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Abstract

The guanylate cyclase (GC) system in photoreceptor cisllsa cornerstone of
photdransductionproviding the biochemical processes tladibw adaptation to fluctuating

light conditions through the regulated synthesis of guandsifecygli@ monophosphate

(cGMP) controlled by intracellular calciusensorproteins known as guanylate cyclase
activating proteins (GCAPs). These sensors r
by switching betwbeunananst athée bah dlbognd Brinj mul at
thereby finetuning the activity of guanylate cyclade (GC-E), a membranédound retinal

specific isoform of GC.Disruptions in this feedback mechanism, often caused by mutations

in thegene encoding GE or GCAPs, are assod&d with various inherited retinal dystrophies.

Desgiotnesi der abltehe@ rprgeg eissse mol ecul-Braamteichani

remain i ncompl etely wndeurcsttuoroad, cloanrpgeelxyi t @ u e
I i mi t.atTihoinss t hesi s i nvestigates t e fmmlme caunl a
inactive to an active state. A combilhanigon o

was used t o eval uat e t he hypot hesi s of C (
transmembrane domai ns and Canatydolthe hypathesés thata i n r
a helical rotation mediates activatigrévailingin hormonesensitive GEA), our data did not

support the presencd an Uhelical rotatiormechanism in GE.

A major focus of this work wWasocthatekbEavadre

mutant, which showed constitutive activati on
structur al anal yses, it was fsduwrd laidtatyv et hset a
rat her than rotational movements, activatio
di meri zation domain, which serves as a crit.i
mut ant de mo ndsetpreantdeedn ta nadjud cattii voint yo, f icnydcel paesned €
medi ati on, congnedtadnti omi tchatal ywb c mechani s
interactions between Mg] and Ca] at the ac

Additional mutagenesis studies targeting a conserved-helixdelix motif at residue L804
further revealed a lonange allosteric communication pathway within the-BE@rotein.
Alteration in this motifmodulatedenzymecatalytic efficiency without abolishing function,
highlighting how longrange structural coupling contributes to enzymatic control.
Computational connectivitgnalysisunderscored the altered allosteric network in the V902L
mutant compared to wiltype, offering a mechanistic explanation for its gafffunction
phenotype.

Complementing this work, structureharacterizatiorof GCAP5 expressedn the zebrafish
retinaprovides insight into the dimerization behavior and metad sensitivity of GCAP5 and
homologougegulatory proteinsdJsing NMR and EPRDEER spectroscopy, we resolved the
structure of GCAPS in its activating state adentified specific hydrophobic and electrostatic
interactions stabilizing the diméXotably,the two norconserveaysteine residues in GCAP5



e n a b | -lindikgepotentially linking metal ion availability to cyclase regulation in species
specific contexts.

Taken together, these findingglvance our understanding of the diverse structural and
regulatory mechanismthat governphotoreceptor guanylate cyclases and their modulators.
They offer valuable insights into the conformational transitions that underlie enzymatic
activation and shed light on molecular dysfunctions that contribute to inherited retinal diseases.
By integratngbiochemical, structural, and computatiomaddellingthis workprovides a more
comprehensive frameworor elucidating the fine regation of cGMP signaling in visual
transductionunderboth physiological and pathological conditions.



Zusammasansung

Das Guanylatzyklase (G&ystem in Photorezeptorzellen ist ein Eckpfeiler dsuellen
Phototansduktion. Esstellt die biochemischen Prozessereit die die Anpassung an
schwankende Lichtbedingungen durch die regulierte Synthese von Guanbsmyklidches
Monophosphat (cGMP) erméglichen, die von intrazellularen Kak&emsorproteinen, den so
genannten Guanylatzyklasétivierenden Proteinen (GCAPS), gesteuert wird. Diese Sensoren
reagieren auf Sc hwank u-smegats, irtens sie izwisetr eanene | | ul 2
hemmendegne bQaaJdenen Zustand und-gelundener Formmt i mu |
wechseln und so di@ktivitdt der GuanylatyklaseE (GGE), einermembrangebundenen,
retinaspezifischen Isofrom der GC, fein abstimmerstérungen in diesem
Ruckkopplungsmechanismus, die haufig durch Mutationen in deno@& GCAPRGenen
verursacht werden, sind mit verschiedenen vererbten Netzhautdystrophien verbunden.

Trotz erheblicher Fortschritte sind die genauen molekularen Mechanismen, die der GC
Aktivierung zugrunde liegen, nach wie vor unvollstandig verstanden, was vor allem auf die
strukturelle Komplexitat und experimentellBeschrankungen zurickzufuhren ist. In dieser
Arbeit werden die molekularen Prozesse untersucht, di=@Gn einem inaktiven in einen
aktiven Zustand uUberfihren. Die Hypothese einer Konformationsmodulation durch Rotation
der Transmembrandoméanen und Umtageg der katalytischen Doméane wurdé Hilfe einer
Kombination aus biochemischen Assays und computergestitzter Modellierung untersucht. Im
Gegensatz zu der Hypothese, dass eine helikale Rotation die Aktivierung vermittelt
(vorherrschendbei der hormonsensitiven G&), unterstitzen unsere Daten nicht das
Vor hande n shelikalen Rotatioessechanismus in &C

Ein Hauptaugenmerk dieser Arbeit lag auf der Charakterisierung der krankheitsassoziierten
VI02L GGE-Mutante, die in Abwesenheit von GCAPs eine konstitatkéiv ist. Durch
kinetische und strukturelle Analysen wurde festgestellt, dass die Mutation den-GCAP
stabilisierten aktiven Zustand nachahmt; anstelle von Rotationsbewegungen scheint die
Aktivierung eine Schwingungsbewegung in der Dimerisierungsdomane zu beinbadtals
kritischer Konformationsschalter dient. Dartiber hinaus zeigte die \802ante € n e - C a |
abhangige Modulation der Cyclagdtivitat, unabhéngig von der GCAPermittlung, was mit

einem katalytischen ZwdetallionerMechanismus Ubereinstimmt, der kompetitive
Wechsel wirkungen zwischen Mg)] und Ca am a

Zusatzliche Mutagenes$tudien, die auf ein konserviertes Heliurn-Helix-Motiv am Rest

L804 abzielten, deckten einen weitreichenden allosterischen Kommunikationsweg innerhalb
des GCE-Proteins auf. Die Veranderung dieses Motivs modulierte die katalgtistiizienz

des Enzymshei prinzipieller Ehaltung deiFunktion Diese Ergebnisse deuteten dass eine
strukturelle Kopplundibergro3eAbstarde im Proteireur enzymatischen Kontrolle beitragt.
Computergestitzte Konnektivitdtsanalysen unterstrichen das veranderte allosterische
Netzwerk in der V902tMutante im Vergleich zum Wildtyp und boten eine mechanistische
Erklarung fur den Phanotyp der Funktionssteiggru



Erganzend zu dieser Arbeit gibt die strukturelle Charakterisierung von G@APXer
Zebrafischetina Aufschluss Gber das Dimerisierungsverhalten und die Empfindliclikait
GCAP5 und homologeategulatorischeProteine gegeniber Metallionen. Mithilfe von NMR

und EPRDEER-Spektroskopie konnten wir die Struktur von GCAP5 in seinem aktivierenden
Zustand auflésen und spezifische hydrophobe und elektrostatische Wechselwirkungen
identifizieren, die das Dimer stalsiieren. Insbesondere die beiden nicht konservierten
Cysteinreste in GCAP5 ermdglichemeF e-Bindung, was mdglicherweise eine Verbindung
zwischen der Verfugbarkeit von Metallionen und der Regulierung der Zyklase in
artspezifischen Zusammenhangen herstellt.

Zusammengenommen verbessern diese Ergebnisse unser Verstandnis der vielfaltigen
strukturellen und regulatorischen Mechanismen, die Photorez8ptmylatcyclaseand ihre
Modulatoren steuern. Sie bieten wertvolle Einblicke in die Konformationstibergange, die der
enzymatischen Aktivierung zugrunde liegen, und werfen ein Licht auf molekulare
Fehlfunktionen, die zu erblichen Netzhauterkrankungen beitragen. Durchntdgration
biochemischer, struktureller usdmputergestiizter Modellierungetbietet diese Arbeit einen
umfassenderen Rahmen fir die Aufklarung der Feinregulierung der <Siguigltbertragung

bei der visuellen Transduktion sowohl unter physiologischenaalsh pathologischen
Bedingungen.
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Chaptlemtdoduction

The human sensory system is a remarkahfeestryof organs and neural pathvsahat
collectively facilitate our understandingf and interaction with the world. Among the
traditional sensessmell, hearing taste and touch vision is one of the primary sensory
modalities through which humans navigate and interact with their environment. The sensory
organ responsible for this remarkable feat, the eye, is a sophisticated optical instrument
composed of specialized tissusmgch ageting and cellsthatdete¢ andconvertlight stimuli
into neural signals. Through intricate physiological processes, visual infornmadsobed

by the retina andransmittedto the brain for interpretation, ultimately culminating in the
perception of the surrounding world@hus, in daly life, we rely heavily on proper visual
function.However,multiple factors includingagng, smoking and exposure toV light, can
impair vision stimuli by damaging retinal tissuesln addition, inherited retinal disases
contributeto multiple eye disrders Retinal dystrophiedepict both phenaotpicaly and
gerotypicdly heterogeeous group of disorderswith no univers treatment currently
available Recentpharmacologial and technologia innovations such asgene therapy
approachesretinal celltransplamation derived from steroell, and electronicdevices,have
revolutionizedthe management of retinal dases To fully harnessheseadvancemenisa
deeperunderstanding ofhe vision processs essenal. Decades ofesearctsuggest thathe
complexity of vision andls signalingevents pose significant challengescessitatig further
exploration Theaim of my PID researchs to investigateahe signaling cascadd GC-GCAP
system(GC- guarylate cyclase and GCARjuanylate cyclase activating proteinyolvedin
phototranductionvith mainfocuson elucidaing the activity controlmechanisnmof membrane
boundguanylate cyclase in phototransduntio

1. 1Vi si on

The eye comprises severalugsturally distirct components, each playing a crucial role in the
visual process.The process begins witlght passing througlhe optical components of the
eye, such as the cornea and lembich collectively refract incoming light to form a sharp
image ora sheet of photoreptors called the retinanuch like a camera lens focuses light onto
a film or senso(Dowling, 2012) Thevertebete reting positionedat the back of the eyéhen
takes over as the site of sensory transductiboring development, the retinendergoes a
precisely orchestrated process of neurogeriegisoduce diverse cell types in an organized
mannerThis process is regulated by a network of transcription factors, and disruptions in these
regulatory mechanisms can result in severe eyedéisg(Stenkamp, 2015)'he retina cosists

of six major classesf neuronal cellsretinal ganglion cells (RGE), amacrine cell§ACs),
bipolar cells (BG), horizontal cells (HE), andtwo types ofphotoreceptor cellsods R) and
cones (CJ)Iribarne & Masai, 2017)an overview of the architecture is depictedrigurel. In
addition to that, Muller glial cellsare mainly responsible for providing metabolic and
homeostatic suppotd retinal reurons(Hoon et al., 2014; Wassle, 2004)



The retinal tissuas arranged into distinct layers, each contributing to the encoding and
processing of visual informatiohight detection begins in photoraator cells, which convert
light into changesn membrane potential. This triggers alternations in the release of the
neurotansmitter glutamate, which mediated communication with sewded glutamatergic
bipolar cells in the outer plexiform layer (ORLyhere horizontal cells mediate synaptic
transmissionTwo subtypes of bipolar cells exist: rod bipolar ceilbjch exclusively function

as ONbipolar cells depolarizing in response to ligl#nd cone bipolar cells, which can be
either ON or OFF typesespondingdo light increments or decrements, respectively.

In theinner plexiform layer (IPL), cone bipolar cells form synapses with regiaadjlion cells
and amacrine cells. The IPL is further divided im0 sublayers: the inner laminahere ON
bipolar cells synapse with amacrine cells and dbeer lamina where OFF bipolar cells
interact with amacrine and retinal ganglion célisiacrine cells modulate the activity of retinal
ganglion cellseither by direct inhibition at the@tendritesor by feedback inhibition at bipolar
cell terminals.Retinal ganglion cells serves as the output neurons of the re&inamitting
visual signals to higher brain regions, including the visual cgHewn et al., 2014)
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Figure 1: Schematic overview of the retina showing different layers and the main retinal cell types.
The figureillustration was takeby Biorender lfiorender.corpand further modified
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Figure 2: Schematic description of a rod and a cone photoreceptor cell.

Photoreceptors are subdivided in an outer segment, consisting of a stack of disk membrane, which house the
protein machinery necessary for phototransduction, an inner segment harboring the cell organelles necessary for
basal cellular function and a synaptierminal that communicates to downstream retinal neurons. Outer and inner
segment are connected via cilium.

Rods and conesmre composed of an outer segment (@8)nner segement (1ell body and

a synaptic termingF i g 2).MeOSis connected to this through ahin connecting cilium.

Theouter segment is filled with a dense stack of membrane, digased at intervals of about

28nm TheOS carry the visual pigmefthodopsin in rods and opsin for cones) alidther
phototransduction component$he size and shape of both pbeeceptor cells differ
significantly like for examplehe OSof mouse rod (which are broadly similar to primate
photoreceptorss about 1.9 m i n dinadmetde rOm mmoluendgt 2 Om and
respecftonve ne & Yalunt r0ddFt)QEgROE h e arseepar at e
anencl os &ml absyma me mihreaomesdle g cegnaiimvag i ntahtei on o



pl asma mEmde @@teaiitnosc hondri a, endoplasmic reti
necessary for t hlehe edyrudptri cmettearbmilfiasimt.bemansmn
oodar neur ons( Aont et,lekteligeblyeachahe brain

1. 1PBototransducti on

Phototransduction is a biochemical procegswhich light, captured by a visual pigment
(rhodopsin in rods and opsin for coneaspleculein the OS generates ammplified
electrochemical signaiia adG-protein signalling casca@ea sequence of reaction initiated by

a G protein coupld receptors (GPCRand a cyclic nucleotidgated (CNG) channel as
downstream targehat is directly regulated by the second messenger guan8simecyglic
monophosphate (cGMFKKoch, 2023 Koch et al . , 200 2; Koch & De
et al., 2002; Pugh & Lamb, 2000)

From & early asthe 1940s to the modern era of mouse genetics, our understanding of
phototransdction has evolved through several key experimental approaches. Initial
psychghysical experiments by Hecht et @l942) first suggested that humaetina rods can
detect single photonsThese findings were confirmed and extendsdsuction pipette
recording in the late 1970€Baylor et al., 1979)Advancementi mouse geneticallowed to
knocked out overexpress or mugtspecific genesn rods which further accelerated our
understanding of the molecular and cellular processeaod cells.While the mechanisms
underlying light detection in rods and cones share similarities, the inteasea@chHocuson

rods has provided eomprehensiveinderstanding of their phototransductiarhereascones
remain relativeljess explored Koch & Del.l 60Orco, 2015)

As such, his PhD projectcontinues to focus on rod phototransduction, leveraging its well
established physiological and biochemical framework to gain deeper insights into its
mechanisms and functions.

Phototransductiobbeginswhena photonof light strikes the photoreceptdt is absorbed by
the chromophore o& severransmembrane domain recep®itodopsin causing a&hange in
the structure of thehromghorefrom its 1kcis-retinal form to an altrans configuration
which triggers a conformational chanigerhodogsin activating the photopigmei an active
form, known asmetarhodopsin [I(Rh*). Activated Rh* then catalyses the activation of
heterotrimeriaG protein transduci(il) by causingSDP/GTP exchangen theU-subunit The
GTP boundUsubunit dissociates from th@ / o s and in urntactivatesits effector
phosphodiesterase (PBE leading to the hydrolysis alecond messger cGMPto 5 -&MP.
cGMP represestbne of the twamportant second messengers found in the photoreceptor cells.
In dark adapted stathe cytoplasmic free cGMRvel is relatively high~5  ekbkpng a
fraction ofcyclic nucleotidegated CNG) channed openHencea constant influx of positively
charged ion€&*, Na into thecell takes placeCa" repregnts the other important second
messenger in photoreceptofow of C&* into the cell is balancley continuousoperation of
aNa'/ Ca*, K* exchanger, which removes the intracellaf*, maintaining the intracellular
free[Ca?"] at a resting level of 56600 nM.Light induced hydrolysis of cGMRads to closure
of the CNG channelthusreducingthe influx of cationsnto the outer segmentHowever
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because of thextrusion of the G4 by the exchanger leads talacrease of frefCa?*] to a

level below 100nM ( Hwang et al ., 2003; Koch & Dell 60
2006) The closure o€ENG channel therefore leadsnmembrandiyperpolarizatio. As a result

this hyperpolarizatiowlecreasethe amount oflutamaterelease athe synaptic terminalThe
signalinginformation is transferretb attachedetinal neurons andia theoptic nerve to the

brain. The phototransduction cascatterod outer segmentsillustrated briefly inFigure3.
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Figure 3: Overview of the phototransduction cascade irthe rod photoreceptor cell.

