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Abstract

The guanylate cyclase (GC) system in photoreceptor cells is a cornerstone of
phototransduction, providing the biochemical processes that allow adaptation to fluctuating
light conditions through the regulated synthesis of guanosine-3’,5’-cyclic monophosphate
(cGMP) controlled by intracellular calcium-sensor proteins known as guanylate cyclase
activating proteins (GCAPs). These sensors respond to fluctuations in intracellular Ca** levels
by switching between an inhibitory Ca?"-bound state and a stimulatory Mg*-bound form,
thereby fine-tuning the activity of guanylate cyclase-E (GC-E), a membrane-bound, retinal
specific isoform of GC. Disruptions in this feedback mechanism, often caused by mutations
in the gene encoding GC-E or GCAPs, are associated with various inherited retinal dystrophies.

Despite considerable progress, the precise molecular mechanisms underlying GC-E activation
remain incompletely understood, largely due to structural complexity and experimental
limitations. This thesis investigates the molecular processes that transition GC-E from an
inactive to an active state. A combination of biochemical assays and computational modelling
was used to evaluate the hypothesis of conformational modulation via rotation of
transmembrane domains and catalytic domain rearrangement. Contrary to the hypothesis that
a helical rotation mediates activation (prevailing in hormone-sensitive GC-A), our data did not
support the presence of an a-helical rotation mechanism in GC-E.

A major focus of this work was the characterization of the disease-associated V902L GC-E
mutant, which showed constitutive activation in the absence of GCAPs. Through kinetic and
structural analyses, it was found that the mutation mimics the GCAP-stabilized active state;
rather than rotational movements, activation appears to involve a swinging motion in the
dimerization domain, which serves as a critical conformational switch. Futhermore, the V902L
mutant demonstrated a Ca**-dependent modulation of cyclase activity, independent of GCAP
mediation, consistent with a two-metal ion catalytic mechanism involving competitive
interactions between Mg?" and Ca** at the active site.

Additional mutagenesis studies targeting a conserved helix-turn-helix motif at residue L.804
further revealed a long-range allosteric communication pathway within the GC-E protein.
Alteration in this motif modulated enzyme catalytic efficiency without abolishing function,
highlighting how long-range structural coupling contributes to enzymatic control.
Computational connectivity analysis underscored the altered allosteric network in the V902L
mutant compared to wild-type, offering a mechanistic explanation for its gain-of-function
phenotype.

Complementing this work, structural characterization of GCAPS5 expressed in the zebrafish
retina provides insight into the dimerization behavior and metal-ion sensitivity of GCAPS and
homologous regulatory proteins. Using NMR and EPR-DEER spectroscopy, we resolved the
structure of GCAPS in its activating state and identified specific hydrophobic and electrostatic
interactions stabilizing the dimer. Notably, the two non-conserved cysteine residues in GCAPS5



enable Fe?*-binding, potentially linking metal ion availability to cyclase regulation in species-
specific contexts.

Taken together, these findings advance our understanding of the diverse structural and
regulatory mechanisms that govern photoreceptor 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 integrating biochemical, structural, and computational modelling this work provides a more
comprehensive framework for elucidating the fine regulation of cGMP signaling in visual
transduction, under both physiological and pathological conditions.



Zusammenfassung

Das Guanylatzyklase (GC)-System in Photorezeptorzellen ist ein Eckpfeiler der visuellen
Phototransduktion. Es stellt die biochemischen Prozesse bereit, die die Anpassung an
schwankende Lichtbedingungen durch die regulierte Synthese von Guanosin-3’,5’-zyklisches
Monophosphat (cGMP) ermdglichen, die von intrazelluldren Kalzium-Sensorproteinen, den so
genannten Guanylatzyklase-aktivierenden Proteinen (GCAPs), gesteuert wird. Diese Sensoren
reagieren auf Schwankungen des intrazelluldren Ca**-Spiegels, indem sie zwischen einem
hemmenden Ca*-gebundenen Zustand und einer stimulierenden Mg?**-gebundenen Form
wechseln und so die Aktivitit der Guanylatzyklase-E (GC-E), einer membrangebundenen,
retinaspezifischen Isofrom der GC, fein abstimmen. Stérungen in diesem
Riickkopplungsmechanismus, die hdufig durch Mutationen in den GC- oder GCAP-Genen
verursacht werden, sind mit verschiedenen vererbten Netzhautdystrophien verbunden.

Trotz erheblicher Fortschritte sind die genauen molekularen Mechanismen, die der GC-E-
Aktivierung zugrunde liegen, nach wie vor unvollstindig verstanden, was vor allem auf die
strukturelle Komplexitdt und experimentellen Beschriankungen zuriickzufiihren ist. In dieser
Arbeit werden die molekularen Prozesse untersucht, die GC-E von einem inaktiven in einen
aktiven Zustand tiberfithren. Die Hypothese einer Konformationsmodulation durch Rotation
der Transmembrandoménen und Umlagerung der katalytischen Doméne wurde mit Hilfe einer
Kombination aus biochemischen Assays und computergestiitzter Modellierung untersucht. Im
Gegensatz zu der Hypothese, dass eine helikale Rotation die Aktivierung vermittelt
(vorherrschend bei der hormonsensitiven GC-A), unterstiitzen unsere Daten nicht das
Vorhandensein eines a-helikalen Rotationsmechanismus in GC-E.

Ein Hauptaugenmerk dieser Arbeit lag auf der Charakterisierung der krankheitsassoziierten
VI902L GC-E-Mutante, die in Abwesenheit von GCAPs eine konstitutiv aktiv 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 Dimerisierungsdoméne zu beinhalten, die als
kritischer Konformationsschalter dient. Dariiber hinaus zeigte die V902L-Mutante eine Ca*'-
abhédngige Modulation der Cyclase-Aktivitit, unabhdngig von der GCAP-Vermittlung, was mit
einem katalytischen Zwei-Metallionen-Mechanismus {ibereinstimmt, der kompetitive
Wechselwirkungen zwischen Mg?" und Ca*" am aktiven Zentrum beinhaltet.

Zusétzliche Mutagenese-Studien, die auf ein konserviertes Helix-Turn-Helix-Motiv am Rest
L804 abzielten, deckten einen weitreichenden allosterischen Kommunikationsweg innerhalb
des GC-E-Proteins auf. Die Verdnderung dieses Motivs modulierte die katalytische Effizienz
des Enzyms, bei prinzipieller Erhaltung der Funktion. Diese Ergebnisse deuteten an, dass eine
strukturelle Kopplung iiber grof3e Abstinde im Protein zur enzymatischen Kontrolle beitrédgt.
Computergestiitzte Konnektivitidtsanalysen unterstrichen das verdnderte allosterische
Netzwerk in der V902L-Mutante im Vergleich zum Wildtyp und boten eine mechanistische
Erklarung fiir den Phénotyp der Funktionssteigerung.

Vi



Ergénzend zu dieser Arbeit gibt die strukturelle Charakterisierung von GCAP5 aus der
Zebrafischretina Aufschluss iiber das Dimerisierungsverhalten und die Empfindlichkeit von
GCAPS5 und homologer regulatorischer Proteine gegeniiber Metallionen. Mithilfe von NMR-
und EPR-DEER-Spektroskopie konnten wir die Struktur von GCAPS in seinem aktivierenden
Zustand auflosen und spezifische hydrophobe und elektrostatische Wechselwirkungen
identifizieren, die das Dimer stabilisieren. Insbesondere die beiden nicht konservierten
Cysteinreste in GCAPS ermdglichen eine Fe**-Bindung, was moglicherweise eine Verbindung
zwischen der Verfiigbarkeit von Metallionen und der Regulierung der Zyklase in
artspezifischen Zusammenhéngen herstellt.

Zusammengenommen verbessern diese Ergebnisse unser Verstindnis der vielfdltigen
strukturellen und regulatorischen Mechanismen, die Photorezeptor-Guanylatcyclasen und ihre
Modulatoren steuern. Sie bieten wertvolle Einblicke in die Konformationsiibergénge, die der
enzymatischen Aktivierung zugrunde liegen, und werfen ein Licht auf molekulare
Fehlfunktionen, die zu erblichen Netzhauterkrankungen beitragen. Durch die Integration
biochemischer, struktureller und computer-gestiitzter Modellierungen bietet diese Arbeit einen
umfassenderen Rahmen fiir die Aufklarung der Feinregulierung der cGMP-Signaliibertragung
bei der visuellen Transduktion sowohl unter physiologischen als auch pathologischen
Bedingungen.
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Chapter 1: Introduction

The human sensory system is a remarkable tapestry of organs and neural pathways that
collectively facilitate our understanding of and interaction with the world. Among the
traditional senses- smell, 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 tissues such as retina, and cells that detect and convert light stimuli
into neural signals. Through intricate physiological processes, visual information is absorbed
by the retina and transmitted to the brain for interpretation, ultimately culminating in the
perception of the surrounding world. Thus, in daily life, we rely heavily on proper visual
function. However, multiple factors, including aging, smoking, and exposure to UV light, can
impair vision stimuli by damaging retinal tissues. In addition, inherited retinal diseases
contribute to multiple eye disorders. Retinal dystrophies depict both phenotypically and
genotypically heterogeneous group of disorders, with no universal treatment currently
available. Recent pharmacological and technological innovations, such as gene therapy
approaches, retinal cell transplantation derived from stem cell, and electronic devices, have
revolutionized the management of retinal diseases. To fully harness these advancements, a
deeper understanding of the vision process is essential. Decades of research suggest that the
complexity of vision and its signaling events pose significant challenges, necessitating further
exploration. The aim of my PhD research is to investigate the signaling cascade of GC-GCAP
system (GC- guanylate cyclase and GCAP- guanylate cyclase activating protein) involved in
phototranduction with main focus on elucidating the activity control mechanism of membrane
bound guanylate cyclase in phototransduction.

1.1  Vision

The eye comprises several structurally distinct components, each playing a crucial role in the
visual process. The process begins with light passing through the optical components of the
eye, such as the cornea and lens, which collectively refract incoming light to form a sharp
image on a sheet of photoreceptors called the retina, much like a camera lens focuses light onto
a film or sensor (Dowling, 2012). The vertebrate retina, positioned at the back of the eye, then
takes over as the site of sensory transduction. During development, the retina undergoes a
precisely orchestrated process of neurogenesis to produce diverse cell types in an organized
manner. This process is regulated by a network of transcription factors, and disruptions in these
regulatory mechanisms can result in severe eye disorders (Stenkamp, 2015). The retina consists
of six major classes of neuronal cells: retinal ganglion cells (RGCs), amacrine cells (ACs),
bipolar cells (BCs), horizontal cells (HCs), and two types of photoreceptor cells- rods (R) and
cones (C) (Iribarne & Masai, 2017), an overview of the architecture is depicted in Figure 1. In
addition to that, Miiller glial cells are mainly responsible for providing metabolic and
homeostatic support to retinal neurons (Hoon et al., 2014; Wissle, 2004).



The retinal tissue is arranged into distinct layers, each contributing to the encoding and
processing of visual information. Light detection begins in photoreceptor cells, which convert
light into changes in membrane potential. This triggers alternations in the release of the
neurotansmitter glutamate, which mediated communication with second-order glutamatergic
bipolar cells in the outer plexiform layer (OPL), where horizontal cells mediate synaptic
transmission. Two subtypes of bipolar cells exist: rod bipolar cells, which exclusively function
as ON-bipolar cells, depolarizing in response to light, and cone bipolar cells, which can be
either ON or OFF types, responding to light increments or decrements, respectively.

In the inner plexiform layer (IPL), cone bipolar cells form synapses with retinal ganglion cells
and amacrine cells. The IPL is further divided into two sublayers: the inner lamina, where ON-
bipolar cells synapse with amacrine cells and the outer lamina, where OFF- bipolar cells
interact with amacrine and retinal ganglion cells. Amacrine cells modulate the activity of retinal
ganglion cells either by direct inhibition at their dendrites or by feedback inhibition at bipolar
cell terminals. Retinal ganglion cells serves as the output neurons of the retina, transmitting
visual signals to higher brain regions, including the visual cortex (Hoon et al., 2014).
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Figure 1: Schematic overview of the retina showing different layers and the main retinal cell types.
The figure illustration was taken by Biorender (biorender.com) and further modified.

1.1.1 Photoreceptor cells

Vertebrates rely on two types of photoreceptor cells: rod cells and cone cells (Walls, 1942).
These photoreceptors are highly sensitive light detectors, capable of responding to single
photons and mediating sensory input across an astonishing range of 10 orders of magnitude in
light intensity (Koch, 2023). Rod cells are extremely sensitive to light, detecting single photons,
and are essential for vision in dim light (Rieke, 2000). In contrast, cone cells, though less
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sensitive, exhibit faster response times, making them indispensable for bright light vision, high
visual acuity, and color perception (Dowling, 1987; Hoon et al., 2014). Together, these features
underscore the intricate architecture and functionality of the vertebrate retina, tailored to meet
the visual demands of different species as reviewed by Stenkamp (2015). For instance, the
compositions of photoreceptors vary significantly among species. Mice harbor two cone types
that co-express both opsins in varying proportions depending on retinal location, with short-
wavelength-sensitive (S-opsins) dominating ventral retina (80-90%) and middle-wavelength-
sensitive (M-opsins) dominating dorsal retina (80-90%) (Applebury et al., 2000). Humans, by
contrast, possess three cone types sensitive to red, green, and blue light, enabling trichromatic
vision. Zebrafish exhibit even greater diversity, with an additional UV-sensitive cone type
(Iribarne & Masai, 2017). The average human retina constitutes ~ 92 million rods, with cones
accounting for the remaining 4-5 million (Curcio et al., 1990).
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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 synaptic terminal that communicates to downstream retinal neurons. Outer and inner
segment are connected via cilium.

Rods and cones are composed of an outer segment (OS), an inner segement (IS), cell body and
a synaptic terminal (Figure 2). The OS is connected to the IS through a thin connecting cilium.
The outer segment is filled with a dense stack of membrane discs, spaced at intervals of about
28nm. The OS carry the visual pigment (rhodopsin in rods and opsin for cones) and all other
phototransduction components. The size and shape of both photoreceptor cells differ
significantly like for example the OS of mouse rods (which are broadly similar to primate
photoreceptors) is about 1.4 um in diameter and 24 um in length, and about 1.2 um and 13 pm
respectively for cones (Fu & Yau, 2007). Interestingly in rod OS (ROS), the discs are separate
and enclosed by the plasma membrane, whereas in cone discs remain as invagination of the



plasma membrane. The IS contains mitochondria, endoplasmic reticulum and other organelles
necessary for the cellular metabolism. The synaptic terminal transmits light signal further to
other neurons in the retina (Cote, 2006) before signals reach the brain.

1.1.2 Phototransduction

Phototransduction is a biochemical process by which light, captured by a visual pigment
(rthodopsin in rods and opsin for cones) molecule in the OS, generates an amplified
electrochemical signal via a ‘G-protein signalling cascade’- a sequence of reaction initiated by
a G- protein coupled receptors (GPCR) and a cyclic nucleotide-gated (CNG) channel as
downstream target that is directly regulated by the second messenger guanosine -3°,5’-cyclic
monophosphate (cGMP) (Koch, 2023; Koch et al., 2002; Koch & Dell’Orco, 2015; Nakatani
et al., 2002; Pugh & Lamb, 2000).

From as early as the 1940s, to the modern era of mouse genetics, our understanding of
phototransduction has evolved through several key experimental approaches. Initial
psychophysical experiments by Hecht et al. (1942), first suggested that human retina rods can
detect single photons. These findings were confirmed and extended by suction pipette
recordings in the late 1970s (Baylor et al., 1979). Advancements in mouse genetics allowed to
knocked out, overexpress or mutate specific genes in rods, which further accelerated our
understanding of the molecular and cellular processes in rod cells. While the mechanisms
underlying light detection in rods and cones share similarities, the intensive research focus on
rods has provided a comprehensive understanding of their phototransduction, whereas cones
remain relatively less explored (Koch & Dell’Orco, 2015).

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

Phototransduction begins when a photon of light strikes the photoreceptor, it is absorbed by
the chromophore of a seven-transmembrane domain receptor Rhodopsin, causing a change in
the structure of the chromophore from its 11-cis-retinal form to an all-trans configuration,
which triggers a conformational change in rhodopsin activating the photopigment to an active
form, known as metarhodopsin II (Rh*). Activated Rh* then catalyses the activation of
heterotrimeric G protein transducin (T) by causing GDP/GTP exchange on the a-subunit. The
GTP bound a-subunit dissociates from the B/y subunit and in turn activates its effector
phosphodiesterase (PDE6), leading to the hydrolysis of second messenger cGMP to 5’-GMP.
cGMP represents one of the two important second messengers found in the photoreceptor cells.
In dark adapted state the cytoplasmic free cGMP level is relatively high ~ 5 uM keeping a
fraction of cyclic nucleotide-gated (CNG) channels open. Hence a constant influx of positively
charged ions Ca®’, Na' into the cell takes place. Ca®" represents the other important second
messenger in photoreceptors. Flow of Ca®" into the cell is balance by continuous operation of
aNa"/Ca?", K* exchanger, which removes the intracellular Ca?>*, maintaining the intracellular
free [Ca?"] at a resting level of 500-600 nM. Light induced hydrolysis of cGMP leads to closure
of the CNG channel, thus reducing the influx of cations into the outer segment. However,
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because of the extrusion of the Ca** by the exchanger leads to a decrease of free [Ca®'] to a
level below 100 nM (Hwang et al., 2003; Koch & Dell’Orco, 2015; Peshenko & Dizhoor,
2006). The closure of CNG channel therefore leads to membrane hyperpolarization. As a result
this hyperpolarization decreases the amount of glutamate release at the synaptic terminal. The
signaling information is transferred to attached retinal neurons and via the optic nerve to the
brain. The phototransduction cascade in rod outer segments is illustrated briefly in Figure 3.
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Figure 3: Overview of the phototransduction cascade in the rod photoreceptor cell.

Photoactivation of rhodopsin (Rh to Rh*) triggers GDP/GTP exchange in transducing (T), activating PDE, which
in turn hydrolyzes cGMP. The reduction in cGMP causes closure of CNG channels, lowering intracellular Ca?*.
This drop is sensed by Ca?" binding proteins including GCAPs, leading to increased cGMP synthesis via GC
activation. Recoverin dissociates from the GRK1 allowing it to phosphorylate Rh*. Arrestin therefore binds to the
phosphorylated Rh* preventing further transducin activation. The restored cGMP levels reopen CNG channels,
resetting the cascade (taken from Koch & Dell’Orco, 2015).

Following light activation and hyperpolarization, a timely recovery of the photoreceptor cell is
essential inorder to prepare them for new light stimuli, which requires the efficient shut off of
all the exciting steps in the phototransduction cascade as well as rapid restoration of the
exhausted cGMP concentration. The significant reduction in cytoplasmic [Ca**] is sensed by
neuronal calcium sensor proteins (NCS), Recoverin and GCAPs which loses their bound Ca*"
ions and act in a Ca’" mediated feedback system. Termination of activated Rh* is a two step
process. First, Recoverin upon losing its bound Ca*", dissociates from the rhodopsin kinase
(GRK1) thereby allowing GRK1 to phosphorylate Rh*. Second, the protein called arrestin
binds to the phosphorylated Rh, blocking it from further activating transducin. Further,
transducin achieves its inactive state by its intrinsic GTPase activity, which hydrolyses attached
GTP to GDP. Once transducin is inactivated, it dissociates from PDE6, thus restoring the low
basal activity controlled by its small inhibitory y subunits, and thus GPCR signalling cascade
stops. Further depending on the intracellular [Ca*"] GCAPs activate GCs which then convert
GTP to cGMP, resulting in restoration of cGMP level (Palczewski et al., 2004) and reopening
of the CNG channel leading to repolarization of the cell and the photoreceptor's dark state is
restored (Burns & Pugh, 2010; Fu & Yau, 2007; Koch & Dell’Orco, 2015).



1.1.3 GC-GCAP System

A critical element enabling photoreceptors to adapt to changing light conditions is the GC-
GCAP complex system. The GC-GCAP complex regulates cGMP synthesis, counteracting its
decrease upon illumination through a Ca®" mediated negative feedback loop, thereby
facilitating the restoration to the photoreceptor’s initial dark-adapted state (Figure 4).

When cytoplasmic Ca** levels fall following light exposure, GCAPs undergo a conformational
change that relieves their inhibition of GCs. This allows GCs to resume cGMP synthesis,
promoting the reopening of CNG channels and helping the cell return to the dark adapted state
(Pugh & Lamb, 2000). The importance of this GC-GCAP system for restoring photoreceptor
cell function following illumination is well demonstrated in the study by Mendez et. al. (2001),
where mice lacking GCAPs, exhibited a delayed recovery of photoresponse. Without GCAP-
mediated regulation, the timely restoration of cGMP is impaired, prolonging the unresponsive
state of the cell. This highlights the crucial role of the GC-GCAP system not only in restoring
ion balance, but also in ensuring that photoreceptors are rapidly ready to detect new light
stimuli-a critical feature for continuous visual perception.
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Figure 4: GC -GCAP system in ROS

In the dark, when GCAP is in its Ca?" loaded form, the GCAPs interact with GC in a way that GC remains in its
inactive form. Upon light activation, when GCAP start losing Ca®* and turn into Ca?" free/Mg?* bound state, it
stabilizes the GC transition in a way that GC reach to an active state, thereby re-synthesizing cGMP to return to
the dark-adapted state.

Two to eight different isoforms of GCAP exist, in species from fish to human. The apparently
redundant expression of different GCAPs raised questions about the physiological meaning.
Although GCAP1 and GCAP2 form similar three-dimensional structures (Ames et al., 1999;
Stephen et al., 2007), they nevertheless display remarkable differences in their regulatory
properties as shown in a detailed biochemical study of the bovine system concerning activation
profiles of GCAP1 and GCAP2 (Hwang et al., 2003). Apparently, the catalytic efficiency of
ROS-GC1 (Kca/Kwm) is enhanced by both GCAPs. However, the presence of a myristoyl group
in GCAPI significantly impacts its regulation of GC with a catalytic efficiency increasing 25-
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fold, compared to just a 3.4-fold increase with nonmyristoylated GCAPI. In contrast
myristoylation of GCAP2 has only a minor effect on catalytic efficiency, resulting in a 10 to
13-fold increase regardless of whether GCAP2 is myristoylated or not. Additionally, GCAP1
and GCAP2 impact distinct Ca** sensitivity to GC. Activation by GCAP1 is half-maximal
(ICs0) at 707 nM free [Ca®*], while activation by GCAP2 at 100 nM respectively.

