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Abstract

Over recent decades, drug discove
an exp-eentment endeéemavwoent oprae diadtai
di scipline. Al t hough established
compl emented traditional twbrkfhbo

intelligence has accelerat-addedti s
drug design and discovery (CADD)
research. This thesis presents th
doctor al resear ch:s htelde i aap liil d a&toi @
t he i dentification of novel bi o:
devel opment of innovative comput a

drug discovery.
A hybridasdr Wedagsaendd vi rt ual screen

empl oyed t o identi fy and charac
antibacteri al compounds, each int
first, CcCl1, i-di cax ob eanlzlod shtf eorpihce niént hs
protein that exhibitpopotéent path
including <clinical i sol at es, and
biofilm formation. The second, RS
all osteric i nhi biissplrayafngDMNA ggV f a
agai nspoSLirtaimive and-résusragui salran

compounds displayed favorable sal
agai nsnedgsataine bacteria, owing to
Il i mitati ompoamdhcegnhranmdces el-samphvi by,
wor kfl ow based on Adaptive Steere
was empl oyed t o predict t he pot

derivative. This workfl ow present e
chemicadtophi mi z

Beyond t hese applications, t wo r
presented. First, a novel comput a

mol ecul ar dynamics simulations wi



detail ed. lts efficacy i npmfifdenttiyf
interaction hotspots within targe:
novedr AVen met hodol ogy for de novc
This approach util inzeasg d RR¢ i rffrarnc
gui ded byandghaprar thacsemhoaéi gnmen
autonomously gener at egii & it Nnmit hed bl
pocket. The wvalidation and prosp
di scussed. Notably,ité@dia @apipooiactr
relies sol-dl meosi bohaltbBteeaecture of
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1. Introduction

1.1 The Modern Process of Drug Discovery

Research into novel remedies and
pursuits LofBewguimmamiing with simple
t hat certain natur al product s fr
beneficial effects, this activity
complex process now %nowWMondarsn ddm
di scovery is a staged and mul ti di:
high cost s, l ong time?d nddh,e aned n
i nvest ment required to bring a ne:
at approximately $900 million, wi
1015 yeaffFsil ur

ur e rates are iz2xcept
compounds per 10,000 candi dat e n
regul at ok ¥ yBappepdowvoal a comprehensi v
Uu. S. Food and Drug Administratio

process can be divided into six n
into smal®tlr substeps
Target validation is the first a

di scovery!'™k ampai ghudyi ng dysfunc
pat hways and mol ecul ar mechani sms

interest, researchers attempt t o
target (e. g., enzyméeesouploend crheacnen
(GPCRs), RNAt stlamWNAYari ety of bio
cellul ar assays are used to evaluwu

onset and!dpramgr-gas $dosddmiési onmde r egar
progression to subsequent stages.
drug discovery are attributable t
understanding of underl ying disece

nt r'26utAdzhei mer 6s di sease, with
d complex symptomatol o®d¢Y, provi i
e second major step, termed ADI
A framewor k, comprises the ide
| ecul es or biologics with the de
|l ecul e research, t his g toaghei ti s

M



identifitcéaeaon, anhdt | ¢€¢8&d Dapi nmi zhe

identificati on, di verse technique
space and identify initial compou
against the2% aAlti dati esd sttarggee tc o mp o u
in the millimolar range and sel e

properties are?% ympiitcad o mpeswrbdptti m
as a proof of concept and require

hittb ead phase involves rational an
to improve potency, s@d4%ecQptviimiyze
mol ecul es emerging from this phas
undergo a finabr aitrecdtopei mindatfiia
optimizai on phase

The resulting candidate mol ecul es
step, the preclinical phase. This
focuses on the eval datiDme orf e puaifre
vitro and in vivo studies are s
international agencies (e.g., FD
typically Iimited in scale, gener:
that are critichltéornoobi®di ei hgma
Clinical testing constitutes the

t he pipeline, ai med at demonst
investigational drugos 2™ fClciariyc a
devel opment i's the |l ongest and m
di scovery, accounting for roughly
about 70%?°3f Clotnalcadogstesting i s c
in three sequentlildl, pehaacshe swi (tphh adsies
and progressively | arger patient

clinical devel dpment approach 90%
Only after successful compl etion

for marketing authorization be su
what is the fifth step. Once a dr
and final simap kebing poséeaféetanc
(pharmacovigi*falibiey c¢esnenheoed pr
evaluates adverse event reports,
been underestimated or not detect
withdrawal of ri monabant, a CB1 i
p o-ma

full

d

rkgtidata can reveal severe ac

y appare’t‘®in earlier trials
H



1.2 Computer Aided Drug Design (CADD)

Considering the intrinsic c-ompl e:
di scovery pipeline, whose ultimat
patients, not all stages c®n be
Preclinical and clinical devel opr

mu st remain rigorous and often p
efficacy anworslad esggCtimageguwmdnt |y, o
simplification of these stages is
stages of di scovery I 1 ke hit/ | ea
present far greater *bpphe tameé mii el
of drike molecules has beefhd®sti ma
10 ossi bl e*?2stErsudtmarteess of the che
fr i Ird&nog et 6fmpooounds (tens to
bi Yy, an immense pobH3l mHWifghpot
t ut screening (HTS) h a s | o1
f di scovery, but its | imitec
cost, and low hit rated ¢tokswiatk
chemical opti mibzeaatdi caonpdtd U reiamdg t h onh |
has traditionally r elhiead somyempirr
(e.g., the ToJp.l i Stsy udicedcei dsd doens i-tgrne eb a
ray crystall-ebgeaphygn omi dmMdysochogsy

substantially i mproved these eff ot
yet t he choice of appropriate C
nontrivial.

Compwtiedred drug design (CADD) was

0 these.%nmihteat @appmlsi cati on of i
d covery has transfor med how ¢
0 i mized and is now shéapthhhifsut
t nsformation is part of the br o:
w h foundati onal ideas from Al al
c t empor airnyt ealritiigieinccieal ( Al ) “fhet hod
C D compri ses di ver se comput at.i
c monly <c| as shiafsieedd ehra slsitigraunedt b n e g
distinction driven primarily by 1
i nf or>fatWhoenn -da memiseé @ nal structure
target i's avai-tapl erystaml-BD\MJRa p KXy
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ruvlcased approaches can be appli
cking to predict |Iigand binding
mul ations to model tihar ¢deétmecempl
der defined thetmotdveamiecxpeohnd
ructures are unavailabl e, t wo

construct the target structure
vo prediction wusing tools such
otein f{aaxnd)n fmll wéigiuge mfctedhi s manne
scovery processstirsu-badidr avotr&kd | &
e other i-aged umeet hl o dgsa n(dea sge d Q
armacophore modelling, similari
rget strucfuBaetaubéseédthgappnoach
explicit structural rapromal e,

ess lqairadd,t yhilglhgand datasets or
ormation5.arldybaviadil@114@030!\3? (e.
roaches such as CoMPA, h@wMSlaA,s
n proposed, though their wutild]i
ucased approaches when reliabl
ent of°%amMmldp hraeFlodtded t ool s has f
si bili tbhyasefd sttmrwdtewrn e s, furthe
el ybdsegdantdechni ques.

ortantl vy, no single computatio
ol ution but each approach yi el
or mati on. | n pracamad e |-bi agsaemdd i n
often prodldédhsd shwmmse reinoarb | o
cati on of hits and | eads
ed.

pl ayed a -warblsd acrtu o ed ir 0d a
contributed to the develPbdpmen:
captopril, dorzol ami de, sac
kiren, boceprevir, nolatrexed
he current era of artificial
strial revoluti on, CADD i s p
r al and transformative role i
nvest ments from bot he pubb g tcamtnida |
he potenti al for accelerating th
or patientX% is considerable
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1.3 Thermodynamics and Kinetics of Molecular
Recognition

Molecular recognition is the physicochemical process by which
distinct molecular entities form specific, ronovalent complexes
through complementarity of shape, electrostatics and chemical
functionality? © .. 6This process is mediated by a broad spectrum of
interactions (i.e. directional hydrogen bonds and salt bridges, van der
Waal s coint acntdsi,,catmto@r acti ons, h a
hydrophobic effect§)? * %ahd underpins the general biological
principle that the thredimensional structure of a molecule determines
its function or bioactivit§  Mutations in primary sequence of proteins
can impair folding to the functional structure or perturb native
dynamics, producing pathogenic phenotypes. Likewise, modifications
to the chemical substitution pattern of a small molecule can induce
large and smetimes nosintuitive changes in target interactions and
downstream biological effeé&s The thermodynamic feasibility of
complex formation is governed by the Gibbs free energy,
WO w0 Y'Y
wherewO is the standard freenergy change of bindingy Qs the
enthalpic contribution;Yw ¥ the entropic contribution at absolute
temperatur€Y NegativewO indicates spontaneous binding under the
chosen standard conditions. The enthalpic term reflects changes in
internal energy as intermolecular contacts are formed or lost upon
binding and the entropic term reflects the net balance of opposing
contributions ike the unfavorable loss of translational, rotational and
conformational freedom on complexation versus the favorable release
of ordered solvent (the hydrophobic effect) or the increase in
accessible microstates of the systém well-documented empirical
observation is enthalpgntropy compensation: events that are
enthalpically favorable (for example, formation of extensive-non
covalent contacts) are often entropically unfavorable (increased
rigidity or loss of conformationdteedom), and vice versa, so that the
netwO is smaller than suggested by either component &lone
The relation between free energyf binding, gener al
a f f iandiequyibrium constants is given by
w0 YH¥O YWD
p



wher andare the association and di
reference concé&mtr athieong asfYticlhben M) a |
absolute temper atw@Qt ber Af mpeecaoegaea
| arigand s maHKinketiesrcomplements thermodynamics by
describing how fast complexes form and how long they p&fsst
the microscopic level the maastion relation

QYD Q YO
relates the association rate consté@nt, the dissociation rate constant
Q , the concentrations of free receptor, free ligand O and
receptorligand complex'Y 0. The equilibrium dissociation constant
can therefore be expressed as

0 —
Q
and the residence time (the mean lifetime of the complex) as
P
Z. 'F'Q

Microscopically,’Q is influenced by diffusional search, lonange
electrostatics, and accessibility of the binding site, whei@as

depends on the depth of the botstdte freeenergy well and the
magnitude of kinetic barriers to dissociation. Consequently, ligands

with identicalwO of bi ndi ng ( al s ocan exkilfiter r e d
markedly different pharmacological profiles if their kinetic
fingerprints diffef ® Long residence timez can sustain target
occupancy and Dbiological effects after systemic -tiegy
concentrations fall, making residence time an important optimization
parameter in addition to equilibrium affinity



1.4 Models of LigandTarget Interaction
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nomenon that cannot'!betredused
interplay of -dicroenpd ieanrealt a rsyh a |
mol ecul ar forces, t he energ
anization, and changes in th
d and mac%?0o mbA eeruil manttadr gand
increasingly emphasi ze t hat
|l e stages such as initial '
ments at t he icnhtaeirnf arceea rarnadn g
occuri nemscail €51 motd tf oi nt |y
city dhdCopepedanhceetamd al
modul ate mol ecul ar recoghni
al s-bt edi hg té@gi dmgankder eb
S beyond the iMmedormadepthui:
devel oped over the past cel
aceted process andaireenci chr @ ¢
a
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t
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nd rational |l ead optimiza
al |y, -ardely FRinsad hogyry6 sp rloovd ke
estable conceptualizati on
ic complementarity? bwhiwee n
sbotdlyatpircitgiireg failed to ac
forces or mol ecul ar fl exi
Pauling moved tihberfmedyn anoi
ecti ve, emphasi zi ng-c dwaltenfta
actions (hydrogen bonds, s al
and energetic compl etmeanrn,ar i
gurational costs etc.) wunder
I E. Koshl andfiitntmodleilcedprnt o
d approach can actively remo
compl ementary interface. Thi
vations of enzyme tahcatti vaartd om
ent wupon ‘I dand agmd d gd me Mo n o
eux formulated the Jdbénwbhi thd
s that macromol ecul ar target
s and that Il igand binding sh
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preexi sting statesselTehdtsi ccro ndioa tmart @
prexi sting ensembles and popul ati
compl ementd)r itvee nl idgedmd mati on.

