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Adenosine and its derivatives are important building blocks of the biological system. They serve as the

universal energy currency, amplify intracellular signals for various signal transduction pathways, and can

also be used as the co-substrates for enzymatic transformations. The synthesis and regulation of

adenosine and its analogs rely on the adenosine binding proteins (ABPs). Dysregulated ABP activity

contributes to numerous diseases such as cancer, metabolic disorders, and neurodegenerative diseases.

Presently, there is intense interest in targeting ABPs for therapeutic purposes. A large fraction of the

human ABP family remains poorly characterized. The need for innovative chemical probes to investigate

ABP function in the native biological matrix is apparent. In this study, an adenosine analog, probe 1, with

a photoaffinity group and biotin tag was synthesized using concise synthetic strategies. This probe was

able to label and capture individual recombinant ABPs with good target selectivity. Probe 1 was also

evaluated for its ability to label spiked ABP in complex cell lysates. This chemical probe, together with

the labeling and enrichment assay, is of great value to interrogate the biological functions of ABPs and to

elucidate their diversity under different physiological conditions.
1. Introduction

Adenosine and related nucleosides and nucleotides are impor-
tant bioactive molecules. They are the major components of
genetic materials and serve as energy coupling agents, second
messengers in signal transduction pathways, and cofactors in
enzymatic reactions. The intracellular levels of ATP, ADP and
AMP, the best known adenosine derivatives, are indicative of
cellular energy status.1 S-Adenosyl Methionine (SAM) acts as the
universal methyl donor for methyltransferases.2 Adenosine
30,50-cyclic monophosphate (cAMP) is a key second messenger
in multiple signaling pathways that regulate diverse cellular
events such as carbon fuel degradation3,4 and reduction of
blood platelet aggregation.5 Dysregulation of adenosine levels
has been implicated in metabolic disorders,6 inammatory
bowel disease,7 Alzheimer's disease,8 and certain cancers.9–11

The intracellular and extracellular concentrations of adeno-
sine and its derivatives are tightly and precisely regulated by
adenosine binding proteins (ABPs).12 The activity and expres-
sion levels of these proteins have been closely associated with
normal physiology as well as pathophysiology.13–16 Given the
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importance of ABPs in various cellular processes, a great deal of
interest exists in understanding their biological functions and
expression patterns. However, the identication of ABPs
remains challenging, especially on a proteomics scale, and our
current inventory of these proteins is far from complete. Thus,
innovative and enabling strategies are highly sought aer in the
investigation of ABPs.

Adenosine analogs carrying photoaffinity groups have
emerged as powerful small molecule probes in the proteome-
wide interrogation of ABPs.17–19 These probes normally inheri-
ted the adenosine or adenine core structure as the
“warhead”.17–19 Additionally, a photoactivatable group such as
benzophenone, diazirine, or azido was appended to the core
structure.17–21 Upon UV irradiation, the photoaffinity group can
covalently link to the amino acid(s) in its vicinity, leading to the
formation of a protein-probe adduct. Furthermore, a biotin tag
or a terminal alkyne can be incorporated into the probes to
allow for the subsequent pulldown of the labeled protein via
streptavidin–biotin interaction or Cu(I)-mediated “click”
conjugation to affinity tags.18,19 These photoaffinity adenosine
analogs have been applied to native proteomes to enable the
enrichment and proteome-wide analysis of ABPs. In addition to
the known ABPs, previously unannotated ABPs have also been
revealed in these studies.18,19 These probes greatly expanded our
knowledge of ABPs and suggested potential therapeutic targets.

Mahajan et al. reported the synthesis and biochemical
characterization of a photoaffinity adenosine probe for the
proteomic screening of ABPs (probe A, Fig. 1A).19 It featured the
RSC Adv., 2022, 12, 2219–2226 | 2219
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Fig. 1 Photoaffinity adenosine probes. Chemical structures of probe A (A) and probe 1 (B).
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adenosine core structure with a photocrosslinkable azido group
attached to the 8-position, and a biotin tag tethered to the C-6
position of the adenine ring through a hexadiamine linker.
This probe was able to enrich a panel of ABPs from a mouse
neuroblastoma cell proteome.

