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rare example of covalently targeted histidinef
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Structure-guided design is one of the most validated solutions for targeting proteins with specific
ligands for therapeutic purposes. Nevertheless, it remains challenging to target enzymes with low affinity
for their natural ligands and specificities that overlap with those of other proteins. Cytosolic 5'-
nucleotidases — involved in the metabolism of nucleic acid derivatives — are an example of such a family.
Here we illustrate how precisely designed covalent inhibitors represent a potential solution for selective
nucleotidase targeting. We employed the sulfur—fluoride exchange (SuFEx) to develop a covalent inhibitor
of cytosolic nucleotidase IlIB (cNIIIB). Using the known inhibitor (7-benzylguanosine monophosphate,
Bn’GMP) and computational methods, we designed and synthesized a series of SuFExable inhibitors. One
compound indeed covalently bound cNIIIB, which increased the inhibition potency by over 100-fold. The
formation of a covalent S—N bond with a non-catalytic His110 residue was confirmed through MS and
15N NMR. The selectivity of the compound in the context of other protein that recognises similar ligands
was also confirmed. The study expands the principle of covalent inhibition of nucleotide processing
enzymes. It also represents a rare example of histidine tagging by SuFEx. This may facilitate the broader
application of SUFEx chemistry in biochemistry and medicinal chemistry.

Introduction

Sulfur-fluorine exchange (SuFEXx) is a collective name introduced
by Sharpless in 2014 to describe selective transformations of
functional groups containing the S(vi-F bond." The strong
covalent S(vi)-F bond, despite being generally unreactive, under
certain conditions or upon the proper trigger/catalyst, can be
activated, transforming fluorine into a good leaving group and
enabling reactions with nucleophiles. Due to its versatility, SUFEx
has been recognized as a novel “click reaction” in general organic
chemistry, medicinal chemistry, and polymer science.” The latent
electrophilicity of sulfonyl fluorides and fluorosulfates can be
triggered by an appropriate local environment, which has been
rapidly integrated into medicinal and biochemical research.?
Particularly, the forced orientation and interactions in the con-
fined space of protein binding pockets can dramatically enhance
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the ability of fluorine to act as a leaving group and unlock its
reactivity towards neighboring nucleophilic residues.” This has
ignited the development of SuFEx-based covalent binders react-
ing with nucleophilic aminoacids such as serine/threonine,””
tyrosine,® > and lysine.">'* By leveraging this phenomenon, a
number of covalent inhibitors, activity-based probes, and other
molecular tools for studying protein behaviour were developed.'® A
rational strategy based on SUFEx chemistry is typically employed to
design efficient and selective covalent probes/inhibitors. This
approach usually involves the modification of a known non-
covalent ligand that is recognized by the target protein. Here, we
present such an approach towards discovering a covalent inhibitor
of cytosolic nucleotidase IIIB (cNIIIB).

Cytosolic nucleotidases catalyze the dephosphorylation of
nucleoside 5’-monophosphates and thereby regulate nucleotide
levels in cells."®"” Targeting cytosolic nucleosidases such as cNIT*®*
or cNI***! with rationally designed small molecule inhibitors has
been widely explored in the literature, e.g, as an anticancer
strategy.”>** However, the structure-guided development of inhi-
bitors is challenging because natural nucleotidase substrates
have low affinity for the binding sites (with submillimolar Ky
values). Consequently, most developed inhibitors show inhibitory
activity at micro to millimolar concentrations. Another challenge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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is that cytosolic nucleotidases have flexible binding sites, broad
specificity, and overlapping substrate scope, which may cause
potent inhibitors to suffer from poor selectivity.'”” We envisaged
that these challenges could be surmounted by implementing
covalent inhibition, and as a model protein to verify this hypothesis
we selected cNIIIB. cNIIIB is one of the most recently discovered
5’-nucleotidases with several unique structural and functional
features.”** It catalyzes the dephosphorylation of multiple purine
and pyrimidine nucleosides and has also pyrophosphatase activity
towards some nucleoside diphosphates. One of the most preferred
cNIIIB substrates is 7-methylguanosine monophosphate (m’GMP),
which is the secondary metabolite arising from mRNA decapping,
suggesting a possible role in the degradation of mRNA metabolites.
In a previous study, we prepared multiple potential substrate-
inspired cNIIIB inhibitors to identify the lead structure - 7-benzyl
guanosine monophosphate (Bn’GMP).*® The crystal structure for
the complex of cNIIIB with one of the strongest inhibitors, N’-(3,4-
difluorobenzyl)guanosine 5’-monophosphate (3,4-diFBn’GMP),>®
revealed the role of benzyl ring in stabilizing the interaction. The
study also identified several nucleophilic sidechains near the
benzyl residue, potentially available for covalent targeting. Hence,
in this work, we explored the possibility of designing covalent
SuFEx-based inhibitors targeting the binding site of ¢NIIIB.

