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Novel Mechanism of Cathepsin B Inhibition by Antibiotic Nitroxoline and
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Cathepsin B (EC 3.4.22.1) represents a promising therapeutic
target in various diseases associated with its aberrant activity.
The most noted is its role in the degradation of extracellular
matrix (ECM) proteins in tumor tissues, enabling tumor cells to
migrate, invade adjacent barriers, and metastasize.[1, 2] It is
unique among cathepsins in possessing both endopeptidase
and dipeptidyl carboxypeptidase activities.[3] This dual charac-
ter is attributed to the presence of a 21-amino-acid insertion
termed the occluding loop.[4] In the exopeptidase conforma-
tion, the loop is attached to the enzyme body, limiting the
binding of extended substrates to the primed sites of the
active site cleft.[5] However, the loop is flexible, and the endo-
peptidase activity is increased dramatically on removal of the
contacts that bind it to the enzyme,[6] resulting in its harmful
action in pathological processes.

Cathepsin B activity is regulated by endogenous protein in-
hibitors, the cystatins.[1] However, these are general cysteine
protease inhibitors, and as such are not appropriate for thera-
peutic applications. Many classes of synthetic cathepsin B in-
hibitors have been described.[7] The majority of these contain
peptidyl backbones with an electrophilic reactive group that
forms a covalent bond with an amino acid residue in the
active site of the enzyme. None of the known cathepsin B in-
hibitors are in clinical use due to poor bioavailability, off-target

side effects, and high toxicity.[8] Therefore, con-
sidering the high pharmacological relevance of
cathepsin B, the identification of new small-
molecule inhibitors capable of binding reversi-
bly and selectively to the enzyme, with im-
proved oral bioavailability, needs to be given
greater emphasis.

In this study, using virtual high-throughput
screening followed by biological evaluation of

the best ranked compounds against different cathepsins, we
discovered that nitroxoline (5-nitro-8-hydroxyquinoline; 1), a

well-established antimicrobial agent used for the treatment of
urinary tract infections,[9] is a potent and reversible inhibitor of
cathepsin B. However, in the case of nitroxoline, interactions
with proteolytic enzymes have not been reported to impair its
basic antimicrobial function. The toxicity of nitroxoline is low,
and no serious adverse effects have been reported in associa-
tion with nitroxoline therapy in humans (http://ccinfoweb.
ccohs.ca/rtecs/search.html). From this point of view, cathe-
psin B as a new off-target for nitroxoline provides potential ap-
plications in additional therapeutic categories rather than in-
sights into molecular mechanisms of drug side effects.

The Ki value for the interaction of nitroxoline with cathe-
psin B and the mode by which it impairs its activity were de-
termined by enzyme kinetics. First, the effect of nitroxoline on
cathepsin B activity was assessed using the Z-Arg-Arg-AMC
substrate, which is commonly used to determine the endopep-
tidase activity of cathepsin B,[10–12] although it is only able to in-
teract with the S1’ subsite of cathepsin B.[6] Using this sub-
strate, nitroxoline was determined to be a mixed inhibitor of
cathepsin B. The Ki’ value for dissociation of the ezyme–sub-
strate–inhibitor (ESI) complex is in the low micromolar range
(39.5�2.8 mm ; Table 1) and is 3.9-fold lower than the Ki value

for dissociation of the EI complex. This indicates that nitroxo-
line binds to the ES complex with greater affinity than to the
free enzyme. Furthermore, cathepsin B inhibition by nitroxoline
was not impaired by Triton X-100 at 0.005 and 0.01 %, exclud-
ing the possibility of promiscuous inhibition[13] (see figure S1 in
the Supporting Information) and confirming nitroxoline as a
true inhibitor of cathepsin B.

