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Pref ace

Before we formally begin, 1 would |ike to giVe¢
to read, along with adding a bit of context t
for my B. Sc. i n Mi cr dboiso |Aongdye&a tC otl hBemgubrai, v ebrascikc
That year, |l was taking two courses, Evol utio
on the path that | ed here, to a Ph.D. i n Dat
c hemi s tArlymaa tMatthee- U 1ISit wen ©irtum di Bol ogna.

I n fact, 1t was a peri od edfygletawos wefe knsy tlhiafte ,d euf
first step in this chain of events was a reco
I n short, it was a historical review. oNewhe e
produce and excrete tetr odaoltsoox ifno u(nTdl Xi,n af upgouw ef
peculiarly dangerous delicacy) on their skin,
become poisoned and diectdueWelol TTHOsSt pamalk gd i
have mutations that rendered them resistant t
unaffected by TTX. Then, most newts would be
hi gherxiTcliXt w;o and the armds race begins! This
an extremely complex topic that spans hundred
hi storical review they expeéwaimy TmXod. mETKaac bt
to sodium <channel s and bl ocks sodium from
phenomenon that iIis essential for signal trans
functioning sodieuno nter apnasrpao rytz emu.scl es b

The second step also took place in the Evol ut
and then argue i f it was either an adaptati ol
mi crobiologist, who adsoafhedtapthati opmnowasngsi gr
I decided to tal k abodat cH aatre raidalptarti iolmi qtiinc r
week Guahdadnpubl i shed agonaorftdghoechaer abeat psepent
|l evels of resistance to multiple antibiotics,
an incurable disease. The stage was set! The
resi stance.tWeipséesenepaarong | ran into a tid

| ioa¢ t hat time completely unbeknownst to me.



overexpression of 3t hTehiesf fd fufxl upxu npu nvpt rwCoDUEl d s i T
from gonorrheads periplasm, never | etting the
These two chunks of information sparked an id
year s. I f TTX is able to bind to a sodium che

some mol ecul e that coul d patmpntelailrhiynaldli mgk i
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i stance mechani sm, and turning an incurabl
ection. But how could someone go about fin
re woul dMacsebioodoggastudent even start?

have arrived to tthwwoeldaksng sadlepi,nianf tdvesntme.arl
k, Prof. Gian Pietro Miscione decided to c:
teda $thwdermrt from hid€Eompsaséeat-@roghagn iod p©®HCeOBIOs t
|l us about the research that they were conc
nitude than ever before. Thhe nmdeew ghDra.d uldbkea ss
siCkemingdt ry, gave us a talk about mol ecul a|l
echnol ogy that allowed us to simulate prot ¢
nature around us, whi cdcitename fsioawtniderd. |1 ke
s technology existed. Also, virtual screen
structure of a pharmaceuti cal target, and
ecul e btiondp etrof eicttsl yt arget and compl etely in
vious week had been placed right in front
mistry to find an inhibitorfteggeoorhbahbhods

er Sebastiand6s talk | went straight to Pro
cuss my i dea. I n the ehnids, gluia@mengguu@atdoinagd
i nhibitors of tKNei il itx Pampmiyh ¢ EDE D € v e m
K, I met Dr . Marco 8e Wéi \n@adi rs oanec o mft emr eersd @
ch he suggested | apply for a Ph.D. posit
hnol ogw, hand e weenaarrse ,| at er . With me sitting
ting a Ph.D. thesis on computational c hemi

|l ove and in sheer awe of. A topic that sti
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have the honor of presenting the froogeamarsgch v
der Dr. Marco de Vivoodos tutelage, in the Mo
have focused our efforts on investigating
uropathol ogies thr oulgéptceormplutvad iwinlall gneu el oad
tion chloride cotransporters (CCC), with a
t he mai homalmpudol s that we wused as a magnhn
mbers from the CCC family. Chapter 3 will s
atures of the CCC member KCC1. Chlapecleri < a
mprehensive research projectofthient ecompumpatsis
chniques, that helped us elucidate the tran
veral other previousldyfumknowmadr freatt ufrelsl. y

nclude this work with some final remar ks.

ank you for joining me in this adventure!



Abstract

The cation chloride cotransporters (CCCs) rep

members i mplicated in significant neurol ogi cal
fluid accumul ati on, epigleeapssy , s ybhawmdrse ,s yamdr acnee
attributed to various CCCs. This thesis del v

computati onalpmemarnidioy ocgmelsd vatha 68all e cul ar d
simul atl @eadmisckgdeg ol | ecti ve variables, enhance
scripts for comprehensive simulation analyses
NKCC1 transpodéereaminé&dri K€Cadquilibrium dynami ¢
i nhi bitor and assessed the functional i mpl i cal
on NKCC1 revealed its unique al tbeumddteehreng i asanc e
li denti fied a paoacowliwded ys tuantoeb seenmdr edlemonstrat ed

water permeabil ity undetfcosnpfeicrinieidc tchoen daicttiuoanls .w
its permeabl e states. |Ilwedgeseomnmputtahi Dntathedgiex
our understanding of the CCCs, a family of 1io



Chapter 1:
An overview of cation chlori de

1. 1Cattcoorupl ed chloride cotransporters:

and modul ati on
Catcbhori de cotransporters (CCCs) are protein

transporters 12 that modul ate trfanKpaonrd cohfl osroi
aniofs alcCloss ahkei geA)é¢ membhumans, there are se
CCCs: "tCHceotNbaanspor t'&Kr-CIBlECr anbBpoNaers NKCC1 and
K'-Clcotransporters KCC1l, FK@QGB)e KNN3, anadn dN KKaa24
expressed predomi NEKECLy KE€CtiheKKiC8newnd KCC4
the body. KCC2 is expr eGG&@sd asrpee ciinfviacladddy iim m
including salt absorption and secroenhicemtraellk
set*’i Mg such, CCCs are primarily implicated

brain physiopathology, and diuresis, Famgdirar e :
1C, ) D



(A) Na-dependentCCCs Na-independentCCCs

@ Glycosylation sites
® Phosphorylation sites

Out ot o~ I\ N\ .~

.néwu AMoAL

NH,

COOH COOH
(B) :;::, Identity Similarity (C) Nephron Lumen |
NKCC1 . Na-dependent CCCs
791 NKkec Na-independent CCC: B
51.9 63.5 [a-independe s @ ,-—.Ji?c
NKCCZ 778 835  nkee2 N
263 264 263
KCC1 535 512 512 keer “m
ccp 265 258 262 678 9 \keez
55.6 53.2 54.0 84.1 Kcec2 @ .‘-_-‘&p
26.6 25.4 27.4 75.8 68.9 -
@
KCC3 538 523 516 899 854  kee3
wcca 250 269 258 697 700 715
528 515 522 872 857 887

(D) Neuron " Health Disease

‘@ aite @
1 WL - s,

i ® NKCC1 " T, KeC2. @

o e -"‘v @ ° e

Fi gurCeCC structur e(sASahedméduinctrepsesentation of ccC
homol ogy amino acid sequence alignments and struc
TM domain and a | arge extracellular (BO®)p ddemaviere.n
TM7 and TMd& pfemmrdeMa CCCs, anidndéMpendednfi EMCsmmaal Ng NN
domai n antderamilnaarlge( CCT) domain are | ocated intracel
cellular domains, there are key residues that <can
(green dots) or (gBHyomwd ylgateison exmpedkscadtde)as dpes ceht
match between two protein armé sniod uaecsi dw istahd s nriald g r
properties) amoragi thes epguethet®rde pemidiekammarCCRBa ( NCC |
NKCC1l isoform 1, NKCC2-i hdependen) €6Gs h(KE&E1Nasof
1 or a, KCC3 isoform 1 or a, KCC4 isoform 1). The
alignment with LAEBIG)Schhé mavaire (&EMBésentati-on of

Cli mporter *NECH anmpdrNaer NKCC2 i(mJahkmdheg nephesant
functionadepehd&kodli Mporter NKICiCde merddieNrap o Kt er KCC?2
in a neuronal <cell in health and diseases. Arrows
created with Bi oRender. com.



1. 1S1firucftuunrcet i on rel ationships
CCCs mainly form homodi mers although mul ti mer

for N(KKCC% aManomers for each of the CCC fam
wetdbnserved transmembrane (TM) domagi nwc d oy Imetde
extracellular (EC) domai nt,eramidnaln (tNT®) ogand stoh

terminal (FdTg)aAxeo RAICKEL C( mMmember s share the same
the | euci ne tfTr ahapoeRiegluyriee Z2han&C domain is cl
connecting | oop betveperndBbAt aa€dInNMEBwemrditanst NI
have a | onger | oop between TM5 and TM6. The

l engt h, much shorter than the CT domai n, and
extracellul ar domai ns c orhteai inntglaycced sl yull aatri o o
phosphorylation sitel$FitppuAeod ModteeuC&€ hehnhet o

provided by multiple CCC isoforms ¢génerated b

Many functional and mutagenesis studies have

treonfgpindicating that variation of residues i

can compromise ion af.t%Inni tpyaratnidc utlraarn,s ptohret QTc tdi
CCC as®s®hibay demonstrated by ceNCO®hihndombdeimz ata
in glycosylated monomers and multimers. For e

possi ble cause of degrad-exppobesoesighCENCQEi)admdd a s
CT domain mt’t aMdar esouvbeurn,i tiGICCt h® mptokgarybuti €T d
interface shows small and hydrophilic buried
regul at e'diTmeeg izamploex structure of @&C@dialgl o\
sites nested within the TM domains, although i
NKCCs, aifd IkGCst ransl ocation occurs via the &
switching bedpvereh(dad)wameaedgar dO0O) condbe mahabdbnalk
t hebioding sites to élifihgurpsi 22e of the membra
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Occluded Inward
Empty Open

Fig@&Mechanism for i on(A3camematritca trieomr @ sne niCtCaCtsi.on o f
Nadependent CCCs adopt to transfer ions across t
compl eteness of information, although represented
and position are not kmowrm,anyeeto.r tSi(millteahroumgéic h aanitg
been hypoNaiesdependemt CCCs. Represent gtBNlodewas ¢
of NKCC1 structure obt ai hNekKdChly (nPeDxBg icnogd et:h e6 PTZM )d o m
(Glons areiinnogrewgien bdnude )Na and OMNKeCCIT (dPoDva icno doef: té

al | sol EEMEalcyy onoywoemer TMCT o dmehdni bigh.i BC e i maumremer i
depicted in light blue (left) and the other iin da
front of the | eft monomer, which Tleemamagabeheésnldows
the redNK@@ks) (timat form the ionic binding sites.

Vi sual Mol ecul ar Dynamics (VMD).



l1.1M8chanism for ion transport
CCC ion transporters are characterized by a s

both ocowupewar@O ampen niw@r gt at?ds, as ubagaitirdaddea |4 e(@le
ami no ascyindp/oNat er and meiploe 1y aoonfigreahcec atmi o (AR @)
super't ami hyumber of APC transporters, all adop
Na hydant oi n t3%'anmsnponrot earc,i dMhaphlb e pari her s¥kdbC€t e
Ndi ndependent amino ?/acNgaltaatneype r $3¥ mpoaktpeir®, i n
transpo’tand €aiaTi c 3&Tchied Lterualn sfpodrdt e rs, cSHaaTact e
fold symmet thyelwixt t efpwantddiOif)dedt i ent ated i n an i
along the vertical axisjowsthnd tentcialk.bi mgio
of t he fatnrcudtonmr er el ati onship bhséeudasgpawdddaomn
studies with radi dt.aTehlel elLde usTu btsrtarnastpeosr toefr C Qunsc
bundl e alctcersrsatmencghani s m, which diversifies t
mul tistate isomerization withTODOsel abbhod bbaen
to cross t'heA msembrlaare mechani sm has been hypot
Nadependent CCCs, the access model starts with
state of the transporter. This triggers an in
a |l oaded occluded staalely Tinewes tihet ¢ ramspbOt e
¢ 1 O conformational state transition releases
to an OO conhhosmbaaitoer LCtonformation, the tran
mechanism for FKkiog@ri &§t.eBFnoarl iazlalt i®@GCs(, what r e m:

dynamic mechanism and trigger for state inter

1.1S8ructur al i nsi glhM ss tfrrwant LrCeCs cr y o
Si@QCC members have beeM (rieseo,l,vEEEADdI1KEEGkr yvo

confirming the dimeric omk@@4 zraegs winv @d &L ES , mc
firstedalghht i on st r(uatnu roe Nrke@r@ihorz & Dir BN BIv e r e

reported 1802019siknidd2@endent BNUKWCLCHECZ2 epor |
anlKkCG2 transporters, al on*®® @%bife odo nopfliteenxd ewii teha
chapter 1.1.5).nfThesmedsthecpuealcdatdalLeoT str
and glycosylated | oop in the EC domain and t\
phosphorylation sites. Moreover, these data r
i ntceer ftahr ough -sshmapiemyv esrt tteudhte n & ) ( h evlsicties stolme hEM

M



connects the TM with the CT domai n. The di mer

l i pids at t¥He interface region

The specific conformation of the resolved tra
that moddl®Q ec otnhfeorintat i onal state switch. This
of i on permeation in CCCs. In particular, som
di mer ® NKCCHK,CChKCCAHCCHIKCCDIKCC#E&F showed the
di meric doreeinmgtihn nmoHe cfudlalr assembly for the f
that the CT domain of one protomer is | ocated
a domaap configunateisorn hteh alK E€R ang@@4,0 nt.h eFodri me r
structures of the CT domains are also stabil:i
and other st ridAltturocad g hCTr efseeambulriensy t he archite
CCC domai'f dthreu CtTDMEOGTAL ni s nslightly tilted wi-
when observed perpendi cuhka@C2 e @tdB8e rmemeb rCarn a.on
rotated clockwise by 70A as PNEGCLrDme tGE doma
ofKCG2 weakly interacts with the TM domain (a
helix) throu$h hydrogen bonds

An NT domain pepti dekKOGBECE&DdOC C 3ksM®A 4vae ds tirnu ctthuel
where it sterically closes t hé&®8 yxeolseotliiocn voers tni
of the NT domains in KCC2b &% d whdQ3hb seunphpaonrctess
t he NT domainnhiabsi taonr ya uetloe mennhti.b i Tthoirsy )c | sotsaetde (iasu
in the KCC2a and KCC4a structures, where the
hydrogen bond i ntTéMb5ac tTiMbrbs awidt hT MBM1 aNot abl vy,

portion of the NT domain are consearvhedi ad mopy
mec ha@hPéss@ompari sloen@fKACle sftulucture with the I
structure indicates only minor structur al ad,j

proteins maintaining®?a similar overall confor

Finally, t he EC domai RE Mvasst rruecstoul rvige€dC lilns tatlble trbe
(solved in the 10 conformation), the two EC d
closing cap toward the extracell ul @&rnmec@C2,. Thi
nRKCC4 hEG8aG82a, the extraceilruldgre -Glaus(¢Assirpg)) sienatl eerde
formed between rd8MBdlueskaroddlt hd MBEM73E Y “°TM10

MM



Based on homol ogy modél iNCIC aamd sNeKgCuCe2n ¢ ew haolsieg rs
yet solved, are expected to have the same str
di meric closing cap mechani sm.

