monolith NT115 (Nanotemper Technologies, Muenchen, Germany) and standard capillaries (Nanotemper Technologies, 
Muenchen, Germany). For excitation blue light was chosen with an excitation power of 30% at 25°C and medium MST power. All 
measurements were performed in triplicates. Data obtained from those measurements was processed using the MO. Affinity Analysis 
software v2.3.(Nanotemper Technologies, Muenchen, Germany). 

Determination of Z factor 

For positive control FTAD was diluted to 100 nM in assay buffer and DNMT2 was added in a final concentration of 2 µM. As a negative 
control for this assay FTAD was diluted to a final concentration of 100 nM in assay buffer, then storage buffer of DNMT2 was added. 
Storage buffer of DNMT2 was added to match the buffers of the negative and the positive controls. This was done for 24 replicates of each 
control, the samples were then incubated for 15 minutes at room temperature prior to measurement. All measurements were performed 
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on a Monolith NT115 (Nanotemper Technologies, Muenchen, Germany) with standard capillaries (Nanotemper Technologies, Muenchen, 
Germany). Settings were the same as described above, data was processed using the MO. Affinity Analysis software v2.3.(Nanotemper 
Technologies, Muenchen, Germany), finally a Z-factor was calculated as described by Zhang et al. (Zhang et al., J. Biomol. Screen. 1999, 
4 (2), 67–73).  

Microscale thermophoresis (MST) assay 

All measurements were performed on a Monolith NT 115 (Nanotemper Technologies, Muenchen, Germany) and for each measurement a 
total volume of 10 µL was loaded into standard capillaries (Nanotemper Technologies, Muenchen, Germany). SAH, SFG and compounds 
9–13 were obtained as 25 mM stocks in DMSO, dilution series were prepared on this basis. Prior to measurements DNMT2 was diluted 
into assay-buffer and FTAD was added to form fluorophore-protein complexes. After 5 minutes SAH, SFG or compounds 9–13 were added 
resulting in the following final concentrations: 2 µM DNMT2, 100 nM FTAD and 1% DMSO stock (250 µM – 1.95 µM). Incubation time was 
again 10 minutes, after that measurements were performed immediately using the same settings as described above. All data received 
was processed using the MO. Affinity Analysis software v2.3.(Nanotemper Technologies, Muenchen, Germany) 

Calculations for determination of KD-values 

EC50-values were obtained using the MO. Affinity Analysis software v2.3.(Nanotemper Technologies, Muenchen, Germany). To receive a 
KD-value, which is corrected by the binding competition of fluorescence trace and ligand the following formulas were used, which were 
provided by Nanotemper Technologies. 

𝐾�
������ =  𝐾�

��� ∗ 𝛾
2 − 𝛾 ∗ � 𝐸𝐶��

[𝑇]� 𝐾�
��� ∗ γ

2 − γ − 0.5 ∗ γ ∗ [F]�
− 1� 

 

𝛾 =  [𝑇]� + [𝐹]� + 𝐾� − �([𝑇]� + [𝐹]� + 𝐾�)� − [𝑇]�[𝐹]�
2[𝐹]�

 

[T]t gives the concentration of protein, [F]t gives the concentration of fluorescence tracer and KD indicating the binding affinity of the 
fluorescence tracer towards DNMT2 as determined by microscale thermophoresis.  

Microscale thermophoresis (MST) screening assay 

All compounds were provided as 25 mM stocks in DMSO. All stocks were diluted to a concentration of 40 µM with assay buffer. DNMT2 
was diluted to a concentration of 4 µM in assay buffer, FTAD was added to a final concentration of 200 nM. Fluorescence probed DNMT2 
was then diluted 1:1 with the diluted compounds resulting in the following concentrations: 2 µM DNMT2, 100 nM FTAD, 20 µM compound. 
This mixture was incubated for 15 minutes at room temperature prior to measurement. Measurements were performed on a Monolith NT 
115 (Nanotemper Technologies, Muenchen, Germany) using standard capillaries (Nanotemper Technologies, Muenchen, Germany). Data 
was processed using the MO. Affinity Analysis software v2.3.(Nanotemper Technologies, Muenchen, Germany)  

 

Synthetic procedures 

General  

Reagents and solvents were of commercial quality and were used without further purification. Reaction progress was monitored by thin-
layer chromatography using Alugram Xtra F254 silica plates from Machery-Nagel. For compound purification by column chromatography 
silica gel (40–63 μm) from Machery-Nagel was used. NMR spectra were recorded at 300 MHz on a Bruker Fourier 300 and at 600 MHz 
on a Bruker Avance III 600. Chemical shifts are indicated in parts per million (ppm), using the solvent resonance (CDCl3, DMSO-d6 or 
CD3OD from Deutero GmbH) as internal standard. The identity and purity of the final compound was determined by combined HPLC/ESI-
MS analysis using an Agilent 1100 series HPLC system with an Agilent Zorbax SB-Aq (4.6 x 150 mm; mobile phase: MeCN/H2O = 30:70 
+ 0.1% HCOOH; flow rate: 0.7 mL/min) column. The sample was applied using 5 μL injection with quantitation by AUC at 210 nm, 254 nm, 
and 280 nm. Fourier-transformed ATR-corrected IR spectra were measured on an Avatar 330 single crystal spectrometer from 
ThermoNicolet. Melting points (uncorrected) were measured by an MPM-H3 using semi-open capillaries. Specific rotations were 
determined by a Krüss P3000 polarimeter and are given in deg cm3 g−1 dm−1. The purity of all compounds tested in the described biological 
assays was ≥95% as determined by LC-MS. 

2-Azidoethan-1-amine (2)   

The product was synthesized according to a procedure by Fang et al. (Fang et al. Org. Biomol. Chem. 2019, 17, 10013–10019). 

2-Chloroethylamine hydrochloride (1.50 g, 12.9 mmol, 1 equiv) and sodium azide (2.52 g, 38.8 mmol, 3 equiv) were dissolved in water and 
stirred for 24 h at 80–90 °C. Aqueous KOH solution (4 mL, 15 wt-%) was added at room temperature followed by the extraction with diethyl 
ether (4 x 10 mL). The combined organic layers were dried over anhydrous sodium sulfate, filtered, and concentrated in vacuo to give the 
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product as a colorless oil (1.06 g, 8.62 mmol, 67%). 1H NMR (300 MHz, CDCl3): δ/ppm = 3.37 (t, J = 5.7 Hz, 1H), 2.88 (t, J = 5.7 Hz 1H), 
1.48 (s, 2H). 13C NMR (75.5 MHz, CDCl3): δ/ppm = 54.7, 41.5. FT-IR: ν/cm−1 = 3362, 2968, 2931, 2871, 2098, 1599, 1466, 1377, 1342, 
1288, 1160, 1129, 1107, 1042, 952, 869, 816. 

N-(2-Azidoethyl)-3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-5-carboxamide (3) 

A solution of 5-FAM (200 mg, 0.53 mmol, 1 equiv) in DMF (6 ml) was cooled to 0 °C in an ice bath. DIPEA (316 µL, 1.86 mmol, 3.5 equiv) 
was added dropwise while stirring, followed by the addition of TPTU (236 mg, 0.78 mmol, 1.5 equiv). After stirring for 20 min at 0 °C 2-
azidoethan-1-amine (68.6 mg, 0.80 mmol, 1.5 equiv) was added and stirring was continued at 0 °C for 1 h and subsequently for 48 h at 
room temperature. The solvent was evaporated under reduced pressure and the residue was purified by column chromatography 
(DCM/MeOH = 9:1 + 0.1% TFA) yielding the desired product as an orange solid (226 mg, 0.51 mmol, 96%). 1H NMR (300 MHz, CD3OD): 
δ/ppm = 8.44 (d, J = 1.6 Hz, 1H), 8.20 (dd, J = 8.0, 1.6 Hz, 1H), 7.31 (d, J = 8.0 Hz, 1H), 6.71 (d, J = 2.3 Hz, 2H), 6.63 (d, J = 8.7 Hz, 2H), 
6.56 (dd, J = 8.7, 2.3 Hz, 2H), 3.65–3.57 (m, 2H), 3.57–3.49 (m, 2H).13C NMR (75 MHz, CD3OD): δ/ppm = 169.7, 168.6, 164.2, 155.7, 
137.7, 134.8, 131.1, 129.6, 127.2, 126.5, 115.6, 112.5, 103.6, 51.4, 40.8, 30.7, 24.2. FT-IR: ν/cm−1 = 3330, 2978, 2359, 1639, 1506, 1455, 
1369, 1248, 1203, 1179, 1153, 1112, 995, 847, 798, 721, 668. mp: 190 °C (decomposition). 

tert-Butyl(S)-4-((((3aR,4R,6R,6aR)-6-(6-amino-9H-purin-9-yl)-2,2-dimethyltetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methyl)((1-(2-(3',6'-
dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthene]-5-carboxamido)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)-2-((tert-
butoxycarbonyl)amino)butanoate (5)  

Compound 4 (230 mg, 0.38 mmol, 1 equiv), compound 3 (170 mg, 0.38 mmol, 1 equiv) and copper(II) sulfate pentahydrate (28.6 mg, 
0.11 mmol, 0.3 equiv) were suspended in MeOH (12 mL). A solution of sodium ascorbate (37.9 mg, 0.19 mmol, 0.5 equiv) in water (4 mL) 
was added and the resulting mixture was stirred overnight. The solvents were removed under reduced pressure and the residue was 
purified by column chromatography (DCM/MeOH 9:1 + 0.1 % HCOOH) yielding the desired product as a yellow solid (246 mg, 0.24 mmol, 
61%). 1H NMR (300 MHz, CDCl3): f δ/ppm = 9.05–8.94 (m, 1H), 8.40 (d, J = 1.4 Hz, 1H), 8.28 (s, 1H), 8.21–8.17 (m, 1H), (8.17–8.12 (m, 
2H), 7.87 (s, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.25 (s, 1H), 6.98 (d, J = 7.8 Hz, 1H), 6.73 (d, J = 1.7 Hz, 2H), 6.56 (s, 4H), 6.15 (d, J = 2.4 Hz, 
1H), 5.49–5.37 (m, 1H), 5.02–4.92 (m, 1H), 4.55 (t, J = 5.9 Hz, 2H), 4.39–4.29 (m, 1H), 4.03–3.87 (m, 1H), 3.83–3.71 (m, 4H), 3.64 (s, 1H) 
2.92–2.74 (m, 1H), 2.67–2.53 (m, 2H), 2.47–2.35 (m, 1H), 1.96–1.80 (m, 1H), 1.77–1.61 (m, 1H), 1.53 (s, 3H), 1.36 (s, 18H), 1.31 (s, 3H). 
13C NMR (75.5 MHz, CDCl3): δ/ppm = 171.89, 168.22, 165.17, 163.15, 159.82, 156.16, 155.62, 154.92, 152.66, 151.90, 148.83, 141.97, 
140.28, 135.97, 134.72, 129.13, 126.55, 124.33, 123.43, 119.39, 113.36, 112.83, 109.02, 102.41, 89.34, 84.04, 83.47, 83.07, 82.94, 80.34, 
78.14, 54.61, 53.50, 52.48, 51.37, 50.14, 48.74, 48.13, 28.23, 27.99, 27.65, 27.05, 25.34. FT-IR: ν/cm−1 = 3335, 2980, 2361, 1641, 1506, 
1455, 1369, 1248, 1203, 1181, 1153, 1114, 850, 799, 721. mp: 225 °C (decomposition). [α]D

20 = +5 (10 mg/mL; MeOH). 

(S)-2-Amino-4-((((2R,3S,4R,5R)-5-(6-amino-9H-purin-9-yl)-3,4-dihydroxytetrahydrofuran-2-yl)methyl)((1-(2-(3',6'-dihydroxy-3-oxo-3H-
spiro[isobenzofuran-1,9'-xanthene]-5-carboxamido)ethyl)-1H-1,2,3-triazol-4-yl)methyl)amino)butanoic acid Trifluoroacetate salt (6, FTAD) 

To a solution of compound 5 (182 mg, 0.17 mmol) in DCM (4 mL) at 5 °C was added TFA (4 mL). The solution was kept at 5 °C for 24 h. 
After the mixture was diluted and co-distilled with DCM (3x 40 mL), the residue was dissolved in H2O (3 mL) and cooled to 5 °C. TFA (0.5 
mL) was added, and the solution was kept at 5 °C for 5 d. The mixture was diluted with water (12 mL) and dried by lyophilization to give 
FTAD (6, 194 mg, 0.17 mmol, 99%, 2.3 equiv TFA) as an orange trifluoroacetate salt. 1H NMR (600 MHz, CD3OD): δ/ppm = 8.31–8.19 (m, 
3H), 8.16–8.11 (m, 1H), 8.08–8.03 (m, 1H), 7.23 (d, J = 8.0 Hz, 1H), 6.65–6.62 (m, 2H), 6.53–6.44 (m, 4H), 6.05–5.98 (m, 1H), 4.69–4.58 
(m, 3H), 4.51–4.43 (m, 1H), 4.38–4.25 (m, 3H), 3.89–3.79 (m, 3H), 3.48–3.40 (m, 1H), 3.36–3.27 (m, 2H), 2.36–2.25 (m, 1H), 2.13–2.01 
(m, 1H), 1.33–1.29 (m, 1H). 13C NMR (150 MHz, CD3OD): δ/ppm = 168.4, 166.5, 159.3, 154.5, 151.8, 147.8, 140.9, 135.3, 133.3, 128.0, 
126.4, 125.5, 123.6, 122.8, 111.6, 108.5, 101.4, 89.2, 79.1, 72.5, 71.3, 55.3, 54.4, 53.6, 52.1, 50.9, 49.1, 45.7, 39.1, 24.5, 16.5, 15.1. FT-
IR: ν/cm−1 = 3090, 2609, 1742, 1670, 1506, 1452, 1317, 1248, 1178, 1128, 994, 836, 798, 761, 720. mp: 67 °C (decomposition). [α]D

20 = 
+17 (10 mg/mL; MeOH). ESI-MS: calcd for C40H39N11O11 m/z [M+2H]2+ = 425.65; found: 425.57. Purity: 95% (HPLC, MeCN/H2O = 30:70 
+ 0.1% HCOOH); tR = 2.38 min.  
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Spectra and chromatograms 

 
Figure S1. 1H NMR of compound 2.  

 

 
Figure S2. 13C NMR of compound 2. 
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Figure S3. 1H NMR of compound 3.  

 

 
Figure S4. 13C NMR of compound 3. 
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Figure S5. 1H NMR of compound 5.  

 

 
Figure S6. 13C NMR of compound 5. 
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Figure S7. 1H NMR of FTAD (compound 6). 

 

Figure S8. 13C NMR of FTAD (compound 6). 
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Figure S8. TIC, mass spectrum and chromatograms () of FTAD (compound 6). 
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FP Diagrams 

 

Figure S9: Determination of Z-factor for Fluorescence Polarization Assay 

 

Figure S10: Raw data of fluorescence polarization assays for SAH, SFG and compound 9. 
Shown is mean ± SD of three experiments  
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MST Diagrams 

 

Figure S11. Raw traces for MST assay of SAH. Data of n=4 experiments. 

 

Figure S12. Raw traces of MST assay of SFG. Data of n=4 experiments. 
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Figure S13. Raw traces of MST assay for compound 9. Data of n=4 experiments. 