The ability of nitroxoline to inhibit cathepsin B dipeptidyl
carboxypeptidase activity was determined using the cathe-
psin B-specific exopeptidase substrate Abz-Gly-Ile-Val-Arg-Ala-
Lys(Dnp)-OH. Nitroxoline acted as a noncompetitive inhibitor
of the exopeptidase activity, with a Ki value of 271.8�11.2 mm

(Table 1), indicating that the inhibitor binds to the free enzyme
and the substrate-bound enzyme with the same affinity. Ki and

Table 1. Ki values for the inhibition of cathepsins B, H and L by nitroxoline
(1).[a]

Cathepsin Substrate Ki [mm] Ki’ [mm]

B Z-Arg-Arg-AMC 154.4�26.7[b] 39.5�2.8[b]

B Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH 271.8�22.8[c] –
H Arg-AMC 290.5�25.0[c] –
L Z-Phe-Arg-AMC 191.3�12.3[c] –

[a] Data represent the mean �SD (n = 2). [b] Mixed inhibition with a pre-
dominantly uncompetitive component. [c] Noncompetitive inhibition.
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Ki’ values determined with Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH
were 1.8-fold and 6.9-fold, respectively, greater than those de-
termined with Z-Arg-Arg-AMC, which indicates a preference of
nitroxoline for inhibiting cathepsin B endopeptidase activity.

The mode of inhibition by nitroxoline was shown to be re-
versible by three independent experiments. In the first, rapid
100-fold dilution of a 5 min incubation mixture of nitroxoline
at 10-times the IC50 value and cathepsin B at 100-fold final con-
centration resulted in 78.3�2.2 % recovery of the enzyme ac-
tivity. This is in line with the calculated value (85 %), taking into
account the Hill coefficient of nitroxoline (h = 1.69, R = 0.9982),
and confirms the reversible inhibition of cathepsin B. Further-
more, the value did not change significantly after 15 and
30 min pre-incubation (74.8�3.5 % and 72.4�3.2 %, respec-
tively; Figure 1 a). In the second experiment, we used an active
site probe DCG-04 to test for the reversibility of the inhibitor
binding. The intensity of cathepsin B bands treated with nitro-
xoline did not differ significantly from those of the control
(DMSO) over the entire concentration range. On the other
hand, the cathepsin B-specific, irreversible inhibitor CA-074
showed concentration-dependant inactivation of cathepsin B,
with the band visible only at the lowest concentration of inhib-
itor (Figure 1 b). Finally, the reversibility of nitroxoline was con-
firmed by mass spectrometry; incubation of cathepsin B with
nitroxoline led to no significant change in protein mass. How-
ever, when CA-074 was used, the mass of the enzyme in-
creased by 384 Da, as expected for covalent binding of the in-
hibitor (calculated mass of bound fragment: 384.21 Da; Fig-
ure 1 c).

Nitroxoline was shown to inhibit aminopeptidase cathe-
psin H (EC 3.4.22.16) and endopeptidase cathepsin L (EC
3.4.22.15), but more weakly than it does cathepsin B (Table 1).

It is a noncompetitive inhibitor of both, with 7.4-fold and 4.8-
fold greater Ki’ values than that determined for cathepsin B
with Z-Arg-Arg-AMC as the substrate.

Next, nitroxoline-related compounds were tested for their in-
hibition of cathepsin B. 7-Aminomethylated nitroxoline deriva-
tives 2–8 exhibited relative inhibition at least as potent as ni-

troxoline. Ki values for the latter were determined using the
substrates Z-Arg-Arg-AMC and Abz-Gly-Ile-Val-Arg-Ala-Lys-
(Dnp)-OH. Of the 7-substituted nitroxolines, only compounds 4
and 7 exhibited the same inhibition mode as nitroxoline, that
is, mixed inhibition with a predominantly uncompetitive com-
ponent using Z-Arg-Arg-AMC as the substrate (Table 2). Con-
versely, compounds 2, 3, 5, 6 and 8 were all noncompetitive
inhibitors of cathepsin B activity against Z-Arg-Arg-AMC and,

