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ABSTRACT: Human cathepsin B has many house-keeping
functions, such as protein turnover in lysosomes. However,
dysregulation of its activity is associated with numerous
diseases, including cancers. We present here the structure-
based design and synthesis of new cathepsin B inhibitors using
the cocrystal structure of 5-nitro-8-hydroxyquinoline in the
cathepsin B active site. A focused library of over 50
compounds was prepared by modifying positions 5, 7, and 8
of the parent compound nitroxoline. The kinetic parameters
and modes of inhibition were characterized, and the selectivities of the most promising inhibitors were determined. The best
performing inhibitor 17 was effective in cell-based in vitro models of tumor invasion, where it significantly abrogated invasion of
MCF-10A neoT cells. These data show that we have successfully explored the structure−activity relationships of nitroxoline
derivatives to provide new inhibitors that could eventually lead to compounds with clinical usefulness against the deleterious
effects of cathepsin B in cancer progression.

1. INTRODUCTION

Human cathepsin B (catB, EC 3.4.22.1) is a lysosomal cysteine
protease that belongs to the papain family (C1) of the CA clan
of cysteine proteases.1 CatB is ubiquitously expressed in a
variety of tissues, where it is involved in a number of
physiological processes, such as protein turnover in lysosomes,2

bone remodeling,3 liberation of thyroid hormones,4 and antigen
processing.5 However, a number of studies have shown that
alterations in catB expression, protein levels, activity, and
localization are associated with a variety of diseases, such as
Alzheimer’s disease,6 rheumatoid arthritis,7 osteoarthritis,8

pancreatitis,9 and cancers.10 Of note, elevated catB activity
has been shown for many human tumors and has been
proposed as a prognostic marker in patients with melanoma
and with head and neck, brain, breast, ovarian, colorectal, and
lung cancer.11,12 CatB is localized to perinuclear vesicles in
normal cells; however, it has been shown that in transformed
and cancer cells, it adopts a more peripheral distribution in the
cytoplasm and is associated with the plasma membrane.13 It can
also be secreted into the extracellular environment.14−16 Once
secreted, catB can affect the extracellular matrix (ECM) either
directly via proteolytic degradation of its components (collagen
type IV, laminin, fibronectin)17−19 or indirectly via activation or
amplification of other proteases in the proteolytic cascade (pro-

urokinase plasminogen activator, matrix metalloproteinases 1−
3). Both of these events lead to ECM breakdown, a crucial step
that enables tumor invasion and metastasis.16,20

CatB is unique among the cysteine cathepsins because of its
ability to act as both an endopeptidase and a dipeptidyl
carboxypeptidase, through removal of dipeptides from the C-
terminal of peptidyl substrates.2 This dual character is
attributed to the presence of a ∼20 amino acid insertion,
termed the occluding loop.21 Two salt bridges that attach the
loop to the body of the enzyme (Asp22−His110, Asp224−
Arg116) limit the access of extended substrates to the primed
sites of the active-site cleft, which renders catB a weaker
endopeptidase compared to the other cysteine cathepsins.22,23

Additionally, two histidine residues located at the tip of the
occluding loop (His110, His111) provide positively charged
anchors for the C-terminal carboxylate group of peptidyl
substrates, and this explains the well-known carboxypeptidase
activity of catB. This carboxypeptidase activity has a pH
optimum of around 5,24 which associates the exopeptidase
activity of catB with its physiological role in the lysosomal
compartments. However, the endopeptidase function of catB
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greatly increases when the contacts that bind the loop to the
body of the enzyme are weakened.22 This endopeptidase
conformation of catB can be stabilized by inhibitors, such as
cystatin C,25 stefin A,26 and chagasin.27 Moreover, it has been
shown that catB endopeptidase activity increases with increased
pH,24 which indicates that this activity has a vital role in the
pathological processes of catB in extralysosomal and extrac-
ellular environments (e.g., in degradation of the ECM).
Most of the synthetic catB inhibitors that have been

described to date are peptidyl compounds that contain an
electrophilic functionality that forms an irreversible or
reversible covalent bond with the catalytic cysteine in the
active site of catB.28 Because of their peptidyl nature and
reactivity toward off-target proteins, these inhibitors usually
have low bioavailability and side effects, which limits them to
research use only.29 Therefore, there is a great need for the
discovery of new catB-inhibiting scaffolds that can circumvent
the current limitations of these catB inhibitors. Recent studies
have focused on the discovery of reversible covalent cysteine
cathepsin inhibitors that have a mildly electrophilic “warhead”,
of which the nitrile-containing functionalities are receiving the
most attention mainly because of their reversible mode of
inhibition and their low reactivities toward other cellular
nucleophiles.30

Recently, we described the established antimicrobial agent 5-
nitro-8-hydroxyquinoline (nitroxoline, Figure 1) as a potent,

selective, and reversible inhibitor of catB endopeptidase
activity.31 Moreover, we reported the cocrystal structure of
nitroxoline in the active site of catB (PDB code 3AI8), and as
evident from this structure, the nitro group of nitroxoline
interacts with two histidines in the occluding loop of catB
(His110 and His111). This is in agreement with previous
studies that have reported selective catB inhibition through
interactions with the occluding loop, a unique feature of
catB.32,33 However, the cocrystal structure also indicated that
this inhibition can still be improved upon by modifying the
structure of nitroxoline to fill the empty S1′ pocket and by
introducing an electrophilic “warhead” that can form reversible
covalent interactions with the active site thiol. Therefore, we
report here the design and synthesis of a focused library of
compounds that were used to explore the structure−activity
relationships of nitroxoline derivatives against catB endopepti-
dase and exopeptidase activities. Our efforts have resulted in the
synthesis of a novel, selective, and potent catB inhibitor,
compound 17, which primarily inhibits catB endopeptidase
activity and impairs this enzyme activity in cell-based in vitro
models of tumor invasion.

2. DESIGN
The crystal structure of nitroxoline31 in the catB active site was
used as the starting point for further derivatization and
optimization to find new catB inhibitors. From the druglikeness

point of view, the 5-nitro-8-hydroxy scaffold of nitroxoline
offers many opportunities for optimization, as it is a very small
molecule and it can be readily modified synthetically. To
establish the structure−activity relationships of the synthesized
compounds, we pursued four different approaches (Figure 2).

First, we evaluated whether the NO2 group can be replaced
with its (bio)isosteres. Next, we synthesized several derivatives
with different substitutions at position 7 of nitroxoline. Third,
we synthesized a variety of 8-substituted 5-nitroquinolines, and
finally, we replaced the quinoline ring with a naphthalene
moiety on a limited number of compounds to determine the
role of the bicyclic aromatic system in catB inhibition.

3. CHEMISTRY
3.1. Synthesis of the Nitro Group (Bio)Isosteres.

Compounds 1−6 were synthesized under the conditions of
Skraup synthesis (Scheme 1). Variously substituted 2-
hydroxyanilines were mixed with acrolein (or crotonaldehyde
in the case of compound 6) in the presence of 6 M HCl at 100
°C for 1 h. Although the yields were moderate, this procedure
allowed us to obtain compounds with most of the recently
described NO2 group isosteres (COOH, compounds 1, 5, and
6; SO3H, compound 2; SO2CH3, compound 3; CF3, compound
4).34 Moreover, the carboxyl groups of compounds 5 and 6
were converted into methyl esters (compounds 7 and 8), as this
moiety was also described as a NO2 group bioisostere. For the
esterification, we used diazomethane that was freshly prepared
before the reaction. However, under the reaction conditions
applied, there was concurrent methylation of the hydroxyl
group of the ring in both cases (Scheme 1). To accurately cover
the majority of the alternative NO2 substituents described in
the literature,34 we additionally purchased two compounds,
namely, 5-fluoro-8-hydroxyquinoline (9) and 4-hydroxy-1,5-
naphthyridine (10), the latter with the pyridine nitrogen as an
aromatic NO2 group isostere (Table S1, Supporting Informa-
tion).

