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Abstract: Aquaporin3 (AQP3) is one of the aquaglyceroporins, which egpressedin the
basolateral layer afhe skin membrane Studieshavereported thathuman skin squamous cell
carcinomaoverexpresses AQP3 and inhibitiofits function may alleviatskin tumorigenesidn
the present study, we have appliadsirtual screening methothat encompassefilters for
physicochemical propertiesxdmolecular docking to select potential hit compoutidg bind to
the Aquaporin3 protein. Based on molecular docking resultise top 20 hit compoundsvere
analyzed for stability ithe binding paket usingunconstrained molecular dynamics simulatson
and further evaluated for binding free enerdyurthermore,examinedthe ligandunbinding
pathwayof the inhibitor from its bound fornto explore possible rowdor inhibitor approacho
the ligandbinding site With agood docking score, stability in the binding pocleid free energy
of binding, these hit compounds can be devatigsAquaporinr3 inhibitors in the near future.
Keywords: AQP3 protein, molecular docking, molecular dynesniMM-GBSA analysis,

pharmacophorbasedilter
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1. Introduction

Skin cancer represents a major and growing public health problem, angdont-40% of
all newly diagnosedancercasesi]. Skin cancelincludes basal cell carcinomas (BC&juamous
cell carcinomas (SCC), anchalignant melanomas2]. BCC and SCC each constitute non
melanomaskin canceroriginatefrom epidermal keratinotgs and havebeen associated with
chronic sun exposure, whereas melangkia cancepriginates from melanocytes ahdsbeen
associated with intermittent sun exposi&g]. The gratumcorneum (SC)s the epidermal layer
of theskin, consighg of terminally differentiated keratinocytasdcontainng a lipid extracellular
matrix. The appearance and ploal properties othe skin dependon a number of factors
including thdipid/protein composition, barrier propertji@adtheconcentration of wateretaining
osmol ytes or Anatwural moi st ur i,andothgrsmalsotules s 0 s
[6]. The aquaporins (AQEp are ubiquitousfamily of small, hydrophobicand highly conserved
membrane proteginvolved inthetransport of water and small solutes such as glycerol, nitrates
and uredv,8]. Todate, 13 human AQP isoforms (AQRRQ) have beeidentified and differentially
expressed in many typesadlls and tissues in the bopy. The AQPsarebroadly classified into
two groupsorthodox aquaporinsé€lective for water) and aquaglyceroporfpsrmeable to small
solutes including glycerol)o]. Genotype and phenotype studies of A@estifiedtheirrole in
refractory edema brain swelling, neuroinflammation, glaucoma, epilepsy, cancer, paith
obesity [11]. The involvement of AQPs in cell migratiohas implicated them in tumor
angiogeesis, local invasigrand metasts[12]. Among all the identified AQP isoform$QP1
(expressed in endothelial célisnd AQP3 (expressed ptasma membranes in the basal layer of
keratinocytes in human sRimre of particular interesor the study of cancer mod¢i314]. The
functions of AQPs in the skinave not beethoroughly inestigatedhowever AQP3hasgainred
attentionover the last few decadess it is abundantlgxpressed in the skinsz16. A human
keratocarcinomaell linewasfound to express AQP3.QP3(aquaglyceroporindransport water,
glycerol, ureaand hydrogen peroxigdelaying an important role irSC hydration, skin elasticity,
barrier recovery, wound healing, cell proliferation, tumoreggand cell migratiori14]. Previous
studieshavereported thatquaporin3 (AQP3J deficient mice may have dry skin and delayed
barrier recovery due tihe absence of AQP3 facilitateglycerol transport17,18]. Chikuma et al
havestuded amultistage skintumormodelin miceand reporthat AQP3is overexpressed in skin

cancey while AQP-null mice show complete resistancethe formation ofskin cancernf1s]. The
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study also foundhatdisruping the AQP3 controlled gene leads to reduced cell proliferandn
skin tumorigenesis. Thugesistance to skin tumorigenesis a function ofAQP3 deficiency
provides a rationalfor evaluaing AQP3 inhibitorsin theprevention and therapy ofelanomaas
well asothertumorsassociated with AQP3 overexpression.

Thereare compelling opportunities, yet so far little progressthe searctior AQP-based
therapeutics. Ther@reafew reported AQP inhibitorsuitable for clinical trialshowevernone of
themhasshown any specificity for AQP319-21]. AQP1, a close congener of AQP3 in terms of
proteinsequence reportedto be inhibitedby tetraethylammonium sal{g2], acéazolamide23],
bumetaide [24], and DMSO|25]. Further, h serch of AQP inhibitors, Preston et k6 and
Niemietz et al[19 found mercurial (HgC), silver (Ag), and gold (Au)containinginorganic
compoundsact as AQP inhibitorshowever, they ar@on-selective and extremely toxitater,
Martins et al.evaluated metabased drugs already known to possess different therapeutic
properties(such as anticancerantirheumatic and antibacterial agent$or AQP1 and AQP3
inhibition and found promising raks [27]. Moreover, several authoisave synthesized and
repored goldbased compouts for AQR inhibitors and elucidatetthe mechanism of inhibition
[28-30]. Here for the first time, wexploresmall molecule inhibitorghits) of AQP3 usinga fries
of virtual screening too)dollowed by molecular dynamics and binding free energy calcukation
(Fig. 1). Virtual screeningoolscomprisingmolecular docking angharmacophorbasednethods

may reduce false positigén potential hits.
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Fig. 1 Designed workflow for the virtual screening of AQP3 inhibitors.

