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ABSTRACT: Lcn2 is a host defense protein induced via the innate
immune response to sequester iron-loaded bacterial siderophores.
However, excess or prolonged elevation of Lcn2 levels can induce
adverse cellular effects, including oxidative stress and inflammation.
In this work, we use Hydrogen—Deuterium eXchange (HDX) and
Isothermal Titration Calorimetry (ITC) to characterize the binding
interaction between Lcn2 and siderophores enterobactin and 2,3-
DHBA, in the presence and absence of iron. Our results indicate a
rare “Type II” interaction in which binding of siderophores drives the
protein conformational equilibrium toward an unfolded state. Linking
our molecular model to cellular assays, we demonstrate that this
“distorted binding mode” facilitates a deleterious cellular accumu-
lation of reactive oxygen species that could represent the molecular
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origin of Len2 pathology. These results add important insights into mechanisms of Lcn2 action and have implications in Len2-

mediated effects including inflammation.

Lipocalin 2 (Lcn2) is a mammalian bacteriostatic protein
whose primary function is to limit bacterial iron
acquisition by binding iron-loaded siderophores and trans-
ferring them into host cells. It is induced and secreted by
neutrophils as part of the innate immune response."”
Circulating Len2 levels are found to be elevated in a host of
chronic conditions associated with inflammation, such as
obesity and diabetes, and are thought to contribute to disease
pathogenesis.”* Despite this, Lcn2 does not mediate biological
effects via a classic receptor signal transduction pathway, and
the precise molecular mechanisms of action remain to be fully
elucidated. Recent studies have shown that Lcn2 mediated
binding and transport of iron-loaded siderophores into
mammalian cells can elicit substantial and varied cellular
responses.g”5

Len2 has a classic f-barrel structure of the lipocalin family
with eight antiparallel S-sheets, and an unusually large and
polar ligand-binding cavity or calyx.®” Due to its structural
similarity to other lipocalin family members, Lcn2 was initially
proposed to be a carrier protein for small lipophilic
compounds.® Interactions with a variety of lipophilic
substances have been reported, including N-formyl-Met-Leu-
Phe, leukotriene B4, platelet-activating factor, cholesteryl
oleate, retinol, and retinoic acid.®” However, all the proposed
ligands above have weak binding affinities and/or exhibit poor
docking in the calyx.'

In the search for the “true” native ligand of Lcn2, the
cocrystallization of Len2 with enterobactin (Ent) marked a
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critical advance.'” In their structural study, Goetz et al.
describe the interaction between Ent and Lcn2 through three
positively charged residues inside the calyx. Ent acts as an iron
chelator, resulting in a “holo” complex corresponding to Lcn2-
Ent-Fe. The characterization of this complex validated the role
for Len2 as an antimicrobial protein that limits bacterial
growth by preventing iron acquisition.'”'" Indeed, Lcn2
knockout mice are more susceptible to bacterial infection.'”
Thus, the available literature suggests that Lcn2 plays a pivotal
role in the innate immune system." After identification of the
Lcn2-Ent-Fe interaction, a range of related microbial side-
rophores were scanned for Lcn2 binding. Both a catecholate
and a precursor in Ent biosynthesis, 2,3-dihydroxybenzoic acid
(DHEA) showed a high affinity for Len2 in the presence of
iron.

Outside of acute infection, the physiological role of Len2 is
closely related to inflammation, although the exact mechanistic
pathways remain obscure. Under certain conditions, such as
inflammatory bowel disease, Lcn2 released by colonic
epithelial cells prevents inflammation by strengthening
phagocytic bacterial clearance.'> On the other hand, seemingly
contradictory evidence implies a pro-inflammatory effect of
Len2 in low-grade bowel inflammation.'® Under chronic
neuroinflammatory conditions, Lecn2 promotes inflammation
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Figure 1. ITC thermograms of Ent binding by Len2. (a) 40 uM Len2. (b) 12 uM Len2. In both cases, the data cannot be fit using a single event

model, but can be fit to a sequential muti-event model (insets).

through the TNFa pathway.'” In obese and diabetic models,
which are considered prolonged weak inflammation, Len2 has
a pro-inflammatory aspect as well.”'®'” That Len2 expression
is positively regulated by pro-inflammatory cytokines, like NF-
kB, also supporting a proinflammation hypothesis.”’

