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Abstract
A number of marine natural products are potent inhibitors of proteases, an important drug target
class in human diseases. Hence, marine cyanobacterial extracts were assessed for inhibitory
activity to human cathepsin L. Herein, we have shown that gallinamide A potently and selectively
inhibits the human cysteine protease, cathepsin L. With 30 min of preincubation, gallinamide A
displayed an IC50 of 5.0 nM, and kinetic analysis demonstrated an inhibition constant of ki = 9000
± 260 M−1 s−1. Preincubation-dilution and activity-probe experiments revealed an irreversible
mode of inhibition, and comparative IC50 values display a 28- to 320- fold greater selectivity
toward cathepsin L than closely related human cysteine cathepsins V or B. Molecular docking and
molecular dynamics simulations were used to determine the pose of gallinamide in the active site
of cathepsin L. These data resulted in the identification of a pose characterized by high stability, a
consistent hydrogen bond network, and the reactive Michael acceptor enamide of gallinamide A
positioned near the active site cysteine of the protease, leading to a proposed mechanism of
covalent inhibition. These data reveal and characterize the novel activity of gallinamide A as a
potent inhibitor of human cathepsin L.

Marine cyanobacteria are exceptionally rich in biologically active natural products.1 From a
biochemical perspective, their metabolites are highly diverse, often deriving from mixtures
of nonribosomal peptide synthetase (NRPS), polyketide synthase (PKS), terpene, and sugar
biosynthetic pathways, and are commonly further decorated with halogen atoms, methyl
groups, and interesting oxidations. As a result, they have been actively investigated for their
therapeutic potential for a number of years, especially for anticancer activity. One such
recently approved agent for anaplastic large cell lymphoma and Hodgkin’s lymphoma,
brentuximab vedotin, was inspired by the marine cyanobacterial metabolite dolastatin 10.2,3

In recent years, the biological evaluation of marine-derived natural products has broadened
to include inflammation, infectious and parasitic diseases, and neurological diseases.4
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In this latter regard, an emergent trend in the pharmacological mechanism of action of
cyanobacterial natural products is that many are potent inhibitors of various classes of
proteases.5,6 Proteases have been implicated in the pathogenesis of many human diseases,
including cancer,7,8 neurological disorders such as Alzheimer’s Disease,9,10 and parasitic
diseases;11 thus the therapeutic modulation of proteolytic activity offers an attractive
potential treatment modality. However, with myriad proteases and many potential
therapeutic applications, discovery of agents with selectivity for specific proteases is crucial
to the development of truly useful pharmaceuticals in this class.

Whereas freshwater cyanobacteria have yielded a number of protease inhibitors,12 their
marine relatives represent an under-explored resource for modulators of this enzyme class.
Hence, we have initiated a program to survey marine cyanobacterial extracts, fractions and
newly isolated pure compounds for interesting profiles of protease inhibition, with a special
focus on enzymes in the cysteine cathepsin and proteasome classes. We have recently
reported the structures of the carmaphycins, low nanomolar epoxyketone proteasome
inhibitors from the Curaçao cyanobacterium Symploca sp., and previously had identified the
depsipeptide symplocamide A as a potent serine protease inhibitor.5,13

Our recent efforts in this regard have focused on the human cysteine cathepsin L protease,
an important lysosomal endopeptidase with exceptionally high proteinase activity. Aside
from its traditional role in protein degradation, cathepsin L is responsible for many
specialized roles that make it an interesting target for drug discovery. It is upregulated in
multiple cancer cell types, and has been strongly implicated in bone resorption, bone pit
formation, and invasion of bone tissue by osteoclasts due to its high level of secretion and
efficient hydrolysis of bone matrix proteins.14 Multiple studies have shown significant
reduction in tumor invasiveness and metastasis with treatment of pan cysteine protease or
selective cathepsin L inhibitors.8 Furthermore, related cysteine proteases have been
identified and targeted in various infectious diseases, including malaria, leishmaniasis,
trypanosomiasis and others.15 Finally, recent evidence has mounted to elucidate the role of
murine cathepsin L in proneuropeptide processing, with knockout (KO) and siRNA studies
indicating a particularly important role in the production of the dynorphins and neuropeptide
Y.16,17

