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Abstract: Fluorosis is a chronic condition caused by overexposure to fluoride, marked by
impaired dental, skeletal, and non-skeletal health. In presence of excess fluoride ions, in severe
cases calcification of the ligaments observed. Earlier studies have suggested that the disruption
of carbonic anhydrase activity via ionic homeostasis change was associated with F toxicity. In a
recent study, it was demonstrated that Tamarind fruit extract was effective in increasing the
urinary F excretion in male Wistar rats via studying the mRNA expression of carbonic anhydrase
I1 (CA 1) in kidney homogenates using western blotting, immunohistochemistry and quantitative
Realtime PCR based studies. We have carried out this study to understand the detailed molecular
level interactions responsible for this tamarind extract based (+)-cathechin compound towards
lowering the F toxicity via targeting CA-I1. From our study, it was revealed that due to the ability
of (+)-cathechin compound to bind tightly filling complete available space at the catalytically
important site forming metal coordinated ionic bonds with His94, His96 and His119 residues
helps in restricting F ions to interact with Zn ion located at the core of catalytic site responsible
for its functionality. On the other hand, interaction of (+)-cathechin compound with GIn92 was
observed to be critically important towards inducing conformational changes in CA-II, thus

allowing (+)-cathechin compound to burry even deeply inside the catalytic site.

Keywords: Fluorosis, carbonic anhydrase Il, (+)-cathechin, tamarind fruit extract, molecular

modeling, docking, MD simulations.



Introduction:

Globally, fluorosis is one of the ignored and sometimes disabling disease caused by excess
fluoride consumption [1-2]. India, China, USA, Canada and Brazil are few of the majorly

effected countries (figure 1) [3].
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Figure 1: Shows fluorosis (dental and skeletal) worldwide.

Humans consume fluoride primarily from potable water in the regions where the water sources
are affected with high fluoride concentration. As per the WHO guideline, the permissible limit of
fluoride concentration in potable water is 1.5 mg/l [4] and as per the Bureau of Indian Standards,
the desirable amount of fluoride concentration in potable water is 1.0 mg/L [5]. Additional
sources of fluoride are foods rich in fluoride, air pollution from burning fluoride-rich coal and
fluoride supplements. Fluoride in potable water exceeds 1.5 mg/L in the following countries

United States of America, Germany, Norway, Kenya, Mexico, Niger, Nigeria, India, Indonesia,



Pakistan, Saudi Arabia, Israel, South Africa, Sudan, Spain, Japan, Sri Lanka, Senegal, Thailand,
Turkey, Uganda, United Republic of Tanzania resulting in endemic fluorosis [6-7].

Millions of people woe from fluorosis throughout the world and the skeletal fluorosis effects
acutely on the bones, making them crippled and leaving them to their beds. Thus it is sometimes
a debilitating disease. As per the Government of India, as on April 2014, 230 districts in 19
Indian states were fluoride predominant with 14,133 habitations affected with fluoride over the
permissible limits in 19 States/UTs with about 117.7 lakhs population at risk as shown below in
the table 1 [8].

Table 1: State/Union Territory-Wise Details of Fluoride Affected Habitations & Population as
on 01/04/2014:

S. No. State/ Union Territory  Habitationss Population
1. Andhra Pradesh 745 1091394
2. Bihar 893 491923
3. Chhattisgarh 132 34720
4, Goa 0 0

5. Gujarat 63 90704

6. Haryana 15 53455

7. Himachal Pradesh 0 0

8. Jammu & Kashmir 2 7911

9. Jharkhand 12 5260

10. Karnataka 1122 1329602
11. Kerala 102 275557
12. Madhya Pradesh 1055 454054
13. Maharashtra 307 672939
14. Odisha 279 55269
15. Punjab 1 568

16. Rajasthan 7670 4004613
17. Tamil Nadu 0 0

18. Telangana 1174 1922783
19. Uttar Pradesh 180 143967
20. Uttarakhand 2 10889
21. West Bengal 251 178205
22. Arunachal Pradesh 0 0

23. Assam 128 58780
24, Manipur 0 0

25. Meghalaya 0 0




26. Mizoram 0 0
217. Nagaland 0 0
28. Sikkim 0 0
29. Tripura 0 0
30. Andaman and Nicobar 0 0
31. Chandigarh 0 0
32. Dadra and Nagar Haveli 0 0
33. Daman and Diu 0 0
34. Lakshadweep 0 0
35. Puducherry 0 0
Total 14133 11770593

Source: https://pib.gov.in/newsite/PrintRelease.aspx?relid=107823

The supply of safe potable water, nutritional supplements and health services might avoid
fluorosis in the future. Nevertheless, many people are already fluorosis affected and suffering for

a long time and struggling to live.