To reconcile these contradictory roles, a dual mechanism of
Len2 activity has been suggested.”’ On the anti-inflammatory
side, a recent report suggests that when free Len2 (apo-Len2)
enters cells and accumulates, it can attenuate iron or
siderophore induced reactive oxygen species (ROS) produc-
tion and enhance cell survival®’> However, when Lcn2
complexed with iron-loaded siderophore (holo-Len2) enters
cells, it promotes cell death via ROS production.”” Therefore,
the presence or absence of siderophores in the extracellular
environment is likely a critical factor in determining Lcn2
function in both microbe-induced and sterile inflamma-
tion.”>"*° In the current study, we aim to shed light on the
molecular basis of Lcn2 physiology by probing the
thermodynamic, structural, and dynamic aspects of Lcn2—
siderophore interactions. Physiological effects that result from
the observed “strained” binding mode are then probed via
ROS-sensing cell-based assays.

B RESULTS AND DISCUSSION

Lecn2-Siderophore Binding Is Not a Single-Event
Process. To understand the thermodynamics of Lcn2
siderophore engagement, we titrated Ent into Lcn2 in the
absence of iron in a series of Isothermal Titration Calorimetry
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(ITC) measurements. Iron-free Ent was the only siderophore
that gave interpretable results, with Fe-Ent being too low in Ky
and DHBA giving an exceedingly complex thermogram that
indicated weak binding, but could not be fit to a low-parameter
model. For Ent-Lcn2 complexation, the U-shaped curve could
only be described using a sequential, minimum two-event
model (Figure 1). While these results unambiguously indicate
a process that involves more than one thermodynamically
favorable phase, any quantitative interpretation of the data
would be largely speculative, since there is at least one phase
that cannot be assigned to a known physical process.

The “secondary” phase in the ITC curve could have a
number of causes, including a second binding site,>”® ligand-
induced dimerization,”” or perturbation of protein folding/
unfolding equilibrium.’”*" As the crystal structure of the
human homologue NGAL reveals, Lcn2 only has one cup-
shaped cavity suitable for Ent.” Thus, Len2 is unlikely to
specifically accommodate a second Ent. On the other hand,
Lcn2 has been reported to be isolated from neutrophils and
crystallized as homodimers.>>*” To investigate further, we
implemented a series of native MS-based analyses.

Siderophore Biding Does Not Induce Lcn2 Dimeriza-
tion. We conducted electrospray ionization (ESI) native mass
spectrometry (MS) on various siderophore-Len2 pairs. In
addition to providing supporting evidence for Len2 binding
partners, this approach can also reveal the occurrence of
ligand-induced dimerization. The association of either ferric
Ent or ferric 2,3-DHBA to Lcn2 was clearly marked by mass
increases, as previously reported (Figure 2a—c).”> However,
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Figure 2. Formation of various siderophore—siderocalin complexes. Native MS spectra show the complexes formed when (a) free Lcn2 is
incubated with (b) ferric enterobactin, (c) ferric 2,3-DHBA, (d) enterobactin, and (e) 2,3-DHBA. Spectra (a,b,c) were adapted with permission
from Song et al.” (f) Fluorescence emission scans for the same complexes were collected from 300 to 400 nm when excited at 280 nm. Note that
the Fe-Ent-Len2 and Apo-Ent-Len2 traces exhibit almost complete overlap.
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Figure 3. IMS chromatogram of various Len2-siderophore complexes. Corrected drift times were shown for complexes under the same conditions.
The dotted line representing the peak centroid of (a) apo-Lcn2, is used as a reference line in (b) Len2-Ent, (c) Len2-Ent-Fe, and (d) Len2—2,3-
DHBA-Fe chromatograms. All ligand-bound species showed longer drift times corresponding to less compact structures.