Despite the multitude of disease implications associated with cathepsin L, few selective
inhibitors have been described, and even fewer have appropriate pharmaceutical properties
for potential clinical application. Herein, we report that the evaluation of cyanobacterial
extracts led to the identification of gallinamide A (1)18 as a potent and selective inhibitor of
human cathepsin L, and thus provides an active structure for developing agents with highly
desired subtype selectivity within the cysteine proteases. Thus, this study describes the re-
isolation and identification of gallinamide A, inhibitory potency to cathepsin L and related
cysteine proteases, kinetic inhibition properties, and analyses of molecular docking to
cathepsin L that indicates a Michael addition-based inhibition as supported by biochemical
data. The molecular features of gallinamide A will assist future structure-based optimization
efforts for effective inhibitors of human cathepsin L and members of the cysteine cathepsin
protease family.
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RESULTS AND DISCUSSION
Screening efforts of fractionated extracts from various marine cyanobacteria for modulation
of human cathepsin L activity identified a number of active fractions. One such fraction
from a collection of a re-tipped Schizothrix sp. showed 97% inhibition of cathepsin L at 3
µg/mL. This sample, eluting with 2:3 hexanes/EtOAc, is adjacent to the fraction that yielded
gallinamide A (1) as described by Linington et al.19, and thus was fractionated by solid
phase extraction (SPE) to produce eight subfractions. The subfractions eluting with 2:3
hexanes/EtOAc and 1:4 hexanes/EtOAc showed 99% and 99% inhibition, respectively, of
cathepsin L at 3 µg/mL and were further fractionated by RP-HPLC to give five compounds,
E45A-E45E. Compound E45A was inactive against cathepsin L, while compounds E45B,
E45C, E45D and E45E displayed 97–99% inhibition of cathepsin L at 3 µg/mL. The major
component, E45C, yielded a mass of 0.70 mg (0.14% of the crude extract), while the minor
constituents E45B, E45D, and E45E yielded 0.33 mg, 0.40 mg, and 0.38 mg, respectively
(0.059%, 0.072%, and 0.068% of crude extract).

The HR-ESITOFMS spectrum of the major compound E45C gave an [M+H]+ ion at m/z
593.3908, which was consistent with a molecular formula of C31H53N4O7. This formula for
a protonated molecule matched that of gallinamide A (1),19 and 1H NMR analysis was used
to elucidate partial structural features which matched the previously reported subunits of
gallinamide A. Furthermore, tandem LC-MS/MS analysis provided structural data consistent
with the linear structure of gallinamide A (Figure 1A), and the observed specific rotation
[α]25 D -12 (c 0.07, MeOH) was consistent with the literature value, confirming its absolute
configuration to be the same as previously described.20

Gallinamide A Potently and Selectively Inhibits Cathepsin L
Next, we demonstrated that gallinamide A (1) blocks the binding of the activity based probe
(ABP) DCG-04, a biotin labeled derivative of the potent cysteine cathepsin inhibitor E-64-
c.21 Unlike experiments measuring enzyme inhibition, ABP studies investigate the ability of
a compound to compete with and block binding of a potent active site-directed probe.
Human recombinant cathepsin L was preincubated with compound 1 for 30 min, followed
by visualization of residual active enzyme by the labeled probe. CLIK 148, a cathepsin L
selective derivative of E-64-c, was included as a positive control. Samples were
subsequently run on gel electrophoresis and transferred to a Hybond Nitrocell membrane for
detection with avidin-HRP and a chemiluminescent substrate. Cathepsin L is a known target
of DCG-04, and thus a reduction in band optical density revealed blockade of the active site.
Compound 1 displayed a concentration-dependent inhibition of ABP labeling (Figure 2),
with decreased labeling at 111 nM and complete loss of probe labeling at 333 nM.
Interestingly, the concentration of enzyme in this assay was 100 nM; thus gallinamide A
shows a high degree of efficiency in its inhibition, reducing binding at a 1:1 molar ratio of
inhibitor and enzyme.
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The potency of enzyme activity inhibition, commonly reported as an IC50 (inhibitory
concentration for 50% activity), was found to be time-dependent in preincubation dose-
response experiments. With immediate mixing of enzyme, substrate, and inhibitor,
compound 1 inhibited human cathepsin L with an IC50 of 47 nM. Following a preincubation
of enzyme and inhibitor for 30 min prior to addition of substrate, compound 1 displayed
increased potency, with an IC50 of 5.0 nM (Figure 3). Time-dependent inhibition is a
hallmark of slow-binding inhibitors,22 a finding that directed the subsequent characterization
of the mode of inhibition and binding affinity of gallinamide A.