2. Materials and Methods

2.1.Chemicaldatasetsandvirtual screeningmethods

For a molecwd to be an effective drug, it must reach its target site in the body and stay
there in a bioactive form long enough for the expected biological events to [aticufhe
assessment of molecules for skin permeability is always a major challenge, as molecules must
cross the heterogeneous naturthefSCof theskinmembrane to reach the target site. The majority
of drugs availableare administered orally andheir permeability across various membranes
depends otheirsize, shapeand physicochemical propertigg,33]. Permeation of drug molecules
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across the various membrans governed bythe Biopharmaceutical Classification System that
has classified the permeability of molecules baseith@nsolubility (class I: high solubility, high
permeability; class 1low solubility, high permeability; class llhigh solubility, low pemeability;
and class IVIow solubility, low permeability]34,35]. Thus in order to evaluate th@ermeability

of drug moleculesacrossthe skin (selecting thoseéhavng no toxicological [skin irritancy}
propertes)a series ofilters comprisingphysicochemicalQikProp)[36,37], toxicity (skinirritancy)
[3839], and reactive functional groupo41 were applied to narrowthe list of available drug
moleculeghat mayefficienty bind to thetarget receptoiThe followingfilter conditions were set
Molecular Weight: 20 to 300; LogS (Predicted Solubiliyg:0 to 1.0; LogKp (Predicted Skin
Permeability):-8.0 to 1.0; Jm (Rdicted Transdermal Transport Rate): less than 10; Reactive
Functional Groups: 0 to; Skinirritancy: low or non@42-44). A total of 3,379,981 small molecules
obtained fronthee-moleculedatabas@ss], IBS databasésynthetic and natural compoundsy,
thedatasefrom Braga et al[47], and USFDA approved drugélable 1)[48 werepassedhrough
the series of filtes. Furthemore pharmacophordased (protein cavity)[49 screeningand
molecular dockingbased Standard Precision and Extra Precisi@a) screeningvereperformed

to find good scoringcompound. From thesegood scoringcompound, the top 20 hits were
selected fomolecular dynamicg1] and binding free energy prediction (MBBSA)[52).

Table 1.Small molecules considered under present study.

Database/Literature Total number of molecules
E-molecules 3,32,8465
InterBioScreen (IBS) 67,609
Small molecules from 87
http://chembench.mml.unc.edu
US-FDA approved drugs 9101

2.2Lligandpreparation

Thestructuresvere prepared usirtheLigPrep modulen Schrodingesuite[53]. The LigPrep
generatesenergy minimized 3D structures usitag OPLS3 force field. The correct éwis
structure,tautomey and ionization states (pH 7.0 #£.0) for eashkructurewere generategd
optimized and energy minimizedith default settings.

2.3.Proteinpreparations, active site prediction, and receptor grid generation
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The crystal structure of AQP3asnot beensolved yet and thus obtained from the reported
work [27]. Martins et al[27] have built an AQP3 struture via homologynodeding. The modded
structurewasimported iro themaestro workspace arlde multistep FPotein Preparation Ward
wasused to prepare the proteincluding addition of Hatoms, bond order correcticemdH-bond
network optimizationfollowed by energy minimization usingnpref module of Impactvith an
OPLS3force field[54].

The AQP3 structurecomprise six membranepanning helices and two hdiélices with their
positive and Nerminal ends located at tleenterof the protein and @erminal ends poiirig
toward either side of the membrane. The helices surround thd &thg and 34 A wide
amphipathic AQP channé\ structural studyn aquaporinkasidentified two asparaginproline-
alanine (NPA) sequence motifs located at the ends of the two gt@di r2lated hH-spanning
helices AQP3has atunnetlike structurewith periplasmic and cytoplasmic pore sites on opposite
ends, separated by selectivity filter (SF) domaircomprisingconserved amino acid residues
(Phe63, Arg218 and Tyr21Zhe domain being distinguishingfeatures that identify subfamilies
of AQPs(Fig. 2) [27,55]. Martins et alreportedhataperiplasmigocket of AQB hasanextended
hydrophobic region in the proximity ¢fie SF domainyhich isabsent in AQP1 (another member
of aquaglyceroporinsproviding thelatterwith higher hydrophilic charact¢se].

The prepared structure lacks any bound ligand, thus the binding sites were defined using
SiteMap tools ofSchrodingei57] with default settingsThe AQP3 structure with identified sites
is shown inFig. S1. The SiteMap tool has identified two probable bindgiigs;based on the
previous binding site evaluation criteria, Site_2 was selected as the binding site. A rgadptor
was generated on Site_2 with dhefaultsetting for molecular docking.
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Periplasmic site

Selectivity filter
(SF)

Fig. 2 AQP3 protein with periplasmic and cytoplasmic sites. The SF region comprising key amino
acid residues (Phe63, Tyr212, and Arg218) are displayed as ball and stick representations.

2.4.Pharmacophoréased(proteincavity)filtering

We have employed the pharcoghore filtering methods fartherscreen the small molecules.
Numerousapproachebave been available and described in detlsbwhergss-60]. However due
to lack ofabound ligandn thepresenstudy, we usedaprotein cavitybased pharmacophore point
enumeratiormethod As Site_2 was previously defined frorthe SiteMaptool, it was further
utilizedto enumerate the pharmacophoric pointf@pharmacophordased filtering methodith
default settingsThepharmacophore filteringiethodologyis based on docking of fragmentsao
protein receptor (gpharmacophore model), followed layselectionof fragmentfeaturesthat
maximize the binding interactiofinally, common featureslentified bypharmacophoric points

werechosento satisfycriteriafor their positions andirections(Fig. 3).
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Fig. 3 (A) Whole protein showing cavitpased pharmacophoric point; (B) top view with
pharmacophoric point; (C) pharmacophoric point with label residues in the binding pocket.