 

 

Figure S14. Raw traces of MST assay for compound 10. Data of n=4 experiments. 
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Figure S15: top) raw trace of MST assay of compound 11. Data of n = 4 experiments; 
bottom) EC50 fit of compound 11. Shown are means and errors. 
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Figure S16: top) raw trace of MST assay of compound 12. Data of n = 4 experiments; 
bottom) EC50 fit of compound 12. Shown are means and errors 
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Figure S17: top) raw trace of MST assay of compound 13. Data of n = 4 experiments; 
bottom) EC50 fit of compound 13. Shown are means and errors 
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Figure S18: Exemplary image of a capillary scan. Shown a capillary scan of the affinity 
determination of SAH. 
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Abstract: Targeting RNA methyltransferases with small molecules as inhibitors or tool compounds
is an emerging field of interest in epitranscriptomics and medicinal chemistry. For two challenging
RNA methyltransferases that introduce the 5-methylcytosine (m5C) modification in different tRNAs,
namely DNMT2 and NSUN6, an ultra-large commercially available chemical space was virtually
screened by physicochemical property filtering, molecular docking, and clustering to identify new
ligands for those enzymes. Novel chemotypes binding to DNMT2 and NSUN6 with affinities down to
KD,app = 37 µM and KD,app = 12 µM, respectively, were identified using a microscale thermophoresis
(MST) binding assay. These compounds represent the first molecules with a distinct structure from
the cofactor SAM and have the potential to be developed into activity-based probes for these enzymes.
Additionally, the challenges and strategies of chemical space docking screens with special emphasis
on library focusing and diversification are discussed.

Keywords: RNA methyltransferases; DNMT2; NSUN6; virtual screening; ultra-large molecular
libraries; molecular docking; chemical spaces

1. Introduction
1.1. RNA Methyltransferases as a Target

RNA modifications play an important role in an abundance of both physiological
and pathophysiological biochemical pathways [1–4]. Among over 170 known RNA mod-
ifications [5–7], one of the most significant ones is methylation, which is introduced by
methyltransferases. One prominent example of interfering with RNA modifying enzymes
as a therapeutic strategy is the methyltransferase 3 (METTL3, also called N6-adenosine-
methyltransferase) inhibitor STM2457, which is under investigation for the treatment of
acute myeloid leukemia (AML) [8]. Examination of other RNA methyltransferases as
possible drug targets is still in its infancy, which is also reflected in the literature [9]. How-
ever, in recent times, research in this area has started to accelerate. In this emerging field,
the 5-methylcytosine (m5C) modification, which is catalyzed by various members of the
Nol1/Nop2/SUN (NSUN) family, but also by the DNA methyltransferase 2 (DNMT2), is
of special interest in different human diseases [10].

Due to its high structural similarity to DNMT1 and DNMT3, DNMT2 was classified as
a member of the DNMT family, but it was found that the main substrate of DNMT2 is RNA.
The first reported RNA substrate of DNMT2 was tRNAAsp [11–13]. Meanwhile, tRNAVal

and tRNAGly were identified as substrates of DNMT2 as well [14,15]. The m5C modification
introduced by DNMT2 in position C-38 of the anticodon loop of tRNAAsp increases the
stability of the tRNA and therefore affects protein translation [16–18]. The influence of
DNMT2 involves epigenetic but also pathogenic pathways, especially in carcinogenesis
and inheritance of metabolic disorders [19–21]. Besides azacytidine and zebularine, which
both have to be incorporated into the substrate tRNA to inhibit DNMT2 [22,23], several
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derivatives of the enzyme’s cofactor S-adenosyl-L-methionine (SAM, Figure 1) and the
autoinhibitory reaction product S-adenosyl-L-homocysteine (SAH) and the well-known
natural product pan-methyltransferase inhibitor sinefungin (SFG) were identified to inhibit
DNMT2 [24,25].
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Figure 1. Molecular structures of the DNMT2 and NSUN6 cofactor SAM, the reaction product and
auto-inhibitor SAH and the pan-methyltransferase inhibitor SFG.

NSUN6 is a member of the NSUN family and methylates C-72 in tRNACys and
tRNAThr, as well as several mRNAs [26,27]. NSUN6 was claimed to be involved in bone
metastasis [28], but its complete physiological role remains elusive [29]. Besides SAH,
sinefungin, and derivatives, to the best of our knowledge, no drug-like inhibitors designed
for NSUN6 have been reported in the literature so far. Although NSUN6 and DNMT2
may not be potential drug targets in the first place, the development of activity-based
probes (ABPs) [30,31] for RNA methyltransferases aims to improve our understanding of
the biological impact of RNA methylation in general via chemical knock-out in cellular
models. Therefore, the requirements for ABPs can be less strict in terms of drug metabolism
and pharmacokinetics than for actual drug candidates while still requiring high affinity
and selectivity.

1.2. Ultra-Large Library Docking

With the advance of commercial, combinatorial make-on-demand chemical spaces,
structure-based virtual screening faces new opportunities and challenges. With the knowl-
edge of robust reactions and available building blocks, new molecular entities become
available for ultra-large library (also called chemical spaces) virtual screenings while being
likely to be synthetically accessible at the same time. These chemical spaces hold the
promise that included novel chemotypes can bind to so-far-undrugged targets. Current
make-on-demand spaces are far beyond the size of in-stock compounds. While the curated
ZINC20 library [32] covers around 8.1 million drug-like [33] in-stock molecules (molecular
weight ≤ 500 g/mol, logP ≤ 5, reactivity: anodyne) from a plethora of different supplier
catalogs, current commercial chemical spaces overshadow these by three (e.g., WuXi Lab-
Networks’s GalaXi, 8 × 109 molecules) to almost four orders of magnitude (e.g., Enamine’s
REALspace, 3.4 × 1010, values from December 2022) [34,35]. While exhaustive molecu-
lar docking screens (in the following referred to as ‘brute-force docking’) can be feasible
up to many millions to a few billion molecules, they demonstrated impressive hit rates
and identified potent binders previously (Table 1) [36–39], increasing sizes of chemical
spaces will make this approach (computationally) too expensive if not impossible [40].
This especially holds true if proprietary chemical spaces are considered, such as Merck
MASSIV 2018 (1020 molecules) or GSK XXL 2020 (1026 molecules) [34,41]. Subsequently,
even though ‘bigger is better’ [42] is usually valid for virtual screening libraries, new strate-
gies for structure-based screenings are required to focus libraries prior to docking [43,44].
One approach is the docking of a diverse subset. However, even though this speeds up
the docking time, it cannot be known a priori if the diverse cluster representatives are
suitable for the target of interest. Eventually, complete clusters of likely binders are dis-
carded if the cluster representative does not match a required interaction pattern [36]. This
likewise accounts for random subsets, but in combination with a machine-learning (ML)
model to quickly estimate docking scores, this strategy yielded some promising results
for speeding up the process while maintaining high hit rates recently [40]. Alternatively,
taking advantage of target knowledge can be a promising route to design its own focused
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chemical spaces, as demonstrated in an exclusive series of tetrahydropyridines as potential
serotonin (5-hydroxytryptamine, 5-HT) receptor ligands [45]. Another approach is based
on fragment-based drug design (FBDD), either physically by generating a chemical space
upon crystallographically known fragment substructures and corresponding building
blocks [46,47] or starting with pure fragment docking [48,49]. While both strategies rely on
the placement of initial virtual ‘synthons’, a crystallographic fragment screening as a first
step can support the docking process using the experimental binding mode for template
docking, whereas the latter is defined by general limitations of fragment docking. The
limitation that probably requires the most attention in this regard is that scoring functions
might be unable to distinguish the correct binding mode from incorrect ones due to the
intrinsically low number of interactions of fragments requiring proper additional re-scoring
methods or pharmacophore constraints [47,49–51].

While for the described virtual screening strategies, several success stories are reported
with both high hit rates and very potent ligands (Table 1), those virtual screenings were
usually performed for very well-described targets such as kinases and G-protein-coupled
receptors (GPCRs) with several crystal structures and known ligands available. However,
virtual chemical spaces hold the promise to contain novel chemotypes not (yet) present
in conventional in-stock libraries as suitable ligands for so-far-undrugged and considered
undruggable or hard-to-drug targets. In our study, we applied the virtual screening
strategy on targets of interest DNMT2 and NSUN6 with only a few known ligands, a
small number of crystal structures, and rather low predicted druggability, where hit rates
tend to be lower (Table 1) [52–55]. Reported ligands for DNMT2 and NSUN6 are either
close homologs of the native cofactor SAM with poor physicochemical properties, low
drug-likeness, and limited selectivity over other SAM-dependent enzymes [25] or require
incorporation into the substrate tRNA-like 5-azacytidine [23]. Likewise, the drug-candidate
inhibitor of the structurally closely related DNMT1, GSK3685032, was recently shown to
bind primarily to the DNA rather than to the enzyme [56]. This molecule was optimized
from only one hit series of a 1.8 million compound high-throughput screening (HTS; most
other initial hits were not followed up due to inactivity after purification or non-specific
binding). This is a further hint for the low druggability of DNMTs, which eventually
requires novel chemotypes to identify new ligands. As another consequence of the low
number of known ligands for the m5C-RNA methyltransferases of interest, also model
validation is considered best practice [37], which includes binder vs. non-binder/decoy
discrimination offered limited possibilities.

Table 1. Recent examples of (ultra-)large library structure-based virtual screenings and results from
this work.

Target Reported
Ligands a PDB-Entries b PDB-ID Predicted

Druggability c VS Strategy VS Library
Size

Synthesis
Success Rate Hit Rate

Most Potent Hit
(→ Improved Lead

Compound)
References

D4 4457 96 5WIU 0.74 Brute force 138 million 549/589 (93%) 58/238 (24%) EC50 = 180 pM [36]
AmpC 62,046 123 1L2S 0.40 Brute force 99 million 44/51 (86%) 5/44 (11%) KI = 1.3 µM [36]
MT1 1334 (MT1A) 12 6ME3 0.67 Brute force 150 million 38/40 (95%) 15/38 (39%) EC50 = 470 pM [38]

KEAP1 704 (KEAP1/
NRF2) 125 5FNQ/

4IFL 0.61/0.47 Brute force 1.3 billion n.a. 69/590 (12%) KD = 114 nM [39]

5-HT2A
5-HT2A: 7568
5-HT2B: 3616

5-HT2A: 12
5-HT2B: 97

homology

model d

5TVN
0.67 Brute force,

focused library

75 million
(tetrahydro-

pyridins)
n.a. 4/17 (24%) KI = 0.67 µM

(→ EC50 = 41 nM) [45]

PKA 2500 343 5N3J 0.55
X-ray fragment

screening,
synthon-based

208 thousand
fragments as

synthons,
2.7 billion

93/106 (88%) 30/75 e (40%) KI = 0.74 µM [47]

CB1 10,090 4 5ZTY 0.96 Synthon-based

<0.1% of
11 billion,

600 thousand
minimal
synthons,

1.5 million

60/80 (75%) 21/60 (35%) KI = 0.28 µM (→
KI = 0.9 nM) [48]

ROCK1 3552 26 2ETR 0.53 Synthon-based

<0.1% of
11 billion,

600 thousand
minimal
synthons,
1 million

superstructures

21/24 (88%) 6/21 (29%) IC50 = 6.3 nM [48]

ROCK1 3552 26 2ETR 0.53 Synthon-based

137 thousand
fragment-sized
building blocks,

5.2 million
superstructures

n.a. 27/69 (39%) KI = 38 nM [49]



Int. J. Mol. Sci. 2023, 24, 6109 4 of 18

Table 1. Cont.

Target Reported
Ligands a PDB-Entries b PDB-ID Predicted

Druggability c VS Strategy VS Library
Size

Synthesis
Success Rate Hit Rate

Most Potent Hit
(→ Improved Lead

Compound)
References

SARS-CoV-2
Mpro 201 (1765) [57] 774 6W63/

5RF7 0.15/0.12
Brute force;

focused
(fragment)

235 million;
2 million n.a.

19/100 (19%);
21/93 (23%) f

KD = 23 µM;
KD = 7.2 µM [52]

SARS-CoV-2
Mpro 201 (1765) [57] 774 4MDS 0.23 Brute force.

deep learning 1.3 billion 0/0
n.a.

0/0
1/32 (3%)

0
IC50 = 0.8 mM g [53–55]

DNMT2 1 (16) h 1 1G55 0.44 Filtering, brute
force

720 million
filtered to
3.4 million

18/21 (86%) 5/18 (28%) KD,app = 37 µM This work

NSUN6 1 (5) h 4 5WWR 0.33 Filtering,
diversity subset

21.4 million
filtered to

400 thousand,
analog search in

14 billion

12/17 (71%) 5/12 (42%) KD,app = 12 µM This work

a According to ChEMBL (https://www.ebi.ac.uk/chembl/, accessed on 15 December 2022). b With 95% sequence
identity to the entry used for docking (https://www.rcsb.org/, accessed on 15 December 2022). c Calculated
with the DogSiteScorer [58,59] implementation of SeeSAR-12.0.1 for the PDB-ID used in the reported VS. Values
between 0 and 1 with higher numbers indicating higher druggability. d The used template structure 5-HT2B
receptor (PDB-ID 5TVN) shares 67% sequence identity and 80% sequence similarity with the 5-HT2A receptor.
e 18 of 93 compounds were not sufficiently soluble for testing. f Hit rate in SPR binding assay. Mpro was inhibited
by 3 and 5 compounds, respectively (hit rates of 3% and 5%). g In the original publication [55], no in vitro
validation was performed. Re-scoring and testing was conducted by Rossetti et al. [53]. h Recently, 16 SAM-analog
inhibitors of DNMT2 and 5 of NSUN6 that are not yet available in ChEMBL were discovered [25]. n.a.: Information
on synthesis success rates are not available; D4, dopamine receptor type 4; AmpC, β-lactamase; MT1, melatonin
receptor type 1; KEAP1, Kelch-like ECH-associated protein 1; 5-HT2A, serotonin receptor type 2A; PKA, protein
kinase A; CB1, cannabinoid receptor type 1; SARS-CoV-2 Mpro, severe acute respiratory syndrome coronavirus-2
main protease.

2. Results
2.1. Virtual Screening

In order to identify new chemotypes as DNMT2 and NSUN6 inhibitors distinct from
the native ligand SAM, virtual screenings of the Enamine Ltd. readily accessible (REAL)
chemical space were performed. For the DNMT2 virtual screening (Figure 2A), REAL Space
consisted of 719,205,874 compounds, which was too large for a brute-force docking ap-
proach and required rather strict physicochemical property filtering (Table S1). Besides the
removal of reactive or pan-assay interference compounds (PAINs) [60,61] and consideration
of typical drug-like criteria according to the Lipinski rule of five (RO5) [33] and Oprea lead-
likeness [62], additional truncation was performed based on the native ligand SAM, which
is moderately large and very polar. By the application of upper and lower limits on molec-
ular weight, rotatable bonds, charge, ring number and size, polar surface area (PSA), and
chiral centers to reduce chemical complexity for future optimization, the screening library
was reduced to a computationally feasible number. The remaining 3,447,976 molecules
were docked against the DNMT2-SAH complex structure (PDB-ID 1G55) [63]. Among the
300 best-scoring compounds, which were visually inspected, several close analogs were
observed. Subsequently, the top 20,000 molecules were also clustered prior to the final
selection of 21 structurally diverse ligands from the top 300 clusters for testing (compounds
1.1–1.21, Table S2). A total of 18 of these 21 were successfully synthesized by Enamine Ltd.
(Kyiv, Ukraine) with the company’s robust internal procedures.

