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ABSTRACT: Nitroreductase (NTR) activities have been
known for decades, studied extensively in bacteria and also
in systems as diverse as yeast, trypanosomes, and hypoxic
tumors. The putative bacterial origin of mitochondria
prompted us to explore the possible existence of NTR
activity within this organelle and to probe its behavior in a
cellular context. Presently, by using a profluorescent near-
infrared (NIR) dye, we characterize the nature of NTR
activity localized in mammalian cell mitochondria. Further,
we demonstrate that this mitochondrially localized
enzymatic activity can be exploited both for selective
NIR imaging of mitochondria and for mitochondrial
targeting by activating a mitochondrial poison specifically
within that organelle. This constitutes a new mechanism
for mitochondrial imaging and targeting. These findings
represent the first use of mitochondrial enzyme activity to
unmask agents for mitochondrial fluorescent imaging and
therapy, which may prove to be more broadly applicable.

Recent publications have described the potential importance
of mitochondrial targeting for the development of new
therapeutic agents such as anticancer agents.' For example,
selective induction of elevated reactive oxygen species levels in
mitochondria hasbeen found to produce different effects in cancer
cells than in normal cells." Several types of agents that affect
mitochondrial function have been the focus of preclinical studies,”
which argues for the relevance of this strategy. While mito-
chondrial localization has been reported for numerous mole-
cules,® notably those containing alipophilic cation,” incorporating
a mitochondrial targeting moiety within a molecule may prove
challenging in the broader context of molecular design for a
specific cellular target.

An alternative strategy might involve the organelle-specific
enzymatic activation of an inactive prodrug,” e.g., by an enzymatic
activity abundant within the organelle.” The generally accepted
bacterial origin of mitochondria’ led us to investigate bacterial
enzymatic activities of potential utility for mitochondrial prodrug
activation. The presence of redox enzymes in bacteria is now well
established,® and bacterial nitroreductase (NTR) has been
reported to reduce nitroaryl compounds to the corresponding
(hydroxy)anilines by one of two mechanisms.” One of these, type I
NTR, involves an initial two-electron reduction of nitro groups
and is tolerant of oxygen, permitting nitro group reduction to
proceed to completion (Figure 1a). Type II NTR, in contrast,
involves an initial one-electron reduction and proceeds to
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completion only under hypoxic conditions.” While NTR activity
in human cells appears to have been reported thus far only in
hypoxic tumors,'” early reports of NTR activity in mitochondrial
fractions isolated from mammalian liver cells'' suggested the
possible existence of type I mitochondrial NTR activity.

Detection of NTR activities within hypoxic tumor tissue using
fluorogenic methods has been described recently, as reviewed by
Elmes,'”> presumably involving type II NTR(s). Fluorescent
probes have also been designed to measure small chemical species
within mitochondria.”"? In comparison, there appears to have
been no enzymatic activity detected in mitochondria using a
fluorogenic method.

In an effort to detect a mitochondrial NTR which could be used
for mitochondrial imaging, we designed a positively charged®
ﬂuorogenic probe which could potentially be triggered by a
NTR. * The QCy7 system'® seemed to be a good candidate. It
exhibits an emission wavelength in the NIR region which affords
good cell imaging efficiency by diminishing the background and
enhancing light penetrability. Also, the presence of indoles
permitted the introduction of positive charge by simple indole
alkylation (Scheme 1). Preparation of ortho-, meta-, and para-
substituted 4-nitrobenzyloxy-isophthalaldehydes provided the
alkylated precursors 1a—1crequired for synthesis of the protected
QCy7 dyes. The dialdehydes were used to prepare three new
probes by treatment with an excess of 1-ethyl-2,3,3-trimethyl-3H-
indolium iodide (pyridine and/or Ac,0, 80 °C, 3 h) as outlined in
Scheme 1.

The proposed strategy for release of the fluorescent NIR dye
from a nonfluorescent precursor via mitochondrial NTR-
mediated reduction involved successive reduction and then
elimination (Figure 1b). The use of ortho-, meta-, and para-
substituted probes 2a—2c was crucial because it enabled us to
investigate the proposed transformation in greater detail. Even if
reductive elimination of the ortho- and para-substituted probes
proved to be practicable, none should occur in the case of meta-
substituted analogue 2b. To assess the viability of these probes for
the detection of NTR activity, we first validated the probesin a cell-
free system using purified E. coli NTR. Probes 2a—2c¢ (10 M)
were incubated in PBS buffer, pH 7.4, containing 0.5 mM NADH.
After a short time, during which no fluorescence was observed,
NTR was added (1 #g/mL), and the development of fluorescence
was monitored as a function of time (Figure 2a,b). As expected, no
fluorescence increase was observed for the probe 2b (meta-
substituted). The use of a greater (S yg/mL) concentration of
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Figure 1. Plausible mechanism of nitroreductase (NTR) activation of
fluorophore 3. (a) General mechanisms proposed” for type I and type IT
NTRs. (b) Mechanism of type I NTR reduction applied to the activation
of probe 2c.