1.11 6mi nding sites
Of the séewu€tCCres solved in the | O conf or mat

dom@i®*n {Pablf%® om odlankieyumey 2SuBcihndiionng si tes wer ¢
through mol ecul ar dynamics (MD) simulations ¢
i 0°"s$® Overall, this confirmed previous homol og
studies, which -Bugdesgesdi pé & udsdilbelien dikimg ogniati e s
surrounded by TM3 and the two discontinuous h
conserved Gly resi duddMlads alnidn IGEMOL N CE L) G301
Il n NKCC1, the binding sites can be | oaded frr
entryways (‘ohlk aadkem&If orl WNaNKCC1 |1 O structures,
either occluded (sealed via salt bridges) or

TM8 in exttaogl IMofdfailhateieonexi t pathways to the
(possibly, *ohk aenadotslfAork eNa gating role is al st
involving R294 on MMICCand T4 5 rcers i Tdd® pefodes er

CCCs, is proposed to stabil i®%Zz& Twhhee h @ampiessm sft @rnt
permeation ‘ibmmidiseds itrisat ial | o heodn b haerodkef iClal |
Cli dh 1l ons would then be released into the int
passage of some?MNavert meless) eshis still needs

|l ack the resolution to clearly detect bound w

The new CCC structtwmwmesiinaveahedstmawdi Baed by
TM8 (BHBBDNKICC1l, S664MMNKE8CLE)* Notably, these se
threonines) are highly conserved among CCC tr
what has been observed in LeuT and neurotran.
strulcdtidrferst er es tiiwhgilcyh, aicnt iKv@Q y* Adtohees cnoonts errevgeudi

residues in TM8 are r*placed by one Cys and o

Il n DMKECC1 stru'citounr eb,i ntdhse tko resi dues on the di
and 1221), TM6 (T420 and P417), ambDdNKiC&€la amidgh
Y383INK@CET)YE**€onfirmingdg® preveonestisngldy esY383 i s

M H



and KCCs but not i n NCC, strengt h'etnrianngs ptolre . n «
addition, kinetic experiments in NKCC2 sugges
T235 in*AiM28itmig&XC1l (MKTLR)a, ( YEKICE)4,a gmdk16) stru
Tyr residue cornbi ntubteglut ot ispresidfi cYX16, T432
abolish KECINdtuathrltainempKort activity is reduced
K485, and F486, -WMiacddmai rsriumpt enKaCdCtdi. &rT hn est waosr kb
this region is i nfnvetwedn i M1 heT VMd,atdavmedg nOMEVME( ar
TM1%0)

FinalDNKCQIh#&Mysot ructure and MD sbhimudiang onist s
and Cl 2) abov'®bianndd nlgelsow et,he nK a region bet we
simul atfoasestr@hsientdagckissd btl @ suWEESSoihude dti o
OoDNKCC1 sugges‘tiodch tilkatal tstteoob dohaéeédonn @ith Y/

Y611 (in Cl2). Mutations of anyaoBpthimeé Ke€€Crle s iC
in Cl1 is coordinated byVyi oGi1,34wh enrle8bs Al§ 36po06di
G433, | 43437 M43hiouy@I8BEIwas MMOE€C4 r emotl ateidomnof Y

is equivalPNMKCCb, Ydebdludens t°hel ntrearnessptoirmglayc,t i K
activity is decreacensdryvenutmaesiohueod YHh&9 CiCrC
which coamdi Kaesep’€ELti vely

1. 1Smamdl ecul e binding to, and protein amino

CCCs linked to human disorders
The recently resolved CCCs araendINKG®D | Oe < m@InV

in OO conformation. Mor eover, the KCC3 struct
DI OA (Dihyodxryoi adeHKiZE€EL awad) resol ved i n compl e
VUO46,32WwHer eas NKCC1l was resolved (bhbheompkexc
structure of ®sleeApphinbi xofFsagrwIhle UPe.sBIOcATWel y)
KCGCGBI OA compl ex showedthhatpebDi OAcT MIEdi d coeosp Wi
(R617) and TM12 (K664) in the cenrf(Riaguhrd eF t b
|l nterestingly, these residues are -MUhs@e3 2ZEd I
complex was resol véd Her @ hteheOdrcwa f foirtmaatd omo c k
TM3 and BMsbhared binding dite epfarbimetd ami d& U0
the salt bridge between R140 and E222 invol vect



(criticall'pindvogyednter &cts with VU0463271 t
phe&yyridazinyl group. This cpeatmeatanostpat bw
fact thatKkCLUW046327Mle only CCC structuee wothed

the fact that the KCC1 |1 O conformation was so
may stabilize the OO conformation of KCC1. Cc
detect the positional shift afedMBheT&Mdtr a8l |
t he entarnyd tasf tChle bi nding sites, i n proximity
intracellul ar gate. HvweéedtéB27iiheompl aki'wasobb!
in the buffer. Thus, the question of substrat
Moreover dbaneceedtpdrninments, the potency of VU
thallium dcongéealdamint dIK speci es -dheany rceadeerd i eisn
incr‘eavVe9463271 also interacts with the conse

Y216, whose mutation decreases VU0463271 bind
this residue in NKCC1 (M382)idercceasbsbiherbhb
suggesting a similar binding site for the re:c
KKCC1 hdwdcCl As for bumetanide, mutations in NKI
M3 82, A379, N376, A375, 3 W22 ,et GB69,nhi D68 pr de
Moreover, theNKZCEIC(( WMIKOG@AMI)n,i npart of the fl exi
heli x TM6a awvd nadliomnsge stioco étdh es hbilweaaeb6i n bumet an
or no chang¢? i 8t udinesafialhédcatkesnhi sdhiaht) -sites
based drug discovery programs to design new t
with mutations (FiiQuB@C 3transporters
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@ NKCC2 T

i MoKECB| eoDIl OAeg amdl humémh) di sor
t he MM GSBo maniin hantdhet hen hGTb idtoomra i Dnl
bpder yé6mM22) . The magsaiféeednat beé
formédnker TMelj c@MlBA)fe T&o d ht me
6 POYNTK C ln d( RCOIB dcoondaei :n 6ONPL) . S
ated to human pathologi e
NKCC1l, andhNKCEHIKICC2spect
sequencepadiitginane na fs t

site
of
and-Esol( ?PB8

e nding
sentation

ic interface,
ihnhnK@G@1 (PDB code:
that are associ
exisdu denti fied in NCC,
OoMNKCC1 TM domain structur e,
mut at edwerees i aluter apol ated from their original seque
This same procedure was foll owed to mamPNKLICdt i ons
CT domai nRisgitMtuandr T hGGai BDBfcode: 7D90). Light
represeomgti cmdt mult athK 682 hHMMAd@ht ife epK€C@GRVv elrpt eThe seq
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was al i@ geoquence andhK@CP aktkica€Bs wfeare bnatplped o1
superi mposed structure.

1. 1M6dul ation of CC€raasilaiti yntmy post Ucati ons
There are key phosphorylation residues in th
expression, trafficking, activi®(Jabliamdoloiugom
revifewThe structure dteytpeer mamat demh engd p-Bobrt yloaw ii
KCC3b structures all owed t he identificatior
(de) phosphoryl ati on. Il n KCC3b, T997 pHOsphory
conformation by -1slt dboiopuzhnd dehehddMMpboryl ati on
involve the OWi t hdiTNo kysiased. ( WNK) eSampl e, W1
NCC, increasing its expressi®®n’l mthereatsi WNIKy,
transmission S modul at ed by i ncreased WNK 1
phosphoryl ation/activation and KCTC2* Ndroesgvheorr,
WNK1 and WNK3 also activate NKCC2 through ph
Mut ations of T96, T101, and T111 residues 1inh
hypotonic stress, whiPrchiK@63 makkey Bnesidaessi NI

domains are highly phosphorylated in isotoni
physiol ogical i natti'vvBMut anhi oh ohetheaaspbartee
constitutively active <cotransport, suggestin.
act4®viFtiynally, the WNK kinases can also -affect

rel ateal pniobbBnli nase (SPAK)/ oxidative stress r
A and C (PR ambHefP&Cadditional players can fo
the casreesfioduem MRt i f on the SPAK/ OSR1 CT domai
of NKCC1 or the CT domain in KCC3 (and® the
I nterestingly, WNK3SPAKt icwantpil enx I N K Ca@ 1o \Wded{t3i evni ht
through phosphorylation of T212 and T217 in c

The glycosylation sites in CCCs are conservecd
TMS8, i n NCC and NKCCs, and in the FboopxhepWwe
recikCCl -EMyotructurel ireiedl gldy ¢ woyINated resi d
This |l oopihkedsgkydosytaGlpgonosyltaesi om K&ECL2r ol
andembr ane | ocali zation of CCCs, preventing
transifdratoBreom® ouv} . rEBorewxampl e, mutation of ¢

MC



domain of NCC increased transpo%t°*MbfEeOVEY, OF

EC domakihC 20 iKicd 4, mutation of glycosylation s
protein glycosylation and drastical ly“°r°€duced

Ubiquitination is thandleatstomsaludmedi foif cdtieompo

ubiquitination sites have been <characterized

modul ate aN6@6@orter function, endocytosis, and
indirectly affect the membrane expression of
phosphdfyNeveonhel ess, it is stildl not known

for specif idepemhidewnitt BNCeCt ichhrmnge s



1. 2CCC mutations associated with human

CCC mutations (e.g., mi ssense, del eti ons, nor
human diseases result in changes in the amino
TM domai n, with some alamdi @vVodomaighs esThaees
CCC protein synthesis (e.g., truncated or diff
function, anTda biffnet ®Bn ncad¥i.zrag viioemw (

Nearly 200 mutations in the SLC12A3 gene, w b

syndr oMe’®*G6&6S) s an inherited renal disorder che
hypocal cemia, urinary calcium, and hypomagnes
|l ocatedtiranshecabhon pat hwaW ,ha ntdhyel BESCo |d oinmati enr, f 4
the NT and CT domains, Il i ke Py %%afl hecvtiitorggo NQ

characterization of NCC mi ssense mutations a:
membrane expressiont I bobectacieatiogl, y,ansomet NCC
with GS are al sbosismpctXabetbepmuttie@ aints ar e | |
hypertensi onftiamspeasedr NaeducupotaKeNCO I KO dmipa e
are healthy, fertilei&md sygmpwomsr mally despit

Mut ations in the SLC12A2 gene, which encodes

mul tiorgdi®dFeor eemasmpl e, mutations within the
patients affected by neurodevel opment al di s
sensorineural hearing | dtssandsAddft/tt Aermdevikedicrt ae di ¢
homozygous deletion in NKCC1l is associated wi
hearing | oss characterized by t he absence

respiratory/ gast.fPMonrtecosvt e rn,d ffaupoed bnoavmosmu tostsi o n

f ameshi ft and truncation of the NKCC1 CT don

-

vascul ar, pubhmestrgal gaanMKOQGCI nKO® ymitd es sdiiees p o
growth retardation, difficultie!.®mBhey aadlns ongdd
inner ear dysfunction and deafness, male inferi
(hyperexcitability aAdNomahliyedalpoéemepeNKEPRL I
described in patients and mouse models of Do\

epilepsy (TLE), % nd Huntington disease

MYy



More than 80 mutations of the SLC12A1 gene, wt
Bartter syndrome (BS) type 1, a renal di sorde
al kal osi s 8°, % yamealr cbd locoidu rpi“rade’sGstuhreer aniutteartaitoi nosn si n
and CT domai ns i n antenatal/ neonat al BS pat
pol yhydramni os, nephr ot®2l c3onmoes i af, tamaelsehympetr at
studied in vitro, showi ng*tar dnddwp @txtpe re smu toant ipar
TM and CT or NT domai-heshmaget bleelhopattkyydornt ohy
respe’ttPiNKC2 KO micakeeslhimpt omBSt hat °do not al

No specific human disorders have been | inked
KCC1l. Nevertheless, KCC1l is relevant! iknCCle mat
KO mice are similar to their WT |littermates |
organs, auditory sys$8%em, and seizure suscepti

Mut ations in the SLC12A5 gene, which encodes

brain disorders. I n particul ar, most patients
as epilepsy of infancy webhi méegsatzmges pcalt IS¢
epil ep’S¥%¥® (1 BErestingly, R952H or R1049C point
are also associated with CZ°“0AfA catuhtei rs nmustpaetcit or n
is also assoi &t éd t hiesle AKEL2 mutants reduce
gl ycosyl aetxitonu sa idch' @It KECRQf mil ¢e die i mmedi at ¢
due to motor def it tiss afndr mek®C2atK® nmifcae |aurree
and have gen®rd@iMized ws é¢ihzumudesati ons at KCC2 CIT
(preventing KCC2 phosphorylation) or constitu
and T1007A) di splay i mpairment of KCC2 activ
di seaséea) / sognitive impairment, and®st Mt as e
expressiimgmphospkK&C2 wlultCQ7B)nsh a-BR 0bHIEtse roend  @iF
|l eads to early deathepevbokedmsetatusmppit mphti cut
i nhi*®¥i't%Norn ably, altered KCC2 expression has b
model s of ASD, SCzZ, TLE, HuUuRtington disease,

Mut ations in the SLC12A6 gene that encodes f o
corpus callosum (ACC) with peripheral nreur opa
onset PN associated with vhotiiowss ymmtr@®$l* odn dn

M ¢



127 I'n particular, T813X is the predominant KCC
expressed and gltyrcaomssd drtte Modbteipwiktoys e 9B 1-A asso
onset and progressive PN abolishes KCC3 phos

transportervahdmeal h®meRobsrte®edkdlEC3 variants have

di sorder patients [104]. Fi nal | yt,r atnhsep oR &0 5 Lh ans
identified in people affected bVy2ck@@2nKOami &
di splay deafness, reduced seizure threshol d,

which reséembdl es AS

Only a de novo 2.6 kb cemyodumigemgedhnel € SILECA 2iAT
identified in a family affedt ekiChdy kK@ omiade cd
progressive hearing |l oss until deafnessd$i®and r e



1. 3The r €C€ oMM water transport and asso

The choroid plexus (ChP) is a tissue characte
ventricles. It fulfills two main functional r
cerebrospinal f 1 ui des( GaSsF )aClI&dS elimtgponoddyvecr@h P na@l ¢ ¢ es e
of harmful metabolites and i mmuné®. @@l Isd ginmtf o c
feature of the cellular architecture and or gsa
made up-lafyesi rcgllh iwhadlc hcealol scarefully regul ate

membr ane proteins atlyimmmedelilcalldry fde asttifi &@RE dn
polarization is organized in a basal and a | u
it presents ®deyempllf pedaby zHKCGh expression i
of the expect'dd basal membrane

ChP has been thoroughly investigated for deca
because CPE has one of '°h@dhmo€PEei i eseéenmased
the ' W$SFh a secretion rate offlupsua@l 0 y4 mhemihn
holds about 150 mL of CSF, with theawB8PEhpi sdl
generally wunderstood to mean that the human
ti mef’¥ amei s rapid production of CSF suggests
wi || l ead to rapi d accumul ati on, l eading to
hydrocéd®p hal us

