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ABSTRACT: Tumor invasion and metastasis require increased expression of matrix metalloproteinases
(MMPs). MMP family is involved in the degradation of extracellular matrix, and members of MMPs have been
implicated in malignancy and metastasis. Recent data suggest that antioxidant treatment inhibits gelatinolytic
activity. It has been shown that ROS activate gelatinase B (MMP-9) and antioxidants are able to limit ROS
induced MMP activity. However, how oxidative stress regulates MMP expression is not yet fully understood. The
promoter of MMP-9 is highly conserved and is shown to contain multiple functional elements, including nuclear
factor-kB (NF-xB) and activator protein 1 (AP-1) element. NF-kB has been shown to regulate the expression of
a number of genes, such as vascular endothelial growth factor and MMP-9, whose products are involved in
tumorigenesis. MMP9 expression depends on the redox status of a cell in a NF-kB dependent manner. We,
hereby, put forward that reduced glutathione (GSH) binds to the NF-kB activating kinases rendering it inactive
for the phosphorylation of IkB, the event, which releases NF-«B for its nuclear transport. Thus at optimum
concentration of GSH, NF-kB family could be a probable target for inhibiting MMP9 therefore checking
metastasis.
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INTRODUCTION

The chain of events capable of uprooting the links to survival of human beings have become more complex,
especially in cancer cases where number of deaths is expected to be approximately one million per year. Tumor
invasion and metastasis require increased expression of matrix metalloproteinases (MMPs) [1]. MMP family is
involved in the degradation of extracellular matrix and their role have also been implicated in malignancy and
metastasis [1]. Recent data suggest that antioxidant treatment inhibits gelatinolytic activity [2, 3, and 4]. It has been
shown that ROS activate gelatinase B (MMP-9) and antioxidants are able to limit ROS induced MMP activity [2].
However, how oxidative stress regulates MMP expression is not yet fully understood. lonizing radiation acts
through the induction of double strands break to DNA to induce elimination of cancerous cells via apoptosis. NF-kB
and AP-1 are activated by DNA damaging agents and could be involved in cell cycle arrest and prevention of
apoptosis to allow DNA repair [5, 6]. A decrease in the translocation of NF-kB subunits (p50 and p65) and AP-1
subunits (c-fos and Jun D) was noted in the cells that received the combined treatment of Ad-MMP9 (an inhibitor
of MMP9) and radiation [7]. Cancer cells often develop radioresistance mechanisms in relation to DNA repair. By
combining chemo and radiotherapy, radiation efficacy may be strengthened by inhibiting DNA repair and overcome
resistance to apoptosis. NF-kB is turned on by DNA damaging agents and could be involved in cell cycle arrest and
prevention of apoptosis, allowing DNA repair [5]. However, sustained NF-«kB activation could permit cells with
accumulated radiation induced DNA damage to escape elimination by apoptosis [8]. Indeed, high constitutive NF-
kB activity prevents cancerous cells from apoptosis [9], resulting in a more aggressive potential seen in prostate
cancer [10], malignant melanomas, Hodgkin’s disease, breast cancer, leukemia, and cutaneous T-cell lymphoma
cancer cell lines [11].

The promoter of MMP-9 is highly conserved and contains multiple functional elements, including nuclear
factor-kB (NF-xB) and activator protein 1 (AP-1) element [12]. NF-«kB has been shown to regulate the expression
of innumerable genes, for example, vascular endothelial growth factor and MMP-9, whose products are implicated
in tumorigenesis [13]. Several evidences indicate that the suppression of MMP-9 prevents invasion and metastasis
[14]. MMP-9 has been considered to be an important factor in facilitating invasion and metastasis in pancreatic
cancer [15]. Moreover, Murono et al demonstrated that the invasiveness induced by Epstein-Barr virus latent
membrane protein-1 is correlated with the induction of MMP-9 [16]. Thus, agents that inhibit the activation of NF-
kB or MMP-9 may exhibit the therapeutic potential for the suppression of carcinogenesis and tumor metastasis [13,
17]. MMP9 expression may depend on the redox status of a cell in a NF-kB dependent manner. Therefore, thiol
supplementation may also inhibit NF-kB activation thereby reducing MMP9 expression. This strategy has not been
tested therapeutically, thus we accept the challenge and hereby, hypothesize, as illustrated in fig: 1(A), that reduced
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glutathione (GSH) binds to the NF-«kB activating kinases (i.e. IKK and GSK3) rendering it inactive for the
phosphorylation of IkB, the event, which releases NF-kB for its nuclear transport. Besides, GSH even binds to the
IkB-NFkB complex and shields the complex from getting phosphorylated by the NF-kB activating kinases.

