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Chapter I. Introduction

Sections of this chapter are adapted from Al nsigh
and AfLens Aquaporins i n Heal t h anpubdiissehaesde : i nL ot
I nternational Journal of Mol ecul ar Sciendas and |
been reproduced with the per mi-sswstisomb uosfa ntntae TP u nlrio
Hor sefield, Cl ar a Chi vasso, Hel i n Strandber g, Cl
Del porte, Romell Gletten, ZhebonWandgs,onRosica Petro

Behind the corne
t hat is responsi bl e
transparent through
mor phol ogy and bioc

a, iris, and pupil, |l ies a tr
for refracting 1light ont o t
ut an orgraditsmsd hadg eeVvaolev da
emi cal processes to preserve

a
h
0 r
h
The exterior of the Il ens is enclosed by the c
ng other roles serves as an important barrier
the | ens. Adjacent and intereloiralt océlhles ctalpatul :
anterior region of the |l ens. These epithelial
organism and progressively differentiate into

se f i bfeerr ecretlilasl Idyi fexpress and degrade proteins
ntain | ens transparency. A cartoon diagram of 1

© T T 0 3
—®® om0

The membrane proteins known as aquaporins (AQP
and function of the | ens. These channels facilite
aguaporins, the movement of solutes antroaquapasima
in the | ensO i(sAQ@ROuapwhriicnh, in addition to b-eing a
adhesion molecule. It is clear that both protein

My work focuses o0HA enlgarhapdAtQPreii ni rdgi pfillQIR ht er act
sing craonaslilsi nEpegtr eset,ry hyfdéelgemni um exchange
pectromeMBy @HDXnative mass spect raodmweatnrcye d( nMAS)s.
pectrometry technique9,yoltedafimecraati ons sAQRG ¢
irst timenoAQR®AIrgpttidvédi nding. Since both protein
dentifying the specific | enisntperoeaehiinosn saonodm | h opw d s
hese interactions impact AQPO structure and func
yst(eM€CS) descrilded.in section

My di ssertataidvrantclecsselaelbyp Oembdbowmatdi where prote
and | ipids intier atchhe wpe by iA@®H amewor k for the deyv
t herapeutics and/ or practices that cobBudt hel model ¢
the mass spectrometry techniques, met hods, and s a
my studies of AQPO could be of particular use to

1.1 Eye Anatomy

Theye is an avascular organ that is positioned
and is fundament al to an organismbés Vvision. Light
humor and then the | ens, where it oirs ornetfor aac tserh | tl h r
of the neurosensory retina called the fovea (Kap

1



di splayed in Figure 1. 1. Photoreceptors, which in
light and, through the visual signal transducti on
system ultimately producing( Wawplism,al200ma)ge for th
Vitreous gel
Optic nerve

Figure 1.1. Diagram of the human eye.
Light enters through the cornea, pupil and then the lens where it is refracted onto the fovea,
absorbed by photoreceptors in the retina and, through a biochemical pathway, travels through the
optic nerve. Adapted from the National Eye Institute; https://medialibrary.nei.nih.gov.
1.2 Lens Cellular Structure and Physiology

The anterior surface of the | ens is bordered b
connected through gap jdadd)ctwhinsch (anlali awytstee giemr tod nc
various ions (Hejtmancik and Shiels, 2017). These
and, for t he duration of the organismbés |if e, mi
el ongate and differentithate pnogreossively él bmirnat
organelles and form nucl ear fiber cells (Mathias
accompanies lens fiber cell differentiation is one
Padan (2@6%¥¢4)ved to maintain |lens transparency, di
|l ens function. First, during differentiation, Crys
associated with I ens transpandnAyhadgn,yr el bt i Bes g
et al., 2011). The role of crystallins in |lens tra
coincides with cytoskeletal remodeling (Raoc and Mz:
specific iamenmedi(atFfe)fi BFSP1 (filensin) and BFSP
al so discussed in detaiPladbal, o 0LEYyYekIThand, Asmae uy e
evolved to degradd .teheimuaecd gasel leensdopl asmi,c r et
which scatter |light and compromise |l ens transpare
produce anfroeganend e( Cv-Padaand2B8sh4peprPBPassnett, 200
process that involves the degtadapiagsandfuedpamen
the complex fiber cel | remodeling process (Brenn
elimination of organel |l es, nucl ei , and most enzym
t he | ens (Mathiasd et hwd,. , c&mMwOnNi cati on and tran


https://medialibrary.nei.nih.gov/

components of which include g

ap junctions and aqu
and nutrients in and out of t he

| ePrad a(nMa t20ilaty . et

The | ens cont ariengsi,otrmdoe dngc¢cli @ecs and the cortex.
makes up the center of the | ens, contains the old
The inner cortex immediately surrounds the nucl eu
t hr oughoruganains més | i fetime due to continuously di
fiber cells that are mostly metabolically active
and outer cortexethbsghkigbgednsn Figure 1. 2.

Fi ber deelellwnpi daeec agonasle cctriossmsal shape and | atera
e composed of bro®amaiamtdainmrormodersliydepacki ng with
ace, which is critical f(oZ a niphieg hli e nest utradl h e e m2alirOe0, ) t
ns fiber cells develop i-aneodkhke@t t awhiools, Fiekera
nd neighboring fiber cells and minimize extrac:¢
rticularly durieg abeommodabdpnstwehi Wheshape (R
ical domains of elongating fiber cells meet wit
l es, respecti(Vyalby, eldernsar i tiganrdethh @Ycentral core
nNs t operrepreadunainlexyt ed to t he -siuc h olulunttdenrge AnQUPLOY g | eyn, t
d AQP5 ddiifsfpelragym f i c nNg patd esnggdot itnhge tshuetyu rlea v
n n

a
S
I
b
p
a
p
I
a K i

f ctions in that2023) 0 (Gl etten et al
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INFLUX

Capsule
e Epithelial
cells
Inner nucleus <
region
EFFLUX Tt ’ 5i$:f"m
Outer nucleus
region
—> | < Organelle-free
Cortex region zone (OFZ)
Sutures
Figure 1.2. Cartoon of the ocularlens. The exteri or of ‘the Il ens is s
whi ch, in the anterior region of the | ens, border
epithelial cells differentiate in the equatori al
cells and progressively transform into mature fi beé
make up the center -forfe et hzeo nlee n(sOFaZr)gannFeilbleer cel | s i
shownbliuret he out egr eveirwalnedu st hien § nmned Thecldeas hed red
represents the extracellul ar di ffusion barrier.
outlined by bold grey arrows. A flux of fluids (
intracellul arly dolwenst heorseu,t uared fttmen hientercell ul
pat hway guided by gap junctions and aquaporins wh
Figure adapted with permission from Cantrell et a
1.3 Lens Function
The main function of the ocular | ens, positionec
light that is transmitted from the cornea onto t|
function, the |l ens must remaionngthr amgpadmuesntcedndl ac
and specialized cellular architecture highlighted
mai ntenance of a microcirculation system (MCS) (M
The Il ens is a unique organ in that is does not
thisonti ai nst laat MCSShrough a circulating flux of wat
cells, sustains fiber cell ionic homeodhasMELSand
i produwceed circul ati ngwhciucrhr epnrti nodhrei Ndayetneandenetrh e pol es
and travelscoméa the éenhsdedlwleelnardf i bpacesel | s. Na+
cel |l membdr aaneetsurann t owar ds he surface via an inter

ATPasesncentrated at the s equator. This circul
water flow that enters the enandt tbhoshppothesyand
in FiguC€Ca&andi &2 et RBdnagl LA 6et al

t
gap junction channels (Cx46 & Cx50) whémMa+N&+ i s
I en
I

4



This flow of water resul as ime nttivioen X, thr g @lclewslsars
water allows nutrients a&anada ahtei otad dtame pdd enpvdany alv el

cells where different membrane transporters enabl
Mapping this extracellular delivefVYawphefsiolat easl .t,0
and confocal mi croscopy (Grey et al ., 200 3; Lim
extracell ul ari nditfhfeusiinonrerf occromst ex of the | ens where
organé&pdtisal ly resolved mqeaeathattt wies pclod ®iomg cef t
space is accompanied with increased expression of
junction related proteins and by increases in the
e z rriand imoiers i n) ( BRBMt ei ns (Wang et al ., 2021) . I't ha
by restricting radiali oaxinacdhalel ahaerspaceéedifceryv
water and solute fluxes into the | ens nucleus vi
Mat hi ashavte asshown t hat the removal of water from
extracellular diffusion barrier,thobhgbtghoabei medr
gap junction channels, generates a substanti al hy
0 mmHg in the periphery to 335 numHged ntGa bdeaettees a(b . ¢
2013; Gao eTthiasl .I,en2s0 lplr)essure gradient is maintain
that wutilizes the mechanosensitive Transient Rece
TRPV4, to sense changes in pressur e aAs tnheen tsiuornfeadc
above, Na+ efflux from the | ens occurs via Na+/ K+
the | ens equator.

The ME€®ss required to maintain transparency; how
and maintained as a function of age is not well wu

water perAM@Rlbsi lan yi mportant pr,otmainn tieemdt freeeggaid rad i a
of theAQRCOS.i s known to interact with different I

function of most of these interactions remains untk
directly affectM@AQRPO0se rfodlel aowi ntghesecti ons wi |l | pr
to sever al key |l ens proteins, includi ngpragtuaipror i r
i nteractions.

1.4 Lens Proteins

1.4.1 Crystallins

Lens <crwstalal ifrasmi | y of h-s ghllyl ebpmadaeaitnswat leat
both in the Il ens and other (BbatteanduMNhghbeehhe h6E
Piercy et Faubnd ROB2pparticularly high concentration

mg/ mL), these proteins play a vital r-eil ercyw éenal
2021) . Human crys+alvliiidresl ¢ an obe hs dlCockirfyfsaradnti nel
however, additional -cmy at &lilnisnsareupheasendelihaot he
Piercy et al ., 2021) . Crystallins in the |l ens | a:
turnover, and therefore over time they become sus
deami dattiroummcati on, crosslinking and methylation w
function (Bateman et al ., 200 3; Schey et al ., 202

in the | ens contributes to tHeRpahcgk aplr 8btéebve, i R

ThéJ-crystaIIins, member s of t he small heat s ho
mi sfol ded proteins to prevent aggregation whi ch

5



transparency if not properly réequlepteardle ftHorcwiatpz,r
associate with proteins to maintain their solubil]|
(SpraPgweer cy et al., 2021; Jantpalslkian e¢ xiagt sUA2D 119V o
andBcrystand iinp humdnsntheyteracdl tgomersn atetar 8:
respectively (Selivanowa hamb | @aluziatrs kney ag,h t2s0 20) 19
respectivel y. tlan naddgi tlieonnsUttoryasnisaplalrienn cgygner at es a

in the |l ens and maintains cellular proteostasis (
al ., 2005; Selivanova and Gal zi tUckrayysat,a | ® @ 210 ysa mlunc t
be divided into three ditfefremiennatl rdeogmaoinns,, tthhee hfilgeh
crystallin domain (AGD)mMi naanld diohnea idny n(aSwilci vCanova an
The-sReet rich ACD, is an estagbloihnsHdBhatthcthaatyeg ab i
Raju et al . 2-0aln6d)-t €rnndi ntithearMd al so i nvolved i n st
solubilization (Ghosh et al., 2006).
ThecCystallins form different ol igomeamd comp
het¢wy@ic interactions (Bateman et alor,de20 ®m3)i.goTtea
and wmdher go substantial modification during the nc

racemi zati on amdhdi aogme rbiezlateivoend t o( Lpadnapyi aetstalu.c,t u
Ghosh and Chauhan, 2019

Unl i kkandreiCyst al Yirrnyss,t attHeé ns are monomeric (Ven
bel ong “¥co ytshtealQ@ in family, are around 21 kDa i n mo
structur al mot i f (Vendr-ar yst alalli.ns 2a0rle6) c y s@aeninmae
thermodynamically stable compared to othef¥ cryst.
crystallin mutations in humans have been Yeporte
crystallin is stildl berngposegl| ohad, bbuoauséeé htspo
residues with a higher refractive index increment
considerable role in the refractive p™weystodl Itihnes
are more concentrated in the Il ens nucleus to cre
i mportant to reduce spherical aberrations (Piersc

1.4.2 Intermediate filaments

Like other cell s, the |l ens cytoskeleton is col
intermedi ate filaments (1F), including a unique
(Quinlan et al ., 1999). I nter me ckicatfd oflidlsa mein tt sh ep Ic:
and nucleus and help mainté@dKnmoargdniCpat obhhewa @ @ID@
vertebrate |l ens contains three main intermediate f
et al ., 1999) . BF $R1 ( (CfRPi419d mpsiarkd pamd f BE®pl ethsi ns r
as beaded f i laasnseenntibsl et haantd choave i mportant functions
organization, and overall structure (Fitzgerald,
these proteins results in cataracts (Song et al .,
heterogeneity, but stildl retain similar structura
flanked by head and tail domanng héeKilmnandt 8eskoim
filaments can be found at fiber cell membr anes wh
(Sandil ands et al ., 1995).

Vimentin is an intermediate filament (Type I 11
the |l ens, it is mostly expressed in the epitheliu



l evels in the I ens inner cortex and nucleus (Fit
2020) . This intermediate filament serves sever al
healing (Menko et al ., 2014), wbadi aks nate® adheo dies
catamMgdettl e;2@®Q9 al

1.4.3 Aquaporins

The aquaporin ofrAQiRg mbprraonteei innt ri nsi conpsriosttesi no f(
transmembrane water cfhaaminleil tsa ttehdacdtide ftimoreae uogam t of w

across biological membranes and, for a subset of
glyceroli, ®HeaanQQ@Igr e, 2004 ; LaTbheseevi adl ,w20D4B)
are found in all three domains (Eukarya, Bacteri a
dat e, 13 different AQPs have been di Sdceweriend oi nt hm
main categories: classical AQPs permeable to wate
and AQP8) ; aqguaglyceroporins permeable to water,

AQP9 and AQP10) ; and unorthodoxwdArQPse d AQPdd khomo |

(Agr e, 200 4,; Ver kman and Mitr a, 2000) which have
glycerol (MadeiraOebormntenti2dCe@tr aads Hy20R®2) was sh
addition to water, QRN sc aAmM PtOpCa (AEHPda daantda A & Kumar i,

Aquaporins play a crijand ailn rhoilgehedrn palkabretesr bti hod ro
30 i sodmasmyer al di fferent gene familmaemma(l Mamu e |
aqguapoplianrst, aquaporins showndi vad rinsloictiygshé he csteil vet i o
water, others ax e N&b&gelcytciavree &f ,oarn dQ @ r . Toht ehye ra | ssod uht aevse
a similar structure as described below and assemb

Al t hough aquaporins -gpeseilfayc dé ¥ phraswe itans,siumh & g

strucstiuxreteransmembr ate, hewocebBo(fTMl helices for med
fold ibnatcok t he membrane and getnrearnastnee mebr @ e e retelg me s
connecting I|-Bppandl aopsrA for the transport of w:
each monomerHo(r Beerfnred tdh 2022). A pore runmen hroug
where water (or other sol utel)n noddeictuiloens, Itihnee ausps ei
monomers into a tetramer creates a fifth central
ot her hydrophobic molecul es. The tetrameric asse
medi ated by inter actoifontshebediwefeenr elnd o pmoomer s [ 6
conducting por e, t wo hiigho Va lmaenn sneer v(eNdP Ag s mreort a fisn ea |
the ends of the short heliceks.)¥Iolfmegdt bgr | wiopk Bha
argininel/R)egiwhn cthari s | ocated towards the extracel
is believed to play a cruci al role in preventing

Gr ot tthyumpes mech@md etm2@®0.1 aThe ar (RigegeohsB)tutes t
narrowest part of the pore and functions as a se
arginine, the amino acid composition of the ar/R
thereby providing differreeentofs owaitteer spercmdad kecii ltiyt.y
aqguaporin isofor ms.



b

Figure 1.3. Diagram of generic AQP structure. Ad apwetdh per mi ssi30®cfthreym Fi g
et al. Aquapeak)ns hheki sak meEmpharane spanning domai n
each with NPA sequence motk)adsdyf ¢ vy-alnidd €N end thii n g Alr @ ¢
of gosatnsl ati onal mo d md sptraottieoi nns i (psut egdprase)t eaorbdh @ Wwn .
ar/ R region i s Fhigahlei gghetneed aitredr esd.t h Bi oRender .