only Ent can bind to Len2 in the absence of iron (Figure 2d).
The inability of Len2 to bind to 2,3-DHBA without iron is
suggested via native MS (Figure 2e); however, this measure-
ment is susceptible to false negatives (and false positives).”*
Since the barrel of Lcn2 is tyrosine-rich, the emission
spectrum of intrinsic fluorescence was used as a secondary
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measurement for Len2—siderophore interactions. Fluorescence
intensity decreases were shown to occur upon addition of
siderophore, consistent with binding in the calyx pocket
(Figure 2f). This decrease was strongest for Ent and Ent-Fe,
significant for 2,3-DHBA-Fe and was not measurable for 2,3-
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DHBA, showing in agreement with the MS data that 2,3-
DHBA does not bind Len2 in the absence of iron (Figure 2f).

Apart from illustrating Len2 binding partners, the data in
Figure 2 provide no evidence of substantial ligand-induced
dimerization. Previously, covalent (disulfide) Lcn2 dimers in
urine samples from patients with urinary tract infection had
been observed.>> However, the corresponding very low
intensity peaks observed in the ESI mass spectrum are most
likely artifactual (and noncovalent) dimers. Therefore, the
second event indicated by the ITC measurements is not
oligomerization.

Siderophore Binding Destabilizes the Native Struc-
ture of Lcn2. To test whether a folding/unfolding equilibrium
disturbance was the second event measured by ITC, we
examined the conformational changes of Lcn2 upon side-
rophore binding. IM-MS of the unbound protein revealed a
single conformation with a drift time of 7.31 + 0.03 ms (Figure
3a). Ligand-bound Lcn also exhibited a single conformational
state, but all ligands induced a longer drift time compared to
apo-Len2 (Figure 3b—d), signaling a larger collisional cross
section. However, it is not clear if an increase of this
magnitude, corresponding to 0.22 + 0.04 ms, is a result of
conformational change or a direct effect of the presence of
ligand.

Global HDX measurements, which are specifically sensitive
to changes in conformation and dynamics, revealed that
siderophore-bound complexes uniformly exhibited higher
deuterium uptake than the apoprotein (Figure 4). This is an
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Figure 4. Global HDX from 0.25 to 5.12 s. The increases in mass after
deuterium incorporation for the four Lcn2 states were plotted against
HDX time, fitted with one phase association. Error bars from both
technical (n > 3) and biological (n > 3) replicates were shown. The
goodness of fit (R?) are 0.97, 0.99, 0.96, 0.99 for Lcn?2 alone, Ent-Fe
bound, Ent bound, and three 2,3-DHBA-Fe bound Lcn2, respectively.

exceedingly unusual result since ligand binding typically
induces decreased conformational dynamics (and thus lower
deuterium uptake) through the formation of new structure-
stabilizing interactions at the binding site. Nonetheless,
structurally destabilizing interactions have been predicted to
be hypothetically possible, with an example involving a
modified heme ligand, in what Konermann et al. called a
“Type II” scenario.’® The structural distortion accompanied by
accommodating ligands appears to be greater for siderophores
with higher degrees of freedom. For instance, the binding of
three 2,3-DHBA to an iron could be reckoned as flexible, as
three catecholate units bind to iron in a hexa-dentate fashion.
Iron-free Ent is also another example of a ligand with higher
flexibility, where the partially flexible “arms” linking the
catecholate groups potentially contribute to higher dynamics
of the bound lipocalin (Figure S1).
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Taken together, the IM-MS and global HDX data indicate a
shift in the native Lcn2 folding landscape toward more
dynamic/unfolded states, thus suggesting that protein
unfolding is likely to be the second ITC event. To understand
the nature of this conformational shift in detail, we employ
structurally resolved HDX measurements.