To assess enzyme selectivity, compound 1 was tested for inhibitory activity against the
highly homologous cysteine proteases cathepsin V (human) and cathepsin B (human), as
well as the cysteinyl exopeptidase cathepsin H. IC50 values were obtained with and without
preincubation of inhibitor and enzyme, as described for cathepsin L. A selectivity index was
calculated as a ratio of the IC50 of the assayed protease to that of cathepsin L for each
incubation condition, summarized in Table 1. Interestingly, gallinamide A displays a 10-fold
increase in potency for cathepsin L relative to cathepsin V without preincubation, and this
metric increases to 28-fold after allowing the inhibitor to associate with the protease for 30
min. Cathepsin V is a highly homologous cysteine protease, and inhibitors capable of
distinguishing between these two enzymes are currently limited. Selectivity is exaggerated
for the more distantly related cathepsin B, which shows a 320-fold higher IC50 following 30
min of preincubation. Gallinamide A was inactive against the exopeptidase cathepsin H at
the highest assay concentrations, further exemplifying its selectivity within the cathepsin
protease family. While previous studies have demonstrated moderate inhibition of murine
cathepsin L by compound 1 as well as potent inhibition of the Plasmodium falciparum
falcipain proteases,23 a full panel of related cysteine proteases was not able to be evaluated
due to insufficient material in the current study. To fully appreciate the selectivity of this
inhibitor, additional enzymes in this family should be evaluated.

Taken together, these experiments reveal human cathepsin L as a major target of
gallinamide A based on potency and selectivity. With increased focus on the discovery of
these inhibitors, gallinamide A represents an interesting active compound containing easily
modifiable structural features. With two total syntheses now published and a limited initial
SAR study completed,20,23 the gallinamide structural class has great potential to yield
analogs with improved potency, selectivity and pharmaceutical properties.

Gallinamide A is an Irreversible Inhibitor of Cathepsin L
As many slow-binding inhibitors work through covalent or tight-binding interactions,22 the
reversibility of the enzyme-inhibitor complex was subsequently assessed. Irreversibility of
gallinamide A (1) inhibition was determined using a preincubation-dilution experiment
adapted from Copeland et al.,22 in which a concentrated sample of cathepsin L was
incubated with concentrated compound 1 before a rapid dilution of the combined solution
(Figure 4A). A preincubation of 30 min was used, and approximate levels of expected
enzyme activity were obtained from the 30-min preincubation dose-response experiment
(Figure 4B). Following rapid dilution, a shift in inhibitor concentration from 10-fold IC50 to
0.1-fold IC50 value should cause a fully reversible inhibitor to immediately dissociate from
the enzyme, resulting in activity levels equivalent to 90% of control. Alternatively, a slowly-
reversible inhibitor will display a reduced reaction rate initially but with a gradual increase
over time, whereas an irreversible inhibitor will show an initial rate of approximately 10%
of the control condition, which persists over time. Immediately following the dilution,
cathepsin L activity was measured at 12% of the vehicle control. The reaction rate remained
linear and was unchanged for 2 h following the dilution (Figure 4C). These data indicate that
gallinamide is an irreversible inhibitor of the cathepsin L protease. This is congruent with
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previous studies showing that gallinamide A was a covalent, irreversible inhibitor of the
related P. falciparum falcipain proteases based on kinetic model fitting.23

To more accurately characterize the inhibitory potency of gallinamide A, the substrate
turnover kinetics of recombinant human cathepsin L were determined in the presence of
various concentrations of inhibitor (Figure 5). Progress curves were fitted to a model of
irreversible enzyme inactivation, and the calculated first order rate constants kobs were
plotted against [I].24,25 The resulting relationship was linear, and the second order rate
constant represented by kobs/[I] was determined to be 9000 ± 260 M−1 s−1. A kobs value was
not determined for the [I] = 1000 nM condition, as the level of inhibition did not produce a
progress curve capable of regression by the model. These data are consistent with two key
aspects of this study: 1) gallinamide A is a potent and efficient inhibitor of human cathepsin
L, and 2) the inactivation is irreversible.