COOH

Membrane trafficking is a form of aquaporin r
AQPO is synthesized and i mmediately trafficked t
mainly |l ocalized to the cytoplasml asismaimdmbreaneé at
mature fiber cells (Grey et al ., 2013; Petrova et
have been shown to interact with AQPO including c
AKAP2 and others thian dvatldi Ibebediosw.uskew AQP5 inte
been identified (Gletten, 22Dt ein t heerl antsi, o nhso
identified in other tissues (Ohashi et a. , 200 8;

Lens fiber cell me mbr ane prrotfei nesnvea xiosntmeinnt sl i(p
Schey, 2015) and it has been shown that |ipids car
and permeability (Tong et al., @wd3)endHolwiepied, i hD
aguaporins, specifically AQPO, in the |l ens has | a

Théenseportexgpresasguapor AQRO0O, AQP1, AQP3, AQPS5,
AQP8, with distinct subcell ul dgrScdieyt reith all a ye OR/P9g
given the scarcity of reports on | ens AQP7 and AQ
thesi s.

1.4.3.1 Aquaporin-0

The most aabnuénxdtaennts i vel gnstaduaegdori ncomp AQ®PEs wh

around 50% of all the | ens membrane proteins in t
as the retina (Karasawa et al. Humm@bl AQ®0Od muit ae i ok
knoclodutAQPO biont hmilceemad t o congenital cataract (Berr
AiGhoul et al ., 200 3; Zeng &ttt edt.i,ng20tla3 ;i tYsu certi tai
physi.dAAlquay-0r i(mand ad4quaploriomki et a . 2006) i's uni
aqguaporinsitnséehaes dual functi onsadhesi@nwantoé re ca
(Varadar aj and Kumar i, 2018), that are believed t



acts as a structur al protein by connecting the p!
Rose et al ., 2006 ; Nakazawa et al ., 2011) . AQPO
where in the cortex, AQPO mai ntalieasas easwaramspha
involvement in the |l ens microcirculation system (
believed to switch-atdd epsrieodo mpiroaréthleys i adsc ealrloe k|l n, t
AQPO interacts wviPtOls menidg holrorcienigt Amembr ane | i pi ds
create thin junctions that support | ens core stru
to be triggered by the -pmait € Imy thiic otf r ARPOt4i) G neh |
I nterestingly, the «c¢r y2s0t0adl) sotfr upcrtoutreeo |(yGoinceanl |eyt calle
the AQPO pore to be closed implying that it does
however, water permeabilityseikiplerameatsoshaawi t htaa:
when cl eaved (Ball et al ., 200 3; Kumar i et al .,
reconcil ed.

Lens aqga pwartienr permeability can be regul ated
including phosh®&medd haat!iaanmHalpIH 0(0t0r, miChal cl eavage
et al .me2n®dbOr4a)n,e trafficking, protein interactions,
phosphoryl ation sites (S229, S231, S23%) mhaak b
amphipathic helix and phosphoryl ation att A& O0or n
permeability directly through <calmodulin binding
all ostery (Fields et al., 2017). AQPO iprhotstpé oirryrd en
cortexswuggiesmi ng spatial nreeagbullattiyon( Boafl | waetteralper
al ., 2016) and a poteRmRurahermoee,i nt irhecugvhCSnati ve
performed in collaboration with Dr. Vi cki Wy socki
AQPO tetramer contains two singly phosphoryl ated |
on AQPO sftunmncttiuore, and regulation are described be
1.4.3.2 Aquaporin-1

Aquapbdbrisan expressed in a wide range of tissue
spi nalPecconrld véatniadloou, 2023) and, in red bl 6adreell s
et a87AQ@Pl has been characterized by crystallogr aj
al ., 1997, Mur ata et al ., 2000). Al though in the
cell s, l ens oparmcuilflicmtcenpi avadPtLlhmenti al st ol & iph:
transpareikdgr r(&Rebrnkdma n , 2006) . Specifically, AQP]

mai ntains a proper water flux across the epitheld
1.4.3.3 Aquaporin-3
The aquaglyceropdricn| AQR3 eswhiheh passagd of wa

was recently discovered i nPQGR ea nma mieasltiearnn |belnost tuisnic
al ., 2024). AQP3 was identified throughout the | er
compared to AQPO and AQP5, a n da yt hsuesr viet aw adsi sstuigngcets
the |l ens (Petrova et al., 2024).

1.4.3.4 Aquaporin-5

I n addition to the |l ens, AQP5 is fouylhaciinmal vanmnd
respiratory tract submucosal ghhnke, (RO whaaoahdDbd
i nserted i nto t he pl as ma me mbr ane, AQP5 can | oc &
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membrane (Petrova et al., 2015). Recently, it was

pl asma membrane via an unconventional protein sec
peripheral fiber cells, AQPS5 whsi I ggenenr anlulcyl efaoru nfdi bi
| ocalized primarily to the membranes where it i S
mai n water <channel since AQPO0OO6s predomianbhesi banct

mol ecul e (Scheyeleatt iavle. ,t 02 QAP)0., RO@Rb sc osmxteinmatag d otnc
around 5% of that of AQPO (Grefyoéd a&igh201%ptehi pe
(Yang and Ver kman, 1997). AQP5 is known to be rec¢
(Petrova et al. 2023).

1.5 AQPO-protein interactions

I n addiat iwan ero chammddlesama mollecuéeacAQP@Ii t h a v

l ens ptotempact | ens physi dlnognositn adjiusatpionm din swa yt h €
and/boer@ini ar e kperyotseitne si(ndtberrkbdettshe hsel d et al ., 2
termini are not as conserved between different a
pogtransl|l ational modi fications (PTMs) sites which
Horsefield &tpeal fiqudalpla,) naet bat ewdtiewentfaoirn a sho
amppat hic al pheathéare@ixal tail t-padt eing aigleBeerimmrcadih®n s
Horsefield Atsuanhmar y2 002fp)motsei AQPOt eractions report
functional significance is discussed bel ow.

The webWwn?tbdandi ng protein, cal modul i n, binds an

eukaryotic proteins such as scaffolding proteins,
is no except-CaM. i MTherAQP®or D& pbehmpst ext-ensi vel
protein interCadtmoamnd itnd sd atbhe ¥-bt ydt ngempbey Oy BamMa
di fferentially as well as its flexible core |Iinker
et al ., 2007,; 2wil8)a.l oior sent aanld Per acchia (1985), t
and N®ahal an and Hall (2000) through thei AQRPOudi e
function, suggested CaM was involved in | owering /
et al., (2008) wused AQPO peptides to measure CaM
i s phosphoryl ated at Ser 23&affCaMtpi sdudgeiss hanlkei
including microscale thermopPh®)y esibastudiCaal ¢ Kr £ h
interaction exhibits positive cooperativity and t
(Kreidaotd)adr Asbdblowti on el ectron micr-CabMopygmpltexct
confirmed the notion that two cal mopat ahlselbi manrmad
(
C-
m
t

Reichow et al ., 2013) . Mol ecul ar dynamhe sAQRPOul a
ter mi nal tail, CaM interacts -maitlbstatraakl Yyuwat |
odfy a constriction site near the cytoplasmic pol
his has yet to be confirmed experimentally (Fiel
Akinase anchoring protein 2 (AKAP2), a member
associates with protein kinase A (PKA), has been ¢
By serving as a scaffold for PKA anési @ aasbBorit atee
cellular processes (Gold et al ., 2012). AKAP2 wa:
di stalker i nal region of AQPO i n out er cortical

Il mmunohi stochemistry explegdalmeznattsi ocno noffi rAmePd0 tahned CcAOK
l ens sections and i mmunoprecipitation and -SPOT ar
terminal tail of AQPO i s a specific AKAP2 inter;
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suggested that the sequestration of AQPO and PKA

at Ser235 and wultimately disrupts its interactio
permeability (Gold et al., 2012).

Crystallins are thesimostheabuwmigamadlPgepascty eien al . 20
Conf ocal fluorescence resonance energy ¢transfer

reports that AQPO int elAadBt s GBI2eoEdr gss att yasil winé
af fi(miituy and LiTarRgryg0aB)in family functions as sn
bind to partially wunfolded proteins to prevent ag
l otegrm | ens t(ramsgPpeecayy 22218ISt udi es demonstrate
thermally induced aggregat ilznmysf(SMaly uwas npi evednt
201.3)Coomunoprecipitation expebiiménser eaemi pEp arse v d an
crystallin interacts with AQPO and it was -propos
termina(Faerg00d4)lEmpl oying confocal fluorescence
showed that ABRPOygtexlIriuiin st o t h(eFgrn g@thadme mby anan
endogenous crosslink was i dSermrtyisftiadd i met weaueggngeASAQR
proteins direcf(tWangneerakt 2019) vo

Ezrin is part of the ERM (ezrin, radi xi n, and
FERM (-Foiommte ERM) domain connect proteins to the a
The ERM proteins are involved in eilmpositgamal icnegl | a
mai ntaining cellul ar structure and adhesi on (Po

spectromemmynomroeci pitattieemmi manld pleQdtdi déex ppeulilment s
was shown -térami mndle CCegi on iafecAQRO-tweinbthe nahbtet ENERM dom
of ezrin via both F1 and F3 subdomains (Wang and
suggested that in the |l ens, AQPO0O may serve as a |
containing the erairan,aperdepsdmakymki p ( EPPD) compl e
et al. (2003).

The i ntermediat e filaments described above a
components that make up the cellular cytoskeleton
cellular organizati on, i-4 p ehcaisf ibce einn t gerd onpgedddi eadin @tn hbaet a
conjunction with protein chaperones manage the ex
the |l ens cytoplasm to maintain |l ens transparency (

and phakinin are knownast oalisna esrhaocvin, thhoawte vtehrey iitnt e
|l i kely affects membrane/cytoskeleton orMxnMI ati or

experi ment s showed that filensin interacts with
subsequent caossspakti ngment ry experiments |l ocalize
AQPO-t €r mi nal tail ammer mihrealt rfuinlcean idn Cf r agment ( Wa
Il mmunoconfocal and i mmunoel ectron microscopy expe
spiaally interact in bovine |l ens tissue sections (
permeability assays using Xenopus oocytes showed
reduces AQPO per meabil ity ( Nakazahwa eeftf eal . ,of 2 0AK
phosphoryl ation on CaM bin

[

ding (discussed above),
of the -AQPIi Cus peptide did not iIimpact filensin b
affinity purification-MSXpMEr iamaenhysi cohpved awistoh i dE@
an interacti ngteramitmeelr toai It hoef CAQPO (Lindsey Rose
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phakinin associates with filensin to form beaded

interacts with AQPO (Lindsey Rose et al., 2006).
Connexi nsj,unocrt igoanpa l p # ated ilnsc,haarnee | c eplrlot ei ns wi
pores that allow smal.l mol ecul es (usually under 1

They have four membrane spanndamgtdcamsainis, Camd ecxyitn
cluster to form plaques and when si X connexins

hemi channels (Li et al., 2022). The |l edS8 ¢XpHAB83se:c
conneli ( Cx46) ahd ¢€€rbBOGkiwcthgditsng and per meati ¢
al ., 202 2; Mat hi as et al ., 2010) . I n the | ens, Cx
is mainly expressed in fiber cells and Cx50 is e
Connexhnsentaract with other isoforms to make heter
diversity in junctions (Mathias et al ., 2010) . V
phenotype, Cx46 and Cx50 knockout miceedewad¢loped?
Connexins are key players in supporting the | ens
connexins, other proteins | ocalize to fiber cell |
1997)i mmwnol abeling akpdrimant 8 QP &dvba r6d ccod mmcead iie e d
i mmunoprecipitation and i mmunoblotting experiment

Jiang, 20ddwn eAx pedil ment -tuesr mignasn AQPIOoE protein d
in embryonx45.l@&nienst erCaAcQPeldt €wintihn atthe egi on and sur
resonance experiments narrowed down the site of i
domain (Yu and Jiang, 2004 ; Yu et aCx502006&r adt b

augmented gaeupluinegi ochi u et al ., -ROddhouAnmAQPRPe/ @&
di splayed substanti al mor phol ogi cal changes, such
and intercellular space, digwdéighoiegns hpl @y iitncaea
fiber cell structure and organization (Gu et al .,
1.6 Lens lipids

Membr ane prot AQRG ,r esuicche aisn a complex and dyna
The composition of the | ipid batayernt sdtowerndc om
membr ane protein structur e, function, and stabild.i
AQPO have yet tTohebef cellluoccwidnagt esde.ct i ons wi | | provi de

|l i pid biology and a -riepiidwi mthemr &@toiraresd. AQPO

Due t o t he progr essdwhkec etlcergg aardadlulredbsm g of i ber (
e r etnhm@El aatsimman membr ane i srambaimamlgrd aandthse wotnrl et u
y di fibeenctieated( MZheal ienst palasma2med&dbrane pl
rtant roles such as harboring different me m|
litating communication between fiber cell s, 3
water (Maina)l.i Cur iaolu.s,| y2®iltdh g PpCh o scpphnplos i t i on does
bet ween organs of di fferent speci es; however, t he
trend. The | ipid composition of |l enses wvaries <cor
that the dn fesgami ofh i s associated with a higher
(Borchman et al., 2004). The main |lipid in organi
(PC) whereas those with |l ong | ife spaenys kptr i2Zntadrg;l y
Borchman and Yappert, 2004) .
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Mo d e | syst ems reveal edpetrhmetabbgydgen filsui tho rme mb

membranes with | ow sphingolipid content) and thus
which contain high |l evels of saturated sphingoli
oxygen within theebiladyer s200B9gr.chlirhaeemsse pl asma mem
sphingolipids, are |l ess inclined to oxidative dams:

period (Borchmalnt ehasalbeen20@rdgposed that human |
i ncr elassveadl s of sphi ngorldlpatdesd tox ichartbiadn a(gkor ¢ hman

A stlhybeel ey et iadent(i2f0i0e8d) ,and qlearsteiss eéean | i pi

di fferent amsgpecieported that phosphatidyl chol in
di hydrosphingomyelins (DHSMs) were the most abun
was the most abundant in al/l the measured ani mal s
of the | ehspiphhospbexd®xdy) .etDidlf.erences in the rel
bet ween the seven species | ed authoischemisauaglgean
bi ophysical variations in theO®I8gsma membranes (

1.6.1 Sphingomyelins in the lens

The human | ens pl as ma membr anes have a part
phospholipids, sphingomyelin and cholesterol, at
l ens region. Early studies revealed that!| DRISWMsi s t
( Mer c hant9 9elt; &Bly.r dive9l4]l) .etDHasSIM has a nearly identica
that , unli ke SM, it does not contain a trans dol
changing the properties of tnh et ol i lpawle & HB Mg hers
temperature than SM (Borchman et al ., 1-bBp)dsug
interactions (Yappert and Borchman, 2004). The mo:
SM (d18:0_16:0) and SM I(d182@0&M4.. 1) (Deeley et a

1.6.2 Cholesterol in the lens

The Ipdrmsma membrane contains some of the high

tissue in the human body and abundance | evels vary
in the cortex t Heaprheo sipsh oa icphiodl ensotlearro |r antu col eoufs 1t:h2i s\
ratio is 4:1 (Mainali et al., 2013) and these rat.|
process | (Lil9é8t7) a I n the | ens, chol esterol is kn
domains (CBDs) in thealmemhlr9a€roe s 2(0Xalc o bwhea tc h, unl i k
it is often associated wi9h8;paMdaaR @) (dubermkooe
physi ol ogical property needed for proper |l ens tra
et al ., 1996b). The physiological roles of <chol es

been suggested thativd fswemoteiso na apgrao tnesct cataract
Borchman( 299@&) .proposed that chol esteomotlr olllaiynsg at

structur al order of membrane |lipids in the cortex
in the membrane due to its ability to resist oxi
paramagneti c r esednaabneclehdgEsne)tSEspc ny2@k2) eftommd t hat
l evel s of chol esterol i n fiber cell s al so allo
hydrophobicity, and oxygen transport parameter)

despite v&Ci abnoestot hat occur during t2H0el 29 gi g p
observation support,etiodg) BoFohmhaear mbral .it was s hc¢
as barriers to oxygen transport allowing for a |o
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cell s (Subc,zZMilsX)i. eTthhealebarieat iton i n l i pid compo
di stri but i olne nosbéesseayhae dpdilae i n maintaining proper | e