Photoactivation of rhodopsin (Rh to Rh*) triggers GDP/@&kPhange in transducing (Bctivating PDE, which

in turn hydrolyzes cGMPThe reduction in cGMP causes closure of CNG chanteigring intracellular CA.
This drop is sengkby C&* binding proteis includingGCAPs, leading tancreased cGMP synthesis W@&C
activation.Recoverirdissogates from the GRK1 allowing it to phosphorylate RAftestin therefore binds to the
phosphorylated Rhpreventing further transducin activatiorhe restored cGMP levels reopen CNG channels,
resetting the cascadmken fromKoch & Del I.60Orco, 2015)

Following light activation ad hyperpolarization, a timely recovery of the photoreceptoiscell
essentialnorder to prepare them for new light stimwiihich requireghe efficient shut off of
all the exciting steps in the phototransduction cascaslevell asrapid restoration othe
exhausted cGMP concentratidFhe significant reductiorin cytoplasmic [C&] is sensed by
neuronal calcium sensor proteins (NCB&coverin and GCARshich loses their boun@a*
ionsand actin a Ca" mediated feedback systeffermination of ativated Rh*is a two step
process. FirstRecoverinupon losing i bound C&", dissociates fronthe rhodopsin kinase
(GRK1) thereby allowing GRK1 to phosphorylate Ri8econd, the protein called arrestin
binds to thephosphorylatedRh, blocking it from further activating transducifurther
transducin daieves its inactive statgy itsintrinsic GTPase activitywhichhydrolysesattached
GTP to GDP Once transducin is inactivateddissociates from PDEG, thus restoring the low
basal activity controlled by its small inhibitooysubunits and thus ®CR signalling cascade
stops.Further depending on the intracellul@a?*] GCAPs activaté&sCs which then convert
GTP to cGMR resulting in restoration @GMP level (Palczewski et al., 2004)nd reopening
of the CNG channeleading to repolarization of the celhd the photoreceptor's dark state is
restored Burns & Pugh, 2010; Fu & Yau, 2007; Koc|
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1. 1G8EGCABystem

A critical element enabling photoreceptors to adapthanging light conditions is the GC
GCAP complexsystem The GCGCAP complexegulaescGMP synthesiscounteracting its
decreas upon illumination through a C&* mediated negative feedback lgothereby

facilitating the restoration to thghotoree p t mitiabdark-adapted staté-igure4).

When cytoplasmic G4 levels fall following light exposure, GCAPs undemoonformational
change that relieves their inhibition of GCs. This allows GCs to resume cGMP synthesis
promoting the reopening of CNG channels and helping the cell rettiva tarkadaptedstate
(Pugh & Lamb, 2000)The importance ofhis GC-GCAP system forestoringphotoreceptor

cell function following illuminatioris well demonstrateth thestudyby Mendez etal. (2001)
wheremice lacking GCAR, exhibited a delayed recovery of photoresponse. Without GCAP
mediated regulation, the timely restoration of cGMP igaired, prolonging the unresponsive
state of the cell. This highlights the crucial role af BGGCAP system not only in restoring

ion balance, but also in ensuring that photorecepogsrapidly ready to detect new light
stimuli-a critical feature for continuous visual perception.
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Figure 4. GC -GCAP systemin ROS

In the dark, when GCAP is in its €doaded form the GQ\Ps interact with GC in a way that GC remain its
inactive form Upon light activationwhen GCAP starosing Ca* and turn intoCa* free/Mg?* bound statgit
stabilizesthe GC transitiorin a way that GGeach to an active state, therebysynthesizing cGMRo return to
the darkadapted state

Two to eight differentsoforms of GCAP exisin speciedrom fish to humanThe apparently
reduindantexpression of different GCAFaised questions about the physiological meaning.
Although GCAP1 and GCAPDfm similarthreedimensionalstructures (Ames et al., 1999;
Stephen et al., 200,7)hey nevetheless display remarkable differences in their regulatory
properties as shown adetailed biochemical studyf the bovine systemoncerningactivation
profiles of GCAP1 and GCAP2ZHwang et al., 2003)Apparently,the catalytic efitiency of
ROSGCL (KcafKwm) is enhancd by both GCAPsHowever the presence ofrayristoyl group

in GCAP1significantly impacts its regulation of G@lith a catalyticefficiencyincreasing?s
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fold, comparedto just a 3.4fold increase with nonmyrieylated GCAP1.In contrast
myristoylation of GCAP2 has only a minor effect on catalyticcedficy, resulting in 40 to
13-fold increase regardless of whet@CAP2is myristoylated or notAdditionally, GCAP1
and GCAP2 impactlistinct C&" sensitivity to GC Activation by GCAP1 is halfaximal
(ICs0) at 707 nM free[Ca?*], while activation by GCAP2t 100nM respectively.

The differential regulation of GC bCAP1 and GCAP2 is a result of their sensitivity to
distinct leves of free intracellula€a* (Figure5). The C&" relay model has been pragedby
Koch and (ZD&3)td déesCribectinis coordinated regulation of GC by GCAFsdies
using physiological and biochemical data framte (Peshenket al., 2011)and from native
bovine andpurified recombinansamples(Helten et al., 2007; Hwang & Koch, 200Bave
provided strong evidence supportitige C&" relay mechanismit links the differentialCe?*
sensitivities of GCAPs to a sequential activation pattern for phototransduction regulation.
GCAPs operate in@alcium relay systermamely,to make gradual responses to small changes
in C&*. Briefly, after illumination when the frd€a?*] begins to fall, GCAP1 becorsactive

and when the frefCa?*] further decreases the GCAP2 starts acting on GC. Thisdogtsfep
mechanisnof different GCAP isoformsm GC regulatiorprovide a molecular basis for light
adaptation in the vertebrate retina.
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Figure 5: Ca?* dependent activation profile of GC

The greybar in the back indicates the cytoplasi@ig* in the physiological range that changes from high (dark
grey) to a low value (light greyfctivation of GC by GCAPL1 (red line) and GCAP2 (black line) occurs in different
range of free C4 indicating the differentl regulation of GCAR following C&* relay systen(adapted from
Koch & Dell.60Orco, 2013)

The significance of this GGCAP systems of utmost importanceas nutatiors in both

GCAPL and GCghatdisrupt the C& dependent cyclase activation aeneticallylinked to
retinaldegenerativeliscasef Be hnen et al ., 2010; Del |l 60rco
et al., 1998; Wilkie et al., 2001Yherefore elucidatingits tightly regulatedmechaism is

essential
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(2023)emphasizes that cAMP levels in the retina exhibit circadian fluctuations, aligning with
natural light cycles. Additionally, CAMP concentrations can undergo rapid, localized changes
in response to transient light variations, suggesting its role in bothtéomyand immediate
retinal adaptations.
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Figure 6: cGMP cyclein photoreceptor.

cGMP plays a central role in phototransductiwhere it ishydrolyzedby PDE6to5 6 G MRe resulting 6 GMP
is either further degraded to guanosine or recycled back to GTP through enzymatitteepgenerate@TP is
then used by the GC to produce cGMP fordhdcadaptedstate restoration.

1. 2Guanydyatsmse

The mammalian genome encodamesltiple isoforms of GCs, broadly categorized istwuble
(sGC)and membranbound (particulateJmGC) cyclasesBoth soluble and particulate GCs
share the catalytic function of generating cGMP but differ in their activation mechanisms,
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cellular localization, and physiological role¥he soluble cyclases form heterodinser
comprising of two subunitddand R)(Derbyshire & Marletta, 2012; Russwurm & Koesling,
2002) A heme group is bound to each sub\Sitone & Marletta, 1995)and the cyclase is
activated by the binding of nitric oxidBO) to the hemgroup(Bredt & Snyder, 1994; Katsuki

et al., 1977with major functionin vasodilation and cardiac regulatidrhne membrane bound
cyclasesare homodimericcomprising ofseven different forms gbroteinsGC-A to GGG,

which arefurther subdivided intotwo subfamilies the natriuretic peptidactivated family,
whose members are activated by the binding of atrial naturetic pgpiitie) or a related
peptide to an extracellular domain, and the calcium activated subfamily, whose members are
activated by one or more calcium binding s that interact with intracellular domains of

the cyclaseThe mGCs are transmembrane receptors which share a unigue topology comprising
of an extracellular domain (ECD), and an intracellular domain (ICD) separated by a single
transmembrane domain (TMD)GC-A serves as receptor for ANBNP (brain natriuretic
peptide)regulatingblood pressurgolume and energy baland8C-B serves asareceptor for

C-type natriuretic peptide (CNR}timulating endochondral ossification am autocrine way.

GC-C binds topeptides(urg)guanylinand mediate electrolyte anehter transport in the gut
(Kuhn, 2016) GC-E and GGF are expressed in photoreceptor celfsch has a pivotal role in
phototransduction and visual recovegfyK o c h & De | | Fn@lly,anomice 86 1 5 )
olfactorial GCs GGD and GGG are expressethat respond to low concentrations of £0
guanylins and cold temperaturghao et al., 2015; Kuhn, 2016)

pGC A B Cc E F D G
Ligand(s) ANP, BNP CNP (Uro)guanylin GCAP1 GCAP2 CO,, (Uro)guanylin Coolness, CO, B
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Figure 7: Illustration of the general structure and main regulatory functions of membrane bound guanylate
cyclases (A) and soluble guanylate cyclase (B).

(A) GC-A (ANP/BNP) and GEB (CNP) serve as receptors for the respective natriuretic peptide, while GC
functiors as receptor for (Uro) guanylin. GE and GGF act as the retinal guanylate cyclase and regulated by
GCAPs. GGD and GGG act as olfactorial and thermosensation receffagure taken fronKuhn, 2016) (B)
Soluble guanylate cyclase lacks extracellular domain ani$ activaed by nitric oxidebinding to the heme
binding domain (HD)Figure taken fronfitzpatrick et al., 2006)

1.2The rgtuanwxlyactleas e

In vertebrate retinthe GCis expressedn two isoformsROSGC1 and ROS5C2 (Dizhoor,
1994; Lowe et al., 1995putside the retina thROSGC1 areexpressed ipineal glandand
olfactory bulb(Duda & Koch, 2002; Duda & Sharma, 2004) the auditory nerve and the
organ of Cort(Seebacher et al., 199@)the anterior portion of gustatory epitheliBuda &
Sharma, 2004and in the sperrdankowska et al., 2014yvhereas RO&C2was exclusively
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expressed in the retinROSGC1 and ROS5C2 are refeedto the bovine formand their
counter partsetGC1 and retGC2, and GE and GCF arereferredto human and rat forms
respectively as stated in TaldleTherefore, irespective of their speciespecificity,these C&
modulated sCs are chosen as & and GCGF for further descriptionGUCY2D and
GUCY2Farethe gensthat encodes GE and GGF, respectively.

Table 1: Nomenclature of different membrane guanylate cyclases used historically with respect to their
origin. (Modified from Pugh et al., 1997)

Name Structural analogue of Species | Localization

ROSGC1 RetGC1, GCE Bovine Rod outer segment

RetGC1 ROSGC1, GGE Human | Photoreceptor layer of retifha
GCE RetGC1, ROSGC1 Rat Reting

ROSGC2 RetG2, GGF Bovine | Retind

RetGC2 ROSGC2, GCGF Human | Photoreceptor layer of retiha
GC-F ROSGC2, RetGC2 Rat Reting

1Goracznialket al, 1994.
2Shyjanet al,, 1992.
Syanget al,, 1995.
4Goraczniaket al, 1997.
SLoweet al, 1995.

These GCs are multidomatnansmembrane protein with a theoretical mass of 12lIkDa.

In 1991, he first purification ofphotoreceptofGC was done from bovine rod outer segraent
(ROS)by two independent grougblayashi & Yamazaki, 1991; Koch, 199TheGC-E gene
was cloned shily after its protein purificatiomnd shows that native GE is glycosylated at
its N-terminus(Goraczniak et al., 1994; Koch et al., 1994)contrast, to G¢E, the sequence
of GG-F indicates that it is najlycosylated athe N-terminus(Goraczniak et al., 1997; Lowe
et al., 1995)Among all membrane GCs cloned to date-E(S the only one identified based
onpart ofits protein sequenc&hegene that encod€sC-E is GUCY2Dandin humanslocated
on chromosome 17p13(Dliveira et al., 1994)nterestinglyin the same time fram&och and
Stryer reportedevidencethat the exquisite sensitivity gfhotoreceptorGC to C&" was
conferred by a&oluble poten (Koch & Stryer, 1988jollowed by cloning othe GC regulators
namedGCAP1 and GCAPZDizhoor et al., 1995; Palczewski et al., 1992)llectively, these
investigationgp aevd he wa-ggepoh shudies on retinal GCs
(Sharma & .Duda, 2012)

1. 2S2r uctQuraen ydfadleas e

GC-E is a single transmembraspanninghomodimerproteinwhich is divided intdwo main

parts, the extracelluladomain (ECD) and intracellular domainclfl), separated by the
transmembrane domain (TMDYhe IcD consists of a juxtamembrane (JMDJ, kinase
homology (KHD), a dimerization (DD), and @atalytic (CD) domainThe classification,
structure, and molecular characterization of IcD subdom&in&C-E have undergone
significant advancements in recent years.
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Multiple regions of photoreceptor GE are involved in binding and/or regtitm by GCAPs
(Peshenko et al., 2015; Sulmann et al., 2017; Zagel et al.,,2A@t3he exact interaction
mechanism and the precise locations of the binding sites in target GCs remain under debate
(Peshenko et al., 2015; Sulmann et al., 20Ifg vast domain organizatiaf GC-E and the
involvement ofall its regiors in proper functioning raisemportant questionsabout the
mechanisnunderlying its activationDoes GCARNnduce a conformational transition GG

E ordoes GCE itself undergo some form @btationin its TMD, transitioning from an inactive

to anactive statesimilar tothe TMD rotationinvolvedin the activatiorof its isoformGC-A
(Parat et al., 201@)Alternatively, as described by Mayama (2015) all cell surface receptsr
seem tofollow a commonrotational activationmechanism but whether thisnechanism
operates infor GC-E is unclear.Understanding thesmechanismscould provide crucial
insights into the broader regulatory principles governing GC and their role in sggnalin
therefore my first approactwas toinvestigatewhetherGC-E activation involvesa rotation
mechanism.

1.2TBe rotationacledndedlaarei smcierpt or s

Transmembrane, cedlurface receptors often transmit extracellular signals across plasma
membrane to the cytoplasm via a TMB® .characteristic feature of such receptoreseptor
dimerizationupon ligand binding leading to its activati(@ndres et al., 2014However, many
receptors do exist in constitutively dimeric form prior to ligand binding but in an inactive state.
This leads to the question how degereformeddimeric receptobecomesctivated by ligand
binding?

Unlike soluble proteins, membra@und proteins are anchored to the membrane by TMD.

Since the plasma membrane consists of lipid bilayers, these receptors are therefore constrained

to the bilayer and might function while their TMD is restricted to foungypal motions:

translation, piston, pivot and rotatiMatthews et al., 2006Ppuring transmembrane signaling,

TMD rotation is energetically more favorable than their lateral movement against the lipid
bilayer barrier. As reviewed dlaruyamg2015)many receptors like receptor tyrosine kinases

(RTKs), cytokine receptors and other eslirface receptors such as ®(also known as

NPRA) from the guanylate cyclase family, utilize a rotational mechanism for activation. In the
proposed 060 otiaganod moweil dg to the ECD initi
TMD, which then reorganizes or stabilizes the IcD. This structural shift facilitates the
receptords transiti on fFguwe8), suggesiing that rotationdsat o an
common mechanism for cedlurface receptor activation.
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Figure8: 6 6 Rot ati on model 66 as @aurface meeptor activetonrhani sm f or cel |
Prior to ligand binding, the receptor exists in dimeric fanain an inactive state on the cell surface. Ligand

binding induces a change in conformation of ECD which in turn induces or allow a rotation of the TMD, which

then rearranges the IcD, making it to become active for downstream sigiakieg fromMaruyama, 2015)

More than 140 mutations in t&JCY2Dgene, which encodes photoreceptor-BEMave been
l'inked to various retinal disorders, includi
rod dystrophies (CRD), often resulting in blindness or severe visual impaif&terbn et al.,

2018) To thoroughly investigate the correlation between different regions eE@@d its
catalytic mechanism, a deep understanding of its conformational changes is essential.
However, the lack of native GE structural data has made this challenging. Recently,
Rehkamp et al(2021)presented the 3D structurahalysis of full-length GC-E from bovine

retina using crosinking mass spectrometry combined with computational modeling
providing valuable insights into its conformatioRehkamp et al, modified the previously
known IcDby suggesting a novel domain organization formed of a KHM} aelical domain

(LHD), and the cyclase catalytic domain (CCDhis UHD links the KHDto the CD and
features a highly conserved heltarn-helix motif at its Nterminal extensiorfound in
topologically related protein&ajiwala & Burley, 2000)It also containghe formally assigned

DD, which play a cruicial role i@imerization and iproposed to servas a GCAFbinding
interface or regulatory control modulPeshenko et al., 2015; Zagel et al., 2013)

Notably, several ammacid residues within this region are mutated in-E&Gf patients with
autosomal dominant coreod dystrophy (adCR®Y), smakddgf ot
disease¢Sharon et al., 2018Moreover, mutations in GE are found across all domains, with
functional studiesften showinga substantial decline in GE activity due to point mutations

with an exception for V902L mutarmtausing CRDwhichleads to constitutively active GE

exhibiting high activitWimberg et al., 2018)herefore thetructural evidencgsrovided by
Rehkampet al.(2021) hasbeenused as a cruial tool for my thesis on understanding the activity
control of GGE.