Gallinamide A Inhibits Cathepsin L via Michael Addition
Leveraging the knowledge that gallinamide A binds irreversibly to cysteine cathepsins, a
hypothesis that the reaction occurs via a Michael addition to the reactive gallinamide A
enamide was generated. In previous studies, it has been shown that the top scoring pose in
silico is not necessarily the correct pose in vitro.26 With this in mind, gallinamide A was
docked with the crystal structure of the catalytic domain of human cathepsin L, and poses in
which the enamide was positioned acceptably close (<4 Å) to the catalytic cysteine were
selected. The induced fit docking protocol produced two different poses with similar
predicted binding affinities, referred henceforth as ‘top’ (XPGScore −8.539) and ‘bottom’
(XPGScore −7.359) orientations (Figure 6A–B, respectively). In no circumstance did Glide
position other potential reactive groups near the catalytic cysteine.

Both of these poses possessed structurally desirable qualities for a reaction to occur. The
‘top’ orientation, in which the cyclic head group interacted with the S1’ pocket, was
positioned such that the enamide carbonyl, which is negatively charged in the predicted
reaction intermediate, is stabilized in an oxyanion hole by the Gln19 and positively charged
His163 side chains, as well as the backbone NH of Cys25. Additionally, intermolecular
hydrogen bonds are evident throughout the ligand-enzyme interface, which may help
stabilize the reactive complex. In the ‘bottom’ orientation, the enamide carbonyl is stabilized
by a hydrogen bond to Gly164. Additionally, the cyclic head group appears to be sterically
accommodated very nicely into the S2 pocket of cathepsin L. Although the predicted
hydrogen bond network was found to be less extensive in this orientation, the pose remained
a viable option and was not discarded.

Due to the importance of identifying the correct pose for structure-guided lead optimization,
molecular dynamic simulations were employed to elucidate the most probable ligand
orientation. We hypothesized that a noncovalent complex must persist for a chemical
reaction to occur between the enzyme and inhibitor. Specifically, a complex must exist
where the ligand position does not significantly fluctuate and the Cys25 thiol involved in
catalysis is continually well positioned to react with the gallinamide A enamide. The use of
multiple simulations enabled a more robust assessment of stability than using a single
trajectory, which might become trapped in a local minimum. As binding between
gallinamide A and cysteine cathepsins does not occur 100% of the time, it is reasonable to
expect that not every simulation would result in a stable binding pose. Consequently, it
became our goal to assess whether one pose consistently provided a more stable, reaction-
ready conformation. The first 10 ns of each trajectory were discarded for equilibration,
which left 120 ns of usable simulation time for pose analysis. All trajectories were aligned
by Cα RMSD to their average structure, and these aligned structures were used in the
analysis. The stabilities of complexes were assessed using three metrics: RMSD of
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gallinamide A in the binding pocket (Figure 6C), distance between the Cys25-SH and the
reactive Michael addition carbon, henceforward referred to as C* (Figure 6D), and hydrogen
bond persistence (Figure 6E). In all three metrics, the orientation where the head group was
oriented near the S1’ pocket appeared to be better suited for covalent reaction to occur
between the enzyme and inhibitor.

To first assess stability of the complexes, the movement of gallinamide A within the binding
pocket was analyzed. Theoretically, ligands that have more stable interactions with their
corresponding receptors move less within a pocket. The RMSD, a metric computing
similarity of two structures, of gallinamide A complexed to cathepsin L was used to
compare the stability of each pose (Figure 6C). All three simulations of gallinamide A in the
‘top’ orientation proved to be more stable than in the ‘bottom’ orientation based on lower
RMSD values.

The most important reaction criterion is that the Cys25 thiol must be positioned adjacent to a
reactive center on gallinamide A. Gallinamide A has three potentially reactive centers: an
enamide, a vinylogous carbamate, and an ester. In all of the computationally docked poses,
only the β carbon of the enamide, C*, was positioned adjacent to Cys25-SH, likely due to
the geometric requirements of the cathepsin binding pocket. To assess stability of the bound
complexes, we first looked at the percentage of time Cys25-SH was within 4 Å of C*
(Figure 6D). While this distance cutoff is not enough to ensure reactivity, it is close enough
that slight changes in the conformation of the bound complex could lead to a productive
reaction. Distances were measured for each frame in the trajectories (12000 per complex).
For the ‘bottom’ pose, C* was positioned within 4 Å of Cys25-SH only 0.28% of the time,
as opposed to 65.80% for the ‘top’ pose. It should be noted that these results were not the
result of the initial bias toward the first frame of the analysis, as the latter half of all
trajectories were not statistically different from the first half.

