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The non-fluorescent 9-nitrobenzolblquinolizinium is readily
reduced by nitroreductase to a fluorescent reaction product. The
resulting light-up effect enables the selective detection of nitror-

eductase activity in vitro and in Escherichia coli bacterial cultures.

Hypoxia is a condition in cells with insufficient oxygen supply,
which is related to several diseases such as inflammations,"
strokes® or infections with the COVID-19 virus.> Furthermore,
hypoxia is an indicator of tumors, because it is observed in
cancerous tissue that is disconnected from blood supply.*®
Therefore, the detection and determination of the hypoxia
status of cells is an important task in analytical biology
and medicine.’ For this purpose, fluorescent probes based on
organic dyes have been developed that are able to detect
hypoxia-related phenomena, such as a low pH, low oxygen
levels or activity of reducing enzymes, such as azoreductase
or nitroreductase, by a strong increase of their emission
intensity or a distinct shift of their emission maximum in the
presence of the target analyte.” Specifically, nitroreductase is
a useful biomarker for the fluorimetric detection of hypoxic
cells and bacteria with a high nitroreductase activity,
e.g. Escherichia coli (E. coli) and Mycobacterium tuberculosis,®’
as this enzyme reduces non-fluorescent substrates, such
as nitroarenes, to fluorescent products in the presence of
NAD(P)H as cofactor.*>® However, several reaction products
may be formed in this reaction along with the desired hydro-
xylamino- and amino-substituted fluorophores, for example in
secondary reactions such as dimerization of intermediates or
reduction of alkenes.® Therefore, there is still a high demand
for novel fluorogenic probes that are able to detect nitroreduc-
tase based on a clean and predictable reaction. As a result,
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fluorescent and luminescent light-up probes that specifically
target nitroreductase in living organisms have been developed
based on, e.g., lanthanoid complexes,” BODIPY,'® coumarin,'*
naphthalimide,'” xanthene," benzothiazole,"*"> and amino-
silapyronine.'® Another useful fluorophore that may be
employed for this purpose is the benzo[b]quinolizinium
ion (1a), which has been shown to be a versatile building block
for the development of fluorescent probes for bioanalytes due
to its high fluorescence quantum yield (@5 = 0.52 in H,O)
and good water solubility, but it has not been utilized for
enzyme detection, so far.'” Therefore, we explored the potential
of quinolizinium derivatives to act as fluorescent probes
for the detection of nitroreductase. To this end, we selected
the 9-nitrobenzo[b]quinolizinium (1b, Fig. 1) as starting point,
because the anticipated reduction product 9-aminobenzo[b]
quinolizinium (1c) exhibits the highest fluorescence quantum
yield (@5 = 0.41 in H,0) among the known aminobenzo
[b]quinolizinium derivatives."® For comparison, the nitrostyryl-
substituted quinolizinium 2 and the nitrophenyl-substituted
benzo[b]|quinolizinium 1d were selected also as substrates to
investigate whether structure variations have an influence on
the reactivity towards nitroreductase. Herein, we demonstrate
that, indeed, the 9-nitrobenzo[b]quinolizinium (1b) may be
used as novel fluorogenic probe for the detection of nitrore-
ductase in vitro and in E. coli bacteria and that, strikingly, two
different emitting species are formed on reduction of 1b
depending on the reaction conditions.

In first experiments, the absorption and emission properties
of probes 1b, 1d and 2 were investigated in aqueous buffer
solution. These derivatives exhibit long-wavelength absorption
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Fig. 1 Structures of quinolizinium derivatives 1 and 2.
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Fig. 2 (A) Absorption before (red) and after (black) incubation of probe 1b

(c = 10 uM) with nitroreductase (5 ng mL™) and NADH (50 uM) in PBS
buffer (pH = 7, T = 37 °C) for 40 min. (B) Change of the emission after
addition of nitroreductase (5 ug mL™) and NADH (50 uM) to probe 1b (c =
10 uM) in PBS buffer (pH = 7, T = 37 °C); Zex = 415 nm. The arrows indicate
the changes of absorption and emission with increasing reaction time.

