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ABSTRACT: Biliverdin IXf reductase B (BLVRB) has recently been proposed as %Mrapoed Drug repositioning
a novel therapeutic target for thrombocytopenia through its reactive oxygen

species (ROS)-associated mechanism. Thus, we aim at repurposing drugs as new g o MR
inhibitors of BLVRB. Based on ICg, (<S yM), we have identified 20 compounds
out of 1496 compounds from the Food and Drug Administration (FDA)-approved py & o
library and have clearly mapped their binding sites to the active site. Furthermore,
we show the detailed BLVRB-binding modes and thermodynamic properties (AH,
AS, and Kp) with nuclear magnetic resonance (NMR) and isothermal titration
calorimetry together with complex structures of eight water-soluble compounds. i inhibition
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We anticipate that the results will serve as a novel platform for further in-depth
studies on BLVRB effects for related functions such as ROS accumulation and megakaryocyte differentiation, and ultimately

treatments of platelet disorders.

1. INTRODUCTION

Platelets (thrombocytes) are produced from megakaryocytes
(MK) that are differentiated from a multipotent hematopoietic
stem cell”” and play important roles not only in blood
hemostasis and pathological thrombosis but also in other
biological processes, including inflammation, neo-angiogenesis,
innate immunity, adaptive immune responses, and tumor
metastasis.” > Therefore, the regulation of platelet population
and the control of specific platelet responses are prominent
targets for new drugs against platelet disorders.” The
impairment of platelet regulation leads to various bleeding
disorders,”® including thrombocytopenia, a familial genetic
disorder, that is characterized by increased bleeding (hemo-
philia) due to low platelet counts.” A typical treatment
intervention for thrombocytopenia is the increase in platelet
counts by the induction of platelet generation'’ or platelet
transfusion."’ On the other hand, thrombocytosis is charac-
terized by excessive platelets in the blood, as opposed to the
symptom of thrombocytopenia,'> Through the cohort analysis
of thrombocytosis with large-scale platelet transcriptome
sequencing in both primary (essential) and secondary
(reactive) thrombocytosis cohorts, it was found that biliverdin
reductase B (BLVRB) has an ability to control the production
of platelets through MK differentiation by reactive oxygen
species (ROS) control.""*

In the heme degradation pathway, BLVRB reduces biliverdin
(BV)-IX to bilirubin (BR)- IX by utilizing NAD(P)H in the
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downstream of heme oxygenase(s)-1 (inducible HMOX1) and
-2 (constitutive HMOX2). The product of BLVRB, BR, is a
potent antioxidant'>'® and has an apparent cytoprotective
effect,'” although BR can be toxic at high concentrations
(hyperbilirubinemia). Thus, the BV/BR redox cycle that is
controlled by BLVRB can play important roles in ROS
regulation.lg Furthermore, it has been shown that induced
pluripotent stem cells (iPSCs) expressing a loss-of-function
mutant of BLVRB (BLVRB!'') accumulate ROS and a
significantly increased proliferation (measured by MK-colony-
forming: CFU-MK) was also identified in the modified
CD34*/BLVRB*'''" hematopoietic stem cells (HSCs), while
wild-type BLVRB does not have either of the two effects.'*
The loss-of-function mutant (BLVRBS!'Y) induces MK
differentiation and hence more platelets by ROS accumu-
lation.">"” Thus, the inhibition of BLVRB activity, that is, the
removal of the antioxidant BR, represents a novel strategy to
increase the platelet generation because of a unique BLVRB-
specific redox-regulation in the heme degradation pathway.'*
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Figure 1. Multimerization of BLVRB induced by xanthene-based drug candidates. (A) Molecular structure of xanthene-based drug candidates,
phloxine B and erythrosin B. (B) NMR titration experiment with phloxine B (top) and erythrosin B (bottom). Ratio 1:0, 1:0.6, 1:1, and 1:10 [Half-

holo form of BLVRB (0.3 mM) : phloxine B and erythrosin B].