MATERIAL AND METHODS

Structure retrieval: The pdb structure of free GSH was not available, so it was created using “Chem3D Ultra
8.0” and the energy minimization was performed using “MM2” environment for obtaining the most stable structure.
The pdb structures 1IKN, 3BRV, 3BRT, 1109, 11L6] and 3MVM were retrieved from the RCSB PDB Protein Data Bank
with the following details (i) 1IKN (NF-kB P65 subunit, NF-kB P50 D subunit, I-kB a) DOI: 10.2210/pdb 1ikn/pdb
(ii) 3BRV (Inhibitor of nuclear factor kappa-B kinase subunit beta, NF-kappa-B essential modulator)
DOI:10.2210/pdb3brv/pdb (iii) 3BRT (Inhibitor of NF-kB kinase subunit 3, a« and NF-kB essential modulator) DOI:
10.2210/pdb 3brt/pdb (iv) 1109 (Glycogen synthase kinase 3 ) DOI: 10.2210/pdb1i09/pdb (v) 1IL6] (Matrix
metalloproteinase-9) DOI: 10.2210/pdb1l6j/pdb (vi) 3MVM (P38 Alpha Map Kinase complexed with
pyrrolotriazine inhibitor 7V) DOI: 10.2210/pdb3mvm/pdb (used as positive control for docking score
comparison).

Protein-protein Interaction Studies: The structural details of interactions of 1IKN, 11L6], 1109, 3BRT, 3BRV
and 3MVM with GSH were elucidated by molecular docking experiments. Protein-protein interaction simulation
(docking) experiments could not be performed using Rosetta Dock server (http://rosettadock.graylab.jhu.edu)
since the docking protein must have minimum of 6 units and GSH is a tri-peptide. Therefore, we used Hex-6.3
software for surface docking simulations. In these docking calculations, each molecule is modeled using 3D
expansions of real orthogonal spherical polar basis functions to encode both surface shape and electrostatic charge
and potential distributions. All docking experiments were replicated 1000 times and best Etotal for the interaction
was taken as a key parameter to evaluate the significance of interaction. E total was represented in terms of KJ/mol.

Gold suite 5.0 is used for verification of the results as this is fully licensed, besides it is rated as the best for
molecular docking experiments [18]. The fitness score is taken as the negative of the sum of the component energy
terms, so that larger fitness scores are better. Positive control is generated for comparison of docking score using
the protein 3MVM (i.e. P38 Alpha Map Kinase complexed with pyrrolotriazine inhibitor 7V). This inhibitor is highly
specific and presently being used in phase-II clinical trials for treatment of rheumatoid arthritis. This ligand is
separated from P38 a-MAPK and re-docked using Gold suite v5.0 to generate fitness score to be used as a positive
control for comparison to the test docks. Ramachandran Plots are generated using Procheck before docking and
after docking to analyze any conformational change, if at all present.