Carbonic anhydrase — Il (CA-Il) (figure 2) is a metallo (zinc-containing) enzyme and is
ubiquitous in nature; plays an important role in maintaining pH of the blood, bone resorption,
acid base balance, urea genesis, production of body fluids and gluconeogenesis [9-10]. CA-11 is
found in animals and plants and even in the microbes. CA has different forms, structures,
activities and belongs to a, B, v, 8, and { families. It is essential to basic biological processes like
CO2 and ion transport, acid-base balance calcification, respiration and photosynthesis [11-12].
The metal ion, Zn(l1) acts as a cofactor, makes coordinate bonds with His94, His96, and His119
residues and a water molecule/hydroxide ion at the bottom of active-site cleft.

Exposure to high levels of F over a long period causes damage to osseous tissue, which results in
skeletal and dental fluorosis [13]. Earlier studies have suggested that the disruption of carbonic

anhydrase activity via ionic homeostasis change was associated with F toxicity [14-15].


https://pib.gov.in/newsite/PrintRelease.aspx?relid=107823

In a recent study, it was demonstrated that Tamarind fruit extract was effective in increasing the
urinary F excretion in male Wistar National Institute of Nutrition (NIN) rats via studying mRNA
expression of carbonic anhydrase Il (CA I1I) in kidney homogenates using western blotting,
immunohistochemistry and quantitative Realtime PCR based studies [16-20].

In an another study by the same group, they have conducted molecular modeling and docking
based studies on 12 phenolic compounds including (+)-cathechin, procyanidin, (—)-epicathechin,
procyanidintrimer, procyanidin tetramer, procyanidinpentamer, procyanidinhexamer, taxifolin,
apigenin, eriodictyol, luteolin, and naringenin from tamarind and reported that (+)-cathechin
compound has best binding capability with CA-I1 [21]. Taking the queues from previous studies,
we have carried out this study to understand the detailed molecular level interactions responsible
for this tamarind extract based (+)-cathechin compounds amelioration effect on fluoride toxicity

via targeting CA-11.
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Figure 2: a) Amino acid sequence of Carbonic anhydrase — Il (CA-II) b) 3D structure of CA-11
in surface enabled mode and c) in ribbon model. Zinc ion surrounded by catalytic triad
comprised of residues His94, His96 and His119 can be seen in the red color spheres.

Methods:

Schrodinger’s maestro visualization program v9.6 [22] and Biovia Discovery studio v16.1 [23]
were utilized to visualize the receptors, ligand structures, hydrogen bonding network, to calculate
length of the bonds and to render images. Protein Imager [24] was used to visualize CA-II
protein. (+)-cathechin compound (CID 9064) was retrieved from PubChem database [25].
Crystal structure of Carbonic anhydrase — Il (CA-11) [PDB: 2VVB] was imported from the

Protein Data Bank (PDB) [26]. Autodock 4.0 [27] is the preliminary docking program used



for the semi-flexible CA-Il and (+)-cathechin compound docking studies. Preparation of the
ligands and protein receptors in pdbqt file; determination of the size of the grid box size was
done using Auto-Dock Tools version 1.5.6 using the default protocol as described elsewhere in
detail [28-31]. Briefly, atomic salvation parameters 126 A (x, y, and z) grid box for scoring
energy was set centered at X = -9.688; Y = -1.652 and Z = 16.045 with 0.375 angstroms grid
points spacing. Schrodinger’s Desmond module v3.6 [32-33] was used for molecular dynamic
simulation studies. OPLS 2005 force field [34] parameters have been applied to simulation
TIP3P water models [35]. Periodic boundary conditions were used to determine the specific size
and shape of the water box buffered at 10 A distances and box volume was calculated as
~300000cubic As (for CA-II in its apo state and CA-Il complexed with (+)-cathechin at its
catalytic site) and ~350000cubic As (for CA-Il in presence of F ions and for CA-Il with (+)-
cathechin at approximately 10 As distance from CA-II) of simulation box volume respectively
(supplementary figure). Before starting the analysis, we have made sure that all the simulations
were carried out at same temperature, pressure and volume conditions throughout of the
simulated timescale. As part of the simulation quality analysis, it was revealed that average total
energy of the simulated system remains the same as -90000kcal/mol in all cases of simulations

(supplementary figure).

