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Glycosylated 4-amino-1,8-naphthalimide derivatives possess a
native glycosidic linkage that can be selectively hydrolysed in situ
by glycosidase enzymes to release the naphthalimide as a fluorescent
imaging or therapeutic agent. In vitro studies using a variety of cancer
cell lines demonstrated that the naphthalimides only get taken up into
cells upon enzymatic cleavage from the glycan unit; a mechanism that
offers a novel approach for the targeted delivery of probes/drugs.

The 1,8-naphthalimide (Nap) is a versatile fluorescent building
block that has been extensively used in both supramolecular
and medicinal chemistry." Being synthetically readily accessible,
Nap compounds have been developed as luminescent sensors,
cellular probes and as DNA targeting and binding agents. They
have also been shown to demonstrate potent anti-cancer activity,
particularly active against a variety of murine and human cancer
cell lines.> An example of this is Amonafide, a 3-amino-Nap
structure developed as a topoisomerase-II inhibitor; which
displays potent activity against acute myeloid leukemia (AML).?
The Naps can display tunable photophysical properties that can
be carefully controlled through synthesis at the aromatic core
or the imide site.* In particular, 3- and 4-amino-Naps possess
internal charge transfer (ICT) excited state properties that are
highly solvent/polarity dependent, making them particularly
attractive as fluorescent probes for observing the microenviron-
ment of biological systems.”> Small-molecule glycoconjugates are
now widely employed as both biological probes and anticancer
therapeutics.® In these systems, the presence of the glycan unit
modulates hydrophilicity and lectin binding properties. This
endows a number of beneficial properties, such as enhanced
aqueous solubility, tumor cell targeting and cellular uptake,
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all of which can result in improved pharmacokinetics for such
derivatives.” Importantly, glycosidase enzymes, either extra- or
intracellular, can activate glycoconjugates; a mechanism that can
be employed to enable targeted delivery of a therapeutic payload
or an imaging agent.”>® With this in mind, we set out to
prepare and investigate the biological applications of various
glycosylated-Nap derivatives (1-4 and 12, Schemes 1 and 2) that
could be ‘activated’ using enzymatic hydrolysis of the glycosidic
bond. The concept of a ‘prodrug’ is well established in medicinal
and pharmaceutical chemistry.” The rationale behind our
design is depicted schematically in Fig. 1, and draws a parallel
to the concept of a ‘prodrug’ where the glycosylated-Naps can
be considered as a ‘pro-probe’ (i.e. a ‘prodrug’ equivalent),
a structure that does not undergo cellular uptake in its glyco-
conjugated form (i.e. it can be considered as ‘inactive’). How-
ever, upon enzymatic hydrolysis in situ, using specific
glycosidase enzymes, the Nap ‘probe’ is released or ‘activated’,
which facilitated cellular uptake allowing for imaging of cellular
function. The use of luminescent probes to monitor enzymatic
reactions is of current interest, and we have recently developed a
Tb(m) based luminescent ‘Switch On Assay’ for monitoring
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Fig. 1 Glycosidase activation of the glycosylated naphthalimide ‘pro-probes’
(1-4), which results in the release of a fluorescent probe (5) that can undergo
endocytosis into cancer cells.
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Scheme 1 Synthesis of glycosylated naphthalimides 1-4 from 6.
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Scheme 2 Glyconaphthalimide 12 displaying structural features of Amonafide
and concomitant release of 13 by galactosidase.

glutathione reductase activity in situ.'® To date, only a limited
number of examples have been reported where the Nap moiety
has been included in such agents. Recent examples include that
of Wong et al. who used a ‘click activated’ fluorescent Nap probe
for azido labeling of fucosylated glycoproteins;'" Shi et al. who
developed a galactosyl azido-Nap probe for the imaging of
hepatocellular H,S'> and Dong et al. who reported the effect of
glycosylation on a Nap Zn(u) probe."* While these are excellent
examples of the application of Nap in biotechnology; none of
these examples contain a native glycosidic bond between the
carbohydrate and the Nap moiety. While this may be considered
advantageous for metabolic stability, it greatly limits the applica-
tion of such compounds for use in glycosidase-triggered release.
Herein we demonstrate that 1-4 and 12 are viable candidates for
use in cellular targeted delivery, and that upon enzymatic
activation in vitro a targeted delivery of a therapeutic or imaging
payload occurs.