To achieve the inhibition of BLVRB activity, xanthene dyes
and acridine-containing compounds have been derived.”
These two compounds share structural similarity to a natural
BLVRB substrate, flavin mononucleotide (FMN). Among
these xanthene dyes, erythrosin B and phloxine B were found
to be the two most potent inhibitors.”"”** Molecular modeling
and X-ray crystallographic studies showed that erythrosin B
and phloxine B bind to the active site of BLVRB.”” In addition,
the hydrogen bond network in the active site of BLVRB and
the critical role of the S111 residue for the catalytic activity
were also elucidated.”>*° Interestingly, Lineweaver—Burk plot
analyses showed that these compounds inhibit the activity in a
noncompetitive manner, although they bind similarly but not
as deeply in the binding pocket of BLVRB as the natural
substrate, FMN, engages. 225,26

Both erythrosin B and phloxine B have been used for
coloring food, and the antimicrobial activity of phloxine B was
also reported for various Gram-positive bacteria.”” However,
chronic administration of erythrosin B was shown to promote
thyroid tumors in rats.”® Furthermore, through careful
investigation with nuclear magnetic resonance (NMR) and
dynamic light scattering (DLS) experiments (see results,
Figure 1, and supporting materials), we verified that erythrosin
B and phloxine B induce multimerization of BLVRB, which can
cause potential complications to use erythrosin B and phloxine
B as therapeutics.29 Thus, new drug candidates inhibiting
BLVRB are in need for treating platelet disorders. We have
chosen a drug repurposing method for screening new
candidates because it has great advantages: (i) decreasing the
number of clinical trial steps required can reduce the time and
costs for the medicine to reach the market and (ii) facilitating
the discovery of new mechanisms of action for the known and
new kinds of small molecules.’’™>* The downside is that this
approach is less attractive for pharmaceutical companies
because in clinical practice, generic products with the same
API can still be used off-label.” To reposition approved drugs
as candidates for inhibiting BLVRB, we screened 1496 Food
and Drug Administration (FDA)-approved molecules for
BLVRB inhibition. We found 20 candidate molecules with
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IC; less than S uM and derived their exact binding mode to
the active site of BLVRB by NMR chemical shift perturbation
(CSP). Detailed biophysical BLVRB-binding characteristics
were evaluated for eight water-soluble candidates by isothermal
titration calorimetry (ITC). Furthermore, we have determined
all the eight X-ray crystal structures in complex with
compounds that corroborate with the binding mode identified
with the NMR studies. Our discoveries provide the action
mode of potential drug candidates as a novel platform for
further biological experiments and clinical trials.

2. RESULTS AND DISCUSSION

2.1. Multimerization of BLVRB Induced by Xanthene-
Based Drug Candidates, Erythrosin B and Phloxine B.
Erythrosin B and phloxine B (Figure 1A) are recognized as the
two most potent inhibitors of BLVRB.** Because the inhibition
mechanism of these two compounds was investigated through
in silico and crystallographic studies, we set out to investigate
the inhibition mechanism in a physiological environment by
NMR. As expected from the previous studies, the two
compounds induced chemical shift changes of NMR
resonances of BLVRB observed by two-dimensional (2D)
"H-"N heteronuclear single quantum correlation (HSQC),
clearly indicating inhibitor binding to BLVRB. However, when
the concentration of erythrosin B or phloxine B was increased,
we observed that backbone amide signals disappeared, and
only certain side-chain peaks remained visible (Figure 1B).

This indicates multimerization of BLVRB upon the addition
of erythrosin B and phloxine B. The result is also corroborated
with DLS showing an increase in the size of the BLVRB-
inhibitor complex upon the concentration increase of
erythrosin B or phloxine B (Figure $1).%° Thus, the inhibition
mechanism of erythrosin B and phloxine B may be due to not
only blocking of the active site in BLVRB but also
multimerization of BLVRB. The multimerization may cause
complications to spatial control in the subcellular scale,”” and
thus, we set out to find alternative molecules by screening
FDA-approved drugs without this complication.
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Figure 2. Effective FDA-approved drug screening through BLVRB enzyme activity assay. (A) Overview of the steps to screen FDA-approved drugs.
(B) Twenty FDA-approved drugs under S uM of IC, were selected. Normalized enzyme activity (%) was calculated by measuring NADPH
decrement at 430 nm wavelength in 96-well plates. Control was measured in the absence of any drugs, and all experiments were repeated three

times.