1. 2Réti nal GC i spraotpeaimp!| ex mul t i

GCs have been found to be associated with Tritord30 insoluble cytoskeletal protein
axonemegFleischman & Denisevich, 1979\ coimmunoprecipitation study demonstrated
interaction of GC with Actir{Hallett et al., 1996and another direct study showed further that

GC-E, the alpha subunit of tubulin, and GCAP1 form a comff®hrem et al., 1999vhich

potentially controls the light dependent translocation of transd®uosenzweig et al., 2009)
Additionally, GC-E was found to be a major component of a mpifitein complex in rod, but

not cone, photoreceptors, assembled by glutamidrich proteins (GARPS)Korschen et al.,

1999) Two psRGRI n(regul ators ¢(Beopevbamd nRBDAYAE
(retinal degdPersdadtinkanl paokehbs) a) nesgatwhvehre
i nhi bEtcycdCl ase activity. RD3 also found to I
cellul ar | o-E@Azadit i en af. GC2010; Wi mberg et

GCs are rejguémsed pryotCains GCAPs, upon encou
Céd*as 4&'f Eadback |Aopoapr ts yfsrsoenmh@®@CAR al @irwomes @as s
N e u r ol(\éehkataraman et al., 2008nd S1006 (Duda et al., 199&grget to bind GGnd

regulate GC activity opgsite to GCAP, in @alcium dependent manner modulating the signal
transmission in cone ONipolar cells(\Wen et al., 2012)

1. 3Guanydyydlaad e vpartoitiedqd AP

GCAPs area classof neuronal calciunsensor(NCS) proteins a subclass of the calmodulin
superfamilyof proteins GCAPsplay a crucial role in photoreceptor signali@ggmes & Lim,
2012)and have similar structurdike recoverin, which is also a part thfe negative feedback
loopin photoreceptor cells (see above and Figure 3).

In highermammals, two predominant GCAP isoforf®&CAP1 and GCAP2re expressed in
photoreceptor cells. GCAP1 is encodedhyGUCA1Agene, mapped to chromosome 6p21.1
(Subbaraya et al., 1994¥hile GCAP2 is encoded by ti8JCA1Bgene.Using PCR analysis

and sequencin§urguchov et al(1997) showedhat these two genes are arranged in edail

tail array on the short arm of chromosomertaddition, GCAP3, encoded BUCA1Cgene
(Haeseleer et al., 1998) acone specific isofornfoundin primates and some fish spes but

is absent imice Zebrafish retina on the other hand expresses a total of six GCAP variants
(zGCAP1L, 2, 3, 4, 5 and 7). The diversity of GCAPs isoforms could be an advantage allowing
natural selection to refine and optimize the photoreceptor response to light 8ffenlet al.,

2014)

GCAPs are expressed in both sahd cones, but their subcellular localizatiiffers between
isoforms. GCAPL1 is predominantly localized in theer segments of rods and coreeswell
as insynaptic terminals, and some cone somagashown in bovine and primate retigasns
et al., 1996; Gorczyca et al., 1995) contrastGCAP2 ismainlyfound in the inner segments,
cell bodies, and synaptic terminaisarticularly of cone photoreceptorsn bovine retina,

N



GCAP2 labeling is strongest ind inner segmentndcone myoids, while signah the outer

segmenis weald correlating with low GCAP2 contenietectedn rod outer segment (ROS)
fractions(Gorczyca et al., 1995; OtBruc et al., 1997)l nt er e st i ndstrigujon GCAP 2 ¢
appears more dynamic apdssiblyregulatedsuggeshg distinctfunctionalrolesbeyond GC
regulation.These findinggoint tavard complementaryolesfor GCAPL and GCAP2within

distinct subdomains of the photoreceptor c&loreover, GCAP translocation to the outer
segmenhas been reported depend on its binding affinity for GCpotentially acting as a
targetingmechanisnirom inner to outer segme(itépezBegines et al., 2018)

Functionallly, GCAPs act as €asensitive regulators, responding to intracellular*Ca
fluctuations through conformational change that modulate GC acfivkyjo c h & Del | 6 O
2013) They activate photoreceptor GCs at? |l ow C.
levels and inhibit it at higlEa?* levels, allowing photoreceptors to adapt effectively to changes

in light intensity(Peshenko & Dizhoor, 2006)

On a molecular levelGCAPs contairEFhand motifs, which are specialized heldop-helix
structures that facilitate ¢€handspresentith GOAPS, bin
three(EFhands 2, 3, and 4) are func+tandndadshoy act i
bind Cakact That ur erensain dedaepyith stnie stadiesnsgggesting that
allthreeEFhands bi nd b o (PesheGka & Dizhaon @00Gyigl¢ it has been

proposed that GCAP1 binds functionally to #1gt EF2 which is required for GE activation

(Lim et al., 2009) Additional insights into these regulatory states have come from structural
studies,whereMarino et al.(2015)demonstratedhat Mg* binding significantly influences

the conformational and functional states of GCA®gecifically, Mg?* binding stabilizes a

compact, G@activating conformation of GCAPUnderlow C&* state,emphasiing its role in
photoreceptor light adaptation.

1. 3Capmyri st oyl switch

T h e -@yigdtoyl switch, a mechanism observed in some neuronal calcium sensor (NCS)
proteins like recoverin, involves a conformational change where the myristoyl group is exposed

i n theounad st at e an dreelstatg Amesdet al.,r1997)Thie my€istoyl

switch could be an importantgulatory stepn phototransductionThe N-terminal consensus
sequence recognized by-tBrminal myristoyl transferase (NMT) enables posttranslational
modification with small fatty acids, such as myristic acid, in guanylate cyal@sating

proteins (GCAPs|Bereta & Palczewski, 2011however, while guanylate cyclasetivating
proteins (GCAPs) and recoverin var-maisidyls shar
switch is absent in most GCAPs and zebrafish recoverin va(ialfsrs et al., 2018; Hwang

& Koch, 2002; Olshevskaya et al., 1997) | nst ead, G C A Pnyristeylxtig? b i t s
mechani sm t hat i nfl uences Cg@¢shenks etrals 2Gl2)vi t y
whereas GCAP2 interacts wi-ddpendent ponfdrmabonal ay er
changes remain uncle@rheisgen et al., 2011Myristoylation also affects GCAPs subcellular
localization, with unmyristoylated GCAPL1 largely retained in the inner segment, while GCAP2

still localizes to rod outer segments, albeit less efficighthpezBegines et al., 2018Ynlike

recoverin, GCAP1 and GCAP2 maintain their myristoyl groups inside a hydrophobic pocket

N



regardless of Caj binding, which G&Eands a r
influences their physiological functigiwang & Koch, 2002)

1. 3Cd*'%sensitiveanrdd gneloatmiadm on

GCAPs exhibit distinct G4 sensitivity in regulating GC activity and bindif@g?*, forming

the molecular foundation of th@a*-relay model where GCAPlactivates the target GC at

higher C&* concentrationwhile GCAP2 takes over as €devel drop(Hwang et al., 2003;

Koch & Dell 60rco, 2013; Me n d 6QAP2&has beeh shown2 0 0 1 ;
to activate GEE similarly to GCAP1 but with lower maximal efficien¢4vesani et al., 2022)

However, conflicting studies on bovine GCAP1 and human GCAPS3 leave its precise
physiological role uncertaifHaeseleer et al., 1999)

GCAP1 and GCAP2 regulatéC activity through a monomeatimer equilibrium that is
infl uenced by Ca@CAPlahasda sigaficantly highgreperssity for

di mer i zat i ebound statefhah e th€Caalf r e e Jddyd] statebecause the
monomers exhibiabout %8 timeshigher affinities when forming dimek8oni et al., 2020)

The dimerization interface in GCAP1 is primarily hydrophobic, stabilized by key residues such
as H19, Y22, F73, V77, and W94. It is suggested that GCAP1 dimerization facilitates the
formation of a higkaffinity 2:2 complex withGC, stabilizing its activity. However, some
evidence indicates that GC binding may interfere with GCAP1 dimerization due to overlapping
interaction sitegAmes, 2021; Koch, 2023; Peshenko et al., 2010)

In contrast, GCAP2 also forms dimgsrmilov et al., 2001)but its dimerization interface
consists mainly of charged and polar residues, including K98, L167, R175, and D188, which
stabilize the dimer through salt bridges and hydrogen b{fPelselkau et al., 2013Yhese
intermolecular polar contacts in the GCAP2 dimer are not conserved in th&s@A&sand

the overall quaternary structure of the GCAP2 dimer is very different from that of GTA® 1
interaction with the target GC plays a crucial role in shifting the mondimazr equilibrium
(Ames, 2021) However, it remains under debate whether GCAP1 and GCAP2 bind to
overlapping or distinct interaction sites on-&{Peshenko et al., 2015; Sulmann et al., 2017)

1. 3TBEBebr adCAsPksy st em

The zebrafishs one of the mostaluablemodelorganismaused for investigatingenetic and
functional aspects in sensory cellise to its rapid developmefrom a transparent embryo to
an adult fishwithin three monthgBilotta & Saszik, 2001)in additionthe larvae respond to
visual stimuli as early a8-5 days post fertilizationdpf). In zebrafish rod and cone cell
express a total of three sens@§s(zGClL, zGC2 and zGC3nd six different GCAP isoforms
Transcription ozGC3 and four GCAP2(GCAP3, 4, 5 and 7) ashown exclusively found in
cones(lmanishi et al., 2004; Ratscho et al., 20@@)d protein level expression has been
demonstrated for zGCAP@ries et al., 2012)The zGCAP1 and zGCAP2 isoforms, are
however expressed in rods and UV congsis vast variety oftranscriptionand protein
expressiorpatternof zGGs andzGCAPRs might indicateadapationto the specific challenges
of the aqueous habitéRatscho et al., 1/2010b)

(



These six zGCAP isoforms can be groujredwo categories of differer€a* sensitivities,
zGCAM4, 5and 7regulating GC activation profile at higher & 400nM) and zGCAPB
at low C&* (& 30nM) (Koch, 2013; Scholten & Koch, 2011his differential C&' regulation
of zGGs activity agreeswith the Ca?* relay modeliscussed above.

Notably, the zGCAPIsoformdiffers from the other variants in several aspeCtsmpared to
other GCAR regulatory property oGCAPsactivating GG zGCAP5 has a low potency to
activate the GC in &€&* dependent manng6cholten & Koch, 2011)Unlike GCAP1 and
GCAP2, GCAPS5 can activate GC in both?Cliee and C# bound states, though with lower
potency.

It has amoredivergent amino acidequencamong other zGCARsontaning non-conserved
cysteine residue (Cys15 and Cys17) that enalsteaRdMg?* binding. The GCAP5 was found
to exist in dimeform in solution in both F& freeand Fé*- boundstate (Lim et al., 2017)A
structural model determined by an NMjRided homology modeling approaekhibitedFe**
bound GCAPS5A single F€* ion binds two GCAP5 molecules into a dimeric compleRis
Fe?* binding seems to trigger a swita the GCAP5 dimertransitioning it from theFe?*
free/activator state to the inactivate stateggestingsSCAP5 may function as &e’* sensor in
phototransductiofLim et al., 2017)

The dimeric structure of GCAHRS similar to that of GCAP#@imer(Lim et al., 2018)as both
proteins contain key hydrophobic amino acids in the monenmeromer interfaceMutations
in thedimer interface of GCAP1 (H19R, Y22D, F73E and V7@Bdlishprotein dimerization
affecting regulation of GC activitfLim et al., 2018; Peshenko et al., 2014)is therefore
interesting tadetermine whether the prefoetdGCAP5 dimerdoesaffect cyclase activity ia

similar manner

1. 4Ret idreglenepradt @inn ( RD3)

Retinal degeneration protet(RD3) is a23 kDaproteinencodedy theRD3 gene(formally
the Clorf36gene)(Lavorgna et al., 2003Yhe name derives from the fact that truncation or
mutationon itcan causehotoreceptor degeneratiand severearly-onsetvision lossin Leber
congenital amaurosis I2CA 12) patientsResults from animal models likbe rd3 mouse
(Friedman et al., 200@ndthercd2 collie(Kukekova et al., 2009)ighlighting the crucial role
of RD3 in the survival of photoreceptor cel®o-localizationand immunoprecipitation studies
revealed thaRD3 cclocalizes, and directly interactvith GC-E and GCF in the retinaand
plays a cruciatole in their stable expression and membrane traffickiogn inner to outer
segmentsn rod and cone photaeceptorgAzadi et al., 2010)These finding shed light on the
molecular mechanisms untieng photoreceptor degeneration in LCApatientsand rd3
mouse.

RD3 is a high affinity allosteric modulator of the cyclasdich inhibits GC activity at
submicromolar concentratioasd act as a negative regulator of, @@suring proper guanylate

N



cyclase functiorby preventing premature cGMP synthesis in photoreceptor(Bathenko et
al., 2011) howeverit does not change the €aensitivityregulation of GEE by GCAR.

Although it has beenbservedthat RD3 compete with GCAPs for regulating GC activity
(Peshenkeet al., 2011, Figure 2theprecise nature of thisompettion between GCAPs and
RD3 for the same target remains unresolved and the exact RD3 binding S€E is still
unknown. Evidence suggesdtsmatthe binding site$or GCAPs and RD3 overlap in the three
dimensional GEE stucture as mutations in the KHD domain disrupt both interactions
(Peshenko et al., 2018)ith the growing evidence of RD3 function in photoreceptmiGC-

E trafficking processa thorough understanding of its mechanism anid ithieractionstudy of
whether GCAPs and RD3 compete/overlap for same targés sitechneeded.

Previously inthe Division of Biochemistry (University of Oldenburd@r. HannaWimberg
investigatedhe effecs of negative GC regulatdRD3 onGC-E mutants Interestingly, while
GCAP activatedsC-E was completely inhibited by RCconcentrationabove 100M, with

an G value (heCa* concentratiomequiredfor half-maximal inhibition of GGE activity) of

68 nM, the mutant V902L exhibited significantly higher 1Go valueof 250nM comparedo

the wildtype(Wimberg et al., 2018)This suggests a possible alteration in RD3 binding affinity
or regulatory dynamics in the mutant, warranting further investigation.



Objectives

Main Objective

Althoughguanylate cyclas@GC)is the key enzyme playing role in phototransdugttbere is
little known aboutts in-depthmechanismIn order to ascribe eertain functionof it, it is
important to first elucidate thectivity control of membrane bound guanylate cycliesethe
mechanism behinis transition fromaninactive toanactive state. Accordingly, my thesis is
an attempt tainderstand thactivation mechanism of photorecepgpranylate cyclasen the
phototransductionwith an emphasis on its structural conformation chamgesfunctional
dynamics and the involvement ofallosteric communicatiorbetweenvarious region or
domairs.

1l Howoephotoraguampyloat ¢ eafchbmsan inactive stat
state

Maruyama(2015)hypothesizea common mechanisof U-helix rotationfor membranebound
receptordor an active cyclasevhich hasbeenexperimentally proven bfparat et al(2010)
for GC-A. Based on this hypothesise applieda similar experimental approach our study
to simulate arotationalswitch in the transmembrane domaiitherefore, a combinatioaf
experiments was conductedth heterologous protein expressionHEK293T cell, which
aimed to:
A Generaft i®A@mut an tasl arnyi rpeo liyn sEeritni @mw siirnti @ nGC t
critical faen i aanotoat isareagpl, e.g.. near the t
A Testwhetphoelry @muaminheE @fr eGConstitutively ac
rotati onalThnmee crheagnu Istersp md Ceh g p teesre pauibrhge da
manus.cript

2.Does mubhati on V9 2daucsonm&Ci t wattiiwoent abdi il vze t
transit?i on state

After disprovingthe initial hypothesis, we extended the project by comparing conformational
changs in GCG-E with those in GEE carrying a point mutation (V902L). This mutation, is
found in patients suffering from retinal cored dystrophy and leads to a constitutively active
state of GGE. This thesisaimed to:

A Perform enzymatic kinetic analysis of @Cand V902L mutant

A Understanding protein dynamics using Molecular dynamics simulations approach.