maxima at 422 nm (1b), 371 nm (1d) and 413 nm (2) (Fig. 2 and
Fig. S2, ESIT) and are essentially non-fluorescent in aqueous
buffer solution. The low fluorescence intensity of these quino-
lizinium derivatives, especially as compared with the high
emission quantum yield of the parent compound 1a, is likely
caused by the nitro substituent, because nitroarenes are known
to undergo fast relaxation by intersystem crossing (ISC) in the
excited state leading to fluorescence quenching.'® Notably,
upon addition of nitroreductase and NADH all derivatives
developed red-shifted absorption bands with long-wavelength
absorption maxima at 480 nm (1b), 385 nm (1d), and 415 nm (2)
(Fig. 2 and Fig. S2, ESIt), indicating their reductive conversion
under these reaction conditions. Specifically, the red shift is
explained by the formation of an amino functionality and the
resulting formation of a donor-acceptor chromophore."’
Furthermore, the reaction of compound 1b with nitroreductase
led to the transformation of 1b into a fluorescent product with
a fluorescence light-up effect (@5 = 0.05), that reached its
maximum intensity approx. 20 min after addition of the
enzyme under the employed conditions (Fig. 2 and 3). In
contrast, no such light-up effect was observed for derivatives
1d and 2 under the same reaction conditions, presumably
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Fig. 3 (A) Change of the emission intensity during the reaction of 1b with
nitroreductase at different concentrations (black: 0 pug mL™%, red: 1.25 ug mL™,
blue: 1.75 pg mL™2, green: 2.5 pug mL™%, magenta: 5 ug mL™?) in the presence of
NADH (50 uM) in PBS buffer (pH = 7, T = 37 °C); Zex = 415 nm. Inset (A) Picture
of the emission color before (i) and after (ii) incubation of 1b with nitroreductase
(5 ng mL™Y) and NADH (50 pM) in PBS buffer (pH = 7, T = 37 °C) for 40 min;
Jex = 366 nm. (B) Relative emission intensity of solutions of NaCl (5 mM),
KCL (5 mM), CaCl; (2.5 mM), MgCl, (2.5 mM), cystein (Cys, 1 mM), glutamic
acid (Glu, 1 mM), vitamin C (1 mM), glucose (1 mM), BSA (10 uM), NaSH
(10 pM), H,O, (10 pM), NaClO (10 uM), nitroreductase (NTR, 5 mg mL™}
and NADH (50 uM) after treatment with 1b for 40 min in PBS buffer (pH = 7,
T = 37 °C); Aex = 415 nm.
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because the styryl and biaryl functionalities still cause emission
quenching in the resulting products. Therefore, only derivative
1b was selected for further investigations. In order to determine
the optimal reaction conditions, fluorescence spectra were
recorded at different temperature and pH under otherwise
identical conditions (Fig. S3, ESIT). Thus, a continuous increase
of the fluorescence intensity was observed with increasing pH
and temperature up to pH 7 and 37 °C, whereas at larger values
the fluorescence intensity started to decrease. The effect of the
temperature on the reaction of 1b with nitroreductase is in
good agreement with the reported activities of the enzyme
towards nitroarene derivatives®'"'*> but the optimal pH value
lies usually slightly higher at pH 7.4.°"'® The lower fluores-
cence intensity at higher pH values is presumably caused by a
slow degradation of the substrate by nucleophilic addition of
the hydroxide ion to the benzo[b]quinolizinium at C6 position
and subsequent ring opening reaction, as usually observed for
this class of compounds.>® Furthermore, excitation spectra
indicated that the new long-wavelength absorption maxima at
447 nm and 480 nm correspond to the newly formed emitting
species (Fig. 2 and Fig. S4A, ESIT).

The reaction of substrate 1b with nitroreductase was fol-
lowed at different concentrations of both components. Thus,
the fluorescence intensity increased strongly with increasing
concentration of compound 1b (Fig. 3A and Fig. S7, ESIY).
Furthermore, the conversion of substrate 1b to the reaction
product was accelerated when the nitroreductase concentration
was increased from 1.25 ug mL ™" to 2.5 pg mL~'; however, no
further increase of the reaction rate was observed at higher
concentrations, i.e. 5.0 ug mL™", of the enzyme (Fig. 3A). Only at
very low nitroreductase concentrations (¢ < 0.2 pg mL '),
an essentially linear relationship between signal intensity and
nitroreductase concentration was observed, that was further
utilized to determine a detection limit for the enzyme of 6 ng mL ™"
(r* = 0.996; Fig. S4B, ESI),>" which lies within the range of most
reported nitroreductase probes (0.79-48 ng mL~).>*™*