Scheme 1. Synthesis of NTR Activatable Profluorescent Probes
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Figure 2. (a) Selective activation of 2¢ in vitro by E. coli NTR. (b) Time-
dependent fluorescence emission by 2a, 2b, and 2¢ (excitation at $72 nm;
emission at 703 nm) in PBS at 25 °C following treatment with E. coli NTR
(1 pug/mL)and 0.5 mM NADH. (c) Absorbance spectrum evolution with
time during incubation of probe 2¢ in 25 uM PBS buffer, pH 7.4, with E.
coli NTR (1 ug/mL) and 0.5 mM NADH.

NTR also failed to produce any detectable activation of 2b.
Conversely, good activation was observed for 2a and 2¢, which are
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Figure 3. Development of fluorescence from 10 yM 2c¢ following
treatment with 1 pg/mL DT diaphorase (DTD) or nitroreductase
(NTR) in 10 mM PBS buffer, pH 7.4, for 20 min at 25 °C with or without
0.5 mM NADH.

Figure 4. Fluorescence emission from 2c¢ colocalized to mitochondria in
live AS49 cells. Cells were stained with (a) 2.5 ug/mL DAPI for nuclear
staining, (b) 100 nM MitoTracker Green FM for mitochondrial staining,
and (c) 10 uM 2c for NTR detection. (d) Overlay of images a—c.

ortho- and para-substituted, respectively. This confirmed our
expectation but also revealed that activation of 2c was much faster
than that of 2a and increased with increasing substrate
concentration (Supporting Information (SI), Figures S1 and
S2) . This can be explained by a better binding of the p-nitrobenzyl
compounds in the NTR enzyme active site, as reported recently by
Lietal'®

The selectivity of the probe was also investigated using DT
diaphorase, another two-electron reductase capable of activating
small molecules.'® As shown in Figure 3, significant activation
occurred only in the presence of NTR + NADH, also affirming the
NADH dependency of the enzyme.'” Monitoring the absorbance
spectrum during NTR activation of 2c (Figure 2c) showed an
increase of the absorbance band centered at 572 nm. This confirms
that the released fluorescent dye is effectively of the QCy7 type by
comparison with an authentic standard prepared by chemical
synthesis (SI, Figure S3).

With the viability of this probe thus confirmed, we carried out
microscopy experiments employing A549 cancer cells (Figure 4).
Incubation of 10 ¢M 2c with the cells for 4 h was followed by
addition of 100 nM MitoTracker Green (40 min incubation).

The results clearly show the appearance of a red signal (Figure
4c) characteristic of the release of QCy7 dye 3. The green channel
(Figure 4b) illustrates visualization of the mitochondria by
MitoTracker Green. Superposition of panels a—c (Figure 4d)
shows complete overlap of the red and green signals, resulting in a
yellow signal around the nucleus (stained in blue using DAPI). As
a control, probes 2a and 2b were also tested and did not provide a
good signal at 4 h (S, Figure S4). This is understandable for 2b, as
no elimination process is possible, as confirmed during the in vitro
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Figure S. Use of NTR for antimycin A (AMA) release in mitochondria.
(a) Syntheses of p-nitrobenzyl-O-AMA (4a) and benzyl-O-AMA (4b)
through alkylation of AMA. (b) Time course of appearance of AMA
fluorescence (Ao, ~ 425 nm)'® during microscopy experiments in live
AS549 cancer cells treated with AMA and its alkylated derivatives 4a and 4b
at 25 uM concentrations for 4 h. The need for high concentrations of 4a/
4b reflected the low quantum yield of the released AMA (~0.06). (c)
AMA fluorescence signal after release by NTR from alkylated analogues
of AMA. Free AMA appeared exclusively in the mitochondria following
treatment with 4a, while treatment with 4b resulted in no significant
release of AMA.

tests. In the case of 2a, we assume that the low kinetics of the
reduction (Figure 2b) is probably the cause of the absence of a
strong signal. The appearance of a signal from 2c was
concentration dependent (SI, Figure SS), was weaker after
shorter incubation times (SI, Figure S6), and was inhibited by the
bacterial NTR inhibitor dicoumarol'® (SI, Figure S7). We note
that no fluorescence has been reported using NIR dyes not
targeted to the mitochondria.'” This constitutes the first direct
visualization of NTR activity localized in mitochondria. Notably,
no hypoxic condition was required, i.e., the observed activity must
be of type I, but this does not exclude the possible additional
presence of one or more type II NTRs in the mitochondria. The
selectivity of this probe for mitochondrial NTR under normoxic
conditions might well be exploitable for more accurate imaging of
the mitochondria. In comparison with mitotracker imaging
agents, which accumulate in the mitochondria by virtue of their
positive charge and the polarization of the mitochondrial
membrane, the present probe is profluorescent and converted
to afluorophore exclusivelyin the presence of NTR, i.e., within the
mitochondria.

