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Abstract
University of Verona

Ph.D. Course in Biomolecular Medicine, XXXVI Cycle

Doctor of Philosophy

GCAP1 in Autosomal Dominant Cone-Rod Dystrophy: A Multifaceted

Biochemical Investigation and Therapeutic Perspectives

Amedeo Biasi

V ision, the sense that enables light perception and image for-

mation, begins with the intricate process of phototransduc-

tion in the retina. This biochemical cascade converts pho-

tons into electrical signals, triggering sight. Central to this process are pho-

toreceptor cells, rods and cones, which employ a complex array of proteins to

transduce light into neural signals. Among these proteins, guanylate cyclase-

activating proteins (GCAPs) and retinal degeneration protein 3 (RD3) play a

crucial role in modulating the vision process. By sensing subtle changes in

intracellular Ca2+ levels, GCAP dimers regulate the activity of guanylate cy-

clases (GCs), enzymes responsible for synthesizing cyclic guanosinemonophos-

phate (cGMP). Within human photoreceptors, GCAP1 appears to be the main

actively participating in this process, serving as a regulator of GC1 isozyme.

RD3 further modulates this pathway by vehiculating GC1 from the inner to the

outer segment of photoreceptors and strongly inhibiting its activity, thus rep-

resenting a critical regulatory factor in the phototransduction cascade. This

concerted regulation is essential for maintaining the homeostasis of cGMP

and Ca2+ levels, crucial second messengers in photoreceptors, ensuring the

proper function of the visual process. Studying GCAP1 and its interactions

within the phototransduction pathway is vital for understanding the funda-

mental mechanisms underlying vision and the pathogenesis of inherited reti-

nal dystrophies (IRDs) caused by mutations in this protein. Disruptions in



the GCAP-mediated feedback mechanism can lead to abnormal photorecep-

tor responses and, ultimately, progressive vision loss. Therefore, investigat-

ing the biochemical and biophysical characteristics of GCAP1 variants and

their impact on photoreceptor functionality provides critical insights into the

biochemical signatures of IRDs. This thesis investigates the molecular ba-

sis and therapeutic avenues for autosomal dominant cone dystrophy (adCOD)

and cone-rod dystrophy (adCORD), focusing on mutations in the GUCA1A

gene coding for GCAP1. Through biochemical and computational investi-

gations it elucidates the impacts of the N104H-GCAP1 and E111V-GCAP1

variants on photoreceptor functionality. The N104H mutant, characterized by

a novel missense mutation in GUCA1A, reveals a unique biochemical profile

with diminished calcium sensitivity and doubled affinity for retinal guanylate

cyclase 1 (GC1), diverging from previously studied mutations and suggest-

ing a mechanism for photoreceptor cell degeneration through aberrant cGMP

and calcium accumulation. On the other hand, the E111V variant maintains

the monomer-dimer equilibrium essential for phototransduction, despite its

constitutive activation of GC1, indicating the mutation’s specific impact on

enzyme stimulation rather than the dimerization processes. Molecular dock-

ing and dynamics simulation highlight the subtle alterations induced by the

E111V substitution, offering insights into its enhanced mobility and altered

interaction with GC1. Moreover, the strong inhibitory activity of RD3 was

successfully exploited tomodulate the abnormal cGMP production induced by

the E111V variant, demonstrating RD3’s potential in restoring photoreceptor

cell homeostasis. In addition, the therapeutic potential of delivering recom-

binant GCAP1, both directly and via liposomes, is explored as a strategy to

modulate the phototransduction cascade in IRDs. This approach proves that

targeted protein delivery can effectively alter photoreceptor responses in mice

models, marking a promising avenue for treating retinal diseases. Through a

comprehensive analysis, this thesis provides novel insights into the complex

regulatory mechanisms of phototransduction and underscores the potential of

innovative therapeutic strategies for IRDs.
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Introduction

Introduction

1 FunctionalArchitecture of theHumanRetina

The human retina is a neural tissue located at the back of the eye and serves

as the critical sensory component responsible for capturing and processing visual

information, including reading this thesis. Its architecture is elegantly organized,

with five major neuronal cell classes including photoreceptor cells, bipolar cells,

amacrine cells, and retinal ganglion cells, playing essential roles in encoding and

transmitting visual data. Photoreceptors, categorized into rods and cones and located

in the outer nuclear layer (ONL), trigger the initial stages of visual processing, with

rods demonstrating extraordinary sensitivity to light, particularly suited for dim-

light vision, and cones specializing in bright-light, high-acuity color vision [12].

Photoreceptors synapse onto bipolar cells, with synaptic transmission modulated by

horizontal cells, resulting in the establishment of ON and OFF pathways, critical for

processing changes in light intensity [13]. Within the inner plexiform layer (IPL),

bipolar cells engage in intricate interactions with retinal ganglion cells and amacrine

cells, facilitating the integration and conveyance of visual signals to higher visual

centers in the brain (Figure 1).

Figure 1 – (A) Schematic representation of the human eye: nerve fiber layer (NFL), ganglion cell
layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL),
outer nuclear layer (ONL), external limiting membrane (ELM), inner and outer segments of photore-
ceptors (IS/OS), retinal pigment epithelium (RPE), Bruch’s membrane (BM). (B) Immunostaining
performed on mouse retina highlighting the major retinal components. Adapted from [1]
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Introduction