Differently from the DNMT2 virtual screening procedure (Figure 2B), instead of
starting from the whole REAL Space (at the time over 14 billion molecules), the subset
REAL diversity (Tanimoto similarity between compounds of less than 0.65 using the
Morgan 2, 512 bit fingerprint according to Enamine Ltd.) of 21,441,180 compounds was
subjected to physicochemical filtering (Table S1), resulting in only 400,306 molecules for
docking against the NSUN6-SFG complex structure (PDB-ID 5WWR, tRNA present in
the crystal structure was removed prior to docking) [64]. After visual inspection of the
top 300 hits by docking score, for 15 selected compounds, 99 analogs per molecule were
searched by structural similarity in the complete REAL Space and subsequently docked.
Notably, only four analog series molecules with better scores compared to the initial hits
were found. This and the overall lower faction of very high-scoring molecules hinted to the
previously described hypothesis [36] that while hits are among the best of their respective
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clusters, other promising scaffolds with a worse scoring representative got lost during this
process. The final hit selection consisted of nine initial hits from the diversity subset and
four initial hit + analog pairs. Syntheses by Enamine Ltd. were successful for 12 of these
17 molecules (compounds 2.1–2.17, Table S3).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 6 of 19 
 

 

  

(A) (B) 

Figure 2. Virtual screening workow for DNMT2 performing rst molecular docking and then clus-
tering (A), and NSUN6 starting from a diversity subset (rst clustering) followed by docking and 
analog search in the whole chemical space (indicated by the green arrow) prior hit selection and 
testing (B). 

Di erently from the DNMT2 virtual screening procedure (Figure 2B), instead of start-
ing from the whole REAL Space (at the time over 14 billion molecules), the subset REAL 
diversity (Tanimoto similarity between compounds of less than 0.65 using the Morgan 2, 
512 bit ngerprint according to Enamine Ltd.) of 21,441,180 compounds was subjected to 
physicochemical ltering (Table S1), resulting in only 400,306 molecules for docking 
against the NSUN6-SFG complex structure (PDB-ID 5WWR, tRNA present in the crystal 
structure was removed prior to docking) [64]. After visual inspection of the top 300 hits 
by docking score, for 15 selected compounds, 99 analogs per molecule were searched by 
structural similarity in the complete REAL Space and subsequently docked. Notably, only 
four analog series molecules with be er scores compared to the initial hits were found. 
This and the overall lower faction of very high-scoring molecules hinted to the previously 
described hypothesis [36] that while hits are among the best of their respective clusters, 
other promising sca olds with a worse scoring representative got lost during this process. 
The nal hit selection consisted of nine initial hits from the diversity subset and four initial 
hit + analog pairs. Syntheses by Enamine Ltd. were successful for 12 of these 17 molecules 
(compounds 2.1–2.17, Table S3). 

Even though the two virtual screenings were performed independently and sepa-
rated in time, the hit selection criteria for both DNMT2 and NSUN6 were similarly based 
on the docking score as a rst ltering step and the resembling of the crystallographic 

Figure 2. Virtual screening workflow for DNMT2 performing first molecular docking and then
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and analog search in the whole chemical space (indicated by the green arrow) prior hit selection and
testing (B).

Even though the two virtual screenings were performed independently and separated
in time, the hit selection criteria for both DNMT2 and NSUN6 were similarly based on the
docking score as a first filtering step and the resembling of the crystallographic ligands’
interactions with the RNA methyltransferases. Special emphasis was put on molecules to
not have peculiar internal torsion strain and being deeply burrowed in the SAM amino acid-
moiety sub-pocket to result in H-bond interactions with the Gly-15 and Val-13 backbone
as well as the Ser-376 sidechain in DNMT2 (Figure 3A) or Gly-245, Lys-248 backbone, and
Ser-223 and additionally Lys-248 sidechain in NSUN6, respectively (Figure 3B). Followed
by an eventually rigidified cyclic-aliphatic or aromatic linker that was allowed to enter the
binding site of Cyt-38 in DNMT2 or Cyt-72 in NSUN6 (docking was performed without
the tRNA present in the crystal structure), a mimic of the ribose vicinal diol interaction
with Asp-34 or Asp-266, respectively, was prioritized. Lastly, substructures resembling
the interactions of the adenine moiety of SAH and SFG, namely an H-bond donor to Glu-
58/Asp-293, and H-bond acceptors for the backbone of Ile-57/Gly-294 and Val-35/Lys-267
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(enumeration DNMT2/NSUN6) incorporated in or attached to an aromatic ring system,
were favored.
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Figure 3. Binding modes of SAH-bound to DNMT2 (A) (PDB-ID 1G55) and SFG bound to
NSUN6 (B) (PDB-ID 5WWR). Enzymes are shown with white surface and carbon atoms, ligands
with green carbon atoms. Polar contacts are shown as yellow dashed lines, water molecules as red
spheres. For clear view only residues forming polar contacts with the ligands are shown as lines and
labeled as well as C-72 (light blue carbon atoms) and the catalytic Cys-residues 326 and 373 in the
NSUN6-tRNA-SFG complex (B).

2.2. Binding Assay and Structure–Affinity Relationship

Due to previous library filtering (Table S1), none of the obtained compounds was
flagged as PAINs [61], potential aggregators, or reactive species. All virtual screening
hits were subjected to a microscale thermophoresis (MST) pre-screening at three different
concentrations of 300, 100, and 33.3 µM (Tables S2 and S3). MST proved to be especially
suitable as a primary binding assay due to its high sensitivity and robustness that allowed
the application for very weak binders or even fragments [65] and was demonstrated to
be highly accurate for DNMT2 and NSUN6 ligand identification, previously [25,66]. For
the literature known reference ligand SAH, KD values of 11.8 µM and 9.1 µM for DNMT2
and NSUN6, respectively, were determined (Table 2). Virtual screening hits showing a
dose-dependent shift of thermophoresis (Tables S2 and S3) were measured at additional
concentrations to obtain KD values. However, due to limited solubility, this was not always
achieved when the upper plateau of MST dose–response curves could not be reached.
Subsequently, apparent KD values (KD,app) are presented when possible as a lower limit
(indicated as KD,app ≥ fitted value).

From the DNMT2 virtual screening, five hits could be identified as binders via MST
(Table 2). The strongest binder of DNMT2 was 1.4 with KD,app = 37 µM, while for 1.14
a KD,app ≥ 67 µM could be determined. 1.6, 1.17, and 1.18 showed a reproducible, dose-
dependent shift of thermophoresis in the dose–response curve and, thus, also binding.
However, a KD(app) value could not be determined clearly and is estimated to be in the high
micromolar to millimolar range.

MST confirmed five ligands out of the NSUN6 virtual screening as well. KD,app values
of 16.4 µM, 42 µM, ≥72 µM, ≥83 µM and ≥369 µM could be determined for 2.4, 2.8, 2.5,
2.2, and 2.1, respectively (Table 3).
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Table 2. MST results of SAH and newly identified DNMT2-ligands derived from the DNMT2 virtual
screening. Measured normalized fluorescence values (Fnorm [‰]) are mean with standard error of at
least duplicate determination. Apparent KD values (KD,app) are indicated as a lower limit (via the
≥ symbol) if the upper plateau of the dose–response curve was not completely reached. In case a
dose-dependent shift in thermophoresis was observed, which indicates binding, but the curve could
not be fitted with sufficient accuracy (1.6, 1.17, 1.18), KD,app was not determined (n.d.). Molecules are
depicted in their docked stereoisomers, protomers, and tautomers; however, for 1.6, 1.17, and 1.18,
racemic mixtures were obtained for testing. All molecules are drawn in the same orientation as SAH,
with left side: amino acid mimetic, central part: ribose replacement, right side: adenine mimetic.

Compound
MST Dose–Response Curves

DNMT2 (Primary Target) NSUN6 (‘Off-Target’/Selectivity)
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Table 2. Cont.
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From the DNMT2 virtual screening, ve hits could be identied as binders via MST 
(Table 2). The strongest binder of DNMT2 was 1.4 with KD,app = 37 µM, while for 1.14 a 
KD,app 67 µM could be determined. 1.6, 1.17, and 1.18 showed a reproducible, dose-de-
pendent shift of thermophoresis in the dose–response curve and, thus, also binding. How-
ever, a KD(app) value could not be determined clearly and is estimated to be in the high
micromolar to millimolar range. 

MST conrmed ve ligands out of the NSUN6 virtual screening as well. KD,app values
of 16.4 µM, 42 µM, 72 µM, 83 µM and 369 µM could be determined for 2.4, 2.8, 2.5, 2.2,
and 2.1, respectively (Table 3).
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MST conrmed ve ligands out of the NSUN6 virtual screening as well. KD,app values
of 16.4 µM, 42 µM, 72 µM, 83 µM and 369 µM could be determined for 2.4, 2.8, 2.5, 2.2,
and 2.1, respectively (Table 3).

No binding

For DNMT2 hits (Table 2), regularly observed features in predicted binding modes
were mimics of the H-bond acceptor profile of SAM’s methionine amino acid carboxy-
late sub-structure. While not necessarily being charged, for 1.4 (Figure 4A), instead of
the docked and depicted protomer, a phenolate anion also seems reasonable due to the
vinylogous acid with a predicted pKa of 7.04 (calculated with MOE). More often, H-bond
acceptors were found in a heterocycle-like triazine (1.17 and 1.18) or oxadiazole (1.6). A
mimic of the native ligand’s basic, primary amine, however, was not found in the virtual
screening hits. Connected by different types of linkers, the ribose hydroxy groups are
replaced by either a urea (1.4, Figure 4A), an amide (1.6, 1.14), or a basic nitrogen (1.17,
1.18, Figure 4B) to interact with Asp-34. Lastly, the natural ligand’s adenine moiety and its
H-bond interaction profile with Glu-58 and Ile-57 (Figure 3A) can be mimicked by an analog
4-amino quinazoline (1.14), an amide either attached to (1.6) or part of (1.4, Figure 4A) a
ring system, or by a 3,5-dimethyl-1H-pyrazole (1.17, 1.18, Figure 4B).
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Table 3. MST results of newly identified NSUN6-ligands derived from the NSUN6 virtual screening.
Measured normalized fluorescence values (Fnorm [‰]) are mean with standard error of at least
duplicate determination. Apparent KD values (KD,app) are indicated as a lower limit (via the ≥
symbol) if the upper plateau of the dose–response curve was not completely reached. In case a
dose-dependent shift in thermophoresis was observed, which indicates binding, but the curve could
not be fitted with sufficient accuracy, KD,app was not determined (n.d.). Molecules are depicted in
their docked stereoisomers, protomers, and tautomers; however, for 2.1 and 2.4, racemic mixtures
were obtained for testing. All molecules are drawn in the same orientation as SAH, with left side:
amino acid mimetic, central part: ribose replacement, right side: adenine mimetic.

Compound
MST Results

NSUN6 (Primary Target) DNMT2 (‘Off-Target’/Selectivity)
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nylogous acid with a predicted pKa of 7.04 (calculated with MOE). More often, H-bond 
acceptors were found in a heterocycle-like triazine (1.17 and 1.18) or oxadiazole (1.6). A 
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screening hits. Connected by di erent types of linkers, the ribose hydroxy groups are re-
placed by either a urea (1.4, Figure 4A), an amide (1.6, 1.14), or a basic nitrogen (1.17, 1.18, 
Figure 4B) to interact with Asp-34. Lastly, the natural ligand’s adenine moiety and its H-
bond interaction prole with Glu-58 and Ile-57 (Figure 3A) can be mimicked by an analog 
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Figure 4. Predicted binding modes of 1.4 in complex with DNMT2 (A), 1.18 in complex with
DNMT2 (B), 2.5 in complex with NSUN6 (C), and 2.8 in complex with NSUN6 (D). Docking poses are
depicted with green carbon atoms, enzymes with white carbon atoms, and transparent surfaces. For a
clear view, only residues forming polar interactions (yellow dashed lines) are shown and labeled. For
orientation, the crystallographic reference ligands SAH (DNMT2, PDB-ID 1G55) and SFG (NSUN6,
PDB-ID 5WWR) are shown with magenta carbon atoms. In NSUN6, C-72 is depicted with light blue
carbon atoms for orientation, but tRNA was removed during molecular docking.
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Differently from the DNMT2 hits where only mimetics of the acid were found, binders
of NSUN6 feature the complete amino acid sub-structure (2.2, 2.5, Figure 4C, Table 3) or
a basic nitrogen alone (2.1, 2.4), or even an additional positively charged group as in 2.8,
which interacts with Asp 240 (Figure 4D). In 2.2, 2.5, and 2.8, a meta-substituted benzene
linker was found as a common feature attached to an amide, which acts as an H-bond
donor for Asp-266 replacing the interaction of one of the ribose hydroxyls according to the
docking predictions (Figure 4C,D). As the adenine replacement, a variety of different one-
or two-ring systems was found.

One intention of the virtual screening was the identification of novel chemotypes
distinct from the native ligand SAM and eventually improved selectivity for the target
RNA methyltransferase. Even though there are some differences in sequence identity and
similarity within the SAM-binding sites (17% identity, 31% similarity), interaction profiles
are highly conserved between DNMT2 and NSUN6 (Figure 3A,B). Testing of hits from the
DNMT2 virtual screening against NSUN6 and vice versa, however, showed selectivity for
1.6, 1.17, 1.18 for DNMT2 and 2.4, 2.5, and 2.8 for NSUN6 as intended (Tables 2 and 3, right
column). Molecules were defined to be selective when no MST shift was observed for the
other (‘off-target’) enzyme at a ligand concentration of up to 300 µM. Notably, non-selective
NSUN6 ligands 2.1 and 2.2 (Table 3) contain an amino acid or only the basic moiety, a
feature not found in the DNMT2 virtual screening. This indicates that the presence of the
basic nitrogen is underestimated in the DNMT2 docking, which was observed previously
when for SAM-analog DNMT2 inhibitors, a drastic loss of potency was observed upon
removal of the positively charged nitrogen from a SAH-scaffold [25]. It was hypothesized
that this basic amine is involved in an H-bond network with several water molecules not
captured by the docking protocol. Further, 1.4 (DNMT2 KD,app = 37 µM) turned out to be
the strongest binder of NSUN6 (KD,app = 12 µM) even though derived from the DNMT2-
and not the NSUN6-virtual screening. Likewise, 1.14 was not selective over NSUN6 with
a KD,app ≥ 116 µM (DNMT2 KD,app ≥ 67 µM), and for 2.2 from the NSUN6 docking, a
DNMT2 KD,app ≥ 145 µM was determined.

Lastly, compounds 1.4, 1.6, 1.14, 1.17, and 1.18 were subjected to a DNMT2 tritium
incorporation activity assay at a concentration of 100 µM. However, the low binding affinity
in the mid-micromolar to presumably millimolar range did not effectively translate into
significant enzyme inhibition (Figure S1). Based on crystal structure analysis, there is no
evidence for an allosteric druggable binding site. Eventually, the presence of substrate
tRNA might induce conformational changes in the catalytic loop [67] of the enzyme-altering
ligand binding strength and behavior compared to the tRNA-free MST binding assay.
Another hypothesis, even though rather speculative and to be taken with caution, is that
the free energy of ligand binding is spent to ‘flip-out’ C-38 of tRNAAsp for methylation [68],
forming a more stable ternary DNMT2-tRNA-inhibitor complex compared to the DNMT2-
inhibitor complex alone. However, the required structural, thermodynamic, and, eventually,
kinetic characterization of these complex formations is beyond the scope of this manuscript
and likely requires more potent ligands for in-depth elucidation.