1.7 AQPO-lipid interactions

Studi es -loifpiAd@0Oacti ons ,ijiamelanténe dterdonbudr ystal | c

structure of | ens AQPQ2O0®n wihMBGct Gonah AQP@l was r e
the structural diff er enejeusn cbteitomeaeln A QPnOc,t isopneacli faincda
l oop A, were compared. Another stAQRO reeliphBerittedi a v
pol ar (IEIPKi)H]ist e, 2e0t1 091 .wherethheytheurdatty acid acy
bilayers are in similar | ocalhé adgr oausp st haossseu mien dD
ori entWhiiloemst hese studies were very valuable for t
was probedndtni vae nloinpi d i mportant,(2M&r3¢ mnsecantellyec
crystallography to reposphehgomyaelt esn/aohd ARPDwe @ |
that the AQPO tetramer influences the | ocation an

adj acent AQPO tetralmemdi nhgpuskolaecsdeem!| , 2ndo2A 3e)c.ul e
Mol ecul ar dynamics ( MD) simulations found that t
AQPOs by allowing them to endure a grz2@23)y. | Tahey a
also found that the chol esterol in their struct
established cholesterol,2®023ding regions (Chiu et

Studi es by ,T@0Yy3 rkaweal .t hat when AQPO was re
proteoliposomes composed of different l i pid mixtu
the | ipid bilayer composition. Specifically, AQPO
l ens filkembraalls, mi . e. sphingomyelin and chol este
permeability compared to bilayers containing phos|
et ,2013). The study suggeisttteidn tthlaeg |AQPO fwhmepd toina Iwl
AQPO water permeability is dependent on the compo

Specificall,y20I&8ng sdatoweald. t hat AQPHI gwaetreri npetrtme ada
region compared to the @waolseahinggmgrel whi ahdi shbi

An excellent review, (RWHI%N)s tha g hdy gHhaleld ete neIn.al
MDsi mul ati oAsi pafd AQROer act i oawst hahrdae detxwaayp | ry OHEon
and Klauda co2plaMpdshantul ati ons of AQPO tismm AQMG liary e
a bilayer of 48% DMPCamaan cbl2uwWa eadh otl heastt ecdtod | est er o
hydr ebgoennd i ng bleit fweeteifpnreloit i ¢h acnodnntcarceta§Re0s st abi |l ity tF
ring stacackifreg.vafslestohe st uadyilyEdamd pmwhi ch found t
embedded between AQPO monomers were more fixed co
tetramer and t hatatlhiepri d haacny |t cheeh ehremasdrnger etolpeat i ons of

| i piindtser acting withA0AQPO (Hall et al

Lipid rafts are microdomains withinriahedl lwdg
proteins and | ipids and have specialized function
transducti on, vesicptotmowvempnd, i ptetachions, an
organi zation2Q0M)n.g Tehesad .dynamic | ipid microdomai
solubilization in certain detergents and cont ain
(1l konen, 280l . aTcommonly used detergent to probe

have been usCHAFR calnuddiBrg j 96 (1 k(oG9 ) 2f0ddund tThhatg
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|l ipid interactions are sufficient to |l ocalize AQP
and cytoskel et al proteins). A@QROthms$cbedobpmbAbuosad (W
Schey, 2015200®n0g asmmtd &Ixperi ments by Wang and Schey
40% of the total AQPO wass if otuaardt i me mbhrea ndee 1 (eD RgM)nN. t
oligomerizat i 209 )Toamd etatatty acid modi fications,

(Schey et al. 2010) thvwaov emebteheond sp rtoop otsaerdg eats AQPO t o
al(2010) found that acylated (palmitoylation or
Covalently attached I|lipid groups on proteins <can

trafficking or signaling (Resh, 20i0p6i)ds aAQPOwoc aanmik
residues, methdt enmnhnepud8 andt hgtsdNmmi 28I18,t ainl t(h®clCey
Pal mitoylation of a |lysine residat thertetgmedefl ah
ol eolyation, was a new2mmbdbd) filkcateowasi{ Schly, ebotah .r
acid are found in high abundance, M8 Aa)h.e Wietnhs tph ea st

i maging mass spectrometry experiments, it was fou
predominantly found in the inner cortical and ol
suggesting spatially depSoadent2dtl®gl!l dtni carddoft i AQPQ
tarmgegttio di verse membrane domains, the authors pro
could serve as a mechani-smr mionalectuaiel tthe ®YIR® 0 p IC:
consequently enabling pr200tledi)n. bFunrdtihnegr mMoSceh ey te twaa
since this modified residue is in the calmodulin
bet ween AQPO and cal modul i nol Pes pat ewhEm8 sppil essyesndti e
|l ipiadt droenmaainss | argely unknown.
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CHAPTER II. SPECIFIC AIMS

Th
de
fu
t h

e ocular lens is an avascular tissue that gene
|l ivers nutrients, regul ates | ens homeostasi s, a
nction. Lens membrane aquaporpirnost edrnes weaehtadr ppaertn
e generation and regulation of tbe( A®@BRB8) mithecim
abundant | ens membrane protein, functions as a wa
Given the importhebhsrbirtanspaA®PROyiand cataract de
how proteins such as calmodulin regulate AQPO str
its role in the microcirculation system. Further:
me 1
nev

rane proteins has been shown to affect membran
ertheless interactions with nativel Ihkymsotlhesidse
hat -AQ®0Deilni paindd i nteractionst aaedspaguhaty Aepenfd
truddveerrea.l 1, | pr opelseen gttoh-pdee@Pebrimmi ndem ¢f iVIQP Ot er act i
rosslinkingVuS$t udiyads ogEb de udrmaesrsi usnp eecxtcrhovhegter y ( H
iquid chromatwmgsapsypedttandiSeMs)y, (drCd native mass
native MS). Using these advanced mass slpeencgttrho met
AQPOBal modulin-pandeA@QPO Nt eraction sites, identify
determowet hese interactions i mpact AQPO structure
mi crocirculation system. This comprehensive study
interactions regulate protein funactfiroamame wortkhef olre
devel opment of t herapeutics and/ or practices tha
cataract s.

t
s
c
|

(

Aim 1: Identify the sites of interaction between endogenous AQPO0 and different lens
proteins.

Sudi mDétermine the specific ami-hengthtA@P6pdoesih
interactiowm$. using XL

Twoami-nneactciheemicradss!|l i nker s, BS3 (bis(sul fosucci
membr ane permeabl e crosslinker, and DSS (disuccin
crosslwinlklerbeousédci date the spediefniga hipiAPi6n O s
interactions.

Sudbi mE&t abli sMSameHbXd AQPPabieanmnei nteractions id
XEMSexperi ments.

Usi ngAQPbeal modul in, iatmetlbod owi |[tlo bwa leisdpatba tidsiPied
interacti onAsS.usi ng HDX

Aim 2: Test the hypothesis that lens lipids specifically bind AQPO in a lens region-specific
dependent manner.

Sudi mldenti fy drheosgreicpifdisc bound to purified or cr
I wi || use purified and/or crude AQPO to establi:
native MS.

Sudbim @entify regional di fferenaasal iyvaQAyPdDm ntawa v e
|l ens regions, t he cortex and nucl eus, known to
compositions and t hleirgifdrenwiargnmgntAQPO
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Chapter lll. Aquaporin-0 Interacting Proteins in the Bovine Lens

This chagapt e dAsqf waopa@-pii mt ei n i nteractions elucidate
spectropnehIriysed in Biochemical and Bi ophhyassi c al F
been reproduced with the per mauwtshMermshofH.t Te apulaihids
L. Schey.

3.1 Introduction

The eye |l ens is an avascular tissue that gener
delivers nutrients, regul ates | ens homeostasi s, a
vision (Mathias and Donal dson, 2walt7e)r. plLeernnse arbelneb rcahr
proteins that participate in the generation and r
Agqguap0Or ( AQPO) , the most abu dant |l ens membrane p
channel and adhesionngr muen oms tofe dkRiNsS, paot ein
cat ar(ésthtieel s and Bassnett, 1996 Varadar aj et al .,
As menti oned Aigu a@idaptmera Mmember of the major intri
channels that are structurally si riielldrc,alp asosmeas snisn
ha-hél i cal segmentand-ct@t miphiasamd NI ves commverc tiim gFil g
1.@3T°r AHoatshef i el d et al ., 2022). Aguaporins are fo
each monomer of their tetrameric structures fold
response to osmpatisct vgl gdit e(@esrproirets wat eal . |, 200
intrinsic aquaporin permaabatibpsara phemaramy
addi tionand-h&i mi i and connecting | oops are es
many regul at dry spoorosteefiinesl d et al ., 2022).

Regul ati on of AQPO water permeability i s es
transparency. Modul ation of AQPO per mealbNdmeatyh has
Cahal an and Haelrlmi n220 0(0§b,eethage al . , 2004) , as wel
specific prot&binsdisnug hprast eCian ( Gal motHulaind EEaBykchi
Kreida et al .-Ca h2a0l1a8n, eNe nmeelt .h, 2004 ; Rose et al ., 2

n(Nakaenaswa et al ., 20117 ) .Wa@tgh earn dp rSoctheeiyn s 2

ct with AQPO include |l ens béhiderdséyl Rmeatep
,(V\éaznrgi nand Schey, 2011) , g a-p O(jLu nuc teito naall . ,p r 200 1
e anchoring(pepobtdeienh al ( ARBRPERNn, eandl cry208H4t
i nti et al ., 2013). -prbteiepor hbehaeteimdmslatl ¢
ol i c (tT°%rl AHoodtshaA@QP@l d et al ., 2022) antdhisnpeci f
AQPO interacting proteins have been reported for
connéxXi nadBdrystallin). Li ke AQPO, ot her me mber s @
aguapdramd agbuahpaore nbeen shown {€hiwaesactet what h, e?2
al ., 2017) adn da,n da gaugupaopmoirbiin ¢ dlsmodal ien al . , 2021;
2009) thus a bett erspuencdiefrigpct a@PiOng i ot eFra@acsi ons may
i nt o agpraptogiamtii mtnessr beyond the | ens. Further mor e,
plays in maintaining proper | eparsotfeuinnc tiinotne r acchtairoanc
the |l ens wil/l hel p us understand how, wwvhérr AQ#®mMd w
For exampl e, these results could help inform fun
pinpointing regions within each ppoobéennthat enaet

o]
4) .
nadu
tab

Further, such resul ts camubeuralt ebgrat edy wi eb hmit
computational model i ng, to gui de t-fhreotgeeinrer @ad mmline x
(PiersimaakR2gt al .

In this study, we used chemical-M8rosel iidkinng fm
specific sites of interaction between endogenous
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including two previously unreported6bi Pdi mgr pamatmn
reactive chemical crosslinking reagents all owed wu
key pipotoeienn interactions thatheaalepsayOumpoesaht
first time thattermiadditdeemh@B86hbBsCal so a site
|l ens proteins. Furthermore, using hydrogen deuter |
AQP6al modul iinoni,ntwe ademonstrate t hat conformati o
extracellular | oop regions accompany this interac
3.2 Methods

3.2.1 Preparation of bovine lens cortex and nucleus samples

Frozen bovi A3e0 Ineonnstehss, Flfi2eage B{ Bébgical s, R@yers, A

were decapsul ated and the |l ens cortex (~2.5 mm thi
cortex and nucleus samples were eparnrtadx | we rpe epan
homogeni zed using a glass dounce homogeniHZdr, i n ¢

1 mM PMSF, 5 mM EDTA, 150 mM NaClgf opgH 20. 5M)i ,n ud eerst rai

and the supernatant was tHthsoeddedheapeltbespwkelet
homogeni zing buffer and centrifuged as described
pell et retained. The pellets were thenH@ashB&BmMwit
EDTA, 150 M Na@l 8MpHre@a5)nadris buffer with eac
centrifugation and the supernatant di scarded as
water, col d 100 mM NaOH in Tris buffer, and wat e
centrifugatriidbbrdasandles he supernatant was discarded
pellets were then fIl-&@aGAC furtzieln wmsna. stored at

3.2.2 Crosslinking with BS3

The cortex pellet was thawed and reconstituted as
10 OL aliquot was removed and combined with 10

concentration via bicinchoninic acsdwéBE€EApPrapanygd
combining the washed cortex pellet with purified

concentration of ~1 Og/OL cortex pellet and 3.4 0O
10 mM HEPES, 30BO0ONMM aFT, BpHd(Bul fosuccinimidyl)su
Scientific cat no. 21580) was added to the sampl e
was incubated at room temperature for-c6@sminnkes.
cal modul inl,e tvhees sa@aanpt ri fuged fgandOtmensueer adt 40
di scarded. The pellet was reconstituted in water,
at 10, OOh@®@ supernatant was discarded, andet he pel
centrifuged, and the supernatant was discarded a:
detailed below. A total of two biological replica
3.2.3 Crosslinking with DSS

The cortex pellet was thawed and reconstituted as
10 OL aliquot was removed and combined with 10 O
concentration via bicinchoninic achdmaBCApl mmsdali
(identical sequence to bovine cal modulin) was pro
purified as pr g\wWiiaws|GCa sdes certi baeld. , 2023) . Cal modu
exchanged to HEPES buffer (300 ImMnMBEPTETS, pIH mM 4Qa Qls
ultra 0.5 mL centrifugal filter (UFC5000396; 3 kD
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were prepared, one with cal modul i n, and one withoc
was prepared by combining the washed cortex pel
concentration of 2 Og/ OL cortex petleotnaedt 8aOigo®
mM HEPES, 300 GM@ OMCIDTT, pH 7.4. The sample withc

t he same way, but without cal modul i n. Di succi ni mi
21655) was added to eachioammwlfe 1t onMa afnidn ala mpd recse w
at room temperature for 60 minutes. -H&MplI eH We 0¢
vortexed briefly, and centgrtiof urgeerdo vfeor e x1cOe smi nD S&t
crosslinked cal modulin. The supernatant was disca
mM HEPES, pH 7. 4, vortexed briefly, and centrifuge
was discarded, andtdedheapedd edr iwnesd db glesw. Al | rep
cal moduki mendwgenous to the membrane cortical frac
crosslinking experiments, all/|l proteins, except fo

and subjected to the same series of washes prior
3.2.4 Digestion of crosslinked pellets

Crosslinked pellets were reconstituted -H@l dimgkst:i
8.0) and 1 Og of trypsin was added to each sampl e.
was performed at 37AC odegalitghd . uPiepgd i tese BFAEE
(Rappsil ber et al . ,-P2I00@Watoer ;i acat Cl@. SWAT023590)
Tip was assembled in a P200 pipeitQle8 tdiips.k A rpounm c3hM
made and added to the pipette tipatasneal:0f5@4A Jaumpd tE@l
50m C18) was added to pack the pipette tip. The &
(FA) in MilliQ water, and peptides were eluted wi!i
the8C8%Pak were washed with 0.1% FA and eluted wit
peptides were dried in a speedvawS/awsd arneacloynssitsi.t ut

3.2.5 LC-MS/MS

An anal yticadm daolDumm (13IDO0) was packed with 20 cm

material eMJbepader,380j, Phenomepax) edi reencttltyeri nt @.
wer e |l oaded on t he reverse phase3000 umanoulsG ngno
autosampler. The mobile phase solvents consisted

and 0.1% formic acid, 99. 9% acetonelktuoviée gsoavieho
of 350 nL/ mi-mi nwtse ngr agdiadnte nwi tel uti on from 0. 1%
acet ondnt rtihlee Expl ori s 240, t he gr ard2 emmidn5,8002B-si §Red
79 mi-85%4B817 /i n, 9852% niBi;-8 98 1850 08 2ni n  ( eeqlud rmn brreat i on
2% B. For samples analyzed on the ExfPmiomigrda@0emamn
was performed usi7mg midre% 287 1 Dani-8n59g%4 BIY 9 7 mi n 1: 2595
B; -&® mi-2% B85 080mMi n,Pe2p% iBdles were -MsdMpzediawmiga al @a

dependent method on an Exploris 240, an Exploris
(Thermo Scientific), equipped with a nanoelectros
The intensity t hr edhlepled dfemrt tsrciaghgse rwiarsg sckat @ o 1le 4
or 2.5e4 (Q Exactive Plus). For samples analyzed
target was set to 1leb, dynami c oeax elnegsiggyn waass sedt t
30, and +1, +2 and +7 charge states and above wer
the HCD collision energy was set to NCE 26, and +
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The detpe&@ndent acquisition method consisted, of MS1
foll owed by up to 20 MS/ MS scans of the most abunc

Raw files were analyzed by the software pLink2 ()
protein database consi sted ofcotume st)o pb oS50 n(eb a seends opr
cal modul i n. The crosslinker swexsi et rea®B&SB8t ). DFE
filtered with a 5% FDR cutoefi®.pPmeciragmemiasmas oI
+/10 ppm, pept6iod e pdegmigddhe 0560 Enzyme, trypsin; ma x
mi ssed cl eavages, 3; Deami dati on [ NJ and Oxidatio
reported crosslinked peptides were confidently ide
The crosslinking spectra in the Appendix were (¢
congestion of peak | abels within each figure, th
however it is important to note d haattrlmidgh wtriosrms, ia
accuracy is to fCauwrssdédmikrealFiguped@i4 walee |i anlddealnedd Qs

chains following Schilling et al . AD ® @ Jf)diji gxthroevse v e |

were automatically |l abeled by th@ngplLib&2r abhéewath

Crosslinked peptides were ranked as high confi del
crosslinking experiments ya nade rme diiduerm t d d ri feidd einnc et v
experi ments.