2.2. Screening FDA-Approved Drugs to Identify
BLVRB Inhibitors with an Enzyme Activity Assay. For
the initial screening using FDA-approved drugs, we have
chosen an enzyme activity assay for BLVRB. Because BLVRB
catalyzes the NAD(P)H-dependent reduction of FMN,”’~*
changes in the NAD(P)H concentration in the presence of
FMN can be used to measure enzyme activity in the absence
(control) and presence of drug candidates. Thus, we initially
measured BLVRB enzyme activity conditions as a control and
compared the level of inhibition by stepwise-measuring its
activity in the presence of 1496 FDA-approved drugs (Figure
S2, Supporting Information). ICs, was used as the selection
criterion for further screenings of more potent inhibitory
molecules with a lower IC, value (Figure 2A). Through this
procedure, we identified 20 inhibitors, where ICy, was lower
than S uM (Figure 2B). To avoid false positives or assay
artifacts resulting from pan-assay interference compounds
(PAINS), a low critical micelle concentration (CMC) of triton
X-100 was included in all enzyme activity assay buffer.*’

As explained in the next paragraph, the binding surfaces of
BLVRB for all 20 inhibitors are almost identical with those of
erythrosin B and phloxine B using 'H-"N HSQC CSP
experiments, pointing out that all 20 inhibitors bind BLVRB in
the active site by replacing the FMN (Tables 1 and SI,
Supporting Information). Because drugs should work in an
aqueous environment for blood disorders, eight top drug
candidates with the consideration of solubility were selected
for further characterization using biophysical methods such as
NMR and ITC.

2.3. Binding Investigation of Drug Candidates on the
Substrate Pocket Using NMR Spectroscopy. Protein-
based NMR spectroscopy is one of the most well-suited
methods to identify intermolecular interactions, including
small molecule and protein interactions. Furthermore, protein-
based NMR methods provide information on binding sites,
which is of prime interest for optimizing small molecules.”***
This is usually achieved by monitoring chemical shift changes
in "H-""N HSQC spectra. The assignment of amide resonances
is needed to interpret the HSQC spectra. This was performed
by HNCA and HN(CO)CA spectra (Figure S3, Supporting
Information), providing 95% of the backbone resonance
assignments.**™** Therefore, we performed HSQC experi-
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ments of '*N-labeled BLVRB titrating increasing amounts of
drug candidates to monitor the chemical shift changes upon
the binding of the inhibitors identified in the enzyme activity
assay. In particular, Ser111 was previously identified as a key
residue involved in the catalytic mechanism of BLVRB. Thus,
we monitored chemical shift changes of the Serlll amide
signal in HSQC spectra and found that eight FDA-approved
drugs binding to BLVRB shift the amide resonances of Ser111
(Figure 3).

Using the assignment, the CSPs of BLVRB by each drug
were extracted from the spectra (Figure 4) and the binding site
of each drug was identified based on the CSPs (Table 1),
which clearly show that the binding site is where FMN binds
BLVRB.>’

All the drug compounds except two drugs are pure, and thus,
there is no doubt which compounds are the active molecules.
However, two drugs were delivered as a mixture of two
compounds; (i) B144S, flunixin is a potent inhibitor of the
enzyme cyclooxygenase and is formulated with an excipient,
meglumine. (ii) B2149, pyrantel is a pyrimidine-derivative
anthelmintic agent for ascariasis, and pamoate is a counterion
to increase the dissolution of pyrantel. To identify which
compounds are active for inhibition, we performed water-
LOGSY titration experiments’” in the presence of BLVRB by
monitoring the drug compound signals (Figure S4). Through
water-LOGSY titration experiments, we could clearly identify
flunixin, not meglumine, as an active compound inhibiting
BLVRB (Figure SS). Interestingly, the water-LOGSY data
showed that pamoate, not pyrantel, binds BLVRB more
specifically, although pyrantel resembles FMN more than
pamoate (Figure SSB,D). Furthermore, water-LOGSY experi-
ments for the other six drugs confirmed that the presence of
the aromatic ring structure is critical for binding to BLVRB
(Figure S4, Supporting Information), indicating that the
hydrophobic interactions are major driving force for the
interactions between drug compounds and BLVRB. Through
these results, we conclude that all eight selected FDA-approved
drugs bind to the substrate-binding pocket of BLVRB and
especially, Ser111, which is the most critical residue for the
enzyme activity, thereby inhibiting the binding of a substrate
such as FMN or biliverdin IXf3. The verification of the drug-
binding effect on the BLVRB surface also successfully
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Table 1. Properties of the BLVRB Inhibitor Selected from
FDA-Approved Drugs®