The Structural Distortion Is Localized around the
Lecn2 Calyx. To probe the disrupted region of Lcn2 after
siderophore binding, we employed Time-Resolved ESI
(TRESI) HDX, a “bottom up” approach in which HDX is
quenched after a millisecond labeling period and the protein is
digested prior to MS analysis.”” Deuterium uptake values were
summed across seven time points corresponding to 0.25—5.12
s. Ent-bound Lcn2 showed broad destabilization of the protein
structure (red), but the greatest destabilization at the calyx
around the three binding sites (128Y, 147K, 156K) predicted
based on sequence homology from homo Len2*® (Figure Sa,
top panel). Like Ent, Ent-Fe also distorted Len2 at a similar
region of the [ barrel, albeit more selectively (Figure Sa,
middle panel). The other iron-loaded siderophore, [2,3-
DHBA]-Fe, exhibited the same destabilization of the calyx
(albeit weaker) and the protective effect at the 3, helix (Figure
Sa, bottom panel). Even though the ferric 2,3-DHBA Lcn2
complex shows a lower magnitude of disruption for most
peptides, the distortion might be more pronounced than the
TRESI HDX difference amplitudes suggest. This is due to the
presence of peptides from unbound Lecn2 in the sample which,
based on the native MS data, may be uniquely present in the
case of 2,3-DHBA-Fe. Under the short labeling conditions
used here, uptake from peptides arising from the unbound
protein will be averaged with uptake from the corresponding
peptides arising from the bound protein, dampening the
apparent difference. Len2 interacting with Ent is free from this
complication since it is essentially saturated with ligand, as
indicated by ESI-MS. At a longer exchange time point (e.g., 15
min), many of the differences across all three states are greatly
subdued or no longer detected (Figure Sb).

To better understand the localized HDX results, the
interaction between Lcn2 and Ent-Fe was modeled using
protein—ligand docking by Molecular Operating Environment
(MOE).** The amino acids involved in the Ent-Fe/Lcn2
interaction are shown schematically, colored based on the
different types of interactions, in Figure 6a. The orientation of
Ent-Fe inside the calyx is shown as a cartoon representation
(Figure 6b). As expected, the iron atom in this structure is
chelated with three bidentate catecholates of enterobactin
(shown in black), in which the catechol oxygen atoms of the
2,3-DHBA moieties make a hexa-coordinate octahedral
complex with Fe(III).

The increases in dynamics are not only observed at the
binding site but spread across the calyx. The distortion of the
protein structure corroborates well with the Ent/Lcn2
interaction surface illustrated by docking poses produced by
MOE. The docking pose represented in Figure 6 does not give
any additional information on protective effects at the 3, helix
(aa 112—129) for the 2,3-DHBA-Fe moiety.

Taken together, our results indicate that siderophores
interact with Lcn2 in a noncanonical way that involves
destabilization of the protein structure. Though rare, the
stabilization of partially unfolded states of a protein upon
ligand binding has been previously reported. NADP*, for
instance, has been shown to prolong the lifetime of unfolding
intermediates of dihydrofolate reductase.””*' Similarly, 1,8-
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Figure S. Difference plots of local HDX data. The difference in deuterium uptake of (a) enterobactin loaded, ferric enterobactin loaded, and ferric
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Figure 6. Ferric Ent docked to Len2 by MOE simulation. (a) Amino acids involved in ferric Ent binding are shown as schematic representations,
where 81W, 127K, and 134Y are in direct interaction with the siderophore. Structure of deprotonated [(Ent)Fe(IIT)]*~ at pH 7 is used for the
docking process. (b) Cartoon representation, colored by secondary structures, reveals the position of the ligand docked at the calyx.