The differential regulation of GC by GCAP1 and GCAP2 is a result of their sensitivity to
distinct levels of free intracellular Ca®" (Figure 5). The Ca*" relay model has been proposed by
Koch and Dell’Orco (2013) to describe this coordinated regulation of GC by GCAPs. Studies
using physiological and biochemical data from mice (Peshenko et al., 2011), and from native
bovine and purified recombinant samples (Helten et al., 2007; Hwang & Koch, 2002) have
provided strong evidence supporting the Ca** relay mechanism. It links the differential Ca**
sensitivities of GCAPs to a sequential activation pattern for phototransduction regulation.
GCAPs operate in a calcium relay system, namely, to make gradual responses to small changes
in Ca®". Briefly, after illumination when the free [Ca®'] begins to fall, GCAP1 becomes active
and when the free [Ca?'] further decreases the GCAP2 starts acting on GC. This step-by-step
mechanism of different GCAP isoforms on GC regulation provide a molecular basis for light
adaptation in the vertebrate retina.
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Figure 5: Ca?" dependent activation profile of GC

The grey bar in the back indicates the cytoplasmic Ca?" in the physiological range that changes from high (dark
grey) to a low value (light grey). Activation of GC by GCAPI1 (red line) and GCAP2 (black line) occurs in different
range of free Ca?" indicating the differential regulation of GCAPs following Ca?" relay system (adapted from
Koch & Dell’Orco, 2013).

The significance of this GC-GCAP system is of utmost importance as mutations in both
GCAP1 and GCs that disrupt the Ca** dependent cyclase activation are genetically linked to
retinal degenerative diseases (Behnen et al., 2010; Dell’Orco et al., 2010; Payne, 1998; Sokal
et al., 1998; Wilkie et al., 2001). Therefore, elucidating its tightly regulated mechanism is
essential.



1.1.4 The cGMP cycle in photoreceptor cells

The discovery of cyclic nucleotides cGMP and cAMP traces back to 1963 when Ashman et al.
(1963) first identified these molecules in rat urine. These small but powerful molecules have
been recognized as critical second messengers that orchestrate a wide range of cellular
functions, from growth, differentiation, muscle relaxation to contractility, vasodilation and cell
viability. Acting as intracellular messenger, they translate external signals into precise
physiological responses (Kuhn, 2016).

Cyclic nucleotides are synthesized from ATP or GTP by specific enzymes: adenylate cyclases
(ACs) for cAMP and guanylate cyclases (GCs) for cGMP. In mammals, researchers have
uncovered nine membrane-bound isoforms of AC (AC1-AC9) along with a soluble AC (sAC).
Similarly, GCs exist in soluble (sGC) and particulate, i.e. membrane (pGC) forms, which
convert Mg®" bound GTP into cGMP + pyrophosphate (PPi) as detailed in Figure 6. This
delicate synthesis, coupled with their hydrolysis by phosphodiesterases (PDEs), allows
dynamic changes in intracellular cAMP and cGMP level, finely tuning their cellular effects.

In the retina, the identity of cGMP was resolved in 1985 when Fesenko et al. (1985) discovered
cyclic GMP-gated channels in frog rod outer segments, establishing its central and
indispensable role in the phototransduction cascade, however the contribution of cAMP to
phototransduction is still elusive. Some studies suggest that cCAMP might influence the activity
of PDEG6 (Astakhova et al., 2012; Erofeeva et al., 2023), and as reviewed by Erofeeva N et al.
(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 both long-term and immediate
retinal adaptations.
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Figure 6: cGMP cycle in photoreceptor.

c¢GMP plays a central role in phototransduction, where it is hydrolyzed by PDE6 to 5’GMP. The resulting 5’GMP
is either further degraded to guanosine or recycled back to GTP through enzymatic steps. The regenerated GTP is
then used by the GC to produce cGMP for the dark-adapted state restoration.

1.2  Guanylate cyclases

The mammalian genome encodes multiple isoforms of GCs, broadly categorized into soluble
(sGC) and membrane bound (particulate) (mGC) cyclases. Both 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 roles. The soluble cyclases form heterodimers
comprising of two subunits (o and B) (Derbyshire & Marletta, 2012; Russwurm & Koesling,
2002). A heme group is bound to each subunit (Stone & Marletta, 1995), and the cyclase is
activated by the binding of nitric oxide (NO) to the heme group (Bredt & Snyder, 1994; Katsuki
et al., 1977) with major function in vasodilation and cardiac regulation. The membrane bound
cyclases are homodimeric comprising of seven different forms of proteins GC-A to GC-G,
which are further subdivided into two subfamilies: the natriuretic peptide-activated family,
whose members are activated by the binding of atrial naturetic peptide (ANP) or a related
peptide to an extracellular domain, and the calcium activated subfamily, whose members are
activated by one or more calcium binding proteins that interact with intracellular domains of
the cyclase. The mGCs are transmembrane receptors which share a unique 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 ANP, BNP (brain natriuretic
peptide) regulating blood pressure/volume and energy balance. GC-B serves as a receptor for
C-type natriuretic peptide (CNP) stimulating endochondral ossification in an autocrine way.
GC-C binds to peptides (uro)guanylin and mediate electrolyte and water transport in the gut
(Kuhn, 2016). GC-E and GC-F are expressed in photoreceptor cells which has a pivotal role in
phototransduction and visual recovery (Koch & Dell’Orco, 2015). Finally, in mice two
olfactorial GCs, GC-D and GC-G are expressed that respond to low concentrations of CO»,
guanylins and cold temperatures (Chao et al., 2015; Kuhn, 2016).
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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 GC-B (CNP) serve as receptors for the respective natriuretic peptide, while GC-C
functions as receptor for (Uro) guanylin. GC-E and GC-F act as the retinal guanylate cyclase and regulated by
GCAPs. GC-D and GC-G act as olfactorial and thermosensation receptors (Figure taken from Kuhn, 2016). (B)
Soluble guanylate cyclase lacks an extracellular domain and is activated by nitric oxide binding to the heme
binding domain (HD) (Figure taken from Fitzpatrick et al., 2006).

1.2.1 The retinal guanylate cyclase

In vertebrate retina the GC is expressed in two isoforms ROS-GC1 and ROS-GC2 (Dizhoor,
1994; Lowe et al., 1995), outside the retina the ROS-GC1 are expressed in pineal gland and
olfactory bulb (Duda & Koch, 2002; Duda & Sharma, 2004), in the auditory nerve and the
organ of Corti (Seebacher et al., 1999) in the anterior portion of gustatory epithelium (Duda &
Sharma, 2004) and in the sperm (Jankowska et al., 2014), whereas ROS-GC2 was exclusively
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expressed in the retina. ROS-GC1 and ROS-GC2 are referred to the bovine forms and their
counter parts retGC1 and retGC2, and GC-E and GC-F are referred to human and rat forms
respectively as stated in Table 1. Therefore, irrespective of their species- specificity, these Ca?*
modulated mGCs are chosen as GC-E and GC-F for further description. GUCY2D and
GUCY2F are the genes that encodes GC-E and GC-F, 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

ROS-GC1 RetGCl1, GC-E Bovine Rod outer segment !

RetGC1 ROS-GC1, GC-E Human Photoreceptor layer of retina?
GC-E RetGC1, ROS-GC1 Rat Retina’

ROS-GC2 RetG2, GC-F Bovine Retina*

RetGC2 ROS-GC2, GC-F Human Photoreceptor layer of retina’
GC-F ROS-GC2, RetGC2 Rat Retina®

!Goraczniak et al., 1994.
2Shyjan et al., 1992.
3Yang et al., 1995.
4Goraczniak et al., 1997.
SLowe et al., 1995.

These GCs are multidomain transmembrane protein with a theoretical mass of 110-120 kDa.
In 1991, the first purification of photoreceptor GC was done from bovine rod outer segments
(ROS) by two independent groups (Hayashi & Yamazaki, 1991; Koch, 1991). The GC-E gene
was cloned shortly after its protein purification and shows that native GC-E is glycosylated at
its N-terminus (Goraczniak et al., 1994; Koch et al., 1994). In contrast, to GC-E, the sequence
of GC-F indicates that it is not glycosylated at the N-terminus (Goraczniak et al., 1997; Lowe
et al., 1995). Among all membrane GCs cloned to date, GC-E is the only one identified based
on part of its protein sequence. The gene that encodes GC-E is GUCY2D and in humans, located
on chromosome 17p13.1 (Oliveira et al., 1994). Interestingly, in the same time frame Koch and
Stryer reported evidence that the exquisite sensitivity of photoreceptor GC to Ca’" was
conferred by a soluble protein (Koch & Stryer, 1988) followed by cloning of the GC regulators
named GCAP1 and GCAP2 (Dizhoor et al., 1995; Palczewski et al., 1994). Collectively, these
investigations paved the way for in-depth studies on retinal GCs and their activating proteins
(Sharma & Duda, 2012).

1.2.2 Structure of Guanylate cyclase

GC-E is a single transmembrane spanning homodimer protein which is divided into two main
parts, the extracellular domain (ECD) and intracellular domain (IcD), separated by the
transmembrane domain (TMD). The IcD consists of a juxtamembrane (JMD), a kinase
homology (KHD), a dimerization (DD), and a catalytic (CD) domain. The classification,
structure, and molecular characterization of IcD subdomains in GC-E have undergone
significant advancements in recent years.
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Extracellular domain (ECD)- Located at the N-terminus, this domain resides in the
intradiscal space (lumen) of photoreceptor rod outer segments. To date, no ligand has
been identified that’s binds to it to regulate GC-E activity, as the GC-E activity is
primarily controlled intracellularly. Studies using heterologous expression systems
have shown that the entire ECD of GC-E can be removed without affecting its
enzymatic activity or its regulation by GCAPs (Laura et al., 1996; Peshenko et al.,
2010), suggesting ECD is not necessary for cGMP synthesis. While its exact function
remains unclear, a point mutation (S248W) in the ECD of GC-E leads to congenital
blindness (LCAT) in human (Jacobson et al., 2013), indicating this domain is crucial
for proper vision. It may contribute to protein trafficking, stabilization of GC-E
homodimers, or interactions with other proteins (Karan et al., 2010).
Transmembrane domain (TMD)- TMD is a single spanning transmembrane domain
that divides GC-E into two segments EXD and IcD. A mutation study addressing
different regions demonstrated that TMD is essential for stabilizing the CD and
ensuring proper alignment of successive modular domain (JMD, KHD, DD and CCD)
for efficient catalysis. Thus, TMD plays a crucial role in maintaining basal catalytic
activity by anchoring GC-E in the membrane (Ravichandran, 2017).

Juxtamembrane domain and kinase homology domain (JMD/KHD)- The JMD was
initially considered part of KHD. However, sequence analysis reveals that this 115-
amino-acid region is highly conserved between GC-E and GC-F but shares only ~7%
homology with peptide receptor guanylate cyclases such as NPR-A, NPR-B, and STaR
(Lange et al., 1999) and therefore renamed as separate region JMD. The JMD connects
directly to the TMD and connects the extracellular and intracellular region. JMD is
followed by KHD and the CD. The KHD probably harbours a kinase activity for
autophosphorylation (Aparicio & Applebury, 1996) as well as ATP and Mg** binding
sites. The autophosphorylation is independent of GCAPs or upstream
phototransduction activity, although an intact KHD is essential for GC-E activity
(Bereta et al., 2010).

Dimerization domain (DD)- DD connects the KHD to the CD, further it links the
catalytic center of two domains to form a catalytic center. This linker region adopts a
coiled-coil (Ramamurthy et al., 2001) or alpha helical structure (Saha et al., 2009; Zagel
et al., 2013), necessary for GCAP dependent regulation.

Catalytic domain (CD)- CD is located C-terminal to the DD. The two CD from both
subunits of GC forms a catalytic center in which GTP binds and is converted to cGMP.
The GTP substrate binding sites are the four residues Asp890, Arg981, Alal013 and
Lys1051. There is strong homology between adenylate cyclase and guanylate cyclase
catalytic domains and so far, no complete crystal structure of mGCs or of the CD is
known. However, the CD of a soluble GC derived from Chlamydomonas reinhardtii
(Winger et al., 2008), of human sGC (Allerston et al., 2013) and adenylate cyclase
(Tesmer et al., 1997) was solved. These structural studies reveal that the CD consists of
B-strands and a-helices, forming a homodimer wherein the two monomers are arranged
in an antiparallel orientation, with their N- and C- termini oriented oppositely. (Duda et
al., 2012; Venkataraman et al., 2008).
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e (C-terminal extension (CTE)- The CD is followed by an additional CTE (Goraczniak
etal., 1994). This region contains binding sites for two calcium sensor proteins, GCAP2
and S100B, which play crucial roles in GC-E regulation (Duda et al., 2002, 2005).

Multiple regions of photoreceptor GC-E are involved in binding and/or regulation by GCAPs
(Peshenko et al., 2015; Sulmann et al., 2017; Zégel et al., 2013), yet the exact interaction
mechanism and the precise locations of the binding sites in target GCs remain under debate
(Peshenko et al., 2015; Sulmann et al., 2017). The vast domain organization of GC-E and the
involvement of all its regions in proper functioning raise important questions about the
mechanism underlying its activation. Does GCAP induce a conformational transition in GC-
E or does GC-E itself undergo some form of rotation in its TMD, transitioning from an inactive
to an active state, similar to the TMD rotation involved in the activation of its isoform GC-A
(Parat et al., 2010)? Alternatively, as described by Maruyama (2015), all cell surface receptors
seem to follow a common rotational activation mechanism, but whether this mechanism
operates in for GC-E is unclear. Understanding these mechanisms could provide crucial
insights into the broader regulatory principles governing GC and their role in signaling,
therefore, my first approach was to investigate whether GC-E activation involves a rotation
mechanism.

1.2.3 The rotational mechanism in cell surface receptors

Transmembrane, cell-surface receptors often transmit extracellular signals across plasma
membrane to the cytoplasm via a TMD. A characteristic feature of such receptor is receptor
dimerization upon ligand binding leading to its activation (Endres et al., 2014). However, many
receptors do exist in constitutively dimeric form prior to ligand binding but in an inactive state.
This leads to the question how does a preformed dimeric receptor becomes activated by ligand
binding?

Unlike soluble proteins, membrane-bound 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 four principal motions:
translation, piston, pivot and rotation (Matthews et al., 2006). During transmembrane signaling,
TMD rotation is energetically more favorable than their lateral movement against the lipid
bilayer barrier. As reviewed by Maruyama (2015) many receptors like receptor tyrosine kinases
(RTKs), cytokine receptors and other cell-surface receptors such as GC-A (also known as
NPRA) from the guanylate cyclase family, utilize a rotational mechanism for activation. In the
proposed ‘‘rotation model’’ ligand binding to the ECD initiates some form of rotation in the
TMD, which then reorganizes or stabilizes the IcD. This structural shift facilitates the
receptor’s transition from an inactive to an active state (Figure 8), suggesting that rotation is a
common mechanism for cell-surface receptor activation.
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Figure 8: ‘“‘Rotation model’’ as a common mechanism for cell-surface receptor activation

Prior to ligand binding, the receptor exists in dimeric form and in 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 signaling (taken from Maruyama, 2015).

More than 140 mutations in the GUCY2D gene, which encodes photoreceptor GC-E, have been
linked to various retinal disorders, including Leber’s congenital amaurosis (LCA1) and cone-
rod dystrophies (CRD), often resulting in blindness or severe visual impairment (Sharon et al.,
2018). To thoroughly investigate the correlation between different regions of GC-E and its
catalytic mechanism, a deep understanding of its conformational changes is essential.
However, the lack of native GC-E structural data has made this challenging. Recently,
Rehkamp et al. (2021) presented the 3D structural analysis of full-length GC-E from bovine
retina using cross-linking mass spectrometry combined with computational modeling,
providing valuable insights into its conformation. Rehkamp et al, modified the previously
known IcD by suggesting a novel domain organization formed of a KHD, an a-helical domain
(aHD), and the cyclase catalytic domain (CCD). This aHD links the KHD to the CD and
featuress a highly conserved helix-turn-helix motif at its N-terminal extension found in
topologically related proteins (Gajiwala & Burley, 2000). It also contains the formally assigned
DD, which play a cruicial role in dimerization and is proposed to serve as a GCAP binding
interface or regulatory control module (Peshenko et al., 2015; Zagel et al., 2013).

Notably, several amino acid residues within this region are mutated in GC-E of patients with
autosomal dominant cone-rod dystrophy (adCRD), making it a key ‘‘hot spot’” for retinal
diseases (Sharon et al., 2018). Moreover, mutations in GC-E are found across all domains, with
functional studies often showing a substantial decline in GC-E activity due to point mutations,
with an exception for VO02L mutant, causing CRD, which leads to constitutively active GC-E
exhibiting high activity (Wimberg et al., 2018). Therefore the structural evidences provided by
Rehkamp et al. (2021), has been used as a cruial tool for my thesis on understanding the activity
control of GC-E.
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1.2.4 Retinal GC is a part of multi-protein complex

GCs have been found to be associated with Triton X-100 insoluble cytoskeletal protein
axonemes (Fleischman & Denisevich, 1979). A co-immunoprecipitation study demonstrated
interaction of GC with Actin (Hallett et al., 1996) and another direct study showed further that
GC-E, the alpha subunit of tubulin, and GCAP1 form a complex (Schrem et al., 1999), which
potentially controls the light dependent translocation of transducin (Rosenzweig et al., 2009).
Additionally, GC-E was found to be a major component of a multi-protein complex in rod, but
not cone, photoreceptors, assembled by glutamic-acid-rich proteins (GARPs) (Korschen et al.,
1999). Two proteins RGS9 (regulators of G protein signaling) (Seno et al., 1998) and RD3
(retinal degeneration protein) (Peshenko et al., 2011 b) act as a negative regulators, which
inhibit GC-E cyclase activity. RD3 also found to be necessary for correct translocation and
cellular localization of GC-E (Azadi et al., 2010; Wimberg et al., 2018; Zulliger et al., 2015)

GCs are regulated by Ca®" sensor proteins GCAPs, upon encountering changes in cytoplasmic
Ca’* as a Ca®" feedback loop system. Apart from GCAPs other calcium sensors proteins
Neurocalin 6 (Venkataraman et al., 2008) and S1008 (Duda et al., 1996) target to bind GC and
regulate GC activity opposite to GCAP, in a calcium dependent manner modulating the signal
transmission in cone ON-bipolar cells (Wen et al., 2012).

1.3  Guanylate cyclase activating protein (GCAP)

GCAPs are a class of neuronal calcium sensor (NCS) proteins, a subclass of the calmodulin
superfamily of proteins. GCAPs play a crucial role in photoreceptor signaling (Ames & Lim,
2012) and have similar structures like recoverin, which is also a part of the negative feedback
loop in photoreceptor cells (see above and Figure 3).

In higher mammals, two predominant GCAP isoforms- GCAP1 and GCAP2 are expressed in
photoreceptor cells. GCAP1 is encoded by the GUCA 14 gene, mapped to chromosome 6p21.1
(Subbaraya et al., 1994), while GCAP2 is encoded by the GUCAIB gene. Using PCR analysis
and sequencing Surguchov et al. (1997), showed that these two genes are arranged in a tail-to-
tail array on the short arm of chromosome 6. In addition, GCAP3, encoded by GUCAIC gene,
(Haeseleer et al., 1999) is a cone specific isoform found in primates and some fish species but
is absent in mice. Zebrafish retina on the other hand expresses a total of six GCAP variants
(zGCAPI, 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 stimuli (Wen et al.,
2014).

GCAPs are expressed in both rods and cones, but their subcellular localization differs between
isoforms. GCAPI is predominantly localized in the outer segments of rods and cones, as well
as in synaptic terminals, and some cone somata, as shown in bovine and primate retinas (Frins
et al., 1996; Gorczyca et al., 1995). In contrast, GCAP2 is mainly found in the inner segments,
cell bodies, and synaptic terminals, particularly of cone photoreceptors. In bovine retina,
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GCAP2 labeling is strongest in rod inner segments and cone myoids, while signal in the outer
segment is weak—correlating with low GCAP2 content detected in rod outer segment (ROS)
fractions (Gorczyca et al., 1995; Otto-Bruc et al., 1997). Interestingly, GCAP2’s distribution
appears more dynamic and possibly regulated, suggesting distinct functional roles beyond GC
regulation. These findings point toward complementary roles for GCAP1 and GCAP2 within
distinct subdomains of the photoreceptor cell. Moreover, GCAP translocation to the outer
segment has been reported to depend on its binding affinity for GCs, potentially acting as a
targeting mechanism from inner to outer segment (Lopez-Begines et al., 2018).
Functionallly, GCAPs act as Ca*' sensitive regulators, responding to intracellular Ca*"
fluctuations through conformational change that modulate GC activity (Koch & Dell’Orco,
2013). They activate photoreceptor GCs at low Ca** concentrations and physiological Mg**
levels and inhibit it at high Ca®" levels, allowing photoreceptors to adapt effectively to changes
in light intensity (Peshenko & Dizhoor, 2006).

On a molecular level, GCAPs contain EF-hand motifs, which are specialized helix-loop-helix
structures that facilitate Ca?>" and Mg** binding. Among the four EF-hands present in GCAPs,
three (EF-hands 2, 3, and 4) are functionally active in Ca*" binding, while EF-hand 1 does not
bind Ca*". The exact nature of Mg>* binding remain debated, with some studies suggesting that
all three EF-hands bind both Ca*" and Mg** (Peshenko & Dizhoor, 2006), while it has been
proposed that GCAP1 binds functionally to Mg?" at EF2 which is required for GC-E activation
(Lim et al., 2009). Additional insights into these regulatory states have come from structural
studies, where Marino et al. (2015) demonstrated that Mg?* binding significantly influences
the conformational and functional states of GCAPs. Specifically, Mg?" binding stabilizes a
compact, GC-activating conformation of GCAP1 under low Ca** state, emphasizing its role in
photoreceptor light adaptation.

1.3.1 Ca* -myristoyl switch

The Ca**-myristoyl switch, a mechanism observed in some neuronal calcium sensor (NCS)
proteins like recoverin, involves a conformational change where the myristoyl group is exposed
in the Ca**-bound state and buried in the Ca**-free state (Ames et al., 1997). This myristoyl
switch could be an important regulatory step in phototransduction. The N-terminal consensus
sequence recognized by N-terminal myristoyl transferase (NMT) enables posttranslational
modification with small fatty acids, such as myristic acid, in guanylate cyclase-activating
proteins (GCAPs) (Bereta & Palczewski, 2011). However, while guanylate cyclase-activating
proteins (GCAPs) and recoverin variants share structural similarities, a classical Ca**-myristoyl
switch is absent in most GCAPs and zebrafish recoverin variants (Elbers et al., 2018; Hwang
& Koch, 2002; Olshevskaya et al., 1997). Instead, GCAP1 exhibits a "Ca*-myristoyl tug"
mechanism that influences Ca®" sensitivity and target regulation (Peshenko et al., 2012),
whereas GCAP2 interacts with lipid bilayers, though its Ca**-dependent conformational
changes remain unclear (Theisgen et al., 2011). Myristoylation also affects GCAPs subcellular
localization, with unmyristoylated GCAPI1 largely retained in the inner segment, while GCAP2
still localizes to rod outer segments, albeit less efficiently (Lopez-Begines et al., 2018). Unlike
recoverin, GCAP1 and GCAP2 maintain their myristoyl groups inside a hydrophobic pocket
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regardless of Ca?* binding, which plays a role in modulating their interaction with GC-E and
influences their physiological function (Hwang & Koch, 2002).