Our lab has a long-standing interest in using novel chemical
probes to investigate biologically important proteins in their
native matrix. Probe A appeared to be an ideal candidate for
further modications: the 50-OH group can be easily elaborated
for the generation of 50-substituted adenosine analogs as selective
probes for focused groups of ABPs such as SAM-dependent
methyltransferases (MTases) and 50-methylthioadenosine/S-ade-
nosylhomocysteine nucleosidase (MTAN). In our attempts to
repeat the synthetic procedures described by Mahajan et al., we
encountered several challenges. First of all, in the original report
the 8-azido group was introduced into the core structure using
CsN3 in combination with TMSN3.19 CsN3 is no longer readily
available from the common chemical vendors. Additionally,
several steps in the original synthesis were extremely time-
consuming: the bromination took 6 to 7 days, and the introduc-
tion of azido group was completed in 3 days. Furthermore, probe
A is not a good mimic of naturally occurring adenosine and
derivatives due to the presence of the 20- and 30-acetyl groups.
Herein, we report the convenient synthesis of a photoactivatable
adenosine probe, probe 1 (Fig. 1B), using two independent strat-
egies. Subsequently, the probe was assessed for its ability to label
recombinant ABPs including adenosine deaminase (ADA) and
euchromatin histone lysine methyltransferase 1 (EHMT1). The
remarkably simple probe demonstrated good target selectivity.
Moreover, the on-target effect was established with competition
assays using known cofactors of the target proteins. The easy
access to probe 1 and its analogs will facilitate the investigation of
the biological functions of ABPs and help elucidate their expres-
sion proles under different physiological conditions.
2. Methods and materials
2.1 Reagents and instruments

All reagents were purchased from Aldrich or Fisher Scientic
and were of the highest purity commercially available. NMR
spectra were acquired on a Bruker Ultrashield 400 Plus NMR
spectrometer and the data were processed using Topspin so-
ware. HRMS spectra were acquired with a PerkinElmer AxION 2
TOF Mass Spectrometer. Western blots were imaged on a Bio-
Rad ChemiDoc MP imaging system.
2220 | RSC Adv., 2022, 12, 2219–2226
2.2 Expression and purication of human EHMT1

EHMT1 (2IGQ) was a gi from Cheryl Arrowsmith (Addgene
plasmid #25504). Recombinant, N-terminal His-tagged protein
was expressed in E coli BL21 (DE3) Codon plus RIL cells (Agi-
lent). The cells were cultured in TB media supplemented with
50 mg mL�1 Kanamycin at 37 �C until OD600 reached 0.8. Protein
expression was induced with 1mM IPTG. The culture was grown
overnight at 15 �C before the cells were pelleted and lysed by
passing through a Microuidizer. The protein was puried
using a Ni-NTA resin (Thermo Fisher) affinity column and
eluted with increasing concentrations of imidazole. The puri-
ed protein was dialyzed against a solution of 20 mM Tris–HCl
(pH 8.0), 250 mM NaCl, and 15% glycerol. The protein was
aliquoted, ash frozen and stored at �80 �C. Protein concen-
tration was determined using Bradford assay. The protein was
>95% pure as determined by SDS-PAGE gel electrophoresis.
2.3 Photoaffinity labeling of recombinant ABPs

A typical experiment was performed as follows: in a 1.5 mL
Eppendorf tube, recombinant ABP (10 mM for EHMT1, 1 mM for
ADA) was incubated with probe 1 at 37 �C for 10 min. The
sample was transferred to a clear-bottom 96-well plate, placed
on ice, and irradiated at 365 nm with a UV-lamp at 4 �C.
Subsequently, the sample was resolved on a 10% SDS-PAGE gel
and transferred to a Immun-Blot PVDF membrane (Bio-Rad).
The blot was blocked with 5% nonfat milk in TBST, probed
with an anti-biotin HRP-linked antibody (Cell Signaling Tech-
nology), and washed with TBST. The signal was then detected by
Clarity™ ECL substrate (Bio-Rad).
2.4 Photoaffinity labeling of ADA in E. coli cell lysate

A typical labeling experiment contained 6 mg Rosetta™(DE3)
cell lysate, 250 or 500 mM probe 1, and increasing concentra-
tions of ADA. The photoaffinity labeling and western blot
analysis were similar to the protocols for labeling recombinant
ABPs as described above.
2.5 Affinity enrichment of recombinant ABPs

EHMT1 or ADA was incubated with the chemical probe. Aer
the UV irradiation, the unbound free probes were ltered off
using an Amicon ultra centrifugal lter unit (Merck Millipore)
with a 10 kDa molecular weight cutoff. Subsequently, high-
capacity streptavidin beads (Thermo Fisher Scientic) were
© 2022 The Author(s). Published by the Royal Society of Chemistry
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introduced to the sample to capture the biotinylated proteins.
The beads were then rinsed with PBS three times. The captured
protein was eluted by incubation with 25 mM biotin and 0.4%
SDS in PBS at 95 �C for 5 min. The eluent was concentrated by
lyophilization and analyzed by western blot.
3. Results and discussion
3.1 Synthesis of probe 1