The synthesis of 1-4 was achieved using a facile and high-
yielding synthetic route (see ESIt). These structures or so called
‘pro-probes’ all contain a native glycosidic bond that covalently
links the carbohydrate unit and the Nap moiety. This feature

This journal is © The Royal Society of Chemistry 2016

View Article Online

ChemComm

enables enzyme-mediated cleavage of the carbohydrate unit
from the Nap core, resulting in release of the naphthalimide
fluorophore. The galactose, glucose, lactose and mannose Nap
derivatives 1-4 (Scheme 1) were prepared in high yield via copper
catalyzed azide-alkyne ‘click’ ligation'* between an unprotected
carbohydrate derivative (displaying an alkyl azide at the anomeric
position) and N-propargyl-4-amino-1,8-naphthalimide 6; itself
being prepared in two steps from commercially available
4-nitro-1,8-naphthalic anhydride. An example of a disaccharide
conjugated Nap, compound 11, that lacks the native glycosidic
bond, was also prepared, from a lactose moiety displaying an
anomeric azido group. Although this example does not possess a
native glycosidic bond at the reducing terminus, the disaccharide
portion is itself susceptible to hydrolysis by a lactase enzyme.
Since this will release the glucosylated Nap, we postulated that
the lactose derivative may also function as a fluorescent probe for
use within cancer cells.

As outlined above, Amonafide, a topoisomerase-II inhibitor,
has been shown to have potent anti-cancer activity. While
demonstrating excellent activity in clinical phase II breast
cancer trials it failed in clinical phase III trials due to acute
side effects and dose-limiting bone marrow toxicity. Developing
alternative derivatives of Amonafide that are cytotoxic, but
without the associated severe side effects is of major clinical
interest."> Hence, we also prepared the galactosylated Amonafide
analogue 12, Scheme 2, using a click reaction between galactose-
B-O-propargyl and an azido Nap (see ESIt) in 92% yield.

The photophysical properties of all of the glycosylated-Naps
pro-probes were investigated; the 4-amino-Naps display classical
Nap ICT excited state properties as determined by recording the
UV-Vis absorption, the fluorescence excitation and the emission
spectra in a variety of solvents (Fig. S1, ESIt), Fig. 2. This
solvatochromic effect was also studied using 1 and 11. While
only minor changes were seen in the absorption spectra, a
significant quenching was observed in the emission spectra when
recorded in both H,O or phosphate buffered saline (PBS) solution
compared to that seen in CH;CN; the latter possibly being due
to the presence of a twisted internal charge transfer excited
state (TICT) in 11. The Amonafide derivative, 12, possessing the
triazole at the Nap moiety was, in comparison, blue shifted
(Fig. 2), with a Z,ps centered at 347 nm (vs. 430 nm for 1-4) and
Afu at 425 nm (vs. 550 nm for 1-4). Quantum yield and extinction
coefficient values were determined (Tables S1 and S3, ESIT). All of
the probes were found to be photo-stable, with no noticeable
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Fig. 2 UV/Vis absorbance and fluorescence spectra of (a) 1 (0.1 mM) and
(b) 12 (0.1 mM), respectively.
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bleaching being observed upon prolonged excitation of the Nap
fluorophores in aqueous solution.

As the activity of these probes should be within the physio-
logical pH window, they were subjected to a spectroscopic pH
titration where both the ground and the excited state were
monitored. As an example, for compound 12, from pH 2.5-10
the Nap emission remained constant and only ‘switched off’ in
highly alkaline solution, above pH 10 (Fig. S3, ESIf). The
analysis of the concomitant changes in the absorption con-
firmed this; while an isosbestic point was seen at 314 nm, with
Aabs being shifted to 298 nm as a function of pH.

To test our hypothesis that the glycosylated Nap derivatives
can be used as probes for cancer, compounds 2-4 and 11 were
incubated with HeLa cell lines (cervical cancer) at 0.1 mM
concentration for 3 h, after which time they were analysed
(as live cells) by using confocal fluorescence microscopy, upon
excitation at 405 nm. Glycosylation typically enhances tumor
cell endocytosis, either through ASGPr-mediated endocytosis or
via the insulin-independent glucose transporter GLUT-1.”“
However, as can be seen in Fig. 3, no cellular localisation
occurred for any of the compounds; the recorded green-
channel fluorescence only arising from compound within the
extracellular media excited with a high laser power (the cells
appearing black with the nucleus stained red using DRAQS5).
Longer incubation times up to 24 h did not show any change in
the cellular uptake processes, whilst viability studies demon-
strated that these compounds did not display significant cyto-
toxicity against HeLa cells (Table S5, ESIt).

