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ABSTRACT: Protein disulfide isomerase (PDI), a multifunctional protein plays an important role as
oxidoreductase, isomerase and chaperone in the cell. Prior studies have identified PDI is highly expressed in
many different cancer types and presented as a new potential target for cancer treatment. Here, we
investigated vitamin D and its analogue paricalcitol in silico interaction of the human PDI and inhibition of
PDI reductase activity in vitro. We observed a non-covalent mechanism where the main skeleton of the
vitamin D3 and paricalcitol structure is located at the hydrophobic site in the b” domain of PDI and forms a
hydrogen bond with a residue (His138) in this domain. They also form multiple weak hydrophobic
interactions with various chemical groups of the b” subunit. For the first time, we demonstrate that 1,25-
dihydroxyvitamin D3 (1a,25(OH)2 vitamin D3) and paricalcitol inhibit the PDI reductase activity in vitro
and their IC50 values are 20.79+1.43 nmol/L and 32.8243.15 nmol/L respectively. The two compounds can
also block the denitrosation activity of PDL
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1. INTRODUCTION
1,25-dihydroxyvitamin D3 (1a,25(OH); vitamin D3), a member of the secosteroid hormone family,

plays an important role in calcium homeostasis and bone metabolism, as well as immune responses,
hormonal and metabolic processes [1]. Multiple clinical and meta-analysis studies have associated plasma
levels of vitamin D with cancer risk [2]. Vitamin D produces its effects in cells through vitamin D receptors
(VDR) [3]. It has been shown that vitamin D can exert nongenomic effects in relation to membrane
proteins other than VDR receptors. One of these proteins is the so-called 1,25D3-MARRS (membrane-
associated, fast- responsive steroid binding) protein [4, 5]. The 1,25 D3-MARRS protein is also known as
protein disulfide isomerase a3, (PDIa3) [6]. PDI is a member of the PDI protein family, which all contain
thioredoxin-like domains. PDI is an enzyme with multifunctional catalytic activity, including thiol-
disulfide oxidoreductase, disulfide isomerase, and redox-mediated protein folding (chaperone effect) [7].
It is found in all organisms (bacteria, yeast, humans, plants). It is localized in the endoplasmic reticulum
(ER) of eukaryotic cells, where it contributes to maintenance of the oxidant environment and ER
homeostasis. Apart from the ER, PDI has been localized on the cell surface, cytosol, mitochondria, and
extracellular matrix [8]. The PDI protein, a polypeptide with a molecular weight of 57 kDa encoded by the
P4HB gene, has catalytic active sites containing the Cysteine-Glycine-Histidine-Cysteine (CGHC) muotif [9].
The common structural similarity between all members of PDI proteins is the presence of at least one
thioredoxin (trx)-like domain. This sequence has been found to catalyze the reduction, isomerization of
disulfide bonds and oxidation of thiols [10]. While PDI is considered essential to maintain healthy cells
and tissues, recent studies suggest that this protein is involved in both the physiology and
pathophysiology of the cell [8]. In particular, it has been reported to have a protective effect in
neurodegenerative diseases. However, PDI may also play a role in mediating the entry of
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pathogens during infectious diseases [11]. PDI has been shown to be highly expressed in many
different types of cancer, including brain, kidney, ovarian, prostate, lung, and male germ cell
tumors [12]. Similar findings were observed in cytosolic and membrane-localized PDI. [13]. There
is also PDI in platelet and endothelial cells. It has been shown that PDI secreted by these cells can play
an important role in thrombus formation. Inhibition of extracellular PDI is presented as a
molecular target in antithrombotic therapy showed in their study that there is a binding interaction
between PDI and estradiol and that PDI has a role in the regulation of intracellular estradiol levels [14,
15]. It has been shown that the estradiol identified binding site on the PDI is different from the
known peptide binding sites. The identification of the estradiol-binding domain on PDI may
facilitate the development of novel PDI inhibitors for cancer and HIV therapies. In our study, we
aimed to investigate the interaction of vitamin D and its analogue paricalcitol due to their structural
similarity with estradiol with PDI protein. Moreover, we investigated the effect of this interaction
on the reductase activity of PDI in vitro.