Structure ID (Log P) Mapping
:j:l/kl Flavin .

g mononucleotide -
AJ’, (-1.43)

Vi A3856
[KICL\H\() Tamibarotene
o 5 (5.37)

A5770
Sulfasalazine
(3.90)

A5926
Febuxostat
(3.68)

A8490
Olsalazine
S e (-0.55)

A8553
Ataluren
(3.73)

N A8639
i Deferasirox
i ' (4.34)

B1445

» Flunixin
e +
"~ ) Meglumine

(3.80)

B2149
T Pyrantel
2 +

Pamoate
(5.52)

“In the CSP mapping (PDB: 1HE4), the residues showing strong and
mild CSP are decorated with red and orange color, respectively.

performed by analyzing CSPs and mapping on the surface
structure of the BLVRB clearly identified that the binding sites
of all eight drug compounds are the FMN binding site, in
particular, the xanthine ring of FMN.

2.4. Thermodynamic Characterization of the
Screened Drug Binding to BLVRB. ITC is a method to
directly measure the heat produced during complex formation
at a constant temperature. The thermodynamic quantities
characterizing the complex AH and AS can be characterized.”
We determined those values for the eight top candidate drugs
as well as xanthene-based compounds (erythrosin B and
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phloxine B) binding to BLVRB. All ITC experiments were
measured at 25 °C, that is, the same temperature at which the
enzyme activity and NMR experiments were performed. The
dissociation constants (Kps) of all the screened compounds as
well as the xanthene-based compounds ranged between 0.07
and 1.8 uM (Table 2; Figure S6), which are well below our
activity cutoff (ICsy < S uM; Figure 1). Thus, all compounds
are strong and effective binders to BLVRB.

Compared to the previously identified xanthene-based
inhibitors, erythrosin B and phloxine B, all the compounds
screened in this study display similar or stronger binding
affinity. Particularly, olsalazine shows the strongest affinity
(0.07 uM) to BLVRB among all the compounds. Furthermore,
reducing the size of the compound compared to xanthene-
based compounds could reduce specific interactions between
BLVRB and compounds, which can be monitored through
enthalpic contribution in the ITC data (Table 2). Binding of
all the compounds is mostly driven by enthalpic changes
(specific interactions between BLVRB and compounds),
except phloxine B. In addition, two other compounds,
erythrosin B and tamibarotene, display significant contribution
from entropy (31 and 44% of the total binding free energy,
respectively). These results may imply that the bulkiness of
xanthene-based drugs (erythrosin B and phloxine B) may
energetically support the binding by excluding water molecules
from the binding site, which is known to increase the entropy
of water. For tamibarotene, the large entropic contribution to
AG may be explained by the conformational flexibility
compared to other compounds. Interestingly, two compounds,
sulfasalazine and PTC124 (ataluren), show a decrease in the
binding entropy. In conclusion, the ITC results support
specific interactions between BLVRB and all the eight screened
drug candidates.