The finding of NTR activity associated with the mitochondria of
human cells encouraged us to design a new prodrug based on the
mitochondrial poison antimycin A (AMA). We recently noted
that AMA is toxic only at relatively high concentration,'” plausibly
due to a lack of facile access to the mitochondria. Further, it has
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Figure 6. Biological activity of AMA, 4a, and 4b, (a) NADH oxidase
activity assays on AMA, 4a,and 4b at 0.05, 0.1,and 0.5 #M concentrations.
(b) Cytotoxicity of AMA, 4a, and 4b toward AS49 lung cancer cells after
24 h of incubation at 1, 5, and 10 uM concentrations.
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Figure 7. Cytotoxicity of AMA, 4a, and 4b toward (a) WI38 normal
human lung cells, (b) BT474 breast cancer cells, and (c) DU14S prostate
cancer cells after 24 h of incubation with these compounds at 1, §, and 10
H#M concentrations.
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been shown that there is at least one locus of action for AMA that
does not involve the respiratory chain.”” It seemed possible that,
by O-alkylating AMA with a p-nitrobenzyl moiety, we might
facilitate mitochondrial delivery and release the active form of the
compound only in the mitochondria. Accordingly, O-p-nitro-
benzyl-AMA (4a) was prepared in good yield by alkylation of
AMA (Figure Sa). Also prepared as a negative control was O-
benzyl-AMA (4b). Compounds 4aand 4b lack fluorescence, while
AMA s fluorescent.'® It should thus be possible to monitor the
release of AMA within the mitochondria after enzymatic
reduction of the nitro moiety in 4a. As anticipated, AMA was
released from 4a by the action of mitochondrial NTR, but not to a
significant extent from 4b (Figure Sb), and its appearance was
localized to the mitochondria (Figure Sc). In comparison, AS49
cells treated with AMA resulted in a distribution of AMA which did
not fully colocalize with mitochondria (SI, Figure S8).

Evaluation of 4a and 4b relative to AMA was carried out by
comparing their effects both on the activity of the mitochondrial
respiratory chain and on cell viability. As shown in Figure 6a, AMA
was a potent inhibitor of NADH oxidase, which measures the
activity of mitochondrial respiratory complexes I, III, and IV.
‘While AMA inhibited NADH oxidase essentially completely at S0
nM concentration, 4a and 4b exhibited much weaker activity. This
is not surprising, given the putative importance of the phenolic
moiety in AMA in association with the respiratory chain through
hydrogen bonding.”' Despite their similar inhibitory activity
toward NADH oxidase, 4a was much more cytotoxic toward A549
cancer cells than 4b, no doubt due to the conversion of 4a to AMA
within the mitochondria by the NTR. Compound 4a was
considerably more cytotoxic than exogenously added AMA
despite the ready cellular uptake of AMA (Figure Sb), under-
scoring the belief that the latter is not delivered efficiently to the
mitochondria. This represents the first example of the use of a
mitochondrial NTR for selective mitochondrial drug delivery, and
should be extensible to numerous other classes of potential
therpeutic agents. We note that 4a is not positively charged, so its
mitochondrial delivery must be due to some other facet of its
structure.”

To explore the generality of the biological phenomena noted
above in other cell lines, we also studied the cytotoxic effects of
AMA, 4a, and 4b on three other human cell lines. As noted in
Figure 7, the effects of the compounds on these cell lines were
closely analogous to what was observed for cultured A549 lung
cancer cells. The experiments shown in Figures 6b and 7a were
also carried out for 48 h with quite similar results (SI, Figure S9).

In summary, we have identified a type I nitroreductase within
the mitochondria of A549 human lung adenocarcinoma cells and
demonstrated that this activity could be employed for the selective
mitochondrial release of a fluorescent QCy7 dye from a caged,
non-fluorescent precursor that was transported into the mito-
chondria. The same protecting group was used to prepare a
prodrug of the mitochondrial poison antimycin A. The prodrug
was transported into the mitochondria more efficiently than AMA
itself, leading to more potent cell killing. The AMA prodrug 4a
exhibited the same cytotoxic effects in comparison with AMA and
prodrug 4b in three additional human cell lines.
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