More recently, Csermely and <col |l
uni fying framework in whiédh Mdtindi
first, ' i gand selects a specific
(conformational selection), t hen
binding site occur and finally ¢t}
t hrough repeated selectiomplhedxus:
formation and/ or al | osbhtaesreidc, siitgenra:
view explicitly recognizes that c
fit are not mutually exclusive me
contributions whoseendesl avonveheme
|l andscape, bond types and experim
This historical and mechanistic p
for medi ci nal chemi stry. I n fact,
|l igand stabilizes particular prot
via selection, i ndulcefl o i-lbad g(eod t ubr
design, the targeting of alloster
parameters such? abBr urgess itdheantc ea ctti me
existing equilibria or by stabild:]
CFTR potenti&tiolrl usdtvraactad t dhreowe | e n
mechani sms translate into clinica
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2. Aimsand Objectives

During my doctor al studi es, my r e
and met hodol ogi cal devel opment

approaches for t he di scover-y and
mol ecul e compounds with anticance
The field of drug discovery has wur

in recent decades, «waltviircg pfrrocm s:
in empirical obser vadriiome nt,oi parne diinc
Ssileincdbeavor. While established cor
QSAR, mol ecul ar docking, phar maco
dynamics have | ong served to augme
of Artificial I ntelligence , has

establishiangedompguowigandeésdi scovery

|l eading frontier in biomedical re
This work presents three major pr
nature of my research, whi ch enc«

establ nsmspdpeloi nes for di scoverin
mol ecul es and the methodol ogical
approaches for drug discovery. Thi
t he t heme of anti bacterirelsi seaert
pat hogaemd comprehensively recapit.L

conceptual foundatwhamncsh df hoatvhee rp apr
On the applicative side, this the:s
antibacteri al agents tar-gehshngi ¢e

mut ant Z (Fts2z) protein and DNA
demonstrating the pr ascctrieceani nagd vsatnr
t hat combi nAbeass e &t raunddltassread gaamgpr oac
Concurrently, t he application of
Dynami cs t o predict t he rel ative
compounds wi l | be discussendzabubol
pipeline of broad applicability.
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On t he met hods devel opment si de.
approaches for rational drug desi
The first consists of a combined j

dynamics and thermodynamic profil
rel evant i nteraction hotspots in
relevance to |ligand ppmadanlges Ahdhe
di scussed in the I|iterature separ
potentials of both represents a r
medi cinal chemistry scenarios, wh

i's known orntmad déxmerninme i nf or mat i
particularly noteworthy and may r

hatd®d ackl e medicinal chemistry pro
Al l research undertaken to invest
during my international mobil ity
San Diego, USA.

The second methodol ogical approac
validation of a novel Reinforcem
optimization workfl ow based on sh
alignment . Conceptually a novel [
optmi zati on framewor k bpahsaerdnaocno pdhoocr
approach resol ves t he i nconsi ste
i mpl ementati on. It provi écoms e dh r
optimization tool capabl e of awuto
its binding pocket wi tphroincariimiheg nee
only t-thiemeémsieenal structure of the



3. Computational Methodologies

3.1 Molecular Docking
3.1.1Gener al Concepts

Since its emergenlce mohe duhleare addcy
become a corner st onbea stealc hcaoingbeuet eirr
drug desi’gnTH&€APD) mary objective
mol ecul ar recognition by identify
binding pose of a l|ligand within t
algorithms comprise two interactdi
alrgiot hm ( SA) t hat explores the «coc
| i gjaeedeptor arrangement s, and a
evaluates and ranks those arrange
binding free energy. l deal lg, t h
mul titude of possi bl e l i gand cor
observed bindingrpagpserys$taml-dNdMRap
EM) , and the SF should rank that
favol abl e

These tasks ar e, however, hi ghly
external degrees of freedom (thre
internal degrees of freedom (r ot
additional variables and thensium
i ncreases approxi mately exponent:i
bonds. To remain computationally
variety of strategies to streamlir
accurate estimationeq@fuitrkes kiomdi
of mul tiple physical contributic
polarizati on, entropic contribut
protonation/tautomeric states, et
computationall yerixlpye,2nspivact iCoals edc



introduce simplifying approxi mat.i
producing diff%fent classes of SF.

A further practical chall enge i s
Proteins and nucleic acids are in
often involves confornmatsehattada
preexi sting conformati on (conform

combination of® b&ahl meehani sams o u |
degrees of freedom can reduce the

pose and can impair affinity est.i

Docking approaches are therefore

their treatrment of flexibility

9 Ri gi d dBoctkh nlgi,gand and recept o
bodies; only translational and
sampled for the |ligand. Thi s &
Fi scheadldey omadel . |t i's compu
and appropmifa@aremawhenalcochanges
are negligible, but It fails

receptcohraisni deearrangements are
T Seniil exi bl eThkodkigmmn.d i s treate

(internal degrees of freedom s
receptor is held fixed. This a
the receptor conformation i s pl
' i gandf | eemil es dobki nngost wi de
approach because it balances act
T Fl exi bl eBatotrkl hgand and recept
flexible, at increased comput a
flexibility is often model ed

I i mited set of side chains whi
rotamer | i bramcsiegdstar stcemmdbnlinye
More compl-ete pnducedl|l s altern
|l ocal receptor r el axataiminsor( MD

based refinement.



Overall, molecular docking is a f.|
in drug discovery that supports d
and optimizat i otnhraonudg herud b lveisr thuiad t
|l arge chenmical l i braries

312Searching Al gorithms

Three major classes of search/ sa

defined, each ai mi ng t o sampl e
effectively at a reé&somhhe!l al gornp
principles and practical I mplicat
bel ow.

Geometrical mat cDhoicnkg n@gl gosr irtendnsc e
shape and feature alignment bet we

binding pocket and one or more ri
site may be represented as a neg
fields, a ,seotr offeastpuhreer epoi nts. Can
are gener dtoaddy by amisggiadi ons and r o
geometric overlap or feature con
often perfor med luiss aclsads eiquemai rslt
docking implementations (fdor exam
FRED. Ligand and receptor flexibil

Systematic sedrdh lalggpoardi tdhengsr.e e s

explored in a structured manner b
bonds and modifyingl%tAdmee omlyisn &
strategies are common: exhaustive

and comwmeremdl e approaches.
T Exhaust iexeplsoeraersc hr ot ati ons abolt

specified intervals. Although
the method rapi dly becomes i n
degrees of freedom increases.
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emi cal constraints are typic:
intain feasibility. Modern i
haustive strategies with pru
i mprove efficiency.

crement alf rcaggmeetnrt isc ttihcen | i gand
nds and reconstructs it I ns
l ecting an anchoring fragmei
ded incrementally ®wWhekX¥ bsne
presentative ekXlample of this
nf oegrmeaeambl e appereomaerhaetse [ i
nf ormations wi t h extet?nal p
|l PbYoand then dock and rank
nding site. | mportantl-y, en
nerated | igand conformers an

sembl e docking across multip

astic sealfbeseal gnet hblkdmwms . us e
rbations and heuristic acec
rmati onal space. Perturbatic
ted or rejected adcoCamman t
astic approaches i nclude M
tionary algorithms (EA), Tab

nte Cartgpmeaahbgsuse the Met
iterion based on Boltzmann st
at | ower the energy are acc:¢
cepted wiQdnwOr®¥ abwhedtsy t he
ergy Xricsr etahsee ,Bol t zm¥in® tchhaes:
solute temperature. This pr
cape from | ocal mi ni ma. Roset
aqlr M@en doc!®ing protocol
olutionarwreal gopiatkeiohs oonpt i mi
spired by natur al selection
HnN



encoded (e.g., as torsion or
crossover operations generate
The best scoring conformations
generations. GOLD -biassea Wroglwn
Lamarcki an Genetic Al gori t hms

gl obal genetic moves with | ocal
Aut oBbck

T Tabu 9Seara hmgamareyd | ocal search
S hdretr m revisits t o recently
mai ntaining a tabu Ilist. Altho

application in docki-D@CHlas bee
T Swarm optmomieziast i @mgpent s t hat e X

di mensi onal solution space and

the best solutions found by t he

example of 80 in docking
Commer ci al packages and academic
sampling schemes that combine el
(hierarchical sampiHiindgerli amgalwinédf
mat chi ng, etc. ). For exampléeoné&l i
sampling and pruni ng rat her t ha

enumefP%ti on

313Scoring Functions

Scoring functions are typically
forfdel d -Haodhegd) csscoring, empi ri ¢
knowl-eralgged ( st at i sMaincyalmo dsecronr isrce r
are hybrids that i ncorporate ele
categorization below is therefore



Forfcieel d BTre®erengrgy of a putative
usi ng -péryisvued potential s, typical
der Waals and Coul ombic ter ms:
0 0 1N
0 22 P a1
i i - -1
wheires the dist ariaeQibandeere -gtad ms
specifiicddobensnarokfpfi ci emmsdds hribe
shearatnge repup Bit@em manrhaen e nagf)t r act
anflare partiab tharges$ati-vies ptelreni

vacuum permittivity. Intramolecul:
may al so be included, although f or
emphasi zed. The pr ifniceilpdals caodrvianngt ai

physical basi s &«fest Heéhetser hau,ncwh iomn
for rescoring and itmetch@matcisomnmr ewiitr

Limitations i nclude c omp u tfd teil dn a |
parameterizati on and parti al c ha
el ectronic pyoliampilzeameinotna.t i anrs i nc o
corrections; therefor’&@a,ndexGohfdlSeo r

contain hybrid element$iebdtdhéased

EmpiricalBissdomigna.ffinity is expre

of interaction terms whose coeffi
against experi?mental binding dat a
w0 0L "Q
whep®f binding is equal to the sul
Q(e.g., l' i pophilic contacts, hyd
torsional p eamr &l tfiietst)edanwdei ght s. E
computationally efficient and per
represented in the training set .
overfitting, l' i mi ted transferabil]



in the training data, and often c
and entropy. Representati’?&ndexam
Gl i de?8c Arue oDock Vinads scoring mc
empirical?3omponent s

Knowl dpdged stTbesag.functions der
statistically from observed freqg
structur al databases (e.g., t he |
hypot hesi s-repr gsheantt eaveirnt eracti or
favorabl ei.nvlksrisneg Biohlet zmann rel ati o
of mean force (PMF) can be writte

~ s o O

WO i Qme"Qi
whefQd i s the observed distance dis
@an® &andi is a reference state dis
reference state idbasedi tsicoal .ng Kn
captures S ome sol vent and entr
computationally i nexpensi ve, but
representhe i yemestsu o &slttyd aet apboat seen.t iF
DrugScore exe’mplify this class

314Li mi t ati ons

Besides the treat ment of fl exibil

docking is its frequent dichot omy
and poor quanti t?&8t’f Pesafpreidiygtie
| ocate a | ocal mi ni mum of the ir
di mensi onal space detbiondeyd dbeygrtee@rs
freedom; if sampling is adequate
bound conformandong gkemebryeoftb
to a deep, readily sampled energ
contrast, requires reliable estim

bal anced treatment of 2®nFhatpiscoan

HT



functions used in routine docking
of these contributions (solvent ef
wat er net wor ks, tautomer/ prot ome
entropy, etc.) to achidoekimgoitfighkry
yields acceptable poses but unr el
fal se positives t hadtockequgi rte i aghk
rescoribgsedMDrefinement, -enemdy ri
calculations) toomiismmadtmi viéteomp a

HY



3.2Virtual Screening

321GeneCoanicept s

Virtual screening (VS) I's a-centr
aided drug design (CADD), empl oy
rapidly screen | arge chemical |
predicted to bind®%a Tdieven ibnaaglyo @qii
not to deliver a finished drug can
of actives (the hit rat e) i n the
t esli nQompared withtkRxpeghment slcr
(HTS), VS offers substanti al adva
all owing for the evaluation of mi

in a fraction of theé?tCmetandl Ay,
consistently demonstrated the abi
hit rates: whereas HTSO0campanghsv
VS campaigns typically repd¥t hi
effectively filtering vast <chemic
promising selection. VS met hodol c
| i glamsied (LBVS)baasnedd s(tSBUES)uraeppr oa
| everage information fr8md Ehownot a
of the target, respectively. Thes:
but sequenti al or integrated wuse
yields su¥erior results

322Typical Wor kfl ow

No singidsereentoaogl workflow is uni v
opti mal strategy is context depel
bi ol ogi cal target, the quantity a
l igand i nformati on, tloé $heesanee
collection, and t he projectos o |
campaigns ar e i nsptlaegree nctoemdp uvatsa tai amud
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progressively reduce a | arge star
di ver se -preitoroift hwigaandi dates for ex
The principal stages of this proc

Li brary Selectiohhenpgr cPoeespsarae giom
selection of one or more chemical

commercially avail able compound c
Enamine or Mcule) to cir aGheBIMBIlat a
or Pub/Ch®mm s is followed by a | ib
stage. This step aims to remove ut
' i brary with mo | elciud ee s p rpoEeretsisd :.
filters include Lipinskioés oRule o
or al bi o’8amd | shiblsiaswdt ureenoval s o

promi scuodsnterfassny chAemaddgiptiso r
preprocessing steps commonly addr
states, stereochemistry, salt str
and the calculation of mol ecul ar
model s.