1.3ClLinical i mplications of cerebrospinal dui
The dysfunctionodoérebheosponai df puedubi ol ogi ca
sever al neurological diseases. Altered CSF pr
to increased amyl 63°d hdppoactseamulnattilbpen ©HP CSHF
hydrocephal us, | eudceaywthess spn madi fd utide blalr o o e r
di seases, and | ymghodkyet e ail mfnigl twri ¢ thi ot#WEostheur
Hydrocephalus, a type of wventricul'dmed galayn oa cha

common pat hol ogy associated wi t h mal functi o

accumddIatAi oernativel vy, CSF accumulation due t
infection due to the immune system infl ammat c
include injury to brain functiodamagertetastbdes

vasculbatur e



|l ncreased intracranial pressure i s commonly a:c

ot her cl i ndecal ,coendiotkiegqndg umors, infectli2don, tr
It is also a consequence of intraventricular F
(PHHY where increased | CP causes damage to the
children and causes neurodegenerative damage

been obserwvedmaifbheéet®lebhvwad | CP

Notably, there are no targeted pharmacot herap
invasive therapeutic approaches or insufficie

neuropathology. Thisehighbdegbtanthegneédther f

NKCC1 and its role in3transporting water at t
1. 3NRCC1 as a pharmacological target to treat
As previously mentioned, NKCC1 is | ocated at

cellYhlats al so been shown that in adult brains N

singlehandedly <contribt?’ti @@gnsteoguzehd| ¢f 68 mme s a
NKCC1 inhibitor, when applied to th'% NK@Chal
has been recently described as a water cotran
water transport and ion translocati on, whi ch
unusually export bot hi wat asuahds ulbdhserlapti engi &t poc
exptheEnNKIC&lofin secretting CSF in the ChP

It has been pr evi oupshloys pohbosreyrl vaet eN Kt@GhCabtf cabfsiteear® & AK
l umi nal membr ane of ChP epithHh¥liakcreabked head
compl exNKELLFCAK i s al so observed in ischembcnbr a
barrier damage, neur al ¥Xc¢%°Redenxtilcyi,t yr, esaenar cchy
show that pathologica&lKC&lerasctciadat icamnmsefs tdlaena
surrounding tissue. SimultaneouNK@Cl thatyhwad ) o
both SPAK and NK&E&CIlf iimalilby tlowumet asani de f or t he
st riorkckeuced’damdgéi onally, when NKCC1l activity
by genetic deficienchreai,n deeanmrriasredbrd ealdswmfa
observed, whilst maintai'mi Oghergbtupgdupst ha&ep
regul atory routes that | ead to the hyperactiv.



and aggravated hydrocephal us. For exampl e,

phosphorylation |l evel st“*directly impacting CSF
More direct evidence of the potenti al t herap
hypersecretion and its subsequent pathol ogies
delivery of bumetanide | ed rteot eanan8d0 %a r=®@%Wct e

ventricular volume aft e&tF wretnhteari cutl wdnegal yr cwvaeal
function in CSF secretion, where application
positi vedecteelcltsedbeiinndgtthe ChP after | VH

Current knowledge on the dynamhesdofdEGELDbY pel
in this biological phenomenon have further hi
NKCC1 inhibitors. A campaign that requires
mechani sms of NKCC1 function.



1. 4.mplications for CNS drug discovery
CCCs are unselectively targeted by widely use

edema, compromi setie dt bt a0rQass shuarvee, baenedn r ecen
neuronal pathophys®idl dggsandi £ aamwetsa taili donl so g(yTod |
in oury revieafective?é™®pPhessbamp E€LCCECESsE S0 mMe
Il tiple disorders, raising the possibility ¢
selective NKCC inhibitor and diuretic drug
t comes isn acnldi nciacsael sttruidailes to treat brain di
onat al sei zur e's® ARacrokridni snognl dys, diihseeasp)egul a
wnregul ation of KCC2 have been described ir
ver al b¥rat3moadtichseer g @egs diotbruaneita neddseelcy due t o
hibition, j eopardizes treatment compliance

m
u
0
n
d
S

i
required fof*YTah wns ,dirsoaaretr sef forts -sipavwe f sou

tagonists antf "MeW!'KCC2 agoni sts

> ®© S MM O d & S C

a

Il n this context, the recent structur abdasiendf or m
design of new and selecticvoembC@€ d movd @ lha ti onrfso.r
mu

S

tagenesi spraoncionhismairdii e s, these structures s
and of specific residues at the CT artd3°NT dor

c

n

Because the extracellular |l oops in NCC and NK
conserved structur al moti f), t hessepelcadp s doauw
Mor eover, the NT domain i s msqgorwhyi cdio ncsoeurlvde df
devel opment of selective drugs for diverse CC
pat hways <could interfere with CT domain phos
Il nterestingly, thi s happgraccac ht hcad u | UN Kesx pclaon  mo ¢
directions. |l nhi biting WNKs could be especial
increased homeastdsiudsd arl €deed, i n mpeourters NEC(
KCC2 f uncteixopnosr taesr .a SdImi | arly, glycosylation (

and CT domains) could also be considered to m
exampl e, targeting upstiream ggyeonzymasesoand/
i mprove CCC stability and avoid degradation i
decr eas®t PRarcamovtiitnyg protein degradation has be



SLC proteins involved3rf srol anbd mplpe oitreitnuisma rn vhoi

with accumul ation of *¥ii sfolded or aberrant pr

Il n particul ar, the chloride importer NKCC1 an
regul ating neuronal c¢chloride concentration. Al
has been |l inked to a varainetFglbpApfobe i dvi wWrn estoir d,e
as a potential inhibitor of NKCC1, offering a
conditions. However, its I|imitations, such as
to i hsoacNKE@C2 in the kidney, are evident. To
in research focused on the development of noy
bumetanide prodrugs, anal ogs,e danbdr aotnh epre nneot|reac
phar macol ogi cal i nhibition of NKCC1 is being
neurol ogi cal di sorder s. The advantages and dr
potenti al benefihsthadi ni s@duassoni at edowel NI
significant interest and this emphasizes the
arté®a

OQur understanding of CCCs heéEM sadamucemriecshed h

revealed new chemical and biological i nsi ght s
orientation and flexibilitgyonoefritzhad i dinv esrtsaed epr
| ocation of -sbphébigadhdsbkndwhgdbaeswed!| dr sgi thubk
of potent and selective inhibitors of -CCCs.

approvedr ga®ed odhr t he mar ket , and they are al
suggests that It may be possible to modul ate ¢
nomonserved protein domains. Thiwvewothe addee:s
of pathologies in which CCCs are implicated.

of CCCs will unr avel the mechanism for ion t

pathophysiology ohndvaeirgee, dsslktasteisyeanand s a



Chapt.er 2

Computational tools as a magni

phenomena

2. 1Mol ecul ar dynamics

To invehkei ganheti on &&COlvwwamavlkearmcihomenofmol ecul ar
simul ations. MD simulations are a tool with t
atom in a molecular system, for example an i

is done basedl omodelg that describes thelmphysi

gener al , MD si mul ati ons kiammoclaepctuulraer dpirfof ceer sesnet
conformational change, protein folding, l i gan
at a timescale resolution of femtoseconds. T

response oefd tshyestsimmutloatdi fferent types of pe
t

protonation, mutation, phosphoryl at>fon, and

Il n other words, MD simulations can compress

(@]
—
(¢

ate an atomistic scale representation of

sults that are oftensvaThidatedolushag eén]

n <
- @® @
js}}

Recentl vy, the popularity of MD simul ations

i ncrdastThce aut hors of the review identified tw
h
first *snre2O0tl®nethankEM dezthnamaues.i Thesgo expe

structures of <critical neuroscience protein

structures are extremely i mportant because t h

MD simul ations have become eashl|l ynBeesasnidbltd e

hardware Yéquirements

I n simple ter ms, an MD simulation is based o
positions of every atom in a molecular systen
solution ofchweotradl,epsebdsamum), it is then poss
atom exerts on all ot her atoms. Using Newt ond

(O |

O |

S

a
rs, where its first i mpl emendxaatdi otnh ewafsi rasn
mul ation of a prot é3%°n was performed 20 vyear



positions as a function of ti me. By repeatin
positions at the next step in time, we can obi

entire molecul ar system. tiCuougmt the Bhewéeatae

techniques that provide atomic | evel resol uti
how power f ul MD simul ations <can be. The forec
mechanics K&#MM)of owkiechiehere are several, but
mechani cal (QM) calculations or experiment al
approxi mations that, for example, mineadti oonowd]l
simulations is that there is no forming nor |
atomic spatial positions, using the force f|
femtosecond scal e. Bau t h ssp mecre ati orhwaoh carl e gpthearn ol
events at the nanosecond scal e, to more and
mi crosecond scal e, MD si mul ations wusually com
of st episnatiinorcowbth all the atomic interacti ol

great part why MD simulations$aTlki soalesxpemsan
| arger the system, the more expensive it is t

ti mescal e.

I n this |l atter case, there is a family of com
space wWheatmnmdsessi ble in a standard (or equilib
called enhanced sampling techniques, and they

and obsequwiel inbmi um st ates and uaddscaperteHbapa

protein conformations. For example, and for a
to indepepldeneéel yhe inward open conformation
NKCC1 and its behavior i n both conformati ona

ti mescales are not e nodiogunt wtaa do lospeernv ec daafnoir mad
which would then require the use of enhanced

I n the given exampl e, by applying these moder
contain conformational transitions of NKCC1 a
computationally i denti fi ednsnetcihams smBdoed com
experiments can be proposed to a wet | ab, for



effect of these mutations on protein function.

and the hypothesis extracted from MD simul at.

With thiletixwpdmirned,i n more detail theddlhweeriyntbe

simul ations of CCCs.

2. 1Thheory of mol ecul ar dynamics
Mol ecul ar Dynamics ( MD) iI's a compavalti oinaw ok

physical movements of atoms and mol ecul-es ove
evolution of the positionst ofi ntheestehe adynamiec

mol ecul ar systems.

Every MD simulation follows the same basic se
configuration of the system of interest. This
initial probei hhetractesean coordinates for t

andinhei aloVvebveryiasom in thftomxegd cahawhidme s e
the force acting éoomrviedegr ian @ rhboonddeadd mann de e chocnt |
thdi rstep i s the upatadredi cdtoirare naft gtslae om i n t he

the forces acting on them. This step is perf
motion. The fourth and | ast step is the outpu
the new annotmscaoddivel oci ti es. Using these t wc
repeated until the sirmilation reaches the des

| tedsential to underisntiandalt hsBhripgscvioutrraal c r ol € o ér

point for simulations, determiningchbheenni hi &
structure can | ead to more accur atoef theastl @ me an i
unphysical behaviors and misleading outcomes.
data or theoretical predictions. For uenxda mpn e,

the ProteidwhbDathacBanki ns thousaydsrgfstatiogt

recentElM, owhyea eas theoretical predictions <can
Fol®dr Mo'd%elAcegrui ring such a structure is genei
simulations, and several protein famillfles rem

CCCs were one of these previously structural!l
experimentally avail abdHM. due to recent advanc



Once a good structural starting point is ideni

several shapes, but commonly a cubic box i s se
for a more detailed désadrniomtsiign amfd wadteerboixn il
mol ecul es, solvating our system. Another 1 mpo
i's not neutral. Al though, physi ol ogical conce
geerally recomimesndwewd wbdDlldose® in the foll owi
compl et ed, al | the atoms requirednforahbhnvea&bDos
can be assigned to each atom. Typi cBdlltyzmarhres
di stribution at théwhiesh ried d&dfairne d gby etmpe ruast a
and/ or experi.ment al conditions

Il n MD simul ations, boundary conditions are ¢
simulation box interact with other at oms. Th
periodic boundary condition (PBCihul & itbéan PBE&X
sidentrer on the opposite side, creating an il
can suffer from "edge effects,"” where atoms a
in th¥e®clemitsercan | ead to unphysical results an

PBC,sithe and ssylsapeen occfant hs@ gni fi cantly influenc
study bul k properties.

The nextorscteepailsbut ati oat we must tal k about
met hod used to predict the structure, energy,
guantum mechanics. I n this context, nNbereonsi
are no electrons being simulated and therefor
classical physics to model mol ecul ar systems,
sum of defggegreat mse:

O O O O O O

Whe®e i s the bond @Gt riest cthhien gb oennde ragi@9g,l ei benhtdeng

torsional or dO hiedrtaH e awmagr ed eern eWagad,s i niter act i
the electrostatic interactions energy.

To compute these ter ms, we must first under s
mat hemati cal model s that describe the interac

H



are foundational to MD simulations, providing
the potential energy of a system. Each force f
tailored to specificioypesFolfetenohasmpldé gesaahadr

description of the amino acid phenylalanine.
mol ecule in equilibrium. Atom types are cl ass
of at oms. They dictate how an atom wil|l i nte

protein backbones tvlee suispddbmyibmbamfat ne, rfng 1 ns

the associated parameters are the bond | ength:
di hedral angl es.
I n this work, | haveét*uwlkidchhienAMBEROI oacncde o i a ke
O as harmonic ideal springs:
[l
0 Q a «a

Whedies the | éxgtshiafs bemdt fQ iatts efquridd badrusm, a mt

n
O Q — —

Whe+ies the v®lue ofsamgl @eQadtt sed wirlciebrciomnm,t aart

On the otherO haing,extxphrreedsdsed as a torsional po
case this is represelfit eds afsolal cwss:i ne series e
l M
. P,
@ C p ALY T

Whelres the value X féadiidhedrtahet magnbhude, mul t

the cosine summati on.

Before del vbogdedt tetme p0pdOt mendpot ent wal meser

first discuss chapmgewsvisodhlewWD &1 mocktabnenareano!
charges are essential for the dynamical moti ol
include partial charges for each atom type. I
el ectron density in a molecule. I n MD simulat.|
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ectrostatic interactions between atoms. The
antum mechanical cal cul at iFooncsk, rdotchho@a 8 s it thyo
nctional 'STheaonm ybdg DIFSTed t o compute the el ectr
rtial charges. Empir®irc LRPedthroadisned i Kklee d threo g
thods, are also popul ar.

the Amber fhomde df itelrdns tahe rexmpressed withi
om pairs. But for clarity, 1OwfbfF showdker &
teractions-12slLek@pmaed spat arst iaal6, which consi d
d exchange correlation forces:

n n \
|

i
(@) T - q .

efréeés the iwehée depthnce for which London and
ncel out Tonr@ téhhredsatbm pabst aon@ bet ween atom

e | aBGt term,s expressed as a doubl e summat i

n M .
nn

o ‘
™“T |

eff@anfare the parti@h@ciharigles wac @u m mgse rtnhiet t i

stance b@an@een at oms

t hf drheee ¢ &slt epl atoingppd et ed, we now have both t
mprise the system along with their velociti
a MD sipdaltatigona,t omat fther diexat dad me step.
nfigurations are generated by integrating N
sults in a trajectory that shows how the po
assitceal t rMDjse dteariwed by resolving the differ
con(® d@w

Qr Q
™ G



This equation char anctaewad imke stmalheep gnsoavteinoa) t v eocft oc

wheQeepresents t heatfoorr cteh aatcAttd inrge so0tnd a@mee integr
about evolving the system from one point in t
at om. I n other words, the integration algori-t
i n the synsutleamt iaosn tphreogsriesses. Starting from ar
al | at oms, the forces acting on each atom du

comput ed.