2.5. X-Ray Crystal Structures of BLVRB-Drug Com-
plexes. All the eight crystal structures of BLVRB in complex
with NADP* and drugs have been determined at 1.4—1.7 A
resolution (Table S2). The space groups of all the crystals,
including the BLVRB-NADP" complex, were P2,2,2, except
those of BLVRB-NADP" complexed with ataluren and
pamoate (P2,2,2,). All the crystal poses contained two
BLVRB molecules (Mol-A and -B) in the crystal asymmetric
unit (Figure S7), except ataluren and pamoate complexes that
contained two pairs of BLVRB molecules (Mol-A/B and Mol-
C/D) in the P2,2,2; asymmetry (Figure S8). The structure of
the Mol-A/B pair is almost identical to that of the Mol-C/D
pair, in which the root mean square deviation (RMSD) values
of heavy atoms between two pairs were 0.148 and 0.184 A for
the ataluren and pamoate complexes, respectively. The
difference between Mol-A/B and Mol-C/D likely originated
from subtle differences in the orientations of several side chains
around the drug-binding sites (not shown), in addition to a
subtle difference in crystal packing induced by the soaking
process of specific drugs. On the other hand, the Mol-A and -B
display somewhat significant difference between them. The
heavy-atom RMSD between Mol-A and Mol-B ranges from
1.12 to 1.25 A for the different drug complexes (Figure S7B).
One specific part of BLVRB located in the region of the crystal
contacts greatly varies between the Mol-A and -B (Figure S7B,
cyan circled). In particular, the structures of the drug-binding
pockets show difference for Mol-A and Mol-B (Figure S7C).
While the structure of the binding pocket for the drug
compounds in Mol-B is affected by the second BLVRB
molecule through the crystal contacts, the structure of the
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Figure 3. Portion of '"H-'"N HSQC spectra upon ligand binding. Overlay of 'H-""N HSQC spectra of '*N-labeled BLVRB titrated with increasing
concentration of drugs: (A) tamibarotene, (B) sulfasalazine, (C) febuxostat, (D) olsalazine, (E) ataluren, (F) deferasirox, (G) flunixin+meglumine,
(H) pyrantel+pamoate. Spectra are colored as follows: free protein 0.3 mM (black) and in the presence of drugs at 1 (red) molar equivalents. The

Ser 111 residue that is important for enzyme activity is marked (*).

drug-binding pocket in Mol-A is well preserved with a
monomeric state of BLVRB (Figure S7D). Moreover, the
overlay of the Mol-A complexed with olsalazine to the Mol-B
shows that its R174 residue causes a spatial collision with the
D130 of the original Mol-A (Figure S7E). The comparisons of
the crystal B-factors also show that the Mol-B, including the
bound NADP" and drug molecules, has higher B-factor values
than the Mol-A (Figure S9). Thus, the detailed structural
analyses of all the complexes were focused on Mol-A.

The overall structures of BLVRB in all the complexes are
almost identical to the previously determined structures. For
example, the backbone RMSDs of all the complexes compared
to the previously resolved BLVRB-NADP*-FMN complex
(pdb id: 1HE4) are less than 0.3 A, highlighting a high
similarity between the structures of BLVRB in all the
complexes and BLVRB complexed with its native substrate.

The binding sites of all the drug compounds are close to the
nicotinamide moiety of the NADP* cofactor where the
xanthine ring of FMN acquires a similar pose to the
xanthine-based inhibitors, phloxine B and erythrosine, as
identified by the NMR titration experiments (Figure SA). The
major driving interaction for the drug compound binding is the
ring stacking between the nicotinamide moiety of NADP* and
the drug compounds and hydrophobic interactions between
BLVRB and the drug compounds composed of R78, N79, L81,
S111, Al12, F113, W116, L125, V128, H132, P151, P152,
H153, and R174 (Figure SB). Interaction energy analysis from
molecular dynamics simulations further emphasizes the
importance of the stabilizing effect provided by R174 (Figure
S10). In addition, favorable interactions are provided by the
positively charged residues R78, K120, R124, R170, and K178.
All the drug compounds, except for fluxin, replace the side
chain of W116 (as resolved in the FMN complex) and shift the
side chain toward the binding pocket by about 2.5 A. The
orientation of W116 in the fluxin complex remains similar to
the FMN complex. However, this change in the side-chain
orientation of WI116 did not show significant interaction
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changes between the drug compounds and BLVRB. On the
other hand, the side chain of R174 shows hydrogen bonding
with olsalazine and altaluren, which may increase the binding
of the drug compounds. Furthermore, the orientation of R174
may increase the hydrophobic interaction between the drug
compound and BLVRB. These observations corroborate well
the binding affinities measured with ITC (Figure S and Table
2).

