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Key role of cycloalkyne nature in alkyne-dye
reagents for enhanced specificity of intracellular
imaging by bioorthogonal bioconjugationti

Alexandra A. Vidyakina, (2@ Sergey A. Silonov, {22® Anastasia I. Govdi, (2
Alexander Yu. lvanov, (2 © Ekaterina P. Podolskaya,d Irina A. Balova,

Stefan Brase (2 *¢f and Natalia A. Danilkina (2 *2

a

Conjugates of benzothiophene-fused azacyclononyne BTON-NH, with fluorescent dyes were developed
to visualise azidoglycans intracellularly. The significance of the cycloalkyne core was demonstrated by
comparing new reagents with DBCO- and BCN-dye conjugates. To reduce non-specificity during intra-
cellular bioconjugation using SPAAC, less reactive BTON-dye reagents are preferred over highly reactive

rsc.li/obc DBCO- and BCN-dye conjugates.

Bioorthogonal chemistry’ is a modern field of research that
aims to study complex biological systems using organic reac-
tions, which do not interfere with biosystems and are not
influenced by them.>” These bioorthogonal click reactions
have a wide range of applications.”® Strain-promoted azide-
alkyne cycloaddition (SPAAC) is one of the most widely used
bioorthogonal transformations.”™® SPAAC has been used to
study cell-surface glycosylation,'® receptors engineering,'* to
design therapeutic proteins, e.g., lysosome-targeting chimeras'®
and anticancer immunobiologicals.'® Nowadays, SPAAC is
a common tool for visualising biomolecules,’””*® such as
proteins,*>?! glycans,”>** and nucleic acids** through fluo-
rescent labelling in vitro and in vivo.>

SPAAC visualisation typically involves two steps. The first
step is aimed at incorporating azido groups into the biosystem
either through metabolic labelling,*® i.e., cell culturing in the
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presence of unnatural azido monomers, or using organic
azides with “directing” groups for specific organelles, such as
mitochondria, lysosomes, Golgi apparatus, without metabolic
incorporation into biopolymers.>”*® The second step involves
the SPAAC reaction between the Nj-containing cell compart-
ments and a cycloalkyne reagent conjugated with a fluorescent
dye.

Depending on the studied Nj-labelled biological target, the
cycloalkyne dye reagent should be able to reach the desired
cell compartments. When labelling cell surface glycoproteins,
it is important to use SPAAC active cycloalkyne reagents that
cannot penetrate the cell membrane well to avoid nonspecific
intracellular interactions, A dye with polar anionic groups, e.g.,
from the sulfocyanine family, should be attached to the reac-
tive cycloalkyne core to achieve this property.”**° To study
intracellular N;-labelled biomolecules, the reagent must effec-
tively penetrate the cell membrane.**' To achieve this, a lipo-
philic dye component without any polar anionic groups, com-
monly different BODIPY derivatives, or other* should be con-
jugated with the alkyne. Therefore, nowadays, different com-
panies offer several SPAAC reagents conjugated to dyes of
different natures.

Although a wide variety of cycloalkynes with different SPAAC
reactivity and other properties have been developed,®™°® the
cycloalkyne nature is often overlooked and not taken into
account in the case of intracellular biovisualisation. The choice
of alkyne moieties in the commercially available cycloalkyne-dye
reagents is limited to the most commonly used commercial
conjugates with highly SPAAC-reactive DBCO (ADIBO, DIBAC)*”
or BCN*® cycloalkyne scaffolds (Fig. 1A), which were originally
developed as cell-surface labelling reagents.
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Fig. 1 Structures of known DBCO- and BCN-based BDP FL reagents

and new BT9N-BDP FL dye conjugates studied in this work; k — SPAAC

rate constant for BnNs, Mt s72,

However, neglecting the cycloalkane nature, especially
when intracellular staining of metabolically labelled compart-
ments is involved, can lead to a high nonspecific fluorescence
response due to the known reactivity of BCN and DBCO
towards thiols (such as cysteine residues and glutathione)®®
and sulfenic acids,**"**> which are common in biosystems.