anilinonaphthalenesulfonate facilitates unfolding of the Polo-
box domain of Polo-like kinase 1, and zinc destabilizes the
structure of porcine growth hormone.*” A thermodynamic
model for such interactions was provided by Konermann et

al*® In the case of Lcn2, where both binding processes are
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favorable (based on ITC), the enthalpic penalty for increased
conformational flexibility might get “paid” by release of
ordered water within the calyx, but we have not found direct
evidence of this. The conformational distortion can also be

potentially crucial for downstream Len2 function, such as iron

DOI: 10.1021/acschembio.9b00820
ACS Chem. Biol. 2020, 15, 234242


http://dx.doi.org/10.1021/acschembio.9b00820

ACS Chemical Biology

® Lcn2 +2,3-DHBA

a) O Lecn2+Ent
" 154
g2
X T 14
c £
‘v 5
1.3 4
%" e
£ 2
- ‘_;‘3 1.2
° &
Y4
1.0% v - - -
0 5 10 15 20 25
Siderophore (nM)
untreated Len2 +iron
c)
DAPI
GFP
Merged

® Lcn2 + 2,3-DHBA +iron (1:1)
O Len2 + 2,3-DHBA +iron (3:1)

¥ Len2 + Ent + iron (1:1)
A Len2 + Ent + iron (3:1)

b)

-
(4]

+H

-
»

-
w

Fold change in %ROS
o

(relative to untreated)

-
-

1.0 T v .
10 15 20 25
Siderophore (nM)

Len2 + 2,3-DHBA +
iron (1:1)

Lcn2 + Ent +iron (1:1)
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bars are from three biological replicates (n = 3).

and siderophore influx by facilitating a more favorable
interaction with receptors mediating the endocytosis.

Ferric 2,3-DHBA Induces More Cellular Toxicity than
Ferric Ent. The effect of iron-loaded Len2 on ROS production
was tested in H9C2 cells. Relying solely on trace amounts of
iron in complete growth media, 2,3-DHBA treated cells had a
higher ROS response than the Ent treated group (Figure 7a).
Because ferric 2,3-DHBA formed a complex with Lcn2 at a
ratio of 1:3:1 Lcn2:2,3-DHBA:iron, equivalent and 1/3 iron
concentrations were used to conduct subsequent experiments.
With an intentional iron supplement, ferric 2,3-DHBA
treatment has a significantly higher ROS response than the
ferric Ent group. However, this appears to correlate to a
different saturation point as increasing iron concentrations had
no effect (Figure 7b). Representative cell fluorescence images
and their quantitative analysis clearly illustrated that iron-laden
2,3-DHBA Lcn2 complex treated cells had greater level of ROS
(Figure 7c). Apo-Len2 or Len2 with iron alone did not cause
significant ROS accumulation compared to untreated cells.

239

Higher ROS levels are observed with ferric 2,3-DHBA than
with ferric Ent at the same concentration. This can be
rationalized from the molecular data in that the increased
conformational distortion associated with 2,3-DHBA-Fe bind-
ing could be more susceptible to siderophore loss in
endosomes. Apo-Lcn2 has been shown to be highly resistant
to unfolding, even at pH 2.5, but the ligand-bound form
appears to unfold more readily in response to lowered pH,
increasing the likelihood of siderophore release.”” It has
recently been demonstrated that Ent-Fe binds to ATP synthase
subunit a inside mitochondria and facilitates iron influx; this
provides a possible destination for Ent-Fe.” Ultimately, our
work reveals that an unusual, structurally destabilizing
interaction between Lcn2 and its iron-loaded siderophores
may be the molecular origin of Len2-mediated inflammation.