2. RESULTS
2.1 Molecular Docking

Redocking was performed to test the accuracy of our molecular docking method. The
ligand ((45,55)-1,2- DITHIANE-4,5-DIOL) belonging to the 3UEM coded protein structure was
docked (Figurel) and the RMSD value was calculated as 1.023 according to the reference structure.
Our method is valid since the RMSD value is below 1.5 Angstrom In this study, we investigated the
binding interactions of Vitamin D3 and paricalcitol with protein disulfide isomerase (PDI) using
molecular docking techniques. The binding energies obtained from the docking studies were -7.4
kcal/mol for Juniferdin, -7.5 kcal/mol for Vitamin D3, and -8.5 kcal/mol for Paricalcitol (Table 1).
The protein-ligand interactions, including the binding structures and types, are visually represented
in Figure 1 and detailed in Table 2. Upon examining the data in Figure 1 and Table 2, the following
results were obtained.

Table 1. Binding energies of ligands.

Ligand Name Juniferdin Paricalcitol Vitamin D;
(positivecontrol)

Binding energy -74 -8,5 75

(kcal/mol)
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Figure 1. 2D visualization of protein ligand interactions
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Table 2. Binding interactions of ligands with PDI

Ligand Interaction Amino Acids Distance (A)
Name Type
Juniferdin Hydrophobic PHE122, PHE131, 3.59, 3.48,
Interactions
PHE131, ARG182, 3.45, 3.20,
ILE183, PHE186, 3.22,3.82, 3.95
PHE320
Juniferdin Salt Bridges ARG182 5.31
Juniferdin pi-Stacking PHE186 4.21
Paricalcitol Hydrophobic PHE122, PHE131, 3.65, 3.39,
Interactions
PHE131, LEU140, 3.58, 3.51,
ILE183, ILE183, 347, 3.36,3.77,
PHE186, 3.52, 3.65, 3.66,

PHE186, PHE186, PHE187, 3.83,2.93,3.77

TRP276, THR308, PHE320

Paricalcitol Hydrogen HIS138 1.90
Bonds
Vitamin D3  Hydrophobic PHE131, PHE131, PHE131, 3.00, 3.30, 3.32,
Interactions LEU140, ARG182,

PHE186, PHE186, PHE186, 3.36, 3.44, 3.46,

PHE187, ILE200, THR308,
PHE320 3.49,3.81, 3.56,

Juniferdin, serving as the positive control, exhibited a binding energy of -7.4 kcal/mol. It
formed multiple hydrophobic interactions with the residues PHE122, PHE131, ARG182, ILE183,
PHE186, and PHE320, with distances ranging from 3.20 A to 3.95 A. Additionally, it formed a salt
bridge with ARG182 at a distance of 531 A and a pi-stacking interaction with PHE186 at a
distance of 4.21 A. Paricalcitol demonstrated the strongest binding affinity among the tested
compounds, with a binding energy of -8.5 kcal/mol. It formed 13 distinct hydrophobic interactions
with residues PHE122, PHE131, LEU140, ILE183, PHE186, PHE187, TRP276, THR308, and PHE320.
The hydrophobic interactions had distances ranging from 2.93 A to 3.83 A. Additionally, Paricalcitol
formed a hydrogen bond with HIS138 at a distance of 1.90 A. The extensive network of
hydrophobic interactions and the hydrogen bond suggest a robust and stable binding within the
hydrophobic pocket of the PDI b-b” domains (Figure 2, Figure 3). Additionally, all three tested
molecules were observed to bind to the same pocket of the protein (Figure 2). 1a,25(0OH), vitamin
Ds exhibited a binding energy of -7.5 kcal/mol. It formed hydrophobic interactions with residues
PHE131, LEU140, ARG182, PHE186, PHE187, ILE200, THR308, and PHE320, with distances
ranging from 3.00 A to 3.92A. Vitamin D; also formed a hydrogen bond with HIS138 at a distance
of 2.35 A. Although Vitamin Ds showed a significant number of hydrophobic interactions and a
hydrogen bond, its binding affinity was slightly lower than that of Paricalcitol.
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Juniferdin (positive control) Paricalcitol Vitamin-D3