1.3.2 Ca? sensitive regulation and dimer formation

GCAPs exhibit distinct Ca** sensitivity in regulating GC activity and binding Ca**, forming
the molecular foundation of the Ca®"-relay model, where GCAP1 activates the target GC at
higher Ca?" concentration, while GCAP2 takes over as Ca*" level drop (Hwang et al., 2003;
Koch & Dell’Orco, 2013; Mendez et al., 2001; Vinberg et al., 2018). GCAP3 has been shown
to activate GC-E similarly to GCAP1 but with lower maximal efficiency (Avesani et al., 2022).
However, conflicting studies on bovine GCAPl and human GCAP3 leave its precise
physiological role uncertain (Haeseleer et al., 1999).

GCAPI1 and GCAP2 regulate GC activity through a monomer-dimer equilibrium that is
influenced by Ca?* and Mg*" levels. GCAP1 has a significantly higher propensity for
dimerization in the Ca*-bound state, than in the Ca?*"-free/Mg?**-bound state, because the
monomers exhibit about 5-8 times higher affinities when forming dimers (Boni 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 high-affinity 2:2 complex with GC, stabilizing its activity. However, some
evidence indicates that GC binding may interfere with GCAP1 dimerization due to overlapping
interaction sites (Ames, 2021; Koch, 2023; Peshenko et al., 2010).

In contrast, GCAP2 also forms dimers (Ermilov 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 bonds (Pettelkau et al., 2013). These
intermolecular polar contacts in the GCAP2 dimer are not conserved in the other GCAPs and
the overall quaternary structure of the GCAP2 dimer is very different from that of GCAP1. The
interaction with the target GC plays a crucial role in shifting the monomer-dimer equilibrium
(Ames, 2021). However, it remains under debate whether GCAP1 and GCAP2 bind to
overlapping or distinct interaction sites on GC-E (Peshenko et al., 2015; Sulmann et al., 2017).

1.3.3 The Zebrafish GCAPs system

The zebrafish is one of the most valuable model organisms used for investigating genetic and
functional aspects in sensory cells, due to its rapid development from a transparent embryo to
an adult fish within three months (Bilotta & Saszik, 2001), in addition the larvae respond to
visual stimuli as early as 3-5 days post fertilization (dpf). In zebrafish rod and cone cells
express a total of three sensory GCs (zGC1, zGC2 and zGC3) and six different GCAP isoforms.
Transcription of zGC3 and four GCAPs (zGCAP3, 4, 5 and 7) are shown exclusively found in
cones (Imanishi et al., 2004; Ritscho et al., 2009) and protein level expression has been
demonstrated for zGCAP3 (Fries et al., 2012). The zGCAP1 and zGCAP2 isoforms, are
however expressed in rods and UV cones. This vast variety of transcription and protein
expression pattern of zGCs and zGCAPs might indicate adaptation to the specific challenges
of the aqueous habitat (Rétscho et al., 1/2010b).
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These six zGCAP isoforms can be grouped in two categories of different Ca** sensitivities,
zGCAP4, 5 and 7 regulating GC activation profile at higher Ca?" (= 400nM) and zGCAP1-3
at low Ca*" (= 30nM) (Koch, 2013; Scholten & Koch, 2011). This differential Ca®" regulation
of zGCs activity agrees with the Ca** relay model discussed above.

Notably, the zGCAPS isoform differs from the other variants in several aspects. Compared to
other GCAPs regulatory property of GCAPs activating GC, zGCAPS has a low potency to
activate the GC in a Ca®?" dependent manner (Scholten & Koch, 2011). Unlike GCAP1 and
GCAP2, GCAPS can activate GC in both Ca®* free and Ca>" bound states, though with lower
potency.

It has a more divergent amino acid sequence among other zGCAPs, containing non-conserved
cysteine residue (Cys15 and Cys17) that enable Fe?" and Mg?* binding. The GCAP5 was found
to exist in dimer form in solution in both Fe** free and Fe?"- bound state (Lim et al., 2017). A
structural model determined by an NMR-guided homology modeling approach exhibited Fe?*
bound GCAP5. A single Fe?* ion binds two GCAPS5 molecules into a dimeric complex. This
Fe?" binding seems to trigger a switch in the GCAP5 dimer, transitioning it from the Fe**
free/activator state to the inactivate state, suggesting GCAPS may function as an Fe?" sensor in
phototransduction (Lim et al., 2017).

The dimeric structure of GCAPS is similar to that of GCAP1 dimer (Lim et al., 2018), as both
proteins contain key hydrophobic amino acids in the monomer-monomer interface. Mutations
in the dimer interface of GCAP1 (H19R, Y22D, F73E and V77E) abolish protein dimerization
affecting regulation of GC activity (Lim et al., 2018; Peshenko et al., 2014). It is therefore
interesting to determine whether the preformed GCAPS dimer does affect cyclase activity in a
similar manner.

1.4 Retinal degeneration protein (RD3)

Retinal degeneration protein 3 (RD3) is a 23 kDa protein encoded by the RD3 gene (formally
the Clorf36 gene) (Lavorgna et al., 2003). The name derives from the fact that truncation or
mutation on it can cause photoreceptor degeneration and severe early-onset vision loss in Leber
congenital amaurosis 12 (LCA 12) patients. Results from animal models like the rd3 mouse
(Friedman et al., 2006) and the rcd2 collie (Kukekova et al., 2009) highlighting the crucial role
of RD3 in the survival of photoreceptor cells. Co-localization and immunoprecipitation studies
revealed that RD3 co-localizes, and directly interacts with GC-E and GC-F in the retina and
plays a crucial role in their stable expression and membrane trafficking from inner to outer
segments in rod and cone photoreceptors (Azadi et al., 2010). These findings shed light on the
molecular mechanisms underlying photoreceptor degeneration in LCA12 patients and rd3
mouse.

RD3 is a high affinity allosteric modulator of the cyclase, which inhibits GC activity at
submicromolar concentrations and act as a negative regulator of GC, ensuring proper guanylate
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cyclase function by preventing premature cGMP synthesis in photoreceptor cells (Peshenko et
al., 2011), however it does not change the Ca?* sensitivity regulation of GC-E by GCAPs.

Although it has been observed that RD3 compete with GCAPs for regulating GC activity
(Peshenko et al., 2011, Figure 2), the precise nature of this competition between GCAPs and
RD3 for the same target remains unresolved and the exact RD3 binding site on GC-E is still
unknown. Evidence suggests that the binding sites for GCAPs and RD3 overlap in the three-
dimensional GC-E structure, as mutations in the KHD domain disrupt both interactions
(Peshenko et al., 2016). With the growing evidence of RD3 function in photoreceptor and GC-
E trafficking process, a thorough understanding of its mechanism and their interaction study of
whether GCAPs and RD3 compete/overlap for same target site is much needed.

Previously in the Division of Biochemistry (University of Oldenburg), Dr. Hanna Wimberg
investigated the effects of negative GC regulator RD3 on GC-E mutants. Interestingly, while
GCAP activated GC-E was completely inhibited by RD3 at concentrations above 100 nM, with
an ICso value (the Ca®" concentration required for half-maximal inhibition of GC-E activity) of
68 nM, the mutant V902L exhibited a significantly higher ICso value of 250 nM compared to
the wildtype (Wimberg et al., 2018). This suggests a possible alteration in RD3 binding affinity
or regulatory dynamics in the mutant, warranting further investigation.
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Objectives

Main Objective

Although guanylate cyclase (GC) is the key enzyme playing role in phototransduction, there is
little known about its in-depth mechanism. In order to ascribe a certain function of it, it is
important to first elucidate the activity control of membrane bound guanylate cyclase i.e. the
mechanism behind its transition from an inactive to an active state. Accordingly, my thesis is
an attempt to understand the activation mechanism of photoreceptor guanylate cyclase in the
phototransduction, with an emphasis on its structural conformation changes and functional
dynamics, and the involvement of allosteric communication between various region or
domains.

1. How does photoreceptor guanylate cyclase reach from an inactive state to an active
state?

Maruyama (2015) hypothesize a common mechanism of a-helix rotation for membrane-bound
receptors for an active cyclase, which has been experimentally proven by Parat et al. (2010)
for GC-A. Based on this hypothesis, we applied a similar experimental approach in our study
to simulate a rotational switch in the transmembrane domain. Therefore, a combination of
experiments was conducted with heterologous protein expression in HEK293T cell, which
aimed to:
= Generation of GC-E mutants by poly-alanine insertion into GC-E in positions that seem
critical for a rotational activation step, e.g. near the transmembrane region.
= Test on whether poly alanine mutants of GC-E are constitutively active (indicative of a
rotational mechanism). The results are presented in Chapter 2 presenting a published
manuscript.

2. Does the mutation V902L in GC-E causing constitutive activation to stabilize the
transition state?

After disproving the initial hypothesis, we extended the project by comparing conformational
changes in GC-E with those in GC-E carrying a point mutation (V902L). This mutation, is
found in patients suffering from retinal cone-rod dystrophy and leads to a constitutively active
state of GC-E. This thesis aimed to:

=  Perform enzymatic kinetic analysis of GC-E and V902L mutant

= Understanding protein dynamics using Molecular dynamics simulations approach.

The computational approach based on all-atom molecular dynamics simulations was done by

collaborating with Fabian Schuhmann and Prof. Ilia Solov’yov from the Institute of Physics
(quantbiolab) at University of Oldenburg. The results are presented in Chapter 2.
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3. Deeper investigation of the GC-E mutant V902L concerning Ca?* dependency and
allosteric communication

Upon discovering that the swinging motion of the dimerization domain of GC-E is a key
conformational switch regulating cyclase going from the low-to-high activity state and
preliminary findings as indicative of Ca®" effect on the constitutively active V902L mutant in
the absence of its regulator GCAPs, we further elaborate our study which aimed to:
» Determine the Ca?>" dependency of V902L in the absence of its regulator GCAPs.
= Further to study the possible allosteric effects in V902L within its interacting subunits
and comparing it with wild type. The results are presented in Chapter 3.

4. Pursuing the V902L study triggered a project to bring the mutant by additional
mutation its original native-like state.

Restoring GC-E to its basal activity state would be a key step in phototransduction paving a
way in the therapeutic industry for the development of therapeutics to inherited retinal diseases.
The conformational changes observed in the aHD suggest a dynamic transition between low
and high activity states. To explore this further, we sought to modify or disrupt a critical residue
in the aHD to elucidate the plausible effect, for this we aimed to:
= QGenerate a double mutant (L804P/V902L), which was introduced at the background of
V902L ¢cDNA and check for cyclase activity through functional assays.
= Further incorporate the double mutant into structural models to perform computational
analyses of its conformational and connectivity changes. The results are presented in
Chapter 3.

Secondary objective

During the investigation of GC-E regulation with and without GCAPs as described above, a
side project had emerged, regarding GCAP- dependent control of guanylate cyclase activity.
= Characterizing the conformational dynamics of GCAP5 (a GCAP homologue from
zebrafish).
= Studying the role of GCAPS5 dimerization in GC activation.

The GCAPS dimerization is required for the guanylate cyclase activation, so I was involved to
characterize the activity of GC-E in the presence of different GCAPS5 mutants, which were
located at the dimer interface and designed to disrupt the dimerization of GCAPS. In a joint
manuscript with the group of Prof. Jim Ames (UC Davies, California, USA), we successfully
published the results presented in Chapter 4 (Figure 6).

These objectives outlined above were addressed in three publications- Chapter 2, 3 and 4
presenting a published manuscript. In addition, the thesis consists of a part with unpublished
methods and results which may be relevant for future research.
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Abstract

Membrane-bound 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 hormone-receptor type GCs 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 cyclase-activating proteins. A rotation model of activa-
tion involving an o-helix rotation was described as a common activation motif among hor-
mone-receptor GCs. We tested whether the photoreceptor GC-E undergoes an a-helix rotation
when reaching the active state. We simulated 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 GC-E. The mutation V902L is found in pa-
tients suffering from retinal cone-rod dystrophies and leads to a constitutively active state of
GC-E. We analyzed enzymatic catalytic parameters of wildtype and mutant GC-E. Our data
shows no involvement of an a-helix rotation when reaching the active state indicating a differ-
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 all-atom molecular dynamics simulations. We detected a swinging movement of the
dimerization domain in the V902L mutant as the critical conformational switch in the cyclase

going from the low-to-high activity state.
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Introduction

Membrane-bound guanylate cyclases (GCs) are single-pass transmembrane proteins and
operate as key enzymes in diverse physiological processes by synthesizing the second
messenger guanosine-3’, 5'-cyclic monophosphate (cGMP). The functional state of the enzyme
requires a homodimeric topology and the different GC sub-groups 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) and a catalytic
domain (CCD). GC-subgroups, however, differ remarkably in their regulatory features.
Extracellular ligands as natriuretic peptides activate hormone receptor GCs and regulate blood
pressure, skeletal growth, and water transport. A second subgroup operates in sensory cells
mediating phototransduction, chemosensation and thermosensation [1-3]. GC-E and GC-F
(also dubbed ROS-GC1/2, retGC1/2) are expressed in vertebrate rod and cone photoreceptor
cells. Both enzymes are not activated by external ligands; they are instead regulated at the
cytoplasmic part by guanylate cyclase-activating proteins (GCAPs) in response to changes in
free cytoplasmic [Ca*>"]. GCAPs operate in a gradual step-by-step activation pattern shaping,
thereby the photoreceptor light response [4-8]. Several regions in photoreceptor GC-E
participate in binding and /or regulation by GCAPs [9-11], but the interaction mode and the
location of binding sites in the target GCs are still a matter of discussion [10, 11]. Mammalian
photoreceptor GCs further bind to several other signalling proteins (for review [12]), including
the retinal degeneration protein 3 (RD3) that has a strong inhibitory effect and is involved in
GC trafficking [13, 14]. The molecular mechanism of these control steps is unknown so far.
Membrane-bound hormone-regulated GCs are in a preformed dimeric, but inactive state prior
to ligand binding or before receiving a triggering activation signal. A rotation mechanism was
proposed for the natriuretic peptide-receptor A (GC-A) involving the juxtamembrane region
that is located between the TM and KHD regions (for review [15, 16]). This hypothesis of an
activating rotation mechanism was experimentally investigated by testing mutants of GC-A for
GC activity by successive integration of up to five alanine residues close to the N-terminal end
of the TM region. The main conclusion of this work was that binding of the natriuretic peptide
ligand triggers an o—helix rotation in the TM domain, which is further transmitted to the CCD
[17]. By this mechanism, GC-A switches from the inactive to the active form. However, it is
unknown whether all membrane GCs or even all transmembrane cell-surface receptors operate
via this mechanism [16].

Sensory GCs like GC-E and GC-F are not activated by external ligands. Switching these GCs

to the active state requires a change in free [Ca®‘] that is detected by guanylate cyclase-
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activating proteins (GCAPs) acting as intracellular Ca**-sensor proteins and activity regulators
of GC-E and GC-F [2, 4, 5-8]. This activation step differs fundamentally from those triggered
by the binding of extracellular ligands. Further, photoreceptor GC-E can interact with mutant
GCAP1 variants forming a constitutively active state under physiological free [Ca®'] that
persist even under conditions of non-physiologically high free [Ca®"]. These mutations in
GCAP1 correlate with forms of retinal diseases and are discussed as the molecular cause of
visual impairment diagnosed in affected patients [18-26]. More recently, Wimberg et al. (2018)
described a valine/leucine point mutation in human GC-E in amino acid position 902 (V902L
mutant) [27]. The amino acid substitution leads to a constitutively active GC-E showing only
a small additional activation by GCAP1 or GCAP2. The point mutation apparently facilitates
a conformational change to the active state of GC-E that does not need the stabilizing regulatory
interaction with either one or two of the GCAP Ca**-sensors. This conformational transition
appears like the results obtained with the alanine mutants of GC-A, in which 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 membrane-bound GCs or not. We have tested whether one can induce
a similar constitutive activation of GC-E by integration of alanine residues close to the 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 GC-E and correlates with cone-rod dystrophy
in a patient [27]. We further analyzed the impact of the point mutation by molecular dynamics
simulations using three-dimensional structural data of bovine GC-E.

Results

Test of the rotation model in GC-E activation process

Integration of one alanine residue in an a—helical secondary structural region would induce a
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 region or other 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 no Ca?*-dependency of the
GC-E activity. To challenge our hypotheses, we cloned GC-E constructs that harbored up to
five additional alanine residues (Figure 1B) and tested the heterologous expression of the
recombinant GC-E mutants in HEK293 cells. All GC-E variants expressed in the HEK293 cells
and are suitable for subsequent functional tests. The expression was probed employing
immunoblotting with anti-GC-E antibodies in the HEK293 cell membrane preparations

(Supplementary Figure S1).
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Figure 1. Hypothesis about photoreceptor GC-E reaching the active state. (A) Activation of
GC-E by GCAPs could trigger a rotation in the cytoplasmic part of GC-E, leading to the active
state. The point mutation V902L leads to a constitutively active state of human GC-E [27]. (B)
Insertion of Ala residues (red) after the TM region of human GC-E.

Enzymatic GC assays were performed in the presence and absence of GCAP1 and GCAP2 at
high and low [Ca*"]. GC activities were compared with those obtained with wildtype (WT)
GC-E. Figure 2 summarizes the activity profiles of GC-E variants and the regulatory impact of
GCAPI1 and GCAP2 on the WT and the alanine mutants at low (grey bars) and high (black
bars) free [Ca®"]. First, the activity of WT GC-E showed a strong dependency on free [Ca®']
and GCAPI, but it was less sensitive to GCAP2 (Figure 2A and B, notice different scaling),
which agreed with previous observations [18, 19, 27]. Integration of more than one alanine
residue caused a 30-50% decrease in GCAP1 sensitivity without having a significant effect on
the Ca?*-inhibited state (Figure 2A). Testing the alanine mutants in the presence of GCAP2
resulted in a similar outcome. A low activation rate of WT GC-E by GCAP2 was observed
when alanine mutants were incubated with GCAP2, yielding either identical (1Ala in Figure
2B) or 50-70% lower activation levels (Figure 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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Figure 2. GC activities of Ala mutants and WT human GC-E. (A) Ala mutants were incubated
at low (< 10 nM, grey bars) and high (33 uM, black bars) free [Ca®'] in the presence of 5 uM
human GCAP1 (n = 3). Control incubation of WT GC-E with GCAPI1. (B) Similar to A,
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GCAP2 was present instead of GCAP1 (n = 3). (C) Incubation of Ala mutants and WT GC-E
in the absence of GCAPs at high and low [Ca?] (n = 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 GC-E indicating that the activation mechanism of GC-E appears
different from that hypothesized for natriuretic peptide receptor A (GC-A).

Kinetic analysis of the constitutively active GC-E mutant V902L

The point mutation V902L in human GC-E causes cone-rod dystrophy (CRD) and so far is
unique among mutations correlating with CRD in patients [27, 28]. The mutation turns GC-E
into a constitutively active state, which displays only limited GCAP sensitivity. To gain 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 (Mg-GTP) concentration, both in the presence and absence of GCAPI and
GCAP2. Direct plots of GC activity versus [Mg-GTP] showed in all cases a sigmoidal curve
indicating a cooperative process (Figure 3). Activation rates of GC-E in the presence of GCAP1
saturated above a substrate concentration of 1 mM GTP, reaching a Vmax of 11.33 pmol/pg x
min (Figure 3A). Similar results were obtained for the V902L mutant (Figures 3C and D). WT
GC-E showed a 10-fold lower activation rate by GCAP2 (Figure 3B, note different scaling) in
agreement with previous reports [18, 19, 27], and the curve did not reach saturation over the
tested concentration range of Mg-GTP. All other activation curves saturated at the Vmax values
between 7 and 11 pmol/min/pg of protein. Figure 3E demonstrated the constitutively active
state of the V902L mutant in the absence of GCAPs reaching half-maximal saturation at 0.37
mM GTP (Table 1). Fitting of the curves to a Hill model (see methods) yielded values for Vmax,
half-maximal saturation (ECso) and the apparent Hill coefficient as listed in Table 1.

Table 1. Catalytic parameters of WT GC-E and V902L
Sample Vmax ECso Km Kcat Kcat/Ku Hill
(pmol/ugxmin) | (mM) (mM) | (s (103M'xs™") | 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 Vmax and ECso (equivalent to an apparent Ky) by analysis in
Lineweaver-Burk plots. Due to the cooperativity of substrate binding, one can weigh the x-axis

1/[S] with a corresponding Hill coefficient n (1/[S]") to yield straight lines (Figure 4). The
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analysis revealed apparent Kv values for WT and the V902L mutant, which were nearly
identical to the determination of the corresponding ECso values (Table 1). We limited the
analysis to WT GC-E + GCAP1 and the mutant VOO2L + 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 concentration range. Analysis of results in
Figure 3B, however, revealed a half-maximal saturation (ECso) at 3.45 mM GTP, which was
at least 10-fold higher than the Km determined for the combination of WT GC-E with GCAPI,
VI902L with GCAPI or GCAP2 and V902L without GCAPs (Table 1). This result confirms
the much lower activation rate of human WT GC-E by GCAP2, which could originate from a
10-fold lower affinity of human WT GC-E for the Mg-GTP substrate.