1.1 The Phototransduction Cascade

Phototransduction is an intricate biochemical process that converts light stim-

uli into electrical signals within the photoreceptor cells of the retina. This complex

mechanism, shared by both vertebrate and invertebrate species [14], takes place in

rod and cones outer segments and is modulated by the levels of the second mes-

sengers cyclic guanosine monophosphate (cGMP) and Ca2+ [15]. In the absence of

light, cGMP maintains cation channels open in the plasma membrane of the pho-

toreceptor outer segment, allowing the influx of Na+ and Ca2+, thus maintaining a

depolarized state and continuous glutamate release. Phototransduction commences

with light-induced isomerization of 11-cis-retinal to the all-trans form within cone

and rod opsins. All-trans-retinal promotes conformational variations in the struc-

ture of the opsin leading to the formation of an active intermediate. This cascade,

initiated by photons rather than chemical ligands, exemplifies a general mechanism

in G protein-coupled receptors (GPCRs) signaling, showcasing their typical ligand

activation pattern [16]. During phototransduction, the ligand, specifically 11-cis

retinal in this case, transitions from an inverse agonist in its dark state to an ago-

nist upon light absorption. The activation of cone and rod opsins catalyzes the ex-

change of GDP for GTP on the α-subunit of a heterotrimeric G-protein, transducin,

thereby conveying the signal to downstream effector proteins (Figure 2). Multiple

activated transducin molecules ensue signal amplification within the photoreceptor

by activating phosphodiesterase 6 (PDE6) which in turn hydrolyzes cGMP, closing

cation-permeable ion channels. As a result, the cell membrane undergoes hyperpo-

larization leading to a drastic drop of intracellular Ca2+ concentration from ∼ 500

nM to less than 100 nM [17, 18].
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Figure 2 – Schematic representation of the phototransduction cascade occurring in cones and rods
outer segments. Adapted from [2]

Alterations in the levels of second messengers cGMP and Ca2+, evoked by light

exposure within the photoreceptor outer segment, trigger critical feedback mecha-

nisms which are vital for the appropriate shut-off of the phototransduction cascade

and for adjusting to varying light and dark conditions [19, 20]. Subtle variations in

intracellular Ca2+ concentration strongly influence such regulatory processes and are

sensed by guanylate cyclase-activating proteins (GCAPs). GCAPs emerge as key

modulators in photoreceptors [21] by finely tuning the balance between guanylate

cyclase (GC) and PDE6 activities, effectively adjusting cGMP levels in accordance

with Ca2+ content. Retinal membrane GC is present as two isozymes, GC1 and GC2

[22, 23] and their concerted action represents the exclusive source of cGMP during

phototransduction. Nonetheless, GC1 and GC2 display differential contributions

to cGMP synthesis in photoreceptors, along with distinct distribution patterns be-

tween rod and cone cells [24, 25, 26]. GC1 is considered to be the main isozyme

of the cyclase and predominates in both cell types, with a major role in cGMP pro-

duction in rods (≥70%), while GC2 acts as a supplementary component and is al-

most undetectable in cone cells. In their functional state, GC1 and GC2 are present

as homodimers and they share a similar domain structure (Figure 4) consisting of

an extracellular domain (ECD) primarily exposed in the intradiskal space in pho-

toreceptor outer segments, while the cytoplasmic portion includes kinase-homology

(KHD) and catalytic domains (CAT) connected by a dimerization domain (DD). In

addition, by complementing the action of GCAPs, the regulation of cGMP home-

ostasis in phototransduction is further enhanced by retinal degeneration protein 3
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(RD3) [3]. Among its functions, elucidated later in this thesis (see 1.3), RD3 acts

as a critical inhibitor of GC1 in a Ca2+-independent manner, adding another layer

of control over cGMP synthesis. By suppressing GC1 activity in the photorecep-

tor’s inner segment, RD3 effectively modulates cGMP levels, preventing excessive

activation that could lead to photoreceptor degeneration.
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1.2 Guanylate Cyclase-Activating Proteins (GCAPs):

focus on GCAP1

Guanylate Cyclase-Activating Proteins (GCAP1-5) are a subfamily of the neu-

ronal Ca2+-sensor (NCS) proteins within the EF-hand superfamily of Ca2+-binding

proteins [27, 28, 29, 30]. These proteins modulate the activity of membrane-bound

GCs in a Ca2+-dependent manner, playing an essential role in shaping the photore-

sponse of both rod and cone cells under varying light conditions [31]. In this thesis,

we will focus on the most ubiquitous form among different species, GCAP1 [32],

an alpha-helical 23 kDa protein comprising a non-metal binding EF-hand (EF1), 3

active EF-hand motifs (EF2-4) able to accommodate either 3 Ca2+ or at least one

Mg2+ ion in EF2-3-4 and EF2-3 respectively [33, 34, 35] and a covalently attached

myristoyl group to the N-terminal glycine (Figure 3).

Figure 3 – Cartoon representation of the three-dimensional homology model of human WT-GCAP1
in its inhibiting (A) and activating (B) state; EF1 is colored in orange, EF2 in green, EF3 in cyan
and EF4 in yellow. N and C-terminal are represented in light grey while the myristoyl group is
represented as grey spheres and colored according to secondary structure. Ca2+ and Mg2+ ions are
represented as red and blue spheres.

While losing the typical bipiramidal-pentagonal coordination of divalent cations

during evolution due to substitutions in conserved residues (Cys29 and Pro30) [36,

37], EF1 comprises residues fundamental for the interaction with the target enzyme,

GC1 [36, 38, 39]. While for some NCS proteins, N-terminal myristoylation is fun-
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damental to provide an anchorage to cellular membranes in a process called Ca2+-

myristoyl switch [40, 41] and promotes Ca2+-induced membrane targeting [40, 42],

GCAP1 represents an exception since the attached fatty acyl group lays buried in

the hydrophobic core of the protein [36] as demonstrated by both the Ca2+-bound

crystal structure [43] and the Mg2+-bound NMR structure [35]. GCAP1 regulates

GC1 activity by forming a functional dimer [36, 35], with a monomer-dimer equi-

librium that fluctuates and is influenced by Ca2+ or Mg2+ binding [44] [Paper 2].