Screefihe@agpr epairuwb rmiitbtread yt o t he ¢
stage, i n which compl ementary con
score and rank compounds.

T LigaBmmacsed Virtual Screening (LB
LBVS exploits the principle thée
often display similar biologic
target structure is unavailabl
Typical LBVS techniques incl ud

A SimilaritySiSwiaracrhiitnygg:sear chi
t he most wi d-b b g e di ssecdrretleunas lan 1y «
techd? qguesquantifies the re
known active reference and

on



commonly by comparing mol ec.
are binary or count vector
features of a mol ecul e. Ty
incl uedbasgalt Hi ngerprints (e.
represent | inear friagmentes. (
exteoadpdecti vity fingerprin
encodeceattoemn ed n*i ghibrog ehroprdi
similarity is ordinarily qu
coef fiV)3d echaf i(lned as the rati
to the total number of feat
W
"Y w5 x
W 0w W

whedaendare the numbers of bi
finger pwiisnttsheamdimber of bit
The choice of fingerprint t
strongly affects retrieval
matched to the expected sc
intended degr ee of c hemi
bi oi sosteri sm.

3D Shape Shmisl ameit hpd ext end
topology to compare the sp
envel ope o f mol ecul es. Mo
commonly reprecsemt erde db y G aauts
functions or by di screti zi
grid/vdkxétThempe volumetric

ar e frequently Afcol oredo

annotations -end. dormords/oggea
aromatic centers, ionizable
steric compl ement ateatyur ewvi
mat c4%i nAccur at e alignment 0
dat abase molecules is criti

oM



alignment al gorithms ar e u

overlap prior to scoring, e
metrics typically reflect é
volumetric overlap &hnhdTHeat
choice of shape rceopl roer si enngt
scheme, alignment protocol
substantially affects retri
be selected to match the e
variability and phar macopho
target.

El ectrostatic pot ¢t istaliper ©it i
t hrdeemensi onal di stribution
potentials (ESPs) around mo
assess their propensit-y to

driven interactions with a
computed from parti aflr oamt o mi
guantuenmi cal schemedgy, (e.
semi empirical pr-8C6&%col sor (e
empi ri cfailelfdorntoed el s, and ar e
onto a mol ecul ar sur f-ace (
accessible) or sampl €% on
Similarity i S t hen guantif
evaluate field ovewnivap | ap
integrals, w«ormeal iat ebdanscerdd $ s
metrics). Because ESP cal cu

chaagei gnment met hotdi, o nc oaarf b
the treat ment of solvation

parameterization i s require:d
selection are therefore cri

mo s t i nformative when el ect
i's a princntpadf deitedimnga(e.



hydroog@mdi ch sites) and when
shape and pharmacophore fil

Li gaBmadk ed Pharmacppaomacophc
mo d e | I's an abstract repre
t hrdeemnensi onal arrangement o
features required for a mol
bi ol ogi®alThefsfeecfteat ures tyg
hydrtogend donors and accepto

respectively), charged grou
aromatic rings. They are us
volumes (with defined radii]
dicrtei onal interactions, an
vectomwhen the target struct
phar macophore mo d e | IS

conformationally sampling
superimposing a representat
mol ecul es to reveal consetl
Common alignment udset r ma& g me
comm®umbstructure (MdS))sedver
alignmenttsheate@eaturmatching
gramaht chi ng al gorithms that
variability. From the alig
features are extomceegdmphd
hierarchical ch aisedercings toer |

gener ate candidat e phar macc
capture f-oequenthyg teatures
ar e typically vali dat ed by
against curatddpdadentseest:
using metrics such ®@&AdYCenric
and BETR®Uring screening ev
the prepared | ibrary/ databa:
hypot hesis and assigned a s
00



A common scoring metric is 1

5T 0 o

whedoe is the overlapping vao
feat dr eiss, t he tot al feat ur e
reference phaw mac ophheorteot aan

vol ume of the screened comp

Yo & Qa €

Usef ul asymmetric variants
type measures

[

W

)

W

whetMe is useful to identify
are supersets of the referei
cover most or all ofWwtie r ef
useful to identify molecul e:
Ssubset o f the reference (i
mol ecul ebs features are cont

T Str ueBtausreed Vi rt ual Screening (S

SBVS met hods require the 3D a
bi ological tamgetristaql EMMramhd
to predict how potenti al l i gan

A Mol ecul ar ABockh &g :most wi de
strultdse@ -svcirreteunailng (SBVS)
mol ecul ar docking predicts
orientation (pose) of a |lig
site and assigns a score i
binding affcompygpundsi baaey t
provisionally ranked accor

on



af fi°fi tHoewsever, docking scol

wel | known to be wunreliable
from 1inactives and for pr
orded’/i ngberefor e, ri gorous
docking protocol i's essent.i
application.

Two widely used validation

o0 RedocKkTihneg. crystall ograph

removed from its compl ex
the same reéepiTbe ptedct
pose is compared with the

cal cul ati mg omhnae adne a1y e
deviation (RMSD):

YO YO 1

P
l')T
wheljries the distaona Uetewe
ref erence ploissi ttimen md mheh
atomic pairs. Redocking
docking algorithm and th
reproduce known bound g
practical gui del i ne, an
considered a successful
crystal |l ogruaepshibce tpnweseen, 2v.

3.0 i ar e borderl ine a
i nspection of the pose al
RMSD > 3.0 i i ndi cat e:
reproductiaomi cul ar atten
pai d t o symmetric l i ga

symmetorry ect ed -ma(tnt hnii nngu)m
RMSD calcul ati®dondi bewi s e

op



Redo

beca
acti

highly flexible |Iigands

because a | ow RMSD can st
i mportant differences in
Crosdsckilniggands ar e dock
alternative receptor C
exampl e, di fferent chain
representative frames
dynami cs simul ati ons, C
derived >*nse@ubds&shg prot
t he robustness of t he [
variability and i ndicat
receptor conformation su
whet her an ensembl e app
Successfdildckicngssbot h re
kK nown poses mattopl e r
conformations and ident.i
i nduced fit or Subst e
rearrangement wunder mi nes
ckingdaanldkdi g odse not, by
guar ant ee good enri chment
use scoring functions m
ves from decoys. Theref
SBVS should also incénmde r
tests. Il n a typical test, a

screened togetnadrc hwidt Megnogy 3
metrics such as enr-AtdfBment

-eacbygnition metrics (e.
are cal cul atoecdo Itdos gauba nlti

recover ?True binders

St r ueBtausreed Phar matcrowpthtos eed
phar macophore model s are de

ocC



experimentally determined s
taryeeither in the apo form
or moareystoal ' i zed | i gands. E
expl oit t he explicit prote
avail able, experimental i g
not require an extermala tra
priorialliiggmanetht step
Three principal c-baseds
phar macophores are distingu
0 Receqpttaoli ved pharfmaduplesr
are inferred from the pr
by mappi ng physicochemi
i nteraction vectors (e.g
position, hydrophobic F
chargeeraction si tes,
coordination poiantng)s. a$
represented by exclusion
t he protein at omi ¢ coor
derived model s ar e espe
| i glmaomwdnd structures ar e
t hey ar e sensitivtorto 1
conformation and to the
waters, ions, a%d flexib
o Ligamredi ved phaMWhaaonopmher e
or more |ligands are reso
t he target, phar macophol
extracted directly from
observed | igand conf or ma
crystal structures are

typically tiedentailfiigemdne naf
ustering of the compl e

cl
conserved and rel E&vant i



o Merged phar mdgylmmpihaed r enso.d e |
combi nedelriigvaendd f eat ur es w

derived information such
and addi ti onal i nteract. i
represented by the 1 igan

ar e of t en preferred bec
experimemd adedmeat ry whi |
steric and geometric cCo
bindi®g site

Val idation of generated pha
recommended even when-model
crystals. When only apo str
of caooystals are avail abl e, s
flexibility (for exa m| e, r \
ensembl e ¢y enies ataidorn sabl e t
alternat-sivte bcondi ogmati ons.

T Hybrid Approaches and Machine |

Virssecalening performance IS f
combining compl ementary met hooc
wor kfl ows . For ex-ampkd, faltarm
similarity or -spchraremac ocpahno rlee pa
| arge | i br arow st-tmi omekeaenros/,e a©rmd/ it he
subset i s then subjected to m
strubdse@d screening (deokirggy,

calcul ati ons) . Conversely, ph
fingerprint filtetsypg oxres sofntgerst
docking posscorsiongt hmal etcoupl es a
protléigmnd intétaMbirenrecehnelya
l earning ( MLi) ntaenldl iaretnicfei c(iAall)

become i ncreasingly i nt®grate
Supervised ML al gorithmesct ¢f or

oy



machi nes, r and olmo ofsotriensgt sma cghri and
neur al net weralse,d ared wpmr &ksh ar e
classifiers that di stinguish a
continuous properties (potency
devel ofri daha scoring or resco
docking. ML i s al so used for
detecti on, and compoduonbd epti e
wor kfl ows.

Hit SeAecthenend of the screening

of result files are generated. To
pl ausi ble binders, a series of su
and a finptieettgfchbhmgboun desx piesr ismeel
bi ol ogical testing. Common filter

consensus scori-nn@onte bnidg,aitret esn ana
prioritize key <contacts at the ©bi
ef fi iLe&enfpcy LEroirsmad i ziez-dle measur e of
t hat quanti fi es t Rhey dcroongterni b(uhte aovny )
the bindi Yy free energy

wO
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whebeis the number of heavy at oms
compact, efficient chemotypes an.
mol ecul es when comparing potenci e
whose subsequent | ead optimizatio
andelective | eads. To preserve (
advancing many analogues of the s
clustered -basiendg thaoe@ersdol ds, i nt er
mol eeulmdr ar®?t Bt ehuacstebdr ephar macopho
provide an additional, spatially
compl ements purely energetic rank
Finally, expert visual T naApebobiugh
this step is subjective and may se

o



nature of wvirtual screeningof it c

t haert computati onal met hods, i mpl &
severe |ligand strain, steric cl as
states can survive m@mmbhgplte pf isicto
Careful visual inspection by an e»

the only way to detect such arti
definitive fddneaniimiitwmer kWfilraw al



3.3 Molecular Dynamics

331GeneCoanicept s

Mol ecul ar dynamics (MD) is a comp:
the -deipreendent evphutioiféoB8Bymapmbyi
cl assical mechani cs and numeri ca

mi croscopic positions and velocit
and thereby r econsdterpuecntdse ntt h eb eshyasvti
specified macroscompéecatcomdai ®ndnegr
Applications toarbd otogseqlerstylsyt en
chemjatey extensive because bi omc

dynami c. Proper characterizati on
i's essential to under satssrednbrho/l, ed ul
binding and unbindi ng, catal yti
reguflon

At t heir best, experimentalaystru
crystall ogreadplty ramd mercy @rseo@lyu tpir o

and static snapshots of mol ecul ar
rati onal drug design, tbésé henaps

fr-eeer gy conformations accessi bl
conditions and ignor e t he full
compl ements structural bi ol ogy b\
atomic coordinates as startifng p
bi ol ogically reIevant states t ha
experiment 4 approaches

Hi storically, MD-206t hgceatedyi with
computational experlmentsspberesir
syst®ms 8 These early studies demon
dynami cal properties can be der i
dynami cs. Subsequent d e v esltoaptnee nt
simul ations and numeri cal integr
emergencecofabi Mosiemul ati ons i n t

parameter s®t sOvfeorr tphreotfedlInlsowi ng
and scale of MD simul ations expan
computational power of centr al pr
processing units (GPUs), al l owi n¢

nm



compl exes compri sing hundr eds 0"
mi crosecond ti mescal es
Today, MD is a fundamaentdetd deaofgnde

( CADD) and ([ routinely applied
optimization in both a'dadsdmiics aanld
being influenced by advances in
expected to reduce computational
thereby facilitating discovery of

complex mechafi sms of action
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MD is based on the assumption t he
particle system can be wellnadappro
practice, Newtondés second | aw is i
For pd&wiidtl émas podiot i ovnelvodc i taynd
accel @eraNewhondés second | aw reads
0 & ¢ D Qi o
a w O('Q‘) a D

whe®ies the net forQGe vaantitmg @nmn ompar
and the net forces, off hd hgooasit tdbnesn s

propagated flor wared cil ria stsii mea.l MD fr
are obtained from aw ipottheantt idael p eenndes
the coordinates of all particles.
the potenti al

O W i
Thus, MD can be described equi vas

pot e mtnitheeltsc hoi e pdft edbeal mines wh
particles behave -gakeanomsnoerlaick é
bonded atoms in’%an organic mol ecu
Il n biomolecular simubasi pneviHdedp
mol ecul ar mechanics force filtel d.