Additionally, hydrogen bond interactions contribute significantly to the binding free energy
of a complex, and can heavily dictate selectivity. In this regard, the two distinct poses of a
protein-ligand complex could result in similar contributions from other contributing forces
(e.g. van der Waals), yet a protein should have a more persistent hydrogen bond network
with the correctly oriented ligand than one incorrectly oriented. For all trajectories,
hydrogen bonds between cathepsin L and gallinamide A were counted and a histogram was
generated of hydrogen bond count (Figure 6E). Hydrogen bonds were more persistent in the
‘top’ orientation compared to the ‘bottom’ orientation (p <<< 0.001, T-test), further
supporting the ‘top’ orientation.

Favorable attributes of a correct docking pose are also consistent with the ‘top’ orientation.
Most importantly, the utilization of the oxyanion hole to stabilize the reaction is consistent
with what is observed with the natural proneuropeptide substrates. In our simulations, the
enamide carbonyl of gallinamide A was observed to hydrogen bond with the oxyanion hole
55.4% of the time in the ‘top’ orientation, as compared to 17.06% in the ‘bottom’
orientation. The positively charged His163 is an especially good stabilizing residue for the
transition state compared to Gly24 in the ‘bottom’ orientation, as individual electrostatic
interactions are stronger than individual hydrogen bonds. Additionally, the positively
charged tertiary amine in gallinamide A is positioned relatively close to the S2 pocket,
which accommodates a basic residue in many of its natural proneuropeptide substrates. This
positive charge may also help confer selectivity toward cathepsin L over cathepsin V, as the
S2 pocket in cathepsin V is not as negatively charged.

Other atomistic interactions between gallinamide A and cathepsin L lend support to the head
group ‘top’ pose being the correct orientation. Stolze et al.23 conducted a limited SAR of
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gallinamide Ainhibition of a P. falciparum cysteine protease and found that the cyclic head
group was essential for gallinamide A-based inhibition. In the ‘top’ orientation, the carbonyl
in the cyclic head group was found to hydrogen bond to either Gln19 or His189 for 83.55%
of the simulation. The high persistence of this hydrogen bond suggests that removal would
significantly reduce the inhibitory potential of gallinamide A with cathepsin L. In contrast,
hydrogen bonds with the cyclic head group were absent in the ‘bottom’ orientation, which
would not support the aforementioned SAR. In other structural studies of cathepsin L
inhibitors, Gly68 has been shown to hydrogen bond with inhibitors.27 In our simulations, a
hydrogen bond between Gly68 and the carbonyl of the leucine residue appears 82.75% of
the time in the ‘top’ pose, consistent with these findings.

The identification of the correct pose and proposed reaction mechanism between
gallinamide A (1) and cathepsin L will serve as a platform on which to base the
development of therapeutically relevant agents. The potential applications of gallinamide A
as an antimalarial agent have been investigated since its discovery, though the potency and
selectivity of this compound make it a valuable structural class in other fields. Inhibitors
with selectivity between various human cysteine cathepsin proteases are lacking, and
compounds with such a property may prove valuable in the elucidation of the relative roles
of these enzymes in proneuropeptide processing.28 Furthermore, inhibitors of cathepsin L
are under investigation for the reduction of tumor metastasis.14 In this capacity, compounds
do not need to enter cells to work as effective agents, as cathepsin L promotes metastasis
through its degradation of matrix proteins in the extracellular space.14 Due to the easily
modifiable carbon skeleton of 1, this structure could serve as a starting scaffold for the
development of compounds with such favorable pharmaceutical properties. Lastly, this
study identifies potential off-target binding sites for this marine natural product, an
important consideration in its development as a potential antimalarial agent, and thus will
help guide the development of more selective and potent therapeutic agents.

EXPERIMENTAL SECTION
General Experimental Procedures

UV spectra were measured on a Beckman Coulter DU 800 Spectrophotometer. NMR spectra
were collected on a Varian Unity 500 MHz (500 MHz and 125 MHz for 1H and 13C NMR
respectively) using CDCl3 from Cambridge Isotope Laboratories, Inc. 99.8% D containing
0.03% v/v trimethylsilane (δH 0.0 and δC 77.16 as internal standards using trimethylsilane
and CDCl3, respectively). LCMS data were obtained with a Phenomenex Kinetex 5 µm
C18(2) 100Å column (4.6 × 250 mm) with a Thermo Finnigan Surveyor Autosampler-Plus/
LC-Pump-Plus/PDA-Plus system and a Thermo Finnigan LCQ Advantage Max mass
spectrometer. HPLC purification was carried out with a Waters 515 HPLC Pump with a
Waters 996 Photoiode Array Detector using Empower Pro software. All solvents were
HPLC grade except for 99.8% acetone from Fisher which was distilled before use, and H2O
which was purified by a Millipore Milli-Q system before use.