Therefore, here we study the development of new reagents
for efficient intracellular labelling, paying major attention to
the cycloalkyne’s nature. We synthesized a cycloalkyne-
BODIPY-FL conjugate BT9N-BDP FL (Fig. 1B), an analogue of
BT9NTs*® (Fig. 1A), and compare its efficiency and specificity
for the intracellular labelling with other BODIPY-FL cycloalk-
yne reagents having more reactive in SPAAC DBCO and BCN
alkyne cores (Fig. 1B). We demonstrated that for the visualisa-
tion of intracellular N;-glycoconjugates the nature of cycloalk-
yne is dramatically important. The designed BT9N-BDP FL
reagent and its triazole-conjugated analogue BT9N-Tr have an
advantage over DBCO-BDP FL and BCN-BDP FL, which showed
significantly higher nonspecific affinity towards the intracellu-
lar environment.

The prototype of the BTIN-BDP FL conjugate is the
BT9NTs cycloalkyne from heterocycle-fused heterocycloalk-
yne family (Fig. 1), which has been discovered recently****
using a combination of the “reagent destabilisation” and the
“SPAAC transition state stabilisation” approaches.'' BT9NTs
possess the highest SPAAC reactivity within this group, but it
is unsuitable for conjugation with a dye because the mole-
cule lacks any reactive functionalities. To synthesise the
BT9N-BDP FL conjugate, we decide to replace the Ts group
with 4-aminobenzenesulfonamide (As) moiety and use the
NH, group of BT9N-NH, as a site for functionalisation with a
BDP FL dye.

The starting material chosen was 4-nitro-N-( pent-4-yn-1-yl)
benzenesulfonamide (S1). The synthetic route for BT9N-NH,
is similar to that for BT9NTs** and consists of three main
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Scheme 1 Optimisation of the synthetic procedure of BT9N-NH,.
Reagents and conditions: (i) I, DCM, r.t,, 1 h; (ii) methyl propargyl ether,
Pd(PPhsz), (5.00 mol%), Cul (15.0 mol%), KF, DMF, 50 °C, 3 h; (iii)
Co,(CO)g, benzene, c = 0.01 M, r.t,, 2-3 h; (iv) BF3-:OEt,, DCM, ¢ = 0.001
M, 0 °C to r.t, 2 h; (v) TBAF-H,O acetone/H,0O (15:1), c = 0.006 M, r.t,,
4-5 h; (vi) Fe powder, NH,4Cl, acetone/H,0O (1:1), 40 °C, 48 h; (vii) Co-
complexation/Nicholas reaction in one-pot: Co,(CO)g DCM = 0.01 M, r.
t., 2 h, then BF3-OEt,, DCM, ¢ = 0.0035 M, 0 °C to r.t,, 15 min.

steps: the Sonogashira cross-coupling, electrophile-promoted
cyclisation and the Nicholas cyclisation (Scheme 1). The
main question was at what stage the nitro group should be
reduced. First, we decided to reduce NO, at the last stage
under conditions that tolerated up to a triple bond*® and
obtain the nitroalkyne BT9N-NO, via pathway A (Scheme 1,
path A). However, due to its instability, the cycloalkyne
BTI9N-NO, without the Co-protecting group was only isolated
in a 9% yield. To overcome this problem, we moved the NO,
reduction step to an earlier stage and tried the Nicholas
cyclisation for the NH, derivative 7 (Scheme 1, path B).
Although the Nicholas reaction for NH,-containing com-
pounds does not go well,*® to our delight, this reaction for
the amino Co-complex 7 gave the desired cyclic product 8 in
high yield without forming any by-products. Complex 8 can
be obtained even in higher yield using Co-complexation/
Nicholas cyclisation in one pot. Cycloalkyne BT9N-NH,
obtained by deprotection of complex 8 showed excellent
stability under isolation, storage and heating at 50 °C for
24 hours in CD;CN.

This journal is © The Royal Society of Chemistry 2024
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We then turned to the synthesis of the BT9N-BDP FL conju-
gate. However, 4-aminobenzenesulfonamide moiety was inert
towards electrophilic agents, e.g. isothiocyanates, anhydrides
and carboxylic acids with coupling reagents (ESI, section 2.3%).
Finally, we found that BT9N-NH, could be modified by acyla-
tion with acetyl chloride (ESI, 2.3.2}). Therefore, BDP FL acid
chloride®” was used to synthesise BT9N-BDP FL under opti-
mised conditions (Scheme 2) (ESI, section 2.2%).