Figure 2: The poses of the structures with the best scores in which the ligands bind to the protein structure

Figure 3. The placement of paricalcitol (PDI b-b” domain)

2.2 PDI Reductase Activity Inhibition

In in wvitro PDI activity inhibition studies with vitamin D and its analog paricalcitol,
triple studies were performed for all concentrations and the averages were taken. 1a,25(OH), vitamin
D3 at a concentration of 100 nmol/L inhibited recombinant PDI reductase activity by 96% and
paricalcitol by 94% (Figure 4). The IC50 value for paricalcitol was determined as 32.82+3.15 nmol/L,
and the IC50 value for vitamin D was determined as 20.79+1.43 nmol /L.

https://dx.doi.org/10.29228/jrp.2022.00
J Res Pharm 2024; 28(6): 2282-2291
2286



Koksal et al. Journal of Research in Pharmac
Effect of vitamin D and paricalcitol on protein disulfide isomerase .
P P Research Article

100 -8 Paricalcitol

wdr= \/itamin D3
754

Activity (%)
50+
254
0 L) L] L] | J
0 25 50 75 100

[nM]
Figure 4. The concentration dependent effects of 1a,25(0OH), vitamin D3 and paricalcitol on the reductase

activity of PDI.
2.3 PDI Denitrosation Activity Inhibition

We examined the effect of Vitamin D and paricalcitol at 100 nmol/L concentration on the
denitrosation activity of PDI. While paricalcitol inhibited enzyme activity by 91% within 15 min,
vitamin D caused inhibition by 94% (Figure 5). The inhibition rate of PDI with 1a,25(OH); vitamin
Ds and paricalcitol were close to bacitracin (1000 pM) inhibition rate.
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Figure 5. The effect of 1a,25(OH), vitamin D3 and paricalcitol on the denitrosylation activity of PDI
3. DISCUSSION

With the determination of the pathophysiological roles of PDI, targeted studies have been
carried out by many researchers in recent years to examine the inhibition mechanisms in vitro and in
silico and to discover potent inhibitors. The PDI protein has four domains, a, b, b’, and a'. The a and
a' domains are functionally thioredoxin-like subunits and each contains catalytic Cys-X-Cys motifs
that react with thiols of newly synthesized proteins to exhibit disulfide oxidoreductase activity. On
the other hand, the b and b' subunits, although structurally similar to thioredoxin, do not
contain catalytically active cysteines. Instead, the b and b' domains are responsible for regulating
the binding of the substrate to the a and a' regions [21]. The links between fields a-b and b-b' in the PDI
are short. The polypeptide chain consisting of 17 amino acid residues provides the connection between
the b’ and a' regions, and the short region is called the X segment. The C-terminal, on the other hand,
is located opposite the active site in the a' region, and although it does not directly participate in
the catalytic activity of PDI, the C-terminal interacts with the a' subunit and regulates the
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substrate interaction [22]. Subunit b' recognizes unfolded proteins. The b subunit regulates the
substrate binding capacity of the b' subunit together with the x segment [23]. In the study examining
the interaction between PDI and estradiol, it was shown that the binding site defined for estradiol on
PDI is different from the known peptide binding sites. It has been observed that the binding site is
mainly located in a hydrophobic pocket consisting of the b' domain of PDI and partially the b
domain [15]. Our in silico studies showed that paricalcitol and vitamin D3 bind to the hydrophobic
domain where estradiol interacts with PDI. It was observed that it interacts with the b' subunit in this
area. This result was not surprising given the chemical structural similarity of both molecules to
estradiol. Notably, there appears to be no literature exploring the structure of protein disulfide
isomerase (PDI) with PDB code 3UEM. However, limited studies suggest that the PDI enzyme
forms hydrogen bonds with the cysteine amino acid of ligands. Additionally, studies on the b-b'
region of the protein have observed Hydrogen bonding with the histidine amino acid. Our findings
align with the literature regarding b-b', as both paricalcitol and vitamin D3 form hydrogen bonds
with Histidine amino acids in this region [15, 24] The chaperone effect of PDI is regulated by the
redox level of the enzyme. When the GSH/GSSG ratio is 2- 3:1 in the ER, it acts as oxidase; Since
the GSH/GSSG ratio outside the ER is 30-100:1, it acts more as a reductase. While PDI oxidase has
an effect at pKa 4.5 level, It shows more reductase effect at pKa 7.1 level PDI is also located in the
extracellular part of the cell membrane. Membrane PDI mainly acts as a reductase and acts as an
isomerase on the cell membrane surface [25]. Therefore, we specifically examined its effect on
inhibition of PDI reductase activity.