The dimerization process is driven by intermolecular hydrophobic interactions be-

tween the side chains of residues H19, Y22, F73, and V77, and substitution at these

amino acids have been shown to dramatically impair GCAP1 assembly, highlight-

ing their critical role in dimer formation [32]. In light-exposed rods, binding of

Mg2+ to GCAP1 is required to secure a stable form of the protein to activate GC1,

thereby promoting the synthesis of cGMP and the ongoing phototransduction cas-

cade [22, 45]. On the other hand, in the dark-adapted state, replenishment of cGMP

levels restores Ca2+ influx in the cell, thus promoting the association of the Ca2+-

bound form of GCAP1which dims GC1 activity to a sub-basal level (Figure 4) [46].

Figure 4 – Main structure of GC1 and its regulation by GCAP1 in light- (left) and dark-adapted
(right) conditions: extracellular domain (ECD), trans-membrane domain (TMD), juxtamembrane
domain (JMD), kinase homology domain (KHD), dimerization domain (DD) and catalytic cyclase
domain (CAT). Ca2+ ions are depicted as red dots while Mg2+ ions as blue dots.
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1.3 Retinal Degeneration Protein 3 (RD3)

Distinct from the well-established role of GCAPs in modulating GC activity

in response to light-induced Ca2+ concentration changes, RD3 emerges as a high-

affinity modulator of GC1, strongly inhibiting the cyclase activity at submicromolar

concentrations [3, 47]. Such inhibition is fundamental both in the absence and pres-

ence of GCAPs, underscoring RD3s pivotal role in maintaining GC activity within

optimal physiological ranges. In the absence of GCAP1, RD3 ensures controlled

basal activity of the cyclase, while in light-induced conditions, RD3 competes with

Mg2+-bound GCAP1 for GC1, thus preventing excessive cGMP production. RD3 is

also involved in the trafficking of GC1 from the endoplasmic reticulum to the outer

segment, and this association not only drives the translocation process but also acts

as a regulatory mechanism to prevent premature or inappropriate activation of GC1

by GCAP1 in the inner segment [48, 49, 50] (Figure 5).

Figure 5 – Diagram illustrating the functional impact of RD3 on photoreceptor cells. Normal pho-
toreceptors utilize RD3 for GC transport to the outer segment and to prevent premature activation by
GCAPs. RD3 deficiency leads to reduced cyclase levels in the outer segment, impaired phototrans-
duction due to suboptimal cGMP synthesis, and photoreceptor degeneration caused by abnormal GC
activation. Taken from [3]

Furthermore, RD3’s functional significance has been elucidated in the context of

retinal degenerations, as mutations impairing RD3 expression or its interaction with

GC1 lead to a substantial reduction of GC1 levels in the photoreceptor outer seg-
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ment, consequently leading to retinal degeneration [51, 52]. Additionally, RD3 does

not completely shut down GC1 activity, most likely due to the yet unclarified inter-

action with endogenous GCAP1 [53], further highlighting the remarkable regulatory

role that RD3 plays in the phototransduction cascade. Ultimately, RD3 is able to at-

tenuate the abnormal cGMP production induced by the pathogenic E111V-GCAP1

variant [Paper 2], known to constitutively activate GC1 and lead to progressive reti-

nal degeneration, thus representing an interesting therapeutic tool to modulate the

anomalous activity of GC1. RD3 structure comprises a 143 amino acid stretched

α-helical bundle with a long unstructured loop connecting helices α1 and α2. The

structure’s stability is ensured by a core of hydrophobic residues, including Leu29,

Leu33, Phe100, Val114, Phe118, and Leu122, which form the internal structure of

the helix bundle [54]. RD3 plays a central role in inhibiting GC1, as proven by site-

directed mutagenesis, which pinpointed essential surface-exposed residues for this

purpose, notably in the loop between helices α1 and α2 (i.e. cluster 1) and on the

surface of helix α3 (i.e. cluster 2) [4]. These two clusters are defined by specific

residues, some of which are critically involved in the association with GC1: Tyr60,

Trp62, and Leu63 from cluster 1 in the loop connecting α1 and α2, and Arg99,

Arg101, and Gln102 from cluster 2 on α3 (Figure 6).

Figure 6 – Cartoon representation of the three-dimensional NMR structure of RD3 (PDB entry:
6DRF) reporting the two key clusters critical for high-affinity inhibitory binding to GC1. Critical
binding residues are highlighted in red, moderately involved residues in orange, and non-critical
residues in blue. Adapted from [4]
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1.4 Inherited Retinal Dystrophies (IRDs)

IRDs encompass a broad spectrum of genetic disorders affecting photoreceptor

structure, metabolic processes, transcription factors, and phototransduction proteins,

resulting in progressive visual impairment and eventual blindness [55]. These rare

diseases manifest in diverse clinical forms, ranging from isolated retinal disorders

affecting the macula (e.g. Stargardt disease, Best disease [56, 57]) to multisystemic

diseases involving the entire retina. The latter include disorders such as retinitis pig-

mentosa (RP) that typically affects the rod system, leading to night blindness and pe-

ripheral vision loss [58] (Figure 7, central panel), while the cone system is affected

in cone dystrophies, manifesting as loss of central vision and color vision defects

[55, 59][Paper 2]. In particular, autosomal-dominant cone dystrophy (adCOD) and

cone-rod dystrophy (adCORD) represent severe forms of IRDs. adCOD primar-

ily impacts cone photoreceptors, responsible for the photopic response, leading to

early symptoms like reduced visual acuity, color vision defects, and photophobia

[60] (Figure 7, right panel). Similarly, adCORD initially affects cone photorecep-

tors and later involves rod photoreceptors, responsible for peripheral and scotopic

vision. This progression in adCORD leads to a broad range of symptoms, includ-

ing night blindness and peripheral vision loss, following the initial central vision

impairment [61, 62].