2.5Moleculardocking

The filtered small moleculefsom the pharmacophorbasedfiltering methodwere analyzed
by molecular dockingThe molecular dockinggasperformedwith glide v7.8in the SP (Standard
Precision) and XP (XtrRBrecision) protocadf the Schrodinger Suitevith default settinggs0]. The
filtered moleculegslockedinto the binding pocket(Site_2) andthe final hits were selectdshsed
onthethreshold criterigdocking score> -6.0) in each step
2.6.Moleculardynamics

All the MD simulations were carried out using the Desm®&13MD packagégs1]. Theprotein
ligand complexsystemwas inserted into thepre-equilibrated POPC (30€K) lipid bilayer
membrane using the Set up Membrane option of system builder module of Desmond. The upper
and lower lipid bilayeregion ofsystem wasilled with water model TIP3P) [61] asthesolventin
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orthorhombicbox with OPLS_2005 forcéield. The shape and size was set at 10 A buffered
distanceThe desiredheutral system was built withe additionof 0.15 M NaCl in the systeni
built system is shown iRig. S2 The system was relaxdoly implementing Steepest Descent and
the limitedmemory BroyderFletcherGoldfarlbShanno algorithms in a hybrid manne). The
simulation was performed under NPT enseming the NoseHoover thermostat[63] and
MartynaTobiasKlein barostat metha[64] applying a constant temperature of 3B0and
1.01325atm of pressure, respectively. The sharigecoulombicinteractions were analyzed using
a cutoff value of 9.0A andthe shorrange method. The smooth particle mestaldmethod[65]
was used for handling lorgngecoulombicinteradions and RESPMAasedconstraintsallowing
2 fs time stepsThe MD simulationwas carried out fol00 ns and the trajectory sampling was
done at an interval ofQlps.
2.7.Binding freeenergy analysis

The interaction energies betwethie protein andhe selected top posegere computed using
the MM -GBSA (generalizedborn/surface area) method implemente@ahrodinge66,67]. The
average binding free energy(gppGbind) based on MMGBSA was calculated usingthe
thermal_mmgbsa.py scripDuring the MM-GBSA calculation, théast10 ns MD simulation
trajectory(everysnap shgtwas used as input to compulte taverage binding free energy.
2.8.Ligand-unbinding pathway

We havdurtherexplored the ligandinbinding pathway usintdpe ART-RRT methodesg]. We
adopted the sanmethoalogy thatwasdescribed in detaillheligand-unbinding pathwaywere
searched othe last frame from dynamic simulateof the proteinligand complex. Inthis study,
we usedhe compoundb633879(1-(4-methoxyphenoxyB-((4-methoxyphenyl)amino)propak:
ol) to explore its unbinding path frothebinding pocketThe gromos53a6 force figk$] assigned
to theprotein and ligand parametexgreobtaired fromthe ATB (Automated Topology Builder)
server[70]. The ligand atom shown in greerasassigned to active ARAP atoraedabox with a
dimension ofl00 A X 100 A X 120 A was assignedduring the pathway seardfig. 4). We
performed 10 runwith default setting$or theligand-unbinding pathway search.
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Fig. 4 Left: the system in ribbons with bound ligand in ball and stick form, Right: The ligand with
active atoms in green.

3. Results and Discussion

3.1.Chemicaldatabase curation and ligand preparation
In the present study the chosen databasedsvhded rangesof physicochemicabnd

toxicologicalpropertiegFig. S3). Thus in order to findthe molecules thatould easily permeate
across the membranegith no toxicological €kin irritancy properies the chosendatabase
molecules were filtered based apre-condition filter(mentioned irthe Materiak andMethods
section) This two-stage filter(ADME and Toxicity) greatly reduced the number of molecules,
which wereprepared usinthe LigPrep module oSchiodingerfor further processing.
3.2Pharmacophoréased(protein cavity)filtering

Thepharmacophordasedproteincavity) hypothesisshown inFig. 3, depictsseverchemical
featurescomprisng threearomatic ringgR), two hydrogen bond dondi3), onehydrogen bond
acceptoi(A), andonenegative on (N). Among the features generatéydrogen bond donor and
acceptor features are vector properties posggeas/ectorial naturevhich indicates the direction
of electron sharingri]. The features irthe hypothesisveresuperimposed othe Site_2 binding
site, which showedthat the chemicalfeatureswere complementary to key amino acid residues
including H-bonding interactiom with Asn60, Gly203, Gly207, Gly21land Arg218,
corresponohg to A, D, andN featurs. Likewise,Phe63, Phe20&ndTyr212 corresporetito R
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features. Sucltomplementarity betweeamino acidresiduesand chemical features revette
importanceof bindingto small moleculesThe reduced dataset (aftapplication of thenitial
physicochemical and toxicitfjiter) wasfurther screened against tgenerategpharmacophore
based (protein cavity) hypothesisas a queryand moleculeswere ranked accordingto the
PhaseScreenScorEhe PhaseScreenScore measures the quality and quantity of features matching

thehypothesiswheremolecules witha scoreabove (8 areselected fothe next stage

3.3.Moleculardocking

The identified binding site (Site_02¢ncompasss the hydrophilic/hydrophobic areas
comprisng amino acid residues within 3A of the binding pocket, namely, Val43, Val46, Phe56,
lle59, Asn60, Phe63, Phel4d7, Alal48, Thrl149, Tyrl50, Gly207, Gly211, Tyr212, and Arg218.
Martins et al[27] reportedthatamong allthe binding site residueshe triadamino acid residues
(Phe63, Arg218Tyr212) neathe periplasmic gate amvolved inthebinding of small molecules
and maymodukte the function ofthe AQP3 protein.Hence, $te_02was chosein this studyas
the binding siteand usel for docking of small molecules obtained aftgpplication of the
pharmacophordasedproteincavity) filter. The molecular docking comprisédo filters. In the
first we have employedn SP mode,wheredock poses witha docking score aboves.0 were
selected folan Extra Precision XP) modedockingwith default settingsAfter the secondfilter
(XP docking, the dockposeswereranked according tthe docking score anthetop 20 poses
wereselected a potential hits thatould modulatethe function ofAQP3protein(Table S1). The
ligand-binding amino acid residuésom thetop 20 hits are summarized Table S2.