To exclude chemical conditions that can cause false positive
signals, the fluorimetric response of probe 1b was examined
towards components that may be encountered at physiological
conditions, namely NaCl, KCl, CaCl,, MgCl,, -cystein, r-gluta-
mic acid, ascorbic acid, glucose, BSA, NaSH, H,0,, NaClO and
NADH. Notably, other than with nitroreductase, no significant
changes of the emission intensity of solutions of substrate 1b
were observed in the presence of these tested substances
(Fig. 3B), which points to an undisturbed fluorescence light-
up effect induced by the enzyme.

Strikingly, the absorption and emission spectra obtained
after reaction of substrate 1b with nitroreductase/NADH did
not resemble the ones of the expected product 1c. Instead, the
main product exhibited a blue-shifted emission band and a red-
shifted absorption as compared with the spectra of 1c.'® But
extraction of the aqueous reaction mixture with organic solvent
and exposure of the extract to aerobic conditions for 24 h
revealed the subsequent formation of the aminobenzoquinoli-
zinium 1c under these conditions, as unequivocally shown by
the emission band of this compound and comparison with the
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one of an authentic sample (Fig. S6A, ESIt). These observations
indicate that not only the nitro group, but also the benzoqui-
nolizinium unit is reduced by nitroreductase. Indeed, it is well
known that benzo[b]quinolizinium derivatives can be reduced
with hydride- or hydrogen-donating reagents, such as LiAlH,,
NaBH,, H,/PtO, or H,/Pd to the dihydro- and tetrahydroquino-
lizinijum derivatives;**>* however, these products have been
reported as colorless compounds. Yet, the deprotonation of
6,11-dihydrobenzoquinolizinium has been shown to give indir-
ectly the reduction product 6H-benzo[b]quinolizine as red to
purple-red compound.”® Unfortunately, spectroscopic data are
not available from resembling chromophores/fluorophores in
the literature. But at least preliminary TD-DFT calculations
revealed absorption bands, without fine structure, for compound
4 that lie in the same range as the ones observed for the primary
reduction product of 1b (Fig. S6B, ESIt). Based on the above-
mentioned observations, we propose that the nitro-substituted
substrate 1b is reduced to the 9-amino-6H-benzo[b]quinolizine (4)
by nitroreductase and NADH (Scheme 1).

The initially obtained organic-phase extract from the reac-
tion mixture still showed the emission band of the primary
product 4 directly after extraction and no traces of 1lc. In
another control experiment, it was also shown that the absorp-
tion and emission properties of the primary product did not
change when it was stored in solutions that still contained
nitroreductase and NADH for 24 h. Additionally, the amino-
substituted derivative 1¢ was not reduced by nitroreductase/
NADH, which indicates that 1c¢c is not sensitive towards
reduction under these conditions and that it is not formed as
intermediate in the reaction of 1b with nitroreductase. In
contrast, treatment of the nitro- or amino-substituted deriva-
tives 1b and 1c with chemical reducing agents NaBH, or
H,/Pd,C and photometric and fluorimetric monitoring of
the reaction indicated the reduction to hexahydro- and
tetrahydrobenzo[b]quinolizine derivatives as already reported
for the parent benzo[b]quinolizinium.?* Only in the case of the
reduction of 1b with NaBH, a similar emission as the one
observed on treatment with nitroreductase was temporarily
detected in the course of the reaction (Fig. S6C, ESIT), but it
was rather weak and slightly red-shifted, presumably due to the
different employed solvent systems.

Altogether, the experimental observations point to a specific
transformation of the nitrobenzoquinolizinium 1b to 9-amino-
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3 + nitroreductase 4 + nitroreductase
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Scheme 1 Nitroreductase-mediated reaction of 9-