3.2.6 AQPO purification via anion-exchange chromatography

The bovine nucleus pellet was thawdHararyg par iafii ed
The pellet was recwut®plghdedpynarésinde (OG) (RPI; o
Tris buffeHCI25 piiM 7T rdi)ss, vortexed, incubated on ic
centrifugedfan NL®OmMi0OMOat 4AC. The suppackeéeadnaniwarms
exchange column (Source-0P82)Q) GEndHemQRhhcwuwae @duoarif
following step gradl@nm 41200%70umt AHCIA,;: : 2B On®, Tp H
7.5)201@in (92.5% buffer A and 7.-6%l bufiPoe OGB: pBHM7
and -300 mi nutes (85% buffer A and 15% buffer B) .
absorbance Al A QPiOn epde askrsd weearec ecndmhat ed wusing a
centrifugal filter (Amicon; 50 kbDa MWCO) and prot
outlined above

3.2.7 Hydrogen deuterium exchange mass spectrometry

The AQPO complex (purified AQPO and recombinant|l
concentration of 44 OM AQPO for -»b® hOMi off ogalcrad d u I
equilibration #HCAferl @V I1ICANOEGri pH 7.5). The AQPO
cal modul i n, contained 44 OM of AQROalimo deud u inl icborneptl
sampl e, HDX was initiated by a 10xHAIli | upbDown. Wj th
CagGl 1% @3, cobntaining 300 OM cal modulin. For the

a 10x dilution with | abeling buffer. Samples were
temperatur e. At the specified time pointagel g0 Ol
qureched with-clo0l dOLguoefncihcebu-HCer @RM5gmBnTdi me hydro
oG, pHL.18.)6 and i mmedi at e kiycef laansdh < t0 doieedh dlaptme rdartye d

samples were prepared adeuwtesrcati de dr albBveh d nd mpihe
independently thawed, di gweSs/tMed , ( saanndp | eersa | wyezreed ivnijae
consecutive order). Each sample was thawed@A€Cor 60
and subsequentlliynedilgels t(ewiott fefi pno rpceipnse-Ap)ap s ich PHi8BP1mc
for three minutes in a -WaA€r bDheé hsamphe¢ avae dt men 116
ont o an ACQUI TY UPLC system with a refrigerate
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sachusedandsg ,t Usmygferred in 0.1% FA to an ACQUITY
umn (2.1 mm x 5 mm; 1. de Danl)t emh efr@rt p® AGii Mets easw é i
d50f OLRemitn de$ hwermpear ated on an ACQUITY UPLC BE
mm; 1.7 Om) column at a flow rate of8 4n0 nOL/ mi
sol venbh m®inNB8 6509%-1slo.l2v5e nmi nB, 995.9% sol vent B. Sol
ueous, 0d 190 IFAemtn B consi sAedTwd AlCNmMos awer. el Yo F
t ween each sampl e #The malnu arie ewasardiyroeveetrbXyS i nf us e
adr-tuipmme of -TfOIFi)g hntas(sQ spectrometer (Waters, Mi | f
i pped -swirtahy aelZzctrospray source. MS scans wer €
ween 273.5 mndatRaoiondePpembaert wiMB a collision
5 eV for all anal yses. Using a database cont ai
modulin, phodphoviyhaeaseeBymaal bu-thent epapeddsampl
e identified using Waters ProteinLynx Gl obal Se
c
[
t

o~ —wm

S

ul ated using DynamX 3.0 software. AQPO peptic
natt bgast one tiDe [po3d.n@ swmiar@aondddeet aal ons 2
ances between tytad pthwo camr donl iofked o€ ein backboa
ARQPIOmodul in EM struct ur e TaleDIBFigurg 3.2iplr)o vai ndde sr et phoer
ance measur-ememodubifnAQ@BPped! moaoduhien ABRBRMOSsStr uc:

_':T_'CDSDCDQJ?B(D.QCCD.Q oo Ow
- C

won—-—=—

O UQO0OSONTODOQTY WKL TS0
—

3.3 Results

Using a crosslinking mass spectrometry strategy
prepar &QPOnswas observedcitghti Mtiefnfseeapernotti e ihns via th
AQPO@egiibhe cyt-bsomidhalCi x, the di dtealmi cdiasortderied a
cytosdleirani Nus. Speci fic interactions with indivioc
Figure31pr ovi des diagrams of each protein described b
in thiSampgluady wel enked wmetnhb rtahree npenr meabl e cr oss| i

separately, with its membrane permeabl e counter pe
reactive towards pr i-mafrwn catmionness,v, adomoen lammo have a ¢
l engtith. Rappsil ber. et al. 2003)
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A) AQPO D) Intermediate Filaments

- A Head a-helical rod Tail
Extracellular i
—H =t
E) Connexins
I
-\ 5 intracellular T .
B D  C-terminus'
N-terminus =
S
B) Calmodulin
EF1 EF2 IL EF3 EF4 Intracellular
C-terminus
C) a-crystallin
a-crystallin domain Ext.

Figure 3.1: 2-D schematic representations of all reported proteins. A)Di agr am o
structure. Lookp,s GB® rleappbredseedntAs t he cal mod
orange stars represent t he ByDeigagornasm odof coreons

cal modulin structthmaed Allgifomsr aCa&2toElbBred
regions of CaM residues t he@}Divwaerr eéloorgds sall il i
structure. Blue rUB-presealktli neghanswéne cro
represents resiUdaetBldrey s tial lmorntf,lo urhdatc rwas s | i
AQP®D)Di agram of gener al intermediate filam
the dashed | ine in the tail region reflect
represents regions in phakinin thasenves er e
vimentin that were crosslinked with AQPO,
was crosslinkBOi asgntdmAQPOgener al connexin

represents resi duaes &2r oisns | dxndkee dt hwaitt hw AQPO .
K105 in Cx46 and/ or Cx50 that was crosslin
of Cx50 residues that were crosslinked wit
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3.3.1 Identification of crosslinked peptides between calmodulin and AQP0

Since calmodulin is an established AQPO interact.i
this interaction (Girsch and Per aCathalagn 1€&19 1lal Kr 2
Rose et al. 2008; Schilling-GaM aEtM 20 038 4 MDid ake Ca
al . 2023) is available to validate the crosslinke
contr ol Our sample preparation method intentiona
CaM, therefod @ -Wer gstphi keadlul i n i nto most eswenpdles.

AQPOal modul in crossl i nkedanpde pctriodsessl iwekreed irdeesnitdiufeise

recommended maxi mwomf di@dDt @rBcfeorcuBS3 and DSS ( Mer kI
Specii ésg@gintvol vi ngCaMei AQ®0Oact i orlfabkeB.¢a m BgueB.dB2d i n
provide®s sahématic of tiheertoicfaicasd n nkbé&dthesi dues ¢
structure.

Aprevious chemical cr oss |l i nfkrionng tnhaes sib ssépeeycat hr oA ER O y
peptide to characteri ze (iRoss e netteffaalc.s i 2000QuBa)iy tt drd c tath ani
t he AQP®Or i nal peptide interacted with CaM at gl u
aspartic acid8 reaersd du80ls usi-hgngthe czes&8YiBnker, 1
di met hyl ami nopr opy l()Reoasreb ced i. iafiio ang® &(O®QEivd ous wor k,

current study employed d4dehgth IkeahgbhdubA{RON carin tbinfat
crosslinkers having g )spécadr adrlm weeaedn gtolr (allwidder r
surveyed. OQur current study shows that AQPO was s
l'inker region (K77 and K94) in agreement with ou
crosslindkede wiitfif erent CaM | ysine residues, three
the canomamrmdl m&tFi fs (specifically, EF hand 1 and

CaM residues K77 and K148 which are found in the
Cterminus, respectively. AQPO | ysines 2Ri8ndamdg 23
domain (CBD), as wel |l as Met 1, were three of thi
interaction. The fourth AQPO residue, Lys 259 | oc:
Cterminus was crosslinked VvAIQIPIO Icy isrsd | ik eadn wGa M. t]
l ysine residues on cal modutldrnmirnewse ails ngl & d ait n v dlev
i nt er @ableB.b.n

To validate th€aMdembpisilecdhkAQPpPepti des in this st
onto a pseudoatomic E-MaMtcompluesg (ROBbboBAORO al .
and the distance between the two inter aCgwenrge al ph:
measured using t hEgusedR)imapsetReNMOLd({ st aczlemodnm!| it he
EM structure). Al | LChé& e s s abla B.b)e (WVAeQPD wi t hin

recommended maxi momf@i02HMenrckel ecyu2z®tl 4 Ir BS3t haunsd DSS
validating our <c¢crosslinking method. The Met 1 res

EM struantdurtehus distances for peptides containin
measured and weTa&ndear eshpeesicst N/aA .f o rA QPiCla Mr ¢ wrstsd d nk e
pept ades av a Appendik Eigures 1-11.

23



"pP|J]0OQg Ul @21 SadanNplIsal paquUl|sSs0ID
1SIp T |duluolylaw D910 @49yl puUB 8IJN19Nn1J1S @8yl WOoOI)] 1uasge a8Jlam (0dOV
"¢ DRIDYS|2IAMAE M IS ORHPYN L OS SN UM GNP O fe Yy )1 JO Yyoesa 01 NBD WOI) pdinsesuw
1X ©@2Udp IBJLOD Whn IpaN "SjudwW lladxa @21yl UI pdlJliluapl!l @l1lam sapilirdad
S1XT 990w BUpo | Ijyupaau ysbaipHn |'oxa oawayodss HBulrliaquwnu d@22uanbas KWe)d "S 1ad)UuUl|]Ss0lD
@1 )J1l1uap1l saplridad paxu 1 |sso 1D sapndadpa)yulssosd gdoy-uljnpow|ed jo Alewwng :| "¢ ajqeL
nipan 2 '1¢ S 'v¢ (8zz )M€0) L2823 YIASASA (LE3WALO08BM 1L9AdOA
ni1pan v "9¢ T 61 (8¢ )M6r)M (TFZ-) 4SDAS 1 (LOTHYVS IAONOA™ 4 A
ni1pan v /N v /N (T IW-£2)M T(0s 9 13IMIN (,.®-4333SAaLajn
nipan 9 12 T2 (82z )@ )M L2233 YIASASA W ENANDIMIIIANAODADA 1AV
nipan v /N vV /N (662 )€ LY 1TYDAMJOONSISd MA1g19ad9AdMa41s4v3
yb IH 9 '8T 212 (gez )€ (TF¥Z) YSDAS 1 (T®I) 119oaaaM1sdv3
yb IH v /N v /N (T )WNET) M T0S o T3IMN (T®L) 119oawaMiIs4v3
yb 14 0¢ 9 L2 (8zz )M€t)M L2293 ¥3ISASAI (TEIL) 119qwaMiIs4v3
yb IH T L1 Z2°2¢ (8¢e2 )e0)M (TF¥Z-) YSDAS 1 (LZ3WALO0BM 1LO9AdOA
yb I1H Vv /N vV /N (T )n6r) M 7105 9 13IMIN (LOTHEYVS IADONOA™ 4 A
yb 14 L 9¢ 9 '8¢ (8zz )M6r)M L2293 ¥3ISASAI (LOTEAYVS IADNDA™ 4 A
(y) zyungns |(y) | yungns (odov
odov 0dov -INe9) senpisal
aosuapyuo) 0} @osuejsiq 0} aouejsiq payul|ssos) (sanpisaa) apndad X 0dOV (sanpisau) apndad 1x Wed




B

AQPO subunit 1 AQPO subunit 2

AQPO subunit 1 AQPO subunit 2

Figure 3.2: Distance measurements of calmodulin-AQPO crosslinks mapped
onto the AQPO-CaM EM structure and reported in Table 3.1.

Distancesb et ween t he t wo cr os sslofiproteie mhckiidhk) ( a
were mapped onto the AQPO-calmodulin EM structure (PDB: 3J41) for each
crosslink reported in Table 1. Distances were measured from CaM (pink) to

subunit 1 of AQPO (dark blue) in (A) and to subunit 2 of AQPO (light blue) in (B).

25



3.3.2 Analysis of the AQP0-calmodulin interaction via HDX-MS

To validaterohei MQPOteracti oM, detegtmalmleids hbeyd XaL
analyze these inMBrastngnsavVvmaduDXn as a model AC
The HDX reaction of CaM bound AQPO versupoiumtbound
(0. 083, 1, 10 and 30 minutebBLl |jnpbDhe&. g e 4 émD&SCaCl
D:O. The reported dkdss odi athieorn nacemsatcanton bet ween
bet ween Kip, OM. K)(OKr e(i da et deaell .ow 2A@DODBINNG et al ., 2
Therefore, foll owi ng a-MSecfeonrt wpeuabkH aboiart doeormasn d n C bl B X
2022), we spiked CaM in the exchange buffer at a
conducted the HDX reacthioondL)n. a small volume (40

The AQBRBM complex showed a reduction n deuterium
n

|
compared to wunFiigara 83 .AQMC (fir st regio invol ved r
ter mtmealli x, i.e., {(hestdmwoaARi)@RaBscOdBbDand Peracchi a,
as expected, a clear reduction in deuterium uptak:
was observed. For instance, t4264IXSV BRchpep@inde r 0
of t-her BUmall i x, edchwoved deuteri um i corporatlon i n
HDXMS result supporti{fRopreeitoas . fi 2008 Y sh rweesl ul | tass

t hat CaM specifically interacts Wlthertrtmaal AQe Qi €|
AQPO peptide SILKGSRPSESNGQPEXBGERVHEIiI Chedindtdeade3

portion-tef mismeall iCx and rcesrtmionfalt teaid , al so displ ay
incorporation in the bound 8et et mMAhehwhoghbhh wpeart
within this peptide were protected duringM$he int
resul ts, CaM inter acter mi-hiehll ibxo tahn dt -ht ehretn@QiA @sltCatl a id |,

feasi bl e t htaitont hientienrtfearcaec e xt ends b e ytoenrdmitnhad QBD
Rel ative changes in deuterium uptake were also ol
(resi dwlelss)3 05 hich represents the beginning amino
OQuresults show reduced deuterium uptake for this
change occurs dQaM nignttehreacAQPOn t hat reduces sol ve
Additionall vy, the AQPO pepti de -2I0RNF T NvidiNcdh&/g Gna( t e
extracellular | oop E and the beginning region of

reduction in deuterium incorporation in the pres
undergoes a conformational chaniger naurrd ,ngt hheh e AQMO
containing 18d4idwhs ch78 ncludes the higpteyglicobemser
al anine) mot i f, Figure33edshaweédgbhh redréease in deut
presence. of CaM
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Relative Fractional Uptake: AQPO+Calmodulin — AQP