Figure 1. Nitroxoline is a reversible inhibitor of cathepsin B. a) Cathepsin B at a 100-fold final concentration was incubated with nitroxoline at a concentration
of 10-times the IC50 value. After 5, 15 and 30 min incubation time, the mixture was diluted with substrate, reducing the enzyme concentration to that of a
standard assay, and the inhibitor concentration to 0.1-times the IC50 value. The recovery of enzyme activity was near the calculated value (85 %) for reversible
inhibition and did not change significantly with prolonged incubation. Data are presented as a percentage of the DMSO control experiment (mean�SD,
n = 2). b) Cathepsin B was incubated with increasing concentrations of nitroxoline and CA-074 and subsequently labeled with DCG-04 (2 mm). Samples were
then analyzed with SDS-PAGE and Western blotting. Band intensity correlates with cathepsin B activity. The relative band intensity was obtained by dividing
the individual intensity with that of the DMSO control. Data are presented as the mean�SD. c) Mass spectrometry shows nitroxoline to be a reversible inhibi-
tor of cathepsin B since it did not change the mass of the cathepsin B peak (underlined). Incubation with CA-074 led to a 384 Da increase in mass, as expect-
ed.
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unlike nitroxoline, had the same affinity for both the free and
substrate-bound enzyme. Using Z-Arg-Arg-AMC, all com-
pounds 2–8 displayed lower affinities for the ES complex than
nitroxoline, as evident from the Ki’ values, but at the same
time possessed higher affinities for the free enzyme, as evident
from Ki values. When Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH was
used as a substrate, compounds 2, 4, 5, 7 and 8 all retained
the nitroxoline mode of inhibition, that is, noncompetitive in-
hibition of cathepsin B exopeptidase activity. With the excep-
tion of compound 7, they were all more potent inhibitors of
cathepsin B exopeptidase activity than nitroxoline (271.8�
11.2 mm). However, two nitroxoline derivatives, compounds 3
and 6, competitively inhibited cathepsin B exopeptidase activi-
ty while displaying the highest inhibition of cathepsin B exo-
peptidase activity (Table 2).

In order to reveal the structural requirements of nitroxoline
for cathepsin B inhibitory activity, a number of related quino-
lines (9–25) were evaluated. The minimum structural motif for
cathepsin B inhibition was identified as the 5-nitro-8-hydroxy-
quinoline core. Removal of either the 5-nitro or 8-hydroxy
group leads to almost complete loss of inhibition (table S1 in
the Supporting Information). The only exceptions to this gen-
eralization were compounds 13 and 21, which both possess an
amino group in position 5 of the quinoline ring system; how-
ever, their inhibitory activity was only moderate.

Our results provide the first X-ray crystal structure for the
complex of cathepsin B with a reversible, nonpeptidyl inhibitor.
Cathepsin B, in complex with nitroxoline, crystallized in a C2
space group, with two molecules in the asymmetric unit. The
crystals contained the complete sequence of the active form
(numbered Leu 1–Asp 254), with two additional residues at the
N terminus (Leu 1 and Lys 0) that remained as a result of auto-
activation. Positioning of nearly all the residues is clearly re-
vealed by the electron density maps, with the exception of a
few long side chains. The structures of the two cathepsin B
molecules in the asymmetric unit are closely related, with a
root mean square distance (RMSD) value of 0.44 �. The crystal
structure is also closely related to previously published struc-
tures 1CSB[14] and 1GMY,[15] with an RMSD value of equiposi-
tioned CA atom (a atom in the amino acid) smaller than 0.5 �.

The binding of nitroxoline is visible in both molecules in the
asymmetric unit. The averaged kick omit Fo�Fc electron density
map clearly indicates the position of the molecule (Fig-
ure 2 a).[16] However, refinement suggests a reduced occupancy
of 0.5, which is most probably a consequence of the low con-
centration of nitroxoline limited by poor solubility. The molar
ratio between cathepsin B and nitroxoline reached during the
crystallization setup was 1:1.

Table 2. Ki values for nitroxoline (1) and its derivatives (2–8) against cath-
epsin B using substrates Z-Arg-Arg-AMC and Abz-Gly-Ile-Val-Arg-Ala-Lys-
(Dnp)-OH.