Results and discussion
Structure design and molecular docking

We anticipated that functionalizing the benzyl ring in Bn’GMP
with an S(vi)-F-based electrophilic warhead would create candidates
for covalent inhibitors of cNIIIB. In the dense network of direct
interactions of 3,4-diFBn’GMP with cNIIIB (Fig. 1), the pivotal role is
played by Tyr60 and Trp105 that intercalate the guanine motif and
the neighbouring hydrophobic cavity that accommodates difluoro-
phenyl ring of the N’-substituent (Fig. 1).>® The phosphate and
ribose moieties are positioned by a net of hydrogen bonds that pulls
the phosphate away from the catalytic site preventing dephos-
phorylation. Although the set of interactions that stabilize this
complex is well-defined and rather tight, some residues (for
example, Tyr60) leave space for ligand adjustment and search
for new interactions and structure optimization. This fact and
the presence of many nucleophilic sidechains in the binding
pocket of cNIIIB and the closest surrounding (Tyr60, Tyr8s,
Tyr203, Ser58, Ser231, Lys205, His110) encouraged us to take
advantage of recent applications of SuFEx chemistry and create
SuFEx based covalent inhibitors.

Based on the preliminary analysis of the crystal structure (PDB:
7ZEG),?® the imidazole ring of histidine 110 was found to be the
most optimally oriented nucleophile near the benzyl group of 3,4-
diF-Bn’GMP. We found this quite an intriguing opportunity since
the selective covalent tagging of histidine residues is generally
challenging, regarding both structure design and electrophile
selection.>”?® The rarity of this approach can be attributed to the
absence of electrophiles that favour histidine over other nucleo-
philic residues® and difficulties in characterizing the resulting
conjugates. The tameable reactivity of the S(vi)-F bond makes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) The top-ranked complex of cNIIIB with compound 1 covalently
docked through His110 (N& hydrogen from the side of the active site) aligned
with the crystallized cNIIIB complex with 3,4-diF-Bn7GMP (the ligand shown
in grey, PDB code 7ZEG). The key pocket residues are shown as sticks. Yellow
dashed lines mark hydrogen bonds between the docked ligand and the
enzyme or water. (b) A close-up view of the covalently-docked compound
1 with His110 exposed to the S—N bond. See ESIt for details.

histidine targeting possible®® and is attributed to structural factors
of the binding pocket and ligand rather than to the intrinsic
reactivity of SuFEx-type electrophilic warheads. The initial reports
on the SuFEx-type targeting of histidines were regarded as seren-
dipitous phenomena.*'**> However, more recently, there has been
a shift towards the deliberate design of SuFEx and SuFEx-type
covalent inhibitors targeting histidines,’**** albeit still rare. We
anticipated that the basal structural characteristics (N7 substituted
guanosine, benzyl group, 5’ phosphate) would retain a high
affinity towards cNIIIB, while a correctly oriented SuFExable group
on the phenyl ring would be capable of forming a covalent bond
with one of the nucleophilic side chains, preferably His110. For the
initial recognition of this concept, we designed a potential covalent
inhibitor by introducing a sulfonyl fluoride (-SO,F) to position 4 of
the phenyl ring in Bn’GMP (compound 1) and performed covalent
docking simulations (Fig. 1, Scheme 1, for details see ESIT).