The computational approach based oratim molecular dynamics simulations was done by
coll aborating with Fabian Schuhmann and Prof
(quantbiolab) at University of Oldenburg. The results are presented in €Chapte



3.Deeper investi-§amiuoveOrDflo ntdrmeCa&GICependency an
allosteric communication

Upon discovering that the swinging motion of the dimerization domain cEGE a key
conformational switch regulating cyclase going from the -tovkigh activity state and
preliminary findings as indicative of &=effect on the constitutively active V902L mutant in
the absence of its regulator GCAPs, we further elaborate our study which aimed to:
A Determi Adepbead€ncy of V902L in the absenc
A Further possibdy théVvodsOt2elr iwi nebfiefneacctt sénnigh s
and comparing Tihte wietshul wisl dartey. pe.esented i

4 Puuousng the M>0 2Qlg esrteuddbya | mrgo jt enlbey naudt daintti on al
mut attenori ¢liinlkaé. stadti & e

Restoring GCE to its basal activity state would be a key stephntotransductiopaving a
wayin the therapeutic industfgr the development of therapeuttesnherited retinal diseases.
The conformational changeserved in thé) H Buggest a dynamicansitionbetweenow
and high activity stateS.0 explore this further, we soudistmodify or disrupt a criticaksidue
in the UHD to eluci daweasmediee pl ausi ble effect
A Generdaotueb lae ( MBO 4RI, VA2 lc)ht waduced at the b
VO902L abD#lAcheck fot hcypoulghs@dsusmays vintay
A Fur tnhceorr por ate the double mutant into stri
analyses of its conformdathieoma&lsudnd @om®n @c
Chapter 3

Secondary objective

During the investigation of GE regulatiorwith and withoutGCAPs asdescribed abova
side projechad emergedegarding GCAPdependent control of guanylate cyclase activity.
A Characterizing the confda mMCARPNRO malymgaung
zebrafi sh)
A Studying the role of GCAPS5 dimerization i

The GCAPXimerization is required for the guanylate cyclase activation, so | was involved to
characterize the activity of GE in the presence of different GCAP5 mutants, which were
located at the dimer interface and designed to disrupt the dimerization of GGA® joiht
manuscript with the group of Prof. Jim Ames (UC Davies, California, USA), we successfully
published the resuligresented in Chapter(#igure §.

These objectives outlideabovewere addressed ithree publications Chapter 2, 3 and 4
presenting a published manuscrilpt addition,the thesisonsistsof a part with unpublished
methods and resultghich may be relevant for future research.
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Abstract

Membranebound guanylate cyclases (GCs), which synthesize the second messenger guano
sine-3", 5-cyclic monophosphate, differ in their activation modes to reach the active state. Hor
mone peptides bind to the extracellular domain in horameneptor type Gs and trigger a
conformational change in the intracellular, cytoplasmic part of the enzyme. Sensory GCs that
are present in rod and cone photoreceptor cells have intracellular binding sites for regulatory
Ca2+sensor proteins, named guanylate cyckas#ating proteins. A rotation model of activa

ti on i nv-bdliwrotatign wasndestdibed as a common activation motif among hor
monereceptor GCs. We tested whether the photorecepteéEGQu n d e r ¢helerstatienn U
when reaching the active state. Wmulated experimentally such a transitory switch by-inte
gration of alanine residues close to the transmembrane region and compared the effects of ala
nine integration with the point mutation V902L in & The mutation V902L is found in pa

tients suffeing from retinal coneod dystrophies and leads to a constitutively active state of
GC-E. We analyzed enzymatic catalytic parameters of wildtype and mutaiit. @0r data
shows no i nv eelixretaienrwhen eéchirg the ddtive state indicadiniffer-

ence to hormone receptor GCs. To characterize the protein conformations that represent the
transition to the active state, we investigated the protein dynamics by a computational approach
based on alatom molecular dynamics simulations. We d&gd@ swinging movement of the
dimerization domain in the V902L mutant as the critical conformational switch in the cyclase

going from the lowto-high activity state.



Introduction

Membranebound guanylate cyclases (GCs) aiaglepass transmembrane proteins and
operate askey enzymes in divee physiological processes by synthesizthg second
messengeguanosine3’, 5-cyclic monophosphateeGMP). The functional state of the enzyme
requires ahomodimerictopology and the different GC sgvoups are built from a similar
molecular domain structure consisting of an extracellular domain (ECD), a transmembrane
domain (TM), a kinase homology domain (KHD), a dimerization domain (DD paradalytic
domain (CCD). G&ubgroups, however, differemarkably m their regulatory features.
Extracellular ligandss natriuretic peptides activatermone receptor GCs and regulateod
pressure, skeletal growth, and water transport. A second subgroup operates in sensory cells
mediating phototransduction, chemosensation and thermosenga®pnGCGE and GCF
(also dubbed RO&C1/2, retGC1/2pre expressed wertebrate rod and cone photoeptor
cells. Both enzymes are not activated by externahtigathey are instead regulated at the
cytoplasmic part by guanylate cyclaaetivating proteins (GCAPS) in response to changes in
free cytoplasmic [C&]. GCAPs operate in a gradual siepstep activation pattern shaping
thereby the phateceptor light response -B]. Several regions in photoreceptor &C
participate in binding antbr regulation by GCAPs [21], but theinteraction mode and the
location of binding sites in the target GCs are still a matter of discussion [18Jdrhmalian
photorecepto6GCs further bindo several other signalling geans (fa review [12]),including

the retinhdegereration protein 3 (RD3) that has a strong inhibitory effect and is involved in
GC trafficking[13, 14] The molecular mechasm of these control steps iskimown so far.
Membranebound hormongegulated GCs are in a preformed dimeric, but inactive stete p

to ligand binding obeforereceiving a triggering activation sign&l rotation mechanism was
proposedor the natriuretic peptidesceptor A (GCGA) involving the juxtamembrane region
that is located between the TM and KHD regidios (eview[15, 16). This hypothesis of an
activating rotation mechanism was experimentally investigated by testing mutantsfofdeC
GC activity by successive integration of up to five alanine residues close tet¢hmiNal end

of the TM region. The main conclusion ofglwork was thatinding of the natritetic peptide
ligand triggers atJ helix rotationin the TM domainwhichis further transmitted to th@CD

[17]. By this mechanism, G@ switches from the inactive to thetae form. However, it is
unknownwhether all membrane GCs or even all transmembranswétice receptors operate
via this mechanisri6].

Sensory GCs like GE and GCF are not activated by external ligands. Switching these GCs

to the active state requires a change in fre¢*]Qhat is detected by guanylate cyclase



activating proteins (GCAPSs) acting as intracellulat*@&nsor proteins and activity regulators

of GG-E and GCF [2, 4, 58]. This activation step differs fundamentally from those triggered
by the binding of extracellular ligands. Further, photoreceptofE&@n interact with mutant
GCAP1 variants forming a ostitutively active state under physiological free 7¢ahat
persist even under conditions of mphysiologically high free [Cd]. These mutations in
GCAP1 correlate with forms of retinal diseasesl are discussed as the molecular cause of
visual impairment diagnosed in affected patients3&8 More recently, Wimberg et al. (2018)
described a valine/leucine point mutation in humanEsi@ amino acid position 902 (V902L
mutant) [27]. The amino atisubstitution leads to a constitutively active-&Ghowing only

a small additional activation by GCAP1 or GCAP2. The point mutation apparently facilitates
a conformational change to the active state offa@at does not need the stabilizing regulatory
interaction with either one or two of the GCAP?Csensors. This conformational transition
appears like the results obtained with the alanine mutants -&,@Cwhich the integration of

four alanine residues enforces a helix rotation leading to constitutive GC activation [17].

In the present study, we discuss whether the rotation model of activation is a common
activation motif among membrai®und GCs or not. We have tested whether one can induce
a similar constitutive activation of GE by integration of alanine residues cldsethe TM
region. We compared the effects of alanine integration with the point mutation V902L- in GC
E, which leads to a constitutively active state of-E5@nd correlates with cofred dystrophy

in a patient [27]. We further analyz#te impact of the @nt mutation by molecular dynamics
simulations using thredimensional structural data of bovine &C

Results

Test of the rotation model in GE activation process

| ntegration of o nitelicallsecondary structueasregibmuveould inducaa U
helix rotation of 100°. Therefore, a complete 360° rotation could originate from four alanine
inserted into the primary sequence. If a rotation of the TM regiather domains in the GC

E structure is an essential step for transition to the active state, we expect a constitutive activity
of GC-E in the absence of GCAPs (Figure 1A). Further, we predict Abdegendency of the
GC-E activity. To challenge our hypweses, we cloned GE constructs that harbored up to

five additional alanine residues (Figure 1B) and tested the heterologous expression of the
recombinant GEE mutants in HEK293 cell&\ll GC-E variants expressed in the HEK293 cells
and are suitable for subsequédnnctional tests. The expression was probed employing
immunoblotting with antiGC-E antibodies in the HE293 cell membrane preparations

(Supplementary Figure S1).
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Figure 1. Hypothesis about photoreceptor &EXeaching the active statéd)(Activation of

GC-E by GCAPs could trigger a rotation in the cytoplasmic part of5@ading to the active

state. The point mutation V902L leads to a constitutively active state of hum&n[&Q. B)
Insertion of Ala residues (red) after the TM region of humarEsC

Enzymatic GC assays were performed in the presence and absence of GCAP1 and GCAP2 at
high and low [C4]. GC activities were compared with those obtained with wildtype (WT)
GC-E. Figure 2 summarizes the activity profiles of G@ariants and the regulatory impact of
GCAP1 and GCAP2 on the WT and the alanine mutants at low (grey bars) and high (black
bars) fee [C&"]. First, the activity of WT GEE showed a strong dependency on fre¢JCa

and GCAPL, but it was less sensitive to GCAP2 (Figure 2A and Rendifferent scaling),

which agreed with previous observations [18, 19, 27]. Integration of more than one alanine
residue caused a dED% decrease in GCAP1 sensitivity without having a significant effect on
the C&*-inhibited state (Figure 2A). Testing the alanine mutants in the presence of GCAP2
resulted in a similar outcome. A low activation rate of WT-E®y GCAP2 was observed
when alanine mutants were incubated with GCAP2, yielding either identical (1Ala ireFigu
2B) or 5070% lower activation level@igure 2B). Comparing WT and mutant GC activities

in the absence of GCAPs (only in the presence of the incubation buffer) showed nearly similar

basal GC activities at a very low level (Figure 2C).
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human GCAP1 (n = 3). Control incubation of WT &Cwith GCAPL1. B) Similar to A,



GCAP2 was present instead of GCAP1 (n = @).l(cubation of Ala mutants and WT GE

in the absence of GCAPs at high and low T = 3). Results show basal GC activities that
indicate no activating effect by the insertion of Ala residues.

In summary, the data in Figure 2 showed that none of the alanine mutants exhibited a
constitutive activity of GEE indicating that the activation mechanism of -BCappears
different from that hypothesized for natriuretic peptide receptor AARC

Kinetic analysis of the constitutively active GE mutant V902L

The point mutation V902L in human GE causes conrmd dystrophy (CRD) and so far is
unique among mutations correlating with CRD in patients [27, 28]. The mutation turis GC
into a constitutively active state, which displays only limited GCAP sensitiudygain more
insight into this active state and the mechanism underlying its transition, we have performed a
series of enzymatic assays. We tested the GC activity of WT and V902L mutants as a function
of the substrate (M@&TP) concentration, both in thegsence and absence of GCAP1 and
GCAP2. Direct plots of GC activity versus [MgTP] showed in all cases a sigmoidal curve
indicating a cooperative process (Figure 3). Activation rates eE@Cthe presence of GCAP1
saturated above a substrate concewotnatif 1 mM GTP, reaching anMx of 11.33 pmol/ug x

min (Figure 3A). Similar results were obtained for the V902L mutant (Figures 3C and D). WT
GC-E showed a 1fold lower activation rate by GCAP2 (Figure 3B, note different scaling) in
agreement with previaureports [18, 19, 27], and the curve did not reach saturation over the
tested concentration range of MRJIP. All other activation curves saturated at thaValues
between 7 and 11 pmol/min/ug of protein. Figure 3E demonstrated the constitutively active
state of the V902L mutant in the absence of GCAPs reachingnaaiimal saturation at 0.37

mM GTP (Table 1)Fitting of the curveso a Hill model (see methods) yielded values fagy
half-maximal saturation (Efg) and the apparent Hill coefficient as listed in Table 1.

Table 1.Catalytic parameters ®WT GC-E and V902L

Sample Vmax ECso Kwm Kcat Kcat/K u Hill
(pmol/ugxmin) | (mM) (mM) (st (103M1xs?t) | parameter h

WT GC-E+GCAP1 | 11.33 0.37 0.34 0.8 2.35 2.07

WT GC-E+GCAP2 | - 3.45 - - - -

V902L+GCAP1 9 0.20 0.20 0.8 4 1.75

V902L+GCAP2 7.32 0.36 0.31 0.7 2.2 1.76

V902L no GCAPs 7.36 0.37 0.34 0.7 2.1 1.58

We tested the results of ¥k and EGo (equivalent to an apparentulK by analysis in
LineweaverBurk plots. Due to the cooperativity of substrate binding, one can weighketkis x

1/[S] with a corresponding Hill coefficient n (1/[$]to yield straight lines (Figure 4The



analysis revealed apparentsKalues for WT and the V902L mutant, which were nearly
identical to the determination of the correspondingdB@lues (Table 1). We limited the
analysis to WT GEE + GCAP1 and the mutant V902L + GCAP1/GCAP2, because human
WT GC-E showed very low activation rates by GCAP2 (Figure 3B, and [27]), and we reached
no saturation with the substrate in a reasonable ctmatiem range. Analysis of results in
Figure 3B, however, revealed a halbximal saturation (Efg) at 3.45 mM GTP, which was

at least 1€fold higher than the I determined for the combination of WT & with GCAP1,

V902L with GCAP1 or GCAP2 and V902L without GCAPs (TableThis result confirms

the much lower activation rate of human WT @My GCAP2, which could originate from a
10-fold lower affinity of human WT G¢€E for the MgGTP substrate.

The analysis showed further that the constitutively active state of the V902L mutant does not
differ significantly from the active state of WT GEwith respect to the catalytic parameters
Vmax Km, and ka yielding similar catalytic efficiencies between 2000 and 4008xséc!
(expressed ink/Kwm, Table 1, Figure 3 and 4).

We conclude from these results that the active state of the V902L mutant originates from a
protein conformation that is like the conformation of WT-&@ the active state stabilized by
GCAPL1 interaction. To gain more insight into the protein conformatibat represent the
transition to the active state, we undertook a computational approach basedatmall

molecular dynamics (MD) simulations.
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Figure 3. Functional analysis of WT and V902L mutant of human-ECHuman GCE

variants were expressed in HEK293 cells and incubated with GCAP1 or GCAP2 at increasing
Mg-GTP concentrations (in mM). Activities of WT GEin the presence of 5 uM GCAPA)(

or 5 uM GCAP2 B) (n = 3). C) and D) are the corresponding data sets obtained with the
V902L mutant. E) Constitutive activity of V902L in the absence of GCAPs. (n = 3)
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Figure 4. Lineweaver Burk plot analysis of GC activities. &Cvariants were analyzed as
indicated: WT GCGE in the presence of GCAPA) and mutant VO02LR) in the absence of
GCAPs. V902L mutant in the presence of GCAR) énd GCAP2D). Reciprocal substrate
GTP concentration 1/S is given in (mi) Kinetics, as shown in Figure 3, showed deviations
from an ideal MichaeliMenten model. We linearized the plots by using apparent Hill
coefficients as h = 2.07 (WT + GCAP1), h = 1.58 (V902L + buffer, no GCAPSs), h5 1.7
(V902L + GCAP1), h =1.76 (V902L + GCAP2).