The time interval over which the I bhbaegraftianh
par ameter in MD simulations. The <choice of t
comput ati onaShterm#gerpsemnmdy er more accurate sim

frequency vVvibrations (lbiukereyomegusitretodhi @ gc 0 m

to simulate the same physical t i meQn ntahke nogt hteh
hand, tilmeshggsemeé as | mportant fast motions in the
instabilities, where t he Tsyipmuclaaltliyo,n tpirnoed uscteesp

ontebifvemt oseconds (fs) are chosen for most MD

(l'i ke hydrogen atom vitPrations) are accuratel
Foll owing this conspgdalthbhtyi onuof ati me atdldpsess t
the desired thermodynamic conditions during a
realm of MD simulations, a thermostat is an 8
t emper atsuyrset eonfi. tAhse si mul ati ons progress, the k
various interactions, |l eading to temperature
by eadaddierg or removing kinetic energy, ensuri
There are sever al types of thermostat s, each

t her mMdsetsactal es t he vel octidmpeer aotfayat @eomhs dthaes ke r i

desired value. Il t aldloceves tnfookct t gpadheqgaei tobt At
Unl i ke the BeHeawere nt!h?drinfeor Ntdasite es addi ti onal d
the system to control temperatur e, ensuring a

of a thermostat al gori’t hwhiish trmiemiAmnsd ea slelni sihe

heat bath by periodically reassigning velocit



Whil e thermostats control temperatur e, bar ost
simulation. They adjust the volume (and somet
desired pressure. Thisng ssystsemd i wmaidderesegaercdiatli
worl d atmospheric or physi ol oRakmdn phéedysaartass .
the shape and size of sthessi menstamo fddshwebiars @
scaling, and maintaining the desired pressure
of thermodynamic stability in MD simulations.
conditions,orper orve @l ingtiac mand controlled envi |
behaviors.

Building on the foundational roles of t her mo
st abitl mpsgpr ati ve to delve deeper into the stat.i
These frameworks, known as ensembbeshavofofremfa
system under various conditions, further enha
MD simul ations.

I n the context of statistical mechanics and m
number of virtual copies of a system, each r e
Ensembl es provide a f rvaente wohreks e os taavteersa,g eo fpfreorpic¢
to understanding the '®»ehavifeer emft malsembll &rs @)
which macroscopic propehe¢ei mscroeahehidcabnsenhsaal
of particles (N), volume (V), and energy (E)
i solated system with no exchangeuosf elnefrgly Dt
fundament al properties of molecules and wunder
canoni cal ensemble (NVT), t had nwemper adfur ga rn( tTi)
constant. This is the-Hensemblbegmnset-asebahbiycth
ensemble (NPT), the number of particles (N),
The PaRahmeah| Barroxattaets ¢ hi s ensemble. The NPT
world conditions where systems ardtpétsencabhbyt
useful for studying phase transit ioonssi,g nciofmopcra
vol ume changes. I n t@QVel )gr armdce aocanfomaodadmepea(it\Eeambe
temperature (T) are held constant. This enseml
The grand canoniadalf oan sd mldlya nigs seggsssemisi i n equ



|l i ke in adsorption phenomena or when studyin
chayge

Ensembles provide a theoretical framewor k to

various conditions. By defining the macroscop
to simulate and study syrseva@dms$ dumrderercmerdit 5i off
choice of ensemble can influence the results
appropriate ensemble for the system and prope
2.1l Atroducing atomistic water

Water is a fundamental component of biologica
understanding the behavior of proteins, nucl
environment . Mol ecul ar dynamics (MD) simul at.
motions over time, heavil yl ruesleyd .o nA st hper oanti csuerda
chapter, we wil/| now delve into the various w
atomistic models while al so bartioeniilsyt idci sccouusnstienr
Before the advent of atomistic model s, resear
simul ations. These model s, while | ess detaile
water in molecular syste'msredtorwaetxampde,acoohn
with specific dielectric properties. These mo
used in electrostatic calcu$abadaiensi mihayi ans VY
watertiaonhserace not the primary focus. However
specific interactions |ike "yepogeaeantbowai eg. m
points on a | attice. These models can capture
bonding, but Il ack the flexibility angraemnail

si mul ati onas baanlda npcreo vbiedteween computati onal ef fi
At omi stic models provide a detailed represent.
interactions. These models are widely wused i
accuracy. ThHhepfr€emobdela waptoerntmoclheacruglees :a so ntehr
atom and two for the hydrogen atoms. Thi s mo
|l acks pol attaawiibenl wfdeed smodel due to its sirt
The TIP models are a series '6fseasptlinrede ah @ mj ¢



Si mi

l ar t o t h'éP® mStPrCo dnoadeed .anf Il aPdAPi t i onal point c

ef fect!SFh urtfttiPérP refines the model by adding an

computationally demanding than the SPC model
bi ol ogical systems.

Water plays a pivot al role in the behavior of
form complex hydrogen bond networks make it e
dynamics, and functiontlbé bmpwmeaet 2ecué esfi t Anger
in prot®¥tnt feolpricngess by which a protein adop!
can stabilize certain protein conformations t
Moreover, the dynamic nature dftwatbangkbows i
structure, facilitating the folding whbchksss
fundament al process in biology, under |l ying er
Water molecules in the binding pocket can eit
mol ecul es can acte aisntberriadcgtei so,n ebnehtawneceinn gt hteh pr «
ot hers might need to be displaced during | ig:
Accurate water model snedanmtlkdadl pfpreedisgt btelaas e g
binding affinities and mechani sms.

2. 11 Bvol vement of ions in simulated biological
|l ons are atoms that have gained or | ost one o
charge. Based on their charge, il ons can be cl
Cations are positivelNpwblearegsd anoowoss suehnaga
Cl The physical properties of ions, such as s
in biological Ssystems. I n a medi umgdali bheuaglovc
| &cng an el ectric fwieeledx,plloirkee iinn ftoh el oswii mwl acthi
move albeit seemingly stochastically.

l ons play pivot al roles in varnidoaNsae beskegtical
generating and propagating action potentials
transmitting information within the nervous s\
as cofactors torfumsctiamme e p niagearleds yeusnge notnisa | ( Mg
of many DNA®Pol ymer ases

op



ot her words, ions play a crucial role in bi
MD simul ations. As we saw previously, the
at wi || take partesiemt abheorsi mbl aobinen.i nTHe r «

rameterization to capture their uni'ftie pro

(@]

urately modeling 1 onic | Artaenrgaec tn aotnwsr ei so fc hes

—

eractions and the need to account for pol a

at®gewften struggle to represent the dynam
vironment s. Pol arizable force t8°ebtifer sacimc
namic representation by all owing charges to
e interactions between ions and water mol e

cesses mentioned before. These interacti o
termining the behavior ofouwdasi mpl aqaebass st
nging from solvation to ion transport. An i
dration shells, which are structured | ayers
l ution. Thehésemabhebhsois primarily driven I
and waltltér Theo | pc elses c e of hydrati on she

modynamic properties of ions, in¢Puldheg t

-~ ® S
—

~—
® ®o & @ X O

r molecules in the hydration shell exhi bi
solution. These dynami cs ar e i whiteence:
rtd° tHoornsi nstance, water molecules around
ced mobility due to str oncghearr ged emfs rtoisd Bt a
rmine the orientational dynamics of water

nt the oxygen atom towards it, wher eas al

o
—

ogen towards itarddhishefbhelck polopagitesi m
cules widdneows enut ear hloaywer wittt thata wiplelci 4 ti

water in a specific orientation. The res]

> X O

ange rates, and their rotationafl dgnami 06§

n on | ocal water structure and dynamics.

ns also have a much more direct effect on pi

the folding pathways and stability of proteir

modul ating the el®cfThestpateiscenemyv iorfo ncneernttai n i



destabilize specific protein con¥famdfacCfatoenrs . F
stabilize protein structures by bridging nega:
and enhanttngGgomstambseliyxy high concentrations o
denaturation due tBretharge eftternpogsedsd espsc
selectively recognize and fbunncdt iigpmnoeafe dihleesre e
involved in catalysis, '™ipgpaalchaansedsctaoaubs
re specialized to allow the selective passag
annels is determined by the specific amino :

end based on their si'2% ,l omtsarcgaen, saingdn i Hyi ccraa

o 0 2 o —“f o o
O o < T =

namics of proteins. Their binding can induc
d even -scrail we dloarag® Fowv emast ance, the bindi
| modul in induces a significant conformati on;
rot®i 8smilarly, the dynamics of enzymes <can
influencing their catalytic activity.
The presence and concentration of lons i n tfF
membr ane dynamics, i mpacting its overal/l f unc
me mbr ane potential , a crtuhcaitald idcettaetrensi ntahnet eolfe c
the cell membr ane. ParKiaagidl aCrabyi catiomensakhi |
mai ntaining this potential. The differenti al

by on channels and transporters!®®réEBust poi a@nta

essential for processes |ike nerve impulse tr
directly with |lipid bilayers, i nfluencing the
bind to or dHdeadugboupese eobIl Brpi ds, |l eading to
overal/l stability, and flui®@icanw. bFodgexamphe
mol ecul es, |l eading to a more ordeeatd Baonds!| ;s g
increase fl ui dliitpyi doyi'Pdti esrraugpttiionmgs | i pi d

2. 1Mémbranes f or imdieeggrreaels porfotceommpsl exi t vy
Cdmembr anes, often referred to as plasma memt
separating the internal cellul ar environment

passive barriers but are ldeyndami cvagti rowdh ered sl utl

fundament al structure and fudnatRiea@hogf cabkl me mb



ar

f o
hy

e primarily composed aechot basker piPthiweiprnsoe $ pi p
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e hydrophilic heads facing the water and th
pes of phosphpophopptsati dybcholaane, phosphe:a
osphatidyl serine, each dit*Cfheorliensgt eirm |t hesi ranh
mp
ga

p

onent of cell membranes. |t is intersperse

n
drophilic heads of phospholipids, while the

S

p

a

Il z&hbobbmester ol mol ecul es ar e oriented S U

The distribution of ceimodee sctaerr olle adn tnoe nl
specialized lipi'dPdomai ms d&mobeddad Wi tphidn r
categorized into integral and peripheral p
mbrane and often serve as receptors or chant
rfacmembr arhee, either through intepalcdn omsa dv

oopsltihpei d bil ayer.

e composition of cell me mbr anes can vary si
ythrocytes (red blood cells) have a high co
ganell es, i mpacting drhterias tme nrbe wrnen s,0 mpiotsh tt
dendrites and axons, have me mbr anes rich
ur ot r aAkrsani tsesri odhi.f f erence i n membrane compos.]
urons, frcer pirnanaan P PComposed of

e devel opment of force fields tailored for
the realm of MD simul ations. These force
haviors of i pi ds, pr otseialts ,t hmen dehted nmiecs t |oeevrd
vel opment-spécimeimbrfoece fields has i1ts root
chanics force fields. Early force fields we
mited sparoamdtiepi ds. However, as the signific
Il dent, there was a growing need for dedicat e
el ds that coul dl iapicdi r-@am atl /ii o ieighrr teesreanct t iloinpsi, d

alistic simulatich®nefofbi bhegipadalmame mixrhad é

oy



representing membrane interactions I|ies in th:
hydrophobic character of |ipids necespoltarnes
interactions. Additionalmby ané¢ e ¢ yfolmonpasc pbheapsae
transitions, and interactions with embk®e'dded p

A notable advance menttd cilot BtftOF1lsla f fi red e wsr K hde s i ¢
simulations within the Amber suite. This frar
strategy or | ipids, consistent with the Ambe
making it suitdblantioof paospbohbipl exible star

comprehensdompatAmbder |Thpid fforce ffiielld. has gc
iterations and i mprovements, ?®hiwhherlee aid st oc rtehe
further expanded the parametri zed membrane co¢
i mprovement s.

The compositionplody st hae prievitbtraalner ol e MDD det er

simul ations. The influence of l'i pid diversit)
primary constituents of me mbr anes, and their
t hickness, and overall vbee hdivitoirnctDiHdeaed eqqitodp
degrees of saturation, which can influence t
instance, unsaturated | ipids tend to introduc
membr and’f IChiodl ester ol plays a unigue and mul
behavi or . It can insert i1itself between | ipid

Chol esterol has been shown to sthéfenmeabkaniu
properties. Il ts presence can modul ate membr a
membranes or decreasi®yg it in more fluid memb
Prodeipmd interactions have a significant 1 mpa
i nteract with specific |ipid species, infl uer
interactions can | eadathout he fopmdsi anoahdl ppt
protein function. Additionall vy, proteins <can

curvature or the formation of | ipid domains.

pr otpiees of the membrane, %Ak | udtianlgl e tsst ufdyuiHdii
i mportance of using realistic membrane compos
that altering the compositional compl exity of

o



conformational states. Tdheecaiefsiearrcds pgpomphasitze

di ffer due to altered packfng caused by compo

The c¢hme mkercaorep |feoxri tMD s,i mudrattii ownlsarl 'y t he deci
adalt om membr anes vaenrds ursmandoerises jccocropreesx wi t h it s s
I i mi t@ttiiloinazi.ng-apowme meimpiranas!| of fers a stream

compl exitiea moteodomeptdebyg |prpatdeicn sp,r odarl keqhya

ot her cellular components. This si mmltiefriacdt iom
membranecdynamd the fundament al properties of
effects of otherr'méOmker arfe tden ptriitmaenyt schal | encg
computational demand, espeCeoinmgpllleyx frnoermblroamge ss i no
mi xture of i pids wildl take sever al mi Cr os ec
membranes take onl y%around 250 nanoseconds

Bi ol ogical membranes in vivo are complex enti
coordinated manner . Pure |l ipid membranes | ac!

n
i mportant physiWwhlidgi cpaulr ei ntiepriac tmeontbst Ap@as o0F6f e

ri sk of oversimplifying the system to the poi
me mbr anes. This can |l ead to results that, whil
scendsh.i s i s an inevitable overall | imitation
l ab experiment al validation of resul dsveaemd oft
more when these were obtained using simplifie



2. 2Enhanced sampling techniques

Mol ecul ar dynami cs ( MD) simul ations have i n
conformational exploration. As we saw in the |
wi |l | @&xipvyemnm ei ndfail Hi tper ottiemen oo mbAt gonati amsl, even
states, if and only if, they are accessible t
flow of energy into the system other than th
temperaturegi,calb ewgntbi wibbh an energetical bar
fluctuations wi |l be extremely wunlikely to oc
al beit energetically ,amagydes iobblseer vaerde i <o sri ammud
unsur mountable -bBoodmaki ofg ¢dhbmputver tual |y i nacc
Expectedly, a significant number of bi ol ogi
investigation are inaccessible to equilibrium
enhanced samMpl spngk medtiehqoudi sl ioburtu uant M®n s i fnwi t hi n
context). These tools accelerate the elucidat
events typi-éenedgypyysthatgeasfrrRoet differently, enl
circumventstBoli szmasn yet maintain the accurat
statisti?t’al ensembl e

There are primarily two distinci® clah e gfoirri sets md
termed gl obal enhanced sampling met hods, oper
system (or a subset thereof) simultaneousl y. |
should be intelrypr eatse d hnee tianpchroeraisceali n sampl i ng
t hermal el evation of the sgmsdregywsygaft etht® Tgmpjeu
replica exRIMD,gealMDo (KThown &% it&sp arna lelxalmptl emmpd r

The second category encompasses methods gui deé

facilitate the reconstruction of the free enei
cvVv, often referred to asn acoroegadtniadne ocddreditn a
pertinent degrees of freedom associated with
this category enable the probing of infrequen
the desi dhasebdi @9¥sng can be i mplemented throu
the forces or introduci ngdreixvuemnr ntadc lproit gund 9 an esc.

determination of the reacti on eddmreditn antge afnorap

nmm



CV (or a settrtihveraelof )I ti sofntoenn demands consi d
simulations to ensur e 2%E xcaonmpplreesh einrsd Ivietl edeme teas
oOPES

2. 2What are collective variabl es?