Figure 7 – Fundus autofluorescence images of: (left panel) normal human retina showing the fovea
(blue circle), the macula (yellow circle) and the optic nerve (red arrow), (central panel) patient af-
fected by retinitis pigmentosa and charachterized by a peripheral degeneration of rod opsins [5] and
(right panel) macular degeneration phenotype induced by the N104H-GCAP1 mutant (Paper 2).

9



Introduction

At themolecular level, many IRDs, including adCOD and adCORD, are often linked

to disruptions in the homeostasis of key second messengers in photoreceptor cells,

particularly Ca2+ and cGMP. As previously highlighted, an essential regulator in this

context is GCAP1 which plays a pivotal role in the recovery phase of phototrans-

duction by regulating GC1. Mutations inGUCA1A have been found to promote var-

ious forms of IRDs, including adCOD, adCORD, and macular dystrophy (MACD)

[63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74]. Such mutations affect residues located

in different hot-spots of GCAP1 (e.g. dimerization interface, GC1-contacting patch,

Ca2+-binding loops) and lead to an improper regulation of GC1 activity, resulting

in the abnormal accumulation within retinal cells of Ca2+ and cGMP. The over-

gathering of second messengers potentially trigger mechanisms such as apoptosis,

ultimately leading to photoreceptor cell degeneration [75]. These considerations

highlight the complexity and critical role of GCAP1 in maintaining photoreceptor

health and underscore the ongoing need for research in this area to develop effective

therapies for IRDs.
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2 Liposomes as Therapeutic Protein-Delivery

Nano Carriers

adCOD and adCORD are currently incurable due to their complex genetic na-

ture and often dominant transmission, making gene therapy in this context a complex

challenge. Indeed, while representing the most intriguing therapeutic approach for

IRDs treatment [76], genome editing approaches are still denoted by some limita-

tions like: (i) an increased propensity for oncogenesis induced by the incorporation

of viral genome into the host DNA, (ii) the limited housing-compartment of viral

vectors does not allow for the delivery of large genes and (iii) the anti-viral immune

responses solicited by viral vescicles [77]. This necessitates alternative treatment

strategies, such as protein delivery systems, to mitigate the effects of mutations

and restore physiological functionality. Liposomes, spherical vesicles composed

of phospholipids, are excellent candidates for this task due to their biocompati-

bility, biodegradability, and ability to encapsulate a variety of substances includ-

ing proteins [78]. Initially conceptualized in the mid-1960s [79], liposomes have

since evolved into versatile drug delivery vehicles [80]. They range in size from

nanometers to micrometers and can be unilamellar (ULV) or multilamellar (MLV),

enclosing an aqueous compartment ideal for housing therapeutic agents (Figure 8).

Their phospholipid bilayers protect encapsulated substances from degradation, ex-

tend drug half-lives, offer controlled release mechanisms and is able to accomodate

hydrophobic molecules [81]. Phospholipidic composition on their surface can be

finely tuned in order to allow tissue specific release of their content while maximiz-

ing therapeutic efficacy and minimizing side effects [82, 81]. Their ability to deliver

high molecule concentrations, along with the potential for targeted delivery, is par-

ticularly relevant in the context of adCOD and adCORD since it has been shown

in vitro that wild-type GCAP1 could partially compensate the aberrant GC1 activa-

tion induced by mutant GCAP [83], especially if supplied in combination with RD3

[Paper 2]. During this thesis work, two types of ROS-like liposomes have been

produced: condensed DNA- and protein-loaded liposomes. The former, conceptu-
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alized over a gene-supply approach, saw the utilization of polyethylenimine (PEI)

as condensing agent [84, 85] to compact GFP-expressing cytomegalovirus (CMV)

DNA and follow its photodistribution among retinal layers. While preliminary data

about the stability over time and size of DNA-loaded liposomes is reported (Figures

12 and 18), future studies will be conducted to investigate their functionality and re-

liability as an effective gene-supply approach. On the other hand, protein-loaded

lipid vescicles, involved the conjugation of CF640R (Biotium, Fremont, CA, USA),

a far-red fluorescent dye, to GCAP1 offering a valuable tool for monitoring the dis-

tribution and localization of delivered protein within the retinal tissue. The efficacy

of liposomes as vehicles for transporting small molecules and proteins was deter-

mined through the analysis of size and uniformity in distributions by means of dy-

namic light scattering (DLS) and nanoparticle tracking analysis (NTA) techniques.

Interestingly, liposomes have already proven to be a viable option to effectively

deliver recombinant GCAP1 in cyto and in vivo and induce a pathogenic pheno-

type upon E111V-GCAP1 administration [Paper 3], paving for promising protein-

delivery therapeutic approaches as an alternative to the most challenging gene ther-

apies.

Figure 8 – Representative coronal section of liposomes strucure. Phospholipids hydrophilic heads
are depicted as golden spheres, hydrophobic tails as yellow sticks and enclosed GCAP1 as grey
surface. Image obtained using PyMOL software (v. 2.2.3, Schrödinger, [6]).
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Materials & Methods

3 Expression and Purification of Recombi-

nant GCAP1 and RD3

The accurate in vitro characterization of proteins heavily relies on the precise im-

plementation of expression and purification techniques to achieve high-purity pro-

tein samples. This not only ensures the reliability of the data obtained but also fa-

cilitates a deeper understanding of the intricate relationships between structure and

function in proteins [86]. In this thesis recombinant DNA transformation was em-

ployed to express human GCAP1 (UniProt entry: P43080) and RD3 (UniProt entry:

Q7Z3Z2) in E.coli cells, the most commonly used prokaryotic host for recombi-

nant protein production thanks to its ease of genetic manipulation, rapid growth,

and cost-effectiveness [87, 88]. The pET-11a vector was employed for cloning both

wild-type human GCAP1-E6S, GCAP1-E6S-His-tag cDNAs and mutant E111V-

GCAP1. The rationale behind introducing the E6S modification was to create a

consensus sequence amenable to myristoylation at the N-terminal post-translation

by S. cerevisiaeN-myristoyltransferase (yNMT), as detailed previously [89]. Subse-

quently, GCAP1 variants were expressed heterologously in BL21 E. Coli DE3 cells

after co-transformation with pBB131-yNMT. Bacterial cells were grown for 4 hours

at 37°C after the addition of myristic acid and IPTG to boost recombinant protein

expression at 0.4 and 0.6 OD, respectively [90]. To isolate proteins from inclusion

bodies, denaturation was achieved using 6 M guanidine-HCl, followed by renatura-

tion through dialysis against a buffer consisting of 20 mMTris-HCl pH 7.5, 150 mM

NaCl, and 7.2 mM β-mercaptoethanol. The refolded WT- and E111V-GCAP1 vari-

ants were then purified through a series of chromatographic steps. Fast protein liquid

chromatography (FPLC) is a crucial chromatographic technique that allows the sort-

ing of different compounds, e.g proteins, in a heterologous solution by exploiting

their biophysical properties like hydrophobicity, size or charge [91]. In particular,
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purification of human GCAP1 variants involved preparative size exclusion chro-

matography (SEC, HiPrep 26/60 Sephacryl S-200 HR, GE Healthcare) followed by

anion exchange chromatography (AEC, HiPrep Q HP 16/10, GE Healthcare) which

represents a well-established pipeline for NCS purification [92].

His-tagged WT-GCAP1 was purified using a one-step affinity purification method,

specifically the immobilized metal affinity chromatography (IMAC), employing 5

mL His-trap columns (Cytiva) and a linear imidazole gradient ranging from 0 to 500

mM.The concentration of the purified proteinswas determined through the Bradford

assay [93], utilizing a GCAP1-specific reference curve based on the amino acid hy-

drolysis assay (Alphalyze). Protein purity was assessed through a 15% SDS-PAGE

gel, a powerful electrophoretic technique that allows separation of compounds on the

basis of their molecular mass [94]. Subsequently, GCAP1 variants were exchanged

with 50 mMNH4HCO3 buffer, lyophilized, and flash-frozen in liquid nitrogen. The

samples were stored at -80°C until usage. RD3 expression and purification followed

a different paradigm due to its high tendecy to aggregate in solution. The RD3

cDNA-containing plasmid, kindly provided by Professor Koch K.W. from the Uni-

versity of Oldenburg, was expressed in BL21 E. coli DE3 cells and purified through

a series of centrifugation steps [47]. Briefly, harvested cells underwent mechanical

lysis with 3 ultrasonication cycles (30s ON, 30s OFF). Following centrifugation at

10,000 x g for 10 min, the insoluble material was washed three times with a buffer

consisting of 10 mM Tris-HCl pH 7.5, 2 mM EDTA, 14 mM β-mercaptoethanol,

100 µM PMSF, and 1X protein inhibitor cocktail (PIC). The resulting sample was

centrifuged at 15,000 x g for 15 min, and the insoluble fraction was subjected to

overnight denaturation using the aforementioned buffer supplemented with 8 M

Urea. The following day, RD3 was renatured against 2 x 300 volumes of 10 mM

Tris-HCl pH 7.5, 0.1 mM EDTA, and 14 mM β-mercaptoethanol, followed by cen-

trifugation at 10,000 x g for 10 min. The supernatant, containing RD3, was collected

to evaluate protein purity again via SDS-PAGE and stored at -80°C with 50% v/v

glycerol to preserve its integrity.

14

https://uol.de/biochemie/mitarbeiter/biographie-k-w-koch


Materials & Methods

4 Spectroscopic Charachterization

4.1 Circular Dichroism

Circular Dichroism (CD) spectroscopy, an invaluable tool in biomolecular re-

search, provides essential insights into the secondary structure and conformational

changes of proteins [95, 8, 96]. This technique leverages the differential absorption

of left and right circularly polarized light by chiral centers in biomolecules, resulting

in elliptically polarized light (Figure 9). The resulting CD spectrum offers a unique

perspective on the microenvironment of these chiral centers, crucial for understand-

ing protein structures.

Figure 9 – Illustration of elliptically polarized light (E) generated by the different intensities of right
(R) and left (L) circularly polarized components. Angle θ represents the ellipticity while α represents
the optical rotation. [7]

The far-UVCD spectra, spanning 190-250nm, primarily highlight peptide bonds, of-

fering critical insights into the protein’s secondary structure. This includes the iden-

tification and quantification of α-helices, β-sheets, and random coil structures, each

exhibiting distinct spectral patterns (Figure 10A). The near-UV CD spectrum (250-

320 nm), on the other hand, allows the investigation in the microenvironment of

aromatic amino acid side chains of phenylalanine, tyrosine, and tryptophan, thereby

shedding light on the tertiary structure of proteins (Figure 10B). The ability to dis-

sect the tertiary structure is especially beneficial in understanding the conforma-
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tional dynamics and stability of recombinant proteins, which are central to their

biological function and therapeutic efficacy [97].

Figure 10 – Representative CD sepctra. (A) Far-UV spectra representing main secondary structures
of proteins: α-helix (solid black line), anti-parallel β-sheet (long dashed line), type I β-turn (dotted
line), poly (Pro) II helix (cross-dashed line), random coil (short dashed line). (B) Near-UV CD
spectrum highlighting the optical contribution from Phe, Tyr and Trp side chains Adapted from [8]

CD spectroscopy’s applicability extends to studying conformational changes in re-

sponse to various stimuli, such as ligand binding or temperature shifts [98, 99].