Molecular dynamics simulations

The amino acid residue at position 902 is in the catalytic domain and the mutation might cause
a significant reorganization of the dimeric arrangement in this domain. Simulations were based
on the structural information recently reported by Rehkamp [@3for bovine GCE. Human

and bovine orthologues share a high sequence identity/ homology, and the corresponding valine
is in position 907 (mutant VO07L in the MD approach, amino acid numbering of the modelled
structure refers to the bovine orthologuéjrevious work identified the GCAP1 binding sites

in the juxtamembrane and kinase homology region of mammaliatt GO, 11, 30, 31]
indicating a movement or conformational chaofjéhe catalytic domain relative to the kinase
homology domaimuring the activation proces$o probe for the catalytic domain movement,

the kinasehomology domain of WT bovine GE had to be aligned to the structure of the
mutant(see Methods for detailsiPhotoreceptor G exists as a homodimer [32]. Thect
residuesin posiion 818are located just before the alphalical dimerizationdomain. The
residues were taken as a reference paimd the structure waranslatedguch that the middle
between the two residues 818 coincides with the origin of the coordinagnsysed for
analysis (see Figure).5For each MD snapshot, the geometric center of the datalytain

was calculatedands ed t o define the catalytic domai
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the origin to the geometric center describes the tiltithealphahelical and catalytidomain
relative to the kinase homology domain. To show the abswagising during bovine GE
dynamics, the emmbints of the line segments were projected anfolane, as visualized in
Figure 5 and 6.
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Difference Distance Matrix

The GTP substrate binding site in photoreceptorEs@ supposed to comprise residues
Asp890, Arg981, Alal013, and LiB51 in the cyclase catalytic domain [33, 34The
alignment process was repeatatigning the whole structure, arigence not excluding the
catalyticdomain. Difference distance matrices were computed following theagpoutlined

earlier [35] where every residue was described through the first backbone carbgraatbm

the distance to all other seven binding site residues was measured. These calculated distances
were averaged over the duration of the MD simulation. The process was repe&tedV/iar

and the V907L mutant of GE. This analysis results in two 8xmatrices containing the
pairwise averaged distances with zero diagonal elements. The eleisertifference of the

two matrices yields a difference distance matrix, which shows the positional changes of the
residue relativeo the other trajectoryfFigure 7) which makeshe conformational change
measuable.
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Figure 7. Difference distance matrix for binding site residues. The eight residues comprising
the binding site are shown in a symmetric difference distance matrigh quantifies the
change in distance throughout the simulation duration between the wildtype and the V907L
mutant of the bovine GE. The first four residues belong to the first subunit, while the last
four belong to the second. The lower left and uppght submatrix compare distances within

a subunit, while the bottom right shows the diéfieces beyond the individual subunits. For
instance, the highlighted entry (red square) indicates that the average change in distance from

Lys1051 to Arg981 from the second subunit is 0.86 nm comparing the wildtype to the mutant.

Data in the difference distance matrix indicated that the residues subuarit move very little
relativeto each other aftehe mutation, while the other subunit experiences profehadges.
Especially Lys1051 changes its position drastically (visually shown in Figure 8). Furthermore,
the distance between the two sets of four residues changes notittezdotye as a surprise that

the point mutation V907L has asymmetric effects on the structure of the catalytic domain.



A) V907L Mutant B) Wild Type

Figure 8. Critical amino acid positions in the putative GTP substbateing sitein GC-E.
Panels A and B show the catalytic domain fa& W207L mutant and WT GE, respectively.
The residues comprising the bindisge are highlighted in stickepresentation and colored
according to their type (blue=Aldime=Arg, red=Asp, cyan=Lys In one of the subunits of
the GGE structure, Ly$051 exhibits significant movement as it swings out (red ellipsoid).
Residues 907 are highlighted in purple.

Discussion

Membranebound GCs reach the active state by different interaction processes. Hormone
receptor GC types bind hormone peptides at the extracellular domain, whereas photoreceptor
GCs have intracellular binding sites for®Gaensor proteins, named GCAPs. However, despite
these apparent differences, membrhoand GCs could reach the active state by similar
conformational transitions since membrdwind GCs share a similar structural topology.
Experimental support for a ligdranduced rotation mechanism esgor GGA [17]. We used

the same experimental approach as Parat et al. [17] by inserting alanine residues close to the
TM region (Figure 1) and tested the functional consequences. Since we did not observe any
constitutive activation of GE&, we interprebur results as that successive insertion of alanine
residues did not cause a conformational transition to the active state. In fact, the alanine point
mutants displayed some minor disturbances in basal and @€péhdent activity, pointing

to a mechanismhat does not involve a rotational repositioning of the TM or juxtamembrane
region.

This result leaves the question about the conformational dynamics exhibited by photoreceptor
GCs in their transit to the active state. We took advantage of the point mutation V902L in
human GGCE that was characterized as permanently active without to#f control operated

by the GCAP C#-sensor. So far, the V902L mutation in &Cis the only point mutation

O



known so far in human GE that leads to a constitutive activation in the absence of GCAPs.
Other point mutations in GE causing visual impairment show drastically reduced activities
or a change in Casensitive GCAP regulation [28], and not an increase of basal enzyme
activity. Thus, we took this mutant as a tool to investigate the mechanism-Bfa@@@vation.
Previous work on V902L focused on the effects of changirig &a GCAP concentrations

but not on the substrate dependency and the catalytmeeffy expressed incd{dKm. We
determined these values as listed in Table 1, showing ¢i#tkfor the mutant V902L with
GCAP1 and without GCAPs is like the parameter analyzed for WT with GCAP1. The
constitutive activity of the V902L mutant could, therefore, not originate from a higher catalytic
efficiency. In fact, rod and cone photoreceptor Gfeslew-efficiency enzymes with k/Kwm

of 1.9x1@ - 1.6 x13 M sec! as noted previously for the bovine and mice orthologues [5, 6].
The parameter&/Kw is equivalent to the association rate constant of the substrate binding to
the enzyme. Taking structural information as visualized for the bovine orthologue in Figure 8,
the VO07L mutation causes a flexible movement of a Lys in position 1051 swingindraway

the dimer interface. This movement or higher flexibility might facilitate reaching the transition
state in the catalytic center. GCAPs probably activate photoreceptor GCs by stabilizing the
transition state [36]. In the constituetly active state of G4E, the stabilization must be realized

by the point mutation and its structural consequences. Figure 6 illustratethdnewinging
movement of the alphlelical domain comected to the catalytic domain leads to a different
orientation of the residues in position 907. In WT-&Cboth valines are close to the dimer
interface and opposite to each other. In the mutant, Leu907 is more exposed on the protein
surface. Leu contagone additional methylene group in the side chain. Thekala is longer

and more hydrophobic than in Val. This might have caused a repulsion between the leucines
leading to a different dimer interface.

Constitutive activation of human GE is a consequence of several point mutations that cause
retinal dystrophies in patients suffering from visual impairment [28]. Most of these mutations
are, however, found in the regulatory?Gaensor GCAP1. Point mutations in GCAP1 very
often cause lower affinities for €a and GCAP1 mutants thereby display a shift in
Ca*sensitive GC regulation to free [€R which is outside of the physiologically relevant
range between 50 and 500 nM leading to permanent activiteg @CAP1/GCE complex [18

26]. Retinal diseaseelated point mutations in tlaphahelical dimerization domaiaf human

GC-E also correlate in some cases with a disturbance “fs@asitive control by GCAPs [9]

and for review [28]. Thalphahelical dimerization domaihas been discussed as &'€a

sensitive control module in this context, which is influenced ¥-8ependent conformational

o



changes in GCAPs but is not a?Gaensor itself [9].The swinging movement of the
dimerization domain in the V902L mutant, as illustrated in Figure 6, might represent the critical
conformational switch in the cyclase going from the-lovhigh activity state. In the case of

the WT, the switch is triggered liyteraction with GCAP1; in the case of the V902L mutant,
the amino acid exchange is sufficient for the transition. Our results show a principal difference
in the activation modus between hwne recer GCs and sensory GCs, which is relevant for

understanding the molecular basis of retinal diseases.

Materials and Methods

Cloning of polyalanine GE mutants

To create the five desilgolydanine GC-E mutants, the WTGC-E sequence was cloned into

a pIRES2eGFP vector and used as a tempj@}eSitedirected mutagenesis was achieved by
introdudng one to fivealanines at theC-terminalsite ofthetransmembrane regidqfiigure 1B)

in the GCGE sequence by polymerase chain reaction (PCR) using KOD (Hot start DNA
Polymerase Novagen®) enzyme. Instructions according to the manufacturepr ot oc o | W
followed. The primers used to produce the mutants degllia Supplementary Table SAC-

E polyalanine mutants are abbrdae@ 1Ala, 2Ala, 3Ala, 4Ala, 5Ala Since the cloning
strategy failed for creating 4Ala, we used a different approgod.isolated 1Al&aDNA was

used instead of GE cDNA to introduce fouralanineresiduesat the site of interegimploying

the primer seb as menbned in Supplementary Table .Slhe obtained clones were verified

by full-length sequencing of the GEcoding regionVector encoding V902L mutant sequence
[27] wasretransformed into Xil Blue cells for DNA isolation and for further expressing
mutant protein transiently in HER93cells.

Heterologousexpression of G, polyalaninenutants and V902L mutant

For further functional studiehheHEK293cell line was transiently transfected wiGC-E WT
cDNA and the respective mutant forms. Transfection waopedd using Polyethylemine
(PEI) at 6670% of confluency of 10éhm plates Eight pg DNA were mixed with 3219 PEI

in DMEM without supplements and incubated at room temperature (RT) fomifh5
Subsequently, sample mix wadded to the respective cell plates and incubated in the incubator
at 37°C, 5% C@ Cells were harvested between-3&h of incubation post transfection by
centrifugation for 5min at 50@. Cell pellets were washed with PBS, transferred iml thbe
respectively, and centrifuged again fomin at 12000xg. The pellets were frozen €80°C

until further use.

Electrophoresis and western blotting



Sodium dodecybkulfate polyacrylamide gel electrophoresis (SPSGE) and westerblotting
were performed according to established procedures in the labd&t®rywith the following
modification, the protein transfer was done via tank transfer method. The blot emas th
incubated in TBST buffer (Tribuffered saline/0.05% Tween 20) with 1X ROTI®Block
(ROTH) solution for 1 hour. Primary antibody GC1 #iBcted against bovine GE [5, 9]
recognized human GE and was usedt a dilution of 1:1M00. Incubation with the primary
antibody was donevernight at4°C. A goat antrabbit peroxidaseconjugatedantibody
(Dianova, Germany) at a concentration of 50% in glycerol was used as a secondary antibody
at a dilution of 1:5000

Guanylate cyclase assay and enzymetics

To analyzeGC-E activity for a possibleffect of sibunit rotationthe enzymtc activity of the
polyalaninemutants compared to W&C-E was measured. Transfected HEK cell pellets were
resuspended in tl, 120 mM Hepes/KOH pH 7.4 with InM DTT and a protease inhibitor
cocktail. The suspension was incubated on ice fanBfollowed by cell lysis usingsyringe
with a 0.7mm needle. After centrifugatioat 13,000xg for 8 min at 4°C, the cell pellet was
resuspended in 1Qd of 50 MM Hepes/KOH pH 7.4, 560M KCI, 20mM NaCl, 1mM DTT

and a protease inhibitor cocktailwenty ul of a GCAP1 or GCAP2 solution {8M) or water,
which werepreviously adjusted to different fré&@e?* concentrations using @z* / EGTA
buffer systemexactly as described previoug8, 9, 38] For each sample, 10 of respective
membrane suspensions were mixed andmrebated for 5min at room temperaturReaction
started by adding 20l of 2.5xGC lffer (75 mM Mops/KOH pH 7.2, 150 mM KCI, 10 mM
NaCl, 2.5 mM DTT, 8.75 mM MgG] 2.5 mM GTP, 0.75 mM, and 0.4 mM Zaprinast). The
reaction mixtures were incubated for 10 min at 30°C and stopped by adqih@.2M EDTA
incubating at 95°C for &in. Samples were centrifuged for 10mnait 13,000 g. Supernatants
were analyzed for produced cGMP igyerseegphaseHPLC using a LiChrosph&r100 RR18
(5em) column ( Merck, Dar mst[§0,38 Ger many) exa
For the analysis of enzyme kinetics of WT &@ndthe mutan¥/902L, we followed basically
our previous protocol [5]. Briefly, GE variants wergeconstituted with JuM of purified
myristoylated forms ohhumanGCAP1 andhumanGCAP2 Incubations containiny902L
were also done in the absence of GCABganylate cyclase activity was assayed ail\2
EGTA (< 10nM free C&") as afunction of the substrate GTP (concentration range between 0
and 4 mM) Analysis of data was performed as previously repdBpdPlots of activity versus
Mg-GTP concentration were fitted to a Hill modek(a*x"h/(ch+x"h) using SigmaPlot 13.0.
Expression angurification of GCAP1 and GCAP2

O



Human myristoydted GCAP1 and GCAP2 were expressedEigoli and purified to
homogeneity by anion exchange chromatography and size exclusion chromatography as
previously reported5, 38] Myristoylation of GCAPs during bacterial expression was
accomplished by etransformingE.Coli cells with Nmyristoyttransferase from yeast and
supplementation with myristic acid as reported previo[ilyWe modified the expression of
GCAPL1 for obtaining the protein insaluble fraction using 0.1mM IPTG at 30°C foh@urs.
Expression of the catalytimdhain of GC

A fusion construct consisting of thatalytic domain of GEE and the maltoskinding protein
(MBP) wasexpressed and purified as previously repofidd but addinga further purification
step using NNTA column A fractioncontaining the G€E constructvas loaded oaNi-NTA
column that was preequilibrated with 20mM Tris/HCI pH 7.5, 150mM NaCl, 5% (v/v)
glycerol, 10mM imidazole, 5Sm M -rbercaptoethanol. After loading, the column was washed
with the same buffer before the construct whded using 20nM Tris/HCI pH 7.5, 200nM
NaCl, 5% glycerol, 25&0nM imidazole, 5SmMb-mercaptoethanol. Eluted protein fractions were
stored in aliquots aB0°C until further use.

Chemiluminescence detectiand quantification of polyalanine mutants

Expression of polyalanine mutanfsug protein of each variant were analyzed by SEXSGE

and western blottinghs described abové\fter transfer to the blot membrandpts were
incubated with WesterBright ECL reagent 1 and 2a¢vanstaand protein bands were detected
usingAzure c400 Gel Imaging System by Azure Biosystefise intensity of protein bands
was determined using the dewsgecific softwareAzureSpot(Supplement Figure S1). The
difference in the protein expression level of mutant proteins meamalized to WT G€E.
Normalization of varying amounts in protein expression level was considered while calculating
the final cGMP level.

Quantification o WT GCE and V902L mutant

The fusion construct MBED consisting of the catalytic domain of &and MBP was used
for creating a calibration curve. For this purpose, increasing amounts of purified0DEE0-

400 ng) were applied on SDS polyacrylamide gels. Membrane suspensichggfahd 5 g

of total membrane protein containing €é&Cor V902L were applied on the same gels and
analyzed by SD®AGE. After electrophoresis, proteins were blotted, and band intensity was
detected and determined as described above using Azure c40@ae&pot. Varying amount

of MBP-CD were used for calibration and the amount of cyclaseEGEhd V902L was
obtained from the calibration curve (Supplement Figure S2).



Molecular dynamics simulation

In arecentstudy [29] the bovine guanylateyclase 1 protein from the rod outer segment
membrandéovine GGE was modeled. The resulting published structure serves as a base for
the following altatom molecular dynamics Mprotocol.

The studied structure contains the kinase homology domain, thetaptal domainand the
catalytic domain, while the extracellular, transmembiomainand juxtamembrane domain

are missing. Additionally, residues 608 to 617 are missing in the structure, but the sequence
for these residues is known. The structurémiine GGE was used to study the behavior of

its human counterpart, as it is in close resemblance with a sequence identity of 87% in the
existing parts. Due to a slight shift in sequencmgaringthe bovine to the human GE

protein all residues are off by five. Hence, assuming one is looking for residue BQghan

GC-E, one would choose residue 907iovine GGE. All simulations were carrééout using

the bovine GEE structure.

All simulations wererun using NAMD [39, 40], and the interatomic interactions were
described using the CHARMM36 force field with CMAP correcti¢h$-48]. Simulations

were set up using the online platform VIKINGD].

Pep McCons{35] was used to reconstruct the missing residwdsch was followed by
structure minimization in vacuum, where all residues except the newly added ones were
restrained to allow the newly added part to relax to a feasible conformation. Following energy
minimization, the structure was first equilibratedhaa simulation timestep of 0.25 fs, which

was increased to 1.0 fs once a stable conformation was achieved. The equilibrated structure
was solvated in a water b@nd neutralized. 4 mM Na@nd3.5 mM MgCh were added to
neutralize and ionize the system. The system was then equilibrated further and subsequently
simulated extensively at a temperature of 310 K and atmospheric pressure of 1 bar in an NVT
(constant number of particles, volume, and temperatmsgnable. In totalthe structure wa
equilibrated for over 140 ns.