Visualization: A 2D molecular display method has been added to MOE 2006 (Molecular Operating
Environment), which is designed for viewing the active sites of protein:ligand complexes (Fig: 1). Residues are
annotated with their 3-letter amino acid code, and their position classification. Hydrophobic residues are all colored
with a green interior, whereas polar residues are colored in light purple. Hydrogen bonding interactions between
the receptor and the ligand are drawn with an arrowhead to denote the direction of the hydrogen bond (i.e. the
donor is at the base of the arrow, and the acceptor is at the head). The ligand is always drawn in a conventional 2D
schematic form, with most of the hydrogen atoms either implied or subsumed into the atom label. Hydrogen atoms
unambiguously involved in a hydrogen bond are sketched individually, and oriented toward the residues with
which they interact.

Binding Energy Calculation: PEARLS (Program for Energetic Analysis of Ligand-Receptor Systems) [19], a
Web-based software, for computing interaction energies of protein-ligand complexes from their 3D structures. The
computed free energy for a number of PDB ligand-receptor complexes were studied and compared to experimental
binding affinity. A substantial degree of correlation between the computed free energy and experimental binding
affinity was found, which suggests that PEARLS may be useful in facilitating energetic analysis of ligand-protein
complex and therefore being used in the present study.

RESULTS

Vanillin (a component of vanilla) displays the “antioxidant activity” through the protection of membranes
against photosensitization induced oxidative damage in rat liver mitochondria [20, 21]. It has been known to inhibit
cell invasion and migration, suppress enzymatic activity of MMP-9 [22]. This triggered the idea whether GSH can
mimic vanillin or not. But how the inhibition of dissociation of NF-kB form I-kB occurs in the presence of reduced
glutathione, is still unanswered. There are two possible ways for GSH to accomplish this (i) it may bind to the ‘NFxB-
IxB’ complex such that the phosphorylation sites are shielded (ii) it may bind to the kinases that phosphorylate I-
kB e.g. IKK, CK2 etc. To unfold the mechanism it was important to know if GSH exhibits any affinity towards IkB-
NFkB complex and its kinases. Pdb structure of GSH was produced using “Chem draw 3D ultra v8.0” and structures
of IkB-NFxB complex, KK, GSK3B, and MMP9 were retrieved from RCSB PDB Protein Data Bank. Surface docking
study was done using Hex 6.3 software and verified by Gold suite 5.0.
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Fig 1. (A) Graphical concept of the hypotheses. (B) Percentage contribution in affinity towards GSH using HEX

Fig:1 (A) A graphical representation of the hypothesis showing the potential of GSH to block activation by
inhibiting the phosphorylating ability of NAK (NF-kB activating kinases) and nuclear-translocation of NF-xkB in
addition to sequestration of MMPO. (B) GSH showed highest affinity towards the kinases as expressed in Etota values
i.e.-1038.75 K].mol-1 for GSK3f (1109) followed by NEMO/IKK (3BRV) with -908.03 K]/mol. It has relatively low
affinity towards IkB-NFkB complex (1IKN) i.e. -677.34 K]/mol, followed by -683.08K]/mol for which NEMO/IKK
(a, B) (3BRT) subunits and GSH interaction was found responsible. GSH even binds to the MMP9 protein (IL6]) as
shown by docking experiment, yielding an Etota of -202.93 K]J/mol which is though quite less in comparison to the
kinases. The positive control Etotal values for the two subunits of P38 MAPK complexed with inhibitor (3MVM_a and
b) are -307.94 and -310.47. Comparing to the positive control the kinases show relatively more affinity towards
GSH. The higher Etta value assures the probability of interaction in real time.

Surprisingly, as in fig: 1(B), GSH showed very high affinity towards the kinases as expressed in Etotal values
i.e. -1038.75 K].mol-1 for GSK3f followed by NEMO/IKK with -908.03 KJ/mol. This indicates that there is high
probability of GSH binding to the kinases and inhibiting their phosphorylation ability. Besides, it has relatively low
affinity towards IkB-NFkB complex (i.e. -677.34 K] /mol) suggesting some role in shielding the complex from active
kinases, this followed by -683.08K]/mol for which by NEMO/IKK (a, ) subunits accepted the responsibility. GSH
even binds to the MMP9 protein as shown by docking experiment, yielding an Etotal of -202.93 K]J/mol which is
though quite less in comparison to the kinases. The positive control Etotal values for the two subunits of P38 MAPK
complexed with inhibitor are -307.94 and -310.47 respectively. Comparing to the positive control in fig: 1(B) the
kinases show relatively more affinity towards GSH. The higher Etotal value assures the probability of interaction in
real time.