This is particularly valuable in evaluating the structural stability and folding dy-

namics of recombinant proteins under different environmental conditions. For in-

stance, changes in the CD spectra in the presence of different ions can reveal how

metal binding affects the structure and function of specific proteins. Moreover, CD

spectroscopy is adept at assessing thermal stability, allowing researchers to monitor

the denaturation process of proteins under thermal stress. CD spectroscopy proved

to be fundamental in the devolpment of this work and provided useful insights in

conformational changes of GCAP1 variants upon Ca2+ and Mg2+binding [Paper

1, 2 and 3], their thermal stability [Paper 1] and the interaction with RD3ppt and

RD3 [Paper 2]. Anaylises were conducted using a Jasco J-710 spectropolarimeter

equipped with a Peltier-type cell holder and each recorded spectrum was an average

of 5 accumulations. To mimick a physiological environment, experiments were car-

ried out at 37°C and GCAP1 variants were resuspended in 20 mM Tris-HCl pH 7.5,
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150 mM KCl, 1 mM DTT, while the peptide and full RD3 in 20 mM Tris-HCl pH

7.5, 1 mM DTT. Far-UV CD spectra of 10 µM proteins were acquired in a 0.1-cm

quartz cuvette after addition of 300 µM EGTA and 300 µM free Ca2+. Near-UV CD

spectra of ∼35 µM GCAP1 variant or RD3 were recorded in a 1-cm quartz cuvette

after serial additions of 500 µMEGTA and 500 µM free Ca2+. Both far and near-UV

were normalized according to mean residue ellipticity (MRE) using the following

formula:

MRE = mdeg

(cm × [mol/L] × # of residues) × 10
(1)

where mdeg is the dichroic signal, cm is the path length, [mol/L] is the protein

concentration in the sample. Furthermore, thermal denaturation profiles of 4 µM

N104H-GCAP1 were collected from 20◦C to 96◦C (scan rate 90◦C/h) following

the ellipticity signal at 222nm. While CD spectroscopy may not provide the high-

resolution structural details obtainable through X-ray crystallography or NMR, its

ease of use, rapid data acquisition, and minimal sample requirements make it an in-

valuable tool in protein research expecially if coupled with dynamic light scattering

(DLS), which further enhances its utility in the comprehensive study of proteins and

macromolecules.
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4.2 Dynamic Light Scattering

Dynamic light scattering (DLS), by evaluating the Brownian motion of particles

in solution, facilitates the determination of hydrodynamic diameters, polydispersity,

and inter-particle interactions, which are crucial in understanding the colloidal sta-

bility of proteins [100, 101]. Figure 11 summarizes the basic workflow of a DLS

measurement. When a coherent and monochromatic light beam, typically a laser,

radiates a colloidal solution, particles moving according to Brownian motion scat-

ter the light, behaving as secondary light sources. The interference between the

scattered radiation by these entities generates a time dependent variation of scatter-

ing intensity that is directly influenced by the diffusion coefficient of the particles.

Since smaller molecules diffuse more rapidly than larger ones, they result in quicker

fluctuations of the scattered light intensity compared to the slower oscillations ex-

hibited by larger particles. The core principle of DLS revolves around the analysis

of these fluctuations, carried out by processing the signal with the autocorrelation

technique. The autocorrelation function, which follows an exponential decay for a

suspension of monodisperse, spherical particles, is intimately related to the diffu-

sion coefficient of the particles. Consequently, using the Stokes-Einstein equation

[102, 101], one can derive the equivalent sphere radius of the particles, representing

the hydrodynamic radius R :

D = kBT

6πηR
(2)

whereD is the diffusion coefficient [m²/s], k is Boltzmann’s constant [m²kg/Ks²], T

is the absolute temperature [K] and η is the solvent viscosity [Pa.s]. The technique

is highly sensitive to the sample’s quality, and it’s recommended that samples be

preferably filtered to remove large aggregates and other contaminants.
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Figure 11 – Schematic representation of DLS experiment depicting light scattering intensity fluctu-
ations over time and the derived hydrodynamic radius distribution of particles in solution. [9]

The use of DLS, particularly in conjunction with other non-disruptive methods, like

CD spectroscopy or aSEC chromatography, has become a cornerstone in the field of

protein characterization, offering a powerful means to evaluate the physical stability

and structural integrity of recombinant proteins under various conditions. The re-

sults outlined in this thesis prove how DLS represents a powerful technique able to

provide complementary information about the oligomeric state of GCAP1 variants

as well as their structural changes upon ion binding . In particular, DLS measure-

ments were useful in gaining insights into the variations in hydrodynamic diameter,

oligomeric state, and aggregation propensity of WT, N104H and E111V-GCAP1 in

different cation-loading states [Paper 1 and 3]. In addition, DLS provided valuable

insights into the size and polydispersity of liposomes loaded with PEI-DNA poly-

plexes in solution highlighting a strongly monodisperse population of liposomes

characterized by an average hydrodynamic diameter in line with the extrusion pro-

cess through a polycarbonate membrane with 200 nm pores (Figure 12).
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Figure 12 – Hydrodynamic diameter of liposomes loaded with PEI-DNA polyplexes determined by
DLS measurements. Inset shows the main output values of the DLS analysis, specifically: average
size of the sample (Z avg size) and polydispersion index (PDI) of the sample in solution. Values are
reported as ± standard deviation of 10 technical replicates.
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4.3 Chelator Assay