The alignment was conducted by an iterative scheme employing the Kalgscithm
successfully applied in an earlier stUé®]. The simulated trajectory was aligned to the first
snapshot as a reference and then iteratively aligned to the new average structure until the overall
root mean square deviation dropped below a threshold value.

Two replica simulations, in which the valine residue at position 90Foinne GGE was
mutated to leucin€v902L), were initiated. The wildtypsimulation was also continued. The

mutations were conducted using the Mutator plugin of VL. The three simulations (WT,



two replicas of V907L) were conducted for 400 ns each. The resulting trajectories were

prepared for analyses using the Miajipackagg52].

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure SMWestern blot for verification and quantification of poly
alanine mutantsFigure S2:Quantification of GEGE and V902L in HEK293 cell membranes
Table S10ligonucleotidesequences used in the present study.
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Table S1.0ligonucleotidesequences used in the present study.

ovi3 \Karl-

Mutants Oligonucl eot-Bde Sequence 56
1 Alanine | FP-5-AGG CAC CGG CTA CTT CAC ATG CAA ATG3'
(1Ala)

RP-5- AGC CAC ATA ATG GGC CAG GAA GGGC3'
2 Alanine | FP-5-AGG CAC CGG CTA CTT CAC ATG CAA ATG3'
(2Ala)

RP 5- TGC AGC CAC ATA ATG GGC CAG GAA GGG 3'
3 Alanine | FP5- GCC AGG CAC CGG CTACTT CAC ATG3'
(3Ala)

RP 5- TGC AGC CAC ATA ATG GGC CAG GAA GGG 3'
4 Alanine | FP 5- GCC GCT AGG CAC CGG CTA CTT CAC ATG3
(4Ala)
Seta RP 5- TGC AGC CAC ATA ATG GGC CAG GAA GGG 3'
4 Alanine | FP 5- GCC GCT GCT AGG CAC CGG CTACTT CAC ATG3'
(4Ala)
Setb RP-5- AGC CAC ATA ATG GGC CAG GAA GGG3'
5 Alanine | FP 5- GCC GCT GCT AGG CAC CGG CTA CTT CAC ATG3'
(5Ala)

RP 5- TGC AGC CAC ATA ATG GGC CAG GAA GGG 3'

on
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Figure S1

kDa
130 —
100

75
M GC-E 1Ala 2Ala 3Ala 4Ala 5Ala

Figure S1 Western blot for verification and quantification of poly alanine mut&ixpression
level of mutants wasompared tdhat of GC-E wildtype in HEK293 cell membranes-ive g

of total protein amount foeach sample was analysed by SBSGE. The samples were
detected by the specific antibodgt- GC1#3 The slight difference between each mutant band
intensity was considered for the activity measurement of amount of cGMP syrdh&glze

each sample.
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Abstract

Phototransductiorin vertebrate photoreceptor cells is controlled by**@apendent
feedback loops involving the membrabeundguanylate cyclase GE that synthesizes the
second messenger guanosihé ;cyElit monophosphate. Intracellular &aensor proteins
named guanylate cyclasetivating proteins (GCAPS) regulate the activity of -6y
switching from a C&-bound inhibiting to a Ca-free/Mg*-bound activating state. The gene
GUCY2Dencodes for human GE, and mutations iGUCY2Dare often associated with an
imbalance of the C& and cGMP homeostasis causing retinal disorders. Here, we investigate
the C&*-dependent inhibition of the constitutively active &Gnutant VO02L. The inhibition
is not mediated by GCAP variants but by*Qa&placing Mg" in the catalytic center. Distant
from the cycl as e ilehal dodmgirt containidgoamighly sonsersed betix U
turn-helix motif. Mutating the critical amino acid position 804 from leucine to proline left the
principal activation mechanismtact, but resulteth a lower level of catalytic efficiency. Our
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experimental analysis of amino acid positions in two distantEG@mains implied an

all osteric communi c a tihaical aqdahe ¢yelese/catalytcrdoneiost i n g
A computational connectivity analysis unveiled critical differences betweklype GGE

and the mutant V902L in the allosteric network of critical amino acid positions.

Introduction

Inherited retinal dystrophies (IRDs) are widespread and affect millions worldwide. They
are both phenotypically and genotypically heterogeneous dis€a8¢snd include retinitis
pigmentosa (RP), Leber Congenital amaurosis (LCA), and-amhdystrophy (CRD). Causes
of retinal dysfunction are often pathological changes in the function and operation of the light
sensitive rod and/or cone photoreceptor cells. tdthoeptor cells mediate the sensory
phototransduction process of the visual system by converting the absorbance of photons to
electrical signals. Visual information is further transmitted via retinal neurons and decoded by
the visual processing center thie brain.Phototransduction in vertebrate rod and cone cells
depends critically on the homeostasis of two second messanganpsined 0 ,-cycbco
monophosphatecGMP) and C#. The cytoplasmic concentrations of both messengers
decrease after illumination and recover by deactivation and feedback proceZ¥esA@d
imbalance of their cytoplasmic concentrations has detrimental effects and leads to visual
dysfunction or even bloiness in humangccording to a comprehensive list of data on RetNet
(https:/6ph.uth.edu/retnet/), more than 300 genes are associated with IRDs and over 140
diseasecausing mutations described so far were found iIrGd€Y2Dgene (3)GUCY2Dis
the gene that encodes for photoreceptor guanylate cyclage (@8o known as RG&C1 or
retGC1), a key enzyme in phototransduction that synthesizes the second messenger cGMP and
returns the cell to its dar&dapted state in a €adependent negative feedback loop (5, 7).

Cytoplasmic C&-sensor proteins named guanylate cyelastivating proteins (GCAPS)
mediate this feedback on GEactivity by activating GEE at low C&*-concentration [CH]
when GCAPs switch to a Mzbound activating form. G returns to the basal, low activity
state, when GCAPs are saturated witA*@@10). The functional state of the G@Erequires a
homodimeric topology that consists of an extracellular (ECD), a transmembrane (TM), and an
intracellular domain (IcD). The IcD consists of a juxtameank (JMD), a kinase homology
(KHD), a dimerization (DD), and a catalytic (CCD) domain. Rehkamp et al. (11) presented the
first 3D structural data for the IcD of GE, combiningcrosslinking and mass spectrometry
of a native GCE preparation with computational modelling. Rehkamp et al. (11) modified a
previous division of the IcD by suggesting a novel domain organization formed of a KHD, an
ithelical domainocoag&HD®at alayntdi ¢ heomagicn ( CCD) .
KHD with the CCD and containg highly conserved heliturn-helix motif at its Nterminal
extensionfound in topologically related proteins (12). It also includes the formally assigned
DD. Structural studies on related soluble guanylate cyclases point to an intrinsic flexibility in
the hinge motif of the UHD | e adaconfprmationalvar i ot
change from a 90° kinked helturn-helix motif (PDB: 6PAS representing the inactive state)
to a straight helix motif (PDB: 6PAT representing the active state) trigfgeesctivation of the
soluble guanylate cyclase from Manduca sexta (13). This high degree of flexibility is also
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observed i n t{EdL1)@ktiDthefore, inhhe fodB<of current research. The
domain is critical for dimerization and is suggested as a GCAP binding interface or regulatory
control module (14, 15).

Several amino acid positions are mutated in theE5& human patients suffering from
autosomal dominantcomeod dystrophy (adCRD), making thi
diseases (3). In additiomutations in GEE are spread over all domaiasid functional studies
addressing the effects of point mutations often indieatiastic decrease in GE activity.
However, exceptions as we described for thenpanutation V902L in GEE lead to a
constitutively active form exhibiting high activity in thess@mce and presence of GCAP1
thereby exceeding the suggested physiological level of cGMP synthesis rat@dtiénis
carrying the point mutation V902L suffer from cerwal dystrophy (16), which is probably
caused by the impaired ability of the mutant-&Qo return to the lovactivity state during
recovery of the photoresponse.

Kinetic analysis of enzymatic parameters and molecular dynamics simulations of the
V902L mutant suggested a swinging movement of the dimerization domain in the V902L
mutant as the critical switch to transit to the-G&@ctive state (17). This indicatesttlagooint
mutation in the CD, such as V902L, triggers a movement upstream in tHe sh@Qcture
indicating a robust connectivity betweenthéiD and. t he CD

These observations show that the precise responses of photoreceptors require tightly
controlled conformational transitions in & Inspired by kinetic and structural studies on
soluble guanylate cyclases (13, 18), we investigated this transition fusthgraucombination
of experimental enzymatic assays and molecular dynamics simulsiennvestigated a
double mutantwith critical mutations in the hi&-turn-helix motif (L804P) and the CD
(V902L) to test the suggested allosteric communication betweed HD and Wehe CD.
asked how the GCARndependent Ca-sensitivity of the mutant V902L can be understood
and how this relates to the active or inagttate in the catalytic centre. Finally, we performed
a computational connectivity analysis to construct an amino acid interaction network operating
in conformational transitions.

Results and Discussion

Effects of C&* on the catalytic center

Our previous work indicated an allosteric communication pathway between théunelix
helix region in the UHD and the CD (17). The
investigating the properties of this allosteric effect further. First, vadyaed whether the
reduced efficiency of GCAPL1 activating & was observed with the other GCAP variant,
GCAP3. Figure 1 shows the activity profiles of WT and mutant VO02L in the presence of either
GCAP1 or GCAP3 at high and low [E&a The mutant V902L ehxibited a high activity at high
and low [C&"] in the absence of any GCAP variant exceeding the basal activity §dioll6
(compare columns WT and V902L in Figure 1). An addition of GCAP1 has only a modest,
however significant, effect on the activity of V902L in the presence and absencé (FiGare
1, VO02L vs. VO902EGCAP1L).These results confirm our previous conclusion that the mutant
VO02L is a constitutively active GE (16). Interestingly, GCAP3 activated &in a C&'-
dependent manner, but to a lesser degree than GCAP1, whereas the mutant V902L was almost
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unaffected by GCAP3 (Figure 1¢:C activities of VO02L in the presence and absence of
GCAP3 at high [C#] were almost the same (Figure 1). At low fJa GCAP3 caused a
slightly higher activity of V902L (Figure 1).
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Figure 1. Activity profiles of GGE variants. (A) WT and mutant V902L were activated
with GCAP1 or GCAP3 at high (33 pM, black bars) or low (<10 nM, gray bars) free [Ca2+].
The xfold activation of V902L without GCAPs is 2.7; in the presence of GCAPL, 2.0, and in
the presence of GCAPS, it is 3.3. Théokd activation of GEE WT is 45.5fold with GCAP1
and 5.6fold with GCAP3. Error bars are s.d. (one example of technical triplicates out of three
to four biological replicates, results of other biologicaplieates are in the Supporting
Information, Figure S1-S3).

The activity profile of VO02L in the absence of GCAPs (Figure 1) showed that the activity
of the mutant V902L is C&dependent, although no €a&ensor protein is present to mediate
this effect. We measured the V902L activity at increasing fre&J@ad observed a nearly
constant activity of V902L up to 10 uM free [Eh(Figure 2A). Above 10 pM free [G4, the
activity decreased and reached a plateau of lower activity at 100 pM frég§lizgntly below
the activity observed at a free [€pof 33 uM as in Figure 1. Halfnaximal inhibition (1Go)
was observed between 16 and 19 uM fre¢’[Camploying a sigmoidal fouparameter Hill
model provided by the SigmaPlot 13.0 softw&@gstat Software, Inc., San Jose, CA, 2014
(two independent data sets in triplicates, see example in Figure 2A). The constitutive activity
of the V902L mutant allowed us to dissect thé'@ependency of GE mediated by GCAPs
from a direct C&-effect on the catalytic mechanism. Serfass et al. (18) previously analyzed a
similar C&*-dependent inhibition for the catalytic properties of soluble guanylate cyclase from
bovine lung. The authors interpreted their finding as anvetal ion catalytic mechanism
involving two Mg*-ions similar to the catalytic mechanism observed in adenylate cyclases
(19-21). One Md" forms with GTP the substrate complex and oneMin excess of the
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substrate) is primarily bound to the cyclase in the catalytic center. Such a mechanism implies
that C&"-bound to the cyclase can be removed by increasing frégivigxcess of the Mg-

GTP substrate. We performed an experiment to reverse the inhibitiod*cit@aree different

Mg?*- concentrations (Figure 2B) and observed two effects: GC activity increased reaching a
saturating profile at an excess of 5 mM ¥a@nd 100 uM C& were not sufficient for an
inhibitory effect as seen in Figure 2A. Fittingtd points in Figure 2B revealedsiGt Ca*-
concentrations of 64 uM, 82 uM and 91 puM for Rigoncentrations of 2 mM, 3.5 mM and 5

mM, respectively. Differences were statistically significant for curves with 2 and 3.5 nfit1 Mg

(p < 0.01; ttest), but not when comparing curves for 3.5 mM and 5 mM*tgs.).
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Figure 2. Ca*-dependent inhibition of the V902L muta(d) Incubation of V902L was
performed in the absence of GCAP1 or GCAP3. Fgz2'] was varieglas indicated and
half-maximal inhibition was at 16.3 pM frg€a*] (Error bars are s.done example of
technical triplicates out of thrdmological replicatessee also Figurg4). (B) Increasing
concentrations of free Mgreverse the inhibitory effect of €alncubation was performed
as in(A). The M¢*-concentration was 2 mM( filled circles), 3.5mM (3, open circles) and
5 mM (¢&, f i Wepedornted notineag regeessjon fitting using a sigmoidal Hill
model provided by the SigmaPlot 13.0 software (#paeameter model for data with 2 and
3.5 mM Mg*; four-parameter model for 5 mM M. Error bars are s.d. (technical
triplicates). All curve fittings passed the Normality Test (Shapvitk) and the Constant
Variance Test.

A critical mutation in the helix-turn -helix motif has an impact on the
catalytic center

Switching GCE back to the basal activity state is a decisive step in phototransduction. Our
previous simulations pointed to a c&nd or mat
transit between low and high activity states. Since we located the sttuagger of the switch
in the helixturrh el i x moti f, we reasoned tilelxtmigmhangir
impact the catalytic center. This suggestion is further supported by previous findings that locate
a crucial regulatory control module an near the dimerization domain (14, 15). Therefore, to
evince our hypothesis, we substituted Leucine at position 804 with Proline in the VO902L mutant
creating the double mutant L804P/V902L (MR) (Figure 3A).
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part, bcation ofthe point mutation L804P in the heliturn-helix motif. (B) Activity of the

double mutant V902L/L804P in the absence and presence of GCAP1 at high (33 puM, black
bars) or low (<10 nM, gray bars) free faThe xfold activation of the double mutant

without GCAPs is 2.7, in the presence of GCAP1 2.0 and in the presence of GCAP3 itis 3.4.
Comparing activities of the abound states yielded no significant differences for all
combinations (V902L/L804P vs. V902L/L804P + GCAPL, V902L/L804BGAPL vs.
V902L/L804P + GCAP3 and V902L/L804P vs. VO02L/L804P + GCAP3). Error bars are s.d.
(one example of technical triplicates out of three to four biological replicates, results of other
biological replicates are in the Supporting Information, Fig&eS7).

Subsequent testing of GC activities showed two main effectgeneral decrease in
activities in the absence atite presence of GCAPs (Figure 3Bhe V902L/L804P mutant
has a reduced basal activity in comparison to WFEsThe activity is &old lower in the
presence of C4 and 3fold lower in the presence of EGT@&omparison of Figure 1, data
shown forGC-E, with Figure 3, data shown f&902L/L804B. Expression of V902L and the
double mutant was identical as tested by western blotting and immunbleististry of
transfected HEK 293 cells (supplement, Figure S8 and tE8)ever, biological replicates
differ in expression yield of GE variants (see Supporting Informatiorgecondly, we
compared the-%old activation (activity at low [CH] divided by activity at high [C4]) of the
mutant V902L with the double mutant and the WT (see legend of Figure 3B) yielding an x
fold activation for both mutants between 2 and 4 fold indicating that the principal activation
mechanism remained intact, but at a lower level of catalyticiefty. Comparing all C&
bound states with each other (double mutéd2L/L804Pwith GCAP1 or GCAP3) yielded
no significant differences (Figure 3B). The same was observed for thefr@a states.
Compared to WT G (x-fold activation is more than 4feld, Figure 1), we observed no
recovery of the Cd-sensitive GCAP effect in the double mutant but a substantial effect on the
catalytic performance. Our results supported our hypothesis of a conformational pathway
connection between the UHD and the CD.

Connectivity analysis

Our experimental analysis of critical amino acid positions in two distarE@Omains
i mplied a communicati on pat hWMwashievecabmatder ¢iewi ng t
of the allosteric regulatory impact, we carried out a computational connectivity anaklysis,
described in the method section.