The “strained” nature of this interaction, together with its
widespread expression in the absence of bacterial infection,
suggests that Lcn2’s role in the innate immune response may
represent an example of molecular exaptation. Specifically,
Lcn2 may have originally evolved to fill a role in line with other

DOI: 10.1021/acschembio.9b00820
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lipocalins (i.e., lipid transport), but was later selected for
overexpression in bacterial infection to sequester bacterial
siderophores. Lcn2 is therefore imperfectly suited to the latter
role in the sense that, having not evolved specifically to bind
siderophore targets, complexation requires substantial dis-
tortion of the binding pocket resulting in an elevated
probability of releasing ferric siderophore from endosomes.
In the case of bacterial infection, where Ent-Fe is abundant, the
benefits of iron chelation outweigh the cost of free intracellular
ferric siderophore (and moderately elevated ROS production).
However, when Lcn2 is expressed in the absence of infection,
there is no significant benefit of iron chelation, and the higher
distortion interaction with 2,3-DHBA-Fe results in substan-
tially elevated ROS production leading to adverse biological
effects contributing to various disease pathophysiologies. A
detailed functional evolution analysis of the Len protein family
could provide insights into this hypothesis and is a target for
future work.

B METHODS

Reagents. All reagents were purchased from Sigma-Aldrich unless
otherwise stated. Ni Sepharose 6 Fast Flow resin was purchased from
GE Healthcare Life Sciences. Dialysis cassettes were purchased from
Thermo Fisher Scientific.

Protein Expression and Purification. pPROEX HTb murine
Lipocalin-2 was expressed in E. coli BL21 and purified using Ni
Sepharose 6 Fast Flow resin as we previously described.***
Subsequently, the protein was dialyzed into 1x PBS (137 mM
NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.76 KH,PO,, pH 7.4) for
long-term storage.

Lcn2 Siderophore Interactions. Molecules 2,3-DHBA and Ent
were dissolved in DMSO at concentrations of 300 mM and 15 mM,
respectively. Ratios of Lcn2:2,3-DHBA (1:3) or Len2:Ent (1:1) were
used to form the complexes. When iron was involved, FeCl; was
premixed with siderophores before addition into Lcn2.

Isothermal Titration Calorimetry (ITC). ITC was performed
using a MicroCal VP-ITC. Samples were degassed before analysis
with a MicroCal Thermo Vac unit. Titrations were performed with
the protein sample in the cell and the siderophore as the titrant. The
binding experiments were performed at 20 °C with 0.25 mM Ent and
12 yM or 40 uM Lcn2. Siderophore, initially dissolved in 100%
DMSO, was diluted to working concentrations with 1x PBS (pH 7.4)
buffer to a final DMSO concentration of 0.56% (v/v). DMSO was
added to the protein solution and the reference cell at the same
concentration to avoid buffer mismatch. All binding experiments
consisted of the first injection of 2 mL and a 60 s delay. The
subsequent 34 injections were 8 mL, spaced every 300 s. The first
point was removed prior to analysis due to the different injection
volume and delay parameters. ITC binding data were fit to a
sequential binding model developed by Freiburger et al.** using
Matlab 14 software.

Native and lon Mobility Mass Spectrometry. The Lcn2-
siderophore complexes were identified at S 4M Lcn2 in 100 mM
NH,Ac (pH 6.8) by ESI mass spectrometry (Waters Synapt G2-S).
The instrument was operated in positive ion mode with 2.5 kV source
voltage and 30 V sampling cone. Trap and transfer collision energy
were set to 5 and 10 eV, respectively. When ion mobility was used to
characterize the different complexes, traveling wave was set to 600 m/
s velocity and 30 V height. IMS cell was filled with nitrogen gas
flowing at 90 mL/min, giving a pressure of 0.319 mbar. The drift time
was corrected with a calibration curve created using a literature cross-
collisional section of cytochrome c, ubiquitin, and myoglobin.*’

Intrinsic Fluorescence Emission Spectra. Apo-Lcn2 or side-
rophore-siderocalin complexes were prepared at S uM in 1X PBS as
described above. The samples were excited at a wavelength of 280 nm
(bandwidth 9 nm). The emission fluorescence was measured on
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Synergy H4 (BioTek), operated by GenS. The emission spectra were
collected at a 2 nm interval over the 300—400 nm range at 22 °C.