The results of the in vitro PDI reductase activity inhibition test with vitamin D3 and
paricalcitol are consistent with our in-silicone studies. Our in vitro inhibition studies have shown for
the first time in the literature that paricalcitol, a vitamin D analogue, reduces the reductase activity of
the PDI enzyme. A similar effect was determined for the first time with the active form of vitamin
D3. When the PDI activity was examined against varying concentrations of insulin used as the
substrate of the enzyme, it was observed that inhibition continued at a high substrate concentration.
Our initial findings are that paricalcitol causes a non- competitive inhibition on the enzyme's activity.
This finding is in the direction we expected considering the binding area of paricalcitol that we
showed by in silico study. However, further studies are needed in this regard. Estrogens have been
shown to inhibit the reductase activity of PDI at 1 uM concentration (substrate insulin was used) by
40-60% in samples containing human placenta cytosolic fractions, and 20-30% in membrane
samples. It has been observed that estrogens significantly reduce the isomerase activity of the
enzyme. Investigators also examined the effect of inhibition against the substrate concentration [26].
Similar to our findings, they observed that inhibition was not eliminated at high substrate
concentration. Although it is not the same molecule, considering the structural similarity, our findings
are consistent with the work of Tbris et al. (1989). It has been reported that molecules such as T3
and estrogen hormones, somatostatin, bacitracin, bisphenol A and phenyl arsenic oxide bind to PDI
and inhibit its activity in vitro. However, only a few have been shown to inhibit PDI under
experimental in vivo conditions [27, 28]. In a study using di-eosin-oxidized glutathione (DIE-GSSG)
as a substrate and DTT as a co-substrate, it was found that 17p-estradiol, 17a-ethinylestradiol, and
diethylstilbestrol exhibited inhibitory effects at concentrations as low as 10-8 M [29]. They observed that
it exhibited a significant inhibitory effect on its activity. In our study, the IC50 value for 1a,25(0OH)2
vitamin D; was 20 nmol/L and the IC50 value for paricalcitol was observed as 32 nmol/L. It has been
shown that 17b-estradiol can also inhibit the isomerase activity of the enzyme [30]. Isomerase activity
of PDI was not studied in our study. However, we also investigated the effect of paricalcitol on the
denitrosation activity of the enzyme. It has been observed that the denitrosation activity of the enzyme
also decreases with paricalcitol and vitamin D (in the presence of nitroso glutathione 100 uM, GSH
1.2 mM, 3 pU PDI). PDI denitrosation activity is also carried out through reductase activity (Khan
and Mutus, 2014). We have also demonstrated the inhibition of the reductase activity of
PDI through denitrosation. NO has been reported to interact with PDI in several ways. PDI can
form S-nitrosylated proteins by adding NO to proteins, or it can release NO from S-nitrosylated
proteins and substrates by denitrosation. PDI on the cell surface can act as a transnitrosylase that
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delivers NO to cells [31]. Inhibition of PDI reductase activity by 1a,25(OH), vitamin D3 and
paricalcitol may have a role in their anticancer [15] and antithrombotic effects [32-34]. More
research is needed to clearly understand the mechanism.