Probe 1 is a structural analog of probe A with free hydroxyl
groups at the 20 and 30-positions (Fig. 1). To enhance the small
molecule–protein interaction, a photoactivatable azido group
was introduced at the 8-position of the adenine ring. This group
can form an irreversible, covalent adduct with the protein target
upon exposure to UV light. Careful inspection of the crystal
structures of several ABPs suggested that the exocyclic amino
group at the C-6 position of the adenine ring was solvent
accessible and can easily accommodate a biotin tag. The rst
synthetic scheme for probe 1 is illustrated in Fig. 2. Commer-
cially available 8-bromoinosine was protected using acetic
anhydride and DMAP in anhydrous CH2Cl2 to generate 20,30,50-
O-triacetyl-8-bromoinosine (intermediate 1). Subsequently, the
azido group was readily installed at the 8-position with NaN3 in
DMF at 80 �C (ref. 22) furnishing intermediate 2. Intermediates
1 and 2 had similar Rf values on TLC plates with various eluent
conditions, which posed a signicant challenge in separation.
Fig. 2 Synthetic scheme 1 for probe 1. (a) Acetic anhydride, DMAP, CH2C
1,6-diaminohexane, PyBOP, DIPEA, CH3CN (55%); (d) TFA/CH2Cl2 (79.5%
0 �C (quantitatively); (g) NH3 in methanol, �40 �C (54%).

© 2022 The Author(s). Published by the Royal Society of Chemistry
Luckily, we made an interesting observation: both compounds
were visible at 254 nm, however, only intermediate 2 was visible
at 365 nm with a uorescent blue color. Ultimately, pure
intermediate 2 was obtained with 60% isolated yield. Mono-N-
Boc-1,6-diaminohexane was coupled to the C-6 position with
PyBOP in the presence of DIPEA to generate N6-substituted
adenosine analog 3. The deprotection of the N-Boc group was
accomplished with TFA yielding intermediate 4 at nearly 80%
yield. Biotin was then coupled to the primary amino group
using EDCI/DMAP to form the N6-biotinyl-8-azidoadenosine 5.
The acetyl groups were removed using ammonia in methanol at
0 �C to afford the photocrosslinkable adenosine derivative
probe 1. This synthetic route involved 6 steps from commer-
cially available starting material. Almost all the steps were
straightforward with decent to good yield.

As mentioned earlier, the 50-OH group in probe A can be
further functionalized to create other adenosine analogs. We
have attempted to reproduce probe A using the deprotection
strategy reported by Mahajan et al. in which the 50-O-acetyl
group in intermediate 5 was selectively removed with ammonia
in methanol at �40 �C.19 However, this step was proven to be
unsuccessful in our hands despite numerous trials and modi-
cations. Instead of the mono-deprotected probe A, the mono-
protected probe 2 was obtained (Fig. 2). Alternatively, the
three hydroxyl groups in 8-bromoinosine can be selectively
protected as demonstrated in Fig. 3. The 20- and 30-OH groups
l2, 0 �C � r.t. (68.7%); (b) NaN3, DMF, 80 �C (60.2%); (c) mono-N-Boc-
); (e) biotin, EDCI, DMAP, DMF/CH2Cl2 (62%); (f) NH3 in methanol (7 N),