Results & Discussion:

In order to understand the dynamics of the CA-II in its apo form and CA-II in presence of F ions,
we have performed two different molecular dynamic simulation of 1 microsecond (1000
nanoseconds) each. In one simulation, we have simulated CA-11 in its apo form containing Zn

ion surrounded by the catalytically important residues tightly bound by catalytic triad residues



His94, His96 and His119 (figure 3). Calculated distance between Zn ion and His94, His96 and
His119 was 2.10 A, 2.05 A and 2.13 A respectively (table 2). While, in another simulation we
have randomly placed 18 F-ions covering all sides with ~5 As distance from peripheral residues

of CA-Il in its Apo form containing Zn ion.

His94---Zn distance
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Figure 3: CA-II catalytic triad residues His94, His96 and His119 interactions with Zn ion (left). Right
hand side three panels 1, 2 & 3 represents distance calculated between Zn ion and catalytic triad residues
His94, His96 and His119. X-axis represents the simulation timescale in picoseconds (10000 picoseconds
= 1000 nanoseconds i.e, 1 microsecond) and Y-axis represents the distance between the selected atoms in

A units.

Table 2: Calculated distance between Zn ion and catalytically important His94, His96 and His119
residues of CA-11 in its apo form throughout the simulated timescale of 1 microsecond each.

S.No Bond Average bond length

1. His94---Zn ion 210 A

2. His96---Zn ion 2.05 A
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3. His119---Zn ion 213 A

Analysis of CA-11 dynamics during the simulated timescale:

In order to understand the CA-Il dynamics, we have analyzed Root mean square deviation
(RMSD) of protein backbone, Radius of Gyration (ROG) of protein, Root mean square
fluctuations (RMSF) of individual residues in the protein, total number of intra molecular
hydrogen bonds found within the protein (figure 4) and Secondary structural elements (SSE)
percentage (figure 5) with reference to the simulated timescale. Protein’s backbone RMSD
was shown to be fluctuating between 1.5 and 3.0 A, with an average of 2.2, 2.0, 2.5 and 2.4A
CA-I1l in its apo state, CA-II in presence of 18 F ions randomly placed in the simulated system,
CA-Il in presence of (+)-cathechin compound and 18 F ions randomly placed in the simulated
system and CA-Il in presence of (+)-cathechin compound complexed at the catalytic site
simulations respectively. Calculated RMSD observed via superimposition of CA-Il protein
backbone at 500" nanosecond from above mentioned simulations are tabulated in table 3.
Notable conformational changes in the CA-Il were observed between 300-500ns, especially in
case of CA-11 in presence of (+)-cathechin compound complexed at the catalytic site simulation.
While, there was sudden jump in RMSD, ROG has shown to decrease at the same timescale of
300-500ns. However, no considerable changes were observed in total number of intra molecular
hydrogen bonds observed during the entire simulated timescale. On the other hand, significant
jump in the activity of individual residues RMSF upto 6A was observed in case of CA-ll in
presence of (+)-cathechin compound complexed at the catalytic site simulation compared to

other simulations data which remained below 3A throughout simulated timescale on an average.
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Figure 4: Dynamics of CA-11 observed with reference to the simulated timescale. Blue, Green, Red and
Black colors indicate CA-1I in its apo state, CA-Il in presence of 18 F ions randomly placed in the
simulated system, CA-Il in presence of (+)-cathechin compound and 18 F ions randomly placed in the
simulated system and CA-Il in presence of (+)-cathechin compound complexed at the catalytic site
respectively. Left top figure shows the superimposition of the CA-Il protein snapshot taken at 500"
nanosecond from each simulation. 500" nanosecond was selected due to significant changes observed at
that timeframe. Left bottom graph shows the RMSF of individual residues comparison among the
simulations. Top right graph shows the RMSD of CA-II protein backbone comparison. Right middle
graph shows the ROG of CA-II protein comparison and bottom right graph shows the total number of
intra molecular hydrogen bonds observed within CA-Il comparatively.