EET 4 s

-35% 35%

Figure 3.3: Hydrogen deuterium exchange mass
spectrometry heat map for CaM binding to AQPO. Relative
fractional deuterium uptake difference at the 30-minute time
point is mapped onto the crystal structure of AQPO (PDB:
2B6P). AQPO is colored from blue to red based on the relative
fractional deuterium uptake difference (%). The color scale
corresponds to the highest observed difference and is
adjusted to the range of 135!
deuterium uptake difference or with no peptide measurements
are shown in white. Red asterisks represent regions that were
found to interact with lens proteins via crosslinking.
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3.3.3 Identification of crosslinked peptides between a-crystallin and AQP0O

Four AR®Oystallin crosslinkecdphétporydeés!| Wenedobdann
r e g iTahte 32) Figure 31Cpr ovi d-Bssah@matic of the |l ocation
resi duesUcory stskaér luicQuurr er,.es ul t &B-csrhyosw atlHatn i nteracts

aB-crystallin XL peptide AQPO XL peptide (residues) Crosslinked Confidence
(residues) residues (aB-
crystallin-AQPO0)
KOQASGPERGEL® 7) LKSVSER 2337 K(18Q)228) Hi gh
KQASGPEREL® 7) LSKGESR (-281) K(18Q)238) Hi gh
KQASGPEREL(®G 7) MWE L R -5() 1 K(18vW)1) Hi gh
EBKP AV TAAPIKELA 4) LKSVSER 2337 K(16&§)228) Hi gh
EEKP AV TAAPIKELA 4) MWE L R-5() 1 K(16av|)1l) Hi gh
FSVNLKMF SPEEL#50 ) LKSV SER2 273 3) K(8R()228) Hi gh
FSVNLKMF SPEEL#50 ) LSKGSR (-2814) K(8R()238) Hi gh
VKVL GDVI EVHAK 3) MWEL R-5() 1 K(9M()1) Hi gh
VKVL GDVI EVHAK 3) LSKGESR (-2814) K(9$R(238) Me di*um
L KD R( 7-D5) MWE L R -5() 1 K(7-801) Hi gh
L KDR( 7-D5) LKSVSER 23237 K( 7R (28 ) Hi gh
aA-crystallin XL peptide AQPO0 XL peptide (residues) Crosslinked Confidence
(residues) residues (aA-
crystallin-AQPO0)
EEKPSSAPSS-1(7189 4 LKSVSER 2337 K(16&§)228) Hi gh

Table 3.2: Summary of aB- and aA-crystallin-AQPO crosslinked peptides. Cr o0 s s | i

peptides i
identified in
experiments.
Crosslinked

ter mi MRP 0o f( Me t

denti fi
t hree
Asteri sk i
resi

ed with both

or

BS3 and DSS
more experiments. \Y
ndi cat end tcr d shsel iDrSkSe

dues are in bold.

1), and AQPO |l ysines 22RBelaindal2z3@ |

terminus region. Additionall yUAavedBab yesrtwadd i AQR Y sdri
|l ocat ed | iexCtbdireméxnaelnsiuggesting that-tehei oahtrabian
Ucrystallin may be nest@ahed Ebeni weemal il owi AQP® oN t hi
BovilAher ystallin ctoenrtmiimasl olnyes UBcer y(sK 1)l it@nmrdnanokbs N
| ysi neersef otrhdlci st #ilelrini nNs was involved in the AQF
unable to capture this interaction sinceatithkycr o:
reacti ve towar dasnd ypsriinnea rrye sh etruneessaar(i in.deaa dNe dh) ma s s
spectra for adlbrysepaitted BAQPBs!| i nk AAdpendixfigureses ar e
12-23.
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3.3.4 Identification of crosslinked peptides between intermediate filaments and AQP0

Three of t he most highly expressédongt et meadi.atz0
phakinin/ CP49 or beaded fil ament specific protein
protein 1 (BFSP1)
Vimentin XL peptide AQPO0 XL peptide (residues) Crosslinked residues Confidence
(residues) (vimentin-AQP0)
TNEVELQELNORLTZ 3) LKSVSER 23237 K(1&Kq)228) Hi gh
TNEVELQEL NORLTZ 3) MWEL R-5()1 K(16a¥)1l) Hi gh
FANYKVIR( 1 112 2) LKSVSER 2327 K(1Xq)228) Hi gh
FANYKVIR( 1 112 2) MWEL R-5()1 K(12av0)1) Hi gh
Phakinin XL peptide (residues) AQPO0 XL peptide (residues) Crosslinked residues Confidence
(phakinin-AQP0)
AQTQEKEAAAL R @B6L 8) MWE L R-5() 1 K(2)M( 1) Hi gh
L QAGAL KQRQAELARS LKSVSER 2337y K(2X71)228) Hi gh
305)
MHLEKATR 138 6) MWEL R-5()1 K(3)4aMm( 1) Medi u
DVENR( 2838 7) MWE L R-5()1 K( BaM( 1) Me d i*u n
L QAGAL KQRQAEL ARS MWE L R-5() 1 K(2am)l) Medi u
305)
Filensin XL peptide (residues) AQPO0 XL peptide (residues) Crosslinked residues Confidence
(filensin-AQPO0)
PSESNGQPEKV@AL K(3&71)259) Hi gh
GLRNLPR {3344 (22%3)
Table 3.3: Summary of intermediate filament-AQPO crosslinked peptides.Cr oss | i n|
peptides identified with both BS3 and DSS c
identified in three or more experiments. Me
experiments. Asterisk indicat e tcr dshsel iBrSkK3e ¢
Crosslinked residues are in bold.
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and vi,meweéei@ ob toFiwne evac gpuhsaikli @WH MQPcOr.os s | i
peptides were i i ed cirno stsHriiexsk sddwedsyi i woi et aht eadl |

d o ma(Table3.3). Four he five phakinin crosslinked p
phakinin residue crossl i nkteedr miimahl i lcyad! ® 2@®hiiodn .4 thed
two Vvimentin resi dftehse mear dtohmemi &t arlLty s le0ad4c hand L
crossesdwinnkh AQPO Met 1 and Lys -22&enhornactrosaliaoakef
(Table3.3) . This is the first reported interaction bet
A tandem mass spectrum of a quadruply <charged cr
AQPO is diFgpred4 ¢&d niaml y, the inner tail region (K3
t he ditsetrami n@ | t Jable 3.3) f.Figu@B.OD p(r ovi d-®s sah@matic of

|l ocat ipdmkohi n, vi mermctriomshndkdeéd | epast Humsdioamt &€ hfei |
strucTtamrdeem mass spectra {4 6&r cabbkstephetegepQPdes

Appendix Figures 24-33.
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Figure 3.4: Tandem mass spectrum of a crosslinked vimentin-AQPO peptide. Tand e m
mass spectrum of a quadruply c*Hna/réggBesd 5c8r3cbs sb
vimentin K104 and AQPO0O K228. The first and
| abeled. Crosslinked (pampdd@aeisn swefreel |l abied S
Vimentin and AQPOUcha msanad m@drtlse@ectdrvdilgyn
are annotated. The crosslinked-pegitgrdse liasbe
orange and blue, respectively.
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3.3.5 Identification of crosslinked peptides between AQP0 and connexins
Our results show that AQPO interactsbWwit@GxiWwo agragp
conneli n Cx46) . Fi v@x 5Wnicgruces sAQPW0k ed peptides were
resi dues, Lys 244, Lys 271, |l ocali @e-€fett mi nale tbheaeig
crosslinked with AQPO. Specifically,-a@db5€@€rinmysna271
residues (M1, K228, K238) and Cx50Tabley3st) 24@x &0 olsyd i
310, also | ocat etderimiItalewacsyitoobssoelrivcedC t o cr ossl i nk
results also show Lys 105 of peptide MEEKR,
Cx 50, crosslinked with AQPO Met 1. Given the

CX50 XL peptide (residues) AQPO XL peptide Crosslinked residues Confidence
(residues) (CX50-AQP0)
AKGYQLLEERKR®BO0) LSKGSR (-2818) K( 2 #&K12)38) Hi gh
AKGYQLLEERKR®BO) MWE L R -5() 1 K(2M()1) Hi gh
PFSQFWESPGPLGDL3®R: LKSVSER 2323y K(31&KQq)228) Medi um
321)
SAKRPVEQPL GE( PEK 7 MWE L R -5() 1 K(24W)1) Medi um
AKGYQLLEERK2®BO0) LKSVSER 2323y K(2%&L()228) Medi um
MEKR( 1612 6) MWEL R 5 ) K(1avg)l) Hi gh
CX46 XL peptide (residues) AQPO0 XL peptide Crosslinked residues Confidence
(residues) (CX46-AQP0)
GDWSFLGR) LKSVSER 2323y G(X)(228) Hi gh
GDWSFLGR) LSKG&ESR (-28%3) G(X)(238) Hi gh
ME KR ( 1 Q1D 6 ) MWEL R 5 ) K(1evg)l) Hi gh
Table 3.4: Table of connexin-AQPO crosslinked peptides.
Crosslinked peptides identified with both BS3 and
were identified in three or more experiments. Me d
experiments. The MEEKR amino aci adndedCxdmdce Cirospi @
residues are in bold.
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could not di stinguish which onest eomiinfal bdtah, iGdtye
of Cx46 was crosslinked wit2 3A@Are 3.1Eypsiornve diPes iad e s
schematic of CheO0l acdctrOmsm8 ofnked recemnudesdisnuem ut be
Tandem mass spectra fcoonnalxli nr eporstséd nK@HO pepti de
Appendix Figures 34-41.

3.4 Discussion

This study aimed to identify AQPO binding partner s
of proteins that are Wevolewvedagerdthbei haetadcthiadn
abundant protein in the Il ens and devised a simple
enabled the enrichment of membr ane and -lceyntgotshk el e
AQPO, priorng owicrlostswoe né¢i fferent chemical crossli
validate our -preoptoenitned adQPOns was eaviSalbhHiiss hetdu duys i
advances our understanding of the |l ens AQPO inter
broadl vy, contributes to our overall understandi ng
abundant water channel . We rdtinsecrusandeaphbt einnttiearla
consequences bel ow.

3.4.1 Calmodulin

Cal modulin, an extensively studied and highly con
sensor in eukaryot,0616¢l bhead( Hal domggesoal regul at e
amongst them membrane proteins, such as ion chann
2013; T-Monsethel d et al ., 2022) . Each of the foul
c o nopfo sae-ldroehli IXi x moti f and possess unique sequel
erties suggested to contribute to CaM functio
ays Acanonical bindingd whea (Kowakkecvskhapas e
However, previous stadbascabhvenesetabtiehed
al modul in where one cal ppoadruallilne I moolrei ceunltea thiionnd, :
i nal helices witamen, tbe saame lAQR®@ i bet(Rei choy
al experiments using |iposome swelling assay
ased its water permeability (Girsch and Per a
and( Ciaa) Cabin regul ate AQPO wa€Cahalpanmeadi Halkl, K6
me€Cdhal an et al .t,er2m@iomal. RARPOptCor yl ati on was sho
nding providing an additional means by which AC
onen, 200 8; Rose et al ., 2008) . I n2dRdsnomgodoyl yva
e d t uc

t

o —

validat previous studies tha CaM binding red
binding o AQPO is difdepemdé matrl whateigdi ad fe dA QR0 .s i

Compared to our previous wor k, the current study
met hod to examine the interaction -béngnmnihogaehmaduyl
with -biomoencti onal crosslinkers havaitngald osmealc erorara
range of residues to be surveyed. Our results sho
l ysine residues, t hr-eandi mbt nfshefc&adMnpi oak EBERdId t v
l' inker region, aAderomenuisn tWee pdiesvti @lusC y erramp aratl e d
peptide interacted with CaM at glutamic acid resi
and 80 wusing the EDC <crosslinker (Rose et al
eparatiosslainker s used i n thi tudy, AQPO was
the linker region (K77 and ) in agreement

S5 T 0
M S

7
p s
[ K9
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centr al |l inker region in calmodulin is dynamic an
to bind targets in various orientations (Villalob
work, this study employed cl.okjs)l iwmiktelhr sa cloma ad ni amg
which all owed for more interaction sites to be pr.
identified in this study, K21, K30 and K148, i ke
full I ength AQ®P®Hdt amdvahiuetw gf mol ecul ar contacts
we oObserved that CaM i-neemaotus, wabhtd pbehA@BO Nath
bone fide calmodulin binding domai nt e(rG8 D)a,l tthaiisl
instead play an auxiliary role to help guide and
AQP4 peptides showed t hatanAdP&r neinmpil otyos thiontdch Gah (N
2021) . Cal modulin binding pQP4j casomwes bf tagaroet hpe
aguaporins, < @mtma inmld e laihcpaNla CBD; howevert erAiP®a lh as
sequence composed of ~8 amino acids that i s not

l'imitation of the cossénnhketsduysed ohhy tpeedomi
ami nes, and thus other regions of interaction bet
primary amines wil/ not be captured by this techi
bot han\g-t er mi nal regions of AQPO were detected.

I n addition to water transport, AQPO functions as
20009) in the | ens and prot-eetmihal ctlaavage béel i &
switch in function from wateettahnspabfD04t oGorebkh a
The AQPONdNt@&Tr mi ni i nteract wiuthnlcte aalal otAIQ®I0, i b uhbh o
interactions are abolished in the truncated form
elimination of twkeeni hther d@dovtoi AAMQPI0e cyt opl asmic ter
conformational change in extracellular l oop A (C(
mi croscopy (TEMyeoédddDbteystals of junctional AC
| oops CA iamntder act with neighboring AQPO tetramers i
HDXMS data show that upon incubation with CaM, d
regions is rteadrumighdal itchad Q@ egi o ®r mt hanlddtesxtitbrlace& | | ul
|l oops C and E. Theer nilymmdi plc@as misegent as well as th
the greatest difference in relative deuterium upt
alone. The¢eA@BBalCical regti aml|l i shedh CaM binding si
HDXMS aneMSXldata suggest thatertmhemadi staall AQR® @ar
i nteraction AQPO I oops € and E showed reduced d
compared to AQPOna@ltomeaet, smaglglesacodonf or mati onal chan
occur during the interaction. |t was shown that | c
AQPO str uctjuurectvisonmdn however, both AQPO ter mini
strouet ¢ Gonen et al ., 2005) . I't is possible that (
bet ween the AQPO extracellul ar |l oops and neighboi
AQPOds cell adhesion role. AlternhatveVvgl ghargedase
in AQPO extracellular |l oops Aspl@smandeBbarmaei nwnole
(Li et al., 2022) and therefore CaM binding with A
to eliminate t he yptohsastii mi laidtdy tti eornoidroa |¢ theadi C CaM a
interacted with the extracellul ar |l oops, t hus f urt
the crosslinking reagents used in this study are |
does not cont ai n-olry se xntersacien |iutlari ntorogp s, we <coul d
findings to rule out this possibility . Further
suggested that CaM also i ntérdpctiDo qwHitehl ditsh ee tA QPIO0. ,a
were unable to analyze deuterium wuptaker minnuost,he:i
extracellular |l oop A, and intracellular | oops B a

33



|l i kely due to the presence of detergent and high r
wit hML/CMS anal ysi s.

3.4.2 a-crystallins

Crystatéiasfamily of hdglhdlyl ea bpurnadtaenitn svaitrert-he | ens
ocular tissues, suchBhattbae hkaPilenédy Bpaalhue2021
crystallins belong to the smal/l heat shock proteir
proteins to prevent aggregation, a function that
(Hor wi t zI,n 119 éA-laenndB-cr ystallin, assool agemfétosnf or m
present at, ar e3s:pleicrtavteied § Readgs et aald.og2006) pl ay

i mportant role in maintaining |lefShasangparaemayt h
al 2005; HayashiCamfdddCalovescel2020)esonance energ
experi(meint sand Lanmd gt,h erOnda8l) d e n(a3 vwarhayt ui tohni natsis aeyts a l

have confirmed the inter alddriyosnt;Bbbelt ewesern, AKQPoOw | aenddg el
precise regions i nlkcorlyvsetda lilni nt hienstee kAeQBPivenr sa |l i s tluar ¢
have characterized the binding Ucegisda(edalyaamsdh is tarnudc
Carver, 2020; CaFovreri nestt aahaed -2 @ thTe) .MNa | regiU®ns of

crystallin have been reported to play Ghostl eti ml s
2006) and studies hawe i(deRFtSiVINLeDIN KrHeFsSTREUEAYSIS VB! | o fn
as the key region responsiiBhatftachanyya hatpeabne 2
aggregatioavaabagBdarhyast alhlein domain (ACD) also di s
(Hochberg et al. 2014). I n agreement with these

UB-crystallin in regions involving lysine residues
ACD (resildi@elay@6hi and CarUBer ys2@20) n A efsii fdtule , Ly
in the dtymramimrcalC extension wasUhelbndatrmCanrmdssleignlo:
AQPO. I nterest iUbhgrld wont dalylsiol €6 oiss| i nked with AQPO i
has been proposed that the f1 anktieirgmirneagli oenxst eonfs isoH
help 6l assob or capture target prUctreyistsal as nwavli It h
(Carver et al. Pclr7y) st aRlelmarr klaypd yr,resi dues 92 and 1
with theahQREr Ni ni in our experiments, are sites
(Naj ar aj Nta gjaent RAP22) demonstrat edctriyastt ad d é tny li antpia
its chaperone function and thus, it is possible t
bet wdB-oirystallin and AQPO in theé&ciHdesitsalniaiyn treerpioar
modi ficati on.