nitrobenzolb]quinolizinium (1b) to the proposed product 4 and subse-
quent oxidation to 9-aminobenzolb]quinolizinium (1c) upon release of 4
from the binding site.
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6H-benzo[b]quinolizine (4) by nitroreductase, because it is not
formed and fairly unstable under different conditions. There-
fore, it may be assumed that the primary product 4 still binds to
the enzyme and is protected within the binding site against
further reduction within the reaction mixture (Scheme 1). This
assumption is supported by CD-spectroscopic monitoring of
the reaction, because the CD spectrum of the enzyme in the
reaction mixture changed slightly during the reaction (Fig. S5A,
ESIt), which may be caused by the association with the reaction
product.”® Furthermore, the addition of acetamide as compet-
ing nitroreductase-binding ligand®® to the reaction mixture led
to a slow decrease of the emission maximum at 493 nm of
intermediate 4 in favor of the red-shifted band of the amine 1c
at 510 nm (Fig. S5B, ESI{). This change of the emission
spectrum indicates the formation of compound 1c¢ by displace-
ment of 4 from the enzyme and subsequent oxidation. Overall,
these observations lead to a plausible mechanism, that starts
with the initial reduction of the substrate 1b to the 9-amino-6H-
benzo[b]quinolizine within the active site of the enzyme with-
out formation of the aminobenzoquinolizinium 1c¢ (Scheme 1).
Presumably, the reduction of the heteroaromatic core takes
place prior to or during the reduction of the nitro group
already. Only upon release from the binding site the reactive
intermediate 4 is oxidized to the final product 1c. To the best of
our knowledge, such a sequence of overreduction and re-
oxidation that is governed by association and dissociation of
the nitroarene substrate has not been reported for nitroreduc-
tase reductions.

Lastly, the potential of probe 1b to detect nitroreductase
activity in living cells was investigated by fluorimetric analysis
of E. coli bacteria, which are known to exhibit a high nitror-
eductase activity.” The E. coli cultures were treated with solu-
tions of probe 1b and exhibited a strong green emission after
incubation for 4 h (Fig. 4 and Fig. S9, ESIT) and did not show a
bactericidal effect, even after 24 h, as shown by a high viability
of E. coli suspensions (Fig. S10, ESI}), while previous reports
have indicated a moderate growth inhibition on eukaryotic
cells.”” Fluorimetric analysis showed that compound 1c was
formed as the main emitting species in E. coli, as clearly
indicated by a complete match of the emission and excitation

Rel. Em. Int. / a.u.

Fig. 4 (A) Photograph (acquired under illumination with 2 = 365 nm) of
the emission color of Tris-HCl buffer (i), E. coli culture in Tris-HCl buffer (ii),
20 puM probe 1b in Tris-HCl buffer (iii) and E. coli culture in Tris-HCL buffer
after incubation with 20 pM probe 1b (iv) for 4 h. (B) Relative emission
intensity of E. coli culture with an optical density of ODggo = 0.2 in the
absence of probe 1b (black) and after incubation with 20 uM probe 1b for
4 h (red) in Tris-HCl buffer; lex = 389 nm.
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spectra with the ones of an authentic sample (Fig. S9C, ESI¥).
Based on the observation in vitro, the fluorimetric response
results from the initial formation of intermediate 4, which is
subsequently displaced from the enzyme by competing ligands
in the cells, such as acetate.®® Finally, the intermediate 4 is
transformed into 1c within the bacteria, as already observed
in vitro upon displacement of the nitroreductase bound com-
pound 4 by acetamide (Fig. S5B, ESIT). Since the conversion of 4
into compound 1c is irreversible under these conditions, even
small amounts of oxygen or other oxidants like NAD" or NADP",
which are also present in E. coli or hypoxic cells in low
concentration” are apparently sufficient to convert intermediate
4 into derivative 1c.

Conclusions

In summary, it was demonstrated that the nitrobenzoquinoli-
zinium 1b has the potential to act as a probe for the fluori-
metric detection of nitroreductase with a comparatively good
sensing performance.”®"" The fluorogenic reaction in the
enzyme binding site proceeds on formation of an ‘“‘over-
reduced” intermediate 4 that is eventually transformed to the
fluorescent 9-aminobenzo[b]quinolizinium (1¢) upon release
from the binding site. These results shall constitute the starting
point for the development of a novel class of water-soluble,
nitroreductase-targeting fluorescent probes based on the
benzo[b]quinolizinium fluorophore, which can be utilized for
the fluorimetric detection of the hypoxia status of cells. Speci-
fically, the formation of two different emitting species at
different stages of the incubation, i.e. 4 and 1c, constitutes a
special and so far unparalleled feature of this system that may
be used to monitor nitroreductase activity at different emission
wavelengths.
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