Oppenhei meaneprogtye ndgurafface using an

separate chemicall y®% disst iomocmmo nc
decomposition is



i n whecims arising from covalent

torsions) and from noncovalent |
di sper si oarl @ egpiud tsiirogdyi shed.

An exact Il nteratomic potiehéecalt omgc
nuclnucsl eus, Bnnudc | el s ctirnotner acti on
computationally intractabl e for
Therefrarce, cal force fields thereil

Bonded terms are often modeled u
(Hookaewsstyle) because they are s
evaluat e.
Consequteynpgiloya!l aboedend megdtgpe pres
Y Poi i Py — Bo’op Al ©« 71

g g G
whefaean@©are force constants for b
bendi mqndare equilibrium bamd | e
torsionptesemmedbuas er seri e wit
mul t i 1 idciihteyderaanld girhaalsee

n
h

Nonbonded interactions are typica
pajrsen the:general form

Y Yo Yoo
Thé i termis forVvan der Waal s wihmt ér aacr

commonly model édowéid hpat ¢ ewtliiialr di n
f ofim

where - is the empiricaldepth of the potential wellor the €Q
interaction, isalength parameteepresenting thdistance at which

thei andi termsarebalance in T- conventionandi is the
interatomic separation
Coul ombic int er ac tf'vheen s termygenerdllg s cr i

presented as:




whe+reés the vacuum spetrhng trtelvattiyye
(dielectric consintamd aref pahei aned
charges,i santdhe i nteratomiscol diesnt ar
simulatsongpically set to 1.

Because the equations-paftmoteosyts$
cannot be sol ved anianltyetgrcaatliloyn insu
Simul ations advanwkeri @i theednept e t |

be small enough to accuratel,y res
t herefor ea itrpbotlsee hbgt ween numer i cal
computational efficiency. Typical

for fully f| exviegn eciofaglb ramei ng f a

vi brations (e. ., using SHAKE or |
is commdAldyduogen mass repa+titioc
tismeéep schemes <can enable | arger
contdtéxts

Sever al i ntegration al gvorbihd rhinlsse a

al goriemamni ng one %f Itnhei tnso spto spiotpi
atomic positiuensgatdeadwamead and
and the cunreheée: équatson

loopoc1010(pod—00

wheire@ woi et posi t ot etolide atform he t i
Ci 0 1 0 WOi s styhmemetric | inear extrap

most receandPosstadarsd er at ifaac tooar r

derived from Newtondés second | aw
Consequedmnotcliyt,i evs can be obDb,t au:sniemdg b
10 wo I 0 wo
GO

wheire wois the atomic position at
I 0O wot he positi oqwdahe ittost aslt aelta pasnal
A widely used v-dern lamtt alsgohiet vm] o\
explicit velocities at each step
thermostatsf® ofhedaWVestats family ¢
sympl ect i-rce vaenrtishiebilppE e s e gennlee gy and
phasspace otffr a hiteavseyrstleaomg si mul ati o
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| MDsi mul ati ons, controlling therm
Conformational ensembles are typi
consrnwmkdorarti cl esv,ol ucnoen,st aan-d co
mperature (NVT) e-m s entwleidreer tarc |l €k
stmmdssur e, -taenndpecanutr@nt( NPT) e
omol ecul ar systems, t he NPT en
cause it all ows the system den:
l evant val ue. Consequentn yof acc
mper ature andTempeersautruer e sc ocnrtirtoil
rough thermostats, which modi fy
e desired temperature distribut
ackoupling velocit®¥) ,restcadh anggt i(cB
ssi gnmetft, (dAentdeerrnsiensiyssttiecm enxettehno
H®over aHthao vNeors®&) Hailmasngeviin dyn
stochastic veéeFfFociPressasealriem
formed using bariRahada Mabstygha e
keikimann °¢ MEKY Monte Carl o baro
simulati on b o x di mensi ons t o
y,TRRAdmainnalnldo MTK barostats
m dynamically, enabling ani
omaltley,sifmul ati on b ox si ze
c boundary conditions (PB
ting the primary cel/l I n
eUnbdue rk -PBRgespart interacti
h€ magei momventi on, which r
f to be | ess than h-abhhgd he
rostatics must be treated sp
slowly as 1/ r. Ewal d summa
y into a sapicel padeéecanidng b e
® plaut this is R®a&rstMeglhe Ewear af
t
e

—
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hopdr ef erredefdueitoabamtdoont
s imntea pao lgartiidonand °f avan Foer
i nteractions are typically
aingdwi t ching or shifting functi
avoid force discontinuities.
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333Applications in CADD

Mol ecul ar dynamics (MD) simulati o
component -afdedmpuugr design (CADLI
chemistry, providing a dynamic pe
structuf/alA nkoedyelaspp !l i catfiian mofdeMDr
wher e simul ations capture protei

|l i gand bi nding, overcoming t he

approaches. Beyond single confor m;
of protrmat icoonnaflo ensembl es that

ensemble docking, thereby i mprovi
accounting for °% edM®ptoirmuf la¢ xiomis |
instrument al i n identifying all os
which often remain hidden in crys
during protein dynamics, of ferinc
modul®dtiAmmt her i mportant applicat
wat er mol ecul es within binding si
whet her specific waters stabilize
to enhané€% Aafdfiitniotnyal | y, i ncorpora
in MD simulations facilitates hot:
favorabl e regions for | igé&madeidnt e
drug *ésPHFnnally, MD provides a

assessing |ligand stability and bi
physiological conditions, of ferin
protldaigmmnd compl exes beyond static

334Li mi t ati ons

Il n its conventional form, mol ecul :
but several i mportant | imitations
are inherently approxi macheaagds t h
nomol ari zabl e models that col |l ap:
di spersion i nt o pairwise addi tiv
efficient, these approxi mations ¢

thermodynamichriaeda cBrogaithenmo
accessible simulati on ti mescal es
functionally smuelhevasnt c ewfemrtmsat i on

nc



crypoicket openi ng, acdut i garmodni gm
millisecond timescales which are
dir é%t Nymericali zanartihiaceés, intr
such as periodic boundary condi ti
( PME) , can perturb bot h dynami cs
carebdtdlrgsdedand parametedirzatiadn
chall emgght haeamutiurm mechani cal vV a
complexity t% Dheeworlfstowmati on o
from MD is also problematic, as t
and biasing protocols alter ti me
corrections or specialized kKinet
credyy bofii MD results depends on ri
orthogonal experi ment al benchmar
guant i,fdgwcah i ams replicate simul at
di agnmsethani stic or quantittd%i ve

335EnhanSaeg!| Tecdhni ques

The ©princiopal l i mitation of conv
integration with smal.l ti mesteps

nanosecond scal es, whereas many |
occur on imiecromslecondal es. Acc
Arr he&kmiaume/r s t he®@ofy, barhrei erratcer os s i
exponentially oi®©® the barrier heig

T 600

wheGiesr @macti opr epaxiisbiBol t zmannos

and s temperature. Even moderate e
sl ow transition rates and render

straightt%rward MD

Enhanced sampling methods circumve
effectiemerdgyebdbarriers, bi asing S
collective variables (CVs) or e X
replicas. These approaches aaccel ¢
i mprove exploration o f configur
reconstrueheogyofanhdeeampés pan ¢ wag
Enhanced sampling techniqgues can

categories based on whet her t hey
nT



variables (CVs). Cadlelfd cteidv ec ovoa rdii anl
capturasmmfdshowi onally relevant mot.
interatomic di stoamacméesasngdaheddalivi a
(RMSD) from a reference stru-cture.
di mensi onal descriptors of compl €
more efficient exploration of con-
T Enhanced techniques requiring

A MetadynSampking is enhanced
depositingemeniieszxtorlyi as p o
di scourage revisiting alrea
spat® The bias potential is
sum of Gaussian kernel s d
| ocati ons:

" e S e
w i 1 Qwn

whelries the height pnfsthbheiGa
ti

wi dOWer me , the accumul at
the free energy basins, eff
energy | andscape and al |l owi
| ocal mhei mae.gative of t he

approxi mates the free energ
Weltlempered metadynamics ada
effective hildl height as t
convergence and }°miting ov
A Umbrell a SMumiptl ii mlge simul at
performed with harmonic bi a:
the system to difltlerent reg

o gbi i
whe®es the foré¢ei cotnfse ame n ta
t he potent@ &l sfi ondlh&thidoinas ed

probability distributions a
using t he Wei ght ed Hi stogr

ny



( WHAM) or a siamd atrnhbea pp e da
potential of insearne cfdoh’scter u(ch M

Adaptive Biasi.ABF FestiemgqtAdBsF
mean force along a CV and afg
force to fdmdrtgeyn itaHhred ofeaepe a
force Iis the negative of t he
force
O i do i a

where the instantaneous mea
t he unconstrained MDIrhequat
accumul ati on of t his bi asi
flattens the potenti al of n
efficient and direct cal cu
profile. ABF is particular/l
unknown reaction coordinate
predefined transition path.

Steered Mol ecul arAnD yenxat neircnsa |
antdithependent hiag mopplicidéd dv e
t h®eystem al ongCVad* pTlraepihtert
protocol can maintain eithe
constant vel ® oipteyr.f oF hmee d wamk
system i s:expressed as

W 0 O o td o

WhefOe i s the appli &di sextkee n:
infinitesi mal di s ploaicse ntemd

i ntegration valThablfer e eveerne
di fference associated with

be estimated from the accu
JarzynsKkt® equality

w0 | a&
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whefr e QY i s nvethsge emaelr,diy s

t he work done o0 thd heyste
ensembl e average -equetf i bmulut
trajetThosi approach enabl es |
of free energy changes (e
provided that sufficient sa
Adaptive Steered Mol ecul ar
ASMDs an exStMhsvehomded t o i
the efficiency -eqqudi |acberuruanct y
energy cal cul ad¢ qwinlsi. b rFiour m am
the tobpakrworkmed on tthltee sys
equati on:

®w ®wOow

whe®® s t he eqteinleirlgryi ucnh afnrgee:

W mi s t he anidrsriepvaetresd bl y |
For a raemdamrfsinbltel yo sl mw pro
but practi cal computational
settings pulling i s necess
therefore Bdcasspatdiivwesi pati c
with pul |l idnigs tsapneceed, afnadst er ¢
generally p®odairccke Hraocagdekear \
i stribbhi sontsas maj ort he€ ons ¢
ponenti al Javeaeryag«&ki e fedqdutaé i
e estimati on ofdotnh en aftreaee b
re trajectories with unus
S si.p d'thiea mf oirnec,r ¢ads®e snaj or i
trajectories contribute

e variance of the esti mat
e practical comseqobadnbet of
rge numbehoaf dr bpl regsire
eliabl e 't°ABWEDr gmntiegat es
roblem by dividing a | ong |
s egmemotrs s e@umeretval uate the
freeergy change wfarcocnu muh at e

during that segmentanntdhieng J

pn



T Enh

totaknérgee change is obtain
segmeiht s
w0 wO a €Q

Because each segment is shot
equilibrium, the dissipatio
work distributions are narrtr
averages converge mor e ra,
i mpl ementations furthedyred

selecting initial configurl
segments (for exampl e, choo
states fdrin sm i plaotw o n traject
prevents the accumul ation ¢
successive segments and i mp

anced tneobquguesg CVs

Replica Exchange Mol ecul ar
Al so call ed pmaulatlilpelle treempleirc
system ar e simul at ed in

temperatures and configur a
exchanged according t o a |
probability

~

0 aopmon 1 Yo Yo

whelrep QYanWwis the potenti
of confablugkhktmper ature repli

over barriers more readily,
temperatur e reehiecagy viegit
accelerating sampling at th
Accel erated Mol ecul arMD Dy n a
modi fies the potenti al by
Www i megions wher e tdhiei ot en

p M



bel ow a predeéefrienEdethoesthopc
is defined as:

whejries a tuning parameter de
th e modi fied pot ehwo alma jemrer
variants of aMD exist, eith
t hdei hedr ad nlaynhgéldeisalst) aMD t o
botdh hedr ad n daorthg lhed r al ener g
| i kegd asaglde-bnoonnded i ftdal act i
Boost) BaReMDause trajectories

modi fied potential, rewei gh
canoni cal ensenmihlee cowmaenoand & S
rewei ghti ngohfwabct oHowsver, t
exponenti al reweighting ca
fluctuati ons and technique
expansions or more sophisti«
i mprove stability.