In Table: 1, using Gold suite 5.0, the fitness score is maximum i.e. 54.49 for 1L6] (MMP9). The thiol group of
GSH shows affinity with oxygen atom of Leu397 on MMP9. The fitness score for GSH and 3BRV (NEMO/Ilk
associated domain) is found to be 54.36 with thiol group reaction at Ser68. Significant docking score of 50.42 is
found to be associated with 1IKN (IkBa/NF-kB complex). With GSK3 i.e. 1109 the obtained score is 49.37 along with
thiol group interaction at Cys218 and Asp260. The NEMO/Ikk association domain (i.e. 3BRT) has shown the lowest
fitness score of 47.86 but in addition has pronounced reaction of Sulfur of Cys in GSH at two places i.e. GIn730,
Glu89 of 3BRT. All the scores are comparable to the fitness score of 58.06 and 60.42 of the positive control which
are not significantly lower indicating probable interaction. The number of hydrogen bonds are more in the test
docks than in the control. The interaction pattern in the positive control indicates that more the sharing of hydrogen
from the Nitrogen atom, more the fitness score and hence the strength of inhibition of the ligand. The bond length
is considered better if it is more than 2.0 nm. The bond length is more than 2.0 nm in all the cases of interaction
which strengthens the hypothesis. Even in the interaction of GSH with 1IL6] (i.e. MMP9) the probable
glutathionylation at oxygen atom of Leu397 the bond length is 3.09 besides, there is bond sharing with N1 of GSH
at oxygen atom of Met422 having a bond length of 2.548. This indicates direct inhibition of MMP9 by GSH. The
interaction of the probable hydrogen bonds are illustrated in fig: 2 using MOE v6.0.

Fig: 2 2D molecular display method has been employed using MOE 2006 (Molecular Operating Environment),
which is designed for viewing the active sites of protein: ligand complexes. Residues are annotated with their 3-
letter amino acid code. Hydrophobic residues are all colored with a green interior, whereas polar residues are
colored in light purple. Hydrogen atoms explicitly involved in a hydrogen bond are drawn individually, and oriented
toward the residues with which they interact. The interaction of GSH with (A) 1IKN (NF-kB P65 subunit, NF-kB P50
D subunit, I-kB o (B) 3BRV (Inhibitor of nuclear factor kappa-B kinase subunit beta, NF-kappa-B essential
modulator) (C) 3BRT (Inhibitor of NF-kB kinase subunit 3, a and NF-kB essential modulator) (D) 1109 (Glycogen
synthase kinase 3 8) (E) 1IL6] (Matrix metalloproteinase-9) (F) 3MVM_a (P38 Alpha Map Kinase complexed with
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pyrrolotriazine inhibitor 7V subunit a) (G) 3MVM_b (P38 Alpha Map Kinase complexed with pyrrolotriazine
inhibitor 7V subunit b).

Table 1. Protein-ligand interaction details

Protein Id Interaction (D...H-A) Bond length Gold Binding Energy
score Kcal/Mol

IkB-NFkB complex 0G(Ser83)...01 2.835 50.42 -8.65
(1IKN) N(Glu284)..02 2.559
0 (Glu284)..02 3.017
N (Ser288)...02 2.666
N (Glu287)...02 2.755
NH1 (Arg246)..04 2.628
ND1 (His245)..04 2.700
OE1 (GIn249)...05 2.787
ND1 (His245)...05 2.528