3. CONCLUSIONS

In summary, we successfully identified 20 novel BLVRB
inhibitors with ICy, lower than 5 uM through enzymatic
screenings of 1496 FDA-approved drug library and determined
the detailed BLVRB-bindings for eight water-soluble inhibitors
via biochemical and biophysical studies using NMR spectros-
copy, ITC, and X-ray crystal structures. All eight inhibitors
display strong and specific binding with Ky, ranging from 0.07
to 1.8 uM to the substrate pocket of BLVRB. With NMR, we
confirmed that the binding pocket of all the compounds is
similar to the natural binding partner, FMN, and an important
residue for BLVRB enzymatic activity, Ser111, is involved in all
the drug compound bindings. Unlike xanthene-based inhib-
itors, erythrosin B and phloxine B, that could specifically bind
BLVRB but cause the multimerization of BLVRB possibly
causing treatment complications,”" all the new drug candidates
show only specific binding to BLVRB. Together with NMR,
ITC, and crystal structures, we have also identified the mode of
action of the new drug compounds. The interactions between
all the drug compounds and BLVRB are the hydrophobic
interactions with the ring stacking between NADP+ and the
drug compounds. Furthermore, it has been shown that
favorable electrostatic interactions between the drug com-
pounds and the side chain of R174 in BRVRB can increase the
binding affinity. Thus, we anticipate that newly identified
inhibitors will serve as a novel platform for further in-depth
studies on the effects of BLVRB on physiologically related
functions such as ROS accumulation and MK differentiation.
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Figure 4. Binding topology of selected drugs on the substrate pocket using NMR chemical shift perturbations. Quantification of the chemical shift
perturbation value of BLVRB upon binding to the identified drug. The perturbation values were obtained from the 'H-'*N HSQC spectrum. The
residues close to within 8 A of FMN are marked (*). The order of the CSP is the same as that shown in Figure 3. (A) Tamibarotene, (B)
sulfasalazine, (C) febuxostat, (D) olsalazine, (E) ataluren, (F) deferasirox, (G) flunixin+meglumine, and (H) pyrantel+pamoate.

4. EXPERIMENTAL SECTION

4.1. Materials and Chemicals. All salts, physiological buffers,
FMN, NADPH, NADP, phloxine B, erythrosin B, and 10X PBS were
purchased from Sigma Aldrich (St. Louis, MO, USA), unless
otherwise specified. '*C/N isotopes and dimethylsulfoxide
(DMSO-d6) were purchased from Cambridge Isotope Laboratories.
For enzymatic activity assay, 1496 FDA-approved drugs were
obtained from APExBIO (Houston, Texas, USA). All FDA-approved
drugs were dissolved in DMSO or DMSO-d6, and stock solutions
were stored at —80 °C.
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4.2. Protein Expression and Purification. The BLVRB enzyme
(UniProt Accession ID: P30043) from Homo sapiens was cloned into
an Escherichia coli expression vector pET21b (Novagen, Madison, WI,
USA) with an N-terminal His6-tag and a thrombin cleavage site for
expression in the Escherichia coli BL21 DE3 strain (Novagen,
Madison, WI, USA). Cells were cultured at 37 °C until the cell’s
optical density at 600 nm reaches around 0.8; at that time, 0.5 mM
isopropyl f-D-1-thiogalactopyranoside (IPTG) was inducted and
cultured for further 18 h at 25 °C. The harvested cells were suspended
in lysis buffer (pH 7.5, S0 mM Tris—HC], 500 mM NaCl, 10 mM f-
mercaptoethanol) with protease inhibitor cocktail (Roche) to inhibit
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Table 2. Representative ITC Data for the Binding of Each Drug to BLVRB*

drugs N AH (kcal/mol) TAS (kcal/mol) AG (kcal/mol) Kp (uM) pKp (uM)
phloxine B 0.99 —3.88 + 0.06 4.12 £ 0.12 —8.00 + 0.10 1.36 + 0.22 5.87 + 0.07
erythrosin B 1.04 —6.38 + 0.06 291 £ 0.13 —9.28 + 0.11 0.16 + 0.03 6.80 + 0.08
tamibarotene 1.07 —4.49 + 0.06 3.50 + 0.10 —7.99 + 0.08 1.38 £ 0.18 5.86 + 0.06
sulfasalazine 0.99 —9.43 + 0.05 —0.76 + 0.07 —8.67 + 0.05 0.44 + 0.04 6.36 + 0.04
olsalazine 0.99 —9.79 + 0.09 0.01 £ 0.20 —9.79 £ 0.18 0.07 + 0.02 7.15 £ 0.12
febuxostat 1.01 =575 + 0.08 2.14 + 0.11 —7.90 + 0.08 1.63 + 0.21 5.79 + 0.06
ataluren (PTC124) 1.02 ~10.96 + 0.06 —1.83 + 0.09 —9.13 + 0.07 020 + 0.02 6.70 + 0.04
deferasirox 1.00 -7.32 + 0.10 0.55 + 0.12 —7.87 + 0.07 1.71 £ 0.21 5.77 £ 0.0S
flunixin + meglumine 0.99 —8.54 + 0.04 0.41 + 0.07 —8.95 + 0.06 0.27 £ 0.03 6.57 + 0.05
pyrantel + pamoate 1.01 —6.76 + 0.13 1.08 + 0.17 —7.84 £ 0.10 1.80 + 0.31 5.74 = 0.07

“All experiments were performed at 25 °C.