Random Acceleration Mol ec
( RAMDV) .c o nasrtshmat| | force is a
random direction to a selec:

This exté&rnals maioé ai ned ei
fixed time interval or unti
predefinéd dhet aresal ting t
atom oW agnr obuep wr i tten as

0 G 0
wheiQe i $ he standarCbnMDniou<s
application of a smal/l rand
from | ocal energy minima a
barriers, thereby enabling

l igand unbinding pathways o
change routes.pdahti may goh e t ha

PH



force direction is based on
of the targeted atom(s) oV e
simulation steps: i f the d
threshold (i .e., essentiall"’
or correspondingiyg | afegered
a new random direction for

po



3.4 Reinforcement Learning

341GeneCoanicept s

Ar t
dr u
cCos
t o
Sys
env
ach
pip
opt
me t
Var
Wor
t he
Us i

T

i ficial i ntelligence (AIl) is t
g discovery by substantially
t |l y,-atatnrdi thiigrh process of bring
ma’t k!'éfAccording t the European
t ems t hat di spl ay intelligent
i ronment and t ng actions wi
ieve specific s. Al iI's bei
elrionne, t afr get I denti fication a
i mi zati on and t he prediction
abolism xcretion, %®rid toxici
i ous i fications of Al me t
tional categorizatio
of prediction is ado
proach, Al methodol o

p
c
i

S L&dat hodg (8L).his ¢
d loab @ wnitpaudt f rexramp | es . Pr
hm is given pairs of T
nt ed as descriptors, f
ponding | abels (activity
T measurements)ngahdomti hpe
abed sertehbaitnesy mol ecul es. R
nii maldddnee ar and |l ogistic r
s, random f-loaesttesdl yamide agr a
ications in medicinal chem
ET prediction %®AdWheéemtluabels
databundant and reliable, supe
mo st sedmpdlca ent and interpreta
their performance depends crit
qguality: experi ment al noi se, cl
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These paradigms are not mutually
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4. ldentification of a New FtsZ Inhibitor by
Virtual Screening and Hit Optimization by
Adaptive Steered Molecular Dynamics

4.1 Introduction
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4.2 Materials and Methods
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4.3 BiologicalEvaluation

431Ant i baActteirviiatly

Compounds selected through Vvirtue
antibacteri al act iSvi taytk tasnics (fFotrs Zi_rt
using bact-iemhiabi tgroommwtdassays, Fts
measur ement s, and pol y®er i Zatrie@n
compounds (C3, C8, and C12) inhibi
only C3 and C8 exhibitMngn&tM8 ed an
respectively). However, t hese
antibacteri alS. patédreEdlys 2b@PaRi3n s(tMI C
egLmL T) . I n contrast, Cll demonst
(Ml CeglmM@L T) but did not measurab
activity under the assay conditio
MI C Resi d | €0
Compot Vceonﬂdeors S. au GTPas (GTPa
(OgPm acticv actiyv

Contr - - 100 ¢ - ;

C1009 - 2i 4 23.7 1.5 C

c1 F270365 O 25¢ 78.5 -

c2 F652180 O 25¢ 35.5 -

Cc3 F652830 O 25¢ 16.2 14.6

C4 F652830 O 25¢ 71 % -

C5 F752180 O 25¢ 95.3 -

C6 F67959253 O 25¢ 92. -

c7 AN153/11¢ O 25¢ 107. 2 -

c8 AN329/ 434 O 25¢ 11.38 8.4 C

Cco9 AG690/ 154 O 25¢ 34.3 -

cC10 ATO84/J17 O 25¢ 86. 6 -

cC1l1 AR853/J24 2 82.2 -

cC12 AG205/12Cc O 25¢ 17. 4 60 ON
endor s code for ti€E6t ewler eo mpuwr!
LiGhemi cailCdp2 @er e purchase@ foom:
ATCC?25DEaB8ermined using the S. aur.
Tabla2lehi bitory activity of the compounds
Given that FtsZ function relies o
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432Bi ol ogi cal Ef fect and FtsZ Loc

The cellular consequences of FtsZ
t hroudghki Itlih mei neaalcls iamaigilhgv.eaTismg s
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Figecal effect on S. aureuskiATaGG2g5 9c2u3r vger
aureus ATCC25923 exposed to ci1. A S.

exponenti al phase of growth was split an
1/-,2-,1 aidl @ the MeCevaldded. The viable c

at 37AC over 24 h. (B) Measurements of ce¢
and treaggéadnlLwiof h Ca1l. Statistically signi
(unpatigsetd, t****plaod®e@@@h)kxe MCxr®scopy i
TD276, car rmGhmer rtyhe( rFetds)Z construct, untr i
4 gd mL of Cl1l1l. Cell s wer eg/smla)i n(ebdl uvael)s.o Twhi
bar corresmondks) tGr al hiicml ofr etphespataént
owing FtsZ delocalization (|l 4€fneg)axins
e absence (bl ack), oeg/imL tChlel - mrpeasetnicne
peri ments. Data and images odr eatr dprasd
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X
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433Activity on Biofilm Formati on

Beyond planktonic growth, Cl1l1 dem
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substantially r e(dRucoged, 7baiso fddmf ibrino
CFU enumerati on -samctine oamgf amd alr ols& © ¢
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FiguwrGll effect on biofilm inhS.bidadroemus (
ATCC25923 were grown in the presence of
results are expressed as CFU/ ml recover
i mags&s @aBTEAQ235923 bi ofsgJImsdegrdowhelAln | bi di

Cell s were gr&€wn nowve&emBnitgHt® atl uxbse wit

4, ggr/ M Cl1l1. Planes em) abwaki shetfandes b
were 1imaged by CLSM. These 2D i mages we
pl anes. Scalemba¢€yeghAnssehtbi abil m prope
2. Measures of the tot al bi omass of t he
concentrations oft £ 1lof Dtahea rag<xultthe fmrea@am
replicates. |l mages are representmtgive of
0. 05p< *0O*.*0 wla y( AAMNeOVA t est ) .

4.34 SynergisticEffect and Clinical 1solates

Evaluation agX.i nasglt eamspcaanle | i soofl at e
strains from cystic fibrosid pat
egLbmL T, suggesting that Cl1l1 retal
backgrounds. Synergy testing u
demonstrated that @ti1i wiottyentbif atce
mer openem, and Sr.i fasldMmM@BiOs2B o92@ai ws t
val ues 00. 5 indicative ( Toafbl. sy n3er
Combinations with erythromycin, I
| argely additive.f MNRSaAbliys,olian ea
meropenem, the meropenem/ Cl1l comb
in several cases, underscoring ¢t
t herapy

S. alAT€C25923
MI Ceg( ml MI Ceg( m

Anti bi ot . . FI €1
Single combin
Ceftazidi 16/ 2 4/ 0.t Synergy
Erythromyc 0.5/ 2 0.06/ Additiwv
Linezolid 2/ 2 0.5/ 1Additiyv
Mer openem 0.25/. 0.03/ Synergy
Ri fampi ci 0.03/: 0.007/ Synergy
Tetracycl. 0.5/ 2 0.25/ Additiw
a FI CI Fractional I nhibitory Conc
whencoheesponding FICI O 0.5; add
when 1 <arFfd CdntOhagloni sm when the FI

Tab3.®l C values of di Cflédrtemeéi rand o mbhionm afciso
val ues.
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4.35 Cytotoxicity Studies

Cyt ot oxi ctiatryg eatn de foffefct s wer e al so
concentratdMgn ~ddSBitLed )(,2811 reduce
tubulin polymerization by approxi
that A549 pul monary epivtiheliilalt yc ea
6 h exposMurCdlt an@d5>70% viability
cell ssM €C215preserved >90% wMabil i
reduced viabilit*¥ t o (F653% raet 86) h

L . o = CT
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experipent.sPps ,*0 *01 f(tuenspta)i.r ed

4.36 Efficacy in a G. mellonellalnfection Model

Thien ®vfW¥bcacy oY. Caluln taggsatiinosnt was e
usinald eria moaléll olneerlMaae wer®. i nf e
aurADGC 25923 and, 2 hours | ater,

of 40 mg/ kg (equivalent to 41 MIC
1) uninfected and untreated | arva
40 mg/ kg Cl1 to assesstrtoxtiedtwi @ah
vehicle (8% DMSO)Il.atNod ttroexatcmetnyt w:
the survival of uninfected |l ar v a
significantly from that of the wu
model , Cll conferalkdaadavamnigagée.i c@n
t he wterheatleed gtoemt etdheo@bXt s howe
i mproved survival rates at day 2
32 %) -ipnofsetct i on. By day 6, whil e 8C¢C
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t he werheaatleed group,tseatvedadgr owmp td
significéafrtQurei @her

- CT
100 I
L SA 10°% + C11 40 mg/kg
9 (4xMIC)
% == SA 10%+ DMSO 8%
< 50 _._ Saline + C11 40 mglkg
2 (4xMIC)
=
a - Saline + DMSO 8%
0 T 1 T 1 T ] ] 1
0 1 2 3 4 5 6 7
Time (days)
Fi g@rkeapl ani Mei er survival curve of G. I
aureus ATCC25923 and treated with 8% DM
control, |l arvae were treated with salineé
DMSO (red), or) .unmthree agepme r(ibnheanctk was per
Statistically significant di fferences ar

point was evaluated with Fisherdés test:
0.05) .

4.37 Activity Against ESKAPE Pathogens

Compound Cl1l was i nacti viheegagaive
bacter i aR. ianecrlRuydinogspn e Wh&€Ci 48 8 8 3,
anAl. bauATaGhi19606, with MIC val uece
eg/ mL. Since benzamide FtsZ inhibi

S

type effPPuxwepthmpothesi zed that C:
removed from the bactewaladatced Itshe
of Cl1 i n t he presence ofbN t he

(phenytaalga miamht hyf amhee)adddNt i on

restored the antibacteri al effica
a potent TreeggmL.ofTol confirm that
intracellul ar target, we assayed
FtsZ H.romer (FitsZPa) , which share
ident iS.y awsittehds Consi stent with pr
did not i nterfere with the GTPas:
effectively inhibited Ft sZP-a p ol
dependent ma n ncefr ,e®BMdvi Thesae d&€sul ts
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suggest that the restored antibac
of an efflux pump inhibitor is du

4.38 Structure-Activity Relationships (SAR)

To el uci dateec ttihwi tsy rruelbaitrlidéo nssehti posf

commercially avail abl e anal ogues
polymerization inhibitiof. andrauns
(Tabd.e The i nvest.i n reveal e

gatio
modi fications to thel€@lhtedaf fFolrd
removing the methylene spacer L i
replacing the diaryl sul fur bridg
nitrogen alb®mz atnhdooqiterege wer e al |
modi fications t hatv,edi nt asgme cagaea

However, a critical finding was t
agai nst Ftsz did not consi stent|
antibacteri al activity. This disc
such as C11. 2, Ciluhisl, e CANL 7Twemadp
i nhibitors, onl vy cCl1. 2 and Cl1. 7

comparable to the parent compound

Cl11.5 and C11.7 demonstrated that
Ssubstituentritmg tlhed tthea aaopeonounc
antibacteri al potency with only a
i nhi bition. Thif®ea$ vg gae skesy tdcette rtnt
cellular activity, l'i kely by infl
permeability or metabolic stabild]i
future optimizati on.
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S
§o
° o Sw
ci11.1 C}ﬁvkyw 6128 nd
s
(e}e]

I'nhibition of FtsZSa polymerization; nd,

Table 4. C11 derivatives and their activities
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4.4 Computational Results
4.4.1 Binding Mode Analyses

Docking suggests that recognition of C11 by FtsZ is principally driven
by hydrophobic interactions. The terminal benzyl moiety occupies a
lipophilic subpocket formed by lle197, Met218, Met226, and lle311;
the oxazole (or related heterocycle) packs agaiasR00, Leu261,
and Thr309; and the benzothiopheahexo fragment contacts Val203,
Leu200, Leu209, and Val297. The sulfone group coordsntite
bound divalent cation and form a hydrogen bond with the Leu209
backbone amidé&-igurel0).