The computations assumed different types of amino acids (see
Table S1, ESIf) as attachment points. We found that covalent
bonding to Tyr, Ser, Thr, most His (except His110), and Lys
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residues within the active site is unlikely. In neither of the cases,
the docked conformations resembled the binding pose of the
crystallized compound 3,4-diFBn’GMP, and the docking scores
were very unfavorable when compared to the docked ligand (Fig.
S1, ESIf): worse than -6.4 vs. -11.3 kcal mol ™", respectively
(Tables S1 and S2, ESIt). The only promising candidate for the
covalent binding to ligand 1 was His110. All four possible
reaction points on the imidazole ring were considered - N6 or
Ne in the two possible flipped conformations of the imidazole
ring (see Fig. S2a, ESIt). The attachment to N§ from the side of
the active site was found to be the most favorable in terms of the
docking score (—10.0 keal mol™", Table S2, ESI). In the protein
with this His110 state, the compound 1 covalently bonded to
His110 adopted a similar conformation as the crystallized com-
pound 3,4-diFBn’GMP, reproducing the key interaction pattern
(Fig. 1). The top pose of compound 1 docked to the protein with
His110 having Ne hydrogen positioned from the side of the active
site (see Fig. S2a, ESIt) also displayed a similar binding mode in
the active site (Fig. S2bc, ESIt) and slightly worse docking score
(—9.5 kecal mol %, Table S2, ESIt). For other His 110 states, the
docking scores were significantly worse (see Fig. S2a and Table S2
for details, ESIf). Therefore, based on the docking results,
His110, with N6-H or Ne-H directed towards the active site,
was found to be the most likely covalent attachment point of
compound 1.

Synthesis

View Article Online

Paper

We obtained the expected compounds 1-4 in reasonable yields,
although the conversions were not full. Due to the reactive nature
of SO,F units, the compounds required some non-standard but
facile workup/purification procedures (see ESL 7 for details). None-
theless, the purified compounds were robust and stable for
months when stored as freeze-dried powders. They were also
stable in aqueous solutions at pH range of 6.5-7.5 at r.t.

Biochemical characterization

The ability of 1-4 to inhibit cNIIIB-catalyzed dephosphorylation of
m’GMP was investigated using colorimetric detection of phosphate
ion (Malachite Green Phosphate Assay, MGP). 3,4-diFBn’GMP was
employed as a reference non-covalent inhibitor.”® In the initial
experiment, the reaction was started by adding the enzyme to the
mixture of the substrate (m’GMP) and inhibitor under investigation.
Such conditions enable competition between the substrate and the
potential inhibitor to occupy the enzyme’s active site. The results
were plotted as a function of ligand concentration (Fig. 2 and Fig.
S3, ESIT) and ICs, values were calculated (Table 1 column 3, see
ESLt for details). The tested compounds (except for 2) showed very
good inhibitory properties with 4 being the strongest in the series
(ICso = 1.6 £ 0.6 uM), much stronger than the reference compound
(ICso = 10.8 = 2.8 UM).

Since compounds 1-4 were designed to function as covalent
competitive inhibitors, we hypothesized that excluding the kinetic