3.2. Modifications to Position 7 of Nitroxoline. The 7-
substituted nitroxoline derivatives were obtained via previously
described procedures.35 By applying the Mannich reaction
conditions, we synthesized several structurally diverse 7-
aminomethylated derivatives 11−20 in good yields (Scheme
2, Table 1). Compound 21 was obtained from 20 using alkaline
hydrolysis. Additionally, we synthesized two compounds with
small and relatively polar substituents at position 7 of the
quinoline ring: compound 23 was obtained by nitration of 8-
hydroxyquinoline (22), whereas compound 25 was obtained by

Figure 1. Nitroxoline (5-nitro-8-hydroxyquinoline) and its endopepti-
dase and exopeptidase inhibition of catB.31

Figure 2. Schematic representation of the modifications to nitroxoline.
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nitration of 8-hydroxyquinoline-7-carboxylic acid (24) (Scheme
2).
3.3. Synthesis of 8-Substituted Derivatives. Several

synthetic approaches were used to obtain various 8-substituted
nitroxoline derivatives. Four different 8-alkyloxy-5-nitroquino-
lines were synthesized (Scheme 3). As the alkylation of
nitroxoline with 2-bromoacetonitrile was not successful under
several conditions, we pursued a different synthetic approach.
8-Hydroxyquinoline (22) reacted easily with 1 equiv of 2-
bromoacetonitrile in the presence of Cs2CO3, which provided

the 8-cyanomethoxy product 26 in high yield (91%). After that,
an efficient nitration procedure using a KNO3/H2SO4 mixture
was applied, which provided the desired product 27 in 85%
yield, with only minor amounts of the side product 28. The
amount of 28 was reduced by the minimal amount of sulfuric
acid used. The hydrolysis of the cyano group of 27 to the
carboxyl derivative 29 was achieved by heating in concentrated
HCl for 24 h, and the subsequent conversion to the methyl
ester 30 was performed using diazomethane (Scheme 3).
The synthesis of 8-amino-5-nitroquinoline (32) proceeded

smoothly by the previously described aromatic amination of 5-
nitroquinoline, using (31) 1,1,1-trimethyhydrazinium iodide
(TMHI) and t-BuOK in dimethyl sulfoxide (DMSO) (Scheme
4).36 Starting from the 8-aminoquinoline (34), the 8-
acetamido-5-nitroquinoline (36) was also synthesized. As a
side product under these reaction conditions, we concurrently
obtained the 5,7-dinitrated 8-aminoquinoline analogue 37
(Scheme 4).
In parallel with these studies an efficient microwave-assisted

synthetic procedure for synthesis of the 5-nitro-8-quinolinyl-
amine derivatives was discovered.37 We revealed that the
cyanomethoxy group can serve as a good leaving group for
nucleophilic aromatic substitutions in the quinoline system.
Several different nitrogen nucleophiles (3 equiv) were thus
reacted under microwave conditions (150 W, 15 min to 2 h,
MeCN) with 8-cyanomethoxy-5-nitroquinoline (27), which has
OCH2CN as a leaving group at position 8 of the quinoline ring
(Scheme 5, Table 2). This methodology provided rapid access
to different 8-aminonitroxoline analogues 38−48 in moderate
to high yields.

3.4. Replacing the Quinoline Ring with a Naphthalene
Ring. In the last phase, we wanted to determine if the quinoline
ring represents an important part of catB inhibitors (with a
limited number of compounds). As well as purchasing 4-nitro-
1-naphthol (49) and 1-amino-4-nitronaphthalene (50) to
directly compare them with their quinoline analogues (i.e.,
nitroxoline and compound 32), we used compound 49 to
synthesize two additional derivatives to compare their
inhibitory activities with the corresponding compounds from
the quinoline series. First, we transformed the hydroxyl group
of compound 49 into methylsulfonate 51, and then we reacted

Scheme 1. Synthesis of the Compounds with Isosteric Replacement of the NO2 Group
a

aReagents and conditions: (a) acrolein, 6 M HCl, 100 °C, 1 h; (b) crotonaldehyde, 6 M HCl, 100 °C, 1 h; (c) CH2N2, Et2O, room temp, 1 h.

Scheme 2. Synthesis of the 7-Substituted Nitroxoline
Analoguesa

aReagents and conditions: (a) corresponding amine (R1R2NH, Table
1), HCHO, Py, 60 °C, 1−24 h; (b) 1 M NaOH, dioxane/H2O, room
temp, 2 h; (c) HNO3/H2SO4, room temp, 3 h.
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this intermediate with either pyrrolidine or morpholine to yield
52 or 53, respectively (Scheme 6).
Moreover, some structurally distinct derivatives were

synthesized (without a quinoline analogue). For example, 1-
amino-4-nitronaphthalene (50) was used to try to incorporate a
cyano moiety into the molecule and to obtain the 1-cyanamide-
4-nitronaphthalene. For this purpose, we reacted compound 50
with cyanogen bromide; however, after isolation and
purification of the product, we established with NMR and
mass spectrometry that bromination at the position ortho with
respect to the amino group took place to yield compound 54
(Scheme 6). Nevertheless, we successfully cyanomethylated
compound 50 using paraformaldehyde, KCN, and ZnCl2 in
CH3COOH. Both the monocyanomethylated product 55 and
the dicyanomethylated product 56 were isolated and purified
(Scheme 6). Other compounds included in this series were
purchased from commercially available sources (compounds 57
and 58, Table 3).

4. RESULTS AND DISCUSSION

4.1. Cathepsin B Inhibitory Activities and Enzyme
Kinetics. The synthesized compounds were first evaluated for
their relative inhibition of catB endopeptidase and exopeptidase
activities, using the catB specific substrates Z-Arg-Arg-7-amido-
4-methylcoumarin (Z-Arg-Arg-AMC) and 2-aminobenzoyl
(Abz)-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH, respectively (results
not shown). The compounds that showed relative inhibitions
similar to nitroxoline at 50 μM (endopeptidase activity, 21.9%
± 3.3%; exopeptidase activity, 24.7% ± 2.8%) were further
carefully characterized by determining their kinetic parameters
and their mode of inhibition. The exact protocols are described
in the section Materials and Methods.
Nitro-substituted benzene derivatives are associated with

toxicity that is a consequence of partial reduction to the
hydroxylamine, which can then undergo metabolic activation to
an electrophilic nitroso species.34 For this reason and to
evaluate the importance of the NO2 group for catB inhibition,
we replaced the NO2 functionality with its (bio)isosteric
surrogates: a carboxyl group (compound 1), sulfonic acid
(compound 2), a methylsulfonyl group (compound 3), a
trifluoromethyl group (compound 4), a carboxymethyl group
(compound 8), fluorine (compound 9), and the ring nitrogen
(compound 10). This last was used, as it is known that pyridine
is the most common aromatic NO2 isostere. Moreover, the
positions of the carboxyl and the carboxymethyl groups were
also varied (from 5-substituted to 6-substituted compounds, 5
and 7) to see if the position on the ring has any role. It was

Scheme 3. Synthesis of the 8-Alkyloxy Substituted Nitroxoline Analoguesa

aReagents and conditions: (a) BrCH2CN, Cs2CO3, DMSO, room temp, 1 h; (b) KNO3/H2SO4, 0 °C, 15 min, room temp, 1 h; (c) HCl (37%), 60
°C, 24 h; (d) CH2N2, Et2O, room temp, 1 h.

Scheme 4. Synthesis of 8-Amino-5-nitroquinoline (32) and 8-Acetamido-5-nitroquinoline (36)a

aReagents and conditions: (a) TMHI, t-BuOK, DMSO, room temp; (b) Ac2O, room temp; (c) KNO3/H2SO4, 0 °C to room temp, 5 h.