Figure 10. Proposed binding mode of C11. The enzyme is reported as blue cartoon,
C11 is depicted as grey stick. The residues involved in interaction are reported as
white lines, polar interactions are reported as yellow dotted lines.
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4.4.2 Adaptive Steered Molecular Dynamics (ASMD) pipeline
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A retrospective benchmark was <col
ASMD settings (spring constant,
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used compound Cl1l1 and fouramdti ve
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4.4.3 Conventional Molecular Dynamics Simulations
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4.4.5 Statistical Analysis

To retrospectively validate the predictions from the ASMD pipeline,
the relationship between primary peak forces and biochemical anti
polymerization activity against FtgZable 5)was assessed using both
Pearson and Spearman correlation metrics to detect linear and
monotonic (norinear) correlations, respectively. For the considered
set of five compounds (C11, C11.1, C11.2, C11.5, C11.8), the
calculated linear Pearson correlatioasv= 1 0 .p@al1ld®.7) ,
the monotonic Spearman rank correlatonywas 17 0 pZ00. ( 9) .
These results indicate an inverse relationship between primary peak
force magnitude and enzymatic inhibition, suggesting that this peak
can be a useful predictor for the activity of benzothiopfdtaro
compounds.

a



However, the absolute values of the correlation coefficients indicate
averageio-modest performance in both direct linear correlation and
ranking. Visual inspection of the individual peak force Byd values

revealed that C11.8 was a significant outlier. Upon removing this
compound from the dataset, substantially stronger correlation values
ofr= T 0pa8 DV .(1)1=) Talnndo 0 were obtained.
negative monotonic correlatiopé 1 1. 00) was achi ev
successful ranking. This\drgence is significant, suggesting that the
proposed ASMD pipeline predicts the potency of benzothiophene
dioxo compounds well, with the single exception of this one
disproportionately large outlier.

The unbinding trajectory of C11.8 was analyzed and visually inspected

to identify a possible mechanism for this behavior, but no conclusive
observations were made. The unbinding mechanism is completely
coherent with that described for C11 and its analagth no
noteworthy differences. TherBethyturan group of C11.8 appears
particularly stable in its interaction with the lipophilic subpocket of the
interdomain cleft, thus yielding the high peak force necessary to
induce unbinding, but no other abnorrtiaB were observed.

Additional biochemical testing is
an erroneous estimation of the i nl
outlier.

Compou Peak ForcédAYkcal | €deM)

C1l1 11.77 47.97

cC11.1 10. 43 71.67

cCl11.2 14. 47 23.73

Cl1.5 11. 84 34.61

Cl1. 38 16.19 41.58
IT'nhibition of FtsZSa polymerization.

TablRedk force val uesw aduck sawdea iCillhe gt al |

Anot her i mportant consideration r
is small, with only five compoun
removed), and therefore possesses
mi g ht be detri ment al tloi mpirtosgpesitz
i mposed by the computational cost
mu krteipl i casiA®MDat i ons on the avali
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The same ASMD pipelinexascatst iapps i e
those used during the retrospecti:

Force profiles confirmed the init
GV1l binds more st+Gdigl yT hteo chhtt 2| t@a
forces 14ner% kcal Lmol T Ly T and

respedNtoitvadlliGN,1 (i) predicted to be
parent compound Cl1l1, thereby wvali
strategy. The binding conformati ot
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relaxed geometry with the hydroxy
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configuration must assume a strai
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4.5 Conclusions
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5. Virtual Screening for the Discovery of a
Novel DNA Gyrase Inhibitor and Drug
Design Studies Using Cosolvent Molecular
Dynamics and Thermodynamic Profiling of
Hydration Sites

5.1 Introduction

The doebi ea l Sstructure of DNA r
management of topological strain
such as replicatibn tamed Strrammdcs i Ppe
supercoils accumul ate ahead of th
physical barrier that can i mpede
and threaten cell2 viapoi $ o yperias e
across all domains of i f e, ar e
resolving thi3s Tbepgl dgindalt os ttrhai
cut t h4 h osswghaart e backbone of ei
topoi somerases) or both (type 11
transient break that allnl obwasc ttehrei aDp
functi on i s primarily perfor med
topoi sohm®NaAasgyrase possesses the
its eukaryotic counterparts, to a
i nto DNA, thereby counteracting t
during replicat’i ohhiasndméd amarsicstiipa
fundament al , providing the ration
highly effecti®e antibacteri al t a
The <catalytic cycle of DNA -gyras
dependengat edr-pspd eamngae mechani sm o
topoi séMmEeirage.eaT2e3)enzyme, in its
binds two distinsé¢gmMdNit segakeat seg
T-segment (transported segment) . (
mol ecul €&y mi hal NATPase domains di
gat ga(h)ptamdi msge gtnheentT wi t hi n t he
the cdO®milyax ol ysis of the first AT
in this <c¢closed conformation and
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movements f or MNeuxbts,e qau emstii trset cetfpysa@ g ii
executes a nucleophilic attack on
t hese@ ment, genepavsphotygvidbhAht e b
intermedi ates known? aslhi ls& tdrodunbdh ez
break opens t hegasteec)o n dalg atgwehenfgD N Aha
pass through the resul ti nsge gmaepnt F
is religatedj;gadleosainndg rtehbseu |l DNA g i |
DNA linking. nTheegMmenft is then rel
enzyme's | ower cavity thrgatgd) t ha
step triggered by the hyUd'r oAiynsailsl y
the release of ADP R)ndf rionnortghaeni AT
domai ns r egoapeens rtelrseetN i ng the enzy
cyél e

T-segment enters

T-segment
N-gate

All gates
closed

" DNA-gate
opens

C-gate
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ADP
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Jones, MSMI, CMI
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The dhmeasi onal architecture of |
enabl e each (fagalegefFielgtstempal |y, 1
operates as a heterotetramer comp
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e
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Figur@r Y2dEM structu
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5.2 Materials and Methods
52.1Vi rtual Screening
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Protein preparation was perfor med
2042 Maestr o, Schr°dinger, LLC, N
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executed utilizing!Ltilpea nAMBER 222nep &
topology files were generated vi a
within esuA@Fneé"lhT(solpsocess Il nvol v
typing nd the assignment -B&IC par:
semiemplrica8I3thaegeermtodeysvaem pr
conducted using the tleapg*wasdul e
applied to the protei®fhwasvhé mpel dyhe
for thé&athganmndgtaenidn compl ex was ex
within a truncated octahedral per
mo €1 wimtimianum sol vent buffer of 1
atom and the .peniodneubpobal edgei on
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Al | -spionsutl ati on trajectory analyse
CPPTRAJ °hbhWesl @nal yses performed i
Square Deviation (RMSD)DNAI gahdt i
compl ex and for t heRobt gavteda n i rSdyeu
Fl uctuation (RMSF) anal ysis focusc
thiophene adha@asaetreri zsaittieon of I
tracking t he centers of mas s ( C
hydrogen bond analysis; and analy

524Cosol vent Mol ecul ar Dynamics

Simulations in the presence of d
conducted u%3 nTgh eCosseoll evcKtiiton of cos
critical for W} sasmupskte gofo sssiensusl a thi
features (e. g., ar ebnoantdi ca c ceelpitpohra
charged) to probe interaction hot:
sufficient solubility t o di f fuse
simul ati on bobkowsCoksot vKihte applic
repul sive forces to 9’ etviemse cfosmod
mu st remai n rel aex vedsagitveeo avt itoon aov
Lennlaarmdes potential term of the foc
Foll owi ngnaelar ami alssessment , a pan
mol ecul es (Whab,lseecl@&neptreidsi ng: benzer
and pyri-ché mekeemasd saxomati c probes;
and thiamelmbeaedf iavemati c probes;
di ffusive l' i pophilic probe; acet
charged p rmelteisy;l ammani um and i mi

positively charged probes.
Wat er waselufSiediaamtpaamrod domydrrecgempt
(HBA) and-bowydr dgenor (HBD) probe,

I it e%"®%t uirte i s i mportant to note t
di fferent features (for exampl e,
negatively charged, while pyridin:i
diversity increases the vahaetgano!l

be evaluated.
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of cosolvents molecules wused i

For each of these cosolvents, 15

using an identical number of COSC
system was prepared fr onprsecpraartacthi of
step is important, asncOpesménv&Ktdr uf
the initial placement of cosol ven
di stributi on-pafeptahre ngr dlhes .syRd em
avoids potenti al bias in the si mt
initial pr obe bposhetitoenrs aampdr otxh ama
driven by BrDhwaiapeceiofti onnumber o
sol vent mol ecul es was defined by
preparation for each cosolvent sej
The resultiolgecawlmberwad unsed for |
of the systems for production run
using the AmbeP® ffHaABRH|I M®BPale ffdarel
mol ecul es, rfdr Edphel omasi gnment

parameters. The simulation box wa
every direction from the target s
Each simulation replica was condu:
the standard minimizati on, heatin
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by CosOvVvelKaltl, each cosol ventofmol e
tot al SsimRépal ®¥inv e i imer ce s, at the
applied onl vy t o t he aromati c an
aggregation.
Poptocessing of the trajectories
of fici al onkeepvoesri,t oar yc us'Ptb mt!MDAN a vy
used to obtain focused density maj
C

grid spacing. This step was <cruci
for each <cosol vent were combined
script, which cshtirnigctrhayp roerqiugirness am
The combination was performed by
density file values. Finally, t he
UCSF CHiameirmg -Fpauacd eBmoot hing wit
frequency of 0.375 (coinciding
density map generation) . Vi sual

performed using the same software

525Wat er Ki t simul ati ons

Thermodynamic profiling of t he h
allosteric pocket wd&3s Ppersopmedr a
fast-pbageddwatpeéi cstampling tool t h;
shells i1iteratively from ®apepgptdr
hydroged donors and acceptors). |
interaction sitpasecampueed!| adt eadi:
sampled stochastically, using a s
Bol t zwvaingdht ed according to grid e
Metropol i s criterion. Probes pl a
converted t aadeplsi,ciatndTIth3ERP r ori e
from a precomputed orientation | i
new anchors for subsequent | ayers,
foll owed by short, restrained ene
ofdi screte hydration frames that r
far | ower cobBpsémabli emavwverce®stthen an

|l nhomogeneous Sol V&%.1%wvio xTeH eéimreyd (s¢
wat ®r) (andiwwa®e)y (interaction energ
transl ational and ori ent'®ti,onal
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YY ), were compusedimaddt Gawbsbebkdnt
water bindia®a@Q,fdeé¢i earer ap (
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The crystal strufctuusreed (fPODB vliD:t uSaN |
prepared according to the standar
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5.3 BiologicalEvaluation

531Ant i baActteirviiatly

Compounds selected by virtual scr
antibacteri al actiStiappghyhogaoosus ¢
(ATCC 25923) Among the theocusda c
' i brary, RS5430 emerged as a poter
a calculated mini mum i nhaMiiTtadod y c
7) To further explore the i®.hibit
epi der(mMTdCiCs 12228) was al so eval
i nhibitory concentrati one wraef ared rec
ciprofloxacin di spkMy e@d deaarn tVH e <
experi ment al conditions. Consi de
chemical structure of RS5430, the
promising.
MI C ( OM)