One of the most imppeviiawmwms!| yomertpitenaed aits t hat
I believe is easier to fully wunderstand with
the free energy profile of the bindpngtand, ua
Sshowhi gtrhre | f they were to run equilibrium MD
succinctly |l ose itseltf i n the solvent in the

simulation the cation would ferndand sprwacyt itcoali

woul d be wodéqruud idbmiawuwt si mul ati on, where the M
the cation binding and unbinding. I n this spe
the distance &red weltten déret eratofonmass of the re
(di stamcgubDre.i NnThe researcher could then run &
di stance, our chosen CV.

The core concept of met addyyhmmmamiccsy sckfgotlmdesngr o ¢
collective variabdepe@¥s} tbpolghve poseatya
shaped potentials are periodically introduced

strategy det eertsr atchien gs ypsrteevm of uPsdlny' ‘Owiesri tt @ dnes, p a thii

dependent potential prcopectfarbees odimdrmgy ial ofd st

CVs.

at

Consequently, the system can transition

which point the process recommences. Once

system travewvwaes olseasltyat amomwg t hout encounter.i

potenti al can subsequently serve as MKh) umypi as

merely inv¥¥rting its sign
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Distance D
FigdBemplified exampl(eAAtfowas @olslchemiatvé cvaripaklsent
protein (light yellow), with nedgdtgin)el yanah gprogsd d i a
amino acids (blue spheres with a + i gn)s.t alhlcee di)s
bel ow the yellow protein a more detailed represen
given (BSmbematic representationeofforhsupgdt eantsiyaslt
potenti al mi ni ma and maxi ma along the binding pat

Il n the scenari o presented by our rese@rcher

and progre®sesUpowafRegsathengati on encounters

environment, whi c h, for the sake of this si mj
mi ni mum. This minimum i s sudbbeapgeenhbil gsipogpup at ¢
this misnismumriated, the cation is energetical
trajectory, surmo@Qntangeghensatidpespbinée ahar

no
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e cation. This facilitates i tQs tarnarn shietri omre gta
arged domain. After this minimum is popul at
anscend the energy barrier Or eSuernptaesds i bnyg tthhel

ables the cation to re&ch ni ttshet &&rVmismpalc ehi rOdi

asing potentQa,l tihse icnatrioodnucean towsci |l |l ate be
ansitioQi mghndbet weermen that al/l the energy m
eviously filled with Gaussians. By analyzin
e free energy | andscape assocofattelle wa bithn @ the

e repr desgnmtrBeti on i n

20H. hiey Probability Enhanced Sampling (OPES)
met adynfaomi ccompl ex pxXotein systems
e challenge of sampling is central to at omi

ort i f tihseangobtg@s et slpawceampl ed. This sampling

t ween macroscopic physical ti mescal es and
mul ati ons. One aspect of this chal |lmretgiec i s
ttl enecks, making transitions between state

 uti on nboyd icfrieeadt ienngs eeamb| e wher e the probabildi

cr?é®ased

we briefly introduced in the previous charg
thod that ftofebyesoostthetioon of a bias pot
Il ' ective variabl es-t hfdl hyea Briebchetnyt BEruhbd n ccead | am
troduced a new perspective, which emphasi ze
t her t?h®%n the bias

a dmmipas venhanced sampling methods, a bias ¢
ansitions between metastable states. This bi
progressively modinfgi efdr eaec comarn qiyg 4 wr ftahcee . u
|l l ective variables are -ooonverpgemad ,t rtehckea ef fe
ans muath oomsee bet ween a bias that converges
owernverge bias that can explore the phase s

produce an acciéd¥atfTehhef reeeanhéygyesgst omatde O



address this exact problem. OPES, i nitially i

similar enhanced sampling but typically exhit
parameters, when comparedsamphmet adpaatedsenbib
retains these properties, making it a 2¥ersat.i

The traditional OPES method is designed with

scenari os where rapid exploration is more des
new variant of the OPES?Mmehadavwdbecmerr matdr OPESe
advantage of this approach is its ability to
where the collective variables might not be
met ast abdlei sd aittespamt i cul arly effective in sy:
or challenging. The method has been shown to
certain scenarios, showcasing oiéfls potenti al a
I n other words, while bot h-oOBRBESeahdnOBPHSsEBExmpIl
their primary objectives differ. Traditional
free energy estimates in meshporboerttiezme. ef hic
the phase space, even i f it means sl ower conve
the collectiwWefvaridak@lnas oprte mael,| ensuring swi
OPES Exapnl obree ntor e beneficial in systems with s
exploration is cruci al



Chapter 3:
Structure and mol ecul ar dynami

human ccahtliocorni de cotransporter k

3. 1Abstract
Catacbhori de cotransporters ( GiCCan s pmegdoasfe C€I

concomit anatnldy ‘awo nkh &Nar oss cel | ul ar membr anes.
roles in the regulation of celluvianm oonldwuenet r &
equilibrium, and modul ation 3f wineuthr wmual cexX diath

presented a cryoel ectr ondCheiodrraasncsgppoy t setrr u cKtCuCr) el
the VU0463271 inhpdntotrate anomngdiwde dKCEL ei nl
foll owi ngwiclhlapsbow t he computational i nsight

crystallographers.



3.2l.ntroducti on
Secondac gtoaleimarviede cotranspordrd/soiro@CCs )gr wtdii le

present across all ani maloncdlrlamlsgrorme mnrnt aneog
net <char g e?*'mbvemenCCCs are integral to sever
transepithelial i on transport, cebhukanceal um
([x)] ] and modul aaad toifR totffi omsetuanocnea,l when faced v
environd@émott,r akhsporters (K@GGsd)o Katc toifv etlhye tcrealnls,p
cellul ar swelling by ?t?ndid ai nchecarag wrrri gyt owa tne

KCC2 acts as the prexmpaulysimerc h aennissomai fngr bG&laA b w

el ectrochemical equil i brium. T haasmi fnadiult iytr da tce s
[ GABA] toceinhdyce h€Clough-gpeeda®@eaniet s )] i gasdl tin
hyper po3d2arQoznasteigounent | 'y, genetic mutations in K
neurol ogical di sorder s, incl §9it°A gt &% i'PPehpt&sy?’” -
positions KCCs as potenti al therapeutie tar ge
excitable cell s. I n fact, KCC activators hav
signaling in sever aP*"2%% udno ptshyec hotateri chamd,di ¢ i
activity in erythrocytes has demonstrated pot .
of fering a prospective t r’¢glar’*theddti tappraddgh MNKIC
t wo renal CCC wvariant s, are targeted by 1|l o0o0

hypertension ?&83nd“%fhlowigdh n éhteesret itoreat ments can s
l i ke audi t?é°r.3° i mpair ment

Here we investigated theEMwWostcryoelbeesr ohamioc
KCC1l trappeededpiem a&n aitmward ar r eospteend sitnatiet sb ye |tuf
inhibitorr>ffUBaE8®27dn several molecular dynami
we show that the inhibit erpewWViUl4632e7 1 isotna bliolaidz
and we revealed a putative occluded state of



3. 3Resul ts
Classical mol ecul ar dynamics (MD) simullations

out wapeln structure boUuhga3(2soldtCeev)U n B ) Baopuedbrmv a v O
without bo0@d i3ndoipbaimtaavridt (o no bleQuKKd 4 )dopewawidt h
oneakd tiwon<LI|IboOouK)gC(5) doopuetnwawidtam do tevo i «Cu n d
©OOo_K¢gcC

The VU0463271 inhibitdampest zbinlf bhaeén@tVYihaedelut wa

equilibrated withimithethier RIMSDPO dnst anmal af i c
el ements from the i nFi @@&t.e sTthreu ci bndhG Endiagt ot tt d Veldde da
the experimentally determined binding pose th
400 ns simulation, a small shift ofbiemxdirnag eslilt
of itnhhei bi t or, was observed, accompanied by an

al thebri ntdi ngv@ed82arfl t he volume of the outer v
open confog®A®) onAfter the removaOQof tthhee oiunthe
vestibule sKiagé@@&)opbeabei nktté¢é that the bindin

mol ecul es before | ettinggogneaptriotei i nntor dew et
equilibrate. Despite difficulgthriteot heppeatdendtar
changed after removal of the inhibitor. A clu
of Olke V@A Nn®dO si mul ati odsstalnlgouwesdhi ng inter med
corresponding to differemhitg®rpeabhengstbé@édbhewan
open structure i s @&ooptecnxrefveerrma thijom et eob gtehee) , i nuwpaor
removal of the inhibitor. Longer simulations
out wapen conformation and assess the stabilit)
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3. 4Di scussi on
OQur <c¢cl assical MD simul ations of-opea Bmewl Yuo WweE

open state, all owed for sevebakrwveldevaat ¢bec
i nhibitor st alpielni zoenftolmenadutomarmnd t he KCC1l str
removvall 4 @ 8c2afulses t he KCC1l struct-apentoonforn mat
without adotpiemg ctomé oirmaarndn, indicating the

occluded, ampatee. bAidndg t sonal |l vy, the | oading o
simul ations demonstrate’bandommgel dathieorunibe hweé ey
ions precipitates the unbinding of the other,
K. This synergy and the observed structural t

and regul atory mechanisms of the KCC1l struct ul

3. 5Met hods

Model s included only the transmeémbhr aonfe odnoemak ¢
monomer embedded i n d OPAREO bKdv@y er .baMedelosn
experimentally det e*fimi ntehdéo gtemuacatalnrf eosr maf, i KEC b «

whil e O dvaln®O_ KOWere based on dtehteeraem merdi nset nrtua
KCCin thetopetmwaodf or mat i on0 4b6o3un7h ¢ ol o mat bon oo
ions I hOmMKEEAB_ _KGEre deteampnedi buemy publ i sh
KCCl1l (PDB code: 6 KKR) atomposmimgnmeati ofisthien
OOwagener ateendvbynwg the | smialpisthot foform HBHWE® Insst
of mO@deVBefore startingVihe 32itrhuel astpi aocne wpirtehvoi uot
by this inhibitor |wase xfAinlalced | wil tai Watoer brad we @
mi ssing in the experamepomrl ers/tirrulcithuirteo ro fc otnhpel
Mo de'f?.€¥The dcopewaedperi ment asiresidoesr atalk e Lk
end of TM1lh2e |l i nwaes tshobbsped Bhrubéurewatde coor
residues were transferred from this hetlrn xct urhe
ionization state of titratable resi@diedhwas
simulation cells includedtobhpethermrnwpoht@db9aR0
84 CI , 86 K ions (in the 10500 knovcleont ramn,j oaoe) r €
water molecules (~ 150, 83808 afomdlRsitzeétdal *fndn



configurations of each usiimgl aMeiooghginded it wefr et

Amber Toolpacloddevar e

MD simulations were performed withHh the GMBEWR
pack@dg®he ff14SB f or peo#® & ielhidp iwdals7 ufsoer§® tflhdeP FARNRC
for Wandrf of‘*t Tikei spstempwas otdi eatbo@d nwWmd ¢r c onc
particl e?meshacdhwmpudread pengel ectrostatics. A 10
reall part o&ndhtoeleabhrdsetaWwWnal s interactions
constrain bhoynddrso gierl calivbionegi ng an i ntegration t|
were performed at constant temperaturwat(e8rl0 K
solvent were allowed to equilibrat@fareaured etrhg
mi ni mization, the system was g¢gr adaakbgogndealted
the crystallographic position$s$0®y naspplfyipmoda cl
were performed for each mbadebhaesdeAl @lnu sttheer idnegn se
poi?h’t Radi us of detregremitn esd*Aveirteh whGL E
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Chapter 4:
The cahionide cotransporter NK

t hrough a&aurnaddki mgechani sm

4. 1Abstract
The sodi um, pot assi uNiK CQqiH laog/rsi che kaeo/t rraon sep arnt etri

shuttling acmroslsatcellyl, metnsbramer radeeaxpi eakeido
numerous neurological di ssmiddghbyapdomastcag, pm
target f oirnttehrevreanpteivainise.r sA abéei ngr of how NKCC1
would therefore have broad i mpliidast iexrmpd ofidratti
therapeutic target Btalsreau gohn irteso emdNKig CGuieivcavwaelr a |
conf or mMmatt ii tomastk ety £s f Us cehxgtoenn.s | e a rglue g d mi st i ¢
simulations of NKCC1 models embedded into th
transitions bet ween alternate ope st icbounl ftedsre ma t
cotranasmpdrtdemonstrate that NKCC1Weh afso uwmalt etrh ap
previously undefi ned ooaafrooronikantdilgeen arle cthraann ssint icach
by the coopnmeortaitoinv eo fa ntgrualsasinve mbir eamed el iwde h t h
the extracéelONeulfadrbhmd ¢ troodd liTéadnisc al iiom ma dwnlsgtoirn g
andr aguut aweaitnegr transpofrt NWQGpapabi kiatl i-hgesl iweali d
dynamionalacts between TMubh@taomaaThirydwdghvlh eal € oe
exper bpfihemtesvar get ethu NKRECWe concl udeé eshesi dged h
are highly col®@rrevehd rnitonn nctohslto rNad e, cwhir@mlisipgph tt ®
their critical me ¢ hhaen i ved ¢ vet & tnTpdl i e qitt & ® mfeghio o y le an
NKCQintdhus t odrpwg eattisadlinec? ed CCCs



4. 2l.ntroduction
The cation chloride cotransporterconCcCeCnt rNaKtC Colr

diverse cell types, i n numerous body organs.

cells, where it cegoué¢mategtionramiecahoinal t €t n i
he function of the nnewreotmagagmg mittyt ef GABA typ
i rec'tgedadNaent o &nepdin Bal: 1.NXCE€tloii shiad met rh
xpressed on thechaproad mémBuanewberehet play