The analysis showed further that the constitutively active state of the VO02L mutant does not
differ significantly from the active state of WT GC-E with respect to the catalytic parameters
Vimax, Km, and keat yielding similar catalytic efficiencies between 2000 and 4000 M !xsec’!
(expressed in kea/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 GC-E in the active state stabilized by
GCAPI interaction. To gain more insight into the protein conformations that represent the
transition to the active state, we undertook a computational approach based on all-atom

molecular dynamics (MD) simulations.
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Figure 3. Functional analysis of WT and V902L mutant of human GC-E. Human GC-E

variants were expressed in HEK293 cells and incubated with GCAP1 or GCAP2 at increasing
Mg-GTP concentrations (in mM). Activities of WT GC-E in the presence of 5 uM GCAP1 (A)
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. GC-E variants were analyzed as
indicated: WT GC-E in the presence of GCAP1 (A) and mutant V902L (B) in the absence of
GCAPs. V902L mutant in the presence of GCAP1 (C) and GCAP2 (D). Reciprocal substrate
GTP concentration 1/S is given in (mM™). Kinetics, as shown in Figure 3, showed deviations
from an ideal Michaelis-Menten model. We linearized the plots by using apparent Hill
coefficients as h = 2.07 (WT + GCAPI), h = 1.58 (V902L + buffer, no GCAPs), h = 1.75
(V902L + GCAPI1), 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 et al. [29] for bovine GC-E. Human
and bovine orthologues share a high sequence identity/ homology, and the corresponding valine
is in position 907 (mutant V907L in the MD approach, amino acid numbering of the modelled
structure refers to the bovine orthologue). Previous work identified the GCAP1 binding sites
in the juxtamembrane and kinase homology region of mammalian GC-E [10, 11, 30, 31]
indicating a movement or conformational change of the catalytic domain relative to the kinase
homology domain during the activation process. To probe for the catalytic domain movement,
the kinase homology domain of WT bovine GC-E had to be aligned to the structure of the
mutant (see Methods for details). Photoreceptor GC-E exists as a homodimer [32]. The two
residues in position 818 are located just before the alpha-helical dimerization domain. The
residues were taken as a reference point, and the structure was translated such that the middle
between the two residues 818 coincides with the origin of the coordinate system used for
analysis (see Figure 5). For each MD snapshot, the geometric center of the catalytic domain

was calculated and used to define the catalytic domain’s position. The line segment connecting
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the origin to the geometric center describes the tilting of the alpha-helical and catalytic domain
relative to the kinase homology domain. To show the changes arising during bovine GC-E
dynamics, the endpoints of the line segments were projected onto a plane, as visualized in

Figure 5 and 6.
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Figure 5. Visualization of bovine GC-E orientation through the plane projection. (A) The two residues at
position 818 in the GC-E dimer are located at the beginning of the alpha-helical dimerization domain
(green). The protein structure is translated such that the origin (0,0,0) is just in the middle between the two
residues 818 (measured from the first carbon in the backbone). For each MD snapshot, the line segment
between the origin and the geometric center of the catalytic domain is considered as indicated by the red
line in panel A. (B) The endpoints of the line segments are then projected to the (xy)-plane. The projection
describes the area, in which the catalytic domain moves relatively to the kinase homology domain during
the simulation. (C) The last panel shows the top view of the projected area, including the results for both
mutant replica simulations. One notices that the wildtype rather remains in its original position, while both
replicas move away, although in different directions.
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Figure 6. Bovine GC-E protein structure. Starting from the top, the kinase homology domain is shown,
which is followed by the alpha-helical dimerization domain and concludes in the catalytic domain. The
wildtype structure is shown in blue, the V907L mutant is shown in red. Residues 907 are shown in purple.

Difference Distance Matrix

The GTP substrate binding site in photoreceptor GC-E is supposed to comprise residues
Asp890, Arg981, Alal013, and Lys1051 in the cyclase catalytic domain [33, 34]. The
alignment process was repeated, aligning the whole structure, and hence not excluding the
catalytic domain. Difference distance matrices were computed following the approach outlined
earlier [35], where every residue was described through the first backbone carbon atom, and
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 repeated for the WT
and the V907L mutant of GC-E. This analysis results in two 8x8 matrices containing the
pairwise averaged distances with zero diagonal elements. The element-wise difference of the
two matrices yields a difference distance matrix, which shows the positional changes of the
residue relative to the other trajectory (Figure 7), which makes the conformational change

measurable.
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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 matrix, which quantifies the
change in distance throughout the simulation duration between the wildtype and the VOO7L
mutant of the bovine GC-E. The first four residues belong to the first subunit, while the last
four belong to the second. The lower left and upper right submatrix compare distances within
a subunit, while the bottom right shows the differences 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 in one subunit move very little
relative to each other after the mutation, while the other subunit experiences profound changes.
Especially Lys1051 changes its position drastically (visually shown in Figure 8). Furthermore,
the distance between the two sets of four residues changes noticeably. It came as a surprise that

the point mutation VO07L has asymmetric effects on the structure of the catalytic domain.
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A) V907L Mutant B) Wild Type

Figure 8. Critical amino acid positions in the putative GTP substrate-binding site in GC-E.
Panels A and B show the catalytic domain for the V907L mutant and WT GC-E, respectively.
The residues comprising the binding site are highlighted in sticks representation and colored
according to their type (blue=Ala, lime=Arg, red=Asp, cyan=Lys). In one of the subunits of
the GC-E structure, Lys1051 exhibits significant movement as it swings out (red ellipsoid).

Residues 907 are highlighted in purple.

Discussion

Membrane-bound 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 Ca**-sensor proteins, named GCAPs. However, despite
these apparent differences, membrane-bound GCs could reach the active state by similar
conformational transitions since membrane-bound GCs share a similar structural topology.
Experimental support for a ligand-induced rotation mechanism exists for GC-A [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 GC-E, we interpret our 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 GCAP-dependent activity, pointing
to a mechanism that 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 GC-E that was characterized as permanently active without the on-off control operated

by the GCAP Ca?"-sensor. So far, the V902L mutation in GC-E is the only point mutation
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known so far in human GC-E that leads to a constitutive activation in the absence of GCAPs.
Other point mutations in GC-E causing visual impairment show drastically reduced activities
or a change in Ca**-sensitive GCAP regulation [28], and not an increase of basal enzyme
activity. Thus, we took this mutant as a tool to investigate the mechanism of GC-E activation.
Previous work on V902L focused on the effects of changing Ca®>" and GCAP concentrations
but not on the substrate dependency and the catalytic efficiency expressed in kea/Km. We
determined these values as listed in Table 1, showing that kc./Kwm for 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 GCs are low-efficiency enzymes with kea/Km
of 1.9x10% - 1.6 x10° M'sec’! as noted previously for the bovine and mice orthologues [3, 6].
The parameter kca/Kwm 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 swinging away from
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 constitutively active state of GC-E, the stabilization must be realized
by the point mutation and its structural consequences. Figure 6 illustrates how the swinging
movement of the alpha-helical domain connected to the catalytic domain leads to a different
orientation of the residues in position 907. In WT GC-E, both valines are close to the dimer
interface and opposite to each other. In the mutant, Leu907 is more exposed on the protein
surface. Leu contains one additional methylene group in the side chain. The side chain 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 GC-E 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 Ca**-sensor GCAP1. Point mutations in GCAP1 very
often cause lower affinities for Ca®’, and GCAP1 mutants thereby display a shift in
Ca'sensitive GC regulation to free [Ca**], which is outside of the physiologically relevant
range between 50 and 500 nM leading to permanent activity of the GCAP1/GC-E complex [18-
26]. Retinal disease-related point mutations in the alpha-helical dimerization domain of human
GC-E also correlate in some cases with a disturbance of Ca?*-sensitive control by GCAPs [9]
and for review [28]. The alpha-helical dimerization domain has been discussed as a Ca**-

sensitive control module in this context, which is influenced by Ca**-dependent conformational
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changes in GCAPs but is not a Ca*-sensor 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 low-to-high activity state. In the case of
the WT, the switch is triggered by interaction 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 hormone receptor GCs and sensory GCs, which is relevant for

understanding the molecular basis of retinal diseases.

Materials and Methods

Cloning of polyalanine GC-E mutants

To create the five desired polyalanine GC-E mutants, the WT GC-E sequence was cloned into
a pIRES2-eGFP vector and used as a template [9]. Site-directed mutagenesis was achieved by
introducing one to five alanines at the C-terminal site of the transmembrane region (Figure 1B)
in the GC-E sequence by polymerase chain reaction (PCR) using KOD (Hot start DNA
Polymerase Novagen®) enzyme. Instructions according to the manufacturer’s protocol were
followed. The primers used to produce the mutants are listed in Supplementary Table S1. GC-
E polyalanine mutants are abbreviated 1Ala, 2Ala, 3Ala, 4Ala, SAla. Since the cloning
strategy failed for creating 4Ala, we used a different approach. The isolated 1Ala cDNA was
used instead of GC-E ¢cDNA to introduce four alanine residues at the site of interest employing
the primer set b as mentioned in Supplementary Table S1. The obtained clones were verified
by full-length sequencing of the GC-E coding region. Vector encoding V902L mutant sequence
[27] was retransformed into XL-1 Blue cells for DNA isolation and for further expressing
mutant protein transiently in HEK 293 cells.

Heterologous expression of GC-E, polyalanine mutants and V902L mutant

For further functional studies, the HEK293 cell line was transiently transfected with GC-E WT
cDNA and the respective mutant forms. Transfection was performed using Polyethylemine
(PEI) at 60-70% of confluency of 100 mm plates. Eight ng DNA were mixed with 32 pg PEI
in DMEM without supplements and incubated at room temperature (RT) for 15 min.
Subsequently, sample mix was added to the respective cell plates and incubated in the incubator
at 37°C, 5% COg2. Cells were harvested between 72-96h of incubation post transfection by
centrifugation for Smin at 500xg. Cell pellets were washed with PBS, transferred in 1.5 ml tube
respectively, and centrifuged again for 5 min at 12,000xg. The pellets were frozen at -80°C
until further use.

Electrophoresis and western blotting
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Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blotting
were performed according to established procedures in the laboratory [9, 37] with the following
modification, the protein transfer was done via tank transfer method. The blot was then
incubated in TBST buffer (Tris-buffered saline/0.05% Tween 20) with 1X ROTI®Block
(ROTH) solution for 1 hour. Primary antibody GC1 # 3 directed against bovine GC-E [5, 9]
recognized human GC-E and was used at a dilution of 1:10,000. Incubation with the primary
antibody was done overnight at 4°C. A goat anti-rabbit peroxidase-conjugated antibody
(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 enzyme kinetics

To analyze GC-E activity for a possible effect of subunit rotation, the enzymatic activity of the
polyalanine mutants compared to WT GC-E was measured. Transfected 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 on ice for 30 min followed by cell lysis using a syringe
with a 0.7 mm needle. After centrifugation at 13,000xg for 8 min at 4°C, the cell pellet was
resuspended in 100 pl of 50 mM Hepes/KOH pH 7.4, 50 mM KCI, 20 mM NaCl, 1 mM DTT
and a protease inhibitor cocktail. Twenty pl of a GCAP1 or GCAP2 solution (5 uM) or water,
which were previously adjusted to different free Ca®" concentrations using a Ca*" / EGTA
buffer system, exactly as described previously [5, 9, 38]. For each sample, 10 ul of respective
membrane suspensions were mixed and pre-incubated for Smin at room temperature. Reaction
started by adding 20 ul of 2.5xGC buffer (75 mM Mops/KOH pH 7.2, 150 mM KCI, 10 mM
NaCl, 2.5 mM DTT, 8.75 mM MgCl,, 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 adding 50 u1 0.1 M EDTA
incubating at 95°C for 5 min. Samples were centrifuged for 10 min at 13,000 xg. Supernatants
were analyzed for produced cGMP by reversed-phase HPLC using a LiChrospher® 100 RP-18
(5pm) column (Merck, Darmstadt, Germany) exactly as described [5, 9, 38].

For the analysis of enzyme kinetics of WT GC-E and the mutant V902L, we followed basically
our previous protocol [5]. Briefly, GC-E variants were reconstituted with 5 uM of purified
myristoylated forms of human GCAP1 and human GCAP2. Incubations containing V902L
were also done in the absence of GCAPs. Guanylate cyclase activity was assayed at 2 mM
EGTA (< 10 nM free Ca*") as a function of the substrate GTP (concentration range between 0
and 4 mM). Analysis of data was performed as previously reported [5]. Plots of activity versus
Mg-GTP concentration were fitted to a Hill model (f = a*x”h/(c*h+x"h) using SigmaPlot 13.0.
Expression and purification of GCAPI1 and GCAP2
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Human myristoylated GCAP1 and GCAP2 were expressed in FE.coli and purified to
homogeneity by anion exchange chromatography and size exclusion chromatography as
previously reported [5, 38]. Myristoylation of GCAPs during bacterial expression was
accomplished by co-transforming E.Coli cells with N-myristoyl-transferase from yeast and
supplementation with myristic acid as reported previously [5]. We modified the expression of
GCAP1 for obtaining the protein in a soluble fraction using 0.1mM IPTG at 30°C for 2 hours.
Expression of the catalytic domain of GC

A fusion construct consisting of the catalytic domain of GC-E and the maltose-binding protein
(MBP) was expressed and purified as previously reported [11] but adding a further purification
step using Ni-NTA column. A fraction containing the GC-E construct was loaded on a Ni-NTA
column that was pre-equilibrated with 20 mM Tris/HCI pH 7.5, 150 mM NaCl, 5% (v/v)
glycerol, 10 mM imidazole, 5 mM B-mercaptoethanol. After loading, the column was washed
with the same buffer before the construct was eluted using 20 mM Tris/HCI1 pH 7.5, 200 mM
NacCl, 5% glycerol, 250 mM imidazole, SmM B-mercaptoethanol. Eluted protein fractions were
stored in aliquots at -80°C until further use.

Chemiluminescence detection and quantification of polyalanine mutants

Expression of polyalanine mutants: 5 ug protein of each variant were analyzed by SDS-PAGE
and western blotting as described above. After transfer to the blot membrane, blots were
incubated with Western Bright ECL reagent 1 and 2 (advansta) and protein bands were detected
using Azure c400 Gel Imaging System by Azure Biosystems. The intensity of protein bands
was determined using the device-specific software AzureSpot (Supplement Figure S1). The
difference in the protein expression level of mutant proteins was normalized to WT GC-E.
Normalization of varying amounts in protein expression level was considered while calculating
the final cGMP level.

Quantification of WT GC-E and V902L mutant

The fusion construct MBP-CD consisting of the catalytic domain of GC-E and MBP was used
for creating a calibration curve. For this purpose, increasing amounts of purified MBP-CD (20-
400 ng) were applied on SDS polyacrylamide gels. Membrane suspensions of 2.5 pg and 5 pug
of total membrane protein containing GC-E or V902L were applied on the same gels and
analyzed by SDS-PAGE. After electrophoresis, proteins were blotted, and band intensity was
detected and determined as described above using Azure c400 and AzureSpot. Varying amount
of MBP-CD were used for calibration and the amount of cyclase GC-E and V902L was

obtained from the calibration curve (Supplement Figure S2).
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Molecular dynamics simulation

In a recent study [29] the bovine guanylate cyclase 1 protein from the rod outer segment
membrane bovine GC-E was modeled. The resulting published structure serves as a base for
the following all-atom molecular dynamics MD protocol.

The studied structure contains the kinase homology domain, the alpha-helical domain, and the
catalytic domain, while the extracellular, transmembrane domain and juxtamembrane domain
are missing. Additionally, residues 608 to 617 are missing in the structure, but the sequence
for these residues is known. The structure of bovine GC-E 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 sequence comparing the bovine to the human GC-E
protein, all residues are off by five. Hence, assuming one is looking for residue 902 in human
GC-E, one would choose residue 907 in bovine GC-E. All simulations were carried out using
the bovine GC-E structure.

All simulations were run using NAMD [39, 40], and the interatomic interactions were
described using the CHARMMS36 force field with CMAP corrections [41-48]. Simulations
were set up using the online platform VIKING [49].

Pep McConst [35] was used to reconstruct the missing residues, which 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 equilibrated with a 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 box and neutralized. 4 mM NaCl and 3.5 mM MgCl, 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 temperature) ensemble. In total, the structure was
equilibrated for over 140 ns.

The alignment was conducted by an iterative scheme employing the Kabsch-algorithm
successfully applied in an earlier study [50]. 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 907 in bovine GC-E was
mutated to leucine (V902L), were initiated. The wildtype simulation was also continued. The

mutations were conducted using the Mutator plugin of VMD [51]. The three simulations (WT,
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two replicas of V907L) were conducted for 400 ns each. The resulting trajectories were

prepared for analyses using the MDTraj package [52].

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: Western blot for verification and quantification of poly
alanine mutants; Figure S2: Quantification of GC-E and V902L in HEK293 cell membranes.
Table S1: Oligonucleotide sequences used in the present study.
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The transition of photoreceptor guanylate cyclase type 1 to the active state
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Table S1. Oligonucleotide sequences used in the present study.

Mutants Oligonucleotide Sequence 5°-3’
1 Alanine | FP- 5- AGG CAC CGG CTA CTT CAC ATG CAA ATG -3
(1Ala)

RP- 5'- AGC CAC ATA ATG GGC CAG GAA GGC -3'
2 Alanine | FP-5'- AGG CAC CGG CTA CTT CAC ATG CAA ATG -3
(2Ala)

RP 5'- TGC AGC CAC ATA ATG GGC CAG GAA GGC -3'
3 Alanine | FP 5'- GCC AGG CAC CGG CTA CTT CAC ATG -3'
(3Ala)

RP 5'- TGC AGC CAC ATA ATG GGC CAG GAA GGC -3'
4 Alanine | FP 5'- GCC GCT AGG CAC CGG CTA CTT CAC ATG -3'
(4Ala)
Set a RP 5'- TGC AGC CAC ATA ATG GGC CAG GAA GGC -3'
4 Alanine | FP 5'- GCC GCT GCT AGG CAC CGG CTA CTT CAC ATG -3'
(4Ala)
Set b RP- 5'- AGC CAC ATA ATG GGC CAG GAA GGC -3'
5 Alanine | FP 5'- GCC GCT GCT AGG CAC CGG CTA CTT CAC ATG -3'
(5Ala)

RP 5'- TGC AGC CAC ATA ATG GGC CAG GAA GGC -3'
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Figure S1
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Figure S1. Western blot for verification and quantification of poly alanine mutants. Expression
level of mutants was compared to that of GC-E wildtype in HEK293 cell membranes. Five pg
of total protein amount for each sample was analysed by SDS-PAGE. The samples were
detected by the specific antibody anti-GC1#3. The slight difference between each mutant band
intensity was considered for the activity measurement of amount of cGMP synthesized with
each sample.
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Figure S2. Quantification of GC-E and V902L in HEK293 cell membranes. Purified MBP-CD
protein samples were electrophoresed and blotted in increasing amount (a- 20ng, b-50ng, c-
100ng, d-200ng, e-300ng, f-400ng) were used to create a calibration curve along with a sample
of wildtype GC-E (A) or V902L (B) present in HEK293 membrane fractions (1- 2.5 pg, 2- 5
ng). The samples were detected by GC1 # 3 antibody and ECL imaging. Band intensity was
linear within the tested range for B, for A the plot was extended manually based on linearity.
Quantification yielded for 5 pg membrane protein 292 ng of GC-E wildtype, and 212 ng of
V902L, taking a purity of 73% into account.

49
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Abstract

Phototransduction in vertebrate photoreceptor cells is controlled by Ca**-dependent
feedback loops involving the membrane-bound guanylate cyclase GC-E that synthesizes the
second messenger guanosine-3’,5’-cyclic monophosphate. Intracellular Ca**-sensor proteins
named guanylate cyclase-activating proteins (GCAPs) regulate the activity of GC-E by
switching from a Ca?"-bound inhibiting to a Ca**-free/Mg**-bound activating state. The gene
GUCY2D encodes for human GC-E, and mutations in GUCY2D are often associated with an
imbalance of the Ca** and cGMP homeostasis causing retinal disorders. Here, we investigate
the Ca?"-dependent inhibition of the constitutively active GC-E mutant VO02L. The inhibition
is not mediated by GCAP variants but by Ca®" replacing Mg?" in the catalytic center. Distant
from the cyclase catalytic domain is an a—helical domain containing a highly conserved helix-
turn-helix motif. Mutating the critical amino acid position 804 from leucine to proline left the
principal activation mechanism intact, but resulted in a lower level of catalytic efficiency. Our
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experimental analysis of amino acid positions in two distant GC-E domains implied an
allosteric communication pathway connecting the o—helical and the cyclase catalytic domains.
A computational connectivity analysis unveiled critical differences between wildtype GC-E
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 diseases (1-3) and include retinitis
pigmentosa (RP), Leber Congenital amaurosis (LCA), and cone-rod dystrophy (CRD). Causes
of retinal dysfunction are often pathological changes in the function and operation of the light-
sensitive rod and/or cone photoreceptor cells. Photoreceptor 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 of the brain. Phototransduction in vertebrate rod and cone cells
depends critically on the homeostasis of two second messenger, guanosine-3’, 5’-cyclic
monophosphate (cGMP) and Ca®". The cytoplasmic concentrations of both messengers
decrease after illumination and recover by deactivation and feedback processes (4-7). An
imbalance of their cytoplasmic concentrations has detrimental effects and leads to visual
dysfunction or even blindness in humans. According to a comprehensive list of data on RetNet
(https://sph.uth.edu/retnet/), more than 300 genes are associated with IRDs and over 140
disease-causing mutations described so far were found in the GUCY2D gene (3). GUCY2D is
the gene that encodes for photoreceptor guanylate cyclase GC-E (also known as ROS-GCI or
retGC1), a key enzyme in phototransduction that synthesizes the second messenger cGMP and
returns the cell to its dark-adapted state in a Ca?*-dependent negative feedback loop (5, 7).

Cytoplasmic Ca?*-sensor proteins named guanylate cyclase-activating proteins (GCAPs)
mediate this feedback on GC-E activity by activating GC-E at low Ca*"-concentration [Ca®']
when GCAPs switch to a Mg?*-bound activating form. GC-E returns to the basal, low activity
state, when GCAPs are saturated with Ca?* (8-10). The functional state of the GC-E requires a
homodimeric topology that consists of an extracellular (ECD), a transmembrane (TM), and an
intracellular domain (IcD). The IcD consists of a juxtamembrane (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 GC-E, combining cross-linking and mass spectrometry
of a native GC-E 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
“a—helical domain” (aHD), and the cyclase catalytic domain (CCD). The aHD connects the
KHD with the CCD and contains a highly conserved helix-turn-helix motif at its N-terminal
extension found 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 aHD leading to various conformations. For example, a conformational
change from a 90° kinked helix-turn-helix motif (PDB: 6PAS representing the inactive state)
to a straight helix motif (PDB: 6PAT representing the active state) triggers the activation of the
soluble guanylate cyclase from Manduca sexta (13). This high degree of flexibility is also
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observed in the aHD of the GC-E (11) and, therefore, in the focus 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 the GC-E of human patients suffering from
autosomal dominant cone-rod dystrophy (adCRD), making this a “hot spot” region for retinal
diseases (3). In addition, mutations in GC-E are spread over all domains, and functional studies
addressing the effects of point mutations often indicate a drastic decrease in GC-E activity.
However, exceptions as we described for the point mutation V902L in GC-E lead to a
constitutively active form exhibiting high activity in the absence and presence of GCAPI
thereby exceeding the suggested physiological level of cGMP synthesis rate (16). Patients
carrying the point mutation V902L suffer from cone-rod dystrophy (16), which is probably
caused by the impaired ability of the mutant GC-E to return to the low-activity 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 GC-E active state (17). This indicates that a point
mutation in the CD, such as V902L, triggers a movement upstream in the GC-E structure
indicating a robust connectivity between the aHD and the CD.