3. Discussion

The advance of commercial chemical spaces allows virtual screenings of a novel yet
synthetically accessible chemical matter for targets of interest. Applying two different
strategies of chemical space docking screens led to the identification of novel binders with
KD,app values down to 12 µM for RNA methyltransferases that have low predicted drugga-
bility, DNMT2 and NSUN6 (Tables 2 and 3). While for both targets, the virtual screening
strategy included strict physicochemical property filtering (Table S1) based on known
ligands’ parameters to reduce the library size to a computationally feasible number of
molecules, different methods of diversification were applied (Figure 2). While for DNMT2,
a larger library of 3.4 million molecules was docked and clustered afterward (‘first dock,
then cluster’), for NSUN6, a diversity subset was used as a starting point for filtering and
docking followed by an analog search (‘first cluster, then dock’). Interestingly, hit numbers
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were similar for both strategies, with 5 of 18 for DNMT2 and 5 of 12 for NSUN6, respec-
tively, even though it is hypothesized that diversity subsets might lose complete clusters
of potential ligands if the cluster representatives do not resemble favorable interaction
profiles [36]. This was indirectly hinted during the hit selection process when initial virtual
screening hits from the REAL diversity subset for NSUN6 usually showed lower scores
than their analogs from REAL Space (Table S3). However, handling the increasing size
of commercial (and proprietary) [41] chemical spaces will require new strategies to focus
libraries prior to computationally more expensive molecular docking screens [43–45] or
improvements in fragment docking and scoring [50,51] to enhance synthon-based chemical
space design within the binding site [47–49]. In this study, both DNMT2 and NSUN6
binders showed affinities in the mid-micromolar to presumably millimolar range in an
MST binding assay. 1.4 and 1.14 were the strongest identified binders of DNMT2 with
KD,app = 37 µM and ≥67 µM, respectively. For NSUN6, the highest affinity was found
for 2.4 (KD,app = 16.4 µM) and 2.8 (KD,app = 42 µM). However, selectivity between the two
methyltransferases was not always achieved, as seen, for example, in compound 1.4, which
originates from the DNMT2 virtual screening but is also the strongest binder of NSUN6
with a KD,app of 12 µM. Hence, the identified compounds can be considered initial hits
as starting points for further hit-to-lead optimization. While no analogs of these novel
chemotypes are available in commercial in-stock libraries, their origin from REAL Space
still allows fast and easy derivatization either by the combination of the available build-
ing blocks or a direct SAR-by-catalog approach to improving the inhibitory potency and
selectivity for the development of DNMT2 and NSUN6 ABPs in the future.

4. Materials and Methods
4.1. Virtual Screening

The virtual, combinatoric synthesis molecule libraries REAL Space and REAL diver-
sity were obtained from the supplier’s homepage (Enamine Ltd., https://enamine.net/
compound-collections/real-compounds/ accessed on 14 January 2019 for REAL Space
and 10 August 2020 for REAL diversity) in SMILES format. Physicochemical property-
filters (Table S1) to reduce library sizes were applied with MOE (Molecular Operating
Environment (MOE), 2018.0101 Chemical Computing Group ULC, 1010 Sherbooke St. West,
Suite #910, Montreal, QC, Canada, H3A 2R7, 2018.) and FILTER (FILTER part of OMEGA
3.1.0.3: OpenEye Scientific Software, Santa Fe, NM, USA, http://www.eyesopen.com, 2018).
Energetically favorable 3D conformers for docking were generated using OMEGA [69].

For DNMT2 virtual screening, the DNMT2-SAH complex structure (PDB-ID 1G55) [63]
and the FlexX-3.0 [70] (BiosolveIT GmbH. FlexX v.3.0 Sankt Augustin, Germany, 2018) as
the docking engine were used. The docking setup was validated by re-docking of the
crystallographic reference ligand SAH (FlexX-score: −38.08 kJ/mol, RMSD: 0.997 Å). The
filtered 3.45 million compound library derived from REAL Space was docked under these
conditions. Top-scoring molecules of rank 1–300 were visually inspected for hit selection.
Additionally, the top 20,000 molecules were clustered using MACCS fingerprints and the
Tanimoto coefficient similarity metric (max. 0.65) within MOE. The top 300 clusters were
also considered during hit selection for testing (Table S2).

For docking setup validation of the NSUN6 virtual screening with FlexX-4.1 (Bio-
solveIT GmbH. FlexX v.4.1 Sankt Augustin, Germany, 2019), re- and cross-docking of
SAM and SFG from PDB-IDs 5WWR and 5WWS were performed for chains A and B in
presence and absence of the tRNA present in the crystal structure, respectively [64]. Addi-
tionally, scoring was evaluated by docking SAM, SFG, and SAH and 150 decoys derived
from the database of useful decoys-enhanced (DUD-E) [71] with similar physicochemical
properties but distinct structural features. Even though FlexX is suitable for RNA-ligand
docking [72], a docking setup without the tRNA present in the crystal structure was selected
to allow potential ligands to not only bind to the SAM-, but also the Cyt-72 sub-pocket as
demonstrated previously [25]. Additional interactions within this site hold the potential of
improved binding affinity and selectivity while also interfering with tRNA binding. The
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NSUN6 docking screen was subsequently performed with PDB-ID 5WWR, chain B, which
showed reasonable posing and scoring for SFG re-docking (FlexX-score: −43.63 kJ/mol,
rank: 2/153, RMSD: 1.09 Å), SAM cross-docking (FlexX-score: −46.32 kJ/mol, rank: 1/153,
RMSD: 0.93 Å) and SAH docking (FlexX-score: −36.71 kJ/mol, rank: 18/153). Docking
of the filtered REAL diversity library of around 400,000 molecules was performed under
the same conditions. After visual inspection of the 300 top-scoring molecules, analogs
of 15 molecules were searched in the complete REAL Space (at the time over 14 billion
molecules) using infiniSee-1.2 [73,74] (BiosolveIT GmbH. infiniSee v.1.2 Sankt Augustin,
Germany, 2019) and 99 analogs for each of the 15 initial molecules were also docked prior
final compound selection for testing.

Molecules were ordered from Enamine Ltd. Custom synthesis based on the company’s
internal procedures was successful for 18 out of 21 compounds from the DNMT2 virtual
screening (86% synthesis success rate) and 12 of 17 for the NSUN6 virtual screening (71%
synthesis success rate), respectively. Identity and purity > 90% of obtained compounds
were guaranteed by the supplier and confirmed for MST hits using in-house LC/ESI-MS
analysis (Tables S2 and S3). HPLC/ESI-MS analysis was performed using an Agilent
1100 series HPLC system with an Agilent Poroshell 120 EC-C18 (150 × 2.10 mm) or an
Agilent Zorbax SB-Aq (4.6 × 150 mm) column (both at 40 ◦C oven temperature) with
MeCN/H2O + 0.1% HCOOH = 10:90 → 100:0 as a mobile phase at a flow rate of 0.7 mL/min.
Samples were applied using 5 µL injection with quantitation by AUC at 254 nm or 210 nm.
Electrospray ionization (ESI) mass spectra were recorded on an Agilent 1100 series LC/MSD
Ion trap spectrometer in the positive ion mode.

Figures are made with PyMOL (The PyMOL Molecular Graphics System, Version
2.4.0 Schrödinger, LLC.). The background of the TOC figure was generated with craiyon
(https://www.craiyon.com/ accessed on 15 December 2022).

4.2. Protein Expression and Purification

The plasmid containing genes for DNMT2 was kindly provided by Albert Jeltsch
(University of Stuttgart, Stuttgart, Germany). Expression and purification were performed
as described previously with minor adaptions [25]. In brief, the concentration of sodium
chloride in the buffers used for immobilized metal affinity chromatography was increased
to 500 mM to remove more unspecific bound impurities from DNMT2; therefore, ion-
exchange chromatography was skipped. A plasmid for the expression of NSUN6 was
designed and synthesized as described previously [25] (made available via Addgene,
ID: #188060, https://www.addgene.org). Expression and purification were performed
according to the literature. Plasmids coding for each enzyme were separately transformed
into E. coli Rosetta2 cells. These were grown in LB medium at 30 ◦C overnight. The next
day, 1 L TB medium was inoculated with 20 mL overnight culture. Cells were grown at
37 ◦C until an OD600 of ~0.8 was reached, then the temperature was reduced to 20 ◦C for
DNMT2 and 16 ◦C for NSUN6, respectively. Overexpression of the proteins was induced
by adding isopropyl-β-D-thiogalactopyranoside (IPTG) to a final concentration of 500 µM.
Overexpression was maintained overnight. Cells were harvested by centrifugation. After
cell lysis by sonication, cell debris was removed by centrifugation, and the supernatant
was objected to immobilized metal affinity chromatography (Ni2+-NTA, HisTrap HP, 5 mL)
for further purification a size-exclusion chromatography (Superdex 16/600 75 PG) was
performed using an ÄKTA Start (GE Healthcare, Chicago, IL, USA). Glycerol concentrations
were adjusted to allow liquid storage of proteins at −20 ◦C until further use.

4.3. Microscale Thermophoresis

Since the constructs of DNMT2 and NSUN6 contain hexa-histidine tags, proteins were
labeled using a Monolith His-Tag Labeling Kit RED-Tris-NTA 2nd generation according to
the manufacturer’s instructions. This labeling strategy was chosen since it should prevent
any interference with the actual binding site of the proteins. Labeled protein was diluted to
a concentration of 20 nM into MST buffer (50 mM Hepes, pH 7.5, 150 mM NaCl, 10 mM
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MgCl2, 1 mM DTT, 0.05% polysorbate-20, 0.1% PEG-8000). All compounds were prepared
as stocks dissolved in DMSO to a concentration of 50 mM. For all compounds, dilutions in
MST buffer to concentrations of 600 µM, 200 µM, and 66.7 µM, respectively, were prepared.
Labeled protein was then mixed 1:1 with the dilution series of each compound (final
concentrations: 10 nM protein, ligands 300, 100, and 33.3 µM, respectively) and incubated
for 5 min at room temperature. All measurements were performed on a Monolith Pico
instrument (NanoTemper Technologies, Muenchen, Germany) with red light. To induce
thermophoresis, medium MST power was selected for DNMT2 and high MST power for
NSUN6. All experiments were performed in quadruplicates. For all compounds that
showed a concentration-dependent thermophoresis behavior, a half-logarithmic dilution
series was prepared to cover a range from 600 µM to 600 nM. Obtained dilutions were
then mixed 1:1 with labeled protein (20 nM) and incubated for 5 min at room temperature
prior to measurement. Experiments were performed in duplicates. All data received were
analyzed using the MO. Affinity Analysis software version 2.3 (NanoTemper Technologies,
Muenchen, Germany).

4.4. Tritium Incorporation Assay

DNMT2 activity assays were carried out in 20 µL containing 100 mM Tris-HCl, pH 8,
100 mM NH4OAc, 0.1 mM EDTA, 10 mM MgCl2, and 10 mM DTT. The amount of DMSO in
the reaction mixture was adjusted to 5%, while tRNAAsp was added to a final concentration
of 5 µM after heating it to 75 ◦C for 5 min and slowly cooling it to room temperature. To this,
SAM was added as a mixture of cold SAM (New England Biolabs GmbH, Ipswich, MA,
USA) and 3H-SAM (Hartmann Analytics, Braunschweig, Germany) to final concentrations
of 0.9 µM and 0.025 µCi µL−1. DNMT2 was added last to a concentration of 250 nM, and
enzymatic reactions were run at 37 ◦C. Aliquots of 8 µL were taken out of the reaction
mixture at 0 and 20 min, spotted on Whatman® glass microfiber filters (GF/C, 25 mm),
and transferred into an ice-cold trichloroacetic acid (TCA) solution (5%) where they were
kept for at least 15 min. Subsequently, two washing steps with the TCA solution (5%) for
20 and 10 min and one with EtOH for 10 min were carried out at room temperature. The
filters were dried and placed into scintillation vials. A total of 3 mL of Gold MV liquid
scintillation cocktail (PerkinElmer, Waltham, MA, USA) was added before scintillation
was measured for 1 min on a scintillation counter (TriCarb® Liquid Scintillation Analyzer
4810TR, PerkinElmer, Waltham, MA, USA). For the inhibition assay, compounds were
present at a final concentration of 100 µM during the enzymatic reaction, and inhibition in
percent was calculated by referencing the scintillation signal to a positive control without
compound. All experiments were carried out in biological triplicates, while errors refer to
the obtained standard deviation.
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Table S1: Physicochemical property filtering criteria.
parameter

no PAINs [1]
non-reactive

no predicted aggregators
predicted water solubility: poor or better [2]

allowed elements: H,C,N,O,F,P,S,Cl,Br,I
RO5 [3] violations: 0
rotatable bonds < 11

molecular weight: 325-400 g/mol
sum of formal charges: 3
formal charge: -2 – +2a

rings: 2-4
max. ring size: 11 atoms

max. connected non-ring: 19 atoms
2D PSA: 100-150 Å²

max. chiral centers: 1b

aFor dominant protomer at pH = 7. bNumber of chiral centers was 
limited to reduce chemical complexity and simplify subsequent 
chemical derivatization of potential hit scaffolds.



Compound Structure SMILES FlexX docking score 
[kJ/mol]

FlexX docking rank 
(out of 3.45 M)

LC-MS analysis: mass calc. [g/mol]; mass 
found [g/mol]; purity; (source)

1,1 S(=O)(=O)(C)c1nccc(CNC(=O)Nc2cc(F)c(C(=O)N)cc2)c1 -48,20 808 366.08; 366.37; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,2 O=C(Nc1c(C)[nH]nc1C)C[NH+]1CCN(C(=O)c2sc(C(=O)N)cc2)CC1 -53,16 17 390.16; 391.46; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,3

rac.

O=C(NC)c1cc(C[NH2+][C@@H]2CN(C(=O)c3cc(C(=O)N)oc3)CCC2)ccc1 -50,55 135 384.2; 384.43; 97% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,4 O=C(NCCN/C(/O)=C\1/C(=O)C=CC=N/1)Nc1c2c(C(=O)NC2)ccc1 -48,03 909
355.13; 355.35; 95% (vendor CoA) / [M+H]+ 

356.1; 356.2; 95% (re-determined, ESI-
MS, C18)

concentration-
dependent MST-shift 

(binding)

1,5 O=C(NC)c1cc(C[N@@H+]2C[C@@H](NC(=O)c3cc(C(=O)N)oc3)CCC2)ccc1 -50,55 134 384.2; 384.43; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,6

rac.

O=C(NC[C@@H]1C[N@@H+](Cc2c(C)non2)CCC1)c1[nH]cc(C(=O)N)c1 -49,77 242
346.19; 346.38; 98% (vendor CoA) / [M+H]+ 

347.2; 347.11; 90% (re-determined, ESI-
MS, Zbx)

concentration-
dependent MST-shift 

(binding)

1,7

rac.

S(=O)(=O)(N)c1cc([C@H](NC(=O)Nc2cc(C)c3c([nH]nc3)c2)CC)ccc1 -52,49 31 387.15; 387.46; 98% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,8 S(=O)(=O)(Nc1cc(CNC(=O)Nc2cc(C)c3c([nH]nc3)c2)ccc1)C -53,33 14 373.13; 373.43; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,9

rac.