S. aur S. epid S au S. aul

ATCE59 ATCC222 #3 MD #4 MD
RS430 5 5 5 5
Ciprofl 1.5 1.5 > 12 > 12
TabT.€ompound (12.8 mM in 100% DMSO) was
(51'10~5 CFU/ mL) wusi fAdg ag é roinania didi iwlsm. te idCounl st uir
were incubhla& eld, foamd 181 C was defined as
i nhi bitibDiagt ag rroewptrhe.sent three biological r

Two differeesi mubhBt déadMPRAE NS wer e
tested, consistentl yeMex himpioritrmagta
activity of <ciprofloxacin dramat.
(Ml CeM)l12demonstrating that RS543
mutant strai h$uoeegetaatomes. The
mechani sm of action for RS5430 ¢t
(F@edi ated DNA d%r ase poisoning

Grovktimet i c experiments further

bacteri al repl thooautri op(eFrogoedr e ARG ) 1
concentrations equal t o or great
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compl etely a#ivl g atoendc.e nA trdaegpuelmnrdse na

effect was obseeM)ediinhitbiit iMInC wax.
clearly distinguishable frahh) t he
growth inhibition was mini m&l ( ma
epi de)y;miat s1/ &EMMI €o (OnBi2Bi ti on was
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5.3.2 SupercoilingE n z y mAstsi acy

To validate DNA gyrase
RS5430, enzymatic assa$s
gyr ase, using
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i nhi biti o®rgM)a.t

80 %
already
potency of
( Fi

did not vyi
suggesting
i nhibition

me an

5

25
125
0,625
C+

40
20
10

- 25
-« 4,25
- 0,625

-

k$tnepg h yclsotwdacicnuss exposed to
N SD
d evtl tCe d elviend es

nhi
wBbNAauper i

C+

RS
from

bition

ci profloxacin as a

i nhi

bitic
Ndtl a bM1yG
observeMd) ,atf utrhteheMl G em® n s

on

DNA gy

(~5705 % |

RSsE4£3Ckeaemagi viedudlt
RS543M Hdéd entr a

Wi

gur el nbr)easi ng
el d
saturatio
t hi t

MM p

a

significant addi |
n of the targ
n he detection



For comparison, the same percent ac
with ciprofeMoktaalkenmaxi mMOM concent

120.00

100.00

80.00
60.00
40.00
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Inhibition of Gyrase Activity (%)

D Qo )

§ €T S FFFTIFs s
Fi g@aBbEeAJupercoil Sngabddéedagyohse (0.0166 U,
reaction) in the presence ofil@0pObMfjI| ardc
RS5430 (12.5 mM sisb2k;OM) estCochdati oonss f
manufacturer ds protocol (I NSPI RALI S SAS
opimized to achieve 1®BQH{6hiph idtsimdand Nadfw e r c o
gyrase activity expressed as percentage
set as 100% supercoiling). Band intensi
resul trst rtelpe em@an N SEM of three indepen

533Cytotoxicity Studies

The cytotoxicity profil e of RS5.
keratinocyte ( Ha@&aTv)i acbeil(llF st guw.saiesnsga #:
From the ollrtessipmoends e d ccsuea v e, t he n
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concentration (CC ) i n HaCaT C
approxiimtieéyc8l cul ated MI@0Dof RS
80cM) Expressed as a selectivity I
compound therefore di s8ll6ayun daenr S|

tested conditions. This magnitude
window between its antibacteri al
this epitheAlitahlouagel If umadeslr. cyt ot o
di f freuman cel | l i nerselairmi mamgwiresdy
partienmtaud Fgi ng
HaCat

100~

80+

=

T 601

=
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NS T I IR
RS5430 [pM]

Figamvwe ability of HaCaT cRI54310@f BemM2shot
in 100% DMSO). Cells (10,000/ w&llu,) We%e
FBS, 1% P/ S) for 24 h, and viability wa
expressed as percentage relative to untr
of otwndependent experi ments.

534l nactAgai hg tNe@radShiv&i ns

Despite promising-poeisuilves agRaAINS:
demonstrated no siBEH.niCcfATACLN 258212i0) v |
P. aeruufgT@@©sa7853), potentially ir
activity mgeaglartstve((Ens@mlaen&sSA\)videI
repdf%lddt his selective activity p
either reduced compound -pegatiavbe l
outer membrane or active efflux f
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To investigate this mechanism of

obtained in the presence of t he
permeabil i zr Tetmpmpomisn aL e a f ami
antibiotic peptides i1isolated fron
Rana tempFomgamrieal2&Por i n L, i n part
wide range of activities, i nclud
bacterial and fungal strains and ¢
Il i nes, acting through the pertur
neutnrdalneagati vely charged membr ane
l' i ke effect o f tempo i n L on the
suggesting that -t hke fopeatngs ©bDS§
mechani sm of membrane perturbatio
RS5430 was tested in the presence
0OI%5ts calcul &aMed T™HICs (d®2n&Gentr at i
sutboxi c to the bacterial cells but
permeabilizati on, which could pot
However, no significantE.anetalsbhiact e
observed even under these conditi
resi stannegafi Geasmtrains to RS543
either alddi ve etfflatxural differenc
of DNA gyrase compasetive shmrnai na.
A
E. coli ATCC 25922

— TL[1/2 MIC]

— RS5430 [40 uM]

— RS5430 [20 uM]

- RS5430 [10 uM]

-+ RS5430 [40 uM] + TL [1/2 MIC]

-+ RS5430 [20 uM] + TL [1/2 MIC]

-+ RS5430 [10 pM] + TL [1/2 MIC]

0 2 4 6 é 1I0 1I2 1.4 1I6 1I8 -
Time (h) Temporin L

Fi g2aBeA) Gr owt hE .k igbeltCi 25 9®2f2 in the prese
at different concentrations, either al on
at | MIC (12.5 OM; dotted Ilines). Data r

exper i(MBYMRsstriulempoei ofL i 1f PBAB&EISMi cel | es
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535Pr el i minar-ActStviutcy uRel ati ons

An initial explarcdtiivon yofr etl me i 9tnrs
RS5430 was conducted by test-ing cl
house (ITiabbrlaerOy8t) of the five anal og
antibacteri al activity, wRED> 281 he
di splayed MIC values comparabl e t
antibacteriedM agat inSs.it tapgoENCES 259 2 3)
and epi daTeCdiLg228) . RS5429 show
against both sobxamasel wi fobuahohg@gp
RS5380 represented a distinct cas
S. awas®usebserved, no an3.i beapcitdeerrinail
was detected

All evaluated analb.gsAWT&rCe 2i5&2@Q¢1) i

P. aerUBAT@O0Csa7853), consistent wit
RS5430. Although the series teste:q
support the activity of the nove
RS5430. | mportantly, neitaheal othe |
contain basic functional groups,
be | ess premdd attee dhERG@ di ot oxi ci ty

MI C ( OM)

S. aur S. epid E. cao P. aeru

ATCE59: ATCC222ATCC 2 ATCC 2
RS5 3¢ 15 >640 >640 >640
RS5 3 5 5 >640 >640
RS54: 20 30 >640 >640
RS55: >640 >640 >640 >640
RS55: >640 >640 >640 >640
Tab8MI C det er nRSHa4t3i0o nc Ifeosré udmali agsl i n 10C
(12.8 mM stock). Bacterial <cells (57107
dilutions (starting atile4pn. OM) Ci wa MHd e mee
| owe st concentration inhibitingiagtioevt h.
control . Data represent two biological r
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5.4 ComputationalResults

541Sequence Alignment and Homol

Sequence alignment and homology modeling were employed to
investigate the inactivity of RS5430 and its derivatives against Gram
negative strains. The primary hypothesis for this intrinsic inactivity
was that substitutions within the thiophene allosterickpomight be
detrimental to ligand binding, thereby abrogating activity. This
analysis was performed on both GyrA and GyrB.

The results highlighted poor overall sequence similarity between the
DNA gyrase subunits of Grajositive and Grarmegative strains.
Using S. aureusas the reference, GyrA similarity was 88.49% $or
epidermidis but only 51.07% foE. coliand 48.28% foP. aeruginosa
(Figure 29). These findings are consistent with previously reported
insertions in the coiledoil domain of Grammegative GyrA 14
Similar results were observed for GyrB: 93.31% similarity $or
epidermidis and 56.01% and 56.08% f&r. coliandP. aeruginosa
respectively Figure29). This is also consistent with the large, globular
TOPRIM insertions described in Gramegative GyrB *.°

GyrA - Global Similarity (%) GyrB - Global Similarity (%)

S. aureus [IEGLKT 51.07 48.28 5. aureus RG] 56.01 56.08

S. epidermidis [ EEES 50.66 48.33 S. epidermidis SEEEEL 100.00 56.42 55.85

(%) Ajuejiwis
(%) Aue|iwis

E. coli-

20 —_—

P aeruginosa P aeruginosa~ 5608 s5.85

Figure 29. Global sequence similarity matrices for GyrA and GyrB fi@naureus
S. epidermidisk. coli, andP. aeruginosacalculated using fullength amino acid
sequences.
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However, a distinct pattern emerged when the analysis focused on the
local similarity of the allosteric pocket rather than the enzynue
global similarity. Again usings. aureusas the reference, the local
similarity of GyrA residues composing the pocket was 100%Sfor
epidermidisand 75% for botlt. coliandP. aeruginosgFigure 30).

For the GyrB pocket residues, similarity was 100%&oepidermidis
78.57% fork. coli, and 71.43% foP. aeruginosdFigure30).

GyrA - Local Similarity (%) GyrB - Local Similarity (%)

uuuuuu

. epidermidis

(%) Aelius
(%) Auepuns

E. coli 75.00 75.00 E. coli

P. aeruginosa - 75.00 75.00 P. aeruginosa 7143 71.43

Figure 30. Local sequence similarity matrices for the thiophene allosteric pocket of
DNA gyrase, based on the amino acid residues from GyrA and GyrB that compose
this site, inS. aureusS. epidermidisk. coli, andP. aeruginosa

To further explore the impact of these substitutions, homology models
were constructed to structurally validate their potential relevance. The
most significant substitution observed was GY&39 (S. aureus
residue numbering). IB. coli, this tyrosine is substituted by a lysine,
reversing the amino acid polarity. fn aeruginosait is substituted by

an alanine, significantly reducing both the size and the hydrophobic
contribution to the pocket. The only other substitution of note was
GyrA-R342, which igeplaced by a glutamine in both Graragative
strains. Although this alters the sidkain polarity, the impact of this
substitution is likely minimal. According to crystallographic déta ° 2
the primary role of GyrAR342 is to shape the allosteric pocket via the
alkyl portion of its side chain, rather than establishing polar
interactions with the guanidinium moiety.
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The GyrBY639 substitution necessitated further analysis. This
aromatic residue constitutes the posterior side lofdrophobiccleft
which is part of the allosteric pockdthe inversion of its polarity (to
lysine) or the reduction in bulkess (to alanine) could plausibly
destabilize ligand binding and account for the inactivity of RS5430.
However, several considerations mitigate this concern. AG80

lies adjacent to a highly flexible loop, and multiple crystal structures
exhibit poor 2FdFc electron dnsity for this residwe? . Fér example,

in the crystal structure of a benzoisoxazole derivative (PDB 6QX1) the
electron density fotyrosinearomatic ring is inconsistent and appears
to clash with the ligandThese observations suggest that Y689
highly mobile and may not contribute stably to formatiohthe
allosteric pocket or ligand bindingConsequently)633 and A637
(GyrB) andM27, 130, V31, M179 and P343 (GyrAkely constitute

the key hydrophobic residues forming the hydrophobic envedbpe
the cleft Furthermore thiophene allosteric inhibitors and related
derivatives are reportedly active against Giraggative strains
(particularly E. coli) bothin vivo andin vitro against the isolated
enzymé 2 supporing the druggability of this site despite sequence
variation.