These observations show that the precise responses of photoreceptors require tightly
controlled conformational transitions in GC-E. Inspired by kinetic and structural studies on
soluble guanylate cyclases (13, 18), we investigated this transition further using a combination
of experimental enzymatic assays and molecular dynamics simulation. We investigated a
double mutant with critical mutations in the helix-turn-helix motif (L804P) and the CD
(VI902L) to test the suggested allosteric communication between the aHD and the CD. We
asked, how the GCAP-independent Ca**-sensitivity of the mutant VO0O2L can be understood
and how this relates to the active or inactive state 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 Ca”* on the catalytic center

Our previous work indicated an allosteric communication pathway between the helix-turn-
helix region in the aHD and the CD (17). The point mutant V902L appears as a useful tool for
investigating the properties of this allosteric effect further. First, we analyzed whether the
reduced efficiency of GCAP1 activating GC-E 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 [Ca?*]. The mutant V902L exhibited a high activity at high
and low [Ca®"] in the absence of any GCAP variant exceeding the basal activity 6 tol6-fold
(compare columns WT and V902L in Figure 1). An addition of GCAPI1 has only a modest,
however significant, effect on the activity of V902L in the presence and absence of Ca* (Figure
1, VOO2L vs. V902L-GCAPI). These results confirm our previous conclusion that the mutant
V902L is a constitutively active GC-E (16). Interestingly, GCAP3 activated GC-E in a Ca*'-
dependent manner, but to a lesser degree than GCAP1, whereas the mutant V9021 was almost
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unaffected by GCAP3 (Figure 1). GC activities of V902L in the presence and absence of
GCAP3 at high [Ca®>"] were almost the same (Figure 1). At low [Ca®>"], GCAP3 caused a
slightly higher activity of VO02L (Figure 1).
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Figure 1. Activity profiles of GC-E variants. (A) WT and mutant V902L were activated
with GCAP1 or GCAP3 at high (33 uM, black bars) or low (<10 nM, gray bars) free [Ca2+].
The x-fold activation of V902L without GCAPs is 2.7; in the presence of GCAP1, 2.0, and in
the presence of GCAP3, it is 3.3. The x-fold activation of GC-E WT is 45.5-fold with GCAP1
and 5.6-fold with 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, Figures S1-S3).

The activity profile of VO02L in the absence of GCAPs (Figure 1) showed that the activity
of the mutant V902L is Ca?*-dependent, although no Ca**-sensor protein is present to mediate
this effect. We measured the V902L activity at increasing free [Ca*"] and observed a nearly
constant activity of VOO2L up to 10 pM free [Ca>*] (Figure 2A). Above 10 uM free [Ca*'], the
activity decreased and reached a plateau of lower activity at 100 uM free [Ca?'] slightly below
the activity observed at a free [Ca*"] of 33 uM as in Figure 1. Half-maximal inhibition (ICsp)
was observed between 16 and 19 uM free [Ca?*] employing a sigmoidal four-parameter Hill
model provided by the SigmaPlot 13.0 software, Systat 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 the Ca?>"-dependency of GC-E mediated by GCAPs
from a direct Ca**-effect on the catalytic mechanism. Serfass et al. (18) previously analyzed a
similar Ca**-dependent inhibition for the catalytic properties of soluble guanylate cyclase from
bovine lung. The authors interpreted their finding as a two-metal ion catalytic mechanism
involving two Mg**-ions similar to the catalytic mechanism observed in adenylate cyclases
(19-21). One Mg*" forms with GTP the substrate complex and one Mg>" (in excess of the
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substrate) is primarily bound to the cyclase in the catalytic center. Such a mechanism implies
that Ca?*-bound to the cyclase can be removed by increasing free Mg?" in excess of the Mg?'-
GTP substrate. We performed an experiment to reverse the inhibition of Ca?" at three different
Mg?*- concentrations (Figure 2B) and observed two effects: GC activity increased reaching a
saturating profile at an excess of 5 mM Mg?*" and 100 uM Ca?" were not sufficient for an
inhibitory effect as seen in Figure 2A. Fitting data points in Figure 2B revealed ICs at Ca**-
concentrations of 64 uM, 82 uM and 91 uM for Mg**-concentrations of 2 mM, 3.5 mM and 5
mM, respectively. Differences were statistically significant for curves with 2 and 3.5 mM Mg?*
(p < 0.01; t-test), but not when comparing curves for 3.5 mM and 5 mM Mg?* (n.s.).
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Figure 2. Ca’’-dependent inhibition of the V902L mutant. (A) Incubation of V902L was
performed in the absence of GCAP1 or GCAP3. Free [Ca®"] was varied, as indicated and
half-maximal inhibition was at 16.3 pM free [Ca*"] (Error bars are s.d., one example of
technical triplicates out of three biological replicates, see also Figure S4). (B) Increasing
concentrations of free Mg?* reverse the inhibitory effect of Ca?*. Incubation was performed
as in (A). The Mg?"-concentration was 2 mM (@, filled circles), 3.5 mM (O, open circles) and
5mM (V, filled triangles). We performed non-linear regression fitting using a sigmoidal Hill
model provided by the SigmaPlot 13.0 software (three-parameter model for data with 2 and
3.5 mM Mg?*; four-parameter model for 5 mM Mg?"). Error bars are s.d. (technical
triplicates). All curve fittings passed the Normality Test (Shapiro-Wilk) and the Constant
Variance Test.

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

Switching GC-E back to the basal activity state is a decisive step in phototransduction. Our
previous simulations pointed to a conformational change in the aHD required for GC-E to
transit between low and high activity states. Since we located the structural trigger of the switch
in the helix-turn-helix motif, we reasoned that changing or breaking a critical a—helix might
impact the catalytic center. This suggestion is further supported by previous findings that locate
a crucial regulatory control module in or near the dimerization domain (14, 15). Therefore, to
evince our hypothesis, we substituted Leucine at position 804 with Proline in the V902L mutant
creating the double mutant L804P/V902L (LP-VL) (Figure 3A).
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Figure 3. Activity profiles of GC-E variants. (A) Upper part, general topology of a GC-E
monomer showing domain locations (LS, leader sequence; ECD, extracellular domain, TMD,
transmembrane domain; JMD, juxtamembrane domain; KHD, kinase homology domain; DD,
dimerization domain; CCD, cyclase catalytic domain). Amino acid positions indicate start of
the respective domain, S1103 indicates the last amino acid of the primary sequence. Lower
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part, location of the point mutation L804P in the helix-turn-helix motif. (B) Activity of the
double mutant V902L/L804P in the absence and presence of GCAPI at high (33 uM, black
bars) or low (<10 nM, gray bars) free [Ca®']. The x-fold activation of the double mutant
without GCAPs is 2.7, in the presence of GCAP1 2.0 and in the presence of GCAP3 it is 3.4.
Comparing activities of the Ca**-bound states yielded no significant differences for all
combinations (V902L/L804P vs. V902L/L804P + GCAP1, V902L/L804P + GCAP1 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, Figures S5-S7).

Subsequent testing of GC activities showed two main effects: a general decrease in
activities in the absence and the presence of GCAPs (Figure 3B). The V902L/L804P mutant
has a reduced basal activity in comparison to WT GC-E. The activity is 8-fold lower in the
presence of Ca®" and 3-fold lower in the presence of EGTA (comparison of Figure 1, data
shown for GC-E, with Figure 3, data shown for V902L/L804P). Expression of V902L and the
double mutant was identical as tested by western blotting and immunohistochemistry of
transfected HEK 293 cells (supplement, Figure S8 and S9). However, biological replicates
differ in expression yield of GC-E variants (see Supporting Information). Secondly, we
compared the x-fold activation (activity at low [Ca**] divided by activity at high [Ca®']) 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 catalytic efficiency. Comparing all Ca?**-
bound states with each other (double mutant V902L/L804P with GCAP1 or GCAP3) yielded
no significant differences (Figure 3B). The same was observed for the Ca®'-free states.
Compared to WT GC-E (x-fold activation is more than 45-fold, Figure 1), we observed no
recovery of the Ca®*-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 aHD and the CD.

Connectivity analysis

Our experimental analysis of critical amino acid positions in two distant GC-E domains
implied a communication pathway connecting the aHD and the CD. To achieve a broader view
of the allosteric regulatory impact, we carried out a computational connectivity analysis, as
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. The reach method (22) values amino acids that
reach the most other amino acids along the network edges as highly influential. On the other
hand, the betweenness method (23) prefers amino acid residues, which are located at important
network intersections throughout the protein structure.
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Figure 4. Reach and betweenness of the monomers for all residues. The graphs show the
reach (first row) and the betweenness (second row) of the two monomers. The first monomer
is coloured blue, the second red. The vertical dashed lines indicate mutated residues at
positions 902 and 804. Noticeably, considering the introduction of further mutation (WT,
V902L, Double mutant) the 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 to the reach, the betweenness picks up
on the a-helical domain. Additionally, the betweeness is 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 mutant. Interestingly, almost isolated signals
can also be found in the two other domains. Furthermore, the second single mutant L804P
remains similar to the wild type protein, except for a slight shift to a single monomer in the
betweeness in the o-helical domain, which can also be observed in the double mutant.

The graphs in Figure 4 show the reach (first row) and the betweenness (second row) for the
individual amino acid residues. The results align with the assumption that the residues with the
highest betweenness are located in the a-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 highest reach are located in the catalytic domain for the
wildtype and the V902L mutant. For the double mutant, however, residues in the homology
kinase domain have a similar reach to those in the catalytic domain. In particular, the residues
with a high betweeness seem to shift towards a single monomer, while concentrated in the a-
helical domain for the single mutant. While the effect is still visible in the double mutant, it is
more diversified and reduced, particularly for residues in the middle of the a-helical domain.
The L804P mutant is remarkably similar to the wildtype with a slight exception in the
betweeness in the a-helical domain. Here, the high betweeness residues conglomerate in a
single monomer, which can also be seen in the double mutant.

With these betweenness graphs (Figure 4) and averaging the two monomers, potential
residues of importance can be singled out. The analysis was performed for the WT and the
V902L mutant. The six residues with the most significant reach and betweenness (relative to
each other) are shown in Figure 5. The high betweenness residues are located in the double
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helix of the a-helical domain and do not differ significantly between the WT and the V902L
mutant. The reach, however, paints a different picture. The residues with the most significant
reach change from the WT to the V902L mutant. In the mutant, the highest reach residues are
located at the N-terminal part of the homology kinase domain, almost at the juxtamembrane
domain (not displayed and modeled). In the WT, the highest reach residues are even split across

the homology kinase and the catalytic domain. Here, the residues are also closer to the a-helical
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
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(https://www.wolfram.com/mathematica). The six residues with the highest reach (red
hexagons) and betweenness (blue diamonds) compared to the other protein version (WT and
V902L mutant, respectively) are highlighted and labelled in each graph. Corresponding
domains and amino acid positions are indicated on top.

Functional interpretation of the connectivity results

Marino and Dell’Orco (24) performed a structural network analysis of GCAP1 and
described an allosteric information transfer from different cation binding states to amino acid
residues in the GC-E target interface (24). The same authors extended the analysis to related
neuronal Ca®*-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 target GC-E and 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 Mg?* and the pyrophosphate part of GTP (26). The loss
of high reach in 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 Ca**-sensitive 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 ¢cGMP in the photoreceptor cell, causing a higher influx of Ca*" than average.
However, an excessive local increase in concentrations of Ca*" would then inhibit V9O2L by
the direct binding of Ca*, bringing the cGMP synthesis back to low basal rates. This scenario
would still differ from a healthy state since it has a shifted Ca*-cGMP homeostasis.

Two amino acid positions with a high reach in 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 CD and found in patients suffering from cone rod dystrophy
(16). A functional analysis of the latter showed a complete loss of GC-E activity, indicating a
severe impact on photoreceptor physiology (16). Functional analysis of 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 amino acid positions that are critical for the allosteric control
of GC-E activity and some of the positions presented in Figure 5 might carry point mutations
that correlate with retinal diseases but are not detected so far.

Conclusion

Switching of photoreceptor GC-E from the inactive to the active state and vice versa is essential
for the second messenger homeostasis in rod and cone cells. Here, we describe an allosteric
communication pathway linking two distant domains of GC-E and identify a network of amino
acid positions that seem critical for enzyme activity control. Our connectivity 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.
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Methods

Generation of the double mutant by site-directed mutagenesis

The pIRES2-eGFP vector containing the GC-E 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 site-directed mutagenesis which was achieved by
the polymerase chain reaction (PCR) using a KOD (Hot start DNA Polymerase Novagen)
enzyme. The PCR amplification was followed according to the manufacturer’s protocol using
Forward primer 5’~ ATCAACAAGGGCCGGAAGACGAACATCATT-3’ and reverse primer
5’-GTTCTTGAACGGGTCGAAGGTGTGGTCCAT-3’. The obtained clones were verified
by full-length sequencing for the substitution of L804P.

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

The HEK?293 cell line was transiently transfected with cDNA of GC-E mutants V902L and
L804P/VI902L using polyethylenimine (PEI) at 60-70% of confluency at 100 mm plates.
Respective 8 pg of DNA was mixed with 32 pg 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% CO». After transfection
and 72-96 h incubation, the cells were harvested by centrifugation at 500x g for 5 min. The cell
pellets were washed with PBS and centrifuged at 12000x g for 5 min. The pellets were frozen
and stored at -80°C until further use.

Expression and purification of GCAP1

Human myristoylated GCAP1 was expressed in Escherichia coli and 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 co-transforming Escherichia coli cells with N-myristoyl-transferase from
yeast and supplementation with myristic acid, as reported previously (29).

Expression and purification of GCAP3

Human myristoylated GCAP3 was expressed in Escherichia coli and purified to
homogeneity by anion exchange chromatography and size exclusion chromatography as
previously described and reported (30). Myristoylation of GCAP3 during bacterial expression
was accomplished by co-transforming Escherichia coli cells with N-myristoyl-transferase from
yeast and supplementation with myristic acid, as reported previously. After the hGCAP3
protein was expressed in bacterial cells, the cell pellet was lysed, and inclusion bodies were
resuspended in 6-M guanidinium hydrochloride for overnight solubilization. Next day protein
was refolded by dialysis (20mM Tris-HCI pH-7.5, 2mM NaCl, ImM DTT) and at first purified
by anion exchange chromatography with HiTrap™ Q HP equilibrated in 20mM Tris-HCI pH-
7.5, 2mM CaCl, and 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), which was equilibrated with 20mM Tris-HCI pH-7.5,
150mM NaCl, 2mM CaCl, and 1mM DTT. SDS-PAGE analyzed the purity of expressed
protein, and samples were exchanged against S0mM ammonium hydrogen carbonate,
lyophilized and stored at -80°C for further use.

Guanylate Cyclase activity Assay

The double mutant L804P/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 min on 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 100 ul of 50 mM Hepes/KOH pH 7.4, 50 mM KCI, 20 mM NaCl, 1 mM
DTT, and a protease inhibitor cocktail. Twenty ul of a GCAP1 solution (10 uM) or water (for
the absence of GCAP1) that was previously adjusted to different free Ca?* concentrations
using a Ca?* / EGTA buffer system exactly as described earlier (31, 32) were used in the assay.
For each sample 10 ul (containing typically 60-100 pug protein) of respective membrane
suspensions were mixed and pre-incubated for 5 min at room temperature. The reaction started
by adding 20 ul of 2.5xGC buffer (75 mM Mops/KOH pH 7.2, 150 mM KCI, 10 mM NaCl,
2.5 mM DTT, 8.75 mM MgCl,, 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 adding 50 ul 0.1 M
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 reversed-phase HPLC using
a LiChrospher® 100 RP-18 (5 um) column (Merck, Darmstadt, Germany) exactly as described
(17, 29, 31). The detection limit of the assay for cGMP is 2-5 pmol (ref. 31 and determination
in the Biochemistry group). Measurements were done with three to four biological replicates,
each set-in 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 (Figures S1-S7 in Supporting Information).

To check the direct inhibitory effect of Ca** on GC-E activity, the GC activity assay was
performed as mentioned above with the following modification. Half maximal inhibition of
GC-E mutant V902L by Ca®" was determined by setting the free Ca?*-concentration ranging
from 1 to 100 pM without an EGTA-buffer system. All other assay conditions are as described
above. Variations of free Mg?" concentration in the assay medium were calculated using the
WEBMAXC STANDARD software with proper corrections for pH, salt and temperature.
Incubation was performed in three free Mg?* concentrations of 2 mM, 3.5 mM and 5 mM.

Protein determination, sodium dodecyl-sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot Analysis

A modified Bradford assay employing octyl-B-D-glucopyranoside (OGP) to solubilize
membrane-bound proteins is used for determination of protein concentration (33). Respective
membrane suspensions of 5 ug, 10 ug, and 20 ug of total membrane protein containing V902L
or L804P were applied to the gel. SDS-PAGE 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 GC-E, and can be used to detect GC-E mutants V902L and
L804P. The dilution of the primary antibody was 1:10,000. Incubation was overnight at 4°C.
A goat anti-rabbit peroxidase-conjugated 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 System by Azure Biosystems as
described recently.

Heterologous expression of GC-E and mutants in the HEK293 cells

Cells were grown on a poly-L-lysine coated 12 mm coverslip placed in a 24-well plate.
After 24 h at a density of 50-70%, it is transiently transfected with respective 0.5ug of plasmid
DNA with 2pg of PEI. After 48 h of incubation at 37°C, 5% CO,, cells were washed three
times (Smin) in PBS (pH 7.4), fixed in 4% paraformaldehyde (PFA) in PBS for 20 min, and
then again washed three times (Smin) with PBS (pH 7.4). Then, the cells were incubated with
a blocking solution of 5% donkey serum in PBS (pH 7.4) and 0.5% Triton X-100 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 GCI1#3 (1:500), rabbit
polyclonal IgG, anti-Calnexin [1:300, calnexin (E-10), sc-46669, mouse monoclonal IgG 2a
(Santa Cruz Biotechnology)]. We routinely observed that heterologous expressed GC-E
localizes mainly in the ER (colocalization with calnexin), and we measured guanylate cyclase
activity in membrane suspensions containing 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 Fluor™ 568 goat anti-rabbit IgG and 1:200,
Alexa Fluor™ 647 donkey anti-mouse 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 fluorescence microscope, Olympus 1X2.

Molecular Dynamics Simulation

In the earlier study (17), molecular dynamics (MD) simulations were performed on GC-E
for a wild type and a V902L structure (17). Employing the same protocol as the earlier study,
a double mutant V902L/L804P was established and simulated. Simulations were based on the
structural information provided by Rehkamp et al. (11) for bovine GC-E. Coordinates of the
starting model were provided by Dr. Christian Tiiting and Prof. Panagiotis L. Kastritis, both at
Martin Luther University Halle-Wittenberg in Germany, upon request. We refer to the human
orthologue with a high sequence identity/ homology with the bovine variant. The
corresponding valine of bovine GC-E is in position 907, in humans at position 902.
Analogously, the double mutant translates to a mutation L809P in the bovine GC-E. The
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 the simulation software NAMD (36, 37). The
CHARMM36 force field with CMAP corrections was used (38-41).
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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 simulation time step of 1 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 were lifted, and 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) ensemble with a 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 temperature of 310 K.

Connectivity Analysis

Connectivity networks were constructed based on the final simulation snapshot of all three
variants of the GC-E protein structure (Wildtype, VO02L, L804P, V902L/L804P). Comparing
the so-called amino acid interaction network (42) between the simulations can be used to
identify a change in key residues and potentially suggest potential mutation sites.

The network is constructed from the final simulation snapshot for each GC-E structure
variation. Representing the location of each residue by its backbone Ca atom 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 8 A was chosen based on the example of an earlier study (23). A
binary adjacency matrix can be constructed for each simulation using the threshold. One was
employed by Kattnig et al. (23), which describes the betweenness of nodes and identifies
important hubs in the network (Betweenness approach). The second approach was used by
Estrada et 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
By (i) describes the betweeness of residue i in monomer k. B4 (i) is defined as

B.(i) = z O-uv(i),

Uu v

UEVEL

where gy, (i) is the number of shortest paths connecting nodes u and v which pass through
the node corresponding to residue i, and o, is the total number of shortest paths connecting u
and v.

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 properties of the protein
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structure. As the GC-E 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 betweenness (i) is calculated for the whole
dimer from the individual monomer betweeness f; (i) and S, (i) for monomers 1 and 2. The
final betweeness is then the defined as

A + B, ()

B ==

Reach approach

The Reach approach can be applied to determine the number of other residues that a given
residue can reach in n steps through the network for every amino acid residue. The more other
residues can be reached with a smaller n, the higher the reach of the given amino acid residue
becomes. Mathematically speaking the approach roots on the following theorem (43):

and A¥ is the matrix exponential,

such that, if B = A?, then the elements b;j are given by b;; = Yi_1 Qi ay;j. The element a},’?

Theorem 1. If A is an adjacency matrix with elements a;j,

in A¥ is then the number of walks of exactly length k from the node i to the node j in the network
described by the adjacency matrix A .

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 purpose, given by

G =exp(4) = ZF
k=0

The equation above contains A* in each summand which yields the adjacency matrices with
the number of paths with length k, but also a scaling factor 1/k!, which devalues longer paths.

The information obtained from G can be interpreted in the context of the protein structure
as follows. As ag-c) describes the number of paths of lengths k from amino acid i to amino acid
j through the connectivity network, a larger value of the element g;; can be interpreted as more
options to reach each amino acid j from amino acid i in shorter trips.
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Figure 6: Panel A shows a schematic representation of the matrix G. Panel B visualizes the averaging
process for the individual monomers of GC-E.

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 matrix G defining the
network has the size 1048 x 1048. Subdividing the matrix into four blocks of size 524 X 524
yields two blocks on the diagonal corresponding to the individual monomers denoted by G*
and G22. The other two blocks (G'? and G2') describing the reach from one monomer to the
other are discarded in the analysis. The process is schematically shown in Figure 6. The
averaged reach matrix is then the element-wise summation as follows:

o1
G=5(G"+6%)

Finally, the sum over column i of G is denoted with p(i):
p(i) = Z Jij-
Jj

p (i) is called the reach of residue i. A larger value of p(i) can be interpreted as a greater
reach of amino acid i 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 monomers, p; (i) describes the sum over
the column of the matrices G*¥, with the process schematically shown in Figure 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 of the structure are
considered.

We, therefore, consider not the absolute values of (i) and p(i), but their differences
between the WT and mutant proteins, defined as:
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AB (D) = Pwr (@) — Byoozr (D)
and
Ap (@) = pwr () — Pygozr (D).

Considering the sign for the individual contributions, a positive values in 48 (i) and 4p (i)
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 particularly interesting.

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 V902L were activated with
GCAP1 or GCAP3 at high (33 pM, black bars) or low (<10 nM, gray bars) free [Ca®']. The x-
fold activation of GC-E WT with GCAPI1 is 45.3 and with GCAP3 is 5.8. The x-fold activation
of VO02L 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 done in the absence and
presence of GCAP1 at high (33 pM, black bars) or low (<10 nM, gray bars) free [Ca**]. The
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x-fold activation of VO02L without GCAPI is 1.9; in the presence of GCAPI is 1.9. Error bars
are s.d of technical replicates.