3.4.3 Intermediate filaments

Il ntermedi at e
proper cell ul

filaments (I Fs) are cytoskel et al pro

ar organi zation and servd Kasm sadf fo
Coul ombe ,Th200&hsl BEpphiakiamin (CP4@psaembl etiltensgionm
speci fic beaded filaments (BFs) t hat play an i m
organization,(Samd ,200%gt BEr ez geutad tdi, o 2POHBt)af M hese
proteins resu$ong nedla)lar act s

I ndirect, affinity purification, studi es have i de
AQPO and ident itferendi ntahle rdegsitoann o AQPO as the sit
proteins (Wang dndchdSelyeg®do6pall However, it has not
whet her there is a direct interadtISioprpsbhétwedprmA@B®
for the first ti me, a direct interacti oAMQPHWet ween
phakinin crosslinked peptides identi fteedi nbeuMetin
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1 supporting theaemontiinurs tphaat itche afles ma(Tabl@2) ot ei n
Al l phakinin crosslinked residues reside in the r
protein ihnheeaesiongl vy, phakinin Arg (287 nigs ea il (
2008dnd our results show that three residuggeawawng
that thisemawynbe na phafkoirnipnr oitnepiont tianhtaesr abceteino npsr.op o s
t he ARPOk i nicrt iionnt eirsa i mportant for maintaining prof
(Lindsey R®ODS)rat aluncti onal studies are needed tc
interaction.

Permeability studies revealed that the filensin t
per meaibn Ilierys (fNadbkaz avwd 0 &Py avi ocMS eOLper ismenmgt st,h eu
zeflength crosslinker, EDICIl, e ntsoi nprionbteertalce i QPO | oc
interacti on -tteor mmihnealditsatiall od AQPO (Glu 250) and L
(Wang and Schey, 2017). | n |tehhey scnu3r6r7e, n tl osctautdeyd, iwe t
regi on, Cr oAQRP0 nkedabev®2)9.h(Akin to previous Fesults
ter mi nal t ail interacts with the filensin tail,/ b
the beginning of the fil enssiirnDe 3l ti hbeobvd fncdr Vda etglse ma
and ScheyFri l2eiglioh.yemer i zes, via its rod domain, wi:
1996 ; Sandi,laddsxsi eacmahcei vabl e that when fitensin
assoscwath AQR®orthi cal . mB8mlreanen our resul ts, we d
this specific interaction with AQPO, filemgitm is
f or m. prifditee o bkyDtai cf i33 ns,irrepbr aguohento asseWbdnhng evtithal .C
2010), still contains a(®outl i eh,mdfO HWth éiad nfneas it @l ¢
this fragment could stildl interact with AQPO.
Vimentsla Type tthdt | Fi ppwolieméelndn gssied in the epithel
fibe cells and is | argely absémRttizgethkd) eBB809 nn
has been shown to play a criticdlMemdloe2edtinddd eadnd r e
phosphorylation is a key mechani(sAm dooy ewhiaclh. i1t9s8 9a;
et al . 2005) . Her e, we show for the first ti me ai
| ens. Ourv eraelseud ttswor enei ghboring residues in vimen
with both AQPO0O L Jable2 Pigure2nd ®G®leti dugl y, a previous I
this same vimentin residue, Lys 104, as wel | as |
(TGase) reactive residues, and it was proposed th
Lys residuelsn amas it dwe sG can crosslink with itseltf
(Cl ement1998)al .Moreover, it was postulated that
bet ween soluble and polymerized vimentin thhrough
it was proposed, could be an i mporntCamtmemdORB8Niastm f
Through vimentinds interaction with AQPO0O, its regil
findings together with the observations in this s
potenti al regul atory area of vimentin in the | ens
3.4.4 Connexin-46 and connexin-50

Connexins are transmembr aaretl oprrno tled rngse tihmtt eaacseslolcuila
gap jundmtatompsassively transport smal/l cytopl asmic
are composed of four conserved transmembrane doma
tracel(lHwul a2 O0lladkd@p | y experi meassotwabhddfg@pPOj unctii
ntaining Cx45.6 (chick ortholog of( YGx3hh)d andang:
OByt onl yvCxd4dst6 lionowpp)ac €éblundat o direct{Yy amder a
ang, SAbe6BHuent exper i mentCsx 500 uind etrhaactt itohne 1ANQPrOe a
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tion functiLomw, 200 dladeouMBl iex @ e rsihnobewn ttshat AQPO i nt
bot h CxwiOt ha nfdo uax 4ebrcad otswd i mkiegu @ e p triedsepse citd evretl
one crosslinkedspeghedet bthattlkban 650 or Cx46

n

t

d -~

EEKR) i s presenWe ifti mdbhAe@P @tr®rit mii ms$ ea md-m@&ll i c al
g

r

p

r

o0

giomt eract with the tbheegiGxh5eOngC s@algment | odand with
i Tahles3) ( nt erestingl vy, a reEeMostr uaoasthuerleexidooly 58, cry
oyed fTthessbhumpe&kdkrisn owmong$iti unaday ht daesrsoemebrliycr ocfo t h
ctures and-treepgimnmmd@7E€ S Wi nt ke ECXeAGMGINWIMYy er s

I 2018poTheyW Lixdd olcyws edd0Ob n the intwathl |l ul
Cx46 Gl whRch we also observed in our reastudat @cdastha wt
Cx4bnd/ orLyCx 5100 5t he i ntrnadelrlaklhaer WwRPHp Mamads Cx 46
Gl yi 2t eracts wittehr miUHnesnllA @Rl Talle8)gy@wrn r(esul ts i mplicat
Cterminal tatkermithaesCanld Nhe Cx46 andkeyegGxbdbd int
i n priomtteeirmcti ons
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3.5 Conclusion

AQPO w©saae@ boanhd-tNEr mi ni to engage in a variety of |

interactions |ikely vary in affinity, with some m
modi fications, such as phosphorybaandhortrtuscant e
partner. The functional i mplicati onrGCaMo fandomMeQP® f

filensin, have been reported, however many requir
t hat -pAQ®0ein inter acayi olniskelny tsheer vieendsi viner se funct.i
AQPO aggr ega-ttc owns t(aAIQIPION) , regulating water per me:
AQPDi pid interactions and/or <cell adhesion proper
| i nki ngs kehleetcoynt ot o t he-l fembradet emPBO arily shieldi
proteins from possible modifications.
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CHAPTER IV. AQPO INTERACTING LIPIDS IN THE BOVINE LENS

4.1 Introduction

The ocul ar | ns is an avascular organ that refrac
vi sual acuity. Lens transparency, critical for <cl e
cellular architectur emembrfdmerl| iceilds., LIpirmitded nEl,ayt
by not only forming barriers to small molecul es, |
the function of l ens membrane proteins, such as
Aguapoeliasegbto the major intrinsic protein family
si x transmembalainecalal dpdmand-stGamd nN i n (e raytooml a:
Horsefi el d Tehte saedl .d i f2f0e2r2eynt i al l'y di stri buted water
conducting water through the |l ens and in maintaini
the Il ens microcircMaohi @asn asydgtRaAMeaeMBBEEII ( abundant

protein in th® I(&ARPL0O)aqdbapptaht iiao wsatees channel (Pres
and aadhddi on protein (Kumar.i and Varadaraj, 2009
mi crocirculation,32¢32).m (Schey et al

As mentioned iIQPOCHamtcdri oln, i A Nreergfliallnaatleadn bayn dgp HHal |
protein interactions,(Gsuslhhasandi Peraeaktmodul i1®85;

Neme€dhal an et al ., 200dd Ridébheakaizmawh. gt 280 8) 2011
Schey,, 2Clr7/mi nal (Goheewageé¢ aald. me2nbO®O &ane | ipids (Toncg
Studi es -loifpiAdQQPiONt eractions are | imited but includ
l ens AQPO in DMPX0 J)Goamedcmdrdi aal | i pids (Hite et al

in sphingomyelin/cholesterol bilayer@QOoO@0&€howeet al
t hat when AQPO was reconstituted into proteolipos
water permeability was dependent on the | ipid bil
composed of | ipids chareantbtrearniesst,i ci .oef. |sepnhsi nfgi obneyre Icie
di splayed a |l ower unit watlearyepear mealialiintiyngc @rhparpe
and phosphatidylg20te&yol THdosguedey asalbggested that |
l ens is spatially dependent, specifically that Af
region compared to the nuclear region which is hi
al2013) .

Given the importance of l i pids in regulating AQP
AQPO, for the emidogtehbpieds. wiro¢ hexpand ourl iupnidder st
interactions, we | everaged nativeamheesspepidemd:
directly interact with AQPO. Native MS compl ement
analyzing intact proteins in complex with their

Schmidt, 2020) . | n tahtiesd sftruadm , b AWRQiIP®e wlasngd stoil ssue

i n crude me mbr ane preparationgoval eprtesleir pied einmd
Addi ti onalleihys pindad i weeme t opiplued f i e dA QDR Op itdo iunntceorvaecrt
t hat were undetected in the crude sample preparat
by -ME/ MS, were found to interact with AQPO in a r
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4.2 Methods
4.2.1 Bovine lens dissection and tissue washes

Bovine lenses from Pel-Freez Biologicals (Rogers, AK; cat no. 57114-2) stored at -80°C, 12-30

months of age, were decapsulated and the lens cortex (~2.5 mm thickness) was manually

dissected from the nucleus. Using a glass dounce homogenizer, the cortex and nucleus tissues

were independently prepared from this point on. Each was manually homogenized in cold
homogenizing buffer (25 mM Tris-HCl, LmMPMSF(p heny | met hy | suy9nMEDVAl f 1l uor
150 mM NacCl, pH 7.5) and centrifuged at 100,000g for 20 minutes at 4°C, the supernatants were

discarded, and the pellets were retained. Each pellet was resuspended a second time in
homogenizing buffer, vortexed briefly, and centrifuged as described. The supernatants were

discarded, and the pellets retained. As described below, the pellets were further washed

depending on the experiment.

Crude cortex and crude nucleus sample preparation for native MS: Cortex and nucleus pellets
were independently resuspended in 4M urea in Tris buffer (25 mM Tris-HCI, 5mM EDTA, 150 mM
NaCl, pH 7.5), vortexed briefly and centrifuged as described. The supernatants were discarded,
and this was repeated three additional times for a total of four 4M urea washes. The pellets were
then washed one time with 25 mM Tris-HCI, pH 7.5 to remove residual urea followed by
centrifugation as described and the supernatants discarded. These washed crude cortex and
nucleus pellets were flash frozen on dry ice and stored at -80°C until use for native MS or for LC-
MS/MS analysis.

Sample preparation for AQPO purification: Nucleus pellets (prepared as described in section
4.2.1) used for AQPO purification were resuspended in 4M urea in Tris buffer (25 mM Tris-HCI, 5
mM EDTA, 150 mM NacCl, pH 7.5), vortexed briefly and centrifuged as described. This was
repeated using 8M urea in Tris buffer. The pellet was then washed with water, cold 2700 mM NaOH
in Tris buffer and then two times with water, with each of these washes followed by centrifugation
as described and the supernatant discarded. These washed nucleus pellets were flash frozen on
dry ice and stored at -80°C until purification as described below.

4.2.2 Purification of AQPO via anion-exchange chromatography

The washed bovine nucleus pellet was thawed and A
(Harvey etThael pe2023) was r eoscu@pgndeadpy mardsinde ( OG
cat no. NO02007) in Tris buffer, vortexed, i ncuba

centrifugedfan NL®OmMi0OMOat 4AC. The suppankeéeadnaniwarms
exchange column (Source-0P83)Q) GEndHemQRhhcwuwae @duoari f
following step gradli@énmimt(D0O0% mLi-FEM, AL1%W260GmMMp H
7.50201Imin (92.5% buffer Aa@ln,d 2Z5 -5fEM bTurflifee OGB: pBHM7
and -300 mi hutes (85% bufferPrtamndsl1wmr bufdfeerecBed
absorbance. Purified AQPOSClbhxzeMWCAt Ami wesn ngl tar &
filter (Millipore cat no. UFC805024) and protein
acid (BCA) assay or R2DP80.using a NanoDrop

4.2.3 Sample preparation for native MS analysis
Crude cortex and crude nucleus pellets were individually thawed and prepared. Each pellet was
solubilized in 1% OG in 25 mM Tris-HCI, pH 7.5 and incubated overnight at 4°C with end-over-

end rotation. Sample was centrifuged at 100,000g for 10 minutes at 4°C and the supernatant was
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collected, loaded onto a 500 pL- 100kDa MWCO Amicon Ultra centrifugal filter (Millipore cat no.

UFC5100), and concentrated and buffer exchanged nine times into native MS buffer (200 mM

ammonium acetate (AmAc), 2x critical micelle concentration of tetraethylene glycol monooctyl

ether (CsE4)). It should be noted that incomplete removal of OG may have resulted in mixed

micelles in this analysis. The final protein concentration was measured vi a bi ci nchoni ni
(BCA) assay or A280 wusing a NanoDrop 2000.
Concentrated and purified-HCQRO piHh 719% Qwa,s 45 |lmMeTr
AmAc, 2x CMC C8E4 and -loakipa MWEO Ami5Odn OWl tra ce

(Millipore cat no. UFC5100) , reconcentnraattievde avhsd
buffer. It should be noted that incomplete remova
this analysis. Samples were diluted with native |

Hi gh Mass Range (UHMR) mass spectrometer.
4.2.4 Preparation of exogenous lipids for native MS spike-in experiments

One milligram of 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC; Avanti) powder in a
glass vial was dissolved in chloroform and evaporated. The resulting lipid film was reconstituted
in native MS buffer (200 mM ammonium acetate, 2x CMC C8E4) to a concentration of 510 uM
and sonicated in a water bath sonicator for 10 minutes followed by sonication with a probe
sonicator, 5-10x for 10 seconds each time, and then diluted with native MS buffer to a stock
concentration of 100 puM. Purified AQPO in 1% OG, 25 mM Tri-s-HCI, pH 7.5 (prepared as
described above) was buffer exchanged 3x with native MS buffer and then gently combined at
room temperature with DPPC for a final concentration of 3-4 uM of AQPO and 8 uM of DPPC and
immediately analyzed on the QE UHMR as described below in section 4.2.6.