Prior to in vitro evaluation, the affinity of the glycosylated
naphthalimides as substrates for glycosidase enzymes was
evaluated using commercially available B-galactosidase and
B-glucosidase enzymes. Compounds 1 and 2 were treated with
B-galactosidase and B-glucosidase, respectively. Lactose-containing
naphthalimides (3 and 11) were treated first with B-galactosidase
followed by B-glucosidase. Glycosidase enzymes exerted their
activity on compounds 1-3, rapidly hydrolysing the glycosidic
bonds and releasing 5. The completion of the reaction within
30 min was confirmed by mass spectrometry. Compound 11 was
designed to be a negative control for the -glucosidase, as there
is no glycosidic linkage between the glucose and the triazole,
therefore the enzyme would be unable to exert its activity.
As predicted, compound 11, only showed activity for the
B-galactosidase enzyme and therefore compound 5 was not
released. The activity of the Amonafide analogue 12 in the
presence of B-galactosidase was also investigated and found to
undergo complete and rapid hydrolysis of the glycosidic bond

Hela (2) Hela (3) Hela (4)

Fig. 3 Incubation of compounds 2—4 and 11 (0.1 mM) for 3 h in Hela
cells. Compounds were excited with a high power laser.

Hela (11)
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in the presence of the enzyme, demonstrating that our design
is applicable for use in enzymatic triggered delivery of a
therapeutic payload.

Compounds 5 and 13 were used as positive controls for the
in vitro studies, and were synthesised from 1 and 12, respec-
tively, using B-galactosidase (0.01 U) in buffered solutions with
high isolated yields of 97 and 87%, respectively. The absorption,
excitation and fluorescence emission spectra of compounds 5
and 13 were recorded (see ESIT). Compound 5 exhibits the same
characteristic bands as the precursors 1-3, demonstrating that
the conjugation to a glycan does not affect the ICT band of the
naphthalimides. However, a significant decrease in the fluores-
cence intensity of compound 13 vs. compound 12 was observed.
Importantly, no significant changes were seen in the absorption
spectrum of 1-3 and 12 upon addition of enzymes, which rules
out any non-specific or strong association between the enzyme
and the Nap substrate.

Having demonstrated that 1-3 and 12 can undergo rapid and
controlled enzymatic hydrolysis, we subsequently tested the effect
on cellular uptake of the released naphthalimide core upon
enzymatic activation in vitro. A 3 h incubation of HeLa cells
with the compound 1 (0.1 mM) was followed by the subsequent
addition of the B-galactosidase enzyme (1.0 U) 1.5 h later. Confocal
microscopy visualisation showed that the naphthalimide moiety
had entered the cells upon cleavage of the glycosidic linkage by the
glycosidase enzyme (Fig. 4). At a lower concentration of compound
1 (0.05 mM), cellular uptake of the naphthalimide was once again
only observed in the presence of the glycosidase enzyme. At a
further reduced concentration of 1 (0.01 mM), only trace fluores-
cence was observed inside the cells in the presence of the enzyme
(Fig. S6, ESIt). In vitro studies of 2 with the B-glucosidase enzyme
were not successful, despite the growth of the cells in a glucose-
free medium, to prevent saturation of the enzyme. Different
concentrations of the enzyme were also investigated (0.01, 0.1
and 1 U), however, no improvement was seen and, unfortunately,
B-glucosidase mediated release appeared inactive in vitro.

In order to further investigate the generality of the enzyme
release approach, two additional cancer cell lines, a colon

Hela HepG HCT-116

Fig. 4 Incubation of compound 1 (0.1 mM) for 3 h in cancer cell lines, first
row, and incubation of compound 1 (0.1 mM) for 3 h and B-galactosidase
(1.0 U) for 1.5 h, second row.
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carcinoma (HCT-116) and hepatocellular carcinoma (HepG2),
the latter known to express ASGP-R, were investigated with
compound 1 and B-galactosidase. As shown in Fig. 4, no uptake
of 1 was observed in the absence of the enzyme, suggesting that
the enzyme-mediated process is independent of the specific-
receptor interaction. Crucially, this finding demonstrates that
the presence of the galactose binding receptor protein does not
inhibit activity of the B-galactosidase enzyme and that the
galactose moiety is available for hydrolysis. It is possible
however, that while the expression of ASGP-R did not enhance
cellular uptake, expression of ASGP-R in certain cancers in vivo
may promote increased localisation of compounds to cancers
which in turn would increase cell uptake upon cleavage.
Compound 5 was investigated as a positive control for the three
cell lines. When 5 (0.1 mM) was incubated in cells, strong
fluorescence inside the cells was observed, proving that the
non-glycosylated naphthalimide undergoes rapid internalisa-
tion by the cells (Fig. S6, ESIT).