Figure S3
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Figure S3. Activity profile of GC-E mutant V902L. Assay was done in the absence and
presence of GCAP1 at high (33 pM, black bars) or low (<10 nM, gray bars) free [Ca*"]. The
x-fold activation of V902L without GCAP1 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 [Ca?"] was varied as indicated and half-maximal inhibition was at 19.3 uM
free [Ca*"] (left graph) and 17.8 uM [Ca®*] (right graph), (biological replicates, error bars are
s.d.).
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Figure S5
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Figure S5. Activity profile of GC-E variants. Double mutant V902L/L804P was activated
with GCAP1 or GCAP3 at high (33 uM, black bars) or low (<10 nM, gray bars) free [Ca**].
The x-fold activation of double mutant without GCAP1 is 1.8; in the presence of GCAP1 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/L804P was activated
with GCAPI at high (33 pM, black bars) or low (<10 nM, gray bars) free [Ca**]. The x-fold
activation of double mutant without GCAP1 is 3.6 and is 2.3 in the presence of GCAP1. Error
bars are s.d of technical replicates.
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Figure S7
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Figure S7. Activity profile of GC-E variant. Double mutant V902L/L804P was activated
with GCAPI at high (33 pM, black bars) or low (<10 nM, gray bars) free [Ca**]. The x-fold
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 pg and ten pg of total protein amount for each membrane sample
was analyzed by SDS-polyacrylamide gel electrophoresis. The samples were detected by the
specific antibody anti-GC1#3 and ECL imaging (see Methods part in main text).
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Figure S9.
DAPI GFP GC-E Calnexin

Figure S9. Heterologous expression of GC-E and mutants (V902L, V902L/L804P) in
HEK?293 cells. Confocal images of transfected cells probed with different antibodies.
Transfected cells are visualized with GFP (green) and DAPI staining (nucleus), GC-E variants
are recognized by an anti-GC-E specific antibody (#3, red), Endoplasmic reticulum (ER) is
stained with the ER marker Calnexin (magenta). No difference has been observed in the
localization of the mutants compared to the WT GC-E. An overlay is seen on the most right
panels. Scale bar is 10 pm.
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Chapter 4 : NMR and EPR-DEER structure of a dimeric
Guanylate Cyclase Activator protein-5 from Zebrafish
Photoreceptors
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Abstract

Page 2

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
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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.
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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
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Spin Labeling and DEER Sample Preparation.

Protein samples were dialyzed against 4 L of dialysis buffer in 20 mM Tris (pH

7.4) with 100 M TCEP overnight at 4 °C and diluted to 10-20 M. The (1-

oxyl 2,25 5-tetramethyl A3-pyrroline-3-methyl) methanethiosulfonate spin-label (MTSSL,
Toronto Research Chemicals Inc., Toronto, ON) was dissolved in dimethyl sulfoxide
(DMSO) to a concentration of 40 mM. Excess MTSSL was added to the protein at a 30:1
molar ratio and then reacted on ice for 30 min. Unreacted spin-labels were removed by
dialyzing overnight at 4 °C against 4 L of dialysis buffer containing 20 mM Tris (pH 7.4),
which was repeated twice for >24 h. The protein was concentrated to a final concentration of
~300 zM by ultrafiltration using an Amicon spin concentrator. The final protein sample for
DEER experiments was exchanged three times with 10 mM Tris-d;; (pH 7.4), 2 mM MgCl,,
and 99.9% D,0. Before the sample was frozen, 25% glycerol-dg was added to the protein as
a cryoprotectant.

EPR-DEER Measurements.

Four-pulse DEER data were collected on a Bruker ELEXSYS E580 spectrometer, capable
of operation at both X-band and Q-band frequencies, equipped with an AWG bridge and

a Q-band QT2 resonator. The pump pulse was fixed to the center peak in the field-swept
nitroxide spectrum, and the probe frequency was set to be 100 MHz from this frequency. /2
and r pulses were all 34 ns Gaussian pulsc:s.37 The delay between the first and second probe
pulses was 400 ns, and dipolar evolution data were collected out to 1.5-8.0 zs. Experiments
were performed at 50 K and were signal averaged for 4-16 h. The raw data were
background-corrected and analyzed by Tikhonov regularization using DEERAnalysis.38
CW-EPR spectra of the DEER samples were recorded at room temperature with a Bruker
E500 CW-EPR spectrometer operating at the X-band frequency (~9.4 GHz) using an ER
4122SHQE resonator (Bruker).

Molecular Docking Calculation.

The web-based docking program HADDOCK3? was used to generate a structural model of
Mg2*-bound GCAP5. The NMR structure of MgZ*-bound GCAPS was docked with itself to
satisfy the intermolecular distance restraints measured by DEER. The docking calculation
was initiated with a rigid body energy minimization that generated 1000 structures. The
best 200 structures were subjected to a semiflexible simulated annealing step. In the final
step, the 200 structures obtained from the previous simulated annealing step were refined

in explicit waters. At the end of the HADDOCK dimer calculation, 10 structures formed

a single cluster out of 200 water-refined structures. The coordinate file with the lowest
HADDOCK score was chosen for the final structural model displayed in this study.

Guanylate Cyclase Assays.

To test the regulatory properties of wild type GCAPS and it variants (mutants without C
defined as 5A, HI8A/Y21A, HI8E/Y21E, R22A,R22D, M25E, N56C, N139C, and S159C),
we reconstituted purified GCAPS forms with cell membranes containing heterologously
expressed human GC-E (orthologue of bovine and mice RetGC1) in HEK flip 293 cells
essentially as described previously,***! but using a cell line that stably expressed GC-E.
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Cells were cultivated and harvested by centrifugation (300 for 5 min); the supernatant was
discarded, and the pellet was resuspended in 100 /A of 50 mM HEPES-KOH (pH 7 4), 50
mM KCI, 20 mM NaCl, 1 mM DTT, and mammalian protease inhibitor cocktail (1:500).
Cells were placed on ice for 20 min, disrupted by being passed several times through a
syringe, and placed on ice again. Activities were measured according to a detailed protocol
that was published previously26-40 with the following modifications: GCAPS was added at
a final concentration of 3 zM, and GC activities were obtained by adjusting the free Ca2*
concentration using a K,H,EGTA/CaH,EGTA buffer system as described previously.2® The
free Mg2* concentration was 1 mM.

Light Scattering Experiments.

RESULTS

The molar mass of GCAP5 and mutants was assessed by using a multiangle light scattering
(MALS) miniDawn instrument with a 690 nm laser (Wyatt Technologies, Inc.) coupled to
a refractive index instrument (Optilab Rex, Wyatt Technologies, Inc.). The molar mass of
chromatographed protein was calculated from the observed light scattering intensity and
differential refractive index using ASTRA software (Wyatt Technologies, Inc.) based on a

Zimm plot analysis using a refractive index increment (dm/dc= 0.185 L g~1).4243

NMR-Derived Structures of Mg2+-Bound GCAPS.

NMR chemical shift assignments published previously for MgZ*-bound GCAP5% were
used in this study to determine NOESY-based distances, NMR-derived dihedral angle
restraints, and residual dipolar coupling (RDC) restraints (Figure 2) that served as input

for restrained molecular dynamics structure calculations (see Materials and Methods). The
residual dipolar coupling magnitude and rhombicity were calculated by fitting the measured
residual dipolar couplings to the calculated structure using the PALES program 32 The
RDC-refined structures have a quality Q-factor of 0.27 and an R-factor of 0.985 (Figure 2C).
The NMR-derived structure of MgZ*-bound GCAP5 (PDB entry 7M2M) was validated with
PROCHECK: 90% of residues belonged to the most favorable region in the Ramachandran
plot.

The NMR structures of Mg2*-bound GCAP5 have a backbone RMSD of 1.0 A (overlaid in
Figure 3A), and structural statistics are listed in Table 1. The GCAPS5 main chain structure
(Figure 3B) contains a total of 11 a-helices and four S-strands: al (residues 8-15), a2
(19-27), a3 (35-41), a4 (50-62), a5 (72-82), a6 (88-97), a7 (108-121), a8 (130-140),
a9 (151-160), al0 (162-172), all (175-182), B1 (32-34), B2 (69-71), B3 (105-107), and
B4 (148-150). The secondary structure of the final NMR structure of MgZ*-bound GCAP5
(Figure 3B) is slightly different from the secondary structure inferred from the chemical
shift index.*4 In particular, the C-terminal helix (all) defined by NOESY and RDC data
was predicted to be a random coil based on chemical shift analysis.* The secondary
structure elements of GCAP5 combine to form two separate domains: The N-terminal
domain is formed by the N-terminal helix (al), EF1 (green, residues 19—41), and EF?2 (red,
residues 50-82), and the C-terminal domain is formed by EF3 (cyan, residues 88-121),
EF4 (yellow, residues 130-160), and C-terminal helices (@10 and all in Figure 3B). The
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N-terminal helix (al) of GCAPS is extended by two residues compared to that of GCAP1
(Figure 1). This extension of al in GCAPS causes the sulfhydryl side chains of Cys15 and
Cys17 to become more solvent exposed compared to what they are in GCAP1, which may
facilitate the binding of Fe2* to GCAPS5 (Figure 3C). The helix immediately adjacent to

EF4 (a0, colored purple in Figure 3C) is one turn longer in Mg2*-bound GCAP5 than

in Ca2*-bound GCAP1. Thus, a10 in GCAPS is structurally identical to the Ca?* switch
helix reported for Ca2*-free GCAP1.12 The C-terminal helix (a11) is one-half turn shorter in
MgZ*-bound GCAPS5 than in Ca?*-bound GCAP1 (Figure 1). The Ca2*-dependent structural
differences in both @10 and al1 are consistent with a CaZ*-myristoyl tug mechanism*>

previously for GCAP1.12

seen

The NMR structure of GCAPS contains Mg2* bound at EF2 (orange sphere in Figure 3)

as evidenced by characteristic Mg2*-dependent amide chemical shift changes assigned to
Gly68 in EF2 4 Also, Mg2+-induced NMR spectral changes for GCAPS (Figure S1) further
demonstrate binding of Mg2* to GCAP5. The geometry of chelating amino acid residues

in GCAP5 and the bound Mg2* was not observed directly in our NMR study. Instead, the
stereochemical geometry and chelation of Mg2* bound at EF2 were modeled with structural
constraints derived from the X-ray crystal structure of MgZ*-bound CaM,*0 which closely
resembles the MgZ* binding site geometry conserved in other EF-hand proteins such as
CaBP147 and CaBP4.4®8 GCAPS residues at positions 1, 3, and 5 of the EF-hand loop in
EF2 were selected to chelate the bound Mg2* (see D63, D65, and D67 in Figure 3A).
Mutation of the corresponding residues in GCAP1 significantly weakens Mg2* binding and
prevents cyclase activation.!? The four EF-hands of GCAP5 with one Mg2+ bound at EF2
(and no metal bound at EF1, EF3, or EF4) each adopt interhelical angles that are similar

to those observed in the crystal structure of Ca2*-bound GCAP1. The overall main chain
structure of Mg2*-bound GCAPS is somewhat similar to that of the Ca2*-bound GCAP1
crystal structure [RMSD =24 A (Figure 3D)]. For the Mg2*-bound GCAPS structure, the
interhelical angles are 131° (EF1), 114° (EF2), 104° (EF3), and 107° (EF4). Thus, the three
functional EF-hands in GCAPS (EF2-EF4) each adopt a preformed open conformation in
the Ca2*-free state akin to that of calbindin Dg, and other CaZ* buffer proteins,>® which

may explain the very high nanomolar Ca2* binding affinity for GCAP proteins.>!

Intermolecular Distances of the GCAP5 Dimer Determined by EPR-DEER.

Previous studies demonstrated that GCAPS5 forms a dimer in solution.2! In the current study,
we used EPR-DEER to measure intermolecular distances that were used as restraints to
calculate a structural model of the GCAPS dimer. The DEER data for GCAPS (Figure

4) were analyzed to determine intermolecular distances between individual nitroxide spin-
labels covalently attached to particular Cys residues on the protein surface (C15, C17, T26C,
C28,N56C, C69, C105,N139C, E152C, and S159C). Wild type GCAPS5 contains five native
Cys residues (C15, C17,C28, C69, and C105), and single-Cys mutants were generated in
each case by replacing the other four Cys residues with Ala. In addition, we introduced

a non-native Cys at particular residues (T26C, N56C, N139C, E152C, and S159C) ina
Cys-less background mutant of GCAP5 (GCAP5CL) in which all five native Cys residues
were replaced with Ala. A total of 10 single Cys mutants of GCAPS were constructed for
EPR-DEER: GCAP5CL(A15C), GCAPSCL(A17C), GCAP5CL(T26C), GCAPSCL(A28C),
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GCAPS5CL(N56C), GCAP5CL(A69C), GCAP5CL(A105C), GCAP5CL(N139C),
GCAP5CL(E152C), and GCAP5°L(S159C).

Representative EPR-DEER data for GCAPS5 with a nitroxide spin-label attached individually
to each single-Cys mutant[GCAP5CL(A28C),GCAPSCL(N56C),

and GCAP5CL(A69C)] are shown in Figure 4 (Figure S2 shows DEER data for all 10
mutants). The DEER data in each case were modeled by a distance distribution with most
probable intermolecular distances of 16 +4,52 + 5, and 43 + 5 A for GCAP1°(A280C),
GCAP5CL(N56C), and GCAP5SCL(A69C), respectively (Figure 4). The intermolecular
DEER distances for all single Cys mutants of GCAPS are listed in Table 2 and Figure

S2.

Structural Model of a GCAP5 Dimer.

The intermolecular DEER distances for each spin-label attached to GCAPS5 (Figure SA and
Table 2) were used as distance restraints within HADDOCK?2 to calculate the structure

of the GCAPS dimer as described in Materials and Methods. The measured DEER
distances (Table 2) for the most part agree within experimental error with the calculated
intermolecular distances in the GCAP5 dimer model (Figure SA). The apparent deviation
between the calculated versus observed distances for C15 and C17 (important for Fe2*
binding?!) might reflect the dynamic disorder for these residues in the absence of Fe2*.
Much smaller distance deviations were observed for N5S6C, C69, N139C, and E152C
because these residues are located in regions of regular secondary structure that are more
rigidly held in place. The structure of the GCAPS dimer (Figure 5A) contains intermolecular
contacts between mostly hydrophobic residues (H18, Y21, M25, F72, V76, and W93) at the
dimer interface. The closest contacts are formed between the hydrophobic side chain atoms
of H18,M25,F72, V76, and W93 (colored red in Figure SA). The intermolecular contacts
with V76 are consistent with the previous observation that a V77E mutation abolished
dimerization of GCAP1.!2 The aromatic side chain atoms of H18, Y21 (not shown), F72,
and W93 make intermolecular contacts with each other at the dimer interface (Figure 5B).
The GCAPS dimer is also stabilized by an intermolecular salt bridge between the side chain
atoms of R22 and D71 (Figure 5C). The GCAPS dimer (Figure 5A) is structurally similar to
the dimeric structural model reported recently for GCAP1.%3

Mutant Lacking All Five Cys and DEER Mutants of GCAP5 Are Functionally Intact.

To verify whether the GCAPS 5A mutant (lacking all five Cys residues) and single-Cys
mutants (N56C, N139C, and S159C) used in the DEER experiments are functionally intact,
we measured the retinal guanylate cyclase activity in the presence of wild type GCAPS
and each mutant (Figure 6) in the presence and absence of Ca2*. The data set includes
two positive controls and one negative control. Incubation of cyclase activity with WT
GCAPS5 showed the activating property of GCAPS and reproduced previous observations
that WT GCAPS5 lacks the Ca2* dependence, which is typical for other GCAP isoforms 2!
The second positive control was the activity profile obtained with the SA mutant that
showed a canonical Ca2* dependence of GC activation in which the cyclase activity at
low Ca?* activity levels was similar to that of WT GCAPS but much lower at high Ca*
concentrations. These results agree with our previous data showing that the presence of
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Cys at positions 15 and 17 seems to interfere with the Ca2* switch.2! The negative control
was the GC activity without addition of a GCAP variant (control in Figure 6), resulting in
>10-fold lower basal GC activities. Activities of all other mutants were above the control
level, showing that they were functionally intact. The guanylate cyclase activities in the
presence of the Cys-less GCAPS mutant (5A in Figure 6) and each of the DEER mutants
(N56C, N139C, and S159C) are each qualitatively similar to that of wild type GCAPS5 at
low CaZ* concentrations, demonstrating that these mutants are each capable of activating
the cyclase and appear to be functionally intact. Furthermore, when the negatively charged
amino acid in the H/Y-E and R22D mutants was replaced with Ala, activities increased, in
the case of R22A to >5-fold higher than that of WT and 5A. Surprisingly, although the Ca2*
switch is operational in R22A, the Ca?*-bound R22A activates the cyclase to a higher degree
than the Ca%*-bound wild type GCAPS (see GC activation at high Ca* concentrations).

Mutations at the GCAP5 Dimer Interface.

The key amino acids that form intermolecular contacts at the GCAPS interface (H18, Y21,
R22,M25,D71,F72,V76, and W93) were mutated to form the following mutants: H18A/
Y21A,HI8E/Y21E, R22A,R22D, M25E, D71A, D71R, F72A,F72E, V76A, V76E, and
WO3E. The corresponding residues in GCAP1 are conserved (Figure 1), and the same
mutations in GCAP1 (Y22E, M26E, F73E, V77E, and W94E) were shown previously to
both weaken dimerization and abolish activation of the cyclase 53 consistent with the idea
that GCAP1 dimerization is necessary for cyclase activation. A similar result was seen

for GCAPS. The GCAPS dimerization site mutants (HI8A/Y21A, HI8E/Y21E, R22D, and
M25E) each exhibited a >4-fold reduction in the level of activation of cyclase activity
compared to that of the wild type (Figure 6). The GCAPS5 dimerization site mutants (D71A,
D71R, F72A,F72E, V76A, V76E, and W93E) were each expressed in the insoluble fraction
of the bacterial lysate (called inclusion bodies), which prevented their characterization. The
low solubility here suggests that these mutations may destabilize dimerization of GCAPS
that in turn could cause protein unfolding, which may explain the precipitation of the
mutated proteins. A double mutant (HI8E/Y21E and H81A/Y21A) and single mutants
(R22A,R22D, and M25E) are somewhat more soluble, although a detectable fraction of
each mutant could also be detected in inclusion bodies, in contrast to wild type GCAPS that
is not detected in inclusion bodies. The most soluble mutant (M25E) exhibited an NMR
HSQC spectrum that was overall similar to that of the wild type (Figure 7A). However, a
number of resonances assigned to residues near the dimer interface (H18, Y21, D71, and
'W93) and resonances near the center of the spectrum appear much broader in the M25E
spectrum (Figure 7A, red). The observed peak broadening for the M25E mutant could

be caused by chemical exchange broadening mechanisms associated with lower-affinity
dimerization for M25E compared to wild type. The double mutants (H18E/Y21E and HI18A/
Y21A) each exhibited a highly heterogeneous NMR spectrum (Figure 7B for HISE/Y21E
and Figure S3A for HI8A/Y21A) in which at least four different amide peaks were assigned
to G68 (circled in Figure 7B). This heterogeneity suggests a complex mixture of perhaps
monomer, dimer, and higher-order oligomers, as evidenced by many broadened resonances
in the center of the spectrum. A fraction of the HI8E/Y21E mixture was isolated as a
monomeric species (see chromatography elution profiles in panels C and D of Figure 7)
with a molar mass of 24 + 2 kDa determined by SEC-MALS for H18E/Y21E (Figure 7E)
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and for H1I8A/Y21A (Figure S3B), in contrast to wild type GCAPS that is mostly a dimer
under the same conditions.2! A similar monomeric fraction was isolated for R22D (see
chromatography profiles in panels F and G of Figure 7) with a molar mass of 29 + 4 kDa
determined by SEC-MALS (Figures 7H). The same molar mass was determined for R22A
(Figure S3C). Thus, the R22A, R22D, M25E, H18A/Y21A, and H18E/Y21E mutations each
appear to weaken the dimerization of GCAPS as predicted by the structure.

The protein folding melting temperature (7y,) was measured for the soluble GCAPS
dimerization site mutants (H18E/Y21E, R22D, and M25E) to probe the effect of these
mutations on the protein folding stability (Figure S4). The 7, values of wild type GCAPS
and mutant proteins were determined by measuring NMR HSQC spectra at different
temperatures. The NMR intensity of the downfield-shifted amide resonance assigned to
Gly68 (characteristic of the folded protein, called /g}y6s) Was monitored as a function

of temperature. For wild type GCAPS, Igly6s began to decrease as the temperature was
increased above 47 °C and a T;, value (temperature at which /gyeg decreased by 2-fold) was
estimated to be 52 + 1 °C. The 7p, values for the HIS8E/Y21E, R22D, and M25E mutants
were measured to be 48 + 1,49 + 1, and 49 + 1 °C, respectively. The lower 7, values for the
dimerization site mutants compared to that of the wild type suggest that the intermolecular
contacts at the dimer interface contribute to the overall protein folding stability.

DISCUSSION

In this study, we present the NMR structure of Mg?*-bound GCAP5 (Figure 3) and
EPR-DEER analysis (Figure 4) of the dimeric GCAPS structure (Figure 5). The NMR
structure of the MgZ*-bound activator form of GCAPS looks similar to that of the crystal
structure of GCAP1 (Figure 3D, and RMSD = 2 4 A).° However, an important structural
difference is that the N-terminal helix in GCAPS is elongated by two residues, which
allows the nonconserved sulfhydryl side chain of Cys15 and Cys17 to both point outward
and chelate Fe2* that can bind to GCAP5 (Figure 3C). The solvent-exposed side chains

of Cys15 and Cys17 are consistent with previous studies that report high-affinity binding
of Fe?* to GCAP5.2! The 10th helix (a10) of GCAP5 (colored purple in Figure 3) is
elongated by three residues compared to the corresponding helix in Ca**-bound GCAP1
(Figure 1). The Ca%*-induced shortening of @10 may explain how binding of CaZ* to EF4
(directly connected to a10) is allosterically transmitted to the N-terminal myristoyl group
and surrounding residues in GCAP1 (Y22, R23, M26, F73, and V77) that are responsible
for activating guanylate cyclase.5# This is consistent with the Ca2*-myristoyl tug model!2:45
in which the binding of Ca2* to the fourth EF-hand of GCAP1 (EF4) causes Ca?*-induced
conformational changes that “tug” on the downstream C-terminal helix that contacts the
N-terminal myristoyl group, which alter the exposure of residues that are believed to interact
with RetGC. Binding of Mg2* to GCAP1 does not initiate the tug mechanism, because
Mg?* binds only to the second EF-hand and does not bind to EF4. The Ca*-myristoyl

tug mechanism explains how GCAPI activates guanylate cyclase and appears to operate in
GCAPS, as well.