542ConvenMobeall ar Dynamics

Molecular dynamics (MD) simulations were used to assess the
contribution of specific allosteric pocket residues to ligand binding.
Specifically, RS5430 was compared wi@ompound 2(the most
potent thiophene derivative) to obtain comparative data. This
comparison aimed to elucidate the role of GY&39 and provide
dynamic details of allosteric inhibition, thereby facilitating future
optimization of RS5430
Compound2 was analyzed first. The proteDNA-ligand complex
remained largely stable over the 500 ns simulatiogure 31) with
the backbone RMSD fluctuating around 3 A relative to the starting
frame Compoun@ occupied the allosteric pocket steadily, exhibiting
minimal fluctuation (~0.5 A) before a sharp transition to a second
stable conformation (at ~1.8 A). RMSF analysis of the pocket residues
revealed that all residues were firmly involved in the interaction
(Figure 32) with the exception of GyrE¥639. While other residues
MPp H



showed minimal fluctuation (max 1 A), Y639 exhibited large
fluctuations into the solvent (RMSF ~3.5 A). Visual inspection
confirmed this observation. As hypothesized, 1633 and A637 (GyrB)
and M27, 130, V31, M179 and P343 (GyrA) were confirmed as the
primary residues responsible for stable hydrophobic interactions in the
allosteric pocket.

3.5
2.5
<L
2.0
)
= 15
o
1.0

0.5

0.0

100 200 300 400 500
Time (ns)

Fi gBrl&MSD analysis of conveCoimpomalnd MR s
Fluctuations of protein atoms are shown
are shown in red

4.0

3.5

3.0
—~ 2.51
=
U 201
=
I 15.

1.0 1

0.5 1

0.0- u

R630 E634 AB37 Y639 M27 130 M179 1336 P343 L546
Residues

Fi gBr’RMEanal ysis of conventGompadunMD 2s i fru
residues composing the allosteric site.

The sharp movement @ompound2 observed in the RMSD analysis
required further investigation. Inspired by Dynamic Pharmacophore
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(Dynophore) modeling®,%he relative positions of the center of mass
(COM) for selectedligand functional groups were tracked. This
analysis showed th#tie ligand carbonyl and-2hloro-phenyl groups
remained tightly engaged with R630 and the hydrophobic cleft,
whereas the terminal phenyl rotated decisively around the methyl
linker (Figure 33) In the crystal structure, this phenyl group occupies
a solvertexposecydrophobic subpocket defined by M179, 1336, and
L345 (GyrA). The high solvent exposure suggests that interactions
within this subpocket may be unstalbeitconventional MD alone is
insufficient to directly infer the relevance of this region. Additionally,
a salt bridge witiGyrB-E634was consistently observed throughout
the simulation. This was expected, given the strength of this
electrostatic interaction and the binding geometryCompound2,
which orients its basic group directly toward the glutamate.

Figure 33, Phenyl ring rotation of Compound 2 during MD simulation.
Representative frames before (A) and after rotation (B), and tracking of relevant
chemical moieties (C): centers of mass (COM) of aromatic groups (light gray
spheres) and carbonyl oxygen atoms (ligdd spheres).

The simulation of RS5430 displayed similar beha(fagure 34) The
complex was stable (~3 A RMSD), but the ligand exhibited a sharp
fluctuation. COM tracking again attributed this movement to unstable
interactions in the solver@xposed subpocket. Interactions with GyrB
R630 and the main hydrophobic cleft remaindble. Despite lacking
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a basic group, RS5430 remained tightly bound to the thiophene
allosteric site. This result suggests that the salt bridge @yttB-
E634, while favorable, is not essential for allosteric inhibition.

Al

>

Figure 34. Rotation of the terminal aromatic group of RS5430 during MD
simulation. Representative frames before (A) and after rotation (B), and tracking of
relevant chemical moieties (C): centers of mass (COM) of aromatic groups (light
gray spheres) and carbonyl gen atoms (light red spheres).

543Cosol vent Mol ecul ar Dynamics

Cosol vent mol ecul ar dynamics ( MD)
using a diverse set of cosolvent

surface and identify stable inter
dual pur pose: first, t ot iervcatl urae @i
within the allosteric pocket to
identify potenti al optimization v

approach enabled a direct assessm
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reference t o retrospectively ass
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MpPp



tinctdedndadewelalromati c pro
h t hexpodeecntzubpocket and
gur e Th®2Axr findings indicate th
xposed subpocket are signifi
nfirm that the cosol vent pr
consi stent wi t h -bacsreyds t a |
i c fyr*ase inhibitors
rvation was corroborated
|l ear and strong densi't
I role of hydrophobic
)al i phatic probe also c¢
| oo mma®m éa nge tohuyl grou
firming its complementarity wi:

be den
the p

O, TTIST X0 TT0O0 —




Fi gBbeveraged cosolvent occupancy densi t)
|l i pophili-coptobesl|l eVvebs were manually ac
density regions.

Foll owing these results, positive
the -6gBB salt bridge. Il n addition
interaction hotspot around this r.
consistent densitiebBarmaged mphasphg
backbone ¢6Fi gheeDBA)

)

-
//y/ L345
N334 \Q o LE

\

//

ﬂ .

r Q Y639

/

Z ,//
A637

FigBfe eraged cosol venpocsca:mpazphrg/qbcedhsa.mgliesdq

contour | evels were manually adjusted to
Al t hough interaction between the
expected, this finding is notewor
vector fbhre RSE54a80n.al moi ety of RS5
hot spot, and introduction of a ba
provide a substanti al ent hal pic c¢
t he canoni cal phar macophore as s
i ntteirarc ( a centr al basic group f

moi e*°i s hi ch i Go mproesrenrtt hiemr mor e,
introduction of a highly polar or
reduce affinitiy? f%potedrftliuaxl | pu mgpdse
Il i mited spectrum of a cht@& va ksye rovbaste
that the densities near -Et6183ed ONA T
in size and intensity correctly r

MpPpT



charge magnitude of these region
validation of the Posotveat ppobbi
were al so obsex6v3ded alrhdawnd iGyriBig i
the previouslexpegpedt addles mlev evrotr k
regi on, composed of E627, R6 30,

( Gyt2A)2 Rl t hough this prediction @
features, these densi-mobesecdbenobdi na
at the allosteric site.

The mappingbordrdihygribhgtesipots was p:¢
explicit water molecules in the s

water as blmaeamd hygadmogepoHBD) and ac
hot spot mapping has bP&é&mdr efdretred
advantage of comput aal lo nad heelfvd ncti
simul ations are conducted i n agu
densities can be calculated direc

This approach therefore yields ex
additional cost and tcehdvisatneusl atth e r
di screte HBA/ HBD probe mol ecul es.
I n the present case, however, wate€
groufompfo@nadteracti ARG 3Wi timsGemf,
polar i nteraction RL34s5 obtasc ki bnovnoe va
GyrN834ide chain were identified.
particular interest owing to its
backbone, a regiomopreenmeilaeledyyt i el
optimizati ORi go.r KRS54B0

The failure to mapCotmpeo 2nahbwayeér |
remained probl ematic. This outcon
validation of wusing water mol ecul
bef ore advancing to the prospect
interaction hot spots.oufSheyef or et
computationally affordable method
map the pol ar interactions at t h
gyrase.

MpYy



Fi gBr7aver aged cosol ven'/t/wmicpermopbaenscoyn tldseom s i t
|l evel s were manually adjusted to highlig

544Wat erSKimul ati ons

more comprehensive prediction ¢
ng Water&omputati onal t ool desi
cement of water mol ecul es and e
s approach provi des val uabl e
rmodynamic benefits -eassogy awatde
l es upon Iigand binding. Wat ¢

[
a
[
e

0}
o
c

e y polar interaction hotspo
i to capt uwel,i dbaute alldo htoa s@
t d fr or acstelde rprodsesl.vent

r ctive of t he <chefirmanat hat
i iet, cs.t)hhangednt eractions wi-t
p l'y involve the displacemen
e bindiMy’ Loaonketguent | vy, accur a
S vent i nteraction hotspots sh
e i fi caftfiiomi tof My dyrhati oh?lsi hes
i context, Wat er Kit represent s
mpl ementing and refining the ou:
tareedlts were significant.

A cluster of three water mol ecul e
overl apping with ¢densartoymaitmctlce

OO0~ ~—0 "~ —0*—"3~ T C >
ST w s o

OO0 Q0SS T T-TTOY®POO0STST — O

Mp ®



occupi edc hblyphtemey | 2 gr oup (dfi gQo rap BB
Notabl vy, one of these waters exhi
energy of T4. 25 kcal / mol , i ndi
interactions with residues in th
spatially correlated wi t hatt hiet sct
di spl acement by the hal ogen I S f
binding, a finding strongly suppor
on thiophene a&%1.PbGdlelre ct ii meliyb,i ttohre
this cluster possess a total sol v
highlighting that their displacen
substanti al favorabl e energetic
binding.

Two additional water mol eexpesedwver
subpocket occupi ed by the benzyl
moder at e sol vation free energies
kcal / mol , for a combined tot al of
aligns with molecular dynamics ( MI
aromatic interactions in this sub|
main hydrophobic cl eft of the thi
rel o binding.

Fi gBBOavrer | ap bet Wéensdae Qma'tﬁicd«a rnote sstdy)drreantt i o
siteswlted. spbat esy |l evel s were manuall
relevanSoregiobpaoas.free energies f.rom GI ST

MC N

4 >



I n this context, WaterKit successH
aromatic mapping by quantifying t
these two aromatic hotspots

The aliphatic cosol vent mapped tl
cosol vent s, with an additional d e
aromatic moi ety of Comp(oRuingdu.r2e a3ndc
Water Kit predicted an overl apping
water molecule with a solvation f
result suggests that the primary
the correct scaf f orled rfeolre viaang i tairoon
pol ar groups, ragt hewbstthhannt i abhyr i
thermodynamics on its own.

er
ors girtcel. wptb@ent esyJ | evel s were man
ht r8bkevantomefir easenergies from

Two di stinct hydrati on sites wer

mol ecul es, perfectly mat ching de

samp( Fngur el npOo)rt ant | y;N3t3hMe exihtie int

a strong solvation free energy of

this ©pol ar hot spot as a promisin

derivative design. I n contrast, 1
MC M



water densiti41§451ea|acklin@ne6ydiAspla
thermodynamic relevance (12.77 Kkec
i mportance for drug design

A strongly Dbound water mol ecul e
perfectly with the carbonyl oxyge
free energy of 13.45 kcal/ mol . Th
water sampling to retroampeicritievred g/t
hot s

F|gl4|0©verlélp wkaeperwcehk s(lbtlweamndsrh)ydration
watsenred. spperes) I vel s were manually a
regiSoonsv.ati on free energles from GI ST ar e

Particularly noteworthy results e
charged cosol vent densities with
(Fi gur eTwlol )wat er mol ecul es were pc
al most symmetrically flanking t he
interacting with this residue. Wi
kcal / mol and 1T1.80 kcal/ moli,bltehey
directi onaéblriitdiggasngofwi $dl tt hi s gl ut
crystal structondeshenbasvcngr 68 0«
| mportantly, the water maread wlte da ¢
salt bridge exhibited modest sol v

MC H



supporting the interpretation tha
essential for Iigand binding.
Al t hough Water Ki't simul ations wer
absence of DNA, an extensive net
mol ecul es was identified at positi
DNA backbone (solvation f riele. 7elner
kcal / mol ). This observation i s no:
were based solely on interactions
anionic DNA backbone would 1|ikel:
hot spot, rendering thersmo dhyyndarna tcia
significant than calculated. This
positively charged cosolvents
ongly reinforcing the importal

i mization vebetorcl oBer tphe@xmaoni &y
rati on oNi3t3ed mmaar bE&yrcA i tically
g desi.gn strategies

b pﬁl:Des‘ti Wd”é}re cys @mdaeefgs(aidtayr k green

erl a
mesand hydratsofredtepwates)y | evels wer
adjusted to highlSiodhtatr ehevarete ree@ir@n ®.s
depicted in bold black
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ShapePharmacophore Implementation of
the MORLD Method for the Autonomous
Optimization of 3 Aroyl-1,4-diarylpyrroles
(ARDAP)
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6.2.3 MORLD Customi zati on
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publicati on, wi t h oxygen, nitrog
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Each optimization run consisted o
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6.2.5 Distribution of Reward Fun

Docking score and combo_score wer
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each data point with a Gaussian ke

a smooth density estimate. KDE en
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