To verify if 1 is capable of covalently binding to His110 in ¢NIIIB compatned 1 34-diFBn'GMP
we synthesized it by treating GMP trietylammonium salt with . 08 08
. . . . E
1.2 equiv. of respective benzyl bromide in DMSO (Scheme 1). S 06 @ wioincubation 5 ¢ © wio incubation
.. . .. 8 & 1 hincubation 3 ® 1 h incubation
Additionally, using a similar approach, we have prepared ® ®
. . . . . . 0.4 0.4
compound 2, which is a regioisomer of 1 with sulfonyl fluoride g g
. . . £ £
moved to position 3 of the phenyl ring, along with compounds g 02 § 02
3 and 4, which are their respective analogs possessing the ™ o “ 00
fluorosulfate group (Scheme 1). 3 2 1 0 1 2 3 T 6 1 2 3
Cinn (UM) Cinh (M)
Fig. 2 Inhibition curves of cNIIIB for 1 and 3,4-diFBn’GMP recorded with
X\\\ and without preincubation (see ESI,T for details).
Vi
[e] o
= Br
e o T 2T oo
HO-P-0— o N7 NH, Ho-P-0— o N7 NN Table 1 The ICsg values for compounds 1-4?
OH DMsO OH
RT, 24h
oo o ICso + SD (M) 1Cs0 = SD (M) with
Entry Compound w/o incubation” 1 h incubation®
o F F\S/O 1 1 16.2 + 4.0 0.067 £+ 0.011
S o 2 2 >50 >50
3 3 16.9 + 5.7 16.3 + 2.9
L3 LR P 4 4 1.6 + 0.6 0.9 + 0.3
° ¢ fi“ 9 ¢ f:'“\“ 5 3,4-diFBn’GMP (reference) 10.8 & 2.8 10.9 + 1.9
Ho-P-0— o N7 NTUNH Ho-P-0— o NTONTUNH, A
or w 1, 55% on ﬁ 2.22% @/NfLNH a ”ghe IG5, experiments were performed in the presence of cNIIIB (80 nM),
Of OH o ¢ P m’GMP (100 uM), and a 12-point dilution series of the inhibitor. Reactions
o e f HoTi- o o ’ were run for 45 min at 30 °C in 20 mM HEPES buffer (pH 7.5, 50 mM KCl,
o-4-p 59 S o 5 mM MgCL). The phosphate released during incubation was determined
o]
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Scheme 1 The synthesis of compounds 1-4.
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using an MGP assay, and ICs, values were determined by fitting a standard
dose-response equation to the experimental data. The data present mean
values + SD from triplicate experiments. > m’GMP has been mixed with
potential inhibitor followed by cNIIIB addition to start the enzymatic
reaction. © cNIIIB enzyme was pre-incubated together with inhibitor for
1 h at 30 °C followed by the addition of m’GMP to start the enzymatic
reaction. See text and ESI for details.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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factor might alter the results. Hence, in the second set of experi-
ments, the tested compounds were incubated with ¢NIIIB for 1 h
at 30 °C followed by the addition of m’GMP. For compounds 2-4
and the reference, switching the addition order and preincubation
with ¢NIIIB had almost no influence on the ICs, values (Table 1,
entries 2-5, Fig. 2 and Fig. S3, ESIt). However, for compound 1,
there was a notable shift in the inhibition curve towards lower
concentrations (Fig. 2). The calculated ICs, value decreased by over
two orders of magnitude, reaching the nanomolar range (Table 1,
entry 1, 0.067 £+ 0.011 pM).

This dramatic change in the inhibitory activity of 1 under
different experimental conditions strongly suggested that it
works by a distinct mechanism compared to its analogs 2-4 and
the reference. Hence, we used MS experiments to verify if this
difference resulted from the SuFEx covalent ligation. cNIIIB was
incubated with a 10-fold excess of 1 for 60 minutes at room
temperature; the remaining ligand was removed by ultrafiltration
(10 kDa cutoff), and the MS spectrum under denaturing conditions
of such sample was recorded (Fig. 3, see ESL for experimental
details).