Fromall the docked posdXP mode) the top 20 posesere selectedndanalyzegdwhere all
had docking scoreranging from-7.550kcal/molto -6.747kcal/mol The comparison of binding
posegevealghat despitéhediverse scaffold afheseposesall interactwith common binding site
residuegFig. $4). All thedocked poses displayed multigleecthydrogen bond interactiongth
key amino acid residugsuch asAsn60and Arg218, whereashe backbone atoms of residues
Gly145, Alal48, Gly207, Gly211, and Phe2@@re involved in hydrogen bond interactions
Similady, most of the compounds displayed stackinginteractiors with the aromaticrings of
the Tyrl50 and Phe208 amino aciesiduesStudies reported thatye¢ amino acid residues from
the periplasmicgate andselectivity filter (SF)region (Phe63, Arg2187Tyr212) of AQP3 has
importantrole in ligand binding27,72]. Thus, the analysis tiietop scoing dockedposesevealed
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that,thearomatic fragmeistof the moleculearejuxtaposed into a group of aromatic amino acid
residueqincluding Phe63, Tyr150, Phe20&8nd Tyr212) located at the opening of periplasmic
gate and neahe SFregion, revealingheir importance in modulating the function thfe target
protein.

3.4.Moleculardynamics

In order to access the stabiligynamicsreliability, andunderlying molecular interactisrof
the docked poseat the atomic level, the top 20 docked poses were submitted rfawlecular
dynamics simulationThe quality of the molecular dynami simulation wasmeasured by
analyzing the total energy, potential energy, temperature, pressure, and volume of the protein
ligand complexesHig. S5-S24). The potential energy includes the sum oftibed angle, torsion,
and norbonded termsepresenthe system stabilityThus the plots of potential energylearly
indicatedthatthe systenwaswell equilibrated and remained stable throughout the simulations.
The other measured structural paramgiiegssRMSDs, Rot Mean Square Fluctuations (RMSFs)
and interaction histogramsare shown inFig. S25-$48. The overall structural fluctuation was
evaluated byneasuringhe RMSDs ofC Eatoms againssimulation time.n all simulatiors the
protein attains equilibriurwithin 10ns of simulationand theroscillates afterward with RMSDs
below 35 A, indicating that the systerhad evolved into stable sta$ and was reasonably
convergedln generalthetrajectoriesn each posduringthesimulationproduced a stable protein
with an average RMSPalue thatrangel from 1.75A to 350 A, where thdarge RMSDsound
mayoccurdue to motion of the loop region of the protdtarthermore, it was observed frahe
RMSDsplot that proteirligand complexes did natissociateand remained bound throughout the
simulations(Fig. S25 £S28).

Further, in oder to access the movement of residues during the simulation we plotted the
RMSFsf o r-at@nd of all residuesée spplementary file). The RMSFs plot displayed the helix
(pink-colored bar region) and ligand contactegion (greencolored vertical bar) during the
simulation.The RMSFs measutheaverage atomic mobility of th@ thtoms and it was observed
from residue malysisthatresidues 4%5, 7585, 94100, 123125, 134156, 178190, 211220,
229-248,and265269 are part ofheloop region and may be flexible during the simulatidrise

molecular docking analysshowsthattop scored poses hairgeracted with loop regioresidues
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(i.e. 55, 141, 142, 145852, 211, 212and218) of thetargetprotein However, he ligand contact
analysis ofthe loop region fromthe RMSFs plotrevealedthat, despitethe flexible loop region,
interactions from pges (STOCKN-03432 2801237, 16694164, 5633879, 13477729, 36716128,
42888719, 31879059, 256652%68ere stableluring the simulatioifFig. S29(a) £S48(a)).

It is noteworthy to mention here that, #ike selected 20 poses are structurally diverse with
multiple rotatable bondsThe ligand RMSDs as shown inFig. $49-S%2, revealedthat the
compounds were relatively stabtkespitesuch structural flexibility. For example CMPD17
(3196642) (Fig. S52) contairs a sevenrotatable groupand its RMSD, despite initial higher
fluctuations wasstalle ~1.5A. Likewise, CMPD09 (16694163 (Fig. S50) with a eightrotatable
groupwas stablaround ~2.2%. Thus it is assumed thatompounds repositioned their binding
modeduring the initialsimulationand thersubsequentlgcquired stability.

From moleculardocking analysisjt was shownthat all the docked posesiake multiple
interactionswith thebindingresiduesthus we furthe investigated its stabilitgver thecourse of
the simulation Fig. S29(b&c) +S48(b&c) displaythe histograns (interaction fractionand 2D
interactiors between ligands and binding amino acasiduesthroughoutthe simulation The
interaction fraction ithe histogramshows different color bareachrepresering the contribution
of respective interacti@with amino acid residues. The green, purple, a&dl bluecoloredbars
correspond to Hbonds, Hydrophobic, lonjand water bridgénteractionsrespectively The 2D
interaction diagrarshowsinteracting residuethathave been retainedver20% ofthe simulation
time.In addition, the total number of hydrogen bond establibletgeen protein and ligand during
the simulation were alsoalculated and shown iRig. S29(d)-$48(d). The total numbeof
hydrogen bond observed ranges froré 4nd in most of the compounds, these hydrogen bonds
were retained throughout the simulation, further stabilizing the compounds in the binding pocket
of the protein.Furthermore the protein secondary structure etes(&SE)like Uhelix andb-
strands were monitored during the simulatiororder to understand the stability of secondary
structuresTheFig. S29(e)-48(e) shows the SSE composition for each trajectory frame and each
residue during the course of the simulatidime SSEresult shows that, secondary structure
elements were stable during the molecular dynamic simulationany dynamic simulation,