Table 3: Calculated Root mean square deviation (RMSD) of CA-I1 protein backbone
superimposition:

S.No Reference Target RMSD
1. CA-I1_apo (Blue) CA-I1_Catechin_dock (Black) 3.3965
2. CA-1l_F _ions (Red) CA-Il_Catechin_dock (Black) 2.8247
3. CA-1l_F _ions_catechin (Green) CA-Il_Catechin_dock (Black) 4.1752
4. CA-I11_Catechin_dock (Black) CA-Il_apo (Blue) 3.3960
5. CA-Il_F_ions (Red) CA-11_apo (Blue) 2.8305
6. CA-11_F ions_catechin (Green) CA-11_apo (Blue) 3.9778
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From above RMSD, RMSF, ROG and intra molecular hydrogen bonds analysis, it was clear that
some conformational changes in the protein are responsible for this inhibitory potential of (+)-
cathechin compound. However, exactly which part of the protein is undergoing conformational
changes towards this inhibitory along with potential abrogation of F ions interactions with ionic
homeostasis remains in question. In order to find answer for this question, we have investigated
the secondary structural elements (SSE) of the CA-II with reference to the simulated timescale.
As can be seen from figure 5, few alpha-helices and beta-sheets at regions nearby to initial 20,
110, 160 and 180 residues have observed with significant changes. This loss of SSE was
speculated to be responsible for higher RMSD, RMSF coupled with lowered ROG observed
above, especially in the case of CA-II in presence of (+)-cathechin compound complexed at the
catalytic site. Nevertheless, as observed in case of intra molecular hydrogen bonds, overall SSE
percentage remained constant of about 35% throughout simulated timescale in all cases

investigated (figure 6).
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Figure 5: Secondary structural elements (SSE) percentage of Protein secondary structure elements
(SSE) like alpha-helices (orange) and beta-strands (blue) are monitored throughout the simulation. In
above plots X-axis represents residue index throughout the protein structure, while Y-axis represents SSE
distribution for each trajectory frame over the course of the simulation. From top to bottom are the four
charts representing CA-I1 in its apo state, CA-I1 in presence of 18 F ions randomly placed in the simulated
system, CA-Il in presence of (+)-cathechin compound and 18 F ions randomly placed in the simulated
system and CA-Il in presence of (+)-cathechin compound complexed at the catalytic site respectively.
Top left figure shows the superimposition of CA-Il from different studies simulations from present
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investigation showing the alpha-helix region which was most affected during the simulation. Top right
figure highlights the region of the CA-Il which is used for the superimposition comparison.
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Figure 6: Comparison of percentage of Secondary structural elements (SSE) observed throughout the
simulation. From top to bottom are SSE % representations of CA-Il in its apo state, CA-Il in presence of
18 F ions randomly placed in the simulated system, CA-I1I in presence of (+)-cathechin compound and 18
F ions randomly placed in the simulated system and CA-Il in presence of (+)-cathechin compound
complexed at the catalytic site respectively.

Molecular interactions between Carbonic Anhydrase — Il (CA-11) with (+)-cathechin:

In order to understand the molecular level interactions between Carbonic Anhydrase — Il (CA-11)
and (+)-cathechin, we have performed two different molecular dynamics simulation of 1 micro
second (1000 nanoseconds) each. In one simulation, we have randomly placed (+)-cathechin
around 10 As distance from CA-1I in order to provide unbiased freedom to the ligand to choose
and bind at any place over CA-11 and to study the protein behavior while this compound juggles
around to find its binding place. While, in another simulation we have docked (+)-cathechin

inside the binding pocket of CA-II targeting its catalytic traid comprised of His94, His96 and

His119 residues, and then simulated the protein-ligand (CA-I1 + (+)-cathechin) complex towards