Compd Ki
[a] [mm] Ki’

[a] [mm] Ki
[b] [mm]

1 154.4�26.7[c] 39.5�2.8[c] 271.8�11.2[d]

2 118.8�4.2[d] – 199.7�11.2[d]

3 117.8�3.1[d] – 108.2�13.4[e]

4 118.5�11.7[c] 52.5�0.8[c] 195.3�14.1[d]

5 129.7�3.4[d] – 173.2�10.6[d]

6 129.8�3.5[d] – 116.2�15.4[e]

7 92.9�1.9[c] 66.5�0.4[c] 347.8�16.1[d]

8 109.8�3.1[d] – 156.1�8.7[d]

[a] Ki and Ki’ values were determined with Z-Arg-Arg-AMC. [b] Ki values
were determined with Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH. [c] Mixed in-
hibition with a predominantly uncompetitive component. [d] Noncompe-
titive inhibition. [e] Competitive inhibition. Data represent the mean �
SEM (n = 2).

Figure 2. The crystal structure of nitroxoline–cathepsin B complex (PDB: 3AI8). a) The electron density F0�Fc (contoured at 1s) indicates the position of the ni-
troxoline. The residues Cys 29 and Cys 199 forming the catalytic dyad and two histidines from the occluding loop are shown as green sticks. b) Nitroxoline
(yellow) binds to the primed site (S2’) of the cathepsin B active site cleft. The binding surface for the inhibitor is comprised of the loop Gln 23–Gly 27 (pink
loop), occluding loop (blue) residues His 110 and His 111, and Trp 221 (green sticks). The negatively charged nitro group is inserted symmetrically between
His 110 and His 111, and each oxygen atom interacts with one histidine residue (a). The nitro group lies almost perpendicular to the quinoline rings. Other
amino acid residues from S1, S1’ and S2’ are shown as green lines, also catalytic Cys 29 is shown for orientation. c) The model of the binding of compound 6
(yellow) to cathepsin B explains the stronger inhibition of cathepsin B by 7-substituted nitroxolines. Additional rings attached in the 7-position bind in the S1’
binding site, contributing to enhanced inhibition. The active site cysteine is shown as yellow sticks and surface. The occluding loop, His 110 and His 111, are
shown in blue.
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Nitroxoline binds to the primed site of the active site cleft
(Figure 2 b). The aromatic quinoline rings fill the S2’ binding
site. The binding surface for nitroxoline is provided by the
loop Gln 23–Gly 27, the occluding loop residues His 110 and
His 111, and Trp 221. The negatively charged nitro group inter-
acts with His 110 and His 111, similarly to the carboxylate of the
epoxysuccinyl-based irreversible inhibitors CA-030[14] and
NS134.[15] In these structures, the carboxylic group of the termi-
nal proline residue binds between the two histidines with one
oxygen atom, while the other oxygen atom binds asymmetri-
cally to His111 only. The nitro group of nitroxoline, on the
other hand, lies more symmetrically between the two histi-
dines and each oxygen atom interacts with one histidine. The
nitro group lies almost perpendicular to the quinoline rings,
and this positioning is accompanied by increased separation of
the two histidines. The nitrogen atoms ND1 and NE2 of His 110
and His 111 are 5.9 � apart in the nitroxoline complex, whereas
in the CA-030 and NS134 complexes their separation is 5.3 �.
Thus, the nitro group is seen to be essential for binding nitro-
xoline to the occluding loop histidines. This is consistent with
the inhibition data (table S1 in the Supporting Information),
where compounds without the nitro group (10–12, 14–20,
22–25) showed significantly lower inhibition.

Although the hydroxy group in nitroxoline does not interact
with cathepsin B, it is interesting that its removal in compound
9 resulted in significantly lower inhibition. It is possible that
lack of the hydrophilic hydroxy group resulted in lower solubil-
ity of the compound. The modifications to all other carbon
atoms except C7 resulted in significantly lower inhibition. From
the crystal structure, it is evident that C7 is the only position
that can be functionalized without causing steric clashes. The
rings attached at position 7 (compounds 2–8) likely bind into
the S1’ binding site and in this way contribute to enhanced in-
hibition (Figure 2 c). This is evident from enzyme kinetic data
obtained with Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH, where 7-
substituted nitroxolines, with the exception of compound 7,
displayed greater inhibition of cathepsin B exopeptidase activi-
ty than nitroxoline. The most potent inhibition of exopeptidase
activity was achieved with compounds 3 and 6, which were
also the only ones to display competitive inhibition. This is not
unexpected since the S1’ subsite favors hydrophobic interac-
tions[17] and the substituents of compounds 3 and 6 are
among the most hydrophobic contained in the synthesized ni-
troxoline derivatives. However, when Z-Arg-Arg-AMC was used,
the improvement in inhibition of cathepsin B activity was not
as pronounced, which could be a result of substrate subsite