Finally, in vitro studies with Amonifide analogue 12 showed
a similar behavior to compound 1. Release of the Amonafide
derivative required the presence of B-galactosidase, the released
13 underwent uptake into all three cell lines that could be
monitored by fluorescence enhancement within the cytosol
(Fig. S5, ESIt). As is evident from Fig. 4, the proof of principle
that cytotoxic agents could also be released by this enzymatic
approach has been clearly demonstrated.

In conclusion, we have designed and developed the first
examples of glycosylated Naps as fluorescent pro-probes for
use in enzymatic triggered release in vitro, which results in
uptake across a range of cancer cell lines. The strategy offers
significant potential for the release of therapeutic or imaging
agents through activation by expressed glycosidases in vivo.
For example, it is known that high concentrations of
B-glucuronidase are expressed in a wide range of malignancies
including lung, breast, ovarian and gastrointestinal tract
carcinomas as well as in certain melanomas."® In the tumour
environment, B-glucuronidase is secreted extracellularly in
necrotic areas by inflammatory cells (monocytes/granulocytes)
while in healthy tissue activity is confined to lysosomes."*
Glycosidases are also expressed in high concentrations by
colonic microflora, which can then release the aglycon
probe/therapeutic in the colon in a site-specific manner."”
The process appears to be independent of the glycosyl
receptor. Our results demonstrate that the combination of
carbohydrate binding receptor and enzyme-mediated release
represents a potentially powerful approach for cancer therapy.
We are currently pursuing this line of investigation in our
laboratories.

We thank School of Chemistry TCD and Science Foundation
Ireland (SFI) (for PI 2013 13/IA/1865 grant), for financially support-
ing this research.

This journal is © The Royal Society of Chemistry 2016

View Article Online

ChemComm

Notes and references

1 (@) R M. Duke, E. B. Veale, F. M. Pfeffer, P. E. Kruger and
T. Gunnlaugsson, Chem. Soc. Rev., 2010, 39, 3936-3953; (b) S. Banerjee,
E. B. Veale, C. M. Phelan, S. A. Murphy, G. M. Tocci, L. J. Gillespie,
D. O. Frimannsson, J. M. Kelly and T. Gunnlaugsson, Chem. Soc. Rev.,
2013, 42, 1601-1618; (c) X. Jia, Y. Yang, Y. Xu and X. Qian, Pure Appl.
Chem., 2014, 86, 1237-1246.

2 (a) L. Ingrassia, F. Lefranc, R. Kiss and T. Mijatovic, Curr. Med. Chem.,

2009, 16, 1192-1213; (b) M. F. Brana and A. Ramos, Curr. Med. Chem.,

2001, 1, 237-255.

(@) E. van Quaquebeke, T. Mahieu, P. Dumont, ]. Dewelle,

F. Ribaucour, G. Simon, S. Sauvage, ].-F. Gaussin, J. Tuti, M. El

Yazidi, F. Van Vynckt, T. Mijatovic, F. Lefranc, F. Darro and R. Kiss,

J. Med. Chem., 2007, 50, 4122-4134; (b) S. Tan, H. Yin, Z. Chen,

X. Qian and Y. Xu, Eur. J. Med. Chem., 2013, 62, 130-138.

4 H. Herrera, P. de Echegaray, M. Urdanpilleta, M. J. Mancheno, E. Mena-

Osteritz, P. Baeuerle and J. L. Segura, Chem. Commun., 2013, 49, 713-715.