multiple forces act on protethigand complexes resulting in the establishment of different types of
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molecular interactionsThe dynamic interactions between the protein #ralligands during
simulation are summarized afdthercompared wittltheinteraction analysifromthemolecular
docking resultgTable 2). Comparative analysis @oses frondynamics andlocking simulation
interactiors revealed that during dynamjesther previously formed interactions (during docking)
were retained or new iractions with amino acid residuewere formed Among all the 20
dynamic simuléons, compounds C8@2888719and 3187905%ailed, while other compounds
were able to retain the interactions observed during the docking simukiiooigh somenew
interactionswere seen with althe poses. Moreover, &were also interested to obsertree
interactions witlthekeytriadamino acid residug®he63,Tyr212,Arg218) duringhesimulation
ligand interaction analysis from trajectory revealed that all compounds except 25284644
32927247, 36657947, 36716128, 42888719, IP6, and 318T88&8 ineractiors with thesekey
amino acid residuesThus the molecular dynamic simulatiomesuls supportthe dcking

simulation and suggesitese moleculesouldbe importantnodulatorsof AQP3 function.
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1 Table 2. Comparision of amino acid residues interactions observed during Molecular Dynamic simultion and Molecular Docking (Bold faces

2 representhe common binding amino acid residues).
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Compound Amino Acid Residues Interaction observed during Amino Acid Residues Interaction observed during
ID simulation docking
C8C Val43 (H-Bond with Backbone), Phe56 {pi), Gly211 (H | Asn60 (HBond), Tyrl50 (HBond with Backbone), Phe2(
Bond), Tyr212 (HBond withBackbone) (H-Bond with Backbone)
Cys40 (HBond), Phe56 (EE llel46 (HBond with| Glyl45 (HBond with Backbone), Alal48 (H-Bond with
STOCKIN - | Backbone), Alal48 (H-Bond with Backbone), Gly207 | Backbone),Gly211 (H-Bond with Backbone),3 KH - (EE
03432 (Water Bridge HBond Network with Backbone), Arg21
(H-Bond)
25984644 Phe208 (ECE Asn60 (HBond), 3KH - BEGIly211 (HBond with
Backbme), Arg218 (HBond)
32927247 Gly211 (Water Bridge HBond Network with Backbone] Asn60 (H-Bond), Arg218 (H-Bond)
Arg218 (Water Bridge H-Bond Network)
Gly145 (Water Bridge FBond with Backbone), Tyr150 H Asn60 (HBond), Tyrl50, Phe208 @Bond with Backbone)
27371521 | Bond with Backbone), Tyr212"{ and HBond withiPh e 208 ( °
Backbone)
lle59 (Water Bridge FBond Network with Backbone] Asn60 (HBond), Alal48 (HBond with Backbone), Gly21
2801237 | llel46 (Water Bridge HBond Network with Backbone] (H-Bond wi t h Bac k'b)Amg2dg (H-BoRd) e
Arg218 (Water Bridge H-Bond Network)
Gly145 (H-Bond with Backbone), Alal148 (HBond with | Asn60 (H-Bond), Alal148 (HBond with Backbone), Arg218
5633879 | Backbone), Tyr212 (HBond with Backbone), Arg218 (H | (H-Bond),
Bond)
36994203 Gly211 (H-Bond with Backbone), Arg218 (HBond and @ Asn60 (HBond), Gly145 (HBond with Backbone)Gly211
-cation) (H-Bond with Backbone),Arg218 (H-Bond)
16694164 Gly145 (H-Bond with Backbone), Gly207 (Water Bridge Asn60 (Hbond), Gly211 (HBond with Backbone)Gly145
H-Bond Network with Backbone), Arg218 {Bond) (H-Bond with Backbone),Ala148 (HBond with Backbone)
13477729 Arg218 (Water Bridge Network HBond) Asn60 (HBond), Gly145 (HBond wth Backbone), Gly211]
(H-Bond with Backbone)
36657947 Alal48 (Water Bridge HBond Network with Backbone] Asn60 (Hbond), Gly207 (HBond with Backbone)
Tyr150 (HBond with Backbone), Phe208-()
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36716128 Phe63 (EE Tyr212 (-") Asn60 (Hbond), Gly211Alal148 (H-Bond with Backbone)

Val43 (Water Bridge FBond Network with Backbone] Asn60 (HBond), Gly145(H-Bond with Backbone),Gly211(
3395122 Vald7 (Water Bridge HBond Network with Backbone] H-Bond with Backbone), Tyrl503 KH - (E

Leud48 (Water Bridge HBond Network with Backbone]

Phe208 (ECE

Gly145 (Water Bridge HBond Network with Backbone] Ph e 2 @ 8) ,( ~ GiBgnd Wwith Backdone)Arg218 (H-
42888719 | Phe208 (EE Tyr212 (HBond with Backbone)Arg218 | Bond)

(H-Bond and Water Bridge H-Bond Network)

Asn60 (HBond), Tyrl50 (H-Bond with Backbone),| Tyrl50 (H-Bond with Backbone), Phe208 (HBond with

IP6 Prol51 (HBond with Backbone), Serl52 {Bond withfBackbone); )Phe208 (°

Backbone)Phe208, (HBond with Backbone)

Tyrl50 (Water Bridge HBond Network with Backbone] Gly142 (HBond with Backbone)Arg218 (H-Bond)
31879059 Ser210 (Water Bridge Bond Network with Backbone)