Figure 3. Nitroxoline inhibits DQ–collagen IV degradation by MCF-10A neoT cells. a) MCF-10A neoT cells degrade DQ–collagen IV intracellularly (white arrow)
and extracellularly (grey arrow) as shown by fluorescence microscopy. Addition of 10 mm nitroxoline impairs intracellular and extracellular DQ–collagen IV deg-
radation. Left panels are differential interface contrast (DIC) images; right panels are images of green fluorescence following hydrolysis of DQ–collagen IV.
b) Inhibition of extracellular DQ–collagen IV degradation by 10 mm nitroxoline (35.3 %) and 10 mm CA-074 (31.1 %). Data are presented as percentages of DQ–
collagen IV degradation compared to the DMSO control (mean�SD, n = 6). The asterisk indicates significant differences (p <0.05) relative to the DMSO con-
trol as determined by a two-tailed t-test. c) Inhibition of intracellular DQ–collagen IV degradation by nitroxoline (50 mm) as measured by flow cytometry. Inhib-
ition of DQ–collagen IV degradation can be seen as a shift in fluorescence intensity (c) as compared to the control : MCF-10A neoT cells grown in the pres-
ence of DMSO (a). Control cells were grown in the absence of DQ–collagen IV (c). Permeable cathepsin B inhibitor CA-074Me (50 mm) was used as a
positive control and also inhibited intracellular degradation of DQ–collagen IV, whereas impermeable cathepsin B inhibitor CA-074 (50 mm) did not.
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occupancy. For example, Z-Arg-Arg-AMC covers the sites from
S3 to S1’, whereas Abz-Gly-Ile-Val-Arg-Ala-Lys(Dnp)-OH covers
the enzyme sites up to the subsite S2’, increasing the chances
of steric hindrance between the substrate and inhibitor.

Nitroxoline was also shown to impair cathepsin B activity in
cell models mimicking the pathological processes in which
cathepsin B is implicated. The proteolytic degradation of ECM
by transformed cells was followed by observing fluorescent
degradation products of DQ–collagen IV, a major constituent
of the extracellular matrix, heavily labeled with fluorescein. Ni-
troxoline markedly decreased intracellular and extracellular
degradation of DQ–collagen IV of MCF-10A neoT cells as
shown by fluorescence microscopy (Figure 3 a). Extracellular
degradation of DQ–collagen IV was quantified in a separate ex-
periment based on the measurement of fluorescent degrada-
tion products in the medium of MCF-10A neoT cells. The extra-
cellular degradation of DQ–collagen IV by nitroxoline was in-
hibited by 35.3 %, which is comparable to the inhibition by CA-
074 (31.1 %), an extracellular cathepsin B inhibitor (Figure 3 b).
Inhibition of intracellular degradation of DQ–collagen IV by ni-
troxoline was determined by flow cytometry (Figure 3 c). The
shift in fluorescence intensity, as a measure of inhibition, was
comparable to the shift of the cell permeable cathepsin B in-
hibitor CA-074Me. In contrast, the impermeable inhibitor of
cathepsin B, CA-074, had no effect on intracellular degradation
of DQ–collagen IV. The ability of nitroxoline to inhibit both ex-
tracellular and intracellular DQ–collagen IV degradation sug-
gests that nitroxoline possesses favorable cell permeability
characteristics and is therefore able to enter cells, where it in-
hibits cathepsin B in endosomal/lysosomal vesicles in addition
to membrane-bound and secreted cathepsin B. This is an ad-
vantage over the majority of known cathepsin B inhibitors,
which exhibit poor cell uptake and bioavailability due to their
peptidyl structure.[8] For example, the epoxysuccinyl inhibitor
CA-074 is a potent inhibitor of cathepsin B in vitro but a poor
inhibitor of intracellular cathepsin B.