The connectivity analysis utilizes two approaches, which probe separate attributes
describing connectivity within a network derived from the locations of amino acid residues
during molecular dynamics (MD) simulations. Tieach metho@22) values amino acids that
reach the most other amino acids along the network edges as highly influential. On the other
hand, thebetweenness meth{2B) prefers amino acid residues, which are located at important
network intersections throughout the protein structure.
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Figure 4. Reachandbetweennessf the monomers for all residues. The graphs show the
reach(first row) and thébetweennessecond row) of the two monomers. The first monomer
is colaured blue, the second red. The veltdashed lines indicate mutated residues at
positions902 and 804 Noticeably,considering the introduction of further mutation (WT,
V902L, Double mutantdhe reach of the residues within the homology kinase domain
increases with the introduction of more mutations, while the importance of the different
monomers switches for the catalytic domain. Contrary togheh thebetweennesgicks up

on the -helicaldomain.Additionally, thebetweenesss greater in the second monomer after
the introduction of the single mutant. The effect is more diversified again in the double
mutant, however, still leaning towards the red mutiatérestingly, almost isolated signals
canalsobe foundin the two other domain&urthermore, the second single mutant L804P
remains similar to the wild type protein, except for a slight shift to a single monomer in the
bet we e n e $dicalidomain, iich €an also be observed in the double mutant.

The graphs in Figure 4 show treach(first row) and théetweennessecond row) for the
individual amino acid residues. The results align whéhassumption that the residues with the
highestbetweennesare located in thie-helical domain, which connects the homology kinase
and catalytic domain as all shortest paths from one domain to the other have to pass through
these residues. The residues with the higressthare located in the catalytic domain for the
wildtype and thév902L mutant. For the double mutant, however, residues in the homology
kinase domain have a similagachto those in the catalytic domaim. particular, the residues
with a high betweeness seem to shift towards a single monanter, | e concentr at ec
helical domain for the single mutant. While the effect is still visible in the double mutant, it is
more diversified and reduced, particularly for resgluei n t h e rdielttal dlomainof t he
The L804P mutant is remarkably similar to the wildtype with a slight exception in the
bet we e n e shelical domain.hHere, the high betweeness residues conglomerate in a
single monomer, which can also be seen in the double mutant.

With thesebetweennesgraphs (Figure 4) and averaging the two monomers, potential
residues of importance can be singled dine analysis was performed for the WT and the
V902L mutant.The six residues with the most significaeachandbetweennesgelative to
each other) are shown in FigureThe high betweennes®sidues are located in the double
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helix of the| -helical domain and do not differ significantly between the WT and/8G2L
mutant. Thereach however, paits a different picture. The residues with the most significant
reachchange from the WT to thé902L mutant. In the mutant, the highesachresidues are
located at the Merminal partof the homology kinse domain, almost at thextamembrane
domain(not displayed and modeledi) the WT, the higheseachresidues are even split across
the homology kinase and the catalytic domain. Here, the residues are also closestielite

domain.
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Figure 5. The graphical network representations of the WT (A) and V902L (B) proteins,
plotted in grey using the spring embedding method in Wolfram Mathematica



(https:/lwww.wolfram.com/mathematical he six residues with the highesach(red
hexagons) antdetweennesblue diamonds) compared to the other protein version (WT and
V902L mutant, respectively) are highlighted and labelled in each gCaphesponding
domains and amino acid positions are indicated on top.

Functional interpretation of the connectivity results

Marino and Dell 60rco (24) performed a str
described an allosteric information transfer from different cation binding states to amino acid
residues in the GE target interface (24). The same authors extended the analyslated
neuronal C&-sensor proteins and uncovered conserved amino acid positions in three related
Ca*-sensor proteins that point to an evolutionary conservation of molecular communication
pathways (25).

Our analysis here focuses on the GCAP1 targeE&@Dd the amino acid network involved
in the conformational transition process. For example, position S1011 in the CD is next to
E1010, which forms a complex with Mfgand the pyrophosphate part of GTP (26). The loss
of high reachin V902L (Figure 5B) might be the reason for the decrease or even loss of the
allosteric regulation by GCAPs as seen in the functional properties of the V902L mutant (16,
17; this study). The remaining €asensitive control is located in the binding site of GTP in
the catalytic center and might significantly impact the V902L mutant under certain conditions.
For example, constitutive activation of the mutant V902L would create a high level of
cytoplasmic cGNP in the photoreceptor cell, causing a higheluinbf C&* than average.
However,an excessive local increase in concentrations éf @auld then inhibit VO02L by
the direct binding of G4, bringing the cGMP synthesis back to low basal rates. This scenario
would still differ from a healthy state since it has a shiftett-C&MP homeostasis.

Two amino acid positions with laigh reachin the WT compared to the V902L mutant
(Figure 5) are mutated in patients suffering from retinal diseases. One is the point mutation
D728N in the KHD causing autosomal recessive Leber congenital amaurosis (27, 28). The
second is P873R, located in the Cidound in patients suffering from cone rod dystrophy
(16). A functional analysis of the latter showed a complete loss e @Qlivity, indicating a
severe impact on photoreceptor physiology (16). Functionaysisalf the D728N mutant is
lacking so far. Still, mutations in the KHD often correlate with either impaired basal GC
activity or partial loss of activity regulation by GCAPs (for a summary, see ref. 3). Thus, our
connectivity analysis highlighted aminadgositions that are critical for the allosteric control
of GG-E activity and some of the positions presented in Figure 5 might carry point mutations
that correlate with retinaliseases bure not detected so far.

Conclusion

Switchingof photoreceptor G€E from the inactive to the active state afck versas essential

for the second messenger homeostasis in rod and cone cells. Here, we describe an allosteric
communication pathway linking two distant domains ofE@nd identify a network of amino

acid positions that seem critical for enzyme activity contralr ©@onnectivity analysis
identified point mutations at some of these positions found in patients suffering from retinal
dysfunction. Thus, the analysis might be able to predict positions that could cause retinal
diseases when mutated.



Methods

Generation of the double mutant by sitedirected mutagenesis

The pIRES2eGFP vector containing the @ mutant V902L sequence was used for amino
acid substitution to generate the double mutant. Proline was introduced at position 804 to
substitute Proline with Leucine (L804P) by gilieected mutagenesis which washewved by
the polymerase chain reaction (PCR) using a KOD (Hot start DNA Polymerase Novagen)
enzyme. The PCR amplification was foll owed a
For war d -ATCAAQRAGGGCLCGGAAGACGAACATCATT-36 and reverse
5 &TTCTTGAACGGGTCGAAGGTGTGGTCCATZ 6 . The obtained cl onc
by full-length sequencing for the substitution of L804P.

Heterologous expression of V902L mutant and the L804P/V902L double
mutant

The HEK293 cell line was transiently transfected with cDNA ofB@&utants V902L and
L804P/V902L using polyethylenimine (PEI) at-80% of confluency at 100 mm plates.
Respective 8 pg of DNA was mixed with 32 pug of PEI in DMEM without supplements and
incubated at room temperature (RT) for 20 min. The sample mix was then added to the
respective cell plate and incubated in the incubator at 37°C with 5%A3@r transfection
and 7296 h incubation, the cells were harvested by centrifugation at 500x g for me cell
pellets were washed with PBS and centrifuged at 12000x g for 5 min. The pellets were frozen
and stored a80°C until further use.

Expression and purification of GCAP1

Human myristoylated GCAP1 was expressed Eacherichia coliand purified to
homogeneity by anion exchange chromatography and size exclusion chromatography as
previously described and reported (29). Myristoylation of GCAP1 during bacterial expression
was accomplished by doansformingescherichia colcells with Nmyristoyktransferase from
yeast and supplementation with myristic acid, as reported previously (29).

Expression and purification of GCAP3

Human myristoylated GCAP3 was expressed Eacherichia coliand purified to
homogeneity by anion exchange chromatography and size exclusion chromatography as
previously described and report&D). Myristoylation of GCAP3 during bacterial expression
was accomplished by doansformingescherichia colcells with Nmyristoyktransferase from
yeast and supplementation with myristic a@ad reported previously. fer the hGCAP3
protein was expressed in bacterial cells, the cell pellet was lysed, and indosieswere
resuspended in-B! guanidinium hydrochloride for overnight solubilization. Next day protein
was refolded by dialysis (20mM T¥l4Cl pH-7.5, 2mM NaCl, 1mM DTT) and at first purified
by anion exchange chromatography with HiTFaE HP equilibrated in 20mM TrBICI pH-

7.5, 2mM CaGland 1mM DTT and then the protein was eluted with a salt gradient from 0.02
to 0.55 M of NaCl. Fractions containing the expressed hGCAP3 protein were further pooled
and precipitated by ammonium sulfate and again purified by size exclusion chromatography
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with Superdex 75 (HighLoad 26/60)hich was equilibrated with 20mM Tr4Cl pH-7.5,
150mM NacCl, 2mM CaGland 1mM DTT.SDSPAGE analyzed the purity of expressed
protein and samples were exchanged against 50mM ammonium hydrogen carbonate,
lyophilized and stored a80°C for further use.

Guanylate Cyclase activity Assay

The double mutant804P/V902L activity was analyzed by comparing the enzymatic
activity with that of V902L. Transiently transfected respective HEK cell pellets were
resuspended in 1 ml, 10 mM Hepes/KOH pH 7.4 with 1 mM DTT and a protease inhibitor
cocktail. The suspension was incubated for 30 am ice and followed by cell lysis using a
syringe with a 0.7 mm needle. After centrifugation at 13,000x g for 8 min at 4°C, the cell pellet
was resuspended in 1000f 50 mM Hepes/KOH pH 7.4, 50 mM KCI, 20 mM Na@ mM
DTT, and a protease inhibitor cocktail. Twehtyof a GCAP1 solution (10 M) or water (for
the absence of GCAPL1) that was previously adjusted to different freed@Gacentrations
using a Ca / EGTA buffer system exactly as described earlier (31, 32) were used in the assay.
For each sample 10l (containing typically 6100 pg protein)of respective membrane
suspensions were mixed and-omeubated for 5 min at room temperature. The reaction started
by adding 20 | of 2.5xGC buffer (75 mM Mops/KOH pH 7.2, 150 mM KCI, 10 mM NacCl,

2.5 mM DTT, 8.75 mM MgC4, 2.5 mM GTP, 0.75 mM, and 0.4 mM Zaprinast). The reaction
mixtures were incubated for 10 min at 30°C. The reaction was stopped by addih@. 50

EDTA and incubating at 95°C for 5 min. Samples were centrifuged for 10 min at 13,000x% g.
Supernatants were analyzed for the amount of produced cGMP by rephessdHPLC using

a LiChrospher® 100 RB8 (5 m) column (Merck, Darmstadt, Germany) exactly as described
(17, 29, 31)The detection limit of the assay for cGMP & pmol (ref. 31 and determination

in the Biochemistry groupMeasurements were done with three to four biological replicates,
eachsetin technical triplicates, if not stated otherwise, and were evaluated by using SigmaPlot
13.0. Differences in GC activities of biological replicates are due to differences in expression
yields of heterologously expressed GC variants (FigBeS7in Supporting Information).

To check thadirectinhibitory effect of C&"on GGE activity, he GC activity assay was
performed as mentioned above wilie following modification. Half maximal inhibition of
GC-E mutant V902L by C4 was determined by setting tfree C&*-concentration ranging
from 1 to 100 pMwithout an EGTAbuffer systemAll other assay conditions are as described
above. Variations of fremg?* concentratiorin the assaymedium were calculategsing the
WEBMAXC STANDARD software with proper corrections for pH, saftd temperature.
Incubationwas performed in threfeee Mg’ concentratios of 2 mM, 3.5mM and 5mM.

Protein determination, sodium dodecysulfate polyacrylamide gel
electrophoresis (SDSPAGE) and Western blot Analysis

A modified Bradford assay employing ocfHD-glucopyranoside (OGP) to solubilize
membranebound proteins is used for determination of protein concentration (33). Respective
membrane suspensions of, 10° g, and 20 g of total membrane protein containing V902L
or L804P were applied to the gel. SIPAGE and western blotting were performed according
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to established procedures in the laboratory. Primary antibody GC1#3 directed against bovine
GC-E (34) recognized human GE and can be used to detect-GGnutants V902L and
L804P. The dilution of the primary antibody was 1:10,000. Incubation was oveatight.

A goat antirabbit peroxidaseonjugated antibody (Dianova, Germany) at a concentration of
50% in glycerol was used as a secondary antibody at a dilution of 1:5000. The band intensity
was detected and determined using Azure c400 Gel Imaging Shgt@aure Biosystems as
described recently.

Heterologous expression of GE&E and mutants in the HEK293 cells

Cells were grown on a poly-lysine coated 12 mm coverslip placed in avadl plate.
After 24 h at a density of 500%, it is transiently transfected with respective 0.5ug of plasmid
DNA with 2ug of PEI. After 48 h of incubation at 37°C, 5% CQells were washed three
times (5min) in PBS (pH 7.4), fixed in 4% paraformaldehyde (PFA) in PBS for 20 min, and
then again washed three times (5min) with PBS (pH 7.4). Then, the cells were incubated with
a blocking solution of 5% donkey serum in PBS (fH#) and 0.5% Triton XL0O for 1 h. One
time (5 min), washed with PBS (pH 7.4) and then subsequently incubated with the primary
antibodies in a similar blocking solution, with primary antibody GC1#3 (1:500), rabbit
polyclonal 1gG, antiCalnexin [1:300, calexin (E10), se46669, mouse monoclonal IgG 2a
(Santa Cruz Biotechnology)]. We routinely observbdt heerologous expressed GE
localizesmainly in the ER (colocalization with calnexin), and we measgteshylate cyclase
activity in membrane suspensgxeontaining ER (ref. 15).

The next day, cells were again washed three times (5 min) in PBS (pH 7.4) and were further
incubated with secondary antibodies [1:200, Alexa ENi668 goat antrabbit IgG and 1:200,
Alexa Fluor™ 647 donkey antimouse IgG] for 90 min at room temperature in blocking
solution. The next step is a final washing (three times, 5 min) in PBS (pH 7.4), then the
coverslips were sealed with Mowiol containing DAPI on a microscopic slide and stored at 4°C
till further use. Visualization was done using a fluorescarceoscope, Olympus iX2.

Molecular Dynamics Simulation

In the earlier study17), molecular dynamics (MD) simulations were performed orEsC
for a wild type and a V902L structu(&7). Employing the same protocol as the earlier study,
a double mutant V902L/L804P was established and simul@teulilations were based on the
structural infomation provided by Rehkamp et al. (@) bovine GCGE. Coordinates of the
starting model were provided by Dr. Christian Tuting and Prof. Panagiotis L. Kastritis, both at
Martin Luther University HalleNittenberg in Germany, wm request. We refer to the human
orthologue with a high sequence identity/ homologyith the bovine variant. fAe
corresponding valine of bovine GE is in position907, in humans at position 902.
Analogously, the double mutant translates to a mutation L809P in the boviie T
connectivity analysis (see below) refers to positions independent of amino acid side chains.
Numbering in Figures 4 and 5 relates to the human variant. The simulation was set up through
the VIKING online platform(35) employing he simulation softwvare NAMD @& 37). The
CHARMMS36 force field with CMAP corrections wased(38-41).



The structure was equilibrated in three phases, gradually lifting harmonic restraints to
ensure a stable simulation. For the equilibration protocol the default parameters of VIKING
were chosen. In the first step, 1 ns was simulated with a simulationtémefsl fs in an NPT
(constant number of atoms, constant pressure, and constant temperature) ensemble. Only water
and ions were considered free to move. In the second equilibration step, the restraints on the
side chains of the protein structure werestiftand a 2 ns simulation was conducted using the
same parameters. In the final equilibration step, all restraints were released, and another 2 ns
simulation was run in an NVT (constant number of atoms, constant volume, and constant
temperature) ensemblativa pressure of 1.01325 bar.

The production simulation was run for 400 ns in an NVT ensemble with a simulation time
step of 2 fs and rigid hydrogen bonds. The other simulation parameters were equal to those
from the third equlibration phase. All simulations were performed at a tetapeod 310 K.

Connectivity Analysis

Connectivity networks were constructed based on the final simulation snapshot of all three
variants of the G€E protein structure (Wildtype, VO02L, L804P, VO02L/L804P). Comparing
the secalled amino acid interaction network (42) between the simulationdbearsed to
identify a change in key residues and potentially suggest potential mutation sites.

The network is constructed from the final simulation snapshot for eack G@uicture
variation. Representing the location of each residue by its backhorao@ position, the
distances between all the residues were calculated. If the distance between two residues was
found below a particular threshold value, the residues were assumed to be connected in the
network. Here, a threshold of 8ulas chosen based the example of an earlier study (23). A
binary adjacency matrix can be constructed for each simulation using the threshold. One was
employed by Kattniget al. (23), which describes the betweenness of nodes and identifies
important hubs in the network (Betweenness approach). The second approach was used by
Estradeet al.(22), which describes the connectivity and the reach of an amino acid residue in
the network (Reach approach).