Fc1c(C(=O)N)ccc(NC(=O)N[C@H](C)c2cc(N3C(=O)OCC3)ccc2)c1 -52,45 32 386.15; 386.38; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1.10

rac.

O=C(NC[C@H](O)CNC(=O)c1cnncc1)c1c2c([nH]nc2)ccc1 -52,05 47
1H-NMR identity confirmed; >99% (vendor 

CoA)

no concentration-
dependent MST-shift 

(no binding)

MST pre-screening (ligand concentration: 0 µM (black, DMSO control), 33 µM (light 
blue), 100 µM (grey), 300 µM (dark blue))

Table S2: DNMT2 molecular docking and MST pre-screening results of tested virtual screening hits. Molecules are depicted as stereoisomers, protomers and tautomers according to their docking poses even though racemic mixtures (rac.) were purchased. Hits of the MST assay are highlighted in green. CoA: certificate of analysis.C18: HPLC column Agilent 
Poroshell 120 EC-C18 (150 × 2.10 mm), Zbx: HPLC column Agilent Zorbax SB-Aq (4.6 x 150 mm) 
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1,11 O=C(N(C)c1ccc(NC(=O)NCCCn2nnc(CO)c2)cc1)NC -48,29 759 361.2; 361.4; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,12

rac.

O=C(NCc1c2c(nccc2)ccc1)Nc1ccc(C[C@@H]2C(=O)NC(=O)N2)cc1 -49,53 281 389.16; 389.41; >99% (vendor CoA)
no concentration-

dependent MST-shift 
(no binding)

1,13

rac.

O=C(NCC1(NC(=O)c2cnc3[nH]ncc3c2)CC1)[C@@H]1NC(=O)OC1 -50,31 179 >90% (vendor)
no concentration-

dependent MST-shift 
(no binding)

1,14 O=C(Nc1cc2OCCOc2cc1)CNC(=O)c1cc2ncnc(N)c2cc1 -49,41 318 >90% (vendor) / [M+H]+ 380.1; 380.1; 
>99% (re-determined, ESI-MS, C18)

concentration-
dependent MST-shift 

(binding)

1,15 S(=O)(=O)(N)c1occ(C(=O)N2CC[NH+](Cc3cc(C(=O)N)ccc3)CC2)c1 -50,54 141 >90% (vendor)

1,16 Fc1c(-n2nc(C(=O)NNc3c4c(nc(O)c3)nccc4)c(O)c2)cc(C)cc1 -49,40 319 >90% (vendor)
no concentration-

dependent MST-shift 
(no binding)

1,17

rac.

O=C(Nc1c(C)[nH]nc1C)C[N@@H+]1C[C@@H](NC(=O)c2nn[nH]c2)CCC1 -52,19 40 >90% (vendor) / [M+H]+ 347.2; 347.1; 91% 
(re-determined, ESI-MS, Zbx, gradient)

concentration-
dependent MST-shift 

(binding)

1,18

rac.

O=C(Nc1c(C)[nH]nc1C)C[N@@H+]1C[C@H](CNC(=O)c2nn[nH]c2)CC1 -52,74 25 >90% (vendor) / [M+H]+ 347.19; 347.11; 
>99% (re-determined, ESI-MS, Zbx)

concentration-
dependent MST-shift 

(binding)

1,19 O=C(NC[C@@H](O)C[NH2+]Cc1cc2nonc2cc1)CCc1c[nH]nc1 -54,95 3

1.20 O=C(NC[C@H](O)CNC(=O)c1c(C)nncc1)Cc1c(C)[nH]nc1C -50,45 148

1,21 O=C(NC(=O)C[NH+]1CC[NH+](CCNC(=O)c2cnncc2)CC1)N -55,59 2

synthesis not successful

synthesis not successful

synthesis not successful
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Compound Structure SMILES FlexX docking score 
[kJ/mol]

initial hit from REAL diversity  (docking rank out 
of 400 thousand) or analog from REAL space

LC-MS analysis: mass calc. [g/mol]; 
mass found [g/mol]; purity; (source)

2,1

rac.

Fc1c(-n2nc(O)cc2)ccc(NC(=O)[C@H]([NH3+])CC[NH+]2CC[NH+](C)CC2)c1 -46,36 analog of 2.14
376.23; 376.43; 92% (vendor CoA) / 

[M+H]+ 377.2; 377.1; 95% (re-
determined, ESI-MS, Zbx)

concentration-
dependent MST-

shift (binding)

2,2 O=C([O-])[C@@H]([NH3+])Cc1cc(NC(=O)c2[nH]nc(-c3oc(C)cc3)c2)ccc1 -43,49

initial hit (rank 13) (Due to an cis-amide orientation, the 
docking predicted binding mode is oriented towards the 

C-72 binding site. However, a trans-amide binding 
mode analog to 2.5 and 2.8 is considered more 

realistic.)

354.14; 354.36; 100% (vendor CoA) / 
[M+H]+ 355.1; 355.1; 98% (re-

determined, ESI-MS, Zbx)

concentration-
dependent MST-

shift (binding)

2,3

rac.

S(=O)(=O)(N)CC[C@@H]([NH3+])C(=O)Nc1ccc(C2CC[NH2+]CC2)cc1 -42,47
initial hit (preferred over a better scoring analog [FlexX 
score: -45.27 kJ/mmol] containing a carboxylate instead 

of bioisosteric sulfonamide)
340.18; 340.44; 93% (vendor CoA)

no concentration-
dependent MST-
shift (no binding)

2,4

rac.

O=C(NC[C@H]1CN(C(=O)[C@H]2[C@H](c3ncn(C)c3)C[NH2+]C2)CCC1)[C@@H]1[NH2+]CCC1 -43,70 initial hit (rank 12)
1H-NMR identity confirmed; >90% 

(vendor CoA) / [M+H]+ 389.3; 387.2; 
99% (re-determined, ESI-MS,Zbx)

concentration-
dependent MST-

shift (binding)

2,5 Fc1c(C(=O)Nc2cc(C[C@H]([NH3+])C(=O)[O-])ccc2)cc(-c2n[nH]cc2)cc1 -41,45 initial hit (rank 35)
368.14; 368.36; >99% (vendor CoA) / 

[M+H]+ 369.1; 369.1; 98% (re-
determined, ESI-MS, C18)

concentration-
dependent MST-

shift (binding)

2,6 O=C(Nc1c(C(=O)NCC(=O)N)n[nH]c1)CC[C@@H]1[N@@H+](C)CCC1 -46,58 analog of 2.9
1H-NMR identity confirmed; >90% 

(vendor CoA) 

no concentration-
dependent MST-
shift (no binding)

2,7

rac.

S(=O)(=O)(NCC[NH3+])c1cc(NC(=O)[C@@H]2[NH2+]C[C@@H](F)CC2)ccc1 -42,16 analog of 2.13 344.15; 344.4; 94% (vendor CoA)
no concentration-
dependent MST-
shift (no binding)

2,8 O=C(Nc1cc(C[NH2+][C@@H](CO)C[NH3+])ccc1)c1ccc(OC)cc1 -44,04 initial hit (rank 11)
329.20; 329.39; 95% (vendor CoA) / 

[M+H]+ 330.2; 330.1; 93% (re-
determined, ESI-MS, Zbx)

concentration-
dependent MST-

shift (binding)

2,9 O=C(Nc1c(C(=O)NCC(=O)N)n[nH]c1)C[N@H+]1C[C@@H]([NH+](C)C)CCC1 -45,58 initial hit (rank 3) 351.22; 351.4; 97% (vendor CoA)
no concentration-
dependent MST-
shift (no binding)

2.10 O=C([O-])[C@@H]([NH3+])Cc1ccc(NC(=O)c2cc3c(c(C(=O)OC)cnc3)cc2)cc1 -44,33 initial hit (rank 8) 393.14; 393.39; >99% (vendor CoA)
no concentration-
dependent MST-
shift (no binding)

2,11 O=C(N1CC[NH+]([C@H]2C(=O)N(c3ccccc3)CC2)CC1)[C@H]1[C@H](O)[C@H](O)C[NH2+]1 -45,05 initial hit (rank 4) 374.22; 374.43; >99% (vendor CoA)
no concentration-
dependent MST-
shift (no binding)

2,12 O=C(NCc1nnccc1)Nc1c(C[NH+](C)C)ccc(C(=O)N)c1 -44,57 initial hit (rank 5) >90% (vendor)
no concentration-
dependent MST-
shift (no binding)

2,13

rac.

S(=O)(=O)(NCC[NH3+])c1cc(NC(=O)[C@H](O)[C@@H]2[NH2+]CCCC2)ccc1 -43,44 initial hit (rank 14)

2,14

rac.

O=C(Nc1ccc(N2C(=O)NC=C2)cc1)[C@H]([NH3+])CC[NH+]1CC[NH+](C)CC1 -48,28 initial hit (rank 1)

2,15

rac.

Clc1c(NC(=O)[C@@H]([NH3+])CC[NH+]2CC[NH+](CCOC)CC2)ccc2[nH]ncc12 -42,74 initial hit (rank 19)

2,16

rac.

O=C(Nc1cc2n(c(O)nc2cc1)C1CC1)[C@H]([NH3+])CC[NH+]1CC[NH+](C)CC1 -44,11 initial hit (rank 10)

2,17

rac.

O=C(Nc1cc2oc(O)nc2cc1)[C@H]([NH3+])CC[NH+]1CC[NH+](C)CC1 -43,98 analog of 2.16

synthesis not successful

synthesis not successful

Table S3: NSUN6 molecular docking and MST pre-screening results of tested virtual screening hits. Molecules are depicted as stereoisomers, protomers and tautomers according to their docking poses even though racemic mixtures (rac.) were purchased. Hits of the MST assay are highlighted in green. CoA: certificate of analysis. .C18: HPLC column Agilent Poroshell 120 EC-C18 
(150 × 2.10 mm), Zbx: HPLC column Agilent Zorbax SB-Aq (4.6 x 150 mm) 

MST pre-screening (ligand concentration: 0 µM (black, DMSO control), 33 
µM (light blue), 100 µM (grey), 300 µM (dark blue))

synthesis not successful

synthesis not successful

synthesis not successful
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Figure S1. DNMT2 tritium incorporation enzyme activity assay results in absence and 
presence of ligands at a concentration of 100 M. Values represent average values with 
standard error of triplicate determinations normalized to the DMSO  control.
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ABSTRACT: The DNA methyltransferase 2 (DNMT2) is an RNA
modifying enzyme associated with pathophysiological processes, such as
mental and metabolic disorders or cancer. Although the development of
methyltransferase inhibitors remains challenging, DNMT2 is not only a
promising target for drug discovery, but also for the development of
activity-based probes. Here, we present covalent SAH-based DNMT2
inhibitors decorated with a new type of aryl warhead. Based on a
noncovalent DNMT2 inhibitor with N-benzyl substituent, the Topliss
scheme was followed for optimization. The results showed that electron-
deficient benzyl moieties highly increased a�nity. By decorating the
structures with strong electron-withdrawing moieties and leaving groups,
we adjusted the electrophilicity to create covalent DNMT2 inhibitors. A
4-bromo-3-nitrophenylsulfonamide-decorated SAH derivative (80) turned out to be the most potent (IC50 = 1.2 ± 0.1 μM) and
selective inhibitor. Protein mass spectrometry confirmed the covalent reaction with the catalytically active cysteine-79.
KEYWORDS: DNMT2, covalent SAH-based inhibitors, aryl warhead, Topliss scheme, microscale thermophoresis,
protein mass spectrometry

RNA and its modifications play a significant role in
epigenetic inheritance.1,2 Studies revealed that some

RNA modifications are linked to mental3 and metabolic
disorders.4 Inheritance of metabolic disorders has been found
to be caused by increased levels of m2G andm5Cmodifications.5

The human DNA methyltransferase 2 (hDNMT2), which
among others is responsible for m5C modifications, is involved
in this process.6 Due to its similar sequence and structure,
hDNMT2 is part of the DNA methyltransferase family, but its
main substrate is tRNA at position C38.7,8 hDNMT2 plays a role
in di�erent physiological processes but is also linked to cancer.8

To transfer a methyl group to tRNA, hDNMT2 requires S-
adenosyl-L-methionine (SAM) as a cofactor, releasing m5C38-
tRNAAsp and S-adenosyl-L-homocysteine (SAH) as a by-
product.7 Besides the natural inhibitors SAH and sinefungin
(SFG),9 the chemotherapeutic agents 5-azacytidine, decitabine,
and zebularine are known to inactivate DNMTs.10

Methyltransferases are hard-to-drug targets, especially due to
the high cellular concentration of SAM11 that competes with a
potential inhibitor. Furthermore, most of the over 200 di�erent
methyltransferases (MTases)12 in humans are SAM-dependent,
which increases the challenge to find selective SAH-based
inhibitors. Because covalent inhibitors are capable of competing
with high natural ligand concentrations,13 these issues can be
overcome with a warhead-decorated SAH derivative. Moreover,

high selectivity can be achieved by targeting the catalytically
active cysteines found in the hDNMT14 or NOL1/NOP2/sun
domain (NSUN)15 families since various other MTases follow
di�erent mechanisms.16 Such covalent modifiers can also be a
suitable basis for the development of fluorescently labeled
activity-based probes (ABPs),17 which can be used to improve
the understanding of RNA methyltransferases and their RNA
modifications.
Here, we present covalent SAH-based hDNMT2 inhibitors

with 4-halo-3-nitrophenylsulfonamide warheads. This warhead
class represents a well-fitting substructure for the cytidine
binding site of the enzyme, as it not only mimics the cytidine
residue of tRNA but also provides proper orientation and length
to reach the catalytically active cysteine-79. Recently, we
published hDNMT2 inhibitors based on the SAH sca�old.9

We replaced the sulfur atom with various N-alkylated
substructures, and the N-but-3-yn-2-yl derivative 1 turned out
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to be the most potent inhibitor of hDNMT2 in a tritium-

incorporation assay (3H-assay) (IC50 = 12.9 ± 1.9 μM). We also

tested the N-benzylated derivative 2, which showed moderate

a�nity (57% at 100 μM). Because the phenyl moiety allows a

huge space for modifications, we considered the sca�old as a
basis for optimization.
Starting from this structure, we developed N-benzyl

containing compounds according to the Topliss scheme (Figure
1). This is an operational scheme in drug design for the

Figure 1. Derivatization of the benzylamine derivative 2 according to the Topliss scheme. Based on the 4-chloro-3-trifluoromethyl and the 4-nitro-3-
trifluoromethyl derivatives, an additional SAR study was conducted. First, the aminomethyl substructure was exchanged with a sulfonamide unit to
increase the electrophilicity. The aryl moiety was decorated with electron-withdrawing groups and leaving groups to allow a potential covalent reaction
with the catalytically active cysteine of hDNMT2.

Scheme 1. Synthesis of Benzylamine Derivatives 32−45a

aReagents and conditions: (a) NaBH(OAc)3, HOAc, 1,2-DCE, 0 °C to rt, overnight, 37−96%; (b) (1) TFA/DCM (1:1 v/v), 5 °C; (2) TFA/H2O
(1:6 v/v), 5 °C, 99%.
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derivatization of aromatic compounds considering hydrophobic
(π), electronic (σ), and steric (Es) values of di�erent
substituents.18 Starting from an unsubstituted phenyl moiety,
the 4-chloro analogue is initially proposed as it increases the π
value. Subsequently, we followed the scheme suggestions
depending on the inhibitory e�ects. Selected derivatives of
nonproposed paths were also tested for comparison.
We performed an additional structure−activity relationship

study based on the sca�old that exhibited the highest activity.
The methylenamine substructure of the N-benzyl moiety was

replaced with a sulfonamide to test the influence of an additional
−I and −M e�ect. To allow a covalent reaction with the
catalytically active cysteine in the cytidine site, electron-deficient
aryls with halogen leaving groups were designed to increase
electrophilicity. To confirm the covalent reaction between
ligand and hDNMT2, protein mass spectrometric experiments
were conducted.