Figure S. Binding modes of all eight drugs. (A) Overlaid eight drugs
in the substrate-binding pocket of BLVRB: tamibarotene (red; PDB
ID 7ER?7), sulfasalazine (orange; 7ER6), febuxostat (yellow; 7ERS),
olsalazine (green; 7ERA), ataluren (blue; 7ERB), deferasirox (indigo;
7ERC), flunixin (purple; 7ERD), and pamoate (cyan, 7ERE). (B)
Side chains of residues in all eight structures, which are within 5 A
close to FMN, are shown in stick representation with the same color
scheme as shown in Figure SA.

protease activity, and then lysed using a sonicator [S0% amplify, 2 s
pulse, 10 cycles]. The HisTrap HP Ni-NTA affinity column (St.
Farnsworth, Boston, USA) was applied for purification. The eluted
fusion protein was cleaved overnight with 1 nm thrombin at 4 °C. At
the final step, size exclusion column chromatography purification was
performed using a HiLoad Superdex 75 column in the final buffer
(pH 6.5, S0 mM Bis-tris, S0 mM NaCl, 1.0 mM DTT). The purity of
the protein sample is over 95%. The difference between the half-holo
form and the native form is whether to put NADP* before the last
step or not. For NMR experiments, we prepared an isotope '“N-
labeled half-holo form of the BLVRB. The "*N-labeled sample was
used for the 'H-'SN HSQC spectrum, and the 13C /15N -labeled
sample was used for HNCA and NH(CO)CA spectra.

4.3. Enzyme Activity Assays. The native form of BLVRB
(without NADP*) was used for the enzyme activity assay. The assay
was performed by monitoring the rate of oxidation of NADPH at 340
nm with a Gemini EM Microplate Reader. All assays were operated at
25 °C in 100 mM phosphate-buffered saline, 0.01% of triton X-100,
100 uM EMN, 100 yuM NADPH, 1 uM BLVRB and variable
concentration of FDA-approved drugs. The control reactions were
carried out in the absence of FDA-approved drugs to compare the
effectiveness of the drug. FMN and NADPH were freshly constructed
with 10 mM stock daily, calculated using an ultraviolet/visible (uvy
vis) spectrometer. In each case, FMN was added to initiate the
reaction and measured for 30 min. The concentration of the FDA-
approved drugs was sequentially decreased in the order of 100, 25,
and S uM to select drugs with good inhibitory effect among 1496
drugs.

4.4. NMR Titration Experiments. The half-holo form of BLVRB
(with NADP*) was used for NMR experiments. All FDA-approved
drugs were dissolved in DMSO-ds. NMR titration and one-
dimensional (1D) experiments were operated at a 'H frequency of
800 MHz using a Bruker Avance spectrometer. All experiments were
performed at 298 K, and S mm diameter NMR tubes with a sample
volume of 500 uL were used.
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4.4.1. NMR Titration. The half-holo form of BLVRB samples was
prepared in buffer (pH 6.5, SO0 mM Bis-tris, SO0 mM NaCl, 1.0 mM
DTT) and dissolved in 90% H,O and 10% D,O. Titration
experiments were executed by adding the increasing concentration
of FDA-approved drugs to the half-holo form of BLVRB with the
following ratios of 1:0, 1:0.5, and 1:1 [Half-holo form of BLVRB:
FDA-approved drugs]. Ratios were 1:0, 1:0.6, 1:1, and 1:10 [Half-
holo form of BLVRB: phloxine B and erythrosin B]. 1D spectra were
recorded with water suppression using excitation sculpting with the
gradient.