RSC Adv., 2022, 12, 2219–2226 | 2221
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Fig. 3 Synthetic scheme 2 for probe 1. (a) p-TsOH, acetone/2,2-dimethoxypropane (v/v¼ 4/1) (56.3%); (b) acetic anhydride, DMAP, TEA, CH2Cl2,
0 �C� r.t. (81.5%); (c) NaN3, DMF, 80 �C (54.6%); (d) mono-N-Boc-1,6-diaminohexane, PyBOP, DIPEA, CH3CN (86.7%); (e) TFA/CH2Cl2 (99.7%); (f)
biotin, EDCI, DMAP, DMF/CH2Cl2 (75.5%); (g) NH3 in methanol, �40 �C (80%); (h) 50% TFA, 0 �C (quantitatively).
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were protected as an acetonide in a mixture of acetone and 2,2-
dimethoxypropane under mild acidic condition. The 50-OH was
then protected with acetic anhydride to afford intermediate 7.
The fully protected intermediate 7was subjected to nucleophilic
substitution using NaN3 to form azido-derivative 8. The
following steps were similar to those in synthetic scheme 1:
intermediate 8 was coupled to mono-N-Boc-1,6-diaminohexane,
followed by Boc deprotection and coupling to biotin, leading to
the formation of intermediate 11. The selective deprotection of
the 50-O-acetyl group was straightforward using ammonia in
methanol at �40 �C. This step resulted in the formation of
intermediate 12 in 80% isolated yield. Compound 12 could
serve as a versatile precursor for further modications: the
acetonide was readily removed in 50% TFA at 0 �C to afford
probe 1 in quantitative yield; alternatively, the 50-OH can be
decorated for 50-substituted adenosine analogs. Currently, our
lab is pursuing the latter strategy for the synthesis of SAM
analogs. This synthetic approach involved 8 steps from 8-bro-
moinosine with a 13.1% overall yield (compared to the 11.2%
overall yield of synthetic route 1) with the synthetic exibility
leading to 50-modied adenosine derivatives.
3.2 Photoaffinity labeling of recombinant ABPs using probe
1

Photoaffinity labeling and the subsequent affinity enrichment
of recombinant ABPs with probe 1 served as the model study.
2222 | RSC Adv., 2022, 12, 2219–2226
Recombinant protein has the advantage of being ample in
amount and free of background noise. Important labeling
parameters can be easily optimized to enable accurate proling
of ABPs. Technical details were ne-tuned to achieve fast,
selective, and efficient labeling.

EHMT1 belongs to the SAM-dependent lysine MTase
subfamily.23 Extensive studies have revealed its role in epige-
netic silencing of gene transcription and promoting DNA
damage repair.24–27 It has also been closely associated with
familial Alzheimer's disease and various cancers.28–30 The
plasmid of EHMT1 was commercially available from Addgene.
The protein was recombinantly expressed and puried using
a published protocol.31 The identity of the protein was
conrmed by tryptic digestion followed by LC-MS/MS analysis
performed at the Vermont Biomedical Research Network Pro-
teomics Facility.

Time-dependent labeling of EHMT1 by probe 1 was investi-
gated rst. EHMT1 was incubated with probe 1, followed by UV
irradiation at 365 nm for various times. The samples were then
resolved by SDS-PAGE and analyzed by western blot using an
anti-biotin antibody. The labeling was detected aer merely 15
min's irradiation, and the labeling intensity plateaued within
60 min (Fig. 4A). For all the following experiments, a 60 min
irradiation time was used.

The dose-dependent labeling of EHMT1 was also evaluated.
The labeling was only detected at a high micromolar concen-
tration (500 mM, Fig. 4B). We reasoned that the relatively weak
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Labeling of recombinant ABPs by probe 1. (A) Time-dependent labeling of EHMT1. The labeling reached a plateau within 60 min;
concentration-dependent labeling of EHMT1 (B) and ADA (C) by probe 1; competition labeling of EHMT1 (D) and ADA (E). The labeling of EHMT1
was competed off with excess amount of SAM, and the labeling of ADA was decreased with increasing concentrations of inosine.
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affinity of probe 1 to EHMT1 stemmed from its structural
features: it was a close structural mimic of adenosine rather
than SAM due to the lack of methionine substitution at the 50-
position. To further assess the selectivity of probe 1, the labeling
of ADA was also conducted. ADA is a key enzyme involved in
© 2022 The Author(s). Published by the Royal Society of Chemistry
purine salvage pathway.32 It catalyzes the deamination to
convert adenosine and 20-deoxyadenosine to inosine and 20-
deoxyinosine, respectively, in a Zn2+-dependent manner.33 A
deciency of human ADA is known to cause defects in T-
lymphocyte development.34 Commercially available ADA was
RSC Adv., 2022, 12, 2219–2226 | 2223
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treated with various concentrations of probe 1 before being
irradiated and analyzed as described above. As expected, probe
1 demonstrated robust labeling of ADA in a concentration-
dependent fashion (Fig. 4C). Even at the lowest probe concen-
tration, 2.5 mM, the labeling could still be detected. Side-by-side
comparison of EHMT1 and ADA labeling results suggested that
probe 1 was selective for ADA. This selectivity can be attributed
to its structural similarity to adenosine, the endogenous
substrate of ADA. Therefore, probe 1 has the potential to label
other ABPs, especially those targeting adenosine, but this
requires further investigation.