Chemistry. The benzyl derivatives were synthesized by
reductive amination using protected adenosyl-2,4-diaminobu-
tyric acid (adenosyl-Dab)9 3 and substituted benzaldehydes 4−

Scheme 2. Synthesis of Sulfonamide Derivatives 72−84a

aReagents and conditions: (a) NEt3, DCM, Δ, 2 h, 52−73%; (b) NaHCO3, H2O, DCM, rt, overnight, 43−82%; (c) (1) TFA/DCM (1:1 v/v),
5 °C; (2) TFA/H2O (1:6 v/v), 5 °C, 99%.

Scheme 3. Synthesis of the Heterocycles 90 and 91a

aReagents and conditions: (a) NEt3, DCM, Δ, 2 h, 62%; (b) benzyl mercaptan, NaH, THF, 1 h at 0 °C, 16 h at rt, 91%, (c) (1) sulfuryl chloride,
−5 °C, 2 h; (2) 3, NaHCO3, H2O, DCM, rt, overnight, 34%; (d) (1) TFA/DCM (1:1 v/v), 5 °C; (2) TFA/H2O (1:6 v/v), 5 °C, 99%.
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Table 1. Binding of Compounds to hDNMT2 as Determined by MST and Inhibition of hDNMT2 as Determined in the 3H-
Assaysa
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17 (Scheme 1). For this, sodium triacetoxyborohydride and
acetic acid were used as reagents in 1,2-dichloroethane. The
building block 3 was prepared according to a previously
described procedure.9 In the final step, the protecting groups
were removed by treatment with 50% (v/v) TFA in dichloro-
methane at 5 °C, followed by treatment with 14% (v/v) TFA in
water at 5 °C. To further increase the electrophilicity of the
aromatic ring, the methylenamine substructure of the benzyl
moiety was exchanged by a sulfonamide group. With its −I and
−M e�ects, this compound class shows interesting properties as
electron-withdrawing substituents seemed to increase the
a�nity for hDNMT2. Electron-withdrawing groups which can
potentially act as leaving groups, such as halides, were chosen as
substituents to enable a possible covalent reaction with the
catalytically active cysteine of hDNMT2. To obtain the
sulfonamide-based inhibitors, building block 3 was brought to
reaction with substituted phenylsulfonyl chlorides 46−58 either

in the presence of triethylamine in DCM under reflux or using a
two-phase system consisting of DCM and saturated NaHCO3
solution at room temperature (Scheme 2). In the final step, the
resulting precursors 59−71 were deprotected using 50% (v/v)
TFA in dichloromethane at 5 °C, followed by treatment with
14% (v/v) TFA in water at 5 °C to give the inhibitors 72−84. To
investigate the e�ect of intracyclic nitrogens as replacements for
the nitro groups, pyridine and pyrazine derivatives decorated
with chlorine were synthesized (Scheme 3). The pyridine
derivative 90 was prepared by combining the building block 3
and 6-chloropyridine-3-sulfonyl chloride 85 with triethylamine
inDCMunder reflux to yield the protected precursor 88. For the
synthesis of the pyrazine derivative 91, 2,5-dichloropyrazine 86
was substituted with benzyl mercaptan in the presence of
sodium hydride in THF to give 87. In the next step, 87 was
treated with sulfuryl chloride19 and was reacted with the building
block 3 using a two-phase system consisting of DCM and

Table 1. continued

an.d. = not determined, n.i. = no inhibition.
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saturated NaHCO3 solution at room temperature to yield the
protected pyrazine derivative 89. The precursors 88 and 89were
finally deprotected using 50% (v/v) TFA in dichloromethane at
5 °C, followed by treatment with 14% (v/v) TFA in water at 5
°C to yield the inhibitors 90 and 91. A 2-chloropyrimidine
derivative was also to be synthesized, but due to its high
reactivity already with weak nucleophiles such as methanol and
water, which led to substitution of chlorine, it was not further
pursued.
Biological Evaluation: hDNMT2 Binding and Inhib-

ition. To determine the binding a�nity of the compounds
toward hDNMT2, a screening was performed with full-length
hDNMT2 (if not described otherwise, full-length protein was
used) based on a microscale thermophoresis (MST) displace-
ment method using the fluorescent ligand FTAD.20 Potent
binders were defined as compounds that were able to displace
FTAD appoximately to the same extent as SFG (MST shift
≥13‰; cut-o� ≥10‰). For all potent binders an apparent KD
value (KD

app) was determined using MST. All other compounds
were not further evaluated. Ligands with the highest a�nity
toward hDNMT2 (41, 45, 78−80, and 91; 32 for comparison),
were subjected to isothermal titration calorimetry (ITC), which
served as an orthogonal method to quantify the binding a�nity
of those ligands. The results from ITCmeasurements confirmed
the data of the MST measurements, as the results of both
methods showed a high consistency. Finally, to investigate their
actual inhibitory e�ect, the most potent binders and some

selected weak binders were evaluated using a 3H-assay. The
assay was performed with tRNAAsp as substrate and tritium-
labeled SAM (3H-SAM) as cosubstrate at a compound
concentration of 100 μM. For the most potent inhibitors IC50
values were determined. All results are summarized in Table 1.
Within the benzyl series, 7 out of 14 compounds (32, 34, 35, 40,
41, 44, and 45) could be classified as promising binders, as they
caused an MST shift ≥10‰. Starting with the 4-chloro
substituent 32 in the Topliss scheme, an increase in inhibition
from 57% to 72% was achieved. According to the scheme, the
proposed modification in this case is the 3,4-dichloro
substitution (40). With an inhibition of 74%, it did not show
a significant increase in potency, resulting in the proposed
modifications 4-CF3, 4-Br, and 4-I. While the 4-bromo (33) and
4-trifluoro (35) derivatives showed reduced inhibition (67%
and 51%, respectively), the 4-iodo modification (34) was
equipotent (75%). Based on alternative modifications in this
branch, we tested the 2,4-dichloro derivative 43, which further
reduced inhibition to 47%. Because the proposed modifications
of this branch did not significantly improve inhibition, we
followed the branch proposed if the 3,4-dichloro substitution
(40) would be classified as more potent (73.8 ± 3.5% vs 72.3 ±
3.1%) than the 4-chloro modification (32) after all. As a result,
the proposed modification 4-chloro-3-trifluoromethyl 41 was
tested and exhibited a significant increase in inhibition of up to
86%. Based on this result, the scheme proposed the 4-nitro-3-
trifluoromethyl derivative 45 as a final modification. Notably, an

Figure 2. Synthesized compounds and corresponding results with depiction of positions in theTopliss scheme. Arrows indicate either increase (green)
or decrease (red) in inhibition.
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even higher inhibition of 94% (IC50 = 2.5 ± 0.2 μM) was
achieved. To identify potential inhibitors that were likely
omitted due to incorrect prediction of the scheme we selected
di�erent structures of the remaining branches: 4-OMe (36), 3-
Cl (37), 3-NH2 (38), 3-CF3 (39), 3,5-diCl (42), and 4-NO2
(44). The tests revealed that the derivatives 36, 37, 39, and 42
showed moderate inhibition of 59−67%, whereas the 3-amino
structure 38 was inactive. Interestingly, the nitro derivative 44
showed a significant increase in inhibition compared to its direct
branch precursor 43 (66% vs 47%). However, its inhibition was
still lower than that of compounds 33−35 of the same branch.
Evaluation of the inhibition of hDNMT2 in correlation with the
substituent e�ects revealed that the results were in high
accordance with the Topliss scheme suggestions (Figure 2). It
could be observed that the more electron-withdrawing groups
were introduced, the stronger was the inhibition of hDNMT2,
which was demonstrated by the following branch: 4-Cl (32) →
3,4-diCl (40) → 4-Cl-3-CF3 (41) → 4-NO2-3-CF3 (45) with
increasing inhibition of 72% → 74% → 86% → 94%,
respectively. While substituents in position 2 significantly
reduced inhibition, probably due to steric hindrance within
the binding pocket, introduction of several groups at position 3
was tolerated. However, the potency compared to the phenyl
derivative 2 was only slightly increased from 56% to 67% by
introducing the 3-Cl substituent (37). Position 4 also allowed
several substituents, e.g., 4-Cl (32), 4-Br (33), 4-I (34), 4-CF3
(35), 4-OMe (36), and 4-NO2 (44), all of which increased the
potency compared to the unsubstituted inhibitor 2. A significant
increase in inhibition was achieved with the 4-Cl (72%) and the
4-I (75%) substituents. Interestingly, they di�er in electro-
negativity and volume, yet they showed equipotent inhibition of
hDNMT2. So far, a disubstituted, electron-deficient benzyl
group appeared to be most e�ective at enhancing inhibition.
To further increase electrophilicity of the aromatic ring, we

replaced the methylenamine substructure of the N-benzyl
moiety with a sulfonamide that introduces additional −I and
−Me�ects. Based on this modification, a subsequent structure−
activity relationship (SAR) study was conducted using di�erent
aryl sulfonyl moieties with strong electron-withdrawing groups
such as NO2 and CF3 as well as intracyclic nitrogen atoms. To
enable a possible covalent reaction with the catalytically active
cysteine, the aromatic rings were decorated with halogen leaving
groups. First, we started with the 4-chloro-3-trifluoromethyl
analogue 72 for comparison with one of the most active
compounds (41). With an inhibition of 54%, it showed a
significantly lower inhibition than 41 with 86%, which indicates
a negative e�ect of the sulfonamide group. The same holds true
for 73 (4-Cl, no inhibition), 74 (3,4-diCl, 28% inhibition), 75
(2,4-diCl, no inhibition), 76 (unsubstituted, no inhibition), and
77 (4-NO2, no inhibition), which caused significantly lower
inhibition compared to their corresponding benzyl derivatives.
Interestingly, the 4-chloro-3-nitro derivative 78 had the highest
inhibitory activity of 98% (IC50 = 2.3± 0.5 μM). Given 78 as the
new lead structure, we analyzed changes in the substitution
pattern. For the 4-F-3-NO2 modification (79), a slightly lower
inhibition of 93% (IC50 = 8.5 ± 1.3 μM)was observed, while the
4-Br-3-NO2 derivative 80 was found to be equipotent with an
inhibition of 99% (IC50 = 1.2 ± 0.1 μM). Other structural
changes such as 3-NO2 (81), 2-Cl-5-NO2 (82), and 2-F-5-NO2
(83) did not lead to inhibition of hDNMT2. The 3-Cl-4-NO2
derivative 84 showed only moderate inhibition of 67%.
Replacing the 3-nitro group of 78 with an intracyclic nitrogen
(90) atom resulted in a strong reduction of inhibition to 33%.

However, a second intracyclic nitrogen located in the opposite
position, as found in pyrazine moieties, increased the inhibition
to 100% (91, IC50 = 1.1 ± 0.2 μM). Comparing the benzyl
derivatives with the sulfonamide-based compounds, an obvious
trend is observable. The sulfonamide derivatives showed
significantly lower inhibition compared to their benzyl
analogues, e.g., 32 vs 73 (4-Cl), 40 vs 74 (3,4-diCl), and 41
vs 72 (4-Cl-3-CF3). Yet the 4-Cl/Br-3-NO2 substituted
sulfonamide-based derivatives 78 and 80 as well as the 4-
chloropyrazine derivative 91 showed the highest inhibition
(IC50 < 2.5 μM). The results also highlight the quality of our
FTAD-based MST screening method20 because the screening
results showed high consistency with the measured inhibition in
the 3H-assay.

Warhead Stability in the Presence of DTT. We found
that the inhibition of hDNMT2 by compound 79 was highly
dependent on the presence of the reducing agent used in the
assays. While inhibition of 93% (IC50 = 8.5 ± 1.3 μM) was
measured in the presence of TCEP, no inhibition could be
observed in the presence of DTT. These findings strongly
suggest a covalent reaction of the thiol-based agent with the
electrophilic inhibitor. For this reason, we conducted stability
tests with DTT and the inhibitors 78−80 in TRIS bu�er pH =
8.0 at room temperature under assay-like conditions. The
inactivation was determined by LC-MS after 2 min followed by
15 min intervals (Figure 3).

LC-MS measurements confirmed the formation of a DTT
substitution product in all three cases. Figure 3 shows that 79
already completely reacted with DTT after 2 min. 78 reacts with
a rate comparable to 80, but much slower than 79. In the first 15
min, both react very quickly until a conversion of ca. 60% was
reached. A full conversion was observed after 90 min,
respectively.

Protein Mass Spectrometry. To investigate the binding of
the ligands 45, 78−80, and 91 to hDNMT2, we used intact-
protein LC-MS under denaturing conditions, which only
preserve covalently bound ligands. Additionally, direct infusion
nanoelectrospray ionization experiments were performed under
nondenaturing conditions, which allow preservation of non-
covalent binding. hDNMT2 harbors a flexible loop (residues
191−237) that decreases protein stability and prevents
crystallization. However, a construct without this loop was
cocrystallized with SAH (PDB 1G55). Based on this construct, a
deletion mutant without residues 191−237 (hDNMT2Δ) was

Figure 3. Stability test of inhibitors 78−80 in the presence of DTT
under assay-like conditions. Percent inactivation was determined
initially after 2 min and then at 15 min intervals.
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designed, which was better suited for mass spectrometry than
hDNMT2.

hDNMT2Δ showed decreased but measurable activity in the
3H-assay, which supports the hypothesis that hDNMT2Δ binds