4.5. Isothermal Titration Calorimetry. The ITC experiment
was performed using Microcal Auto-iTC200 (Malvern Instruments,
UK) at 25 °C. The calorimetric cell (200 uL) contained 0.07 mM
BLVRB, dissolved in buffer (pH 6.5, SO mM Bis-Tris, SO mM NaCl,
0.1 mM TCEP). FDA-approved drugs (0.65~1.1 mM) in a syringe
(40 uL) were titrated into BLVRB (0.07 mM). Each experiment
comprised ligands that were injected 19 times with 2 L aliquots into
the 200 uL sample cell containing BLVRB (0.1 mM). NADP* mixed
BLVRB concentration was calculated at 280 nm wavelength with
14,440 + 3300 M~! cm™! coefficient using a UV spectrometer.

Data were fitted with a nonlinear least-squares routine using a
single-site binding model with the Origin software (Malvern
Instruments), varying the stoichiometry (N), the enthalpy of the
reaction (AH), the entropy of the reaction (AS), the Gibbs free
energy of the reaction (AG), and the dissociation constant (Kp).

4.6. Crystallization and Structure Determination. BLVRB
protein (14 mg/mL) was prepared in buffer (pH 6.5, SO mM bis-tris,
50 mM NaCl, and 1 mM dithiothreitol), and 1 mM NADP* was
added before crystallization. The initial crystallization screenings of
BLVRB were performed using a Mosquito Crystallization robot (TTP
LabTech) to set up the sitting drops composed of 0.2 uL of protein
solution mixed with an equal volume of reservoir solution equilibrated
against 100 uL of the reservoir solution at 18 °C. After initial
screening, crystals were grown using the hanging drop vapor diffusion
method by mixing 1.5 4L of BLVRB protein solution and 1.5 yL of
reservoir buffer containing 1.8~2.0 M ammonium sulfate and 0.1 M
bis-tris (pH 6.5). Each compound (0.2 uL) stock solution (25 mM)
dissolved in 100% DMSO was added to the drop and incubated at 18
°C for 24 h, and the crystals were looped and flash-frozen in liquid
nitrogen. The X-ray diffraction data were collected on the beamline-
11C at Pohang Light Source II (Pohang, Korea) using a DECTRIS
PILATUS 6 M detector with an oscillation of 1° and 1 s exposure per
frame over a 360° range at a peak wavelength of 0.97942 A. All data
sets were integrated and scaled using the HKL-2000 program.*” The
phasing by molecular replacement (MR) was performed with the
previously reported coordinate of BLVRB (PDB code, 1HES),” as an
initial search model. The model was improved by alternating cycles of
manual model building using the Coot program®® with refinement
using the PHENIX software package.”* The analyses and visual-
izations of the molecular structures were performed using the
Chimera program.*®

4.7. Molecular Dynamics Simulations. Molecular dynamics
simulations of BLVRB complexed with tamibarotene, flunixin,
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deferasirox, olsalazine, ataluren, sulfasalazine, and febuxostat were
performed, starting with the crystallographically resolved structures
using the Gromacs 2018 simulation package.’® For each protein—
ligand complex, we ran 10 independent replicas of 10 ns each when
available, considering two starting conformations separately. The
topology of the protein was described by the Amber99sb*ILDN*" >’
force field. Ligands and NADP+ were represented by means of the
GAFF 2.11 force field® and RESP partial char§es, respectively.®’ The
system was solvated with the TIP3P water,’” sodium and chloride
ions®® were added to neutralize the simulation box and reach 150 mM
salt concentration. Hydrogen involving bonds were constrained by
means of the LINCS algorithm.%* Electrostatic interactions were
treated with the Particle mesh Ewald approach®*® using a 1.1 nm
direct space cutoff and Fourier grid spacing of 0.1 nm. The cutoff
value of 1.1 nm for the van der Waals interactions was used, and
dispersion correction was applied to energy and pressure. The
equations of motion were integrated by means of a stochastic
dynamics integrator keeping the temperature at 298.15 K with the
friction of 1.0 ps-1. The Parrinello—Rahman barostat®” with the time
constant of 2.0 ps was used to keep the pressure at 1 bar.

For the interaction energy analysis, we calculated short-range
electrostatic and van der Waals interaction energies between the
ligand and every protein’s residue. Subsequently, we identified and
depicted those interactions that exceeded 10 RT threshold in at least
one of the simulated systems.
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