The chelator assay emerges as a refined indirect technique for probing the calcium-

binding affinities of sensor proteins, particularly useful when direct measurement

approaches encounter constraints such as high protein affinity or low protein con-

centrations [10]. In this assay, a chromophoric chelator sensitive to calcium ion

presence, competes with the target protein for calcium binding. The ensuing spec-

troscopic changes in the chelator, manifested as shifts in fluorescence or absorbance,

are meticulously monitored to infer the protein’s calcium-binding constants. How-

ever, the technique assumes that the protein’s binding sites have a higher affinity

for calcium than the chelator used, a condition met by carefully selecting suitable

chromophoric chelators with affinities spanning from the low nanomolar to the high

micromolar range [10, 103]. Computational tools such as CaLigator [104] simplify

the complex data interpretation process inherent to thismethod, allowing researchers

to extract macroscopic constants from an array of microscopic interactions. Chela-

tor assay using the 5,5’Br2-BAPTA chromophoric chelator (Ca2+ affinity = 2.3 µM)

has been partcularly valuable in estimating Ca2+ affinity for GCAP1 variants in the

past [105, 92] (Figure 13B). The same approach has been engaged in Paper 1 in

order to test whether or not the N104H substitution could also impact Ca2+ affinity

as previously observed for the E111V, and many others, mutants.

Figure 13 – Molecular structures and absorbance spectra of (A) quin-2; (B) 5,5’Br2-BAPTA; and
(C) 5N-BAPTA. (dashed line) calcium free and (black line) calcium bound forms. [10]
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4.4 Surface Plasmon Resonance

Surface Plasmon Resonance (SPR) represents a sophisticated optical sensing

technology useful for the real-time, label-free investigation of biomolecular inter-

actions across a spectrum ranging from ions to viruses. This technique relies on the

detection of changes in the refractive index, measured as resonance units (R.U.), near

thin metallic layers, notably gold, silver, or aluminum films, facilitated by the res-

onant collective oscillations of valence electrons stimulated by incident light [106]

(Figure 14). Notably, SPR biosensors have become instrumental in the analysis of

kinetic parameters, specificity, and affinity in macromolecule binding processes, in-

cluding protein-protein, protein-DNA, and receptor-drug interactions [107]. Despite

its extensive application in biochemical and biophysical research, SPR has been rel-

atively underutilized for monitoring conformational changes in proteins, often re-

plced by techniques offering atomistic resolution such as X-ray crystallography and

NMR. However, the unique advantage of SPR technology lies in its minimal pro-

tein requirement for immobilization, down to a few nanograms, and its label-free

approach that minimizes system perturbation, coupled with the capacity for real-

time process kinetics monitoring [108].

Figure 14 –Diagrammatic representation of Surface PlasmonResonance (SPR)measurement. Taken
from [11].
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In this thesis, SPR was engaged to elucidate the kinetics governing GCAP1 dimer-

ization process in patients carrying the E111V substitution. His-taggedWT-GCAP1

in its Ca2+-bound monomeric form (∼ 4 µM) has been immobilized onto a His-

cap chip (Sartorius) for a total of ∼200 R.U by exploiting the functional groups

of nitrilotriacetic resin that chelate Nickel ions for the selective capture of 6X His-

tagged proteins. SPR experiments were carried out using a SensiQ Pioneer (ICx

Technologies) and although preliminary data were collected (Figure 15), technical

challenges were encountered. Specifically, the C-terminal positioning of the His

tail proved suboptimal, leading to unstable and transient immobilization of GCAP1,

which compromised the reliability and reproducibility of the subsequent data. As

a result of these unforeseen technical difficulties, the use of SPR for studying the

GCAP1 dimerization process was ultimately discontinued in favor of alternative

methods that ensured more consistent results.

Figure 15 – Surface Plasmon Resonance kinetic analysis of WT/WT-GCAP1 interaction. 10 µM
WT-GCAP1 was injected on immobilized His-tagged WT-GCAP1 in the presence of 1 mM Mg2+
and 0.5 mM Ca2+. Experimental curve is displayed (black curve) along with theoretical curve (red
curve) after fitting experimental data to a simple 1:1 binding model.
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4.5 Analytical Gel Filtration

Following the challenges encountered with SPR in our initial attempts to dissect

the GCAP1 oligomerization process, our research strategy deviated towards ana-

lytical size exclusion chromatography (aSEC) which proved to be valuable in this

context [44, 109]. Employing aSEC, a spectrum of protein concentrations, from 0.8

µM to 80 µM, was evaluated through a Superose 12 10/300 column (GE Health-

care) in the presence of saturating Mg2+ or Ca2+ conditions (Figure 16). This ap-

proach was instrumental in revealing that both the wild-type and the E111V mutant

of GCAP1 exhibited similar elution profiles and dissociation constants across the

examined conditions, thereby affirming the dimerization process’s resilience to the

E111V mutation. The consistency observed in the elution profiles achieved under

a physiological buffer and monitored at 280 nm offered a clear window into the

structural stability of GCAP1’s oligomeric states despite the mutation’s potential

for pathological over-activation of GC1. Dissociation constants (Kd) were calcu-

lated by fitting the elution volume (Ve) to the concentration curves using equation

[2] adapted from [44]:

Ve = A · log


(

PTOT − −Kd+
√

K2
d

+4·Kd·PTOT

2

)
PTOT

· 22.9 + 22.9

 + B (3)

where Ve represents the elution volume at the peak, A represents the slope of the

curve, [PT OT ] is the concentration of the protein at the time of injection, B is the

y-intercept and 22.9 is the monomer theoretical Mw of hGCAP1.
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Figure 16 – Representative aSEC experiment of WT-GCAP1 in the presence of 1 mMMg2+ and 0.5
mM Ca2+. Legend reports injected GCAP1 concentrations. Adapted from [Paper 2].
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5 GC1 Enzymatic Activity Assays

Guanylate cyclase assays are crucial for the precise evaluation of GC activity,

offering a direct measure of its regulatory mechanisms under various physiological

and pathological conditions [92, 110]. Throughout the development of this the-

sis, GC1 assays have proven indispensable in characterizing a newly discovered

GUCA1A pathogenic variant (i.e. N104H-GCAP1, Paper 1) and underlying how

RD3 and its derivative RD3ppt play a major role in the phototransduction cascade

by almost re-establishing cGMP homeostasis [Paper 2]. Using human recombinant

GFP-GC1 expressed in HEK293 cells, these assays provided a robust framework for

examining GC1 activity by isolating membranes prepared under physiological ionic

conditions. The assay was carried out investigating different enzymatic properties.