The synthesis of another example of the BTIN SPAAC
reagent, BT9N-Tr (Scheme 2), followed the same procedure.
This reagent was examined as an additional BT9N-dye conju-
gate with a non-commercial lypophilic dye belonging to a pull-
push triazole family.*® This would demonstrate the importance
of the cycloalkyne nature for intracellular biovisualisation, irre-
spective of a lipophilic dye core. BCN-BDP FL was synthesised
using commercially available BCN-NH, and BDP FL NHS ester
(ESI, section 2.2}). The DBCO-BDP FL conjugate was obtained
from Lumiprobe, a commercial supplier.

Using four different cycloalkyne reagents (BT9N-BDP FL,
BT9N-Tr, BCN-BDP FL and DBCO-BDP FL), we performed bio-
logical studies to demonstrate the importance of the cycloalk-
yne core in the intracellular visualisation of metabolically
labelled azido glycans. Before the studies, the cytotoxicity of all
compounds was evaluated using HeLa and HEK293 cell lines
(ESI, Fig. S1%). All reagents were nontoxic under concentration
of 1 pM, which was used for all further bioimaging assays.

Three different azidosugars were studied: Ac,ManNAz (tet-
raacetylated N-azidoacetyl-mannosamine) was used as a sugar
known to be the component of sialic acid found on the cell
surface, Ac,GalNAz (tetraacetylated N-azidoacetyl-galactosa-
mine) was used a source of mucin O-linked glycosylation for
both cell surface and intracellular glycans and Ac,GlcNAz (tet-
raacetylated N-azidoacetyl-glucosamine) was used for mostly
intracellular labelling.'*?7*°

HelLa cells were treated with the corresponding acylated Nj-
sugar for 72 hours. Subsequently, they were stained with the
corresponding cycloalkyne-dye conjugate for 4 hours (Fig. 2A).
To control the distribution of each azidosugar on the cell
surface, two DBCO reagents were used: one conjugated with
fluorescein dye (DBCO-F) and the other with Sulfocyanine 5
dye (DBCO-SCy5) (Fig. 2B and C).

The data obtained revealed that both BT9N-dye conju-
gates, BTON-BDP FL and BT9N-Tr, demonstrate significantly
higher specificity in N3;-dependent intracellular labelling of

ﬁ BDP FL-COOH
ﬁ? Tr-COOH

i) CO,Cl,, DMF,
DCM
ii) BTON-NH_, Py S o

o Ny
Pt o4 NN

HN—BTIN BTON-Tr
YX BToN-BDP FL ®1%) YU BTON-Tr (77%)

Scheme 2 Synthesis of BTON-Dye conjugates.
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Fig. 2 Confocal fluorescent imaging of Hela cells treated with the
corresponding sugars (50 pM, 72 h) and then incubated with the
respective alkyne-dye conjugate (1 pM, 4 h) BTON-BDP FL, BTON-Tr,
BCN-BDP FL, DBCO-BDP FL (A) and DBCO-FI, DBCO-SCy5 (B); struc-
tures of DBCO-Fl and DBCO-SCy5 are represented in (C). Fluorescence
images for BTON-BDP FL, BCN-BDP FL, DBCO-BDP FL, and DBCO-Fl
conjugates were captured using the FITC channel (Ex. 488 nm, Em.
500-550 nm); for BTON-Tr, the DAPI channel was used (Ex. 406 nm,
Em. 425-475 nm); for DBCO-SCy5, the Cy5 channel was used (Ex.
638 nm, Em. 663-738 nm)—scale bar: 15 pm.

Ac,GalNAz and Ac,GIcNAz treated cells compared to BCN-BDP
FL and DBCO-BDP FL. These two latter conjugates displayed
serious nonspecific labelling in non-treated control cells (for a
quantitative comparison of the fluorescent response, refer to
the ESI, Fig. S2). Furthermore, only weak fluorescence was
observed in Ac;ManNAz metabolically labelled cells for both
BT9N conjugates, which confirms the known cell-surface local-
isation of the deacylated mannosamine. The significantly
stronger intracellular fluorescence observed in Ac;ManNAz
treated cells for BCN-BDP FL and DBCO-BDP FL is likely due

Org. Biomol. Chem., 2024, 22, 7637-7642 | 7639
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to the nonspecific binding of alkyne-dye conjugates with the
intracellular environment.

It is interesting to note that DBCO-BDP FL exhibited greater
nonspecific intracellular labelling compared to BCN-BDP FL,
which is consistent with the general reactivity of DBCO.?”>°

The nonspecific behaviour of DBCO and BCN reagents in
cells is more likely due to their high reactivity not only in
SPAAC but also with other “alkynophiles” present in the bio-
logical environment, such as the -SH and -SOH groups of
proteins.