NEMO/IKK (3BRV) OE1 (GIn67)..04 2.986 54.36 -6.37
NE1 (GIn67)..05 2.848
0 (Val709)..N3 2.725
OG (Ser68)..51 2.609
OG (Ser68)..03 2.458
OG (Ser68)..01 2.761
OG (Ser68)..N1 2.963
OG (Ser68)..01 2.783
0D1 (Asn69)..02 2.646

NEMO/IKK (o,f) 0 (GIn83)...04 3.015 47.86 -1.36
(3BRT) 0 (GIn86)...02 2.900
N (Lys90)..02 2.604
0 (GIn730)..S1 2494
OE1 (Glu89)..51 2.595
OE2 (Glu89)..51 2.980

GSK3 (1109) 0 (Cys218)..51 2.869 49.37 -9.28
0 (Asp260)..S1 2.777
NH1 (Arg223)..03 3.054
NH1 (Arg223)..06 2.647
NH2 (Arg223)..06 2933
NH1 (Arg223)..06 3.052
NH1 (Arg223)..N2 3.078
0 (Asp260)..01 2.943
N (Arg220)..02 2.946
OG (Ser215)..N3 2.844
O (Ser215)..04 2.879
0G (Ser215)..04 2.496
0 (Lue227)..04 2.375

MMP9 protein (IL6]) 0 (Pro415)..01 2.510 54.49 -5.43
0 (Ala417)..01 2.446
O (Met422)..N1 2.548
0 (Met422)..02 2.838
O (Tyr420)..02 2.404
OE1 (Glu402)...05 2.416
0 (Leu397)..51 3.090

Positive Control NE(Arg220)..N4 3.080 58.06 -1.96
(3mvm_a) NH2 (Arg237)..N5 2.708
0 (Val319)..N6 2.658

Positive Control NE (Arg220)..N4 3.094 60.42 - 3.64
(3mvm_b) NH2 (Arg237)..N5 2.453

Table 1: Interaction values in the form of GOLD Score and binding energy Kcal/mol have been enlisted. The
binding energy are comparable between -5 to -10. The GOLD score compared with that of the positive control i.e.
3MVM_a and b indicates probable inhibition of GSH with that of the NF-xB regulators and target MMP9.
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Fig 2. (A-E) Visualizations of interaction of GSH with the proteins. (F, G) positive control

Ramachandran plots exhibit no significant changes in the conformation of the docked proteins compared to
that of undocked proteins (data not shown). The change may not be necessary since the known inhibitor of P38
MAPK also did not induce change in conformation as evident in Ramachandran plot before and after docking. Thus,
molecular docking simulations in both Hex 6.3 and GOLD suite 5.0 reveal significant interactions of the kinases with
the GSH molecule. It was interesting to know the presence of thiol group interaction with four out of the five models
as shown in Table 1. Probably the thiol interaction is an indicative of favoring “glutathionylation”. It is interesting
to know that not only the kinases but even the MMP9 protein has the ability of direct inhibition by excess of GSH.
Fig 3 represents all the three scores from Hex, GOLD and PEARLS in 100% stacked, trend of the percentage. The
trend from all the three scores are similar as shown in fig: 3.
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Fig 3. The affinity trend as shown by Gold score, Binding Energy and Hex score altogether

Fig 3: Representation of all the three scores from Hex, GOLD and PEARLS in 100% stacked, trend of the
percentage. The trend from all the three scores are similar. Specifically GOLD (being more accurate) and binding
energy scores are found to support the hypothesis at each point.

Specifically GOLD (being more accurate) and binding energy scores give the impression in support of the
hypothesis at each point.