Global and Local HDX of Lcn2. The microfluidic setup for HDX
experiments was assembled as previously described.*”*® Briefly, HDX
took place in a Time-Resolved ElectroSpray Ionization (TRESI)
mixer, allowing for various reaction times. In the global HDX set up,
labeled protein solution was sprayed into the mass spectrometer
directly following mixing. Based on flow rates of 5 uL/min protein
and 10 uL/min deuterium, seven time points were collected from 0.25
to 5.12 s. In the local HDX set up, deuterated protein was quenched
with 10% acetic acid and 5% acetonitrile before online digestion in a
PMMA chip with pepsin and protease XIII linked agarose beads.*®
With protein and deuterium flow rates each at 2 yL/min, the HDX
reaction times were calculated to be 0.68 and 3.4 s.

HDX Data Analysis. The deuterium incorporation in global HDX
was calculated based on deconvoluted masses from multiple charge
states before and after the HDX reaction. For TRESI-HDX
experiments, peptides were identified by the ExPASy FindPept tool.
Peptides with multiple sequence matches were further confirmed by
MS/MS. Upon generation of the peptide list, deuterium uptake levels
were calculated by Mass Spec Studio.*’ Differences of the deuterium
uptake between the complex and apo Lcn2 were reported. The
summed deuterium uptakes for all time points were reported.

Molecular Operating Environment (MOE) Simulation. All the
docking and Loop Modeling calculations were performed using MOE
2018.0101 software. The crystal structure of murine Len2 was taken
from Protein Data Bank (PDB 3526).°° This structure was missing
secondary structural information for four segments in the sequence,
i.e, QDSTQ, TEG, DQDQ, and AWSHPQFEK. The structures of
these missing loops were modeled using the “Loop Modeler” utility
provided in MOE software with the default settings. The active site of
the protein was found using the “Site Finder” option in MOE. Site
Finder used a geometrical method (Alpha Spheres) to exclude the
regions too exposed to solvent or too packed,”** and then scores the
accepted regions by the hydrophobic interactions. As a result, the
ferric Ent could be conveniently docked to the calyx, by using the
dummy atoms acquired by “Site Finder”. The optimized structure of
the ferric Ent was retrieved from Johnstone et al, which was
equivalent to their crystallographic structure.”® A side-chains tethered
semirigid protocol, with a restraining potential of 10 kcal/mol, was
taken in the docking process. Ligand placement and rescoring were
performed by Triangle Matcher and London AG method,
respectively. Five hundred poses were produced. The top pose having
the highest score was taken.

ROS Detection in H9C2 Cells by DCF-DA Assay. HOC2 cells
were treated with various concentrations (0—25 nM) of 2,3-DHBA or
Ent in the presence of Len2/iron and incubated with 20 uM MDCE-
DA (DC-FDA; Sigma-Aldrich) for 2 h (three cultures per condition).
DCE-DA is cleaved by ROS to generate a highly fluorescent 2’,7’-
dichlorofluorescein (DCF) molecule, which was measured at 490/530
nm by a Synergy H4 multimode plate reader (BioTek).

ROS Determination by CellROXGreen Assay. H9C2 cells
attached to coverslips were treated for 2 h with various concentrations
(0—25 nM) of 2,3-DHBA or Ent in the presence of Lcn2/iron (three
cultures per condition). CellROXGreen (2.5 uM) was added into the
medium 15 min before further processing. The coverslips were
washed immediately by chilled 1X PBS twice before paraformalde-
hyde fixation. After quenching with 1% glycine for 10 min, the
coverslips were mounted with a mixture of ProLong Gold Antifade
and DAPI (3:1). Images were taken at 1024 X 1024 resolution by a
Zeiss LSM 700 40X oil immersion objective.
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