(@) W. Zhang, L. Chen, Z. Ma, L. Du and M. Li, Drug Discoveries Ther.,

2014, 8, 11-17; (b) Y. Li, Y. Qiu, J. Zhang, X. Zhu, B. Zhu, X. Liu,

X. Zhang and H. Zhang, Biosens. Bioelectron., 2016, 83, 334-338.

6 (@) H. M. Burke, T. Gunnlaugsson and E. M. Scanlan, Chem. Commun.,
2015, 51, 10576-10588; (b) D. Wu, S. Cheung, R. Daly, H. Burke,
E. M. Scanlan and D. F. O’Shea, Eur. J. Org. Chem., 2014, 6841-6845;
(¢) R. Daly, G. Vaz, A. M. Davies, M. O. Senge and E. M. Scanlan, Chem. -
Eur. J., 2012, 18, 14671-14679; (d) O. B. Locos, C. C. Heindl, A. Corral,
M. O. Senge and E. M. Scanlan, Eur. J. Org. Chem., 2010, 1026-1028;
(e) G. Pastuch-Gawolek, K. Malarz, A. Mrozek-Wilczkiewicz, M. Musiol,
M. Serda, B. Czaplinska and R. Musiol, Eur. J. Med. Chem., 2016, 112,
130-144; (f) C. Moylan, E. M. Scanlan and M. O. Senge, Curr. Med.
Chem., 2015, 22, 2238-2348.

7 (@) E. C. Calvaresi and P. J. Hergenrother, Chem. Sci., 2013, 4,
2319-2333; (b) L. F. Tietze, J. M. von Hof, M. Mueller, B. Krewer
and I. Schuberth, Angew. Chem., Int. Ed., 2010, 49, 7336-7339.

8 (a) I. Tranoy-Opalinski, T. Legigan, R. Barat, J. Clarhaut, M. Thomas,

B. Renoux and S. Papot, Eur. . Med. Chem., 2014, 74, 302-313;

(b) D. R. Friend and G. W. Chang, J. Med. Chem., 1984, 27, 261-266.

(@) K. D. Bagshawe, Drug Dev. Res., 1995, 34, 220-230; (b) T. Connors,

Enzyme-Prodrug Strategies for Cancer Therapy, Springer, US, 1999,

pp. 11-37; (¢) C. Meier, H. J. Jessen, T. Schulz, L. Weinschenk,

F. Pertenbreiter and J. Balzarini, Curr. Med. Chem., 2015, 22,

3933-3950; (d) I. Niculescu-Duvaz, F. Friedlos, D. Niculescu-Duvaz,

L. Davies and C. J. Springer, Anti-Cancer Drug Des., 1999, 14,

517-538; () V. ]. Stella and K. J. Himmelstein, Directed Drug Delivery,

Humana Press, 1985, 247-267.

10 B. K. McMahon and T. Gunnlaugsson, J. Am. Chem. Soc., 2012, 134,
10725-10728.

11 M. Sawa, T.-L. Hsu, T. Itoh, M. Sugiyama, S. R. Hanson, P. K. Vogt and
C.-H. Wong, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 12371-12376.

12 D.-T. Shi, D. Zhou, Y. Zang, J. Li, G.-R. Chen, T. D. James, X.-P. He
and H. Tian, Chem. Commun., 2015, 51, 3653-3655.

13 L. Dong, Y. Zang, D. Zhou, X.-P. He, G.-R. Chen, T. D. James and
J. Li, Chem. Commun., 2015, 51, 11852-11855.

14 (a) R. Huisgen, 1,3-Dipolar Cycloaddition Chemistry, Wiley, 1984;
(b) L. Jin, R. Tolentino Daniel, M. Melaimi and G. Bertrand, Sci. Adv.,
2015, 1, 1500304.

15 (@) G. Gellerman, Lett. Drug Des. Discovery, 2016, 13, 47-63;
(b) J. T. Norton, M. A. Witschi, L. Luong, A. Kawamura, S. Ghosh,
M. Sharon Stack, E. Sim, M. J. Avram, D. H. Appella and S. Huang,
Anti-Cancer Drugs, 2008, 19, 23-36.

16 (a) N. Albin, L. Massaad, C. Toussaint, M. C. Mathieu, J. Morizet,
O. Parise, A. Gouyette and G. G. Chabot, Cancer Res., 1993, 53,
3541-3546; (b) K. Bosslet, J. Czech and D. Hoffmann, Tumor Target-
ing, 1995, 9, 45-50; (c) K. Bosslet, R. Straub, M. Blumrich, J. Czech,
M. Gerken, B. Sperker, H. K. Kroemer, J.-P. Gesson, M. Koch and
C. Monneret, Cancer Res., 1998, 58, 1195-1201.

17 M. Brito-Arias, C. Aguilar-Lemus, P. B. Hurtado-Ponce, G. Martinez-
Barron and M. Ibafiez-Hernandez, Org. Med. Chem. Lett., 2014, 4, 2-7.

w

[92]

o

Chem. Commun., 2016, 52, 13086-13089 | 13089


https://doi.org/10.1039/c6cc06451e