Scheme 5. Synthesis of 5-Nitro-8-quinolinylaminesa

aReagents and conditions: (a) corresponding amine (R1R2NH, Table
2), microwave, MeCN, 15 min to 2 h.
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previously established that the absence of the NO2 group of
position 5 on a quinoline ring leads to a loss of catB inhibition
(compound 22, Table S1, Supporting Information)31 and that
replacing the nitro group with an amino moiety leads to a
switch from catB-specific inhibition to redox-based nonspecific
inactivation of cysteine cathepsins.38 The results presented in
Table S1 show that replacing the nitro group with the
substituents used in this study leads to a loss of catB inhibition
(Table S1), confirming the findings of our previous study;
hence, the NO2 group at position 5 is a prerequisite for catB
inhibition.
On the basis of the cocrystal structure of nitroxoline with

catB,31 we hypothesized that substituents attached to position 7
of 5-nitro-8-hydroxyquinoline would extend into the S1′ subsite
and thus contribute to the binding affinity and enhance catB
inhibition. For this reason, 7-aminomethylated derivatives 11−
21 were synthesized and evaluated for catB inhibition. As the
S1′ subsite favors hydrophobic interactions,39,40 lipophilic
moieties were predominantly used at position 7 of the
quinoline ring.
Most of the 7-aminomethylated derivatives 11−21 showed

the same mode of catB endopeptidase inhibition as for
nitroxoline (Table 1), i.e., a mixed type of inhibition with a
predominantly uncompetitive component. The Ki′ values for
the dissociation of the enzyme−substrate−inhibitor complex
were in most cases lower than the Ki values for the dissociation
of the enzyme−inhibitor complex. Therefore, we can postulate
that these derivatives bind to the enzyme−substrate complex
with a higher affinity than to the free enzyme. Also, the
inhibitory activities of the catB endopeptidase function
remained in the same concentration range as for the parent
nitroxoline. The only exceptions to this rule were compounds
15 and 17, which inhibited catB as uncompetitive inhibitors
with improved inhibition over nitroxoline.
When using Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH as the

substrate for the catB exopeptidase activity, most of the 7-
substituted derivatives 11−21 showed the same mode of

inhibition as nitroxoline, i.e., noncompetitive. The only two
exceptions were compounds 15 and 21, where the former
showed mixed inhibition and the latter showed competitive
inhibition of the catB exopeptidase activity. Moreover, these
derivatives were all similarly potent inhibitors of catB
exopeptidase activity as nitroxoline, with Ki values ranging
from 130 to 360 μM (Table 1).
Interestingly, 7-substituted nitroxoline derivatives that have

either an NO2 (23) or a COOH (25) group at this position
showed uncompetitive inhibition of catB endopeptidase activity
(Table 1). Similar to nitroxoline, compound 23 showed 2-fold
selectivity for inhibition of the endopeptidase activity (Ki = 72
± 8 μM, Table 1). Although the inhibition of catB exopeptidase
activity of compound 25 was not pronounced (Ki = 221 ± 33
μM, Table 1), it is very interesting that this compound (25)
showed a competitive mechanism of inhibition.
Taken together, the most promising compound of this series

proved to be compound 17. When using Z-Arg-Arg-AMC as a
substrate, compound 17 acted as an uncompetitive inhibitor of
catB, with a Ki′ of 5 ± 1 μM (8-fold improvement over
nitroxoline). Additionally, it showed 85-fold selectivity for
inhibition of the endopeptidase activity and thus represented
the most suitable candidate molecule for investigation in the
biological assays.
In agreement with our previous study that showed that

removal of the hydroxyl group from position 8 of the 5-
nitroquinoline ring resulted in significantly lower catB
inhibition (compound 31, Table S3, Supporting Informa-
tion),31 the 8-alkyloxy substituted nitroxoline derivatives
assayed here also led to diminished activity (compounds 27−
30, Table S2, Supporting Information). Similarly, 8-amino-5-
nitroquinoline (32), 6-amino-5-nitroquinoline (33), 8-acetami-
do-5-nitroquinoline (36), and 5,7-dinitro-8-aminoquinoline
(37) showed lower catB endopeptidase inhibition when
compared with nitroxoline (for compounds 32, 33, 36, and
37, see Table S3, Supporting Information). On the basis of the
docking experiments (not shown), we postulate that larger

Scheme 6. Synthesis of the Naphthalene Derivativesa

aReagents and conditions: (a) MeSO2Cl, Et3N, CH2Cl2, room temp; (b) pyrrolidine, EtOH, microwave, 100 °C, 20 min; (c) morpholine, EtOH,
microwave, 100 °C, 10 min; (d) BrCN, THF; (e) (CH2O)n, KCN, ZnCl2, CH3COOH, H2SO4, 55 °C.
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substituents are needed at position 8 of the 5-nitroquinoline, as
they can then extend into the S1 and/or S2 subsite of the active
site. Therefore, we synthesized several 5-nitro-8-quinolinyl-
amines (compounds 38−48, Table 2) to clarify the role of
different substituents at this position.
A general trend from the inhibition assay results of the 5-

nitro-8-quinolinylamines 38−48 (Table 2) is that these
compounds are weaker endopeptidase inhibitors than nitroxo-
line, although they showed better inhibition when Abz-Gly-Ile-
Val-Arg-Ala-Lys(Dnp)-OH was used as the substrate. The most
potent exopeptidase activity inhibitor was compound 42, with a
Ki of 24 ± 1 μM (more than 10-fold lower compared with
nitroxoline). It is possible that the 4-methylpiperidine moiety
binds in the S1 or S2 pocket of the active site of catB, and this
can contribute to an improved binding affinity. It is known that
the S1 and S2 subsites prefer hydrophobic and basic
residues.39,40 This might explain the slightly improved results
obtained for compounds with saturated rings (41−44) or
pyridine (47) attached at position 8, in comparison with
compounds with a benzyl moiety (45, 46, 48) (Table 2). From
a comparison of the inhibitory activities of compounds 40, 41,
42, and 43, we can postulate that larger saturated hydrophobic
moieties at position 8 of the 5-nitroquinoline ring are preferred
for improved inhibition of exopeptidase activity. The detailed

kinetic analyses showed that 5-nitro-8-quinolinylamine deriva-
tives act as noncompetitive inhibitors of catB exopeptidase
activity (with the exception of compounds 44 and 46, which
acted as mixed and competitive inhibitors, respectively).
From the assay results of the compounds with a naphthalene

ring presented in Table 3, we see that removal of the ring
nitrogen had an influence on the potency; e.g., 4-nitro-1-
naphthol (49) was approximately 2-fold less potent than
nitroxoline, although it retained the same mode of inhibition.
Conversely, 1-amino-4-nitronaphthalene (50) showed very
similar inhibitory properties of both catB activities when
compared with its quinoline counterpart, compound 32 (Table
S3). Through comparing compounds 52 and 53 with 40 and
41, we can postulate that the quinoline replacement does not
impair the inhibition of endopeptidase activity, as this stays
approximately the same. However, there was an improvement
in the catB exopeptidase inhibition with the naphthalene
derivative 53 (Ki = 85 ± 9 μM, Table 3), in comparison to
compound 41 (Ki = 155 ± 10 μM, Table 2), and also derivative
52 (Ki = 34 ± 5 μM, Table 3) in comparison to compound 40
(no inhibition observed, Table 2).
The most promising compound from this series was

compound 54, which showed almost 7-fold selectivity for
inhibition of the endopeptidase activity. The kinetic studies

Table 1. Cathepsin B Inhibitory Activities of 7-Substituted Nitroxoline Derivatives

aKi and Ki′ values are the mean ± SD (n = 4). bMixed inhibition. cNoncompetitive inhibition. dUncompetitive inhibition. eCompetitive inhibition.
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Table 2. Cathepsin B Inhibitory Activities of 5-Nitro-8-quinolinylamines

aKi and Ki′ values are the mean ± SD (n = 4). NI: no inhibition. bMixed inhibition. cNoncompetitive inhibition. dUncompetitive inhibition.
eCompetitive inhibition.