4. CONCLUSION

Our in-silico study showed that Vitamin D and Paricalcitol have interactions with b” domain
of PDI protein (with very good docking scores). Moreover, in in vitro studies, we also observed that
1a,25(0OH); vitamin Dsand paricalcitol inhibited the reductase activity of the PDI enzyme.

5. MATERIALS AND METHODS
5.1 Molecular Docking

The human protein-disulfide isomerase enzyme has a resolution of 2.29 A, belongs to the
human class, has no mutation and has one bound ligand, with its single-chain structure, the file
with the code name 3UEM, obtained by X-ray diffraction method, was downloaded from the
Protein Data Bank. Docking operations were performed using a 20 Angstrom grid box with 5,397 -
25,01 2,80 X)Y,Z coordinates. Ligands were built using Chimera 1.15 visualization software by
downloading smiles codes from Pubchem database. Ligands were prepared for docking by
calculating Gasteiger charges with Chimera software tools and recorded in mol2 format. After the
protein structure was prepared for docking (charge determination, hydrogen addition, deletion of
nonstandard bound groups), docking scores were obtained using Autodock Vina 4.2.6 embedded in
Chimera 1.15 software. The structures with the best scores were then searched for bond types and
structures using the Protein-Ligand Interaction Profiler server [16]. BIOVIA Discovery
Studio Visualization software was used for 2D visualizations.

5.1.1 Validation of Molecular Docking Method

To understand the accuracy of our molecular docking method, redocking was performed.
After the original ligand was docked back to the protein structure, it was compared with the
original crystal structure. The DOCKRMSD web server was used for this [17]. For the best exposure,
the RMSD value is expected to be less than 1.5 Angstroms [18].

5.2 The In vitro Inhibition of PDI Reductase Activity

Protein disulfide isomerase inhibitory activities of 1a,25(OH), vitamin D; and paricalcitol
were analyzed using PDI Inhibitor Screening Assay Kit (Abcam, ab139480). In the assay, insulin was
used as the substrate, and recombinant human PDI as the enzyme. The principle of the fluorometric
method is accomplished by monitoring the enzyme-catalyzed reduction of insulin in the presence of
dithiothreitol (DTT). Dose-response assays were performed with 0 to 100 nM 1a,25(OH), vitamin Ds
(active form, Sigma-Aldrich) or paricalcitol (Zemplar, AbbVie) added 15 min before the initiation of
enzymatic reaction. Reactions were performed as described in a kit assay protocol. Bacitracin (1000
uM) was used as an inhibitor control in the assay [19]. The fluorescence of samples was measured
using a fluorescence microplate reader (Epoch™ Take3 Plate, Ex/Em 500/603nm). The results were
expressed relative fluorescence unit (RFU). The ICso values were calculated that indicate the
concentration required to inhibit 50% PDI activity.

5.3 The Inhibition of PDI Denitrosation Activity

The inhibition of PDI denitrosation activity was determined by monitoring the changes in
absorption of nitroso glutathione (GSNO) at 340 nm after incubation of 1a,25(OH), vitamin Ds and
paricalcitol. A fresh solution of GSNO was prepared from GSH (Sigma-Aldrich) and NaNO»
(Sigma-Aldrich) before the experiment (Hart, 1985). 620 pl of concentrated HCl was taken and
diluted with 5.9 ml of deionized water. GSH was dissolved in this solution. In another tube, NaNO»
was dissolved in 1 ml of deionized water. Then, sodium nitrite solution was slowly added to the
acidic glutathione solution and mixed carefully for 5 minutes, protected from light. The pH was
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adjusted to 6.0 by the addition of 1 N NaOH. 1 mM GSNO solution was prepared. The
concentration of GSNO was checked in the spectrophotometer. Absorption of GSNO at 335 nm was
measured. The absorbance of 1 mM solution at 335 nm should be 0.92. Free thiols (such as DTT or
GSH) are required for the thiol-disulfide exchange activity of PDI. GSH is required in the
denitrosation reaction of PDI. In their study on the denitrosation activity of PDI by [20]. They reported
that the optimal GSNO concentration for denitrosation activity was 100 mM, and the GSH level
was 1.2 mM. We used these concentrations in our study. The reaction was performed in PDI assay
buffer (0.1 M potassium phosphate buffer, pH 7.0, and 2 mM EDTA) containing 100 mM GSNO and 3
mU PDI. 1a,25(0OH); vitamin D3 and paricalcitol (100 nmol/L) was added. All measurements were
performed using a microplate reader spectrophotometer (Bio-tek Instruments ELX 808ru) at 25 °C.
The inhibition of PDI denitrosation was monitored by absorbance change after GSH (1.2 mM)
addition. Percent inhibition was calculated from the following equation:

(A340 control- A340 sample)
%inhibition = X100
(A340 control)

5.4 Statistical Analysis

The data was expressed as mean * SD (standard deviation). The experiments were performed in
triplicate. ICso values of PDI reductase inhibition were calculated using the nonlinear regression analysis

(Graphpad Prism 5, Graphpad Software, San Diego, USA).
Acknowledgements: -
Author Contributions: MMK; CONCEPTUALIZATION, METHODOLOGY, writing. TS;
METHODOLOGY, writing—original draft preparation. AS; writing- review and EDITING,
SUPERVISION.
The study was supported by a grant from Marmara University Scientific Research Projects Unit (Project No: SAG- C-
DRP-111115-0503).
Conflict of interest statement: None

REFERENCES

[1] Veldurthy V, Wei R, Oz L, Dhawan P, Jeon YH, Christakos S. Vitamin D, calcium homeostasis and aging. Bone Res.
2016;4:16041. https:/ /doi.org/10.1038 /boneres.2016.41.

[2 Young MRI, Xiong Y. Influence of vitamin D on cancer risk and treatment: Why the variability? Trends Cancer Res.
2018;13:43-53.

[3] Pike JW, Meyer MB. The vitamin D receptor: new paradigms for the regulation of gene expression by 1,25-
dihydroxyvitamin D3. Rheum Dis Clin North Am. 2012;38(1):13-27. https://doi.org/10.1016/j.rdc.2012.03.004.

[4] Chichiarelli S, Altieri F, Paglia G, Rubini E, Minacori M, Eufemi M. ERp57/PDIA3: new insight. Cell Mol Biol Lett.
2022;27(1):12. https:/ /doi.org/10.1186/s11658-022-00315-x.

[5] Richard CL, Farach-Carson MC, Rohe B, Nemere I, Meckling KA. Involvement of 1,25D3-MARRS (membrane
associated, rapid response steroid-binding), a novel vitamin D receptor, in growth inhibition of breast cancer cells.
Exp Cell Res. 2010;316(5):695-703. https:/ /doi.org/10.1016/j.yexcr.2009.12.015.

[6] Nemere I, Farach-Carson MC, Rohe B, Sterling TM, Norman AW, Boyan BD, Safford SE. Ribozyme knockdown
functionally links a 1,25(0OH)2D3 membrane binding protein (1,25D3-MARRS) and phosphate uptake in intestinal
cells. Proc Natl Acad Sci U S A. 2004;101(19):7392-7397. https:/ /doi.org/10.1073 / pnas.0402207101.

[71 Ali Khan H, Mutus B. Protein disulfide isomerase a multifunctional protein with multiple physiological roles. Front
Chem. 2014;2:70. https:/ /doi.org/10.3389/fchem.2014.00070.

[8] Fu J, Gao J, Liang Z, Yang D. PDI-Regulated Disulfide Bond Formation in Protein Folding and Biomolecular
Assembly. Molecules. 2020;26(1):171. https:/ /doi.org/10.3390/ molecules26010171.

[9] Schulman S, Bendapudi P, Sharda A, Chen V, Bellido-Martin L, Jasuja R, Furie BC, Flaumenhaft R, Furie B.
Extracellular Thiol Isomerases and Their Role in Thrombus Formation. Antioxid Redox Signal. 2016,24(1):1-15.
https:/ /doi.org/10.1089/ars.2015.6530.

[10] Galligan JJ, Petersen DR. The human protein disulfide isomerase gene family. Hum Genomics. 2012;6(1):6.
https:/ /doi.org/10.1186/1479-7364-6-6.