Arg218 (H-Bond and Geation), Trp242 (Water Bridge H

Bond Network with Backbone)
31966421 Phe63 (-"), Gly145 (H-Bond with Backbone),Alal48 (H | Asn60 (HBond),Gly145 (H-Bond with Backbone),Phe208

Bond with Backbone)Arg218 (H-Bond) ( -~ )Arg218 (H-Bond)

Gly145 (H-Bond with Backbone),Alal48 (H-Bond with | Glyl142 (H-Bond with Backbone), Glyl145 (HBond with
7658775 | Backbone), Tyr150 (HBond with Backbone)Arg218 (H- | Backbone), Alal48 (HBond with Backbone)Arg218 (H-

Bond) Bond)

Gly145 (Water Bridge FBond Network with Backbone), | Asn60 (HBond), Tyrl50 (HBond with Backbone)Phe208
25665268 Ala148 (Water Bridge HBond Network with Backbone), | (H-Bond with Backbone),Ph e 2 68 (

Phe208 (HBond with Backbone),Tyr212 (-"), Arg218

(" -cation)

lle146 (HBond with Backbone)Gly211 (Water Bridge H- | Asn60 (HBond) , P-h p@y28BL (HBond with
37101119 | Bond Network with Backbone), Arg218 (H-Bond and | Backbone),Arg218 (H-Bond)

Water Bridge H-Bond Network)

1 *The name of the compounds for these given compound ID isiomeat in the supplementary file
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3.5Binding free energy analysis
To estimate the binding association between the AQP3 protein and the selected 20 poses

obtained from dynamic simulatioan MM-GBSA analysis was carried out on the 1a6hs of

each dynamic simulation trajectory. The MBBSA analysis results are shownTable 3
Compounds 56338786, 2528464436994203and 27371521lisplayed higher binding free
energy val ues-74.01lgk@l/mBlj -68d48 kcai/hol,-63.87 kcal/mol,-62.94

kcal/mol, and61.30 kcal/molrespectively, among all 20 dynamic poses. Further, comparison

of the molecular docking scores and binding free energies of all top 20 poses revealed that
compound C86-(2-(1H-indol-6-yl)ethyl)-2-aminopyrimidin4(3H)-one) despite having the

highest docking score of7.55 kcal/mol, showsthe lowest binding free energy e27.28

kcal/mol Similarly, some marginally low scored compounds in the molecular docking emerged

as betteinhibitors based on binding free energy. In this context, compounds that were sorted
and selected based on docking scores alone, without considering binding free energy, might
show a different order of priority compared to compounds that were selectedbasiading

free energy.

The contributions of all parameters to the binding free energy are shotabla 3, which

clearly indicatehatppG_ Bi nd i s greatly infl ueuwanbigH-by t he
bond, Lipo, and vdW interactions. Furthermore, vdW BAdondinteractions are important
contributorstol i gand binding in al/| cases; however,

affect the binding free energy of compounds with the AQP3 protein.

Among all the binding free energies observed, compound 5633&19-
methoxyphenoxyB-((4-methoxyphenyl)amino)propa&to)h ad t he hi g-MOst @G_ I
kcal/mo)) with a docking score 6f7.152kcal/mol, forming Hbond with Ala148, Tyr212, and
Arg218 regues in a dynamic trajectory that was similar to the interaction observed in the
docking pose (Arg60, Alal148, Arg218). In the docked pose, the oxygen atomsi GiGie
andi OH groups formed Hbonds with thé NH- group of Asn60 and the guanidino group of
Arg218 at a distance of 2.02A and 2.24A, respectively. SimilarBaoHd network with the
backbone carbonyl of Alal48 has been observed withNiie andi OH groups of thdinker
region of thecompound Furthermore, we observed some additional interactionlynamic
poses, such as-bbnds with the backbone atoms of the Tyr212 residues. The interaction
fractions of the compound 5633879 showed it in the vicinitPloé63,Ty150, Phe208 and
Tyr212, imparting hydrophobic interactions during simulatieig.(S3 (b&c)).
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S.No. | Compound ID UG_Bind 0*B&RXO| 0*B&RYD| 0*B+ERY{ 0*B/LS| G4*BYG: G*B3DFN G*B6RO
1 c8cC -29.6348.60 | -12.6845.69 1.864.96 -0.854#.50 | -8.22#1.66 | -30.4743.01| -1.9A0.94 22.7H2.86
2 STOCKIN-03432]| -58.6245.60 | -17.3646.02 1.854.57 -2.2140.31 | -18.494.71 | -44.372.12| -0.626.43 22.5/2.41
3 25284644 -38.89#4.94 | -13.4949.87 0.73#.61 -0.044.14 | -14.36#1.55 | -30.3643.32| -0.036).04 18.669.06
4 32927247 -35.2948.61 | -8.08#4.40 0.38+#.62 -0.464.31 | -12.0443.14 | -31.02#4.76 | -2.15.80 18.083.04
5 27371521 -48.5846.90 | -12.609.56 0.9841.65 -0.894.52 | -13.55#1.89 | -39.972.87 | -2.324).56 19.746.11
6 2801237 -41.9746.05 | -11.0613.13 2.02#.51 -5.184.29 | -14.36+2.26 | -36.66+2.83 | -0.656.49 19.252.58
7 5633879 -61.3946.54 | -16.1613.24 0.82#.54 -2.0640.38 | -19.47#4.20 | -45.6143.96 | -2.04#6.83 23.13.90
8 36994203 -59.60#.08 | -29.37#.66 0.3641.43 -1.7940.22 | -13.59#1.24 | -44.602.36| -1.6#0.60 31.052.66
9 16694164 -59.5145.19 | -22.5145.12 1.78#.50 -1.6840.25 | -19.872.77 | -49.12483.06| -1.4%0.81 33.343.03
10 13477729 -38.2245.11 | -8.22#4.20 1.504.74 -0.204.31 | -17.15+2.38 | -34.8643.35| -1.20#.89 21.903.16
11 36657947 -46.6546.63 | -6.91+£.97 0.70#.04 -0.594.21 | -18.49£.37 | -36.7843.85| -0.814.40 16.222.07
12 36716128 -45.02#4.49 | -4.67+£.86 0.984#.17 -0.104.18 | -16.89#1.85 | -36.1822.68 | -2.090.63 13.938.12
13 3325122 -48.08#4.07 | -8.37#4.67 1.812.04 -0.284.35 | -18.062.13 | -38.7443.63 | -0.8(.35 16.383.44
14 42888719 -43.4145.27 | -11.9645.93 1.75#4.21 -0.7740.42 | -14.952.09 | -36.302.94 | -1.23#0.53 20.063.43
15 IP6 -56.9645.91 | -38.84+11.98 4.392.35 -1.834.42 | -16.13#1.64 | -36.572.54 | -2.241.20 | 34.26:10.93
16 31879059 -52.83#4.02 | -26.36#4.86 5.164.97 -1.9140.44 | -16.094.04 | -48.972.62 | -2.4H0.57 37.808.65
17 31966421 -60.7443.93 | -19.59£.92 1.86#.73 -1.534.18 | -17.9841.65 | -43.42483.45| -2.9660.92 22.881.65
18 7658775 -56.92145.02 | -20.5143.35 2.15#.32 -1.9440.42 | -18.142.10 | -41.922.95| -0.9G0.51 24.351.53
19 25665268 -57.8443.48 | -15.72#4.61 3.3640.83 -0.63#.35 | -18.5340.75 | -47.57#1.65| -1.44%6.36 22.643.00
20 37101119 -41.6546.63 | -5.4345.81 -0.294.47 -0.3240.26 | 16.03#.74 | -35.7043.82| -0.946.73 17.083.81