Table 3. Cathepsin B Inhibitory Activities of Naphthalene Derivatives

aKi and Ki′ values are the mean ± SD (n = 4). NI: no inhibition. n.d.: not determined. bMixed inhibition. cNoncompetitive inhibition.
dUncompetitive inhibition.
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demonstrated that compound 54 acts as an uncompetitive
inhibitor, with a Ki of 32 ± 14 μM. Of great interest, compound
52 showed a 5-fold preference for catB exopeptidase inhibition
over its endopeptidase activity. Although this compound is
most probably not suitable for further development of catB
inhibitors, it can be used as a research tool to help to elucidate
the role of catB in physiological and pathological processes, as
proposed previously for catB inhibitors that primarily target the
catB exopeptidase activity.41

Nitrile-containing inhibitors of the cysteine cathepsins that
form reversible covalent interactions with the active site thiol
have received growing interest over the past decade.30 As
evident from the cocrystal structure of nitroxoline in the catB
active site,31 we predicted that positions 7 and 8 on the
quinoline ring are in the proximity of the catalytic Cys29.
Moreover, these positions also offer the possibility of
straightforward chemical modifications, and they are thus
suitable for the introduction of this mildly electrophilic
“warhead”. The small series of nitroxoline derivatives presented
here contained the nitrile moiety (compounds 15−17, 27, 55,
56). Although the inhibitory activities of these synthesized
derivatives improved in some cases (e.g., compounds 15 and
17), it appears that this was not a consequence of a covalent
reaction, as the literature data show that the Ki values are
significantly lower when the cysteine is involved in a covalent
reaction.30

As it is unclear whether micromolar-range enzyme inhibitors
are potent enough to be considered as potential drug
candidates for anticancer therapy, the best performing
compound from the series (compound 17) was further
evaluated in functional in vitro tests using the human
transformed cell line MCF-10A neoT (see section 4.3). At
this point, it is also appropriate to emphasize the low molecular
weight of the inhibitors presented here. This fact renders them
appropriate for further optimization and improvement of their
potency in order to obtain compounds that are even more
suitable as potential drug candidates.
4.2. Cathepsin B Selectivity. The selective catB

endopeptidase inhibitors 17 and 54 and the selective catB
exopeptidase inhibitors 42 and 52 were chosen as the most
promising among these compounds. To assess their selectivity
toward catB, two additional cysteine proteases, cathepsin H
(catH, EC 3.4.22.16) and cathepsin L (catL, EC 3.4.22.15)
were chosen because of their distinct mechanisms of enzymatic
cleavage. Whereas catH cleaves substrates as an amino- and
endopeptidase, catL acts as an endopeptidase.2 These
compounds showed a preference for catB inhibition over
catH and catL inhibition. Compound 17 was the most selective,
as it showed 24-fold and 23-fold greater preference for
inhibition of catB over catH and catL, respectively (Table 4).

Compound 42 showed 9-fold and 6-fold greater preference for
inhibition of catB over catH and catL, respectively. A similar
trend was seen with compounds 52 and 54, which showed 7-
fold and 11-fold greater preference for inhibition of catB over
catH and concurrently a more than 6-fold greater inhibition of
catB over catL. In general, these compounds showed improved
selectivity toward catB over the parent compound nitroxoline,
which was previously shown to have a 7.4-fold and 4.8-fold
greater preference for inhibition of catB over catH and catL,
respectively.31

4.3. In Vitro Anticancer Activity. CatB has been shown to
be substantially involved in the progression of cancers through
its facilitation of the intracellular and extracellular degradation
of ECM proteins.10,18 To assess the ability of the best of these
compounds in the presented series (compound 17) to impair
these deleterious processes, MCF-10A neoT cells (c-Ha-ras-
transformed human breast epithelial cells) and the quenched
fluorescent substrate DQ-collagen IV were used. Collagen IV is
a major constituent of basement membranes,42 and this
fluorescein-labeled derivative of collagen IV shows bright
green fluorescence after enzymatic cleavage. As shown
previously,18,19,31 the MCF-10A neoT cells degraded DQ-
collagen IV intracellularly and extracellularly (Figure 3A).

While the latter is associated with pericellular forms of
cathepsin B (bound to the cell surface or exocytosed in the
extracellular milieu), the former is associated with lysosomal
cathepsin B, which degrades the endocytosed and partially
degraded ECM. Previous studies have shown that the sole
inhibition of the extracellular catB is not enough for significant
attenuation of tumor cell invasion and that the intracellular catB
inhibition is also needed to efficiently impair tumor cell
invasion43 and angiogenesis.44 Therefore, there is a great need
for cell-permeable inhibitors of catB that are able to cross cell
membranes and inhibit the intracellular catB. Here, the addition

Table 4. Inhibition Constants of Selected Compounds
against Cathepsins H and L

cathepsin H, R-AMC

compd Ki (μM)a Ki′ (μM)a cathepsin L, Z-FR-AMC, Ki (μM)a

17 129 ± 6b 129 ± 6b 124 ± 3c

42 221 ± 37b 221 ± 37b 155 ± 0c

52 251 ± 33d 245 ± 6c

54 354 ± 37d 182 ± 4c

aKi and Ki′ values are the mean ± SD (n = 4). bNoncompetitive
inhibition. cCompetitive inhibition. dUncompetitive inhibition.

Figure 3. Compound 17 inhibits DQ-collagen IV degradation and
tumor cell invasion of MCF-10A neoT cells. (A) MCF-10A neoT cells
degrade DQ-collagen IV intracellularly (white arrows) and extracell-
ularly (green arrows), as shown under fluorescence microscopy. (B)
Addition of compound 17 (5 μM) impairs intracellular and
extracellular DQ-collagen IV degradation. (A, B) Main panels are
images of green fluorescence following hydrolysis of DQ-collagen IV
(scale bar, 20 μm), and the smaller inserted panels are transmission
images. (C) Compounds 17 (5 μM) and CA-074 (5 μM) significantly
abrogated MCF-10A neoT cell invasion in the xCELLigence system.
The results are the mean ± SD (n = 4) and are representative of two
independent experiments: (∗) P < 0.05, (∗∗∗) P < 0.001, relative to
DMSO control (two-tailed Student’s t-test).
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of compound 17 to the cell medium (final concentration, 5
μM) attenuated both the intracellular and extracellular DQ-
collagen IV degradation, as shown under fluorescence
microscopy (Figure 3B) indicating that compound 17 possesses
the desired cell-permeable characteristics.
As ECM degradation is a prerequisite for tumor invasion, we

postulated that compound 17 might also be effective in the
blocking of tumor-cell invasion. For this purpose, we used an in
vitro invasion model: the xCELLigence system. This is a two-
chamber-based system, with the chambers separated by a
porous membrane coated with a layer of matrix that mimics the
ECM. The xCELLigence system allows real-time monitoring of
cells that degrade the ECM barrier and migrate to the lower
chamber. By use of this system, compound 17 (final
concentration, 5 μM) was shown to significantly abrogate the
invasion of MCF-10A neoT cells (80% ± 11%), compared to
the DMSO control (Figure 3C). As a positive control, an
irreversible catB-specific inhibitor CA-074 (final concentration,
5 μM, previously shown to be nontoxic18) was used. CA-074
significantly inhibited MCF-10A neoT cell invasion (48 ±
10%) when compared to DMSO (Figure 3C). These values are
in line with the previous reports showing that the inhibition of
catB cannot completely impair the invasiveness of tumor cells
because of the induction of other proteases providing
alternative invasion mechanisms.45 The CA-074 effect on
MCF-10A neoT cell invasion was weaker when compared to
compound 17, albeit not significantly. Lower inhibition of CA-
074 can be attributed to the nature of its mechanism of action:
as an irreversible inhibitor its concentration might become
depleted during the 3-day invasion assay. Furthermore, its ionic
and peptidic nature renders it cell-impermeable, penetrating the
cell membrane only after prolonged exposure,43 whereas
compound 17 displays cell permeable characteristics (Figure
3B).
To exclude the possibility that attenuation of ECM

degradation and tumor cell invasion are due to cytotoxic
effects of compound 17, cell viability studies were also
performed using the xCELLigence system. MCF-10A neoT
cells were incubated with compound 17 at 2.5 and 5 μM, and
the cell viability was continuously monitored at 15 min intervals
for up to 3 days. Compound 17 did not show significant effects
on MCF-10A neoT cell viability up to the third day of
measurements, where it slightly increased cell proliferation
(113% ± 6% and 117% ± 7% at 2.5 and 5 μM, respectively;
Supporting Information, Figure S1). This thus eliminated the
possibility that the reduction in ECM degradation and tumor
cell invasion resulted from cytotoxicity induced by compound
17 itself.