Figure 4. (A) LC-MS of intact, denatured hDNMT2Δwith and without ligands. Corresponding peak for free protein signal is highlighted in gray (32+
charge state). For 45 and SFG, no binding was detected under denaturing conditions. Binding to 78−80 all led to addition of the same 551 Da moiety
(mass shift and corresponding structure shown in orange). Binding to 91 led to addition of a 508 Da moiety (structure and mass shift shown in blue).
(B) Native MS of hDNMT2Δ in complex with 45 and SFG. Peaks corresponding to free protein signal (charge states 14+ and 15+) are highlighted in
gray. Binding to 45 (two binding events) and SFG (one event) are highlighted in blue and orange, respectively.
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SAH. For all experiments, the known noncovalent ligand SFG
was used as a control. All LC-MS spectra exhibited the broad
charge state distribution and high charge states typical for
denatured proteins. In Figure 4A, the results of these
measurements, zoomed in on the region around charge state
32+ (m/z 1293), are shown. For 78−80, the same mass shift of
551 Da, corresponding to addition of the structure highlighted
in orange, was observed. This indicates loss of the halogen
substituent and the formation of a covalent bond between the
protein and ligand. A second addition of ligand 79 was detected,
which suggests the existence of two potential binding sites of this
ligand and therefore a less specific binding of the desired target
cysteine. A comparable result was observed with ligand 91,
where two mass shifts of 508 Da, corresponding to the blue-
highlighted structure, were detected. Here, a very low amount of
remaining free protein signal was observed, which indicates a fast
and favorable reaction of this ligand with hDNMT2Δ. For 45
and the known noncovalent ligand SFG, no mass shift and thus
no covalent irreversible binding was demonstrated. A table with
observed and calculated masses, mass errors, and intensities can
be found in the Supporting Information. Additional measure-
ments under near-native conditions were performed with SFG
and 45 (Figure 4B). As is typical in native MS, these spectra
show a narrow charge state distribution with low charge states.
For both ligands, a shift by the corresponding mass was detected
(570 Da for 45; 381 Da for SFG). Furthermore, a second
binding event of ligand 45 was observed. This demonstrates the
noncovalent binding of 45 and SFG to hDNMT2Δ. This
second, but weaker binding event observed for 45 and 74 could
also explain the increased binding stoichiometry determined in
the ITC experiments (1.37 ± 0.01 and 1.34 ± 0.04,
respectively). On the other hand, for 91, a decreased binding
stoichiometry (0.84 ± 0.01) was measured, leading to the
assumption that this compound is too reactive and therefore
could cause partial protein aggregation. All other compounds
investigated with ITC showed binding stoichiometries in the
range from 0.9 to 1.1 toward hDNMT2Δ, which correlates
nicely with data obtained from protein MS. We determined the
binding sites of the covalent ligands with a tryptic digest
followed by bottom-up LC-MS/MS. A high sequence coverage
of over 80% was achieved for all samples. For 78−80, binding to
Cys79, which is known to be the catalytically active cysteine, was
detected. In agreement with the denatured intact mass
measurements, which indicated a second binding site for 79,
an additional modified peptide containing the cysteine residue
corresponding to Cys287 in the wild-type protein was detected.
Similarly, binding of 91 was also observed at Cys79 and Cys287.
As expected, no modified peptides were detected for 45 and
SFG, which is consistent with a noncovalent binding mode.
These findings indicated two covalent binding sites for 79 and
91, and the binding to only the desired target Cys79 for 78 and
80. Given that four surface-exposed cysteines can be found in the
crystal structure of hDNMT2 (PDB 1G55), the results highlight
the nonpromiscuous binding behavior of compounds 78 and 80,
which only reacted with the catalytically active Cys79. A detailed
overview of the results is shown in the Supporting Information.
Selectivity. Selectivity of the most promising inhibitors (45,

78−80, and 91) toward other tRNA modifying m5C MTases
(NSUN2 and NSUN6) was measured in a 3H-assay at 100 μM
(Figure 5). All selected inhibitors showed higher selectivity
compared to SFG,9 with compound 80 being the most selective
one as it did not inhibit NSUN2 and NSUN6. Compounds 78
and 91 appeared to be highly selective as they showed only slight

inhibition of NSUN2 (12 ± 6.8% and 13 ± 9.2%) and NSUN6
(n.i. and 7 ± 4.9%). Lower selectivity was observed for 45 (12 ±
1.3% for NSUN2; 30± 0.1% for NSUN6) and 79 (23± 4.9% for
NSUN2; 69 ± 4.8% for NSUN6). Given that 79 is highly
reactive, a lack of selectivity was expected. Furthermore,
detection of beyond active site binding to hDNMT2Δ for 45
and 79 via LC-MS already indicated a promiscuous binding
behavior of those compounds. To investigate a concentration
range more common in biochemical assays, the selectivity was
also determined at 10 μM inhibitor concentration (Supporting
Information). All tested inhibitors except 79 have been found to
be highly selective yet potent hDNMT2 inhibitors at 10 μM.

Docking Studies ConfirmProper Orientation Allowing
Covalent Reaction. To investigate the binding mode of
compounds 45, 78−80, and 91 and confirm a proper orientation
that enables a covalent reaction, docking studies using FlexX21

and MOE (Molecular Operating Environment, 2022.02 Chemical
Computing Group ULC, Montreal, Canada, 2023) were
performed (Supporting Information). Because the catalytic
loop (residues 79−96) is not resolved in the crystal structure of
hDNMT2 (PDB 1G55), it was introduced using the “Loop
Modeler” functionality within MOE.
Based on the docking-predicted binding modes, the benzyl

derivative 45 as well as the aromatic sulfonamides 78−80 and 91
expand from the SAM site toward the cytidine binding site.
Figure 6 shows the binding poses of compound 80 as an
example. The proximity of the electrophilic carbon atoms to the
nucleophilic sulfur atom of the catalytic Cys79 of 3.9−4.2 Å
(Table S3) indicated high likeliness of a covalent reaction.

Conclusion. In this letter, we presented covalent SAH-based
hDNMT2 inhibitors with a new type of aryl warhead. By
successfully applying the Topliss scheme to the moderate
inhibitor N-benzyl-adenosyl-Dab 2,9 electron-deficient benzyl
derivatives (4-Cl-3-CF3 41, 4-NO2-3-CF3 45) exhibiting
stronger hDNMT2 inhibition were identified. Based on these
findings, the electrophilicity was further increased by replacing
the methylenamine substructure with a sulfonamide function.
We performed a subsequent SAR study using di�erent aryl
sulfonyl building blocks with strong electron-withdrawing
groups such as NO2 and CF3 as well as intracyclic nitrogen
atoms. By attaching halogen leaving groups, the aromatic rings
were adjusted to enable a covalent reaction with the catalytically
active cysteine of hDNMT2. Protein mass spectrometry
revealed that the 4-halogen-3-NO2-decorated phenylsulfona-

Figure 5. Inhibition of di�erent RNA methyltransferases by most
potent DNMT2 inhibitors at 100 μM. Triplicates ± SD are given. (a)
Data from previous study.
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mide derivatives 78−80 and the 2-chloropyrazine structure 91
reacted covalently with the catalytically active Cys79 in the
cytidine site of hDNMT2. However, compounds 79 and 91
exhibited too high reactivity as they also bound to Cys287 on the
protein surface. Furthermore, a stability test showed that 79 was
quickly inactivated by reaction with DTT (Figure 3). Our results
highlighted the nonpromiscuous binding behavior of com-
pounds 78 and 80, which exclusively reacted with the
catalytically active Cys79, although four solvent-exposed
cysteines can be found in the hDNMT2 crystal structure. The
most promising covalent inhibitor turned out to be the 4-Br-3-
NO2-phenylsulfonamide derivative 80, with an IC50 value of 1.2
± 0.1 μM resulting in an improvement of 1 order of magnitude
compared to our previously published inhibitors.9 Therefore, it
outclasses the natural ligands SAH and SFG. Moreover,
compound 80 showed high selectivity toward NSUN2 and
NSUN6 (Figure 5). With the discovery of covalent hDNMT2
inhibitors, this study provides a suitable basis for the
development of fluorescently ABPs. Such tool compounds can
be used for future studies to improve the understanding of RNA
methyltransferases and the biological impact of their RNA
modifications.
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ENZYME EPRESSION AND PURIFICATION 
 

Bacterial Expression and Purification of Human Full-Length DNMT2 (hDNMT2) 

Plasmid coding for the full-length human DNMT2 was kindly provided by Albert Jeltsch 
(University of Stuttgart, Germany). Expression was performed as described previously in 
literature.2 The purification was conducted similar with some adjustments. Cells were disrupted 
in lysis buffer (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 25 mM imidazole, 0.1% 
polysorbate-20) and centrifuged at 17.500g for 60 min at 4 °C to remove the cell debris. Clear 
supernatant was loaded on a HisTrap HP 5 mL column using an ÄKTA start system. To remove 
unspecific bound impurities, the column was washed with several column volume of lysis 
buffer and afterwards with several column volumes of a mixture of 96% lysis buffer and 4% 
elution buffer (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 800 mM imidazole, 0.1% 
polysorbate-20). The protein was finally eluted in a mixture of 30% lysis buffer and 70% elution 
buffer. The increased sodium chloride concentration in this buffer allowed to skip a further ion 
exchange chromatography step prior to size exclusion chromatography (SEC). SEC was 
performed on a Superdex 16/600 75 pg column equilibrated in SEC buffer (50 mM sodium 
phosphate pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1% polysorbate-20). Protein 
was concentrated in Amicon Ultra 15 mL centrifugal filters with a 10 kDa cut-off (EMD, 
Darmstadt, Germany) and was then mixed 1:4 with storage buffer (50 mM sodium phosphate 
pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 0.1% polysorbate-20, 60% glycerol). Protein 
was stored liquid at −20°C until further use. 

 

Bacterial Expression and Purification of Human DNMT2 Deletion Mutant (hDNMT2Δ) 

Due to a lack of stability of full-length DNMT2 in some buffer conditions a deletion mutant 
was designed according to a published crystal structure of DNMT2 (PDB ID: 1G55).3 This 
sequence lacks the amino acids 191–237 the remaining sequence was synthesised and inserted 
in a pET-28a(+)-vector between the NdeI and XhoI restriction sites by Genscript. The sequence 
was verified by Eurofins Genomics Europe. The plasmid is made available at Addgene 
(Addgene ID: 198382). Competent E. coli Rosetta 2 (DE3) pLysS cells were transformed and 
grown overnight in LB medium at 30 °C. 1 L of TB medium was inoculated with 20 mL of pre-
culture each and was grown at 37 °C until the optical density at 600 nm of 0.7 was reached. 
Temperature was reduced to 20 °C, overexpression was induced with IPTG in a final 
concentration of 500 µM and was maintained overnight. Cells were harvested by centrifugation 
and were washed with lysis buffer (50 mM sodium phosphate pH 8.0, 500 mM NaCl, 25 mM 
imidazole, 0.1% polysorbate-20), afterwards cells were resuspended in lysis buffer again and 
incubated for ~ 30 min with lysozyme and DNase I on ice prior to sonication. Cells were 
disrupted on ice in 12 x 45 s intervals at 50% sonication power. Debris was removed by 
centrifugation and clear supernatant was loaded on a HisTrap HP 5 mL column. Purification 
was then performed as described above, with some adjustments to the SEC run. A Superdex 
16/600 75 pg column equilibrated with storage buffer (200 mM ammonium acetate pH 7.1, 
2 mM TCEP) was used for size exclusion chromatography, eluted protein was concentrated in 
Amicon Ultra 15 mL centrifugal filters with a 10 kDa cut-off (EMD, Darmstadt, Germany) to 
a concentration of 15 µM and was flash-frozen in liquid nitrogen. Protein was stored at −20 °C 
until further use. 
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Bacterial Expression and Purification of Human Full-Length NSUN2 

Expression and purification were performed as described previously in literature.2 Plasmid used 
for overexpression is available at Addgene (Addgene ID: 188059). Transformed E. coli Rosetta 
(DE3) pLysS cells were grown and overexpression was induced as described above. Deviating 
from the purification procedure described above cells were disrupted in lysis buffer (50 mM 
sodium phosphate pH 8.0, 300 mM NaCl, 10 mM imidazole, 0.1% polysorbate-20), and were 
loaded on a HisTrap HP 5 mL column. The column was washed with several column volumes 
of lysis buffer to remove unspecific bound impurities. Subsequently, protein was eluted in 
elution buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 500 mM imidazole, 0.1% 
polysorbate-20) and was further purified using a Superdex 16/600 75 pg column equilibrated 
with SEC buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM DTT, 
0.1% polysorbate-20). Protein was concentrated using Amicon Ultra 15 mL centrifugal filters 
with a 10 kDa cut-off (EMD, Darmstadt, Germany) and was diluted 1:4 with storage buffer (50 
mM sodium phosphate pH 8.0, 300 mM NaCl, 1 mM EDTA, 2 mM TCEP, 0.1% polysorbate-
20, 60% glycerol) to allow liquid storage at −20°C until further use. Protein should be used 
within 2 weeks after preparation, to avoid drastic activity loss. 

 

Bacterial Expression and Purification of Human Full-Length NSUN6 

Expression and purification were performed as described previously in literature.2 Plasmid used 
for overexpression is available at Addgene (Addgene ID: 188060). Transformed E. coli Rosetta 
(DE3) pLysS cells were grown and overexpression was induced as described above. Deviating 
from the purification procedure described above cells were disrupted in lysis buffer (50 mM 
sodium phosphate pH 7.5, 150 mM NaCl, 10 mM imidazole, 0.1% polysorbate-20), and were 
loaded on a HisTrap HP 5 mL column. The column was washed with several column volumes 
of lysis buffer to remove unspecific bound impurities. Subsequently, protein was eluted in 
elution buffer (50 mM sodium phosphate pH 7.5, 150 mM NaCl, 500 mM imidazole, 0.1% 
polysorbate-20) and was further purified using a Superdex 16/600 75 pg column equilibrated 
with SEC buffer (25 mM Hepes pH 7.5, 300 mM NaCl, 1 mM TCEP, 0.1% polysorbate-20, 
10% glycerol). Protein was concentrated using Amicon Ultra 15 mL centrifugal filters with a 
10 kDa cut-off (EMD, Darmstadt, Germany) and was diluted 1:4 with storage buffer (25 mM 
Hepes pH 7.5, 300 mM NaCl, 1 mM TCEP, 0.1% polysorbate-20, 60% glycerol) to allow liquid 
storage at −20°C until further use. Protein should be used within 2 weeks after preparation, to 
avoid drastic activity loss.  
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MICROSCALE THERMOPHORESIS (MST) 
 

Screening 

This assay was described previously in literature.4 Compounds were provided as 50 mM stocks 
in DMSO and were diluted to a concentration of 40 µM in MST buffer (50 mM Hepes pH 7.5, 
150 mM NaCl, 10 mM MgCl2, 1 mM DTT, 0.05% polysorbate-20, 0.1% PEG-8000). Protein 
was mixed with 50 mM 5-FAM-triazolyl-adenosyl-Dab (FTAD) in MST buffer to receive a 
concentration of 4 µM and 200 nM respectively. Diluted compound and protein were then 
mixed 1:1 to a final compound concentration of 20 µM. The mixtures were incubated for 10 min 
at room temperature and were then loaded in standard capillaries (NanoTemper Technologies, 
Munich, Germany). Measurements were performed on a Monolith NT.115 with blue light 
settings, medium MST-power, 30% excitation power and 25 °C. Experiments were performed 
as duplets and data was processed using the MO. analysis software (NanoTemper Technologies, 
Munich, Germany). Read-out was done after 2.5 s MST-time and exported to Microsoft Excel. 
Normalized fluorescence after 2.5 s for every compound was compared to a DMSO control and 
shifts in the normalized fluorescence were calculated. 

 

Affinity Determination 

Protein was prepared as described above. Compounds were prediluted in 8 semi-logarithmic 
steps in DMSO, afterwards each dilution was diluted again in MST buffer to obtain a dilution 
series from 1 mM–100 nM. Those dilutions were mixed 1:1 with FTAD-labelled DNMT2, so 
a final dilution series from 500 µM–50 nM was obtained. For less affine compounds the final 
dilutions series was from 750 mM–75 nM. For every measurement a negative control with 
DMSO and a positive control without DNMT2 was done. Experiments were performed in 
triplicates with the same settings as described above. Data was processed using the MO. 
analysis software (NanoTemper Technologies, Munich, Germany). As MST-time 2.5 s was 
chosen and data points were fitted using the Hill Model. 