15

understanding impact of (+)-cathechin binding at CA-11 catalytically important site. As per the
docking results, it was found to be successfully binding at CA-11 binding site, filling complete
available space with a binding energy of -6.24 kcal/mol and predicted 1C50 value of 26.51 uM

(micromolar).
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Figure 7: Molecular interactions observed between CA-Il and (+)-cathechin compound based on
docking: a) 2D interactions display b) side view of the compound binding inside the binding pocket c)
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display of interactions in three dimensional space d) top view of the compound binding inside the binding
pocket e) top view of the compound binding inside the binding pocket clearly depicting the complete
binding pocket space filling as an indication of a tight binder. Amino acids are displayed in sticks model
colored by amino acid. (+)-cathechin compound is displayed in stick model colored by elements.

As shown in figure 7, (+)-cathechin compound was found to successfully docked inside the
active binding site forming direct hydrogen bonds with His64 (2.32 A), Glu106 (2.74 A) and
Thr200 (1.88 A). Residues Val143 (5.14 A), Val121 (5.35 A), Leu198 (4.90 A) were observed to
stacking with pi-alkyl interaction and Phel31 (5.59 A) was observed to be forming a pi-pi
stacking, while the catalytically important His94 (3.83A) and His96 and His119 were found to be

forming a pi-cation and van der waals interaction respectively (table 4).

Table 4: Calculated distance between (+)-cathechin compound and interacting residues including
catalytically important His94, His96 and His119 residues of CA-11 throughout the simulated timescale of
1 microsecond each.

S.No Bond Bond type Average bond length
1. His64---(+)-cathechin Hydrogen bond 2.32 A
2. Glu106---(+)-cathechin Hydrogen bond 2.74 A
3. Thr200---(+)-cathechin Hydrogen bond 1.88 A
4. Vall143---(+)-cathechin pi-alkyl interaction 5.14 A
5. Val121---(+)-cathechin pi-alkyl interaction 5.35A
6. Leu198---(+)-cathechin pi-alkyl interaction 4.90 A
7. Phe131---(+)-cathechin pi-pi stacking 5.59 A
8. His94---(+)-cathechin pi-cation interaction 3.83A
9. His96---(+)-cathechin van der waals interaction <5A
10. His119---(+)-cathechin van der waals interaction <5A
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To further investigate, we have taken the docked CA-11 complexed with (+)-cathechin obtained
from targeted docking for simulation. After successful completion of the simulation, we have
analyzed the molecular level interactions between CA-11 and (+)-cathechin responsible for its
inhibitory effect. Throughout the simulation (+)-cathechin compound was observed to be
maintaining 4-12 inter molecular hydrogen bonds with residues His3, His4, Trp5, Gly6, Tyr7,
Asnll, Arg58, Asn6l, Asn62, His64, Ala65, Phe66, Asn67, Val68, Glu69, 11e91, GIn92, His94,
His96, Glul06, His119, Vall21, Phel3l, Val143, Lys170, Ser197, Leul98, Thr199, Thr200,
Pro201, Trp209 and Asn244. Strikingly, catalytically important residues His94, His96 and
His119 were in metal coordinated ionic bond formation including hydroxyl side chain of (+)-
cathechin compound with Zn ion throughout the simulation timescale of 1000 nanoseconds. The
same hydroxyl side chain of (+)-cathechin compound was also observed to be forming hydrogen
bond with Glu106 residue for about 45% of the simulated timescale. His94 was observed to pi-
stacked with (+)-cathechin compound for about 15% of the simulated timescale. (+)-cathechin
was observed to so tightly bound at the catalytic site of CA-II that only part of the compound
which showed some movement during the simulation was benzene ring composed of atoms 11-
16 and associated hydroxyl groups composed of atoms 17 & 18 as revealed by the Root mean

square fluctuations of individual atoms of the ligand (figure 8).
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Figure 8: Molecular interactions observed between CA-Il and (+)-cathechin compound at the
catalytic site during simulated timescale of 1 microsecond. a) 2D interactions display between CA-I1I
residues and b) RMSF of ligands individual atoms ¢) Heatmap of protein-ligand interactions showed by
color intensity and total number of inter molecular interactions observed d) 3D visualization of (+)-
cathechin compound interaction with Zn ion co-ordinated with ionic bonds with catalytic triad e) bar chart
representing the percentage of timescale a specific interaction has been observed during the simulated
timescale.