5. CONCLUSIONS

We synthesized a focused library of nitroxoline derivatives with
the aim of exploring the structure−activity relationships for
catB endopeptidase and exopeptidase activity inhibition. The
best performing and the most promising inhibitor was
discovered among the 7-aminomethylated derivatives. Com-
pound 17 that has a 7-CH2NHCH2CN moiety showed
significantly improved catB endopeptidase inhibition, along
with improved selectivity toward catB over catH and catL, in
comparison with the parent nitroxoline. Its efficacy was
demonstrated in tumor-cell-based assays, where it significantly
inhibited extracellular and intracellular degradation of ECM and
tumor-cell invasion.

Essentially, most of the compounds presented here have very
low molecular weights (e.g., compound 17 has a molecular
weight of only 258), and therefore, they have a very beneficial
binding efficiency index, one of the indices for assessing ligand
efficiency.46 It is widely known that these indices are very useful
for effective compound optimization, as solely taking into
account the potency against the target often leads to the
neglecting of the physical properties of the compounds being
optimized. As a consequence, many such compounds have
extremely high molecular weights (one of the key parameters to
be considered) very early in the hit or lead optimization
process.
Therefore, we are certain that inhibitors of the structural type

presented in our manuscript have importance in the field,
provide a solid foundation for further structure-based develop-
ment of catB inhibitors, and are at the moment appropriately
balanced in terms of potency and molecular weight.

6. EXPERIMENTAL SECTION
6.1. Materials and Methods. Chemistry. Reagents and solvents

were obtained from commercial sources (Fluka, Sigma-Aldrich, Acros
Organics, Alfa Aesar, Fluorochem, TCI). Compound 9 was purchased
from TCI Chemicals, compound 10 from Synchem, compound 49
from Alfa Aesar, and compounds 50, 57, and 58 from Sigma Aldrich.
Their identities were confirmed using 1H NMR (see Supporting
Information for details) and mass spectrometry prior to use in the
biochemical assays. Solvents were distilled before use, while the other
chemicals were used as received. All of the reactions were carried out
under an argon atmosphere with magnetic stirring, unless otherwise
stated. Microwave-assisted reactions were performed using a focused
microwave reactor (Discover, CEM Corporation, Matthews, NC,
U.S.). Analytical TLC was performed on Merck silica gel (60F254)
precoated plates (0.25 mm). The compounds were visualized under
UV light and/or stained with the relevant reagent. Column
chromatography was performed on Merck silica gel 60 (mesh, 70−
230), using the indicated solvents. Yields refer to the purified products,
and they were not optimized. All of the melting points were
determined on a Reichert hot-stage apparatus and are uncorrected.
Optical rotation was measured on a Perkin-Elmer 1241 MC
polarimeter. 1H NMR spectra were recorded on a Bruker Avance
400 DPX and a Bruker Avance III 500 DPX spectrometer at 302 K and
are reported in ppm using tetramethylsilane or solvent as an internal
standard (DMSO-d6 at 2.50 ppm, CDCl3 at 7.26 ppm). The coupling
constants (J) are given in Hz, and the splitting patterns are designated
as follows: s, singlet; bs, broad singlet; d, doublet; dd, double doublet;
t, triplet; m, multiplet. 13C NMR spectra were recorded on a Bruker
Avance 400 DPX and a Bruker Avance III 500 DPX spectrometer at
302 K and are reported in ppm using solvent as an internal standard.
Mass spectra data and high-resolution mass measurements were
performed on a VG-Analytical Autospec Q mass spectrometer.
Elemental analyses were performed on a 240 C Perkin-Elmer C, H,
N analyzer. The purity of all new compounds was determined by
elemental analyses and the purity of some compounds by HPLC.
Analyses indicated by the symbols of the elements were within ±0.4%
of the theoretical values (unless noted otherwise in the Supporting
Information). HPLC analyses were run on an Agilent 1100 system
equipped with a quaternary pump and a multiple wavelength detector.
An Agilent Eclipse C18 column (4.6 mm × 50 mm, 5 mm) was used,
with a flow rate of 1.0 mL/min, detection at 254 nm, and an eluent
system of A, H2O with 0.1% TFA, and B, MeOH. The following
gradient was applied: 0−3 min, 40% B; 3−18 min, 40% B → 80% B;
18−23 min, 80% B; 23−30 min, 80% B → 40% B; run time, 30 min;
temperature, 25 °C. The purity of the compounds was >95%, as
determined by HPLC.

6.2. Enzymes and Assay Buffers. Human recombinant catB was
prepared as reported previously.47 Human native catH was isolated
from human liver,48 and human recombinant catL was expressed in
Escherichia coli.49 The catB endopeptidase and exopeptidase assay
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buffers were 100 mM phosphate buffer, pH 6.0, and 60 mM acetate
buffer, pH 5.0,respectively. The assay buffers for catL and catH were
100 mM acetate buffer, pH 5.5, and 100 mM phosphate buffer, pH 6.8,
respectively. Each of these buffers contained 0.1% PEG 8000 (Sigma-
Aldrich), 5 mM DTT, and 1.5 mM EDTA. Prior to the assays, each
enzyme was activated in the respective assay buffer for 5 min at 37 °C.
6.3. Determination of Relative Inhibition. The substrates Z-

Arg-Arg-AMC (Calbiochem) and Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-
OH (Bachem) were used to assess the endopeptidase and
exopeptidase activities of catB, respectively. Five microliters of the
substrate (final concentrations of 5 and 1 μM for endopeptidase and
exopeptidase substrates, respectively) and 5 μL of the respective
compounds (for a 50 μM final concentration) were added into the
wells of a black microplate. The reaction was initiated by addition of
90 μL of catB in the assay buffer (final concentrations of 5 and 0.5 nM
for the endopeptidase and exopeptidase activities, respectively).
Formation of the fluorescent degradation product of the AMC
substrate was continuously monitored at 37 °C at 460 nm (±10 nm),
with excitation at 380 nm (±20 nm). For Abz-Gly-Ile-Val-Arg-Ala-
Lys(Dnp)-OH, the formation of the fluorescent degradation product
was monitored at 37 °C at 420 nm (±10 nm), with excitation at 320
nm (±20 nm). All of the assay mixtures contained 5% (v/v) DMSO
and 0.01% Triton X-100 to prevent false-positive inhibition due to the
formation of compound aggregates.50 All of the measurements were
performed twice, each of which was in duplicate. The relative
inhibition of the enzyme activities was calculated according to the
following equation: Relative inhibition (%) = 100(1 − vi/vo), where vi
and vo denote the reaction velocity in the presence and absence of
inhibitor, respectively.
6.4. Determination of Ki Values. Inhibition constants were