One major challenge in photoaffinity labeling is the non-
specic binding which may create signicant background
noise or false positive results. To rule out the possibility of off-
target effect, competition analysis was also performed. For
EHMT1, the endogenous substrate, SAM, was used as the
competitor. The protein was incubated with SAM before the
addition of probe 1. Subsequently, the samples were subjected
to photoaffinity labeling and western blot analysis. With the
introduction of excess amount of SAM (5 mM), the labeling of
EHMT1 by probe 1 was almost completely abolished (Fig. 4D),
suggesting the on-target activity of the probe. Inosine is
a known product from the ADA-catalyzed reaction. With
increasing concentrations of inosine, the labeling of ADA by
probe 1 was gradually competed off (Fig. 4E).
3.3 Affinity enrichment of recombinant ABPs using probe 1

The biotin moiety in probe 1 not only allowed the labeled
proteins to be detected by western blot, but also enabled
affinity capture of the labeled proteins using streptavidin–
biotin interaction. The schematic representation of the
Fig. 5 Affinity enrichment of ABPs using probe 1. (A) Schematic represe
recombinant ADA with probe 1.

2224 | RSC Adv., 2022, 12, 2219–2226
enrichment process is shown in Fig. 5A. ADA was used to
establish and optimize the protocol. The protein was incu-
bated with probe 1, followed by UV irradiation to affect the
covalent conjugation. The free probes were then ltered off
using a centrifugal lter unit with a 10 kDa molecular weight
cutoff. Subsequently, streptavidin beads were introduced into
the sample to capture the biotinylated ADA. The unbound
proteins were separated from the beads. Aer thorough
rinsing, the beads were incubated with an excess amount of
biotin to dissociate the proteins from the beads. Finally, the
eluted proteins were analyzed by western blot as mentioned
previously. The enrichment was detected at 5 mM probe
concentration and intensied with increasing dosage of the
probe (Fig. 5B). Similar results were obtained for EHMT1,
albeit at higher probe concentrations (Fig. S1†). This simple
probe exhibited good enrichment efficiency and target selec-
tivity, consistent with the photoaffinity labeling results.
3.4 Labeling ABPs in complex protein mixtures

Encouraged by the robust and dose-dependent labeling of ADA
by probe 1, we set out to evaluate the labeling of ADA in protein
mixtures. Probe 1 was incubated with E. coli cell lysate with
spiked ADA before being subjected to photoaffinity labeling and
western blot analysis. As shown in Fig. 6, ADA was preferentially
labeled in this protein mixture. The labeling started to be
detected with 0.5 mM spiked protein and intensied with
increasing amount of exogenously added ADA. As expected,
other cellular proteins were also labeled by probe 1, presumably
E. coli endogenous ABPs. The identity of these ABPs awaits
further investigation. With increasing dosage of probe 1, the
labeling intensity increased for both ADA and other targets. In
ntation of the enrichment process; (B) labeling and affinity capture of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Labeling ADA in cell lysate using probe 1. Probe 1 selectively
labeled ADA in E. coli cell lysate with spiked ADA. E. coli cell lysate was
mixed with various concentrations of ADA and incubated with probe 1,
followed by UV irradiation and western blot analysis.
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summary, probe 1 not only labeled individual recombinant
ABPs, but also demonstrated selective labeling of ABPs in
complex proteomes.
4. Conclusions

In the current study, we developed facile synthetic strategies to
generate the photoaffinity adenosine analog, probe 1. This
probe featured an adenosine core structure with a photo-
activatable azido group and a biotin tag for affinity enrich-
ment. This probe exhibited robust labeling of recombinant
ADA, an enzyme that uses adenosine as the endogenous
substrate. In contrast, EHMT1 was only labeled by probe 1 at
high micromolar concentrations, owing to the structural
difference between probe 1 and SAM, the physiological
cofactor for EHMT1. The labeling of these ABPs could be
effectively inhibited with the introduction of inosine or SAM,
suggesting that probe 1 occupied the nucleoside binding site
of its intended targets. The biotin tag allowed the labeled
proteins to be captured using streptavidin beads. The photo-
affinity labeling and affinity enrichment protocols were
established and optimized. Furthermore, probe 1 also
demonstrated sensitive labeling of ADA in the presence of
excess E. coli cellular proteins. It is expected that probe 1 and
its structural relatives will be used to prole ABPs in their
native matrix for a better understanding of their roles in
different cellular events.
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