[11] Parakh S, Atkin JD. Novel roles for protein disulphide isomerase in disease states: a double edged sword? Front
Cell Dev Biol. 2015;3:30. https:/ /doi.org/10.3389/ fcell.2015.00030.

[12] Xu S, Butkevich AN, Yamada R, Zhou Y, Debnath B, Duncan R, Zandi E, Petasis NA, Neamati N. Discovery of an
orally active small-molecule irreversible inhibitor of protein disulfide isomerase for ovarian cancer treatment. Proc
Natl Acad Sci U S A. 2012;109(40):16348-16353. https:/ /doi.org/10.1073/ pnas.1205226109.

[13] Lee E, Lee DH. Emerging roles of protein disulfide isomerase in cancer. BMB Rep. 2017;50(8):401-410.

https://dx.doi.org/10.29228/jrp.2022.00
J Res Pharm 2024; 28(6): 2282-2291
2290



Koksal et al. Journal of Research in Pharmac
Effect of vitamin D and paricalcitol on protein disulfide isomerase .
P P Research Article

https://doi.org/10.5483 /bmbrep.2017.50.8.107.

[14] Flaumenhaft R. Protein disulfide isomerase as an antithrombotic target. Trends Cardiovasc Med. 2013;23(7):264-268.
https:/ /doi.org/10.1016/1.tcm.2013.03.001.

[15] Fu XM, Wang P, Zhu BT. Characterization of the estradiol-binding site structure of human pancreas-specific protein
disulfide isomerase: indispensable role of the hydrogen bond between His278 and the estradiol 3-hydroxyl group.
Biochemistry. 2011;50(1):106-115. https://doi.org/10.1021/bi101451g.

[16] Adasme MF, Linnemann KL, Bolz SN, Kaiser F, Salentin S, Haupt V], Schroeder M. PLIP 2021: expanding the scope
of the protein-ligand interaction profiler to DNA and RNA. Nucleic Acids Res. 2021;49(W1):W530-W534.
https://doi.org/10.1093 /nar/ gkab294.

[17] Bell EW, Zhang Y. DockRMSD: an open-source tool for atom mapping and RMSD calculation of symmetric
molecules through graph isomorphism. ] Cheminform. 2019;11(1):40. https:/ /doi.org/10.1186/s13321-019-0362-7.

[18] Hevener KE, Zhao W, Ball DM, Babaoglu K, Qi J, White SW, Lee RE. Validation of molecular docking programs for
virtual ~ screening against dihydropteroate synthase. ] Chem Inf Model. 2009;49(2):444-460.
https://doi.org/10.1021/¢i800293n.

[19] Dickerhof N, Kleffmann T, Jack R, McCormick S. Bacitracin inhibits the reductive activity of protein disulfide
isomerase by disulfide bond formation with free cysteines in the substrate-binding domain. FEBS ]J.
2011;278(12):2034-2043. https:/ /doi.org/10.1111/}.1742-4658.2011.08119.x.

[20] Sliskovic I, Raturi A, Mutus B. Characterization of the S-denitrosation activity of protein disulfide isomerase. ] Biol
Chem. 2005;280(10):8733-8741. https:/ /doi.org/10.1074/jbc.m408080200

[21] Kozlov G, Méittinen P, Thomas DY, Gehring K. A structural overview of the PDI family of proteins. FEBS J.
2010;277(19):3924-3936. https:/ /doi.org/10.1111/].1742-4658.2010.07793 .

[22] Tian G, Xiang S, Noiva R, Lennarz W], Schindelin H. The crystal structure of yeast protein disulfide isomerase
suggests cooperativity between its active sites. Cell. 2006 ;124(1):61-73. https://doi.org/10.1016/j.cell.2005.10.044.
Erratum in: Cell. 2006 Mar 10;124(5):1085-1088.

[23] Andreu CI, Woehlbier U, Torres M, Hetz C. Protein disulfide isomerases in neurodegeneration: from disease
mechanisms to biomedical applications. FEBS Lett. 2012;586(18):2826-2834.
https://doi.org/10.1016/j.febslet.2012.07.023.