The comparison of MS spectra for apo-cNIIIB and cNIIIB
incubated with 1 (34 390 Da vs. 34 905 Da) revealed a clear shift of
+ 515 Da, which is consistent with covalent attachment of 1 in a
SuFEx reaction with the loss of fluoride. An additional experi-
ment in which the MS spectrum of the cNIIIB and 1 mixture was
recorded at 10-minute intervals was next conducted (Fig. S4,
ESI{). The resulting data indicated that the reaction fits to first-
order kinetics, with an estimated rate constant of £k &~ 0.054
min~" and a half-life of approximately 13 min (Fig. S5, ESIT). In
analogous experiments conducted for ligands 2-4, no changes in
MS spectra were observed over time. Similar MS experiments
were performed to verify the selectivity of 1 towards cNIIIB. N’
Benzyl derivatives of GMP have been previously shown to bind
eukaryotic translation initiation factor 4E (eIF4E).*® Thus, we
tested the selectivity of SUFEx ligation of 1 in the context of this
protein. The MS spectrum recorded for the sample obtained by
30 min incubation of eIF4E with 1 did not differ from that of
the apo-protein used as a reference (Fig. S6, ESItT). The experi-
ment results demonstrate that although eIF4E is likely to
recognize the Bn’GMP derivatives such as 1,”**® a SuFEx-type
reaction is unfeasible due to the different construction of its
binding pocket.

heNINB heNIB + 1
34390.0 Da 34905.5 Da
100+ 0
— s
9 é o
< _ \e
P AM =515.5 Da NH
2 — o (A
S 0-P-0 o N "NH,
€ 50 o
g OH OH
© Ci7H1gNsO10PS”
[7] Exact Mass: 515,05
o
0 ™ i
0t Ty IREREEREE |

34000 34500 35000

deconvoluted mass (Da)

Fig. 3 Comparison of deconvoluted MS spectra of apo cNIIIB (blue) and
cNIIIB incubated with 1 (pink).

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

The results of these experiments corroborate our hypothesis
that 1 functions as a covalent inhibitor of cNIIIB, operating
through a confined space-induced SuFEx reaction. The covalent
targeting of the protein by compound 1, in contrast to the lack
of such targeting by other ligands with only subtle structural
variations (2, 3), and the substrate selectivity (cNIIIB vs. eIF4E)
indicated that the SuFEx reaction takes place exclusively in the
binding pocket of cNIIIB and is driven by its defined geometry
and microenvironment.

To establish the precise binding mode of 1, we attempted to
grow crystals of cNIIIB that were covalently bound to 1. These
endeavors were ultimately unsuccessful, and the crystals obtained
were of insufficient quality. Subsequently, we conducted LC-MS/
MS-based proteomic experiments to identify peptide fragments
modified by compound 1. The results obtained for apo-cNIIIB and
cNIIIB incubated with 1 revealed no shifts in mass of the peptides
obtained after protein digestion. Therefore, these experiments also
failed to identify the amino acid in the binding pocket that
undergoes SuFEx ligation. However, this result may be consistent
with the covalent modifications of histidine, which exhibit instabil-
ity under acidic conditions commonly employed in peptide
analysis.*®

Finally, we turned our attention to NMR spectroscopy, which
is highly sensitive to any alterations in the chemical structure
and does not necessitate crystallization or additional sample
treatment that could disrupt the covalent bonding. We anticipated
that the sulfonamide modification of the imidazole sidechain of
the histidine residue would result in a notable change in the
chemical shifts of its hydrogen and nitrogen atoms. To that end,
we expressed the uniformly *°N-labeled cNIIIB protein in E. coli
cultured in "N M9 medium supplemented with *>NH,CI (Fig. S7,
ESIf). The incorporation of >N reached appox. 30% (according to
MS, Fig. S8, ESIt), and the MS experiment performed after
incubating the labelled enzyme with 1 revealed expected shifts
and confirmed covalent binding (Fig. S8, ESIt). Next, we recorded
long-range ['H, ’N] HSQC spectra of ">N-labelled cNIIIB preincu-
bated with either 3,4-diFBn’GMP or compound 1 (Fig. 4B). We
observed several >N resonances in the region of 170-230 ppm
aligned in a three-peak pattern, characteristic of the ¢ tautomer of
histidine.”” These were virtually identical in both spectra and
plausibly correspond to the histidine residues located on the
protein surface (Fig. 4A). However, in the case of cNIIIB-1, an
additional pair of peaks was observed with dy &~ 205 and 263 ppm.
We assumed this significant shift in the histidine sidechain
resonances is related to the covalent N-S linkage. A recently
published reports on covalent SUFEx-type ligation of the antiapop-
totic Bel-2 protein hMcl-1 has reported similar observations.**?>
The relative intensity of the observed cross-peaks is similar to the
pattern characteristic of the histidine J tautomer,”” which is
consistent with the N substitution suggested by molecular mod-
elling. Interestingly, we were not able to observe the remaining two
cross-peaks at dy corresponding to He. One possible explanation
for this phenomenon is that the proton in question undergoes a
faster exchange upon N-sulfonamidation, as it should be signifi-
cantly more acidic than He of unmodified imidazole, analogous to
the H8 proton of guanosine methylated at N”.