When other simulation, where (+)-cathechin compound was randomly placed approximately 10
A distance from CA-Il was analyzed it was revealed that the compound found juggling around
the CA-Il protein and never found and bind at the catalytically important site throughout 1
microsecond, but revealed many interesting interactions which might have lead to the
conformational changes near the catalytic binding site to reveal itself attracting the binding of

substrate. Among several residues, Asp72 was observed to be forming interactions with (+)-
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cathechin for about 34% of the simulated timescale. While, other residues, 1le256, Leu47,
Leul89, Glu205, Lys261, Arg89 and ASP190 were found to be interacting with (+)-cathechin for
about 3-4% of the simulated timescale. Phe70, Asp71 and 11e91 were forming water molecules
mediated interactions with (+)-cathechin for about 13% and 4% respectively for Phe70 and

Asp71 & 1191 (supplementary figures).
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Figure 9: Ligand RMSD calculated throughout the simulated time scale of 1 microsecond. Circled are the
timescale where shapshots have been sampled at 100ns, 300ns, 500ns and last frame respectively. A
snapshot of (+)-cathechin at 100" nanosecond showed direct conventional hydrogen bonds with GIn92
and Glul06. (+)-cathechin at 300" nanosecond showed a pi-pi stacking with His94 along with a
conventional hydrogen bond with GIn92. (+)-cathechin at 500" nanosecond showed three direct hydrogen
bonds with His3, GIn92 and Glul06. Whereas the last snapshot of the simulation representing the
majority of Ligand RMSD at 1.4A revealed couple of direct hydrogen bonds with Asn67 and Glu106
residues.

Since (+)-cathechin bound at catalytic binding site simulation showed interesting interactions, we
have taken the analysis further to understand the ligand Root mean square deviation (RMSD)

throughout the simulated timescale and the interactions responsible at some key events (figure
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9). On an average ligand RMSD was maintained upto 1.4A which is quite stable in itself,
however at some points of simulations the RMSD has sudden drop upto 0.2A. These dramatic
changes in the ligand RMSD caught our attention. To investigate these events further, we have
sampled four snapshots during the simulation; three snapshots at 100ns, 300ns and 500ns each
along with a snapshot at the end of the simulation. Among the interactions found responsible,
GIn92 was found to be the only difference between snapshots which were observed at 0.2A and
1.4A. From this analysis, we can presume that the interaction of the substrate with GIn92 is
triggering significant conformational changes in the CA-I1 towards lowering the ligand RMSD
and thus stabilizing it via binding tightly.

Furthermore, from our analysis it was revealed that (+)-cathechin compound + CA-Il complex
follows the type I inhibition mechanism via coordination of the inhibitor to the Zn(Il) ion by
replacing the zinc-bound water/hydroxide ion and leading to a tetrahedral geometry of Zn(lIl) as

per Derya EKinici et.al. [36]

Conclusion:

In this present study, we have made an attempt to understand the molecular level interactions
responsible for the (+)-cathechin amelioration effect on fluoride toxicity targeting Carbonic
anhydrase — Il (CA-Il) using molecular modeling and simulations based computational
approaches. From our study, it was revealed that due to the ability of (+)-cathechin compound to
bind tightly filling complete available space at the catalytically important site forming metal
coordinated ionic bonds with His94, His96 and His119 residues helps in restricting F ions to
interact with Zn ion located at the core of catalytic site responsible for its functionality. On the

other hand, interaction of (+)-cathechin compound with GIn92 was observed to be playing a
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crucial role in causing conformation changes in CA-Il and thus allowing (+)-cathechin
compound to burry even deeply inside the catalytic site. On the other hand, conversion of alpha-
helices and beta-sheets to loops at regions nearby to initial 20, 110, 160 and 180 residues were
thought to be regulating substrate binding trajectory. Molecular interactions detailing and
identification of potential regions in the CA-II responsible for its activity via microsecond level
simulations obtained in this present study is thought to be helpful in conducting future studies
towards optimizing ligands further for better amelioration effect on fluoride toxicity.
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