Thus it has been shown, that BCN and DBCO can react with
peptidylcysteines, which is the reason of azide-independent
labeling and that it can be diminished by iodoacetamide alkyl-
ation of thioles.?* Moreover the reactivity of BCN and DBCO
towards sulfenic acids has been also proved.***?

We have recently reported that the prototype of BT9N-based
dyes, a cycloalkyne BT9NTs, does not react with ¢BuSH in
CD;CN even at 37 °C for 24 h.*’ To demonstrate that cycloalk-
yne-dye reagents BTON-BDP FL and BT9N-Tr are less reactive
than DBCO and BCN dyes towards SH-containing biospecies,
we conducted a study investigating the behavior of all four
compounds towards glutathione (GSH) and human globin
using MALDI TOF mass spectrometry (for details see ESI,
section 5}).”" It was estimated that DBCO and BCN dyes form
adducts with human globin (alpha and beta subunits) after
3 hours of incubation at 37 °C (pH = 7.2), while BT9N-dyes do
not react with the protein. Furthermore, we identified mono-
and bis-adducts of DBCO and a monoadduct of BCN with GSH
using 2,5-dihydroxybenzoic acid (DHB) and a-cyano-4-hydroxy-
cinnamic acid (CHCA) as a matrix for MALDI spectra. In the
case of BT9N-BDP FL, only a monoadduct was identified using
the DHB matrix, whereas no adducts were observed for
BT9N-Tr in both matrices. Therefore, our findings indicate
that less SPAAC reactive cycloalkyne-dye conjugates, based on
BT9N, display increased tolerance towards endogenous thiol
species in comparison with more active DBCO and BCN
derivatives.

To demonstrate the pivotal role of selecting of the optimal
cycloalkyne as a component of a cycloalkyne-dye reagent in
achieving the desired outcomes of a study, we conducted
double labelling experiments (Fig. 3).

In order to label intracellular and cell surface glycans in a
single metabolic labelling experiment, either Ac,GalNAz or
both Ac;ManNAz and Ac,GIlcNAz were employed in the meta-
bolic labelling of HeLa (Fig. 3A) and HEK293 (Fig. 3B) cell
lines. BT9N-BDP FL and DBCO-SCy5 were used in order to sim-
ultaneously visualise intracellular and surface Nj-glycans in
green and red channels, respectively. The merged images for
both cell lines in every case demonstrated that BT9N-BDP FL is
an effective reagent for visualising intracellular azidoglycans
(N3-glucose and intracellular Nj-galactose), while DBCO-SCy5
is a reagent of choice for visualising cell surface glycans (N;-
mannose and cell surface Nj-galactose). It is of paramount
importance that both reagents act orthogonally and can be
employed for the labelling of corresponding glycans during a
single double-labelling experiment.
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BT9N-BDP FL + DBCO-SCy5 (Hela)

A) 500-550 nm 663-738 nm MERGE
- -
Ac,GINAz +
Ac,ManNAz
o -

BT9N-BDP FL + DBCO-SCy5 (HEK293)
B) 500-550 nm  663-738 nm MERGE

Ac,GINAz +
Ac,ManNAz

Control

Fig. 3 Confocal fluorescent imaging of HelLa (A) and Hek293 (B) cells
treated with the corresponding sugars (50 pM, 72 h) and then incubated
first with BTON-BDP FL (1 uM, 3 h), and then with DBCO-SCy5 (1 pM,
30 min) for double intracellular and cell surface labelling, respectively.
Fluorescence images for BTO9N-BDP FL conjugates were captured using
the FITC channel (Ex. 488 nm, Em. 500-550 nm); for DBCO-SCyS5, the
Cy5 channel was used (Ex. 638 nm, Em. 663-738 nm)—scale bar:
20 pm.

Conclusions

Azacyclononyne dye conjugates BT9N-BDP FL, and BT9N-Tr
have been developed for intracellular fluorescent labelling of
N;-glycans containing cells. We have demonstrated the impor-
tant role of the cycloalkyne core for intracellular bioimaging.
Even though BT9N derivatives have significantly slower SPAAC
kinetics with azides compared to the two well-known cyclooc-
tynes (BCN and DBCO), we have shown that in the case of
intracellular biorthogonal bioconjugation, this disadvantage
turns into an advantage due to minimal nonspecific binding
of BT9N derivatives with the intracellular bioenvironment.
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