The structure of the GCAPS5 dimer (Figure 5) was determined by docking two molecules
of the NMR structure of GCAPS5 (Figure 3) according to intermolecular distance restraints
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determined by EPR-DEER (Figure 4 and Table 2). The GCAPS5 dimer structure looks
somewhat similar to the structure of the GCAP1 dimer (RMSD = 2.4 A).53 The dimer
interface in both GCAP1 and GCAPS consists of the same exposed hydrophobic residues
(H18,Y21,M25,F72,V76, and W93) colored red in Figure SA. Mutations at the GCAPS
dimerization site (H18E/Y21E, HI8A/Y21A,R22D, and M25E) disrupt dimerization of
GCAPS (Figure 7) and decrease the level of cyclase activation by >4-fold (Figure 6).
Interestingly, the point mutation p.H19Y in human GCAPI that is located in the dimer
interface was identified in patients diagnosed with retinitis pigmentosa. Investigation of

the molecular properties of the HI9Y GCAP1 mutant protein revealed a disruption of

Ca** binding, guanylate cyclase regulation, and dimer formation,>> which points to the
importance of a dynamic monomer—dimer equilibrium for the function of human GCAPI,
as well.>® However, the exposed hydrophobic residues at the GCAPS dimerization site have
also been suggested to mediate contacts with RetGC.>* It is possible that the exposed
dimerization site in GCAPS might prefer to interact with RetGC rather than promote
GCAPS dimerization in the presence of a saturating level of RetGC. This scenario is
consistent with the R22A mutant, which causes a 5-fold increase in the level of cyclase
activation (Figure 6) even though GCAPS5 dimerization is weakened by R22A (Figure S3C).
Future studies are needed to determine whether the GCAPS dimer structure will remain
intact upon binding to RetGC and how it might stabilize the transition state of the cyclase
reaction.

An important structural difference between GCAP1 and GCAPS is that the GCAPS dimer is
stabilized by an intermolecular salt bridge between R22 and D71 (Figure 5C) that is not seen
in the GCAP1 dimer structure, perhaps because R22 in GCAPS is replaced with a lysine in
GCAP1 (Figure 1). Slight differences in the quaternary structures of dimeric GCAP1 and
GCAPS may explain the 3 A increase in the intermolecular distance between K22 and D71
in GCAP133 compared to the much shorter salt bridge distance in GCAPS (Figure 5C). We
suggest that this difference in quaternary structure for GCAP1 and GCAP5 might explain
why GCAPI is 3-fold more potent at activating guanylate cyclase 2!

The structure of the Ca2+-free, Fe2*-free, Mg2*-bound GCAP5 dimer (Figure 5) is quite
different from a structural model of the FeZ*-bound GCAP5 dimer proposed previously.2!
In the Fe?*-bound GCAPS dimer, a single Fe* is chelated by the sulfhydryl side chains

of Cys15 and Cys17 from each subunit of the GCAPS5 dimer so that the intermolecular
distance of the sulfhydryl atoms for Cys15 is <8 A (see the double arrow in Figure 8). By
stark contrast, in the Fe2*-free GCAP5 dimer, the intermolecular distance of the nitroxide
spin-label attached to Cys15 is 24 A. The much larger intermolecular distance for Cys15

in the Fe*-free GCAPS dimer (Figure 5 and Table 2) suggests that binding of Fe2* to the
GCAPS dimer may cause the two protein subunits within the dimer to rotate with respect to
one another as illustrated in Figure 8. This Fe?*-induced rotation of the two protein subunits
in the GCAPS dimer dramatically alters the exposure of residues (H18, Y21, M25,F73,
V76, and W93 highlighted by red ovals in Figure 8) that have been implicated in binding

to guanylate cyclase.>*>3 We propose that the Fe?*-dependent exposure of the cyclase
binding site residues may explain how binding of Fe?* to GCAP5 prevents its activation of
guanylate cyclase. Future studies are needed to determine the atomic resolution structures of
FeZ*-bound GCAP5 and GCAP5 bound to guanylate cyclase to further test our model.
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Figure 1.

Amino acid sequence alignment and secondary structure of GCAP1 and GCAPS. EF-hand
motifs are shaded in color (green for EF1, red for EF2, cyan for EF3, and yellow for EF4).
Nonconserved cysteine residues (C15 and C17) in GCAPS are highlighted in red. Single
cysteine residues (C15, C17, T26C, C28,N56C, C69, C105,N139C, E152C, and S158C)
modified by nitroxide for DEER studies are highlighted in blue. a-Helices and S-strands are
depicted by cylinders and arrows, respectively. Swiss Protein Database accession numbers
are Q90WX4 (bovine GCAP1) and QSMACS (zebrafish GCAPS).
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Figure 2.

Residual dipolar coupling (RDC) structural analysis of GCAPS. 'H-15N IPAP-HSQC
spectra of Mg2*-bound GCAPS in the (A) absence and (B) presence of 12 mg/mL Pf1
phage. Observed spectral splittings in the absence of Pf1 (Jyy) and presence of Pf1 (Jyy

+ Dnp) are marked by vertical lines, and their difference was used to calculate RDCs as
described in Materials and Methods. (C) RDCs calculated from the structure of Mg2+-bound
GCAPS in Figure 3 plotted vs the RDCs measured in panel B show good agreement
(Q-factor = 0.27, and R-factor = 0.98532).
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Figure 3.

Nl%IR-derived structures of Mg2+-bound GCAPS (PDB entry 7TM2M). (A) Ensemble of the
10 lowest-energy NMR structures. Structural statistics are listed in Table 1. (B) Average
main chain structure of GCAPS5 and (C) the same view rotated by 180° showing four
EF-hands (colored as in Figure 1) packed in a globular arrangement very similar to what is
seen for Ca2*-bound GCAP1.? (D) Overlay of the main chain structure of GCAP5 (cyan)
and the crystal structure of GCAP1 (red). The secondary structural elements are labeled as
defined in Figure 1. The CaZ* switch helix (a10) is colored purple. Cys15 and Cys17 side
chain atoms are colored yellow. Bound Mg2* is colored orange. The N-terminal myristoyl
group is colored magenta. Side chain atoms of residues at the dimer interface (H18, Y21,
M25,F72, and V76) and Mg2+ binding site (D63, D65, and D67) are indicated as sticks. (D)
Overlay of main chain structures of Ca?*-bound GCAP1 (red) and Ca?*-free, MgZ*-bound
GCAPS (cyan).
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EPR-DEER intermolecular distances for the GCAPS dimer. Representative EPR-DEER
data of (A) GCAPSCL(A28C), (C) GCAP5SCL(N56C), and (E) GCAP5CL(A69C) and
corresponding distance distributions of (B) GCAP5CL(A28C), (D) GCAP5{(N56C), and
(F) GCAP5L(A69C). GCAP5 samples were in the Ca2*-free, Mg2*-bound state. Similar
DEER data were observed for GCAPS5 in the Ca2*-bound state (not shown). A nitroxide
spin-label (MTSSL) was covalently attached to the sole Cys residue in each mutant. The
distance distributions and average intermolecular distances were calculated on the basis of
the DEER data as described in Materials and Methods. The DEER intermolecular distances
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were measured to be 16 + 1 A [GCAP5CL(A28C) in panel B], 52 + 3 A [GCAP5CL(N56C)
in panel D], and 41 + 3 A [GCAP5°L(A69C) in panel F].
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A

Figure 5.

Stfuctural model of the GCAP5 dimer. (A) Ribbon diagram of the main chain structure of
the GCAPS dimer derived from DEER intermolecular distances listed in Table 2. The dimer
subunits are colored cyan and yellow. Representative spin-labeled Cys residues for DEER
studies (C28, N56C, C69, and C105) are colored magenta. Side chain atoms of residues at
the dimer interface (H18, Y21, M25,F72, V76, and W93) are represented as sticks and are
colored red. (B) Close-up of the dimer interface showing intermolecular contacts between
aromatic residues. The side chain atoms of H18, F72, and W93 are colored red. (C) Close-up
f the intermolecular salt bridge between R22 and D71.
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Figure 6.

Activation of photoreceptor guanylate cyclase by GCAPS mutants. Purified myristoylated
GCAPS wild type (WT), Cys-less (5A), and variants (H18A/Y21A, HI8E/Y21E, R22A,
R22D, M25E, N56C, N139C, and S159C) were incubated with HEK293 cell membrane
suspensions containing photoreceptor human guanylate cyclase (GC-E). The concentrations
of wild type GCAP5 and variants were each 3 M, and the free CaZ* concentration was
adjusted to 30 /M (dark gray bar) or 10 nM (light gray bar) using a Ca2*/EGTA buffer

system.
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NMR and SEC-MALS of GCAP5 dimerization site mutants. (A) 'H-!5N HSQC spectra of
I5N-labeled GCAPSMZE (red) and GCAP5WT (black). (B) 'H-!*N HSQC spectra of 19N-
labeled GCAPSHISE/Y2IE (red) and GCAPSWT (black). (C) Ion exchange chromatogram
to isolate the monomeric fraction (marked by an asterisk) of GCAPSHISEY2IE (D) Size
exclusion chromatogram of GCAP5HISEY2IE (Ey MALS Zimm plot analysis of the
monomeric fraction of GCAPSHISE/Y2IE that determined a molar mass of 24 + 2 kDa.

(F) Ion exchange chromatogram to isolate a monomeric fraction (marked by an asterisk)
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of GCAP5R22D_(G) Size exclusion chromatogram of GCAP5R22D, (H) MALS Zimm plot
analysis of GCAP5R??D that determined a molar mass of 29 + 4 kDa. The experimental
conditions for MALS are given in Materials and Methods.
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Figure 8.
Fe2*-dependent structural changes in GCAP5. Schematic model of dimeric GCAPS in the

FeZ*-free activator state (left) and Fe?*-bound inactive state (right). A single bound Fe2* is
chelated by sulfhydryl side chains of Cys15 and Cys17 from both protein subunits of the
GCAPS dimer. The intermolecular distance between the Cys15 sulfhydryl group is depicted
by a double arrow. GCAPS residues (H18, Y21, M25,F73, V76, and W93) implicated
previously in the binding to guanylate cyclase3*-> are represented by red ovals, and the
putative cyclase binding site is shown by a dotted circle.
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Table 1.
NMR Structural Statistics for GCAPS
NMR restraints value (restraint violation)
short-range NOEs 526 (0.0 £ 0.0)
long-range NOEs 145 (0.0 £0.0)
hydrogen bonds 144 (not used in water refinement)
dihedral angles 172 (0.1 £0.3)
! Dyn RDC 24 (0.0 +£0.0)
RDC Q-factor 0.321

i i a
coordinate precision (A)

RMSD for backbone atoms 1.0+£0.04
RMSD for all heavy atoms 16+0.1
deviation from idealized geometry
bonds (A) 0.007 +0.001
angles (deg) 0.823 +0.015
impropers (deg) 0.925 +0.025
Ramachandran plot (%)
favored region 78.1
allowed region 16.3
outlier region 5.6
structure qualityb
Clash score 80
Ramachandran outliers 5.6%
side chain outliers 6.1%

aCoordinate precision was calculated for residues 9-16, 2041, 49-81, 89-120, 130-139, and 148-160.

bStruclure quality metrics assessed by M(yll’rol:iity.?’6
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Table 2.

Molecular Docking Statistics for GCAP5

DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance

HADDOCK energy

RMSD (A)*

cluster size

C158y,24+6A
C17S8y,18+2A
T26CSy,17+2A
C28Sy,16+1A
N56C Sy,52+3 A
C69Sy,41+3A
C105Sy,43+11A
NI139CSy,57+4 A
EI152CSy,45+4 A
S159CSy,40+3 A
C1557,32A
C17Sy,28 A
T26CSy, 16 A
C285y,21A
N56C Sy,52 A
C69Sy,39 A
C105Sy,52A
NI139C Sy,57 A
EI52CSy,42A
S159C Sy, 42 A
-1813+58

09+0.6

11

HRoobmean-squam deviation of backbone heavy atoms.
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Chapter 5 : Unpublished results

The following section contains the results of experiments that were performed in the framework
of Chapters 2 and 3, but were not published. These findings may be relevant for future research.

5.1 A putative rotation mechanism of the constitutive active
mutant V902L- introduction of poly alanine segments

Following the poly alanine introduction to the transmembrane domain and checking the activity
with wild type GC-E (see Chapter 2), we followed up introducing two and four poly alanine
segments to the transmembrane domain (TMD) of the mutant VO02L.
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Figure 9: Catalytic activity of Ala mutants and mutant V902L.

Incubation of Ala mutants and mutant V902L in the presence of SuM human GCAPI at high (33 uM, maroon
bars) and low (< 10 nM, blue bars) free [Ca*"] and in the absence of GCAPI at high (33 uM, black bars) and low
(< 10 nM, grey bars) free [Ca']. Results indicate an overall decrease in GC activity among different mutants,
without affecting its Ca*" dependency pattern among the different conditions used as seen by x-fold activation.
The x-fold activation of control mutant V902L, V902L-2Ala and V902L-4Ala in the presence of GCAPI is 2.3,
1.9, 2 and without GCAP1 is 2.2, 2.2, 2.1 respectively.

5.2 Truncated GCAP1

The importance of GCAPI in the phototransduction has been viewed variedly above. Its
structural studies are continually progressing to better understand its mechanism of action. A
key objective in this field of research is to obtain high-quality crystals suitable for X-ray
diffraction, which would enable the development of a reliable structural model. In this context,
Francesco Boni from the lab group of Prof. Mario Milani designed a truncated GCAP1
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construct lacking the C-terminal region (residues Gly192-Gly201) and incorporating an
engineered, putative disulfide bridge between the N-terminal and C-terminal cystein domains
as seen in Figure 10.

Figure 10: Structure of monomeric GCAP1

Monomeric GCAP1 with the two cysteins residue in the desired position (yellow stick), for creation of disulphide
bond. Yellow round balls are the Ca?" ions bound to EF 2,3,4 motif. Myristoyl group is highlighted with magenta.
(Structure provided by Francesco Boni)

The rationale behind this design was to reduce the intrinsic flexibility of the protein-particularly
the reciprocal vibrational movement between the N-terminal (EF1-EF2) and C-terminal (EF3-
EF4) lobes which often hinders crystallization. Additionally, they wanted to assessed whether
this engineered construct retained functional activity in GC-E regulation, aiming to ensure the
biological relevance of the structural insights. For this we had received the truncated protein
sample from them and I further proceeded with an ICso (half maximal inhibition) experiment
to determine the activity profile of truncated GCAP1 and to compare it with the WT GCAP1.
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Figure 11: Half-maximal inhibition comparing truncated and WT GCAP1.
The GC-E was incubated with 10 uM of C-terminally truncated GCAP1 (black dot) or WT GCAP1 (white dots).
Free [Ca?] was varied, as indicated and the analysis was performed. (Error bars are s.d., of technical duplicates).
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The data presented here shows no principle difference between truncated and WT GCAPI1.

Unfortunately, despite these efforts, of generating a protein with reduced flexibility but being
functionally active, diffracting crystals could not be obtained, and this result could not be used
for any publication. However with this construct we could demonstrate that the C-terminus is

not so essential in the regulation of the GC-E cyclase activity.

5.3 Guanylate cyclase activating protein 3 (GCAP3)

GCAP3 is a 23 kDa protein which is biochemically less characterized among other GCAPs
isoforms. Therefore, this protein was used during my PhD work to some of the following

experiments to elucidate its function and biochemical characteristic.

5.3.1 Ca?" induced gel shifts in GCAP3
As seen in the gel images the expression and purification of GCAP3 was successful, however
an increase in electrophoretic mobility was observed for GCAP3 upon electrophoresis. All
known GCAP variants reacted to Ca>" by adopting a different conformation, leading to the

characteristic increase in electrophoretic mobility (Dell’Orco & Dal Cortivo, 2019), which is
similar to other calcium sensors as well (Viviano et al., 2016). The presence of multiple bands
could be due to protein oligomerization and/or residual Ca**-binding, is typical for calcium
senosor proteins even after detergent-induced partial denaturation and the presence of a
chelator in the buffer (Dell’Orco et al., 2012). The Ca** induced gel shift of the protein GCAP3

is reversed back by Ca®* chelating ions (EDTA, EGTA) as illustrated in Figure 12.
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Figure 12: Ca?" induced gel mobility shift

SDS-PAGE analysis of GCAP3. 5ug of protein was incubated for 30 min at RT in the presence and absence of

respective ions and electrophorized in 12% SDS-PAGE gel and was stained with Coomassie blue.
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5.3.2 GCAP3 and RD3 interaction with GC-E

We observed that GC-E is regulated by GCAP3 with less efficiency compared to GCAP1 as
seen in Figure 1, Chapter 3. And as noted earlier, RD3 is known to inhibit cyclase activity. So
we tested, whether RD3 could also inhibit cyclase activity regulated by GCAP3.
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Figure 13: Inhibitory effect of RD3 on GC-E regulated by GCAP3

A titration of RD3 in the presence of 10 pM GCAP3 was performed. With increasing concentration of RD3, GC-
E activity decresead with an ICso value of 64.5 nM, which is closely similar to the inhibitory profile in the presence
of GCAPI.

5.4 Does the binding of RD3 compete with the binding of GCAPs
to the target GC-E?

RD3 is known to bind GC-E and is essential for its proper trafficking and function in
photoreceptors (Azadi et al., 2010; Peshenko, et al., 2011). Importantly, RD3 has been shown
to inhibit GC-E activation by GCAPs, helping keep the enzyme inactive during early
photoreceptor development or mislocalization.

To expore whether the binding of RD3 competes with the binding of GCAP to GC-E, I
conducted a functional assay using HEK293 cells expressing GC-E, WT and the mutant VO02L

and measured enzymatic activity upon stimulation with RD3 level near their respective ICso
value, in the presence of increasing GCAP1 concentration.
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Figure 14: Competition of RD3 with GCAP1 in GC-E Activity assay.

GC-E was expressed in HEK293 cells, and its activity was stimulated by purified GCAP1 in the presence of RD3.
The resulting data were fitted using a Sigmoidal 3Parameter model for the activity (A-B). Fitting of the curves to
a Hill model and by analysis in Lineweaver -Burk plots, yielded values for Vmax (C-D). Because of the
cooperative nature of substrate binding, the x-axis (1/[S]) can be adjusted using the Hill coefficient n, resulting in
straight lines when plotted as 1/[S]*n. The maximal enzymatic GC-E activity at 68 nM RD3 was 18.62 pmol*pg"
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!min"! and V902L activity at 250 nM was 5.73 pmol*ug 'min!, respectively, when activated by GCAP1. The half
maximal effective concentrations (K'2) for GCAP1 were 19.39 uM for GC-E and 0.67 uM for V902L respectively.
(E-F removing the 1 data value i.e 10) The maximal enzymatic GC-E activity at 68 nM RD3 was 3.60 pmol*ug
'min"! and V902L activity at 250 nM was 5.72 pmol*ug'min! respectively when activated by GCAP1. The half
maximal effective concentrations (K%2) for GCAP1 were 2.25 uM for GC-E and 0.67 uM for V902L respectively.

Our data show that in the presence of RD3, the maximal GC-E activity stimulated by GCAP1
was noticeably reduced. Interestingly, the V902L mutant maintained higher activity even at a
higher RD3 concentration. This suggests that the V902L mutation somehow makes the cyclase
less sensitive to RD3 inhibition-possibly by disrupting RD3 binding or altering how RD3
influences the enzyme’s structure.

Although this trend points to a potential interference by RD3 in GCAP1 mediated activation,
however, it’s important to note that we currently lack a direct control condition where GC-E
was activated by GCAP1 in the absence of RD3 under the same experimental settings. Without
this baseline, we cannot directly conclude that RD3 competes with GCAPI1 for binding to GC-
E. The reduced activity could also result from an independent regulatory effect of RD3 on GC-
E, rather than direct competition at a shared binding site.

Still, our observations are consistent with the previous reports from the (Peshenko et al., 2011),
where RD3 was shown to inhibit GCAP dependent activation of GC. Taken together our
findings suggest that RD3 may modulate GC-E activation, possibly by interfering with
GCAPI. However, to confidently demonstrate a competitive relationship, further experiments
will be needed, especially including conditions with increasing GCAP1 concentration and
stimulation in the absence of RD3 under conditions where the RD3 levels are well above the
1Cs value.
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Chapter 6 : Discussion

Retinal guanylate cyclases (GCs) and guanylate cyclase activating proteins (GCAPs) have long
been recognised for their critical role in modulating visual phototransduction within retinal
photoreceptor cells by synthesizing the second messenger cGMP in response to light stimuli.
Despite their importance, the precise molecular mechanisms governing their regulation remain
elusive. The structural complexity of GC-E protein, combined with persistent challenges in
achieving reliable in vitro expression, of the full length protein in high yields, has hindered the
determination of their crystal structures, limiting our understanding of their function. Mutation
in GC-E and GCAPs are associated with various retinal disorders, further emphasizing the need
to uncover the mechanism underlying their activation and regulation. Therefore, elucidating
the activation mechanism of membrane-bound photoreceptor GCs which is regulated by
GCAPs is the primary goal of my thesis. To support this investigation, recombinant protein
production was carried out. The genes were cloned, expressed and purified and the resulting
protein samples were then tested for biological activity and for interaction/regulation studies
using various techniques. While the initial objective was to approach these problems
experimentally, the study further extended in the direction of molecular dynamics. A
computational approach was undertaken to explore the conformational changes that occur as
the receptor transitions from its inactive to active state. Initial findings from this research have
been addressed within the two publication Chapter 2 and Chapter 3. During the course of my
research, a side project emerged, focusing on understanding the conformational dynamics of
GC regulator GCAP, specifically GCAPS5 and the results are presented in a third publication,
provided in Chapter 4. My thesis research work addressed two mechanisms that can be
proposed for the catalytic operation of GC-E, “‘the rotation mechanism’’ and ‘‘the two metal
ion catalytic mechanism’’. A brief description of the hypothetical mechanisms of the rotation
mechanism is provided in the introduction, while the two metal ion catalytic mechanism is
provided below, followed up by the detailed discussion.

6.1 Two metal ion catalytic mechanism

The two metal ion concept is a biochemical mechanism used to describe how certain enzymes,
use two metal ions (such as Mg?*, Mn?", Ca?" or Zn?") in their active site to stabilize the
transition state of the enzymatic reaction. The mechanism is widely applicable for enzymatic
catalysis involving phosphate group transfer, where one metal ion interacts with ATP/GTP to
form the substrate complex, while the other metal ion is primarily bound to the cyclase catalytic
center. A similar mechanism has been reported in the case of adenylate cyclase (AC), showing
the mechanism is likely to operate for the conversion of ATP to cAMP (Hurley, 1999). Tesmer
et al. (1999) through crystallographic analysis determined the catalytic domains of AC’s in
complexed with ATP analogs and divalent metal ions (Figure 15). These provided a model for
the enzyme-substrate complex, conclusively demonstrating the two metal ions are essential for
AC’s catalytic activity. A similar mechanism has been reported for soluble guanylate cyclase
by Serfass et al. (2001).
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Figure 15: Two metal ion model

The active site of adenylate cyclase. AC'ATPaS-R,Mn (left) and a magnified view of its thiotriphosphate (right).
Mn?* is shown to bound with substrate ATP, while other metal ion Mg?* is bound to the subunit of the catalytic
center of AC (taken from Tesmer et al., 1999).