Collection, Extraction and Isolation
The collection, extraction and VLC fractionation information can be found in the original
isolation report.19 The fraction eluting with 4:6 hexanes/EtOAc (12.3 mg) showed the
strongest inhibition (3% activity remaining) of cathepsin L at 3 µg/mL. LC-MS and 1H-
NMR spectra were obtained, and then the sample was further fractionated using 200 mg Si
NP solid phase extraction (SPE), producing eight subfractions. These eluted with 3 mL
washes of: 9:1 hexanes/EtOAc; 8:2 hexanes/EtOAc; 6:4 hexanes/EtOAc; 4:6 hexanes/
EtOAc; 2:8 hexanes/EtOAc; 100% EtOAc; 1:1 EtOAc/MeOH; 100% MeOH. LC-MS
and 1H NMR traces were again obtained for each sub-fraction. Sub-fractions 6 through 8
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were combined based on similarities in their LC-MS and NMR data, and all sub-fractions
were subjected to the cathepsin L inhibition assay. The fourth and fifth fractions, eluting
with 4:6 hexanes/EtOAc (1.64 mg) and 2:8 hexanes/EtOAc (0.52 mg), respectively,
demonstrated the greatest inhibition of cathepsin L (99% and 99%, respectively), and were
thus selected for additional purification. These two fractions were separately subjected to
C18 RP-HPLC (Phenomenex Luna C18 4.6 × 250 mm RP-HPLC column, 5 µm ACN/H2O
40:60, 1 mL/min) under both neutral and acidic (0.01% TFA) conditions. Separation was
more robust under acidic conditions, and collections were tested in the cathepsin L
inhibition assay to ensure protonation did not affect bioactivity. Collections from both
neutral and acidic conditions demonstrated inhibition of cathepsin L (data not shown).
Analytical RP-HPLC was used to profile each subfraction, and preparative HPLC was
performed to isolate and collect the major components (Phenomenex Luna C18 4.6 × 250
mm, 5 µm, 35% ACN/65% H2O/0.01%TFA, 1 mL/min); 0.70 mg of pure gallinamide A
was obtained, 0.14% of the crude extract mass.

Gallinamide A (1)
colorless amorphous solid; [α]25 D −12 (c 0.07, MeOH); UV, 1H NMR, and high resolution
ESITOFMS matched reported values within experimental error and are available in the
Supporting Information.

Cathepsin L Assay
Z-Phe-Arg-AMC substrate and E-64-c were purchased from Bachem Americas. Human
recombinant cathepsin L was purchased from R&D Systems. Assays were carried out using
20 µM Z-Phe-Arg-AMC and 3.0 ng/mL human recombinant cathepsin L. Assay buffer
consisted of 50 mM sodium acetate, 100 mM NaCl, 1.0 mM EDTA and 4 mM dithiotreitol,
pH 5.5. The enzymatic reaction (25°C) was monitored on a SpecraMax Gemini or
SpectraMax microplate reader (PerkinElmer Life Sciences) and the fluorescent signal was
measured at the excitation and emission wavelengths of 365 and 450 nm, respectively.

Inhibitor Potency Determination
An 8-point, 3-fold serial dilution dose-response assay was performed in triplicate. Each well
of a 96-well assay plate contained 50 µL of 2× concentrated assay buffer, 20 µL of H2O, and
10 µL of inhibitor in 10% DMSO. Positive and negative controls of 10 µL of 10 µM E-64-c
or 10% DMSO, respectively, replaced inhibitor as internal controls. A 10 µL aliquot of a 30
ng/mL cathepsin L solution and 10 µL of 200 µM Z-Phe-Arg-AMC in assay buffer were
added sequentially to initiate the protease reaction. Assay buffer (10 µL) was added in place
of cathepsin L as a substrate blank for baseline correction. The resultant dose response
concentration range was 333 nM to 0.46 nM inhibitor in a 100 µL final reaction volume.
Data were scaled to internal controls and a four-parameter logistic model (GraphPad vs. 5.0,
Prism) was used to fit the measured data and determine IC50 values.