determined by measuring the reaction velocities at various substrate
concentrations in the presence of increasing concentrations of the
inhibitors. Five microliters of substrate at three concentrations and 5
μL of the inhibitor at seven final concentrations (0, 20, 40, 60, 80, 100,
and 200 μM) were added to wells of a black microplate. The reaction
was initiated with 90 μL of enzyme in the assay buffer. Substrates Z-
Arg-Arg-AMC (Calbiochem) at 60, 180, and 360 μM and Abz-Gly-Ile-
Val-Arg-Ala-Lys(Dnp)-OH (Bachem) at 1, 3, and 6 μM were used for
assessing catB endopeptidase and exopeptidase activities, respectively.
The Km values for both substrates were determined in separate
experiments and were 346.1 μM (R2 = 0.9995) for Z-Arg-Arg-AMC
and 6.3 μM (R2 = 0.9694) for Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH.
Substrates Arg-AMC (Biomol) at 20, 80, and 160 μM and Z-Phe-Arg-
AMC (Bachem) at 0.5, 1, and 4 μM were used for assessing the Ki
values of compound 17 against catH and catL. Formation of the
fluorescent degradation products was monitored as above. All assay
mixtures contained 5% (v/v) DMSO. All measurements were
performed twice, with each in duplicate. The resulting data were
analyzed by nonlinear regression using the SigmaPlot 12 software and
were fitted to models for competitive, noncompetitive, uncompetitive,
and mixed type enzyme inhibition, as provided with the software. The
mode of inhibition and Ki values were chosen from the best ranking
model, as determined by the software. A representative graph
depicting the data fit for the best ranking model of inhibition for
compound 16 is shown in the Supporting Information (Figure S1).
6.5. Cell Culture. MCF-10A neoT, a c-Ha-Ras oncogene

transfected human breast epithelial cell line, was provided by Bonnie
F. Sloane (Wayne State University, Detroit, MI, U.S.). These MCF-
10A neoT cells were cultured in DMEM/F12 (1:1) medium (Gibco)
supplemented with 5% fetal bovine serum (HyClone), 1 μg/mL
insulin (Sigma-Aldrich), 0.5 μg/mL hydrocortisone (Sigma-Aldrich),
50 ng/mL EGF (Sigma-Aldrich), 2 mM glutamine (Gibco), and
antibiotics at 37 °C in a humidified atmosphere of 5% CO2. Prior to
their use in the assays, the cells were detached from the culture flasks
using 0.05% trypsin (Gibco) and 0.02% EDTA in phosphate buffered
saline, pH 7.4.
6.6. Cell-Viability Assay. To evaluate the potential cytotoxic

effects of compound 17 on MCF-10A neoT cells, the xCELLigence
system (Roche) was used. The system monitors cellular events in real
time; i.e., it measures the electrical impedance (expressed as cell index)

generated by cells attached to the bottom of the wells, which have
integrated electrodes. MCF-10A neoT cells (7500 cells in 150 μL of
medium/well) were seeded into the wells of an E-plate 16 (Roche),
following the xCELLigence real time cell analyzer DP instrument
manual, as provided by the manufacturer (Roche). The cell index (CI)
was monitored every 15 min, and after ∼10 h when the cells were in
the log growth phase, 50 μL of compound 17 in medium (final
concentrations of 2.5 and 5 μM) or the suitable control (0.2% DMSO
in medium) was added, and the experiments were run for 72 h. During
the course of the experiments (once in every 24 h), the medium was
replaced with fresh medium containing the inhibitor or suitable
control to prevent cell death due to medium depletion.

6.7. DQ-Collagen IV Degradation. Wells of cooled Lab-Tek
chambered coverglass (Nalge Nunc International) were coated with 25
μg/mL DQ-collagen IV (Invitrogen) suspended in 40 μL of 100%
Matrigel. Then an amount of 400 μL of MCF-10A neoT cells (6 × 104

cells/mL) was plated onto the gelled Matrigel in medium containing
2% Matrigel and compound 17 (5 μM) or DMSO (0.05%). After 24 h
the samples were monitored for fluorescent degradation products
using an Olympus IX 81 motorized inverted microscope and Cell∧R
software.

6.8. Invasion Assay. The two-dimensional invasion assay of MCF-
10A neoT cells was monitored using the xCELLigence real time cell
analyzer as described previously,51 with minor modifications. The well-
bottoms of 16-well CIM plates (CIM-16 plates, Roche) were coated
with 0.3 μg of fibronectin from bovine plasma (Calbiochem). The
upper compartments of CIM-16 plates were coated with a thick layer
(20 μL per membrane) of 5 mg/mL Matrigel in serum-free medium
(BD Biosciences) and allowed to gel for 20 min at 37 °C. After 20
min, the lower compartments were filled with 180 μL of medium
containing compound 17 (5 μM) or the suitable control (0.05%
DMSO), and the top and bottom portions of the CIM-16 plates were
assembled together. The assembled CIM-16 plates were allowed to
equilibrate for 30 min at 37 °C in a 5% CO2 atmosphere after the
addition of 60 μL of serum-free medium with compound 17 (5 μM)
or DMSO (0.05%) to the wells of the top chamber. Then 80 μL of
MCF-10A neoT cell suspension (3 × 104 cells/well) was seeded into
the top chambers of the assembled CIM-16 plates, which were placed
into the xCELLigence system for data collection. The xCELLigence
software was set to collect impendence data (reported as cell index)
every 15 min from the time of plating until the end of the experiment
(72 h). The data were analyzed with the real time cell analyzer
software (Roche), and the percentages of invasion were calculated as
the ratio of the cell index of invaded cells in the presence of compound
17 to the cell index of invaded cells in the presence of DMSO.

6.9. Experimental Procedures. 6.9.1. General Procedure for the
Synthesis of 7-Aminomethylated Nitroxoline Derivatives 11−20:
The Mannich Reaction. 7-Aminomethylated derivatives of nitroxoline
were synthesized under the Mannich reaction conditions according to
the known literature procedure.35 To a stirred and heated (60 °C)
solution of 5-nitro-8-hydroxyquinoline (1 equiv) in pyridine (20 mL),
an aqueous solution of formaldehyde (≥36.5%, 1 mL) and the desired
amine (1 equiv) were added. After heating the reaction mixture to 60
°C until the reaction was complete, it was cooled to room temperature
and the product filtered off and washed with cold EtOH (2× 20 mL).
Compounds 11−20 were subsequently purified by crystallization or
column chromatography.

2-(Benzyl((8-hydroxy-5-nitroquinolin-7-yl)methyl)amino)-
acetonitrile (15). The compound was purified by column chromatog-
raphy (CH2Cl2/MeOH, 15/1) and subsequent crystallization from
EtOH. Yield, 74% (1.29 g); orange crystals (prisms); mp 110.0−112.5
°C; IR (KBr) υ = 3277, 3026, 2858, 2814, 2228, 1570, 1534, 1505,
1460, 1418, 1305, 1242, 1168, 1129, 1115, 1976, 979, 916, 852, 795,
748, 728, 701, 686, 652, 639 cm−1; 1H NMR (400 MHz, DMSO-d6) δ
3.67 (s, 2H, CH2), 3.74 (s, 2H, CH2), 3.94 (s, 2H, CH2), 7.24−7.39
(m, 5H, Ar-H), 7.88 (dd, J = 9.0, 4.5 Hz, 1H, Ar-H), 8.63 (s, 1H, Ar-
H), 9.00 (dd, J = 4.0, 1.5 Hz, 1H, Ar-H), 9.17 (dd, J = 9.0, 1.5 Hz, 1H,
Ar-H); 13C NMR (100 MHz, DMSO-d6) δ 41.5, 50.4, 57.3, 115.7,
118.9, 121.6, 125.1, 127.5, 128.5, 128.7, 129.4, 132.8, 134.3, 136.9,
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137.2, 148.9, 158.6; HRMS (ESI) m/z calculated for C19H17N4O3 [M
+ H]+ 349.1301, found 349.1305. Anal. (C19H16N4O3) C, H, N.
2-(((8-Hydroxy-5-nitroquinolin-7-yl)methyl)amino)acetonitrile