*The name of the compounds for these given compound ID is mentioned in the supplementary file.




Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 October 2019 d0i:10.20944/preprints201910.0174.v1

Similarly, compound31966421 (3-(1H-benzo[d]imidazol2-yl)-N-(2-methyt3-(1H-
pyrazotl-yl)propyl)propanamidehad an intermediaryp G _ B i -B6d5 k€al/mol) with a
dockingscore of-6.747kcal/mol It forms Hbonds with Asn60,Gly145,and Arg218and” -

" interactiors with Ph&08 residuesduring docking, while in dynamic simulatiothe

compound retains #8onds with Asn60,andArg218, as well as forminggew Hb ond -and
interactiors with thelle146, Gly211, Tyr212ndPhe56residuesrespectivelyln thedocking

posethei OH group ofthelinker andthering nitrogen of imidazolérm H-bondswith Arg218

and Asn60at a distance of 2.1R and 1.96 A, respectively.The i NH- group of the
benzimidazole group aldormsaH-bond withthe backbone carbonyl of Glyl45 dynamic
trajectoriesthe Asn60and Arg218 residua®tainthe H-bond interactiongor more than 30%

of thesimulation timeandtheimidazole grougengagei nt 6 da n't er ac%i on wi t h

CompoundC8C, whichwas identified ashe top scorer in molecular dockinghows
the lowest binding freeenergy among all the compounasalyzed In the dockingpose the
compoundhasH-bonds with the carbonys of Asn60, Tyr150, and Phe208 witlistancef
2.07A, 2.068, and 2.0A respectivelywhile in the dynamic trajectoryhe compoundailed to
displayanyH-bonds for 20% of the simulation whileompound showed " -" interaction with
Pheb3. Despiteall the individual componers contributing to the binding free energyn the
MM-GBSA analysis the insignificantcontribution ofthe oG _ L iregulting fromhigher
ligand strain energgnight lead tdts lower binding free energy.

Furthermore, the energy of protein recepémd in complex with compoundsere also
measured during the simulatiohaple $4). The resulshows that the energy of the complex
is lowered as compared to protein alone and suggested the stability of the pose
Thus, kased on binding free energy values, the order of top 10 compmb®iz3879 >P6 >
25284644 >36994203 > 27371521 > 3187905916694164 > 7658775 > 31966421 >
36716128.
3.6.Exploration ofthe ligandunbindingpathways

The initial proteinligand complex and the active atoms on compo@&33879(1-(4-
methoxyphenoxyB-((4-methoxyphenyl)amino)propazol) areshown inFig. 4, illustrating
no directionbias samplingdomain From all 10 runswe found thatthe ligand-unbinding
process followedca common pathwayfFig. 5 and supplementary movie0l). The ligand
unbinding path statistics are shownTiable S3 The AQP3 membrane protein has tertes
onethat isperiplasmic an@ne that ixytoplasmicTo permeate the cell, soluteleculesnust

follow the periplasmic siteQur ligandunbinding pathway search revealed that despite no
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directionbias sampling, ligand unbinding aedit from the potein followed the periplasmic

site.

Periplasmic site

Cytoplasmic site

Fig. 5 The ligandunbinding path (in red color). The protein is represented with a ribbon and
the ligand in VAW sphere.