T o -

]

egul ating cerebrospinal fluid (CSF). | mporta

Q

n l ncreasedcomdemnrtcredtliuvdrmar i ICIl neur ons IS Sy mg

=)

europathol ogi es admdcdgalwsad hgltiheb | garsotwimagh eb o dy
i mportant patfhoNKI@E L alncmeoad £e d°>"® 8P "pArcocdour cdti i nognl
nor mal i zati onc corfc d natrreatodéd ACEIFahy@ler secreti on i
of CCC (including NKCC1) functions is conside
di sco¥efnyMiaAzvEPihPd ament al tuhnedes st dogtdimmeg c of and
conf or mat iofn aNKIGowl ii @mms passage may therefore o

interventions on many human disorders ranging

Il nterestingly, 15 NKCC1l structures have been
imi bi tors (aep.pog.o,vetdhedi DAt I ¢ bumetMa nsitdreu)c.t uAlels
NKCC1 have clarified several fodpdtoyomavweabang
structural sifrolldartirtén'&fooartthearrstead!l ar , NKCC1 i

each monomer is constructed by three main com
composed of 12 helices orfganixeduinml tewo iwhv &hi
ion biegFiifggitARi t Two additi onal i ntraceldul ar

ter minal and-tteheni hat gedoemain mexy whi ch Fargeurreel a;
11.B) "
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space
Fi glMN&KCC106s structure eMMAEDdded riers etnht edh tunirddhCrofn e .u | |
(PDB 7MXO0O), with each monomer represented in dark
mai n components: i) a conserved TM domain, coOompoSs
sites, shown i n gl,eeda dibdruse, amas pa atnigwe Htye;r mcCin)a [t;h €
and iii) ttheer rhiamaflé ddamdieky uctures of NKCC1"™ and r ¢
reveal ed that the TM hel i ces -harle xodbguasndil zgemdo-w nn atsw oL
f ovMdezrf"B®ehematic representation of NKCC1, showi
monomer represented to highlight the transmembr a
represented to highlight the chanmnoewn)ar rtdhred etnweon tf
bundle inverted repeats (TM 1 to TM 5 and TM 6 to
The amino and carboxy terminal domains are also h

The NKCC1l structures recently resolved have a
conf ormations where the ion binding sites are
side of t 'hP@T hmd mbira,ne NKCC1 mu s t transit dyne
conformati onal states: an outward open (00) :
outside of the cell, and an inward opesn d(el O)

of t hRei gcu®lel However, the Im@Ohaontsmr mati armal | tOl
NKCC1 is wuncl ear.
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Extracellular space

B Vestibule

gurAn essenti al conf ormational transition for @
CC1 i on( AScahnesnpaotritc. representation of Outward Ope
nf ormati on. l onic binding sites are exposed to
bn gray, atomic surface representation of Out w
n n | omi* &K diMad @¢Clsdp owint as fcodl oNa@d surface
S y) and ions are represented as colore
t nt

F
N
c
(
c
r )
e racellular sides of the membrane, ar

X DO WO X —

formatio
pecti vel
ra and i

I n this context, we have expl orledO hceornef odriniafteiroe
transitions in NKCC1l and ions transport in NK
used extensive classical equilibrium-gmmoldedul a
enhanced samplingtVtiede eales giyw mdavl idcud madd omys bi o
functional studies in cell cultures with tar

modeling and mol ecul ar biologyl @@peonmenmat i o
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transitionrienmeBdKEQGL ttahartcauigth koiymegt lag erslert haadd istmi. o n
we have i deinntte&tidgoadsyg eailf icontacts that we ha\
i nvol vead ainrs pto lMNeK C.Cylg | f aovfor i ng al so water diff
Based on structural similarities and biochemi
extenalNidd e wmende.nt CCCs



4. 3Resul ts

4. 3NKCC1 opwiraa tre@sbkuinndg e mechani sm for conf or me

transitions
To i nveaganeicthaatne stmhef t he NKCC1l ion transport el

dynamics (MD) si mulHatyi pnobabuplied temhamced sa
handl e ellealporldecaerdowendge ct i ve neaerdeadb| e ¢ LYytsyr e
dynamical""pilithao me hrae ann ieng f u | gsatplt i pgngfcoheor
spaNct ably, these simulations of atomistic moc
on the rechenmdCQqle ssotl rveecdt ur e s . Specifically, [
the structure of ttheadl mwgrad tO@men y(ll©)adetda tOalt
NKCCRiI d@BB8” We initially focused on NKCC1l mode
vestibules are absent (i .e. Fitgh® ei orhs & eett airpn :
focusing our exploration on thd OMcNHKEGC&tic
confor Aat iaomrse.sul t, wd O uclodn fsoarmmpaltei AmGae h @irxa n s
Figur)e aSnd 4c oD2dt ¢ d agwernt ori es from a total of
simul ati ondoD2 .Bonf aedgduitlirielmr situvom MD

There are diverse alternating access mechanis

cel |, passing acdf*dBRsr tdxanplld, nmembra@amecki ng
mechanism are equally plausible alternating r
Significantly, these distinctive alternating
transmembTdMnNn helices, whi ch must ab8li ©0 t he
conformational transitions observed in our si
O0r ocbkuinndg e nmfét hlami msawdt i cul ar , our computationa
motions for NKCC16s function, clarifying whi
6alternating access mechani smd. We found i nd
aétnate their arcoccelsismghli é i mgchiamingmther NKCC1
motion of TM helices TM 4 and TM 9. Il n fact,

structubDeGfon bwveh | O and ®Q isutna tMDs, dmiatdlin ga no wa
me asp u ade e i g tRIMBSID) RoOf. 1M.N@IBSM@. 1,1 respectiivielayl.l Hohwe
16 Jl OOt ransHitg®@Bes, (TMebeli ces showed a concert
a rotamoshwid#iatespect to the intr-aoehl bbaate

CM



withishdbmain formed by TM INKCITCHRI & WAEWHh i6¢Cc la nids T
used for strhet RM&Daloif g MMehrdhte.a h ™ & Madbd QOhysot at e s
EM strwas2ulr@s$, 7vbor the whole remaining TMs).

movement of these two TM helices to Bbeunidnl e i n
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Fi gdBRocC kbiunngdl e angul ar motion of specific NKCC1 7
bindi fdAshéeémati c representation of NKCCldsapngul ar
bet ween TM 4 and TM 9 (in green) and TM 2 and TM °
t he Outward Open state (WHWdignhtgrereeén) cahdul mawardd f (
of the backbone atoms from the extr acelilnulraarc edn dil
of TM 2 and( BQ a7rnt(iifni craetdi)on of TM 4 and TMa9 angul
through 16 conformational transitions from OPES
represent the Outward Opein Mbidc d Inomalr ad sOpoefnr eagieirlaig
mol ecul ar dynamics (MD). Circles represent the stz
the endpoint of the same tamglsdst iaorne acnodl drtesd dd e peecnt
conf ormation they represent (bright green for Out

|l nterestingly, we found that TM 4 and TM 9 c
hydrophobic interactions at their inftlerHearce,, I
we found that these hydrophobic interactions
TM 4, while Phe 659, EbgWMp63Tlhesell et é6&cftr oms
al so i nEM hset retre§t'cuepy "ve'P%® st aduyi mag witulaMbreidu m

simuliabobnshe 1 O and OO states. I n addition,
10, which was key to the NKCC1d6s rocking bundl
by a short | oop on the extracellubacepptidel & o



conformational changes due to TM 4 and TM 9086s
OO0 stavec¢amdnsaur simulations, this motion r
outer vestibul eT M flO8&K@@dn & BNY2@&tuafilnlgs loour equi
MD of the 1O state, wWhON4OAin tcloems@@®vetdatae t@mi
equilibrium MD.@® @0twea/resi,t idams ngTM 4 and TM 90s
to dthagTéixtlOdseultwhad,tiaapl owi ng twhwes tsioibglemda ( t o
15A) . | notloe tO@TIMiIi 10 owasy dytnraami ghatl din52IN.290tacg a i n ,
162N408d . This br olke nttdste ttismdl MFidnttbémnifcace (i .e. , A
493, Pro 676 with Ala 492 and Eesp&EPgWEEtlE Pr
inset on KNboeabbp, rPgbt4396 and Ser 679 interact
assisting the fl oodi ng ecsft.ivbRitliees merd lma n ihem NIKL Ce
a rocking buAldsloe, menc haagnriesescs)me nt wilthr ahsbst eonde
4 and TM 906s angul arameltiohapushpdi TMan@®@ost lee
accessibility tNKCCillakent ¢éogeedeirbutbdeskt resul
out ward mMtidbdndudfat es NKCC1 sol venitn tdliebessi bi
confor matainchiad dM@es. (



[}

Intracellular

space
Figuds*t abilization of the hydrophobic interface b
action. ReprebdbligCat embedtiedumant he cel |l me mbr ane,
i n brighnts eyte o ndHw.ghteerr imeahgni fi cation of the hydroph
(highlighted by the oval), which allows for their
sticks with their atomic sumflac@s eyi itctaar d(ohny)chraangser
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Schematic representation of NKCC1 TM 1006s corking
intrahelBidual ngnglhe Conformational transition betw
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intra and extracellular tilpesndBodnt heéi batkbonef af
corking motion r @&phreosuegnht eldé bcyo ntfhoer naantgilocemal tr ansit
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N 1SD calculated from 1 Os &fi redwisl irepirememal ¢ hel
each transition, whereas the triangles represent
and triangles are colored depending on the NKCC1
Open and dim green for I nward Open).
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Figdablehe interface between TM 10 and TM 6 highligh
of extracel binding sites. Representation of
and TM 6 hi sed om bhiegh®py@®@i ghawt e, as shown
schematic r ntati on, interacting residues at
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X
sol vent access | etth eo no u thear bvheed t@iGMb wlieg.h €, as shown

schematic repre ntation, previously interacting
be too far apar to form bonds.

Next, we also investigated t hcealp besdyisdlh iolrd jme cthan
which would ber adkiemgnabuwel d oonén.e The possi bi
mechani sm wanse aesvuarliunagt etdhe verticavEMranahatTer
7, which agted tpmaitWeo ftf Maltred TM 4d iadh sith dBMw Or t i c a |

transl ation during anyabhetherebatowvmapoenal o
stat&Mcsyroesset @v emrotti cal.l yThtirsanisd anetxlpeb taend wd ok



el evat or Ampepcehnddnipxa me ( Al t ® get her , our -buesdgdlet s
mechani sm for NKCC1l falnevatonr,. mwédhaniexml udi ng

To test the functional i mportance of TM 100s
simulation data, we performed cell and mol ect
(HEK293 kidney cell smuttakdtr@®Afjpetu 6864 nNi 8h Asidb6&®
Al a66@B8fTrpmguse NKCC1l. Specifically, the NKCC1
on residues | ocated at the interface between
outer WegtdiirAeyu!l svef e sel ected because of their
network highlighted by our MD simulations fo
perfoarnme&di nf b uMR">4kfe®B ur ement s on HEK293 cell s
t he moaN#¢eCC1 mutants, at the ti me.
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initiatemeédtieatNKE€CCAQu.ant i fi cation of the mouse NKCC

Clinflux fluorescence assay in HEK293 cell s. A 1l v
NKCC1l transporter activity, was observed for al |
normalized and the awdér kgeeofi !cF&hré09!l. pdD@att a@ das éc o de
percentage of the WT. Da&4 ai neepersecant mavapd rNisSdares
way ANOVA, H=216, DFpéstddbdtbtcowerulbtyi Pluemndesmpari s ol
P < 0.0001).

| n iorurcve ltlrwl ar assay, all mubatpoatiwhead coompa r

to t hey pWAITHaAINKeE€ QA g @WCel N de s el enuttalda Ah SOBEBp r e
equi vdaluebknC€Dd Al ad497Trp at iTAN p6e,rFdadxi rgen m&mit 9 s h
mut aitntomoduces a bul ky side cSheaioBi7f®hd06di st epB
at Ttvhaad@ M 10Ot er f ace at.Afl WBrOPuLttaetri ovre siteidb utboe r e d u «
af act or ocfonip.a7loeMileK CC1 We i nfer that by affect
NKCC16s | O state is destabi |Adzdeidt,i otmhad raegyfi cormeh e
Leu664Al a, Asnb66a5Alua vead dhasAd 7a1686l 8aT,r pAsn67 2 Al a ar
sefeppendi x F-Hadrueg =i dSues9 | ocated in the extrace
reduction i nf aoonfotlr.adn § plorréts poefcetdai ceolmp ar ed t o t |
NKCCHRi a/Cel n t hi s Lceon@ GadnAlls @ @ 6nAtlaat | on g eano VEM 1 (
t he sitdheanceaiatrcht t henldd eM@®&B2 dues o6 TMr 68 paendi v
The mutation Al a675Trp intsotdbheebsoambudday of d
Al4a92 i ntewaattRae inTg bl @ ii g GrAe .

Overall, our simulations abdndanue agpeabkbanssmat ¢
conformational transitions, which critically 1
contacts off Mro@sMi dwesr d&dtacehewi th TM lO0acbass sec

of the solvent to the outer vestibul e.

4. 3FRee Energy simulations characterize the p

state
Then, we analyzed FtEIs§ Off @@ceo nefnoerrngayt isounrafla cter an s i

as revealed by the OPES Explore algorithm and
of the complex dynamical transitions between
of t he tsreaen sppaorratgedra pike t)h.b d@wers exiemuwpind deido this e et

enemigryi ma that correspond to conformational S |
in the deaWemsmounhked lsatat e basin wals. 6c einnt etrheed |

c o



di menkiigplBaegAlppendi x 6FFkgmutreerSlequi |l i brium MD st
extracted from t HiOso d@psp exn dsihx Wwre)dg Bnes t&lb |l et her
the OOwsasdias ttr i autsehda |l il miwa @@2Z kéaaitn t heofCVt e mEEBSI
However, we found this area to cov'arnddiiCht er en
Fi gagy e ThoathQian,d ‘@Ot abl e OO st dthehitE 6efoi mat her
of their wagpeendiyxd 7R)Bjnodreee S,1 t he outedi nvexsmi bu
has a coordinati oDl OnwAmilildee ofut & a tOddfesshtoowbeudl ea |
coor dinmuantwid®d . 5.