(17). 17 was synthesized according to the general procedure. The solid
obtained was resuspended in methanol and mixed for 5 h. The
undissolved residue was then filtered off and the filtrate evaporated.
The compound was subsequently purified by column chromatography
(CH2Cl2/MeOH, 20/1). Yield, 56% (610 mg); orange solid; mp
208.0−210.0 °C; IR (KBr) υ = 3290, 3071, 2821, 2583, 2231, 1909,
2670, 1513, 1471, 1346, 1303, 1279, 1248, 1118, 1019, 968, 816, 799,
724, 668, 655 cm−1; 1H NMR (400 MHz, DMSO-d6) δ 3.89 (s, 2H,
CH2), 4.02 (s, 2H, CH2), 7.83 (dd, J = 9.0, 4.0 Hz, 1H, Ar-H), 8.59 (s,
1H, Ar-H), 8.96 (dd, J = 4.0, 1.5 Hz, 1H, Ar-H), 9.09 (dd, J = 9.0, 1.5
Hz, 1H, Ar-H); 13C NMR (100 MHz, DMSO-d6) δ 38.4, 50.9, 116.1,
118.9, 121.5, 125.0, 129.7, 132.6, 133.9, 136.8, 148.7, 158.6; HRMS
(ESI) m/z calculated for C12H11N4O3 [M + H]+ 259.0831, found
259.0834. Anal. (C12H10N4O3) C, H, N.
6.9.2. Procedure for the Synthesis of 8-Cyanomethoxyquinoline

(26). To a solution of 8-hydroxyquinoline (22) (3.00 g, 20.69 mmol)
and Cs2CO3 (13.50 g, 41.44 mmol) in DMSO (10 mL),
bromoacetonitrile (1.30 g, 10.42 mmol, 0.8 mL) was added. The
mixture was stirred at room temperature. After 30 min, another
portion of bromoacetonitrile (1.30 g, 10.42 mmol, 0.8 mL) was added.
The reaction was complete after stirring for an additional 30 min.
Water (50 mL) was subsequently added and the product extracted
with EtOAc (3× 80 mL). The combined organic phases were dried
with Na2SO4, filtered, and removed under reduced pressure. The crude
product was purified by column chromatography (EtOAc/hexane, 1/
1) to yield 3.45 g (90%); pale yellow crystals; mp 118.5−120.5 °C; IR
(KBr) υ = 3462, 2962, 2936, 2869, 2361, 1617, 1572, 1501, 1470,
1383, 1314, 1268, 1111, 820, 793, 751 cm−1; 1H NMR (500 MHz,
CDCl3) δ 5.19 (s, 2H, OCH2), 7.31 (dd, J = 7.5, 1.0 Hz, 1H, Ar-H),
7.47−7.54 (m, 2H, Ar-H), 7.59 (dd, J = 8.5, 1.0 Hz, 1H, Ar-H), 8.19
(dd, J = 8.5, 1.5 Hz, 1H, Ar-H), 8.95 (dd, J = 4.0, 1.5 Hz, 1H, Ar-H);
13C NMR (126 MHz, CDCl3) δ 55.0, 112.5, 115.1, 122.1, 123.1, 126.4,
129.8, 136.3, 140.4, 149.9, 152.0; HRMS (ESI) m/z calculated for
C11H9N2O [M + H]+ 185.0715, found 185.0717. Anal. (C11H8N2O)
C, H, N.
6.9.3. Procedure for the Synthesis of Compounds 27 and 28. To

a cooled (0 °C) solution of KNO3 (2.75 g, 27.20 mmol) in 97%
H2SO4 (4 mL, 74.7 mmol), compound 26 (1.00 g, 5.44 mmol) was
slowly added. The reaction mixture was initially stirred for 15 min at 0
°C and then for 1 h at room temperature. After the reaction was
complete, the mixture was rapidly poured into a cold, saturated,
aqueous solution of K2CO3. The precipitate that was formed was
filtered off and washed with water, and the products 27 and 28 were
separated and purified by column chromatography (CH2Cl2/MeOH,
20/1).
8-Cyanomethoxy-5-nitroquinoline (27). Yield, 85% (1.06 g);

yellow crystals; mp 194.0−197.0 °C; IR (KBr) υ = 3443, 3098,
2951, 2889, 2361, 1618, 1563, 1505, 1464, 1395, 1327, 1301, 1242,
1177, 1102, 995, 796, 741, 710 cm−1; 1H NMR (500 MHz, DMSO-d6)
δ 5.58 (s, 2H, OCH2), 7.52 (d, J = 9.0 Hz, 1H, Ar-H), 7.89 (dd, J =
9.0, 4.0 Hz, 1H, Ar-H), 8.62 (d, J = 9.0 Hz, 1H, Ar-H), 9.01 (dd, J =
9.0, 1.5 Hz, 1H, Ar-H), 9.06 (dd, J = 4.0, 1.5 Hz, 1H, Ar-H); 13C NMR
(126 MHz, DMSO-d6) δ 54.7, 108.4, 116.0, 122.0, 125.1, 126.9, 131.9,
138.2, 138.9, 150.8, 157.0; HRMS (ESI) m/z calculated for
C11H8N3O3 [M + H]+ 230.0566, found 230.0555. Anal.
(C11H7N3O3) C, H, N.
8-Acetamidoxy-5-nitroquinoline (28). Yield, 14% (174 mg); pale

yellow crystals; mp 227.0−231.0 °C; IR (KBr) υ = 3533, 2458, 2362,
1683, 1617, 1566, 1507, 1395, 1336, 1310, 1259, 1101, 1005, 818, 745,
593 cm−1; 1H NMR (500 MHz, DMSO-d6) δ 4.87 (s, 2H, OCH2),
7.24 (d, J = 9.0 Hz, 1H, Ar-H), 7.55 (br d, 2H, NH2), 7.86 (dd, J = 9.0,
4.0 Hz, 1H, Ar-H), 8.55 (d, J = 9.0 Hz, 1H, Ar-H), 9.01−9.04 (m, 2H,
Ar-H); 13C NMR (126 MHz, DMSO-d6) δ 68.2, 108.5, 122.6, 125.4,
128.0, 132.3, 138.1, 139.2, 150.8, 159.7, 169.3; HRMS (ESI) m/z
calculated for C11H10N3O4 [M + H]+ 248.0671, found 248.0673. Anal.
(C11H9N3O4) C, H, N.

6.9.4. General Procedure for Microwave-Assisted Synthesis of 5-
Nitro-8-quinolinylamines 38−48.37 A mixture of compound 27 (115
mg, 0.50 mmol), the desired amine (1.5 mmol), and CH3CN (2 mL)
was irradiated in the focused microwave equipment at 100 °C (80 or
150 W) for the indicated time (15 min to 2 h). After the reaction was
complete, the volatiles were removed under reduced pressure and the
residue was purified by silica gel radial chromatography.

8-(4-Methylpiperidin-1-yl)-5-nitroquinoline (42). The reaction
mixture was irradiated for 2 h at 150 W. Eluent for chromatography:
CH2Cl2/MeOH, 25/1. Yield, 118 mg (87%); brown oil; IR (NaCl
plates) υ = 2948, 2922, 1555, 1504, 1492, 1387, 1296, 1280, 1245,
1228, 1191, 1141, 1080, 971, 952, 814, 785, 741 cm−1; 1H NMR (500
MHz, DMSO-d6) δ 0.99 (d, J = 6.5 Hz, 3H, CH3), 1.41 (ddd, J = 16.0,
13.0, 3.5 Hz, 2H, piperidine-H), 1.65−1.74 (m, 1H, piperidine-H),
1.77 (dd, J = 13.0, 3.5 Hz, 2H, piperidine-H), 3.07−3.12 (m, 2H,
piperidine-H), 4.35 (d, J = 13.0 Hz, 2H, piperidine-H), 7.15 (d, J = 9.5
Hz, 1H, Ar-H), 7.76 (dd, J = 9.0, 4.0 Hz, 1H, Ar-H), 8.44 (d, J = 9.0
Hz, 1H, Ar-H), 8.90 (dd, J = 4.0, 1.5 Hz, 1H, Ar-H), 9.15 (dd, J = 9.0,
1.5 Hz, 1H, Ar-H); 13C NMR (126 MHz, DMSO-d6) δ 21.8, 30.4,
33.9, 51.6, 112.0, 123.3, 124.3, 128.1, 132.1, 134.4, 139.5, 147.4, 155.1;
HRMS (ESI) m/z calculated for C15H18N3O2 [M + H]+ 272.1394,
found 272.1387; purity by HPLC, 96.23%.