Betweenness approach

The betweenness is calculated for each residue in each monomer of the dimer, such that
I "Qdescribes the betweeness of resi@deemonomerQ "Qis defined as
r, ” IQ"
I Q ———~h
where,  "Qis the number of shortest paths connecting nodesdv which pass through
the node corresponding to resid@and, is the total number of shortest paths conneating
andv.

Residues with a high betweenness value might be important for pathways through the
protein as they are located in strategic intersections throughout the protein and a mutation in
these residues might have a devastating impact on the dynamic propertes pybtein
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structure. As the GE& structure comprises two monomers and potential experimental
validation of proposed mutants would always act on both monomers, the betweenness and the
reach values need to be adequately averaged over the individual monomers.

For the network representation, the average betweenn&s calculated for the whole
dimer from the individual monomer betweenessQandf "Qfor monomers 1 and 2. The
final betweeness is then the defined as

I Q T—Q T Q8
C

Reach approach

The Reach approach can be applied to determine the number of other residues that a given
residue can reach insteps through the netwofér every amino acid residu&he more other
residues can be reached with a smallehe higher the reach of the given amino acid residue
becomes. Mathematically speaking the approach roots on the following theorem (43):

Theorem 1 If 0 is an adjacency matrix with elemeugis, ando is the matrix exponential,
such that, if6 0 , then the elements are givenbyo B @& & 8The elemend

ind is then the number of walks of exactly lengftom the nod&o the nodé&hn the network
described by the adjacency matéix

The theorem can now be used to quantify the connectivity of all the residues in the protein
complex, with weighting factors such that paths to distant residues have less contribution. The
matrix exponential function is a perfect fit for the above purpgisen by

. 0
O Ag® o

The equation above contaias in each summand which yields the adjacency matrices with
the number of paths with lengi® but also a scaling factpif” G which devalues longer paths.

The information obtained frofi©can be interpreted in the context of the protein structure
as follows. A%y  describes the number of paths of leng@isom amino acid®@o amino acid
"Ghrough the connectivity network, a larger value of the elef@emian be interpreted as more
options to reach each amino a&Blom amino acidCn shorter trips.



sum

(discarded)

sum
over over
columns columns

(discarded) 0, [) 0,(1)

Figure 6: Panel A shows a schematic representation of the matrix. Panel B visualizes the averaging
process for the individual monomers of GGE.

The reach value needs to be interpreted for each monomer for the network representation
and an averaging procedure is applied. As each monomer contains 524 amino acid residues,
the total protein contains 1048 residues, the exponential adjacency matrifin@gdéhe
network has the size t T yp 1 T Jubdividing the matrix into four blocks of siee¢ Tv ¢ T
yields two blocks on the diagonal corresponding to the individual monomers dend@d by
and"O . The other two blocks@ and’O ) describing the reach from one monomer to the
other are discarded in the analysis. The process is schematically shdwgure 6. The
averaged reach matrix is then the elemeise summation as follows:

) P 0 O
q
Finally, the sum over colunif "dis denoted with "Q

” -Q “EE— 8

" "Qis called the reach of resid(2A larger value of "Qcan be interpreted as a greater
reach of amino aci@@and it is subsequently assumed, that the amino acid residue has a greater
impact on the overall structure. Conversely, a small reach value would indicate a more isolated
residue.

Additionally, to look into residues in their original monomérs,’Qdescribes the sum over
the column of the matricé® , with the process schematically showrrigure 6.

Comparison between WT and V902L proteins

The reach and betweeness values are calculated individually for the WT and the V902L
mutant. In order to extract the interesting residues from the two structures, the residues with
the greatest differences in their values comparing the two version oftrthetuse are
considered.

We, therefore, consider not the absolute values & and” "Q but their differences
between the WT and mutant proteins, defined as:



wl Q7T Q 1 Q
and
(p ” 'Q ” IQ ” ugB

Considering the sign for the individual contributions, a positive valueg ilQandw ” "Q
indicate a greater connectivity in the WT structure compared to the mutant, while a negative
value shows a greater connectivity in the mutant compared to the WT. If one now considers
the sorted list of residues, the first and last residues are paridualaresting.

Safety statement

No unexpected or unusually high safety hazards were encountered
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Figure S1.Activity profile of GC -E variants. WT and mutant V902lwere activated with
GCAP1or GCAP3at high (33 uM, black bars) or low (<X, gray bars) free [C4]. The x

fold activation of GEGE WT with GCAP1 is 45.3 and with GCAP3 is 5.8. Thiold activation

of V902L without GCAPs is 1.9; in the presence of GCAP1 is 1.8 and with GCAP3 it is 2.8.
Error bars are s.d of technical replicates.
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Figure S2. Activity profile of GC -E mutant V902L. Assay was doné the absence and
presence of GCAP1 at high (33 uM, black bars) or low (Rl¥) gray bars) free [G4]. The
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x-fold activation of V902L without GCAPL1 is 1.9; in the presence of GCAP1 is 1.9. Error bars
are s.d of technical replicates.
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Figure S3. Activity profile of GC -E mutant V902L. Assay was doné the absence and
presence of GCAP1 at high (33 uM, black bars) or low (Rl¥) gray bars) free [G4]. The
x-fold activation of V902L without GCAPL1 is 2; in the presence of GCAP1 is 1.8. Error bars
are s.d of technical replicates.
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Figure S4.Ca?*-dependent inhibition of the V902L mutant in the absence of GCAP1 or
GCAP3. Free [C&'] was varied as indicated and haifiximal inhibition was at 19 pM

free [C&"] (left graph) and 17.8 uNICa?*] (right graph), (biological replicates, error bars are
s.d.).
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Figure S5.Activity profile of GC -E variants. Double mutant V902L/L804®vas activated

with GCAP1or GCAP3at high (33 uM, black bars) or low (<M, gray bars) free [C4].

The xfold activation of double mutant without GCAP1 is 1.8; in the presence of GCAPL1 it is
1.3 and with GCAP3 it is 1.6. Error bars are s.d of technical replicates.
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Figure S6. Activity profile of GC -E variant. Double mutant V902L/L804Rvas activated
with GCAP1at high (33 uM, black bars) or low (<XM, gray bars) free [G4]. The xfold
activation of double mutant without GCAP1 is 3.6 and is 2.3 in the presence of GCAPL. Error
bars are s.d of technical replicates.
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Figure S7.Activity profile of GC -E variant. Double mutant V902L/L804Rvas activated

with GCAP1at high (33 uM, black bars) or low (<M, gray bars) free [G4]. The xfold
activation of double mutant without GCAP1 is 5.4 and is 3 in the presence of GCAP1. Error
bars are s.d of technical replicates.
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Figure S8 Expression of V902L and double mutant V902L/L804P in HEK293 cells.
Expression level of mutants was compared in HEK293 cell membrane for its expression profile
using immunoblotting. Five grtand ten (g of total protein amount for each membrane sample
was analyzed by SDfolyacrylamide gel electrophoresis. The samples were detected by the
specific antibody aGC1#3 and ECL imaging (see Methods part in main text).



Figure S9
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Figure S9. Heterologous expression of GEE and mutants (V902L, V902L/L804P)in
HEK293 cells Confocal images of transfected cefisobed with different antibodies.
Transfected cells are visualizeith GFP (greenand DAPI staining (nucleusC-E variants

are recognized by an ariC-E specific antibody (#3, red), Endoplasmic reticulum (ER)
stained with the ER marker Calnexin (magenta). No difference has been observed in the
localization of the mutants compared to the WT-BEQ\n overlay is seen on thaost right
panels. Scale bar is 10 pm.
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Abstract

Retinal guanylate cyclases (RetGCs) are regulated by a family of guanylate cyclase-activating
proteins (called GCAP1-7). GCAPs form dimers that bind to Ca?* and confer Ca2* sensitive
activation of RetGC during visual phototransduction. The GCAP5 homologue from zebrafish
contains two nonconserved cysteine residues (Cys15 and Cys17) that bind to ferrous ion, which
stabilizes GCAPS5 dimerization and diminishes its ability to activate RetGC. Here, we present
NMR and EPR-DEER structural analysis of a GCAPS dimer in the Mg2*-bound, Ca2*-free,
Fe2*-free activator state. The NMR-derived structure of GCAPS is similar to the crystal structure
of Ca2*-bound GCAP1 (root-mean-square deviation of 2.4 A), except that the N-terminal helix of
GCAPS is extended by two residues, which allows the sulthydryl groups of Cys15 and Cys17 to
become more solvent exposed in GCAPS to facilitate Fe2+ binding. Nitroxide spin-label probes
were covalently attached to particular cysteine residues engineered in GCAPS5: C15, C17, T26C,
C28,N56C, C69, C105,N139C, E152C, and S159C. The intermolecular distance of each spin-
label probe in dimeric GCAPS (measured by EPR-DEER) defined restraints for calculating the
dimer structure by molecular docking. The GCAPS5 dimer possesses intermolecular hydrophobic
contacts involving the side chain atoms of H18, Y21, M25, F72, V76, and W93, as well as an
intermolecular salt bridge between R22 and D71. The structural model of the GCAPS dimer was
validated by mutations (H18E/Y21E, HI8A/Y21A,R22D,R22A, M25E, D71R, F72E, and V76E)
at the dimer interface that disrupt dimerization of GCAPS and affect the activation of RetGC. We
propose that GCAP5 dimerization may play a role in the Fe2*-dependent regulation of cyclase
activity in zebrafish photoreceptors.

Graphical Abstract

Biochemistry. Author manuscript; available in PMC 2022 March 24.
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Retinal guanylate cyclase-activating proteins (GCAP1! and GCAP22) are EF-hand calcium
sensor proteins in mammalian photoreceptor rod and cone cells® that control Ca®* sensitive
activation of retinal guanylate cyclases (RetGCs*?), which regulates the recovery phase of
vertebrate visual phototransduction 6.7 CaZ* binds to the second, third, and fourth EF-hands
in the GCAP proteins®? (shaded red, cyan, and yellow, respectively, in Figure 1), and the
Ca%*-bound GCAPs bind to and inhibit RetGCs in dark-adapted photoreceptors.10:11 By
contrast, Mg2* binds to the second EF-hand in GCAP1,!2 and the Ca?*-free, MgZ*-bound
GCAPs activate RetGCs in light-adapted photoreceptors.10-11 Mutations in both GCAP1
and RetGCs that disrupt the Ca2*-dependent cyclase activation are genetically linked

to retinal degenerative diseases.!3-17 GCAP orthologues are also expressed in zebrafish
photoreceptors (GCAP3-5 and -718). In situ hybridization showed that expression of
zebrafish specific GCs and GCAPs coincides with the onset of visual function.!920 The
zebrafish GCAP5 homologue has the most divergent amino acid sequence (Figure 1), which
contains two nonconserved cysteine residues (Cys15 and Cys17) that were shown recently
to ligate ferrous ion,2! and the binding of Fe2* to GCAPS5 greatly diminishes its ability to
activate RetGC.2! Ferrous ion has been shown to serve as a redox sensor in a variety of

cell types,22 and it is tempting to speculate that redox sensing by GCAPS might control
phototransduction in zebrafish photoreceptors. Indeed, the accumulation of iron levels in the
retina has been correlated with age-related macular degeneration in humans, suggesting the
involvement of redox sensitive processes in the pathogenesis of the disease.23

In this study, we present NMR structures of MgZ*-bound, Ca?*-free, Fe?*-free GCAPS
(hereafter termed Mgz"-bound GCAPS), which represents the first structure of a GCAP
protein in an activator state that binds to and activates RetGC. Overall, Mg2*-bound
GCAP5 is structurally similar to the crystal structure of Ca2*-bound GCAP1° [2.4 A
root-mean-square deviation (RMSD)]. However, the N-terminal and C-terminal helices,
located outside of the EF-hand motifs of GCAPS, are structurally distinct from those of
Ca?*-bound GCAPI, and the Ca2*-induced structural changes to these helices may play a
role in regulating RetGC and may facilitate binding of Fe?* to GCAP5. We also present

an EPR-DEER structural analysis to determine intermolecular contacts in the GCAPS
dimer. Nitroxide spin-label probes were introduced at 10 different sites in GCAPS [C15,
Cl17,T26C, C29,N56C, C69, C105,N139C, E152C, and S159C (see Figure 1)], and
intermolecular distances from each site in the GCAP5 dimer were measured. The DEER
distance restraints define a GCAPS dimer structure that contains key hydrophobic residues
(H18, Y21, M25,F72, V76, and W93) as well as an intermolecular salt bridge between R22
and D71 at the dimer interface.

MATERIALS AND METHODS
Cloning, Expression, and Purification of GCAPS5.

Recombinant myristoylated GCAPS (hereafter termed GCAPS) was used throughout this
study, and bacterial expression of myristoylated GCAPS was accomplished by coexpressing
the GCAPS5 D3N mutant?* and yeast N-myristoyl CoA transferase (NMT) in Escherichia
coli strain BL21(DE3) as described previously24 for GCAP1.12 Acylation of the GCAP5
D3N mutant was originally confirmed in living cells by a click-chemistry approach.24

Biochemistry. Author manuscript; available in PMC 2022 March 24.



duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

duosnuepy Joyiny

Cudia et al.

Page 4

Cloning of all mutants used in this study was similar to that described for other

point mutants of GCAPs 2326 Pyrification of GCAP5 (and mutants) was achieved using
previously described methods.2! The GCAPS variants used in guanylate cyclase assays
were purified by employing a HiTrap Q HP column (5 mL, Cytiva) in the anion exchange
chromatography step (application of a gradient from 0 to 1 M NaCl in 20 column volumes).

Analytical Size Exclusion Chromatography (SEC).

The molar mass of GCAPS in the presence of Mg2* (5 mM) was measured using analytical
SEC (Superdex 200 HR 10/30 column, GE Healthcare) as described previously.2! A sample
volume of 100 /A of GCAPS (200 M protein concentration) was applied to the column
equilibrated with 30 mM MES (pH 6.6), 5 mM citrate, and 100 mM NaCl. The SEC
measurements were taken at 4 °C with a flow rate of 0.5 mL/min.

NMR Spectroscopy.

GCAPS5 samples for NMR experiments consisted of ! N-labeled or doubly 1’N- and 13C-
labeled myristoylated and Ca%*-free, MgZ*-bound GCAPS (0.50 mM) dissolved in 30 mM
MES (pH 6.5) buffer containing 2 mM DTT-djp, 5 mM MgCly, and 93:7 H,0O/D;0. All
NMR experiments were performed at 30 °C on a Bruker 800 MHz Avance III spectrometer
equipped with a triple resonance cryogenic TCI probe and pulsed field gradients. Two-
dimensional 1SN-TH HSQC and IPAP-HSQC experiments were performed with 2048 (1H) x
256 (15N) data points using !SN-labeled GCAP5. Three-dimensional NMR HSQC-NOESY
and HCCH-TOCSY experiments were performed and analyzed as described previously.!2
Spectra were processed using NMRPipe software package? and analyzed using SPARKY.28

Residual dipolar couplings (RDCs??) of GCAP5 were determined as described previously.3
Briefly, the filamentous bacteriophage Pfl (Asla Biotech Ltd., Riga, Latvia) was used as an
orienting medium. Pf1 (12 mg/mL) was added to 15N-labeled GCAP5 (0.5 mM) to produce
weak alignment. TH-15N residual dipolar coupling constants (Dyy) were measured using a
2D IPAP (inphase/antiphase) 'H-1’N HSQC.3! The backbone N-H RDCs were calculated
by measuring the difference in 15N splitting for each amide resonance in the presence

and absence of the orienting medium. The RDC Q-factor and analysis of RDC data were
calculated by PALES .32

NMR Structure Calculation.

NMR-derived structures of GCAPS were calculated using restrained molecular dynamics
simulations within Xplor-NIH 33 Residual dipolar couplings, NOE distances, dihedral angles
from TALOS+,3* and backbone hydrogen bonds were used as structural restraints. NOEs
were obtained via 1SN-edited NOESY-HSQC and 13C-edited NOESY-HSQC experiments.
Backbone dihedral angles were calculated by TALOS+ using backbone chemical shifts (Ha,
Ca, CB, CO, 1N, and HN) as input. The Xplor-NIH structure calculation was performed

as described previously for GCAP1.12 From a total of 200 structures, the 10 lowest-energy
structures were deposited in the RCSB Protein Data Bank (PDB entry 7M2M). The structure
quality was assessed by PROCHECK-NMR33 and MolProbity.3

Biochemistry. Author manuscript; available in PMC 2022 March 24.































































































































