  



S109 
 

MST PLOTS 

 
Figure S148: Binding affinity of 32 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 
Figure S149: Binding affinity of 34 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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Figure S150: Binding affinity of 35 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 

 
Figure S151: Binding affinity of 36 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 

944,0

949,0

954,0

959,0

964,0

969,0

1,0E-08 1,0E-07 1,0E-06 1,0E-05 1,0E-04 1,0E-03

Fn
or

m
 [‰

]

Ligand Concentration [M]

Cmpd. 35

945,0

950,0

955,0

960,0

965,0

970,0

1,0E-08 1,0E-07 1,0E-06 1,0E-05 1,0E-04 1,0E-03

Fn
or

m
 [‰

]

Ligand Concentration [M]

Cmpd. 36



S111 
 

 
Figure S152: Binding affinity of 39 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 
Figure S153:Binding affinity of 40 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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Figure S154: Binding affinity of 41 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 
Figure S155: Binding affinity of 44 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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Figure S156: Binding affinity of 45 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 
Figure S157: Binding affinity of 72 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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Figure S158: Binding affinity of 73 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given.

 

Figure S159: Binding affinity of 74 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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Figure S160: Binding affinity of 80 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 

 

Figure S161: Binding affinity of 84 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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Figure S162: Binding affinity of 91 towards DNMT2 determined by MST displacement assay. Average of three experiments ± 
SD is given. 
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ISOTHERMAL TITRATION CALORIMETRY (ITC)  
 

Affinity Determination 

Human full-length DNMT2 was buffer exchanged using a Superdex 16/600 75 pg size-
exclusion chromatography column equilibrated in ITC buffer (50 mM sodium phosphate pH 
7.5, 300 mM NaCl, 0.5 EDTA, 1 mM TCEP, 0.05% polysorbate-20) and concentrated using 
Amicon Ultra 15 mL centrifugal filters with a 10 kDa cut-off (EMD, Darmstadt, Germany). 
Compounds were provided as 50 mM stocks in DMSO and were diluted in ITC buffer to a final 
concentration of 500 µM (1% DMSO). Protein was diluted and buffer matched with 1% DMSO 
to a final protein concentration of 30 µM. All experiments were performed using a 
MicroPEAK-ITC Automated (Malvern Panalytical, Malvern, UK). Measurements were 
performed in 13 injections at 25 °C in triplicates. Data was analyzed and fitted using MicroCal 
PEAQ-ITC Analysis Software 1.21. (Malvern Panalytical, Malvern, UK). Considering the low 
ionization heat of phosphate buffers the values were not buffer corrected. 
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ITC THERMOGRAMS 

 

 
Figure S163: Binding affinity of 32 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S164: Binding affinity of 32 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S165: Binding affinity of 32 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 
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Figure S166: Binding affinity of 41 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S167: Binding affinity of 41 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S168: Binding affinity of 41 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 
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Figure S169: Binding affinity of 45 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S170: Binding affinity of 45 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S171: Binding affinity of 45 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 
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Figure S172: Binding affinity of 78 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S173: Binding affinity of 78 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S174: Binding affinity of 78 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 
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Figure S175: Binding affinity of 79 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S176: Binding affinity of 79 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S177: Binding affinity of 79 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 

 

-2

-1,5

-1

-0,5

0

0,5

0 5 10 15 20 25 30 35

DP
 [µ

W
]

Time [min]

Cmpd.79_3

-30

-25

-20

-15

-10

-5

0

0 0,5 1 1,5 2 2,5 3 3,5

ΔH
 [k

J*
m

ol
-1

]

Molar Ratio

Cmpd.79_3



S133 
 

 

 
Figure S178: Binding affinity of 80 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S179: Binding affinity of 80 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S180: Binding affinity of 80 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 
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Figure S181: Binding affinity of 91 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the first run. below) integrated and fitted ITC data of the first run. 
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Figure S182: Binding affinity of 91 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the second run. below) integrated and fitted ITC data of the second run. 
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Figure S183: Binding affinity of 91 towards DNMT2 determined by Isothermal Titration Calorimetry. Above) raw ITC data of 
the third run. below) integrated and fitted ITC data of the third run. 
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Table S1. Overview of results from ITC measurements. Average ± SD from three experiments each is given. 

Cpd. KD [µM] ΔH [kJ ∙ mol−1] ΔG [kJ ∙ mol−1] –TΔS [kJ ∙ mol−1] N 

32 32.1 ± 8.4 –42.7 ± 11.7 –25.7 ± 0.6 17.0 ± 12.4 0.92 ± 0.09 

41 6.0 ± 0.7 –42.0 ± 1.7 –29.8 ± 0.3 12.1 ± 2.0 1.04 ± 0.02 

79 17.3 ± 3.6 –32.5 ± 3.6 –27.2 ± 0.5 5.3 ± 4.1 1.34 ± 0.04 

80 4.9 ± 0.4 –55.8 ± 3.9 –30.3 ± 0.2 25.5 ±1.5 1.08 ± 0.01 

45 0.94 ± 0.05 –43.2 ± 0.3 –34.4 ± 0.1 8.8 ± 0.5 1.37 ± 0.01 

78 4.3 ± 0.2 –45.6 ± 0.8 –30.6 ± 0.1 14.9 ± 0.9 0.93 ± 0.01 

91 1.9 ± 0.3 –32.7 ± 0.4 –96.7 ± 2.9 64.0 ±3.3 0.84 ± 0.01 

 

 

TRITIUM INCORPORATION ASSAY (3H-ASSAY) 

The assay was performed as described before2 with minor changes. For compounds 78, 79, and 
91 TCEP was used as reducing agent since DTT caused inactivation of the inhibitors. TCEP 
concentration in buffer was adjusted to 2 mM, 1 mM, and 0,6 mM for DNMT2, NSUN6, and 
NSUN2, respectively. 

Additionally to the screening at 100 µM compound concentration, a screening at 10 µM 
compound concentration was conducted. Table S2 shows the screening results at 10 µM 
compound concentrations towards different RNA methyltransferases.  
Table S2. Selectivity determination. Enzyme inhibition ± error at 10 µM compound concentration towards DNMT2, NSUN6, 
and NSUN2 are given. Measurements were performed in triplicates. 

Cpd. DNMT2 NSUN6 NSUN2 
45 80.2 ± 2.4 0 ± 2.1 4.9 ± 0.3 
78 82.5 ± 0.5 6.8 ± 3.3 0 ± 1,3 
79 40.1 ± 4.8 46.5 ± 5.5 19.9 ± 2.3 
80 97.7 ± 6.4 0 ± 2.6 0.6 ± 1.0 
91 82.7 ± 2.8 0 ± 3.6 0 ± 3.3 

 

.  
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PROTEIN MASS SPECTROMETRY 
 

A Waters Synapt XS instrument was used for all experiments. For LC, a Waters Acquity HPLC 
M-Class with a CTC PAL injection system was used. 

For the denatured intact mass measurement, the protein was diluted to 1 µM in 200 mM aqueous 
ammonium acetate and 5 mM TCEP and mixed with a 10-fold excess of the respective ligand 
(45, 78–80, 91, or SFG). Samples were then incubated on ice for one hour before the injection 
into the LC system. The LC separation was performed on a C4 column (Waters Acquity BEH 
C4 2.1 x 50 mm) with a water-acetonitrile gradient for 15 minutes. The injection volume was 
50 µl and a flow rate of 80 µl/min was used. MassLynx (V4.2) and UniDec were used for data 
analysis.5  

Native MS was performed using a nano-electrospray ionization setup for direct infusion with 
in-house pulled emitters. For these measurements, 5 µl of a 40 µM protein solution in 200 mM 
aqueous ammonium acetate and 5 mM TCEP were used, and a 10-fold excess of ligand (45 or 
SFG) was added. Measurements were performed after one hour of incubation of the samples 
on ice. Data analysis was performed manually using MassLynx (V4.2).  

For the binding site determination, a standard bottom-up approach with a tryptic digest followed 
by LC-MS/MS measurement was used. The different ligands were again mixed in 10-fold 
excess with the protein and were incubated for one hour on ice. Afterwards the 40 µM protein 
solutions were diluted to 10 µM using a urea lysis buffer (8 M urea, 100 mM NaCl, 50 mM 
triethylammonium bicarbonate TEAB) to fully denature the protein. Subsequently, 30 mM 
iodoacetamide (IAA) was added and the mixture was incubated for 30 min in the dark to 
alkylate the free cysteines. Dithiothreitol (DTT; 10 mM) was added and incubated for 15 min 
in the dark to quench unreacted IAA. This mixture was diluted 1:5 with 50 mM TEAB to reduce 
the urea concentration. Trypsin was added in 1:50 enzyme:protein ratio and the digestion was 
performed overnight at 37 °C and then stopped by adding 0.2% trifluoroacetic acid. For LC-
MS/MS analysis, 50 µl of the sample was injected. A standard water:acetonitrile gradient and 
a C18 column (Waters Acquity BEH C18 1 x 100 mm) were used to separate the peptides. The 
MS/MS measurement was performed in data independent acquisition mode using ion mobility 
separation; this method is also referred to as HDMSe. ProteinLynx Global Server (Waters) was 
used for data analysis. The used database consisted of the known sequences of DNMT2Δ and 
trypsin (porcine) supplemented by the potential modifications due to the ligands.  
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Table S3. Deconvoluted data of the denatured intact mass measurement. The mass spectra were 
copied to UniDec for deconvolution. Centroid mass, uncertainty and intensity values are direct 
results from UniDec using the presets for denatured measurements on a QTOF. All intensity 
values are normalized to the highest peak in the respective measurement which corresponds to 
the 100% value.  

 Centroid mass / Da Intensity / % Theoretical mass / Da mass error / ppm 
DNMT2Δ 41364.572     100 41364.335 5.737 
     
     
DNMT2Δ + Cpd. 79     
free 41364.064 31.6 41364.335 −6.544 
1 × bound 41914.627 100 41914.837 −5.017 
2 × bound 42465.108 20.04 42465.339 −5.447 
     
     
DNMT2Δ + Cpd. 80     
free 41364.817 6.72 41364.335 11.653 
1 × bound 41914.598 100 41914.837 −5.712 
     
DNMT2Δ + Cpd. 45     
free 41364.063 100 41364.335 −6.585 
     
DNMT2Δt + Cpd. 78     
free 41364.683 39.32 41364.335 8.406 
1 × bound 41914.549 100 41914.837 −6.878 
     
DNMT2Δ + Cpd. 91     
free 41364.730 0.91 41364.335 9.537 
1 × bound 41871.474 100 41871.815 −8.153 
2 × bound 42378.989 19.93 42379.296 −7.256 
     
DNMT2Δ + SFG     
free 41363.997 100 41364.335 −8.166 
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Figure S184: Bottom-up results for DNMT2Δ without ligand. Sequence regions covered by detected peptides are highlighted 

in green (sequence coverage = 86.8 %). The flexible loop, that has been deleted is highlighted in grey. 
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Figure S185: Bottom-up results for DNMT2Δ bound to covalent ligand 79. Sequence regions covered by detected peptides are 

highlighted in green (sequence coverage = 92.8 %). The flexible loop, that has been deleted is highlighted in grey. The yellow 

highlights indicate peptides that were bound to the ligand, and cysteine residues involved in binding are indicated in underlined 

purple text. 
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Figure S186: Bottom-up results for DNMT2Δ bound to covalent ligand 80. Sequence regions covered by detected peptides are 

highlighted in green (sequence coverage = 79.9 %). The flexible loop, that has been deleted is highlighted in grey. The yellow 

highlights indicate peptides that were bound to the ligand, and the cysteine residue involved in binding is indicated in underlined 

purple text. 
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Figure S187: Bottom-up results for DNMT2Δ bound to covalent ligand 78. Sequence regions covered by detected peptides are 

highlighted in green (sequence coverage = 90.4 %). The flexible loop, that has been deleted is highlighted in grey. The yellow 

highlights indicate peptides that were bound to the ligand, and the cysteine residue involved in binding is indicated in underlined 

purple text. 
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Figure S188: Bottom-up results for DNMT2Δ bound to covalent ligand 91. Sequence regions covered by detected peptides are 

highlighted in green (sequence coverage = 90.4 %). The flexible loop, that has been deleted is highlighted in grey. The yellow 

highlights indicate peptides that were bound to the ligand, and cysteine residues involved in binding are indicated in underlined 

purple text. 
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Figure S189. Bottom-up results for DNMT2Δ bound to non-covalent ligand 45. Sequence regions covered by detected peptides 

are highlighted in green (sequence coverage = 91.5 %). The flexible loop, that has been deleted is highlighted in grey. As 

expected, no ligand-bound peptides were detected as ligand binding was lost during the denaturation step. 
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Figure S190: Bottom-up results for DNMT2Δ bound to non-covalent ligand sinefungin. Sequence regions covered by detected 

peptides are highlighted in green (sequence coverage = 93.4%). The flexible loop, that has been deleted is highlighted in grey. 

As expected, no ligand-bound peptides were detected as ligand binding was lost during the denaturation step. 
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MOLECULAR DOCKING 
 

The lacking catalytic loop (residues 79–96) in the crystal structure of human DNMT2 (PDB-
ID 1G55)3 was introduced using the ‘Loop Modeler’ functionality within MOE (Molecular 
Operating Environment (MOE), 2022.02 Chemical Computing Group ULC, 1010 Sherbooke 
St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2023.) using the PDB-similarity and 
de novo loop search. From the PDB a suitable loop from PDB-ID 2D0I was identified and used 
for model building.6 The DNMT2 structure including the modelled loop 79–96 is provided as 
PDB file. From this structure the binding site was defined using the DogSiteScorer7,8 
functionality within SeeSAR (SeeSAR version 12.1.0; BioSolveIT GmbH, Sankt Augustin, 
Germany, 2022, www.biosolveit.de/SeeSAR) covering 38 residues of the combined SAM- and 
cytidine-binding sites. The docking setup was validated by re-docking of the crystallographic 
reference ligand SAH (FlexX-score: −10.00 kcal/mol, RMSD: 1.05 Å) using FlexX (FlexX 
version 5.1.0; BioSolveIT GmbH, Sankt Augustin, Germany, 2022, 
www.biosolveit.de/SeeSAR)9 in command-line mode. 3D conformers of compounds 45, 78–
80, and 91 were generated using OMEGA classic (OMEGA 4.2.1.1: OpenEye Scientific 
Software, Santa Fe, NM, USA. http://www.eyesopen.com, 2019)10 and docked with FlexX 
using identical parameters. Non-covalent and covalent docking with MOE was performed using 
pharmacophore constraints on the basic nitrogen (cationic/H-bond donor) and adenine 
(aromatic) of SAH to enrich SAH-like orientation within the binding site. For covalent docking 
Cys79 as the attachment point for covalent reaction was selected. 70 initially generated binding 
modes were refined using the induced fit method and ‘London ΔG’ re-scoring. Top 15 poses 
were visually inspected for interaction profiles with the SAM- and cytidine binding sites. 

Table S4. Results of non-covalent and covalent docking. 

Compound FlexX (non-covalent docking) MOE 

Score 

[kcal/mol] 

Distance Cys (S)–ligand 

(electrophilic C) [Å] 

Score non-covalent 

[kcal/mol] 

Distance Cys (S)–ligand 

(electrophilic C) [Å] 

Score covalent 

[kcal/mol] 

SAH 

(redocking) 

−10.00 

(RMSD: 1.05 Å) 

- −14.10 

(RMSD: 0.57 Å) 

- - 

79 −12.53 3.9 −19.40 3.5  

−15.98a 

 

78 −12.61 3.9 −18.68 3.7 

80 −12.15 3.9 −17.71 3.8 

91 −9.42 4.2 −17.06 3.5 −14.46 

41 −11.45 - −17.52 - - 

45 −12.55 - −18.86 - - 
a78–80 result in the same covalent adduct. 
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