Outer Vestibule Water Coordination
(jow/|e2y) A34au3 9344

DeepLDA CV

FigaBeree Energy Surface identifies rell eQuamtarNKCC]I
Open tr(akBseiptrieossne.nt ati on of the Free Energy Surfac
humaknCCl1l | O and OO states computed by OPES Expl or e
outer vestibule water coordination collective val
representation of the aoaefonamméipn theyl Odeshat éy.
Occ), dshat ©0(out waowweopentedr yést\(bouultewahrydd doaptei no no)v
hihgr outer ve(sBHibgwleae hwadgrnatfiiccm.t i on of the hexagol
interactions that occlude the outer vestibule an
residues are shown as sticks wint)h tbH aier (atidmioag esny
and white (CHiyghegempagni fication of the hexagon i
interactions that occlude the innedimgstibeke ®Re

n
h
m



resi dues are shown as sticks with their atomic sul
grey (carbon) and white (hydrogen).

| mportantl vy, our expl oMKCE GInnoicdcfd utdheed® chaBdgautraed s o
18A) . Notably, such NKCC1l occludet®“saatet hads b
been structurhbl kgl getdae miTdhe st s ttart ebPGBrvatso rlitydh eaade
Spaceiout eaern hpdt abube coordinatdgwanh nambeat oud d &
emerged natdeeap | hgeudi rdweidn gelnmrhancedt sampkeidngos ey

| O and OO state conformations.

n our stimulmddlomdkded state depicts NKCC1l with
ol vent, from eithe©cdsigdlAg o fa ntdh & t me nsb rcahnaer a c t
oth outer and i Amer owue eira Y eise shlud ®é uamede xt en s
nt erhaucbt.i ofrhi s was built uprbydgler gn@ &7, GFhui c3h8 of
nteracti onFs gwidBeh Rhai 539 ®n@!l | y,Adrh46l1eh 4&B83ac tPir
Bl a 492 @®Endbb6 I@er 6 7Bully formed in the NKCC1
ccess of the extracel IOnl @rhes wltvheent stiadet, hd heu

- T u

o 9 O

ccluded to the intracellul ar sol vent due t
interactions were mostly c¢ oM egtvielBatamraeni | p, t h
interface residues interactions are formed af
by the intracellul abrildogpe Het WwenerrAspi g0 yand
OO state whereaeirt vekiagdg dBrid@, & it(hrenotn for med i n t
Notably, thwa®cmd iunbeat 0r¢ dntsfeawr e qgaei mu b atwihomcshD

stead t ccnonf i gurati onsviosfi tteheedtUcainnceads iseamipeé $ n g

Appendi x Fl)Qumwe t Bl dnNBMBEDnedbsd mubationon bind
sites irranad evesli ble to the solvent from either
basin poFegpmBef No,eatbhhfy§ er s greatly from the |C
MD peorefhil guxAed n 19.C, respecctoinfeilrymi ng t hat such
structurally distinct from the |1 O and OO st at
transitory conformation that ensures solvent |

andteacel l ul ar vestibul es.
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FiguPeore profile conffiemascdessimiclti by ndi ngKCC1 st
OQut ward OpegnC)Popapsptodbinl €Apft hteh eo clc® ushteatt ePtOQg tse¢ at e
schematically represented at the bottom. These pr
spher e adxinsg afhet Ze i on translocation cavity, and
from their cobresmoNMBi sgmehations, Ecomputedgrioyitlle
mi rrored around radius 0 for wvisual clarity. The
represent the inner vestibule of NKCC1.

I n ou(fFi g®BBet,he |1 O state transitedoD». 5§ hkec alc/crhal
From this transitengtbecDbd®2 dhkeadlabmol"sth@treeac!
I nterestingly, thkeesgvensegeéetindsti hy ecodb® ptplpeat a
occluded stathed. Wi kbah/ mal yDOe hSe okfcfaoll /| noowe db abryr iae
| O st d&ther ef or e, D7t hkec amh@rmotl at a beia & cod siphmd eOO Ta k e
together, our diO@ltatamaist iderps cgassO ng t hough
corrobor at tbrugh dtl e meadkiinng m for NKCC1 function

Then, we determined the free energy associat e
to previously PpPubiosbedi kdneéeti cNK€C&tla from t he
membr ane i n', t,8BK- €l Werf iNmastbisndnudn@ttad &Nm unl oa



NKCC1 s tApupcetrdrigxu(e) S| at@Y®Roudd5akcal /mol, wit

barr¥V&r of 5.0 kcal/mol andY&n unHi2ndi rkg alh d mro
We then evaluatedobi frdoagNafODOtkbéateANRKEGKH i gt r |

Figure )SI wh2.cbB PO®eselntledkcaal / mol , wi t h a b
yd 4.0 kcal/mol and ¥Yh unb3i.nodikncga Ib/amorli.e rN
eval uvatiend i i gNatb@ouam dCIOO st at e ANRWEGRH igsutrreu)cSlurle2 .
and we oMt ailnedd kacal / mol, wiYidh a bidndi kg ab d moi
and an unbil‘v’f‘(ﬁing Babrkeanl bfmol . After these io0
additional ~100 ns of equilibrium MD of each s
states were stabl e, . e., all ions réemaihred
simulations ti me. I nt er e<tNabgluyn,d WO hNKnC Ctlh es tfa

observed the spontandgomwms thoi ndisng imnfditnlge ss dcean
OO state of NKCC1l, whochowes $t@®ly maintaine

We analyzed the ion binding sites and I on
conformati onal transition OOQOved olbG etrov etdh asheati a
does not affect the overall secondary struct
stat es: Il O = 1. 71 i, occluded = 1.97 i, OO0 =

conformational rizaeandsblyi ohei sameanaglippendioxi o
Figuré.SWwksthptiaddd itomast remai ned bound to thei
conformational transition OO ¢ Occl uldneddept aiQ,,
t he"bNanding site is composed by residues: Leu
maintains its interactions with most of 1i1ts ¢
| O stAppesFdi(gxur @A) S| The -bendendsetmatt emodi fi cati on
bet wecamdN&l a 610, which changeadagitmngnt hdht¢aen
an average length of 2.7 N 0.7 § in the 0O st
and | O states to respectively 4.4 N 0.5 | and
firgto Clts bchdodsegtsitbethe intracellular side)
502, Tyr r@8n@. n€desemchanged between the fully
AppenFdiigcur e ) SI Mb3it Btodr akcti omg witlke, i wei bhndis
resi dues: Asn 298, Il e 299, Tyr 383, Pro 496
confor mati oMpapenEdrigcmse ) SbAihe. Exceptions are th

TO
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the Occ and |1 O states (average di st
el y). The interaicndg ohhevi tbnfTdimrmadti 9o r

this occurs at a differ enrtensaiangse toifg ht
erage=-dRs7afNcé6. RojThnd4298 N 0.2 i,

the 1 O state (average distance to Th
tinctive bifoldosgsmode tloei ¢st baodl ngl
es: Val 302 and Met 303. I n the OO st
average dids.tsankel.t7o jeaacrhd r5.s2 d\iel .b&ij
y bo(uamvdaden dihet orcocd 2tdde d&la O©h 2r g s iachde 21
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ely). These resulds tthe threop smupiptoy to
o the OO state.

permeability allows water transport a-
understand the capabilities to tran

ional states. These wegrgamNd®d iaonks A,
pective binding sites. These two ful

transport in NKCC1l in the presence

n the absbseevell aonsyerbdgeablfyl3wwarl
ygtodrough 100 ns of equilibrium MD s
i's value would thenamepnéso®it wameesh
ed per alternating atsbBeswedytcthat N K ¢

opts water per meabil gaddg ,aterse fi exr e mtei(aB 8. y2 Yvaht ee
t he Rir@a@oBi,t owlyi, @enilty doesa mi nort adxdti emts hi n
u(hd. Ai%g aoxCe Fin&€CLy ) sNKodt pa&lrimeiarl| tatmd olacdeaede d
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ded states.
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2OKCC1ds outward open conf drARepiressenbati per me
ey cartoon) embedded i n t hepearembamlne dtbhdtaec.k Wat
shown as red and white |Iines with a red at omi
ge wi om§ mdde@ch other connecting the extracel
Sc‘.:l)ematlc representation of bot h -ospteaft hewwiu tt hiadn g
B,d foul | yC)l,oaadredd ,t heir respective plot, which tre
h
r
r

< 0O - Q

stateds eqU|Iibrium MD simul ation. Vertical
e a chain of water mo | e4£ .40 eosf wehaocshe ootixHyegre nc oant
acellular and intiacelhlselrardsol vent through N

®DSOTC—~0 D~
X T omX ~“Q ~
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Watpear meabl e states of N&KCENOGmsa,vawiatellawaer afe Ol
and a maximum | ifetime of 5.0 ns in the wunlo
permeable states in the OO fullNyOl2aned with e.
of 0.2 ns and a makhimumfilndietdg mies oif n 1L Onerswi -
provided by the enhanced sampling simulations,
the hydratémnvest itbhhwiheonmt NKiCiClataedoypt s a per me
mol ecul es may diffuse a®tosg WMDe soiriennibhaeh N sDiu:
we t rb5alc7k ecdowraptlieert emd f ¢ oxl events &ngadyev i1 aftaxb
noted that these werMD pairmsddadtf ihaors i o mcé welmt @ ny:
gradient acr.osWi tth et vmeesnbpr rabateiecestea,ge wat e . 8i f f u
N25ns amd2n2s.,0 in the outward and inward direct.
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Fi g 2rldKCC1 passively transports water. Hi stogram
equilibrium MD simulation of NKCC1l outward open ¢
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4. 4Di scussion
Theation chlorideNKOCTr apskapstar cf GCCrinthyyr ol e

regul ating i1oni cdc%badmdciet aingd oanreentfllyxt arget
i mbal ancee.dpirsaesansedj sorder s i ncluding neur od
neurol ogical, di sorder s &andrHhfodtriovceetpenda | iy , t lae
structur al data on NKOGChwanddopéeer éhO) canfioom
st advees bui |l t and simulhhumdiK@Clomi whece moldel $ r
embedded in the membrane. Wésl osgd MDh egjal i o ¢ e |
enhanced sampling simulations of those key 10

forl] DO transitions.

Notabl vy, our investigation |l ed to a grand tot
OPES algorithm for ethamdhed esampnluil mdg boindd leatvie
mechanism for conformational transitions for
roctiumgll e mechani sm shows alternate access t
concerted nhoetliiocness. TFM r4t and TM 9, associated
interactions, go t hDlotAg hb earweamg u lhaer | o tainodn G

coupled by the motion of TM 10, |Iinkedeby a s/
affects the bending or straightening of TM 1
binding sites from the extracellular sli de. Su
OO st at e Wer an ssiot iodorsse.r ved these motions in our

t hat NKCC1 undeéerugad £ tmee hrama lsimn gvi t Fhe naanrdk awbil tyh,
NKCC164, TMMTML @G nldehavior i s -fcohddiemzydiamttoh ea |
transpoft empmcMimd ti egfdiedwd deseaemds! h embai yc etshcearrerf yo roeu t

an analogous role for function.

| mportantly, from our enhanced calmpéd n@oscc Imud e
for NKCC1, where the i1 on binding sites are in
the inner and outeryyvesthebokcesuded slasedwasN
based on previt®tifsakthocghrial Basdnegser been e
the CCCs. On the other hand, i ndeep Isgeuanudheadh g o
sampling of NKCC1 conformations detected such



its existence. Il n other words, this previousl
used to generate our dataset and-liedhemt infgy emha|
sampling simulations,dwhicbavehkedfsuehhavmi on
no external solicitation. I n addidiehri bbee®O
a shalll oova R&.coahien FES. These"amnd 1iOMingadBfseh o ( OO
adi ffemenbe extent oAppderedirx WR)Bpat ety Bl.& adtieentnti d u
t he modul at or yl nmoetrieosnt ionfg | TyM 1tOh.e hydr ati on | e\
state was signiArixx@&@hdi8yalaf Poprpiedegdel W(ySFt et ei SI a
worth noting that the drug bumetanide-EMMs Dboun
structures of NKCCR°Liimgpanke bOGdshagt at t he out
formatiAmyoudi B8shal t bri dge, which is therefore
bundl e mechanism in NKCC1.

Overall, the |1 O state is found to be the | ow
transporter transits to the OO state, passin
esti mdthieormnef geteipdOc dgtanldEiOt iS50k ciad / mol , wher ec
cost foprl @ hter 2003 % i lomal smol . I nterestingly, th

expl ain whayr arlels otlhveeds ONKCC1 apo structures hayv
| O state mini mum.

Anot her interesting observation is related to
Here, we have observed and quantified the abi
Using additiorfaluosnismbloaitnidon o wihteh | O and OO st
presence of water mol ecul e sNKOQC1d iifnfdeereedn t a dmoopdt
permeabl e states exclusively i n FihgeBeiWeoaded
found that NKCICIL & s s wa taese rl i & wsmtfeSaA5 n swi wht er

mol etbhheédsddmuse acr olsss MDRhres i mmohfartta moen. OO st at e,
517 compl ete effl ux Fivgeijteswhindh 40@8dcumftd hxoweyle
MD simsldboeonnmncdamprlayti on gr adi éMitt hadne@sss ptrhes
esti mhatveedd age wat,erwid A®onssi canNd2a2s. 0 i n the out w
i nward directiVWant,err etsrpaencstpiovretl ymay al so take p
During the simulation of the occluded state

mol ecules trapped in the i on bindingtineqi of.

Ty



t he maaxmamwunmm of water mol ecul es timarspeernt evd | ye
semiquantitative observation enrich the <curr
NKCeGaczael'd its functional i mplications in the
recently "de'mbdeetdat wdt er mawitdoeober mahei smembf a
states, as has been reported f9glacwsaet mramg
(SGLT), gl ut amatgye, t gpynlosepsoorhitaetre (tGlatnspoert er

benzyl hydantoin transport e'f° (avhd 1mqgr ea nrde ctehret I'm

for the sodium/ pr*ét on antiporter PaNhaP

One more mechanistic f daathuertei cfarlo m notuerr fsa creu | iantti

to NKCC106s transport capabilities.helTHiRs$iOnter
and TM 6. I n particul ar, -TNe6 iinnteearaftaooma ca rceo nm:
| O sRiag® g all owing sealing the outer vestibul

broken to transit to the -bQO dsltea tnee c haa ndiesdm bayn d |
helices motiong$&i (U3M€&o4 patdiveeTMel9evance of such
i nt er fwemeatl aatofde w r esi due smolNKeLtle d wien iints.er Breadm t
mutations: Al ad®ubreplAlma, TMs® 6 6&MdTaM alndd (Aelgaub 6vE
humaknCC1l Al 448 7TAp&72MAlsa and Al a675Trp, respec
| eda tsoi gni fi cant r eMiugudn ®Mi si ni si oanl pstoe ainme-pleir rcer o\
l inking ,exwkrcmemtighlighted significant mo v e
trans$porrhi s further validates the key modul at
TM 406s functional i mportance i s supported by

0l ocated at the extdlaecaedsds utlara @hOwusr® mefmpfud MAdlti 4

evidence is therefore well supported by our a

Additionally, we have characterized the energ
Crucially, we*dficsssmodc i tahatont eemeNgy in the OO s

di ssociation energy in the | O state’’haVve hod e
that the free energy calcul at®wens perf bomedel
tempered metadynamics, whilst ours pertain th
Explore simulations. While qualitative,” howeyv
to the OO state than to the 10 state.” Notab

el ectrochemical agdaditentovieo divinmpdrimnc€hesnhindyt
T



state from the extracellul ar side of t he memb

intracel lul ar side of the membrane.