4.2.5 Preparation of endogenous lens lipids for native MS spike-in experiments

A washed cortex pellet from one bovine lens (as described above) was thawed and reconstituted

into water and transferred to a glass vial. Lipids were then extracted using the method of Bligh

and Dyer (1959) and the resulting extract is referred to as endogenous lens lipid extract. Native

lens lipid extracts were evaporated under a stream of nitrogen gas and frozen at -20°C or used

immediately for experiments. The lipid extract was reconstituted in 2 mL of native MS buffer and

sonicated for 5-10 minutes in a water bath sonicator, followed by sonication with a probe

sonicator, 10x for 10 seconds each time. For the AQPO lens lipid spike-in sample, 55 pL of purified

AQPO (11uM) was combined with 450 pL of the endogenous lens lipid extract stock. For the AQPO

sample (control), 25 pL of purified AQPO was combined with 450 uL of native MS buffer. Samples

were incubated overnight at 4°C with end-over-end rotation. Samples were then centrifuged for 5

minutes at 20,0009 and each supernatant was loaded onto a 5 0 0 -1®MKWDa MWCO Ami con
Ultra centrifugal filter (Millipore cat no. UFC51(
nat i ve MBnallwandeftration was measuredvi a A280 wusing a NanoDrop
were analyzed via nMS as descri bedVS/eMS wa si nd esseccrtiibx
in section VII

4. 2 N&@tive mass spectrometry analysis

Native mass spectrometry experiments were perfor m
UHMR mass spectrometer. Sampl es i n nati ve MS bu
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4.2.7 Lipid extraction and LC-MS/MS data acquisition
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4.3 Results

Native MS was previously employed to examine different proteoforms of intact purified AQPO by
non-covalent complex fragmentation through collision-induced dissociation (CID) and surface-
induced dissociation (SID) (Harvey et al., 2023). Various AQPO proteoforms were detected
including phosphorylated, oleated and truncated forms (Harvey et al., 2023). The study revealed
novel AQPO structural information, such as doubly phosphorylated AQPO tetramers were
composed of two singly phosphorylated monomers, and various truncated AQPO monomers were
present within a single tetramer (Harvey et al. 2023). This previous study utilized purified AQPO,
which, likely due to the purification process, was largely stripped of non-covalent lipid interactions.
An additional study by Hale and Cooper (2022), using native ambient mass spectrometry,
remarkably reported intact AQPO directly from sheep lens tissue sections; however, no AQPO-
lipid interactions were reported.

In the current study, AQPO was isolated from bovine lens cortex and nucleus regions and enriched
through a series of washes that removed most soluble proteins. To preserve non-covalent AQPO
lipid interactions, AQPO was analyzed in a complex mixture, referred to as crude AQPO, in this
study. In addition, purified AQPO was incubated with an individual lipid as well as a lens lipid
extract to verify observations in crude AQPO preparations.

4.3.1 Crude AQPO from the lens cortex

Figure 4.1A shows a mass spectrum of tetrameric AQPO from the crude bovine lens cortex
preparation. The most abundant species is full-length, Unmodified AQPO with an average mass
of 112,898 + 0.6 Da (Predicted 112, 892 Da) , with lower abundance species also detected,
including singly- and doubly- phosphorylated (P) AQPO tetramers. The inset shows a zoomed-in
view of the 19 + charge state, indicating several peaks (highlighted in yellow) representing
putatively lipid bound AQPO. The signals in the highlighted region were isolated for tandem MS
and higher energy collision induced dissociation (HCD) fragmented AQPO into mainly monomers
(extended tandem mass spectrum available in Appendix Figures 64-65) and released several
non-covalently bound lipids as shown in Figure 4.1B. The Table in Figure 4.1C lists the different
lipid m/z detected in the tandem mass spectrum and their identities determined by LC-MS/MS
analysis of this crude bovine cortex sample. Tandem mass spectra of all identified lipids in this
study are shown in Appendix Figures 43-63.
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4.3.2 Crude AQPO from the lens nucleus

Figure 4.2A shows a mass spectrum of crude tetrameric AQPO from the bovine lens nucleus.
Like the cortex, the major signals observed represent full-length AQPO with an average mass of
112,898 + 1 Da with lower abundance peaks representing singly- and doubly- phosphorylated
AQPO tetramers. The inset, a zoomed-in view of the 19 + charge state, shows several peaks
(highlighted in yellow), representing putatively lipid bound AQPO, that were isolated for tandem
MS. Isolation and fragmentation of the highlighted region also produced predominantly AQPO
monomers (extended tandem mass spectrum available in Appendix Figures 66-67) and
released several non-covalently bound lipids shown in the zoomed-in tandem mass spectrum of
Figure 4.2B. The Table in Figure 4.2C lists the lipid masses detected in the native mass spectrum
and their identities determined by LC-MS/MS. Tandem mass spectra of all identified lipids in this
study are shown in Appendix Figures 43-63.
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detected via nMS. Al l i pid identifications were
available for e aAppendixFigurési4d3-G3)ed | i pi d in

4.3.3 Purified AQPO and DPPC spike-in

To further confirm the identity of one of the AQPO bound lipids, DPPC, (theoretical m/z 734.5694)
via native MS, we performed spike-in experiments with purified AQPO and synthetic DPPC
(neutral MW:733 Da). Figure 4.3A shows a mass spectrum of purified AQPO without DPPC and
the inset highlights the area where the expected mass of AQPO plus one DPPC molecule would
appear. Figure 4.3B shows a mass spectrum of purified AQPO with DPPC spiked-in showing a
new peak (highlighted) corresponding to tetrameric 19+ AQPO plus one DPPC molecule (m/z
5981.7333). The tandem MS of purified AQPO with DPPC is reported in Figure 4.3C. The tandem
MS of purified AQPO with DPPC reveals a strong fragment ion (m/z 734.5721), consistent with
DPPC, in the low mass range. The extended and tandem mass spectra of purified AQPO without
DPPC is available in Appendix Figures 68-69.
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4.3.4 Purified AQPO and endogenous lens lipid spike-in

To reveal AQPO-lipid interactions that may have gone undetected in the crude AQPO studies due
to low abundance, lens lipids were extracted separately from the bovine cortex and nucleus,
incubated overnight with purified AQPO, and then analyzed via native MS. Figures 4.4A and 4.5B
display a mass spectrum of purified tetrameric AQPO. Regions that indicate possible AQPO-lipid
complexes are highlighted in yellow. Figures 4.4B and 4.5B show a mass spectrum of purified
tetrameric AQPO incubated with cortical and nucleus lens lipid extracts, respectively. Regions in
yellow highlight new and/or more intense peaks that appeared after overnight incubation in the
lens lipid extract compared to purified AQPO alone. Tandem mass spectra for AQPO incubated in
both lipid extracts show that several of the same lipids are found in both extracts and bind AQPO.
However, there is one lipid (PC 36:2) that only binds AQPO in the cortical lens lipid extract and
various lipids that only bind to AQPO from the nucleus lens lipid extract including SMs and ether-
linked PCs.
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As expected, purified AQPO bound exogenous DPPC
identity of one of tméezZ®&mépt bBbuedeasti pelak,s fguri f
assortment of |l ipids from both a cortical and nu
variety of lipids from the cortical l ens |l ipid ex
region s$malmuem compared to the nucleus and theref
|l i pid abundances loetsween tihse ntowoe woegihy t hat the
numerous different | ipids and thus the observatio
in both types of experiments (crude AQPO vs puri
suggsestthat AQPO may preferentially bind certain |Ii
di fferentnketdnelrCs from the nukiekedeRCs aweéreTheted
the crude AQPO experiments and per hAaQPsO waenrde/ ormrotwe
weakly bound and were thus washed away during the
(2009) identified al kyl et her glycerop-bas$s plyodl i pi
glycerophosphoet h@alok yalmi gnlesc emapHosphoseri nes.

I't is important to note that some weakly bound I
transmission through the mass spectrometer pr oduc
were coll ectieodh impdpegsiitti ves Kk noswens tihoanti zcee rbteatitne rl iipi
i on mode.

Sanders and Mittendorf (2016), reported that many
changes in membrane | ipid composition, and cited
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di splay | ipid speecriefsiocliuttyi.o nBassterducanurieisgh AQPO, i n
adopts quite similar conformations suggesting AQI
dictated by specific lipid b)ndiCongvé6BGaaldersfandt iv
established that AQPO and AQP4 water permeability
(Tong ,201 & . To,n290 1&Lt) . alSpeci fically, Tong et al . ( -
channel per meabindi by | avwaer sl oawent aii ni ng higher | e
sphingomyelin. So, while AQPO remains functiona
environment s, it os activity, or water per meabili

compositions.

4.5 Conclusion

Our study reveals that, physiologicalllyenAQRCheids i:
PCs andt Isavts,dganyami cal | vy, regulate AQPO function in
l ens. The results from this study can be used to

seek to gain a better understanding of AQPO in th
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CHAPTER V. SUMMARY AND FUTURE DIRECTIONS

Much progress has been made inthkeylkans,asgeadq!
invol vi 5 veQRAI. AQPO structures have been publishe
were reported, Frnacyl usdtirnugc taur2. 2if X he open pore

co
2004) where water mol ecul es were capturedfEWMon t he
structure of a closed pore conformation of juncti

have provided the field with valuable insight on
years ago, Reichow et hel fi(201383) mpublanskEdMdstiraorctu
in complex with calmodulin which confirmed previo

1:2 ratio and suggested that CaM regulates AQPO f u
support eadc blyarmodynami cs simulations (Reichow et al

Over the vyear s, the Schey |l ab has spearheade
modi fications, ma arye | aft eWdhi dmcadwudi agefatty acid a
truncati on, deamidation and i somer i z gtSicchrelyr aecte nail z.
2010; Bal | et al . 2004) . Research on AQROdf £t ty a
termini of AQPO undergo palmitoylation and ol eoyl
study found that tl hi epsi edf icoalidaif e nins A@QPBOe enrdiched i
resistant membrane (lipid raft) fractions and, al
remain unknown, it was speculated that they coul d
(Schey et aVveraROAQPRPO |hosphoryl ation sites have
this modification on water permeability and CaM &
above chapters. A recent study that we conducted
research group identi fied, fortrtames | Bt rshalti medi f
including phosphorylation and truncati on, in inta
native mass spectr,@2meensy (Harvey et al

We have | earned through the years that AQPO f
mechani sms i(nMdm@talmgl amM and ,Ha€lrimi n2000c | eavage ( Gc

2004) , phosphoryl ation (Kreida et al ., 2024, Rose
T°rnHorkBefield et al ., 2022) and membrane 1ipids
has been madeénghamhacaA&Pi@zul in i nteraction includi:

| apbRose ,2008&) .t hat used anfl aesayc eamae chhiemd c al c
understand the effect of AQPO phosphorayslsaatyiso nt hoant
tested the impact of CaM binding on Rreacasmho rwolra&kt €
revealed that regulation of AQPO -demendeomt blyKrCaiMd

al. 2024) and a cooperative process (Kreida et al
the psmdwdo ¢c struct tCraeM acfriotlke d AQBMpl ex captured b
cCyeeEM (Reichow et al. 2013) confir med earalnioenri cradp o
manner . However, despite the detailed understand
regarding -GahM I1AQPOr acti on, t he mechaniO-pmset euinnd er |
interactions stild]l require extensive research. Th

understandi ng-pofote@timern nA@FP&@Gctions on a molecul ar

Previous work has shown that specific proteins

AQPO to modul ate its water per meability; however
rather -tdmagt Hfupdotein, to probe pPpheve itotewyadtiesn
the specific regions of interaction ofA sadBer al kr
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crystallins, amwaer ryghkarkdfwirnem ef 6P4€9) one gowds otf o mys ¢ h
crosslinking masMS3 preamtt riodndergtriyf y( XikLnt er dastldngt pr ot «
AQPO in crude |l ens cor,tikwdlettme mb maneda hfer a mttieamsc t i
Given the extensive -CaeMeiamtcdr domteimnghrieo YAQP Ot hi s i nt
positive coMSretuidnemy XbkBGaMiisnt @rhac tAiQiPr0 was wused
XEMS wor kfl ow and to eM3 aworirkhl|l caw nteow vHEDIXotdat e t |
interactions discoverhed¥$  npesny f wor k.egil bnweurgef i nt
elucidated for several AQPph a knitheirpastt d Inlgi-4p6a, r ¢ anmedr e X ii
connéxXamd,wo new interacting par t4née,r swe rvei nidds n tni fain
functi onal consequences of s 0 e Mo fa ntdhfeALQde (i snit re,r ahca \

been established, for i nstance, AQPO interaction
2011) , reduces its water per meaalpi bifty.hepowd\ed m,AQtP
interactions reported i nMymyr ewdudle mmoenedishatine@dei@a i Agat i
N-t er memgsaged with most of I hherestiengky,j ngtipent a

AQP1, AQP4, AQP5, AQP6, AQPTt)eramien uksn otwon itnot eursaec tt hy
but this is the first time it was report-gpdofernAQF
interactionsopkay &bvefreQ@Paloplyes,ti atltHedsr mct i on coul d s
in preventing AQPO ddggriengaetriaccrnt,i otnh emaAyQROe gul at e | F
one mechani sm hfeorcyltiomskkiengget on t o the plasma memb
association of AQPO with the reported proteins co
interacting proteins from modifications. Ft i s n
Hoesdield et al ., 2022) on the mammalian aquapor.i
aquaporin region involved in dprloarge pottiramctofonrse
unknown. He iMcSe ,wotrtkd | Xlw est abl i s hean iinn driys psetnusda belse
for the aquaporin community at | arge t o-pdeoftienen t h
compl eMeseover, my thesis work demonstrates that
beyond that of a weadhees icchm npnred t-painod. eciTell di AQ®0Oact i on
i n t hissugwderiska t in the context of l ens phyhsaitoliosgy,
gul ated by vamhidost Uensotpleagru Elaenmss pr ot eins. For
g eraction with the cytoskeletal protein viment
rtrhermor e, t hr ouglhc riytss ail hti @r a cetgiiom swiptrtone t o a
mpor ar iUcyr ypsrtoatlelcitn from possible modifications.

|
r
[
F
t

[ 2N = ¢}

Through its role,i AQWDtaenm ipraponvetadbntl igryotein in
egul at iMCnS,ofa tstyestem that is critical for maintai
arlier AQRQ@tpesmeabi(lTiotnyg settudhkwe 288a&Nh t hat t h
omposition surrounding AQPO has a direct effect
onovahantve | ens Iwepriedsnowi trhe ppoQPtOehiplr € ost toct i s
QPO in complex with different |l i pids have been
ructures of |l ens AQPOS)nmnE.ccmBGafGonendsast (i te 20
sphingomyelin/cholesterol bil alyiegisd (iChti eur ad t iadr
its infancy. Therefore, anotnhaetri vgeo anta sesf smye cg tr i
S) to identify endogenous | ipids bound 40 AQPO
d interactions regulate AQPO function in the
dgheos,phatidyl cholines (PCsii aftdradgmplyi g oardy AIQIP®
onally depleendent exmawnalemius | warsk .suggests that
ronment surrounding AQPO regulates its functd.i

('Dﬁ__/\_'_'m>30m_1

> ® T 353 5 35
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versus nucleus)iand thaerAaQP0Oons may be a key reg!
t he water permeabil ity ofFuritbheerr ntoérlrel, s sipra rktietme nit s n s
native |l ens 1|ipid ext meawcAQRO-li@d assenbies notudstectedoin then c ov e r
crude AQPO experiments, including AQPO-ether-linked PC and AQPO-SM interactions. Curiously,
we know that functional studies have established that lipids can interact with AQPO (Tong et al.
2013) and AQP4 (Tong et al., 2012) to regulate their water permeability, for example, in the case
of AQPO, its water permeability was reduced in bilayers containing higher levels of cholesterol
and sphingomyelin. However, it has also been reported that some membrane proteins have,
through time, adapted to withstand changes in membrane lipid composition and AQPO was a
noted example on the basis that high-resolution structures reveal that it consistently adopts
similar conformations in diverse lipid bilayers (Sanders and Mittendorf, 2016). Therefore, in line
with the predictions of Sanders and Mittendorf (2016), AQPO may have evolved to function in a
variety of lipid environments, which could explain why it remains active in different bilayers.
However, its activity (low vs high water permeability) is dynamically regulated by the surrounding
lipid composition and when analyzed in its native lipid environment, we see that AQPO
differentially binds lipids in a regionally dependent manner. In the nucleus, AQPO is surrounded
by a greater amount of sphingomyelin, which drawing from the studies by Tong et al. (2013),
reduces the water permeability of AQPO. Interestingly, it has been shown that AQPO plays less of
a role as a water channel in the lens core and more of a junctional and cell adhesion protein
(Gonen et al., 2004; Kumari and Varadaraj, 2009). In the context of the MCS, one could speculate
this to mean a couple things. The current model proposes water to travel outwards from the lens
core towards the equatorial regions by an intercellular pathway mediated by gap junctions. In the
nucleus, AQPO is largely truncated and its contribution to fiber cell water permeability, when in
this form, is still under study. However, permeability studies that investigated the impact of N-
and/or C- terminal AQPO truncations found that these modifications do not alter the water
permeability of AQPO or its adhesive functions (Ball et al., 2003; Kumari and Varadaraj, 2014). If
AQPO truncation does not impact its water transport function in the lens nucleus, a region that
has reduced water permeability (a property that is important for maintaining an osmotic gradient
that channels water outwardly from the interior of the lens to the exterior), then AQPO-lipid
interactions may be one key mechanism to attenuate AQPO water transport capabilities in the
lens core. | think that it is also critical to consider that in all the published high-resolution structures,
AQPO is embedded in greatly simplified lipid bilayers that are not representative of the diverse
lipid environment of the lens plasma membranes and we see from my nMS studies that AQPO
can retain over a dozen different non-covalently bound lipids. Therefore, it is possible that this
variety of lipids synergistically effect AQPO conformation and ultimately function in a way that is
not currently captured in the high-resolution structures.