6.9.5. Procedure for the Synthesis of 4-Nitronaphthalen-1-yl
Methanesulfonate (51). To a solution of 4-nitro-1-naphthol (49)
(500 mg, 2.65 mmol) in CH2Cl2 (20 mL), methanesulfonyl chloride
(600 mg, 0.53 mmol) and dry Et3N (540 mg, 0.53 mmol, 0.73 mL)
were added under argon. The reaction mixture was stirred at room
temperature for 1 h. After the completion of the reaction, the mixture
was extracted with 1 M HCl (2× 50 mL) and water (1× 50 mL), dried
with Na2SO4, and filtered, and the solvent was removed under reduced
pressure to yield 680 mg (97%) of dark yellow crystals that were used
in the next step without further purification. 1H NMR (500 MHz,
DMSO-d6) δ 2.24 (s, 3H, OSO2CH3), 7.63 (d, J = 8.5 Hz, 1H, Ar-H),
7.75 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H, Ar-H), 7.82 (ddd, J = 8.5, 7.0, 1.0
Hz, 1H, Ar-H), 8.26−8.28 (m, 2H, Ar-H), 8.62 (dd, J = 8.5, 1.0 Hz,
1H, Ar-H).

6.9.6. Procedure for the Synthesis of 4-Nitronaphthalene-1-
pyrrolidine 52. The mixture of compound 51 (100 mg, 0.38 mmol)
and pyrrolidine (133 mg, 1.87 mmol) in EtOH (2 mL) was irradiated
in the focused microwave equipment at 100 °C (80 W) for 20 min.
Following this, the volatiles were removed under reduced pressure,
and the residue was purified by silica gel radial chromatography
(EtOAc/hexane, 1/5) to yield 6 mg (7%); orange crystals; mp 123.0−
125.0 °C; IR (KBr) υ = 3424, 2921, 2854, 2432, 1847, 1578, 1560,
1528, 1480, 1431, 1412, 1306, 1273, 1250, 1149, 1132, 946, 897, 758,
732 cm−1; 1H NMR (500 MHz, CDCl3) δ 2.05−2.07 (m, 4H,
pyrrolidine-H), 3.69−3.71 (m, 4H, pyrrolidine-H), 6.63 (d, J = 9.0 Hz,
1H, Ar-H), 7.43 (ddd, J = 8.5, 7.0, 1.0 Hz, 1H, Ar-H), 7.65 (ddd, J =
8.5, 7.0, 1.0 Hz, 1H, Ar-H), 8.24 (d, J = 9.0 Hz, 1H, Ar-H), 8.40 (dd, J
= 8.5, 1.0 Hz, 1H, Ar-H), 8.97 (dd, J = 8.5, 1.0 Hz, 1H, Ar-H); 13C
NMR (126 MHz, CDCl3) δ 26.0, 29.7, 53.2, 105.6, 124.0, 124.7, 125.9,
128.4, 128.8, 129.3, 135.7, 154.0; HRMS (ESI) m/z calculated for
C14H15N2O2 [M + H]+ 243.1128, found 243.1123. Anal.
(C14H14N2O2) C, H, N.

6.9.7. Procedure for the Synthesis of 2-Bromo-4-nitro-1-amino-
naphthalene (54). To a solution of BrCN (97%, 65.5 mg, 0.6 mmol)
in dry THF (5 mL), a solution of compound 50 (188 mg, 1.0 mmol)
in dry THF (3 mL) was slowly added under argon. After 24 h of
stirring at room temperature, additional amounts of BrCN (211 mg,
2.0 mmol) were added. The reaction mixture was stirred at 60 °C until
the starting material disappeared (24 h, monitored by TLC). The
solvent was evaporated and the crude product purified by column
chromatography (EtOAc/hexane, 1/1) to yield 137 mg (52%) of
yellow solid; mp 246.0−248.0 °C (lit.52 250 °C); IR (KBr) υ = 3472,
3368, 3229, 2921, 1810, 1618, 1561, 1513, 1482, 1441, 1403, 1349,
1274, 1157, 1041, 992, 905, 835, 760, 686, 561 cm−1; 1H NMR (400
MHz, DMSO-d6) δ 7.51 (br s, 2H, NH2), 7.61 (ddd, J = 8.5, 7.0, 1.0
Hz, 1H, Ar-H), 7.79 (ddd, J = 9.0, 7.0, 1.0 Hz, 1H, Ar-H), 8.47 (dd, J =
8.5, 1.0 Hz, 1H, Ar-H), 8.56 (s, 1H, Ar-H), 8.80 (dd, J = 9.0, 1.0 Hz,
1H, Ar-H); 13C NMR (100 MHz, DMSO-d6) δ 97.5, 120.9, 123.5,
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123.7, 126.2, 126.2, 130.3, 131.9, 132.6, 149.5; HRMS (ESI) m/z calcd
for C10H8BrN2O2 [M + H]+ 266.9769, found 266.9773. Anal.
(C10H7BrN2O2) C, H, N.
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(18) Premzl, A.; Zavasňik-Bergant, V.; Turk, V.; Kos, J. Intracellular
and Extracellular Cathepsin B Facilitate Invasion of MCF-10A neoT
Cells through Reconstituted Extracellular Matrix in Vitro. Exp. Cell Res.
2003, 283, 206−214.
(19) Mirkovic,́ B.; Premzl, A.; Hodnik, V.; Doljak, B.; Jevnikar, Z.;
Anderluh, G.; Kos, J. Regulation of Cathepsin B Activity by 2A2
Monoclonal Antibody. FEBS J. 2009, 276, 4739−4751.
(20) Skrzydlewska, E.; Sulkowska, M.; Koda, M.; Sulkowski, S.
Proteolytic−Antiproteolytic Balance and Its Regulation in Carcino-
genesis. World J. Gastroenterol. 2005, 11, 1251−1266.
(21) Illy, C.; Quraishi, O.; Wang, J.; Purisima, E.; Vernet, T.; Mort, J.
S. Role of the Occluding Loop in Cathepsin B Activity. J. Biol. Chem.
1997, 272, 1197−1202.
(22) Nag̈ler, D. K.; Storer, A. C.; Portaro, F. C. V.; Carmona, E.;
Juliano, L.; Meńard, R. Major Increase in Endopeptidase Activity of
Human Cathepsin B upon Removal of Occluding Loop Contacts.
Biochemistry 1997, 36, 12608−12615.
(23) Musil, D.; Zucic, D.; Turk, D.; Engh, R. A.; Mayr, I.; Huber, R.;
Popovic, T.; Turk, V.; Towatari, T.; Katunuma, N.; Bode, W. The
Refined 2.15 Å X-ray Crystal Structure of Human Liver Cathepsin B:
The Structural Basis for Its Specificity. EMBO J. 1991, 10, 2321−2330.
(24) Almeida, P. C.; Nantes, I. L.; Chagas, J. R.; Rizzi, C. C.; Faljoni-
Alario, A.; Carmona, E.; Juliano, L.; Nader, H. B.; Tersariol, I. L.
Cathepsin B Activity Regulation. Heparin-like Glycosaminogylcans
Protect Human Cathepsin B from Alkaline pH-Induced Inactivation. J.
Biol. Chem. 2001, 276, 944−951.
(25) Pavlova, A.; Krupa, J. C.; Mort, J. S.; Abrahamson, M.; Björk, I.
Cystatin Inhibition of Cathepsin B Requires Dislocation of the
Proteinase Occluding Loop. Demonstration by Release of Loop
Anchoring through Mutation of His110. FEBS Lett. 2000, 487, 156−
160.
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