The impact of nitroxoline on tumor cell invasion was also
tested on the transformed human breast epithelial cell line,
MCF-10A neoT. Using an MTS assay, nitroxoline was shown to
be nontoxic on MCF-10A neoT cells up to a concentration of
10 mm (Figure 4 a). In a two-dimensional in vitro invasion assay,
10 mm nitroxoline significantly inhibited invasion of MCF-10A
neoT cells (40.7 % compared with DMSO control ; Figure 4 b), a
process that is enhanced by degradation of the extracellular
matrix by cathepsin B.

Cathepsin B was previously shown to contribute significantly
to invasion of tumor-cell-derived spheroids implanted in colla-
gen I and Matrigel matrix.[18, 19] Tumor spheroids present a
three-dimensional in vitro model of tumor invasion, which re-
sembles the in vivo tumor environment more closely than the
two-dimensional models because they mimic initial avascular
stages of solid tumors in vivo.[20] Therefore nitroxoline was
tested in a spheroid model based on implantation of individual
cellular aggregates into the Matrigel that served as a surrogate
for a basement membrane. In the DMSO control experiment,
cells at the border of the aggregate invaded the Matrigel,
forming a corona around the original aggregate. Addition of

10 mm nitroxoline completely abrogated the invasive activity at
the edge of the aggregate (Figure 4 c). The ability of nitroxoline
to impair malignant processes was reported in a very recent
study.[21] In mice bearing human bladder tumors nitroxoline
significantly reduced tumor growth by inhibiting type 2 me-
thionine aminopeptidase and sirtuin 1, the enzymes involved
in tumor angiogenesis. It can be expected that simultaneous
action of nitroxoline on different tumor targets may contribute
synergistically to tumor regression.

Figure 4. Nitroxoline inhibits tumor cell invasion in vitro. a) Effect of nitroxo-
line on MCF-10A neoT cell viability was evaluated using an MTS assay. Data
are presented as the percentage of viable cells in the presence of increasing
nitroxoline concentrations compared to the DMSO control (mean�SD,
n = 4). b) Effect of 10 mm nitroxoline on tumor cell invasion as assessed with
a two-dimensional in vitro invasion assay. Data are presented as the percent-
age of invading cells in the presence of DMSO and 10 mm nitroxoline, re-
spectively (mean�SD, n = 3). c) Effect of 10 mm nitroxoline on tumor cell in-
vasion as evaluated with a three-dimensional in vitro tumor model based on
cell aggregates implanted in Matrigel.
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To summarize, our results show that nitroxoline is noncova-
lent, reversible inhibitor of cathepsin B with Ki values compara-
ble to other known reversible inhibitors.[11, 12] Its applicability
was demonstrated in cell-based assays, where nitroxoline sig-
nificantly inhibited extracellular and intracellular degradation
of ECM, impairing tumor cell invasion. These results and the
fact that nitroxoline is an established antimicrobial agent with
well-known pharmacokinetics and toxicity profile suggests it
has potential as a drug candidate for treating cancer and other
diseases associated with increased cathepsin B activity. In addi-
tion, the new mechanism of protease inhibition proposed in
this study may lead to further structure-based medicinal
chemistry approaches to developing novel noncovalent cathe-
psin B inhibitors as therapeutic agents.

Experimental Section

Compounds 1–8 were either purchased or synthesized as previous-
ly described.[22] For each compound, the following were deter-
mined/performed: melting point, 1H NMR, 13C NMR, IR, MS, HRMS,
elemental analyses, and analytical thin layer chromatography. In-
hibition constants for compounds 1–8 against different cathepsins
were determined with enzyme kinetics. Reversibility of nitroxoline
inhibition was determined using a rapid dilution test, active site
probe DCG-04 and mass spectrometry. To assess the ability of ni-
troxoline (1) to inhibit pathological processes associated with in-
creased cathepsin B endopeptidase activity, various DQ–collagen
type IV assays, as well as two- and three-dimensional in vitro inva-
sion assays, were used. For further details, see the Supporting In-
formation.
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