3.7.Biological network

AQP3 was overexpressed in the plasma membrane of keratinocytes in thaendaspinous
layers of epidermis, where it contributes to metastasis, proliferaimhthe epitheliatto-
mesenchymal trait®on (EMT) [73,74]. Here AQP3 serves aswvater and glycerol transporter
facilitating skin hydration ang@ossiblyplaying a rolein cell migration. A study oan AQP3
knockout mousenodelrevealedhesemice did not develop skin tumereven after exposure
to a tumor initiator[73]. Epidermal growth factor and estrogen botinttibute to cancer
development rad are upstream regulasoof AQP3 expression7s]. Since cancer cells have
increased levels of #,, AQP3 mediated kD> transport plag an importantrole in cancer
progression7g. It has alsdbeen suggested that AQR&diated HO, transport increase
phosphorylation othe protein kinase B (Akt) anthe extracellular signategulated kinase
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(Erk) 1/2. Similarly, overexpressed AQP3 increases the MMPs (matetalloproteass,

which furtherpromote the cancer cell invasivenéSgure 6A) [77]. Similarly, Verkman et al.

have reportedthat AQP3facilitaed glycerol transporis involved in ATP generation and
regulation of epidermal cell proliferatio€ells with high levels of intracellular glycerol due to
overexpressedQP3 are in states of epidermal hyperproliferation, such as psoriasis, ichthyosis,
atopic dermatitis, wound healifgnd tumorigenesis. Thus, AQR&ilitated glycerol transport
generatsATP and mediates the growth and survival of tumor ¢Eltpure 6B) [15]. Therdore,
targetng AQP3 expression redusseveral intracellulasignalling pathways resuling in

reduced cell proliferation, migratipand invasion.
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Fig. 6 Schematic diagram showing the effect of overexpressed AQP3 protein in the basolateral
layer of the skin membrane.

4. Conclusions

The diverse roleAQPs in physiology ands involvement in prognosis ofvariety ofdisease
states hee been well establisheavhich necessitatthe discovery of selective modulators or
inhibitors as therapeutic agents. AQRB3videly distribuiedin epithelial cells othekidneys,
airways and skinplaying a role in water reabsorption, mucosal secretions, skin hydratidn
cell volume regulation. Howevesg, previousstudy hasreported theaberrantexpression of
AQP3 in melanomaells, suggestingts inhibition will leadto a new therapeutic treatment. In
the presenstudy,we performed airtual screenindo identify novel hits for inhildors of the
AQP3 target protein. A total of 20 hitsith good binding affinitywere obtained from a
combination of pharmacophore addckingbased screening strategigfie physicochemical

properties of the selected compounds comply with skin permeability propérheshit
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compoundobtained bind tiey amino acid residues (Phe63, Tyr2a@d Arg218 to inhibit

the activity ofthe AQP3 protein. The molecular dynamics and MBBSA analysis revealed
the compound5633879 (1(4-methoxyphenoxyB-((4-methoxyphenyl)amino)propaz:ol)
hasgood free energy abinding. Since the AQP3 is a channel protein embedded into the
basolateral layer ofhe skin membrangit has tworelevantsites a periplasmicsite and a
cytoplasmicsite The inhibitor must approach the AQP3 protein thia periplasmic site to
modubteits function.This led us tdurtherexplore thdigand-unbindingpathway othebound
proteinligand complex system. The ligathbinding pathway also revealed tha inhibitor
approached the binding site through the periplasmicHite hit compounds obtained frahe
present study promise good docking ssamrd binding free energy fo the AQP3 protein;

however further research iequiredfor hit optimization and biological screening.

Supplementary Materials: Figure S1. The AQP3 protein structure with identified Site_1 and
Site_2 (Circled region) from SiteMap tool of Schrodingeite.Figure S2. The representative
Lipid-proteirtligand system built for molecular dynamic simulation. The lipids proteins and
ligands are represented in green colour, cartoon and yellow colour with vdW sphere
respectively.

Figure S3. The physicochemigabperties baseon predefinedilter. Table S1. The top 20 hit
compound selected after docking simulation (XP mode). Table S2. Docking Score, and amino
acid residues in the binding site within 3A for top 20 Hitable S3. Ligand unbinding path
result fao compound (5633879). Figure S4 Binding site residues interactions of docked poses
with AQP-3 protein. (Amino acid residues displayed interactions within 3A are shown). Figure
S5 to Figure S24 shows the Total energy (E) (kcal/mol); Potential energy (€a#m@l);
Pressure (P) (in bar), Temperature (T) (in K), and Volume (V) (in A3) during the molecular
simulation for compounds in complex with A€¥RPFigure S25 to Figure S28 shows the RMSD

of C thtoms of AQP3 in complex compounds. Figure S29 to Figur& SHows the RMSD,
RMSF, proteirligand histogram and diagram-tond interaction, and secondary structure
elements for compounds in AQP3 protein during the simulakaure S49 to Figure S52
shows the RMSD of ligands in binding pocket of the AQ@R&ein.Table S4. The energy of
protein alone and in complex with compounds from dynamic simulation.
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TABLE CAPTIONS

Table 1 Small molecules considered under the present study

Table 2 Comparision of amino acid residue interactiobserved during Molecular Dynamic
simultions and Molecular Docking (Bold faces represent the common binding amino acid
residues).

Table 3 MM-GBSA calculation for selected hit compounds (MBBSA was performed on
the last 10ns of the simulation trajectamyean values are shown with standard error).

FIGURE CAPTIONS

Fig. 1 Designed workflow for the virtual screening of AQP3 inhibitors.

Fig. 2 AQP3 protein with periplasmic and cytoplasmic sites. The SF region comprising key
amino acid residues (Phe63, Tyr212, and Arg218) are displayed as ball and stick
representations.

Fig. 3 (A) Whole protein showing cavitpased pharmacophoric point; (B) teofew with
pharmacophoric point; (C) pharmacophoric point with label residues in the binding pocket.

Fig. 4 Left: the system in ribbons with bound ligand in ball and stick form, Right: The ligand
with active atoms in green.

Fig. 5 The ligandunbinding p& (in red color). The protein is represented with a ribbon and
the ligand invdW sphere.

Fig. 6 Schematic diagram showing the effect of overexpressed AQP3 protein in the basolateral
layer of the skin membrane.