Selectivity
Gallinamide was tested for inhibition of human cathepsin V (100 ng/mL; R&D
Systems),human cathepsin B (100 ng/mL; R&D Systems), and human cathepsin H (50 ng/
mL; Athens Research and Technology). For cathepsins B and V: reactions were performed
in 50 mM sodium acetate buffer containing 100 mM NaCl, 4 mM DTT, and 1 mM EDTA,
pH 5.5, using 10 µM Z-Phe-Arg-AMC substrate. For cathepsin H reactions were performed
in 50 mM potassium phosphate buffer containing 3 mM cysteine, 1 mM EDTA, pH 6.4,
using 200 µM Arg-AMC substrate. IC50 values were determined for both 0 min and 30 min
preincubations, and selectivity index values were calculated relative to cathepsin L. All
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values were obtained in technical triplicate, as compound supply was insufficient to perform
replicate plates.

Reversibility
A preincubation-dilution experiment was adapted from Copeland et al.22 Cathepsin L at
100-fold its final assay concentration was incubated with gallinamide A at 10-fold its IC50
value for 30 min in a volume of 2 µL in a 96-well plate. This mixture was diluted 100-fold
with assay buffer containing 10 µM Z-FR-AMC substrate to a final volume of 200 µL,
resulting in a standard concentration of enzyme and 0.1-times the IC50 value of gallinamide
A. A rapidly reversible inhibitor will dissociate from the enzyme to restore approximately
90% of enzymatic activity following the dilution event, while an irreversible inhibitor will
maintain approximately 10% of enzymatic activity. Fluorescence intensities of the 200-µL
wells were monitored continuously for AMC hydrolysis on a Specramax plate reader in
kinetic mode for 2 hr.

Active-site Directed Probe Competition Binding Assay
Gallinamide A was prepared in a 6-point, 3-fold serial dilution in 10% DMSO. Assay buffer
consisted of 100 mM sodium acetate, 1.0 mM EDTA, and 4 mM DTT, pH 5.5. One µL of 40
ng/µL cathepsin L solution was added to 8.5 µL of assay buffer and preincubated with 1.5
µL of inhibitor for 30 min at room temperature. Positive and negative controls of 1.5 µL of
100 µM CLIK-148 or 10% DMSO were included. After preincubation, 4 µL of 10 µM
Biotin-Lys-C5 alkyl linker-Tyr-Leu-epoxide (DCG-04) was added and incubated for 30 min
at room temperature. The incubated sample was mixed with 4× NuPAGE sample buffer and
50 mM DTT and denatured at 70 °C for 5 min. SDS-polyacrylamide gel separation was
performed with Xcell SureLock system (Invitrogen) on 12% Bis-Tris gel (Invitrogen) at 200
V for 50 min. After transfer to a Hybond Nitrocell membrane (Amersham) at 30 V (1 h), the
membrane was blocked in 5% milk in TBS + 0.05% Tween for 1 h and then incubated with
avidin and biotinylated horse-radish peroxidase, followed by washing (4×) and detection
with ECL+ chemiluminescent substrate (Amersham).

Kinetic Analysis
Kinetic characterization of the interaction between gallinamide A and cathepsin L was
performed to obtain an accurate second order inhibition constant corresponding to kobs/[I].
Continuous monitoring of substrate hydrolysis in the presence of the inhibitor was used to
measure the decrease in enzyme activity over time. Gallinamide A was tested in
concentrations ranging from 12.3–1000 nM with simultaneous mixing of enzyme, substrate
and inhibitor. Progression curves of product formation were fitted to a simple model of
irreversible inhibition:

Equation 1

in which [P] is concentration of product, νi is the initial reaction rate, kobs is the observed
first order rate constant, and t is time in seconds. The observed first order inhibition constant
Kobs was plotted against [I] to obtain a linear relationship, the slope of which represents the
second order rate constant kinact/KI, a measure of affinity for the slow binding inhibitor.
Kinetic analysis was performed in technical quadruplicate.

Receptor and Ligand Preparation
A cathepsin L structure (PDB ID: 2XU3)27 was downloaded from the Protein Data Bank.29

All ligands and H2O molecules were removed and hydrogens were subsequently added to
the protein structure using PROPKA30–33 and PDB2PQR34 at pH 5.5. The proteins were
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then processed using Schrödinger Maestro’s Protein Preparation Wizard
(www.schrodinger.com). Grids were generated using the catalytic cysteine as the center. The
inner box, which imposes restrictions on the location of the center of the ligand, was set to a
10 Å cube and the outer box, which restricts the possible locations of all ligand atoms, was
set to a 30 Å cube. Gallinamide A was built using Schrödinger Maestro’s 2D builder and
processed using LigPrep at pH 5.5 +/− 2.0 to mimic assay conditions.