RSC Chem. Biol., 2025, 6, 942-947 | 945
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Fig. 4 (A) Comparison of 3D models of cNIIIB in complexes with 3,4-
diFBn’GMP (X-ray structure)?® and compound 1 (molecular modeling) with
a close-up view of the active sites. All histidine residues are shown as blue
sticks, while His110 from the active site was highlighted in magenta. (B)
Overlay of *H,%°N long range (INEPT delay of 12.5 ms) HSQC NMR spectra
of uniformly *N-labeled cNIIIB in the presence of 3,4-diFBn’GMP (blue
contours) and compound 1 (pink contours).

Conclusion

In conclusion, we have designed and tested the first covalent
inhibitor of cytosolic nucleotidase IIIB (cNIIIB). By analyzing
the crystal structure of the cNIIIB complex with noncovalent
inhibitor 3,4-diFBn’GMP, we deduced that the perfect fitting of
this compound to the catalytic pocket and the orientation of the
side chains responsible for complex formation makes an ideal
environment for proximity-induced SuFEx reaction. The struc-
ture of this inhibitor was redesigned by introducing reactive
sulfonyl fluoride and fluorosulfate groups onto the benzyl
group and in silico experiments strongly suggested possibility

946 | RSC Chem. Biol,, 2025, 6, 942-947
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of S-N covalent bond formation between the SuFEx warhead
and His110 present on the periphery of the binding pocket.
Among the newly designed and synthesized compounds the
one possessing pSO,FBn group (compound 1) appeared to be
superior with ICs, = 67 nM under conditions facilitating the
covalent binding. The MALDI MS experiments confirmed that 1
acts as a covalent inhibitor that operates according to the SUFEx
mechanism. >N NMR experiments validated the formation of a
covalent bond between the inhibitor and His110. Overall, our work
represents a rare case of nucleotide-based covalent inhibitor that
targets an enzyme other than a kinase.*® Moreover, this is one of
the few cases of selective histidine-targeting by SuFEx.

Nucleotidases represent a class of nucleotide-processing
enzymes that are particularly promiscuous. Unfortunately, the
analogous function, structural similarities, low affinity for sub-
strates, and overlapping substrate specificity of these enzymes
present a significant challenge to the search for selective inhibi-
tors of individual members of this family. Conversely, these
minor structural variations create the space for designing selec-
tive covalent inhibitors based on the proximity-driven SuFEx
reaction. In such a strategy, the precise geometry of ligands is
of pivotal importance and has the potential to identify hitherto
unanticipated SuFExable targets inside the binding pockets of
nucleotidases. We contend that the findings presented herein offer
a promising avenue for enhancing the efficacy of substrate-derived
inhibitors of nucleotidases. Moreover, it may prove advantageous in
the context of other nucleotide-processing enzymes that exhibit
relatively low affinity for their native substrates. The approach
provides a versatile research platform for the design of inhibitors
of known nucleotidases and the identification of novel proteins
involved in nucleotide metabolism. Such studies are underway in
our laboratory, and the findings will be duly published.
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