Overall, my thesis work expanded our knowledge of AQPO-protein and -lipid interactions and
established valuable XL-MS, HDX-MS and native MS workflows that can be leveraged by the
greater structural biology community. However, despite these discoveries, many questions
remain to be answered and thus | propose several future directions.

1. Are therPoQP0Oi n imagpmpeoratcead oinrsr enyi o ealelay cthhependent

Research focused on thepreoegieomal naralaxsi onaef i AQI
|l acking. Research from the Schey | ab-MSGWdamg i @redat $d
the specific sites offiilndregiactdmd tthet queamtl i8QPBO® cr
across the | ens. However, the regional interactio
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reported thus far Whasr eoitn bteleen Isemsgli edese inter ad

relative | evel of these complexes is i mportant

interactions play in the greater contlkxn eoXammlee |
we know that through its function as MCSwahtoewe weira,nn
upon its interaction with other l ens proteins, it
exampl e, Vi menret IAMQPOonente®efracti ng proteins reporte:
di fferences in subcellular distribution. I'n the |
absent i n 4dbhegatitciheqshvei MeQPtOi n i nt ed a s tfiuoctt S eornv @ sn
the |l endAscoretnégXx .oned abovwit AQFRO mée mt erneagcitese-l wher e

pol ymerizes, thus AQPO may shielwouwlidneditri enc tflryom mp
subcelelqulidri brium between monomer vecmertmbemnthn magd
i mpact celluBar &stxwmetcere)abl e ,ih&wovhement int er med
filament protieilreaisamthegulkeates AQPIOn whher!| pres meab!
amannterat may be critical for its.role in the MCS

A possible approach to bridge tihsiisgt ugpaspliimkk mogwlaenda
of an i nt actto bcoavpitnuer el eannsd quanti fy interactions tF
regions. Specifically, an intact |l ens could be ¢
t hat could be -M8aAM8zeédpyBEEDMGs|I i nkedhepepdiftesen:
relative |l evels of proteins crosslinked with AQP
crosslinking in general captures the most abundani
prudent to design a samplmoevgersepadr. at.i ar rmaitgho dv etrtya
relatively abundant proteins, such as crystalli
Al ternatively, the tissue could first be crosslin
har sher in bhheumetsvecdnteractions would have Db
establishing this method with a bovine Il ens, this
l enses.

2.Usitnlger ossliwonrkkifnlgpow est abli shed in my research,
cr olsisnki ng mas s spectrometry t o, onprat edirroad
interactions.

Al ens pirmotteerianct i on mayp dc otuol du nbceo vgee n enroavt eel l ens |
interactomics studies have been reported in other
2018) . The workflow used in this thesis specific
AQPO. Howe veelrt,eraatfieeons to the workflow could be <c
fractions, a membrane protein fraction and a sol
separately by mhasedppi &tsemetGi yen the vital role |
i n many biological functions, it woul d be worth
interactome and mapping interaction interfaces. A
insight mintloemds flhieoleogi c al processes that are nor.

3.Use t he experi ment al data from my thesis re
i ntermol ecul ar distance restraints imptrootsetirnuct
interactions.

I n addition to localizing the interaction interf
mas s spectrometry can provide vpalouwaubelkepgs i meat at ¢
di stance restraintsTheosre sdirsutcanucrealr ersotdreadiimtgs. can h
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space and enhance the discriminating power of t h
soft ware to more accurate @Qodeéenpt(Yu dogdkdidHugagof 2
RosettabDock, HADDOGCK, guClresRmxo stéetng structures of
from experimentally det-eesmohedi ehroacystralk ¢i.EM &t
of these structures (generated by protein modelin
(Lee & OORei |l |l y,de2e0p2 3l)e.arlmi ncgo natlrgaosrti,t hms su-ch as A
Mul ti mer can generate models of monomers and ol i
sequences. Therefore, the di stance constraints der
coul dnppe mented in two i mportant ways

Firstimamobecul ar crosslinks from my st+wdiads tgoul
monomeric struichueeacbifndQpBOoteintsenhgatn ebioghutd orne |
structur e, using AlphalLink (Stahl eaf atlthe AI0OpRh3aF ol
algorithm that enables the incorporation of i ntr e
monomer structure prediction. This could be useful
t h structureiamd odnfdorfmaer ent l ens proteins ba
i ded. Second, t he di st ainrctee freecsutlraari ndrso sdsel riinvkes
ies can be utiplriozed nt compdelxeSQPO his i nformat
docki,hgkesoRo6svareabDock, or ,dwechAldsharLn inrkg ( &It qad
, 2024). The |l atest version of AlphalLink, publ
predicting protein complexes by al l(cawi rog piorscedr [
intramol eculnarn At-MélatFidmtdisi)s not epwoervtihoyu st hraetpor
ggeshatd models generated by-MAl phmEpl a2 oaad sAfrp
0
0

©

-
- cC O ® S
o o<

u nptr oftsgetrirnuct ur al dynamwihe £ hamd etf if tdiSminlaisthye | p
ncil Al phabiugk (St ahl et al.,2023; Stahl et al

SO WM+~ =0
® O cCc OO0 — S

N

.Do modi fijicaei opvosphoryl ation, t runocnatA @mQ ac
and/ or the interacting protein impact these in

ins in their native states often exist i nm
tion. As menti oned above, sever al AQPO modi
horylation, deamidati on, acyl atoifont haen dA QtPrOu r
actisgcpUarsyes tnad,drimam and Harding, 2002) conr
012) and beaded fi,hamehknhswbfWarpagnbselt gotaisan a 1210yl On
e
h

(¢
x
0 O O

t

e
S
e

l ens and thus, tthte stehenocidnf é cadt oms. mAayc li ams
o rdyelpeetnideem t binding of cal modulin with AQPO
permeability as detailed above. Thus, it wol
rometriyocahizé madi ficationer BoXKbEMSmanrad yisd se |
enriches for cr s oltienkesd madinftiidd AQ@QRI0O comp.
l inked forms i n a rEngriiocnhanhe nyt dsetpreantdeegng e smawinle
modi fication(s) of i nterest. For exampl e,
orylated form of AQPO prior to MS anal ysi s
ped to target at the phosphaompd oHenys ,or2&t2)p.t
e, prefractionation methedshahgée empomgt cdr
SAX), t ®&@posaffinity chromatography or i mmunopr e
nti bodies could be employed t(hRisl aappnrdadbny st,he?2
uestions could be answered:

X ® 3 5 OO QY TS
v < O o ® —F O
3O ~0n 0 DO 0n ~

o9 —~0 QT OO *TWnw sT —
T T T > 0m

1T Does modified AQPO interact with | ens proteins
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1T Does the interaction interdfacthe hiamiger avdhiteinn @ np

modi fied? For exampl e, it was stheorwmi ntubtsa to f p hAdQsF
all osterically affected its affinity with | y:¢
( Nesverova aHod sTefrinerlodt,h 2019) .

T Where in the | ens d-pr dthei nmoidrntfdrealctAQ@ROs occu

correspwmnldddigf i pd oA@P® i nteractions?

A reasona-bhpbeqfiesl own to theses sftumeciadsoavaacthl d nher ad
change whem Ipanfeht he protei Howawver modihfiiseduesti on
because 1 é¢quwomue dan assay to first test the functdi
form and then compare it to the modified form. I
guestion using molecular dynamics simalsaticoms edh e
wi t h pprrootteeiiltn compl exes have been modeled (Martin
simulations have been usedCaM isntuaya ctthieo nd yanmadni tc h
phosphoryl ation on this n teefroarcet,i ons i(nFg ea dssi neitl aarl
could model modified AQP in complex with one of t

[
0
the AQPO water permeability to unmodified AQPO in
give us mechanAQPDcregsi,bhWi meatoadi ng AQPO per meahb
di fferent conditions, we can |l earn how AQPO func
variloeunss proteins.
5.What AQPO conformational c¢changes occur upon in
In t heMSHBX udi es of t hifsoutnhde stihsatwotrwko, AQPOwaesxt r ac el
reduced solvent fleeisst dii & ¢4t wawiiinfyg CaMat small ¢
changesside the canonioccaclurCadM rbinngd It thgee si enst eeir mgecltyi,o n
| oops are in the extracellular region of AQPO su.
AQPPprotein interactions may be dynamic in nature
results promptdadcdhauwus CtadM ori onpo 5@ may i mpact the i nt
nei ghbor i-hQPOAQIPO®t r amer s in adjacent fiber cell s,
nei ghboring pl adensae niembdriannges. t hus i nspidrme da frhemr & ng
AQPPprotein iiniekuaetti memssame conformati onal change
because eapcrhotPreQPM0 i nteraction fulfills a unique b
result in the samalcAQR®scaoagf ¢ K@@ NMIiIQdPMtne raasct i mo d e |
system, an HDX workfl ow was established to analyzeée

be applied to probeimnt heart eAQRQO i ons.

6.Validate the new AQPQviimdretriarc ff aonudp d@ 4@ nme/r sr e s e
wi HDXMSand/ or docking/ prediction structural sof

As mentioned, this thesessabwoi k ICadW A QPR Ga d ctt h eo nw ealsl
system to devwSl oworarn [WHWWX t hat serves as a Dluepri
protein interactions. Mrtoheuaqls drevpenale tdd fo msh eh i AsQ P
previously known, t wo proteins, vimentin and Cx/
therefore require further val i dvaSt i grno vuannddwog iky e ni tt
attractive approach.

Al ternaftewedwh!| iashed structur es dfenwitre xCwddticcfhr a g me
as discuscsod| dndwe pbyatdedki nd i kef tRinesresndchel -t he AQF
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vimentin &Lxdo6AQmMQA er@aonviedreseepl vyl ebaarsreidngsof t war e S ucC
Al phaFol dLink2 can be employed t owinmohdoeult tehxep ean tme
structures

7.Does AQPO Il ipid binding vary across the bovine
a.Perform native MS analysis of AQPO directly

Towards th
f

end of my time in the Schey I ab, [ b
directly I

m | Emst ¢estsstulee sekypotomssi s that | ens

e €
ro |
l'y depdamddretd mgpnnaearit,ni Ifg rsa n diettieacnt s, Vi e
ot e

a regional

soluble pr eins fromegahethssolablbe perotéebns to

conditions and instUsilhegnt®@gaatmet alksbovine | ens t
Dr. Zhen Wapmnddoed itctadvi t Bgnhani vaen dM ibruefcftelry sprayed
into the mass spesammimaestpe ra.y elli midtei exchtaleynpfl rexx mi xt ur

of prot ewas sd gt adppendix Figure 74, I have annotated, in va
di fferent chargerepaeteendtiisng i bouri ors f;f em@ewe v eprr,ot
currently, we do not ckomopw dixheed § dpmndsitlyl eft h dte stehe

represdSgcenrtysst allin and the 46. 4 -gDpstaplelciesdirmenr .e s
are highly abundant in dadéeéghahs andomt hhs swepexpes
most preval ent iAf taers od sutbd kel iexitirmgetcondi ti ons t o c
ti ssue, I began opti migiidreg ead@reditt ii oan ¢ hfeoHoast&)\Béer , MS
this tpriogestil] in the early stages and thus req
effective workflow is instituted for the bovine | e
l ens to ask the very same questions.

8.Do di fferemti dAQMOt eractions i mpact AQPO stabil:i
a.Performpbiionity studies to determipdawhi ch |
unfol ding.

A seminal study by 20da#@adn o wsskeyd eétonalmobi I-MS)y, mass
rapidly growing technique that measures the mover
under an el ectric field, to study the folded co
LaganowskygoOoOdd)almeasur ed t fpe arsees iusmntf amnd de nadf oagradd i f f e
membr ane proteins to determine their ability to
functional role. Aesfmi mad wsihteld A @BQ Iluthadkkee sphand wh
i pids, identified mhhgveuon na@QP¥ ef MBc tsitaurd.i elsf, AQPO
suscepti bpheasteo ugnafsol di ng) when tbhohuanyd stuog gae sigep et chiafti

bi ol ogical roh@PbDipttdatnsepracsiP@di si gectere the AC
strucperbaps mor edynagmidc oirn Iterses prUd 4 @ mad edfy ,t he el if
from t  heswoultdudliee spiontad eflunct iIFomalexasnpayes. i f we u
MS to determine the | ocal |l i pid environment surr
healthy human | ens, we can perform AQPO per meabil
i mpacted in the presendes.offhi Be wi d &nt inffforeawm luas on
regional s hamdploe amltt hy human l ens. Sulboedude nbtel vy,
performed on a cataractous human |l ens to compare |
AQPO wvaries in werdsausse dhheaad t hgnd ens. We can then |
environment from a cataractous |l ens and perform p
function is impacted in a diseased | ens. We may
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AQPO ¢ at ar dcethnsus egul ate AQPO permeability differe

|l ens as described in the section bel ow.

9.Do different |l ens |ipids impact AQPO function,
Functional ass,®Ysl 3) Toofg AeQtPOalr.econsti tuted in pro
di fferent bBhpwddmthatur AQPO permeability depended
bil ayer. They found that AQPO displayed | ower wa
sphingomyelin and cholesterol bil ayers compared
phospldat gl ycer col (Tong et al ., 2013). I n this the
sample preparation, whiecsh tion crleundoevde sseovleurballe wparsoht e
endogenoufsr oom ptildess phosphatidyl choline anmdrephilmygo
bound to RIRQP® sugbesesltpartds may have a stronger
to otheesebodplfdéadyayg role in reglutl anoiunlgd AtQHPWs fhuen citn
to compare AQPO function in proteoliposomes ¢ o0my
Moreover, since we know |l ipid composition is diff
equally interestatngr tpmercmnenplairlei t peowsdPRAUamhieaal t
native Ilvwvsmgcleps dsative .l ens | ipids extract

10The work from this thesis could also serve as
i nteractions, such AGP®D»randrAQRN, diirecXL ti ssue
l ens protein interactions.

The high abundance |l evels of AQPO in t ke uldéred ha
aguaporin in the | ens and, t h erAeXPobr ea, n do tAhQePr3 |hearnvse

been nearlcyhaasacwelFiozed nstance, p wtr a tAQePebe | beenact
reported i 6] ¢ethteenl,en30-B(@r s eTfPirenlrdbt Biutalmagost20a2f2) t h
i nteracti ons, -idneniuenronp rneecdi pbiyt atoi on, r eqwiitrhe tvhae ivdeart

recent discovery of AQR3I2024kharkbesebfPgisowvndest
understanding the role that ARPBISHI| &YX amd tmat il e

MS wor kfl ows established in this thesis work col
defining taed eARPDPHei n ion eaamdli eoHdvaerv elreveodne of
more obvious hurdles to studying these proteins i:
strategies would have to be developed to enrich t
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AQPOsubunit1  AQPOsubunit2 AQPOsubunitl  AQPOsubunit 2

Appendix Figure 42: Distance measurements of calmodulin-AQPO
crosslinks mapped onto the AQPO-calmodulin EM structure and reported in
Table 1.

Distancesb et ween t he two cr os sslofproteie mhckidie) (
were mapped onto the AQPO-calmodulin EM structure (PDB: 3J41) for each
crosslink reported in Table 1. Distances were measured from CaM (pink) to
subunit 1 of AQPO (dark blue) in (A) and to subunit 2 of AQPO (light blue) in (B).
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MS2 spectra Precursor: 718.5755 Measurement
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MS2 spectra Precursor: 746.60419 Measurement
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MS2 spectra Precursor: 799.6709
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M52 spectra Precursor: 788.61749
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M52 spectra Precursor: 785.65381 Measurement
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MS2 spectra Precursor: 703.57764
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