Docking Protocol
Gallinamide A was positioned into cathepsin L active site using the Induced Fit Docking
module of Schrödinger’s glide.35 The center of the catalytic residues Cys25 and His163 was
used as the box center. No hydrogen bond constraints were applied. Side chains within 5.0 Å
of docked ligands were refined with Prime. XP Precision was used to score poses in the final
re-docking step.

Molecular ynamics simulations
Selected complexes were extracted from the docking runs. In all poses, Na+ counter-ions
were added to neutralize the solution, and the complex was solvated in a TIP4PEW water
box extending 10 Å in all x,y,z directions beyond the complex.36 Minimization and
equilibration were done similarly to previous MD studies.37 In brief, the system was first
minimized to remove any steric issues. Harmonic restraints of 2.0 kcal/mol/Å2 were applied
to the protein as the system was heated to 300K. A 1 ns simulation to equilibrate the system
was then run with restraints removed. The SHAKE algorithm was used to constrain bonds
involving hydrogens,38 and Particle Mesh Ewald was used to treat long-range
electrostatics.39 Simulations of 50 ns duration were run in triplicate from the minimized
structure. For each simulation, the first 10 ns were discarded for equilibration of the docked
pose, resulting in 120 ns of simulation per system that was analyzed.

Simulation snapshots were taken every 10 ps. All analysis was performed using either the
ptraj module of AMBER1224 or analysis tools in VMD.41 Trajectories were aligned by Cα
RMSD to their average structure. Hydrogen bonds were determined for polar hydrogen
acceptor atoms (O, N, S) with 3.0 Å and 120° cutoffs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fragmentation patterns for (A) gallinamide A (1) by ESI-MS/MS.
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Figure 2.
Representative blot of competitive activity-based probe labeling of cathepsin L. Gallinamide
A showed reduced labeling at 111 nM and complete inhibition at 333 nM.
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Figure 3.
Dose response curves following gallinamide A preincubation with cathepsin L for 0 min (▲)
and 30 min (●). The measured IC50 following immediate mixing is 47 nM, while 30 min
preincubation results in an IC50 of 5.0 nM. IC50 data are significantly different (p<0.0001).
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Figure 4.
A concentrated solution of enzyme and gallinamide A was incubated for 30 min and then
then diluted. (A) The resulting shift in the enzymatic activity is based on the dose response
curve. (B) The subsequent rate of the reaction was monitored for 2 h, and comparison of
initial reaction rates showed 12% of the activity with preincubation of gallinamide A (○) as
compared to the control (●). The reaction rate was constant over the course of the 2 h
monitoring period, demonstrating an irreversible mode of inhibition.
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Figure 5.
(A) Product formation from the turnover of substrate by cathepsin L in the presence of
various concentrations of gallinamide A was monitored over time. The resulting plots were
fitted to a model of irreversible inhibition, and the obtained kobs values were plotted against
[I]. (B) This produced a linear relationship, the slope of which represents the second order
inhibition constant, ki = 9000 ± 260 M−1 s−1.
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Figure 6.
(A–B) Induced fit docked poses of representative structures for two gallinamide A (1)
conformations docked into cathepsin L resulted in ‘top’ and ‘bottom’ poses, respectively. In
C–E, the scores for the ‘top’ pose are represented by green and the ‘bottom’ pose blue. (C)
RMSD values were obtained for each pose, corresponding to differences between the
structure at a given time and the original pose, and thus are inversely correlated with
stability. (D) The distance between Cys25-SH and C* for gallinamide A bound to cathepsin
L. (E) A histogram of hydrogen bond count for both orientations of gallinamide A docked
into the cathepsin L active site.
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Table 1

IC50 Values and Selectivity Indices of Gallinamide A (1) for Cathepsins L, V, B, and H.

IC50
a Selectivity Index

Enzyme 0 Min 30 Min 0 Min 30 Min

µM

Human Cathepsin L 0.047 0.0050 1 1

Human Cathepsin V 0.46 0.14 10 28

Human Cathepsin B 4.2 1.7 91 320

Human Cathepsin H >30 >30 N/A N/A

a
95% confidence intervals: L(0)=0.0042–0.0060; L(30)=0.040–0.053; V(0)=0.42–0.50; V(30)=0.12–0.17; B(0)=3.7–4.7; B(30)=1.3–2.0
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