[24] Campos JLO, Doratioto TR, Videira NB, Ribeiro Filho HV, Batista FAH, Fattori ], Indolfo NC, Nakahira M,
Bajgelman MC, Cvoro A, Laurindo FRM, Webb P, Figueira ACM. Protein Disulfide Isomerase Modulates the
Activation of Thyroid Hormone Receptors. Front Endocrinol (Lausanne). 2019;9:784.
https://doi.org/10.3389/fendo.2018.00784.

[25] Stolf BS, Smyrnias I, Lopes LR, Vendramin A, Goto H, Laurindo FR, Shah AM, Santos CX. Protein disulfide
isomerase and host-pathogen interaction. ScientificWorldJournal. 2011;11:1749-761.
https://doi.org/10.1100/2011/289182.

[26] Tsibris JC, Hunt LT, Ballejo G, Barker WC, Toney LJ, Spellacy WN. Selective inhibition of protein disulfide
isomerase by estrogens. ] Biol Chem. 1989;264(24):13967-13970.

[27] Hoffstrom BG, Kaplan A, Letso R, Schmid RS, Turmel GJ, Lo DC, Stockwell BR. Inhibitors of protein disulfide
isomerase suppress apoptosis induced by misfolded proteins. Nat Chem Biol. 2010;6(12):900-906.
https://doi.org/10.1038 /nchembio.467.

[28] Watanabe MM, Laurindo FR, Fernandes DC. Methods of measuring protein disulfide isomerase activity: a critical
overview. Front Chem. 2014;2:73. https://doi.org/10.3389/fchem.2014.00073.

[29] Klett D, Cahoreau C, Villeret M, Combarnous Y. Effect of pharmaceutical potential endocrine disruptor compounds
on protein disulfide isomerase reductase activity using di-eosin-oxidized-glutathione. PLoS One. 2010;5(3):e9507.
https://doi.org/10.1371/journal.pone.0009507.

[30] Primm TP, Gilbert HF. Hormone binding by protein disulfide isomerase, a high capacity hormone reservoir of the
endoplasmic reticulum. J Biol Chem. 2001;276(1):281-286. https:/ / doi.org/10.1074/jbc.m007670200.

[31] Bekendam RH, Iyu D, Passam F, Stopa JD, De Ceunynck K, Muse O, Bendapudi PK, Garnier CL, Gopal S,
Crescence L, Chiu J, Furie B, Panicot-Dubois L, Hogg PJ, Dubois C, Flaumenhaft R. Protein disulfide isomerase
regulation by nitric oxide maintains vascular quiescence and controls thrombus formation. ] Thromb Haemost.
2018;16(11):2322-2335. https:/ /doi.org/10.1111/jth.14291.

[32] Aleva FE, Tunjungputri RN, van der Vorm LN, Li Y, Heijdra YF, Oosting M, Smeekens SP, Jaeger M, Joosten LAB,
de Groot PG, Netea MG, van der Ven AJAM, de Mast Q. Platelet Integrin allbp3 Activation is Associated with 25-
Hydroxyvitamin D  Concentrations in Healthy Adults. Thromb Haemost. 2020;120(5):768-775.
https:/ /doi.org/10.1055/s-0040-1709523.

[33] Sultan M, Twito O, Tohami T, Ramati E, Neumark E, Rashid G. Vitamin D diminishes the high platelet aggregation
of type 2 diabetes mellitus patients. Platelets. 2019;30(1):120-125. https://doi.org/10.1080/09537104.2017.1386298.

[34] Verouti SN, Tsoupras AB, Alevizopoulou F, Demopoulos CA, latrou C. Paricalcitol effects on activities and
metabolism of platelet activating factor and on inflammatory cytokines in hemodialysis patients. Int ] Artif Organs.
2013;36(2):87-96. https:/ /doi.org/10.5301/ijao.5000187.

https://dx.doi.org/10.29228/jrp.2022.00
J Res Pharm 2024; 28(6): 2282-2291
2291