Extension of our meohdNepeinide nitmgYACgsait nglry, t h
the functional relevance of TM 4 and TM 9, al
additionalf @CCastioans$ his region, ofté¥nlhi doéedg
so, wea ftooutnad of 38 trhwet 4meiwoantsi o(nisn ¢rl enpdaiirnegle d | h e
|l ocatdéee dmunctionally relevantTMh BN cEHMnT@®M ent i f
10hi ghl i ghtAed eindi xe & i iginhreed &8 B loiuces present an

| evel of (ccoomssd rdweatiinaggn ei t hienr *-tNedpeemtdietdy e aCuCdCes s | mi
80% and 100% whembkiCcadp as rRAlpvpeom chi x 9FAONg utrhee Slt h e
hand, these functionally relevant TM helices

independent CCCs, with values rahgmagCdlr.om 4
Thereforepundeéer oseckdmp itsamto@@&dagendeno @ECs h

NKCChlel oNvdggsndependeeKWCCL)CCmayhropegrhatae di f ferent

mechani sm, wkemedtiaesni byonsf$derent Thvurheaen i ce
KCC2I n pamtei cwlud rd3murtlay i foinrsd i n o ur *-irredgd penn doef n ti
CCCs that |l ead tq tamanap dr THibevBabwy earfr ke meit sashen o n s

are reported to have functioanlhiumgf éeat set hat.
mechaS8Spemi,f ihchaakdl €2 06s Leudadiodsdd compl ptet ¢éios s
funcwiitolmduced expres $ifomeuvanfanCg bg c VmytM@BiVam al t
the Cl 2 binding siaret i(crleef ed s oldeetd4aldBe@a& Phbe) ca ntde d
therefore | eadsrVd.yiFimpalilrye,d tChe Phhedma@CBs i $X4 8

associated to a frameshift mutation, which ge
this case with ageWesis of the corpus call osu
I n summaowmpubbari onal simulations and free ene
experismemt $ haotp eNKaQ Cels r tott dbouungghl et hnee ¢ hamiss mi ng f
unl oaded inward open (1 0) wocehaeomthwar d ocamen
OO states are permeable to water, whi ch <can
| mportantly, we found that most functiamally

highly icha&adsepgeredesntThGCs overcarlilt iecva ld enmecceh aannids t i
cowlpden to newWKLiGhlanegi es Mmoduélt dodags maaft i on.

y n



4 . 5Met hods

4. 5EqQuilibrium MD
The 1 O st adcen sntordedt evda sEMs etlr an thtuhmsbKnG @Y ap i n g

the transmembrrmnreomdemal momgr ionNniengOOest duesma @ ¢
was built from the | ast"!snfarpesrhowhifalh mwve rremow
and bound ions and all owed water toeflleanedcdttshe
For both states, NKCC1 monomer wa'8Waembeseaddt o
determine the ionization state of titratable
NKCC1 accofthpahPB@®AEC bnyo b8 ¢@IROINBaland1l /KEBons (in tF
bul k soluti onDl500cmvaspaohbdBlhig300n0y 220D 0 water m
totDab5000/ 1140091 mtloantsi am@6 &| Lj1l 6071 551 9 7

i di men$§bonghe | O and OO state respectively.

assembl ed WMeimyd®hPpacrktmodf t he Amber Tool s soft we

Equilibrium MD simulations were per f"08fmetdha si
AMBER pHde kbBlge protein was modé&lledi psidig tfloe ftf
bi "8y eTrl P3P""Hod Wwat™®t RPerionds c boundary condi ti
the particle mesh Ewalrdanngeet heolteccttorhoesd tag @ lcasp a r |

el ectrostatic and van der Wa gjlcsuoti Mt emaet iISHAK

al goMwabmused to constrain bonds involving hyt
of 2 fs. Simulations were paendoprmeds wmrte c(oln sk an
bil ayer and water solvent were allowed to eqg
simulati on. After energy minimization, the sy
protein backbone -EMygmssici iose by apeplyi g a ha
of production eqguiolrimerdi ymrMRawes PO and OO st a

4. 5C@nformational CV design
To guide the exploration oS wechppbmpltexhsy ©Of

algorithm, which requires the use of effectiywv
energy surface. By combining OPES Explore wi
simul ations <coul d ntiapatlurter atnhse td omps| ebxe t dvyerean o
i nner and outer v eUsstiinbgudtrdte Q@AO 4 thaet @ requwiploir i reiru

Yy M



we sel eacCapeadi rash IfITTGtlth el i c e B7 5 ,t GC&dIi isrt ga niclieess e wer
then subsequently filtered, eliminating intra
Then, @GCafkaeipts whose average di st)anicne twaes 1dG es
and not a cont(aci) Oiann dt hvei cRO vsetrafacCcad Fs halihn&kte s we
were significantly different between the 1 0O a
within 2 standard deviations between Gi€Cates.

di st@neae\paplesnodi x Fi gGr dBSHaomhg equi 50 b ® & md MDa

per distance and per P tTehi sweprreo dtulceerd fae dd ete@
variable (CV)where -2 h@ dmd sttlaeg eOWast alted i waeas de

4. 5W8ter CV desiagn
The confor mati onal CV was sufficient for enha

and the OO state, but we observed that these s
vestibule open and hi ghgl y rooml ¢t hteed.ut Bo aiedtwd

hi ndrance of water i mpeding strucftawcwded e@V.r a

This CV consisted of the coordination number
out er vAepspteinbdui | xe Bfi gaimde tSHe oxygen &t“&MgT hoef W ¢
coordination was calculated using a switching
=8 .j0b=0rF2 amal. This collective variable chara
vestibule, and, when its fluctuations were en

|l O OO state transitions.

Formul a 1. Switching functiowatfor cobbedOuntéerir oW

4. SORES Expl ore
We performed bidi mépsni drmael DRI DBRXx LCIVoraend out

coordination CV, "thWeugktPBUMEDI 2i &I barrier
deposition rate of 500 steps and a 310 K temp:

mi ni mum sigma was set to 0.05 and 0.15, for t



4. 5F6l1ly |l oaded NKCQ@Indc amfnorbmantdiionngs si mul ati on
Fully lhouanthén€ CL Owas obtained by placing ions i

their position in t°He exelempatidoiroK@EGNadt wast p
center of mass of the coordinating atoms of t

NKCC1T This conformational&state was then si mu

Fully | oahlemdaKiCCcl uwhesd obt ained by applying dis

all coordinating atoms, from each i onds respe:
100 ns, l ed to a NKCC1l state withweakl|l ffomr b
extracellular and inWaatell yl hoadedeoot!| ntdedm
were | ifted, this state was maintained for 12

i ntoy al dauddd |1 O state.

Fully |l oaded OO human NKCC1 was obftlai wbdr ey
NKCC1 was bouGadnitom kClosest t o "tama it hter aicnehlilb
bumet ani de. Bumetwas dexwharngedoivebe aKdbhvent, ;
vestibule was allowed to be filled with water
biasing two collective variables (CVs). The f
t he"sNda e coordi nat’ficrmg i @tng msc ua r ce'retiitee .Malthred stea o
was t he oaanrbckirn ateittavee nonh handlat he codégidti emat Wer g
then selected a‘'csandppsnh wtaswhwertenitnhae tdéa bi ndi ng
MD. We obseawndtbNathhatstbaled i n their respecti vi
of simulation. We 'tthethnhased etceredv e dtei tlhlos efsit o
OPES Explore over two simil'aat CVUs, dbhotdti imnms tse &
coordinating pasthoorts .Wwhaesreebokuadsha its site was
equilibrium MD. After an initial™muwnm EonfaiInCd n
in their respective bindingosthebitrodiundg spiotne
observed very soon after the equilibrium MD s

in an OO fully |l oaded state we extended it to

Naandb€Chding calcul ations were performed as
Explore simbiadiogssohrNad from a snapshot fr

equil i brium MD si mul adaitamnwasA mseaarplsyh ott h evheu tee ra



and bias was applied to the distance between t
of *Nanding site, and to tHaendotohai m@drn dinn atuimbg
Expl ore situilnatiingnstafrt@ld from the pr#\Wilously
-bound OO state NKCC1l, using the aameidast refspe
binding site. l on binding*o/dk)Clvast et ©Omisnh a
experieme nftealc e

For the OPES Explore simulations of NKCC1l 1| oa
deposition rate of 500 steps and a 310 K temgp
adaptive for both col |l ectiiovnes wwarsi acballecsu.l aTtheed -ct
function (see Formul a 1©=)2.vwibt 04,2 ham8i.ol | owi ng p

4. 5Wé8t er permeability and transport
Water permeability was defined as the presenc

di st anced . .offedtwemryyngen atoms from water mol ecul e
ion translocation pathway, conn@cgudihge the ext

To determine watewltaataomapowte itmaackred each ind

event was determined to have happened when a

pl ane, the plane of the membrane bil ayerce and
specifically. An influx event was deter mined
these planes in the reverse direction. "Anal ysi

4. 5Géneration of NKCG1n Ohwxt aanstssayand CI
Generati onMof amuessaibdbuseast ed i n T kho @NKaCdll 440M 10 i

(TM, 6686 ( TMs@nB) ( TMIG® )( TM 10) , mutating to Al e
based on MDNKC@GLI| mut adhisp, (Aéad84Al a, Asn665AI
designed stalremgtghfmoemseé hEKEGL I WT protein sequ
(obtained from Medi cal Research Council and t|
by GenScadlptmutFeoont zced hBNAywapdit esuspended and
TOP10 competent cell s, and a maxi prep was pe¢

sequences were then confirmed by Sanger seque

c/ i nf/lHEKASFIRARYycell s were cultured in Dul bec
suppl emented with 108l ceaml nbpviae EE&mumhp e i Pboc

yn



streptomycin, and maintained at 37AC in a 5%
NKCC1 activity, 3 million-cHBEK ucreel ldsi swie raen dp Itarte
transfection mixture comMEIMSGyrBep f 5 MDINAofp |l BEIEMd
vector) c odiWTg fNKAACHKW,C1-NBEC A, -NMN&KEELA, -NKCC1

A668W, or mock control @ eafpta plead mir-g e o & bigieg enf
variant of the mbYFPQS (@ dfd gLei npeo fpelcatsanmiidn #28000704.
cell s were col lwedtl endall shredd optltcabteeadd ipnl a%t6es at a
cell s/ well. After 48h, cells were used for th
Technolnd ggisess ,otlther wi sienfd pexc iafsiseady. wlahse pCelr f or me
treated with/ WREO-fioleyepO@TdnNnic solution (67.5mM
K Gluconate, 15mM HEPES pHP 7 . 4mMB BaiHLG Mi£MysSeO,

I1mM CparSOAfter 30 min of incubptaoe,redaderes( We:

equi pped with an automatic |igenditnyecmbyYFPY
recorded with excitation at 485, ninl aodeemeéessé
recorded for 20 sec of baseline and for 60 se
final concentration i-seassayveembYFP@GSubsebsone
the intGlaoetkotanti on, therefore, Cl i nfl ux
mbYFPQS fluorescence. To quantify the average
the decrease in fluorescence u@pohFMNRIINnarpmpdliicz
traces. Mor eover, for each experchmeamgts thabc

dependent on transporters/ exchangers other th.
'F/ FO nor mal i zerdon rAaoccaks sfobtctaecdedomtrolF/ &1 1 s

value obtained from the cells transfected wit
figure al/l the data as a percentage of-the f
tra&msfed cell s.

yp



Chapter b5:

Concluding Remar ks
I n thildet hedi sisemniidt @amlce of cation chl ori de

family of transporters intricately |inked wi!f
contribute insights to the existing betdy tohHe k|
vast expanse of thoef fGQQwGst |l omohnd maolgaeins gmgmas

Our primary focus was on deciphering the <co
Howeveworsth noting that our approach was based
NKCC1 within a pure POPC membrane. While our
resonance with experimental dat a, ,anmnd evheen ri I
simplifications. A more intricate exploration

mirroring the |Idi pind tcheempborsaiitni.onSufcohunan appr oac

specific Ilitphiegsi maluoif aNK&®dn t hose that are |
Furthermore, the | ipid binding sites nestled
investigation to shed |ight on their purpose.
for futoherseteajuxtapose their findings agai
vari abl es.

By exclusively studyilsgdaenotneopneed ct e apopent €

di meri zati on on CCC function and mechani s ms.

influence its angul ar motion and solvent acce:c
or is therttwaeanithhemdD|lBYyi tei ng research indica
to rotate -bpeweaneipewmdrrweornd or mati onal states.

l' s it a +r ecurarcihn gt reavnesmptor wi tchyicn ee or s it |
dephosphorylnateipcem diemtNaCCCs) | eading to a rota
The realm of CCCs is replete with questions,

that future research wil/l unr avel these myste

guestions may very wedni mpg.ovMy tjoo tbren dyh et mrosu g
not hing short of enthralling, and | am profout

years to such a riveting subject. My aspirat:i



however modest. I extend my heartfelt gratit:

journey.
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Figure SI 2: Coll ective variable design based on

t heel uci dati on of mechanism of . NKGCeéploorf bhmartio
transition between NKCC186s I nward Open and Out war
as |ittle user i npaCddiasst apnocsessi.b | Ve, fWaChuksreeddatralneds GsteH
had the capacity to pave the way for conformati onge
on two independent equilibrium MD si m@ addiwarsd o f
Open state, and ottiBerof50QWt0Wad{dhaPEderprsetsdetmed mti on o
| O and OO states embedded in a membrane, coming f1

of the workflow to design the CVaCadirsotm rbooesh fsrtoam e

TM hediinc®3,a000 pairs. We exaCipdedsf bemonii sgi hiot i

(e.g. residue 5 and residue adawa ed otn gé&Joc ENiMa tle d t 1h)e,l

we excluded aleli gjhdiord nfgr hrelnecres (e.g. residue 5 a

who are too far apart to ew€r Erkbbte @). bWeakabol
fu

diasntce f a&CadeastcmanCe, and then kept for rther anal
as a conjach ¢6¢mé&O0Ostat e, and not a contact (>10 i)
only Ch@hads st anced bwhooe dviastrsi gnificantly differel
Filter 4). This <£®Gdbétantesrshaefdetisnewdt hh®80con
NKCC1 |1 O andnOOhiss$away, our dadi@isdeitstvaa eco myteirt u
equilibrium MD snapshots (50,000 from the |1 O stat

fed into DeepLDA, which then generated a 2ni6di men
t hGB-Cadi stdamaea i buti on of CaCidi s Dasntatdi andi Bu6i bheof
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Figure SI 3: Collective variable design to accouni
to efficiently sampl el ObewdNKLCCOpéemwaodf @rpmdat i ona
Representation of human NKCCl, shown as a grey at
wireframe with spheres), with a thick [ ayer of w

protein and fl oodiengrtkrea cpther eveetpiresleat sTh he | c
was positioned to calcul ate water oxygen coordina
(B) Schematic repirgtenbaowion emb&NKLCeL€Ad i(hn t he memb
atom used to calcul ate water oxygen coordination
the water flow. (C) Plot of tohke gswd itcrodoti ingn ffurnarm i tof
atom placed in the outer vestibule. Dashed bl ack |
atjiangd .8
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structure was then manually exch.at gaendd
assignedl ByameepPODODAt abet heespectivel
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t he Outward Open sDaséeasqgei bebweem MBar ged- at oms
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Figure SI 9: Alignment of NKCC1 with other CCC fu
in *d@apendent transporterisndépeandemtservansportiar Na
di seassseoci ated mutaéepemdeémt otMug n Npd ret srequence al i g
™™ 4, 9, 6 and 10. Red rectangles highlight resi
proposedhumdtli myyternating access mechanism. viGt een
Clflux assay expemdWNEdCs. pBrdermiedcloas highlight n
di sease, as desicribed in the | iterature
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