6.2 Activation of sensory GCs by a rotation mechanism?

Membrane-bound guanylate cyclases (GCs) share a common structural topology, comprising
of an extracellular domain, a single spanning transmembrane domain connecting extracellular
domain to an intracellular domain and a catalytic domain. Despite this shared architecture, the
membrane-bound GCs reach their active state through distinct interaction processes. For
instance, hormone receptor GCs are regulated by hormone peptides bound to the extracellular
domain, whereas photoreceptor GCs have intracellular binding sites for Ca**- sensor proteins,
called GCAPs. GCAPs operate in a stepwise activation mechanism that finely tunes the
photoreceptor light response (Hwang et al., 2003; Koch & Dell’Orco, 2013). Despite these
variations, the shared structural topology of membrane-bound GCs suggests the possibility of
common conformational activation mechanisms.

Membrane bound hormone regulated GCs remain in a preformed dimeric, however in an
inactive state prior to ligand binding. A rotation mechanism has been proposed for hormone-
activated natriuretic peptide-receptor A (GC-A) that involves the juxtamembrane region
located between the TM and KHD regions (Misono et al., 2011), where ligand binding induces
an a-helix rotation that is transmitted to the catalytic domain, thereby switching the GC from
its inactive to active state. Experimental evidence supporting this ligand-induced rotation
mechanism was provided by Parat et al. (2010), who demonstrated that introducing a stretch
of up to five alanine residues close to the N-terminal end of the TM region in rat GC-A triggered
transmembrane helix rotation, transmitting the conformational change to the catalytic domain
and switching the GC-A from the inactive to the active state.

However, whether this mechanism is conserved across all membrane GCs or even all
transmembrane cell-surface receptors remain unclear (Maruyama, 2015). Sensory GCs, such
as GC-E and GC-F, which are regulated by GCAPs acting as intracellular Ca*" sensor proteins,
require a change in free intracellular Ca®" levels to transition into the active state. This mode of
activation, which fundamentally differs from ligand-induced activation, raises the question of
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whether GCAPs induce similar conformational changes through a comparable rotational
mechanism in sensory GCs or not?

To investigate this possibility, a similar experimental approach to that of Parat et. al. (2010)
was adopted. The incorporation of a single alanine residue into an a-helical secondary structure
is predicted to induce a helix rotation of approximately 100°. Consequently, the insertion of
four alanine residues into the primary sequence would result in a complete 360° rotation. If the
rotation of the TM region or the other structural domains within GC-E is a requisite step for
transitioning to the active state, it would be hypothesized that GC-E exhibits constitutive
activity in the absence of GCAPs. Furthermore, such activation would likely render GC-E
activity independent of Ca?" regulation. To test this hypothesis, a stretch of one to five alanine
residues was introduced close to the TM region (Figure 1, Chapter 2), in order to generate GC-
E constructs, via site directed mutagenesis, and assessed the functional consequences through
a GC-Assay. The results showed no evidence of any constitutive activation of GC-E, suggesting
that the successive insertion of alanine residues does not trigger a conformational transition to
the active state. These findings imply that photoreceptor guanylate cyclases differ
fundamentally in their mode of action compared to the hormone- activated GC-A, suggesting
that this rotation mechanism does not extend to all membrane bound GCs. Instead, minor
disruptions in basal and GCAP-dependent activities observed in the alanine point mutants
further raises critical questions about the structural determinants governing GC activation and
their implications for retinal physiology.

6.3 The role of the V902L mutation in GC-E activation

The V902L mutation in human GC-E has provided key insights into the activation process of
photoreceptor GCs. This V902L mutation is found in patients suffering from retinal cone-rod
dystrophies is the only known human GC-E mutation which leads to constitutive activation,
independent of GCAP regulation (Wimberg et al., 2018). In contrast, most GC-E mutations
associated with visual impairment predominantly exhibit severely reduced activity or altered
GCAP-mediated Ca®" regulation, rather than increased basal activity (Sharon et al., 2018). The
V902L mutation appears to induce a conformational shift to the active state of GC-E,
eliminating the need for regulatory stabilization by GCAP Ca*" sensors. This conformational
transition mechanism resembles findings from alanine mutants of GC-A, where the integration
of four alanine residues enforced a helix rotation, resulting in constitutive GC activation. Thus,
the VOO2L mutant serves as a valuable tool for investigating GC-E activation mechanisms.

Previous biochemical characterization of VO02L by Wimberg et al. (2018) primarily focused
on the enzymatic activity profile of V902L in response to varying Ca’>" and GCAPs
concentration, without detailed analysis of substrate dependency and the catalytic efficiency
expressed in kcat/Km. To address this gap, we extended our studies to determine the catalytic
parameters involved as a function of the substrate (Mg-GTP) concentration both in the presence
and absence of GCAP1 and GCAP2.
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A sigmoidal curve (Figure 3, Chapter 2) plotting GC activity against Mg-GTP concentration
suggested a cooperative process. GC-E in the presence of GCAP1 reached saturation at
substrate concentrations above 1 mM GTP, with a Vmax of 11.33 pmol/ug x min. In contrast,
GCAP2 regulated GC-E exhibited a 10-fold lower activation rate as noted previously and did
not reach saturation within the tested Mg-GTP concentration range. The V902L mutant
exhibited a saturation profile, with Vmax values ranging from 7 to 11 pmol/ pg x min of protein.
Notably, the V902L mutant demonstrated constitutive activity in the absence of GCAPs,
achieving half-maximal saturation at 0.37 mM GTP, a value comparable to wild type GC-E in
the presence of GCAPI1. Curve fitting to a Hill model yielded Vmax, EC50 (half-maximal
saturation), and the apparent Hill coefficient, summarized in Table 1 (Chapter 2).

The analysis of catalytic parameters revealed that the constitutively active state of the V902L
mutant closely resembled the active state of WT GC-E stabilized by GCAP1 and therefore
could not originate from higher catalytic efficiency. Similar values of Vmax, Kmand Kcat, and
catalytic efficiencies ranging between 2000 and 4000 M™! x S™! (Chapter 2) suggests that the
V902L mutation induces a conformational change in GC-E that mimics the active state, even
in the absence of GCAPI.

6.3.1 Structural transition from inactive to active state

Earlier studies identified the GCAP1 binding sites within the juxtamembrane and kinase
homology regions of mammalian GC-E (Lange et al., 1999; Peshenko et al., 2015; Sulmann et
al., 2017), suggesting a movement or conformational shift in the catalytic domain relative to
the kinase homology domain during activation. The residue at position 902 is also in the
catalytic domain, and the mutation could lead to a substantial rearrangement of the dimeric
structure in this domain. To investigate this catalytic domain movement, the kinase homology
domain of GC-E needed to be aligned with the mutant structure. Recently, a bovine GC-E 3D
structure of IcD has been reported by Rehkamp et al. (2021). Since human and bovine
orthologues share a high sequence homology, we therefore used this structure to follow up with
our structural analysis based on molecular dynamic simulation. Notably, due to presence of
five extra residues in the amino acid sequence in the bovine orthologue, the Valine position in
bovine is at 907 and has been reported as VOO7L in Chapter 2 (in computational study part).
Due to simplicity and since the numbering associated with the human CRD mutant is V902L,
I therefore use and refer to V902L according to the human ortholog in the following description
and discussion. Figure 16 illustrates the movement of the alpha-helical domain connected to
the catalytic domain and its influence on residue at position 902. In the wild-type GC-E, both
valines at this position were located close to the dimer interface and opposite to each other.
However, in the V902L mutant, the substitution with leucine resulted in a more exposed side
chain on the protein surface. Given that leucine contains an additional methylene group and is
more hydrophobic than valine, the increased length and hydrophobicity might have induced a
repulsive effect between leucines, leading to alterations in the dimer interface.

Furthermore, we depicted swinging movement of the dimerization domain representing a
crucial conformational switch between low and high activity states in the cyclase. In GC-E,
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this switch is normally triggered by GCAPI1 interaction, whereas in the V902L mutant, the
amino acid substitution alone was sufficient to drive the transition.

® Wild Type
® V907L Mutant
® Residue 907

Figure 16: GC-E protein structure

GC-E protein structure depicting the intracellular domain, comprising of the kinase homology domain on top
followed by the alpha-helical dimerization domain and concludes in the catalytic domain. The wildtype and the
V902L mutant are shown in blue and red respectively. The residue 902 (907 in bovine GC-E) is highlighted in
purple (taken from Shahu et al., 2022).

Another noticeable difference was highlighted on a Lys1051 position in Figure 17. In the
catalytic center the GTP substrate-binding site is thought to comprise residues Asp890,
Arg981, Alal013, and Lys1051 in the cyclase catalytic domain (Liu et al., 1997; Tucker et al.,
1998). This mutation caused the lysine residue to swing away from the dimer interface,
suggesting that the increased flexibility might facilitate reaching the transition state in the
catalytic center. Since GCAPs are known to activate photoreceptor guanylate cyclases (GCs)
by stabilizing the transition state (Hwang & Koch, 2002), it is plausible that the V902L
mutation leads to constitutive activation of GC-E by mimicking this stabilization effect. The
structural changes observed in the mutant indicate that the mutation alone, without GCAP1
interaction, can induce the active conformation of the enzyme. This finding provides a
fundamental distinction between the activation mechanisms of hormone receptor GCs and
sensory GCs, shedding light on the molecular basis of retinal diseases.
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A) V907L Mutant B) Wild Type

Figure 17: Differences observed in critical amino acid positions within the putative GTP substrate-binding
site of GC-E.

The catalytic domain of V902L mutant (V907L) (A), and WT GC-E (B), residues 902 are highlighted in purple.
The putative GTP binding site residues are highlighted in sticks as (blue=Ala, lime=Arg, red=Asp, cyan=Lys). In
one of the subunits of WT GC-E, Lys1051 exhibits significant movement as it swings out (red ellipsoid) (taken
from (Shahu et al., 2022).

6.3.2 Enzymatic efficiency across other GCAP variant (GCAP3)

GCAP3, a less characterized variant of GCAP in terms of its functional role in
phototransduction, exhibits Ca?" sensitive regulation of GC-E, albeit to a lesser extent than
GCAPI. The V902L mutant, which remains constitutively active irrespective of the presence
or absence of GCAP, was analyzed to determine whether the reduced efficiency of GCAP1 in
activating GC-E also applied to GCAP3. The mutant V902L had significantly high activity at
high and low [Ca?'] in the absence of any GCAP variant exceeding the basal activity 6 to 16-
fold in comparsion to GC-E. While GCAP3 activated GC-E in a Ca®>" dependent manner, its
effect was weaker than that of GCAP1. V902L remained largely unaffected by GCAP3 (Figure
1, Chapter 3).

6.3.3 Ca’" dependency and allosteric communication

Ca?" is a vital metal ion in all organisms and as seen here, plays a crucial role as a second
messenger in photoreceptor cells. Unlike the typical GC-GCAP system, where GC is regulated
by GCAP in response to changes in intracellular Ca**, interestingly the V902L mutant
exhibited Ca®* dependent activity, although no Ca*" sensor protein (GCAPs) was present to
mediate this effect. This suggests an inherent Ca?* mediated modulation of the catalytic site.

Experimental data (Figure 2A, Chapter 3) demonstrate that at high [Ca*"] (above 10 uM), the
activity declines and reached a plateau of lower activity at 100 uM free [Ca®"] , supporting the
idea of a two-metal ion catalytic mechanism (Hurley, 1999; Tesmer et al., 1999).

Apparently, type V adenylate cyclase (ACV), the fourth group of adenylate cyclase family
belongs to the family of Ca?" inhibited cyclases (Yoshimura & Cooper, 1992). The C-terminal
region (C1b) of this ACV is responsible for Ca?* binding and subsequently inhibition of the
enzyme activity (Scholich et al., 1997). The guanylate cyclase which closely resembles
adenylate cyclase, can be converted into an adenylate cyclase through just two amino acid
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substitutions in GC-E (Tucker et al., 1998). Serfass et al. (2001) previously investigated a
similar Ca?* dependent inhibition affecting the catalytic properties of bovine lung derived in
soluble guanylate cyclase. The authors described their findings as supporting a two-metal 1on
catalytic mechanism involving two Mg?" ions, like the process observed above in adenylate
cyclases. One Mg?" ion interacts with GTP to form the substrate complex, while the other Mg?*
(more than substrate) is primarily bound to the cyclase at the catalytic center. This mechanism
suggests that Ca?*, when bound to the cyclase, can be displaced by increasing free Mg>" beyond
the concentration needed for the Mg>" -GTP substrate.

The data obtained from Figure 2B (Chapter 3) demonstrate that the Mg?* -dependent reversal
of Ca" inhibition further corroborates this model, indicating that excess Mg>" can counteract
the inhibitory effects of Ca’>" on GC-E activity of the V902L mutant. These findings align with
previous studies on soluble guanylate cyclases, suggesting the V902L mutant exhibit a
competitive interaction between metal ions in enzyme regulation.

The swinging movement was hypothesized to occur at the dimerization domain site in the
VI902L mutant as shown in Figure 16, (s. above) which is taken from Shahu et al. (2022), a
region typically static in the GC-E configuration. This motion, absent in the inactive state,
appears to initiate from the CD and propagates upstream toward the aHD, suggesting that the
point mutation at position 902 disrupts the native packing at the dimer interface. As a result,
this mechanical shift influences upstream domains and provide direct evidence of an allosteric
linkage between the aHD and the CD. The increased exposure and altered orientation of
residue 902 (leucine vs valine) likely destabilizes local interactions, enabling structural
flexibility and resembling the GCAP1 induced active conformation. Therefore, these
observations support a model in which structural perturbation at the CD level alone is sufficient
to induce global conformational changes, establishing a robust allosteric network within the
intracellular domain of GC-E. This mechanism offers new insights into domain cooperation
and intramolecular signaling relevant for cyclase activation in sensory phototransduction.

Lastly, although we reported no involvement of transmembrane rotational mechanism in
photoreceptor GCs, we cannot rule out that the CD requires anchoring by the TMD to achieve
its full activity. Our data with the poly-Ala mutants introduced in the V902L Figure 9
(presented under unpublished results Chapter 5), show a decrease in overall activity, indicating
a key role of the TMD in enhancing the basal activity of the CD. This likely occurs by properly
positioning all modular domains (JMD, KHD, aHD and CD) to create optimal condiions for
catalysis, as previously reported by (Ravichandran, 2017). Interestingly, the Ca** dependency
of the V902L mutant remains intact, in presence or absence of GCAP1 consistent with a two
metal ion catalytic mechanism.
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6.4 Impact of the double mutant L804P/V902L Mutation on
Catalytic Efficiency

Restoring GC-E to its basal activity state is a key step in phototransduction. Our previous
simulations suggested that a conformational change in the a-helical domain (aHD) is necessary
for GC-E to shift between low- and high-activity states. Identifying the structural trigger within
the helix-turn-helix motif led us to hypothesize that modifying or disrupting a critical a-helix
could affect the catalytic center. To probe the regulatory architecture further, I generated a
double mutant (L804P/V902L), targeting the aHD. The L804P mutation, introduced into the
V902L background to explore conformational effects, resulted in reduced basal and Ca?'-
regulated activity. This supports the hypothesis that the helix-turn-helix motif in the aHD
serves as a regulatory switch for GC-E activation. The substantial drop in catalytic efficiency
observed in the double mutant underscores the critical role of this region in maintaining
functional enzyme dynamics. Despite the retention of principal activation mechanisms, the
altered catalytic efficiency suggests that the mutation disrupts an essential allosteric
communication pathway between the oHD and the catalytic domain.

6.5 Computational connectivity analysis

The computational connectivity analysis of GC-E structural dynamics further revealed that the
aHD acts as a conduit for allosteric signaling between the kinase homology domain and the
catalytic domain. Our analysis emphasizing the network of amino acid interactions that
underpin conformational transitions of GC-E. High-reach residues shifted from the catalytic
domain in WT GC-E to the kinase homology domain in V902L, while betweenness analysis
identified key residues in the a-helical region mediating allosteric communication. As seen
with reach approach (Figure SA, Chapter 3) of GC-E the positioning of residue S1011 within
the catalytic domain, which lies adjacent to E1010-a residue known to coordinate with Mg?*
and the pyrophosphate moiety of GTP. This proximity likely plays a role in stabilizing the
catalytic core during activation. In the V902L mutant (Figure 5B, Chapter 3), this connecting
pathway shifted significantly, and this structural change may underlie the disruption in GCAP-
mediated allosteric regulation of V902L mutant respectively.

Notably, some high-connectivity residues identified through this analysis correspond to known
disease-associated mutations, such as D728N (LCA) and P873R (CRD), linking our findings
to pathophysiological outcomes in inherited retinal disorders.

6.6 Conformational dynamics of GCAPs — GCAPS and its role in
regulating GCs

GCAPs (GCAP1-GCAP?7) are a family of photoreceptor Ca*>" binding proteins that regulate
retinal GCs in a Ca®>" dependent manner. In light activated photoreceptors, when cytosolic Ca**
levels are low, Mg?" bound, Ca?" free GCAPs associate with GC and stimulate cGMP synthesis
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(Peshenko & Dizhoor, 2006), whereas in dark adapted photoreceptors, when cytosolic Ca**
levels are elvated Ca** bound GCAPs interact with GCs and supress cyclase activity. Unlike
other GCAPs, the GCAP5 homologue from zebrafish is unique to its property as it has the most
divergent amino acid sequence. This unique sequence contains two non-conserved cysteine
residues (Cys15 and Cys17) which are known to bind ferrous ions (Fe*"). Interestingly, the
binding of the Fe?* to the GCAPS5 greatly diminishes its ability to activate the GC-E (Lim et
al., 2017). In addition, it lacks the typical Ca** dependency as seen in other isoforms. In Chapter
4 our study determines the NMR structure of the Mg?* bound activator form of GCAP5 (Ca*
free, Fe** free, Mg?" bound) that closely resembles the crystal structure of GCAP1. There are,
however, key structural difference in the N-terminal helix of GCAPS, which is elongated by
two residues. This elongation repositions the non-conserved sulthydryl side chains of Cys15
and Cys17 to point outward and chelate Fe**. This finding aligns with the previous study by
Lim et al. (2017) indicating high affintiy Fe** binding to GCAPS5 (Fe** bound).

Lim et al., also found out that the GCAPS in solvent remains in dimer form both in the Fe?"
free and Fe?" bound state. The dimer interface found in GCAPS5 is composed of the exposed
hydrophobic residues H18, Y21, R22, M25, F72, V76 and W93 that are also present in the
GCAP1 dimer (H19, Y22, M26, F73, V77, and W94). Dimerization is necessary for the cyclase
activity as has been demonstrated for GCAP1 where mutations at the dimer interface of GCAP1
either diminished or completely suppressed the ability of GCAP1 to activate the cyclase (Lim
et al., 2018; Peshenko et al., 2014). Therefore we checked if GCAPS has similar properties by
creating mutation at the GCAPS5 dimerization site (HI8A/Y21A, HI8E/Y21E, R22A, R22D,
and M25E). Our results presented in Chapter 4, Figure 6 and Figure 7 shows that the generated
mutants, disrupt the dimerization (Figure 7) and significantly reduce GC activation by more
than 4-fold (Figure 6). Notably R22A showed a 5-fold increase in cyclase activity, even though
GCAPS5 dimerization is weakened by the point mutation R22A. An explaination for this
observation might be that the, GCAP5 dimerization site facilitates interactions with GC,
suggesting that at higher GC concentrations, GCAP5 might preferentially bind to GC rather
than forming dimers. These observations highlight the functional significance of the monomer-
dimer equilibrium as has been seen with GCAP1 (Boni et al., 2020; Olshevskaya et al., 1999).

Lastly, the structure of the Ca" free, Fe?* free, Mg?* bound GCAPS5 dimer differs significantly
from the one proposed Fe** bound GCAPS dimer model by Lim et al. (2017). In the Fe** bound
dimer, a single Fe*" is chelated by Cys15 and Cys17 from each subunit, bringing the Cys15
atoms within 8A distance. In contrast, the Fe*" free dimer shows a much larger 24A distance
between the spin-labeled Cys15 residues, suggesting that Fe?" binding induces a rotation of the
dimer subunits. This rotation alters the exposure of key residues involved in GC binding,
potentially explaining how Fe?" binding inhibits GCAPS5 activation of GCs.
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6.7 Future perspective

Decades of intense research has been made in understanding the crucial role of the GC-GCAP
system in phototransduction. Every small breakthrough raises new questions, and a complete
understanding of membrane bound receptor-mediated signaling continues to evade scientists.
From understanding the regulation of GC by GCAPs to evaluating the interaction/binding sites
between GC and GCAPs, and involvement of other interacting proteins, numerous insights
have emerged, revealing an increasing complexity in the models needed to explain these
mechanisms. While some sensory or membrane bound receptors can be described using
straightforward models, others require more intricate explanations. Given their crucial role in
phototransduction and as such the whole interconnecting biochemical signaling cascade further
transmitting to the second order neurons interactions are associated together and changes in
this physiological homeostasis have been linked to various diseases. Therefore, advancing our
understanding of these membrane bound receptor here guanylate cyclase is of paramount
importance.

The combined insights from the three different Chapters of my PhD work underscore the
intricate regulatory network governing photoreceptor GC activity. The involvement of KHD-
CD interface and allosteric pathways along with the dynamic interplay between GCAPs,
ensures precise control over cGMP synthesis, which is very much essential for
phototransduction. As seen, disruptions in this network, whether due to mutations in GC-E or
GCAPs, lead to severe retinal pathologies. Therefore, by unraveling the structural and
functional basis of GC regulation, these studies paved the way for novel therapeutic
interventions aimed at restoring photoreceptor homeostasis. As such, the identification of
critical residues and domains involved in allosteric communication, as reported in Chapter 3,
could be used as potential targets for pharmacological intervention. Small molecules or
peptides that mimic GCAP function or restore normal allosteric signaling could offer promising
avenues for treating retinal diseases. Most importantly the aHD offers a potential target and
the network-based connectivity analysis conducted in this study identifies several key amino
acid residues that play central roles in the allosteric regulation of GC-E. Importantly, some of
these residues overlap with known pathogenic mutations, suggesting their potential as
biomarkers or targets for therapeutic intervention. Others may represent novel candidates for
further functional and genetic investigations in the context of inherited retinal diseases. Further
cryo-EM or high-resolution crystallographic studies capturing intermediate conformations of
GC-E, especially in the presence of different GCAP variants or Ca?" concentrations, could
clarify the nature of the conformational transitions inferred here. Additionally, in vivo
transgenic animal models expressing for example constitutively active GC-E mutants like
VO902L could help to elucidate their long-term effects on photoreceptor function, calcium
homeostasis, and visual cycle integrity. Future structural studies are needed to determine the
Fe?* bound state to elucidate whether the GCAPS5 dimer structure will remain intact upon
binding to GC-E and most importantly how it might stabilize the transition state of the cyclase
activity.
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