GSH inhibits organomercurial activation of pro-MMP-9 by a mechanism that involves protein S-thiolation.
Significant inhibition by GSH was noted in the MMP-9 assays. GSH binds at or near the enzyme's active-site Zn2+
molecule, provided mechanistic insights into how reduced thiols inhibit MMP-9 function. 2.5mM GSH inhibited
APMA-induced activation of pro-MMP9 while 2.5mM GSSG did not affect APMA-induced activation of pro-MMPO.
GSH addition demonstrated a dose-dependent outcome, with the maximum inhibition detected at the highest
(500x) GSH level [23]. This shows why a cancerous cell has an altered redox status mediated by glutathione. Little
success can be attributed to the radio-therapeutic approach where MMP9 is inhibited by using MMP9 specific
inhibitors (Ad-MMP9) followed by ionizing radiation. This reduces the MMP9 expression followed by decreased
phosphorylation of ERK resulting in inhibition of transcriptional activation of NF-«kB by ERK, therefore increasing
apoptosis in the tumor [24]. The cellular distribution of individual NF-kB—I-«kBs appears to be very dynamic and
specifically regulated suggesting that their compartmentalization may play a more complex regulatory role than
simply shutting down NF-kB induced gene expression [25].

In an important contribution [26] endothelial cells were treated with GSSG (but not GSH) to observe transient
block in NF-kB-p65 translocation but independent of IxBa degradation and the effects were comparable to
application of 15-deoxy-A12, 14-prostaglandin J2 (15 d-PGJ2) which also inhibited NF-kB-p65 translocation as a
result of Nrf2 mediated increase in GSH which is independent of IxkBa degradation. According to a recent report,
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P65 translocation have been shown to be inhibited by glutathionylation of P65 induced by mild oxidative stress
upon treatment with CO. This phenomenon was reversed upon DTT or BSO treatment [27]. Glutathionylation
requires GSSG/GSH ratio to be high. Glutathionylation and de-glutathionylation are enzymatic processes. Our
hypothesis is different in a way that we are achieving the same effect without the involvement of enzymes. Perhaps,
this strategy is important since one cannot expect the glutathionylation machinery to be intact upon radio therapy
for treatment of cancer, besides our aim is to protect the adjacent normal tissues and sensitize the cancerous
hypoxic core which is protected by NF-kB signaling pathway from undergoing hypoxic apoptosis [28]. Their results
suggest that Gird-dependent protein S-glutathionylation of NFkB-p65 is presumably responsible for NAC-mediated
NF-kB inactivation and increased hypoxic apoptosis. But this strategy does not stop nuclear translocation of NF-
KB-p65 subunit but check its DNA binding ability; this could be reversible and may offer dire consequences on the
other hand. Perhaps it supports our strategy to use reduced glutathione (GSH) directly as it seems that at higher
concentrations it can inhibit the kinase activity of the NF-kB activating kinases thereby inhibiting, on the first hand,
nuclear translocation of NF-kB-p65 resulting in decrease in the metastatic potential of the cancer cells.

DISCUSSION

It is noteworthy in a study conducted to demarcate radiation-induced persistent alterations in gene
expression in mouse mammary glands two months after radiation exposure [29]; it was observed that exposure to
clinical doses escort to long term up-regulation of genes responsible for carcinogenesis, therefore after therapeutic
exposure to radiation, breast cancer initiation/progression becomes a challenge to deal with. Furthermore among
the up-regulated genes, the Ingenuity Pathway Analysis (IPA) network with highest score has NF-xB as the nodal
molecule and qRT-PCR analysis exemplified a 1.65-fold increase in expression of NF-kB in irradiated samples
relative to control samples [29]. So, it is principally more important to modulate the messages or the redox state
which governs the fate of a cell than just to create lesions on the DNA of a cancer cell. Therefore, we have
hypothesized here the strategy to modulate the redox state, to take control of the message delivered by the NF- kB
pathway using reduced glutathione and let it release its therapeutic payload thereby limiting metastasis. Both
tolerance and effectiveness, however, are important considerations while weighing up potential chemo-preventive
compounds. In conclusion, this theory suggests that by virtue of glutathione’s redox-modulating, gelatinase-
inhibitory and kinase binding properties, an appropriate threshold for GSH concentration have to be determined
which exerts the hypothesized function and may, in the near future, represents a promising compound which merit
consideration for controlled release, site-directed and chemo-preventive applications.
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