Maximal and minimal activation levels of GC1 were tested using K2H2EGTA and

K2CaEGTA buffers to simulate GC1-activating (< 19 nM free-Ca2+) and inhibiting

(∼ 30 µM free-Ca2+) conditions in the presence of GCAP1 (Figure 17A) and, when

contemplated, RD3 [Paper 1, 2 and 3]. In addition, measuring the cGMP synthesis

levels after addition of increasing concentrations of GCAP1 with or without RD3 al-

lowed for the EC50 determination, namely the GCAP1 concentration at which GC1

exhibits half of its maximal activity (Figure 17B). EC50 quantitavely estimates the

affinity for the cyclase and is performed in the presence of solely K2H2EGTA buffer.

Hence, the obtained data was fitted using a one site saturation ligand binding curve:

y = Bmax · x

Kd + x
(4)

where Bmax is the max number of cGMP detected (pmol), Kd is the EC50 value

(µM) and x is the [GCAP1] used in the assay (5 µM). Furthermore, by using specific

combinations of K2H2EGTA and K2CaEGTA buffers the [Ca2+] at which GC1 is

half inhibited, IC50, was determined and provided valuable insights into the capacity

of each GCAP1 variant in coordinating Ca2+ ions and shutting down GC1 activity

(Figure 17C).
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Figure 17 – Exemplary GC1 enzymatic assays. Investigation of (A) maximal and minimal GC1
activity, (B) GCAP1 concentration at which GC1 is active by half (EC50) and (C) Ca2+ concentration
needed to inactivate GC1 by half (IC50). Adapted from [Paper 1]
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6 Preparation of ROS-like liposomes

The preparation of liposomes, designed to be biocompatible with retinal tissue

for potential topical and intravitreal administration, were crafted to mimic the lipidic

composition of photoreceptor ROS membranes [111] (phosphatidylethanolamine,

phosphatidylcholine, phosphatidylserine, and cholesterol at amolar ratio of 40:40:15:5).

Through the process of lipid film hydration followed by 200 nm pore-sized polycar-

bonate filter extrusion, liposomes were generated with defined dimensional control,

encapsulating either PEI-DNA polyplexes aimed at gene delivery applications or

CF640R-GCAP1 conjugates for advanced imaging purposes in cyto, in vivo and ex

vivo. To formulate PEI-DNA liposomes, a systematic protocol was refined across

several steps:

• Preparation of two aliquots of 500 µL each, one of PEI with a final concen-

tration of 130 ng/µl and the other of DNA with a final concentration of 100

ng/µl. The reported concentrations are relative to an N/P ratio of 10.

• Drop-wise addition of DNA to PEI solution while stirring.

• Incubation of PEI-DNA polyplexes for 30 minutes at room temperature (r.t.).

• Centrifugation of polyplexes at 5000 rpm for 5 minutes at 4°C to remove

excess PEI and large aggregates.

• Use of PEI-DNA complexes to resuspend an aliquot of ROS-like lipid mix

concentrated at 2 mg/mL while stirring at 45°C for 15 minutes, with pipetting

every 5 minutes.

• Extrusion of the solution 20 times through a polycarbonate membrane with

200 nm cutoff for the formulation of ∼200 nm liposomes.

• Dialysis in 1 mL tubes to remove any unencapsulated PEI and/or PEI-DNA

complexes.
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Dynamic light scattering analyses (see 4.2) andNanoparticle tracking analyses (NTA)

(see 6.1) revealed that the most optimal conditions involve the use of H2O as the re-

suspension buffer and a PEI nitrogen to nucleic acid phosphate ratio (N/P ratio) of

10 to ensure optimal DNA condensation. Conversely, the protein-loaded liposomes

involved the conjugation of CF640R dye to wild-type GCAP1, utilizing NHS chem-

istry to target primary amines on the protein. This process, carefully conducted to

preserve protein functionality, was followed by the removal of unconjugated dye

through repeated washing steps, ensuring a high degree of labeling. The encapsula-

tion of this conjugate into liposomes was achieved by incorporating the protein-dye

complex during the lipid film hydration stage, with subsequent washing steps effec-

tively separating non-encapsulated molecules [Paper 3].
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6.1 Biophysical Charachterization: Nanoparticle Track-

ing Analysis

Nanoparticle TrackingAnalysis (NTA) emerges as a sophisticated light-scattering

technique for the precise evaluation of nanoparticle size and concentration, includ-

ing extracellular vesicles (EVs) [112, 113]. The core of NTA’s functionality lies in

its software’s capacity to identify and track the movement of each particle individu-

ally, calculating the mean square displacement (MSD) from these movements. Uti-

lizing the Stokes-Einstein equation (see paragraph 4.2), which integrates the MSD

along with the fluid’s temperature and viscosity, NTA facilitates the accurate deter-

mination of particle size. NTA is renowned for its ability to analyze EVs at a sin-

gular particle level, offering both scatter and fluorescence mode analysis (F-NTA),

thereby enriching its utility by enabling the distinction of particles based on their

inherent or labeled fluorescence. This precision arises from the detection of par-

ticles’ trajectories, which reflect Brownian motion within a defined volume, thus

allowing not only for the sizing of each tracked particle but also for the quantifi-

cation of particle concentration relative to the sample volume (Figure 18). In this

thesis, liposomes formulations were analysed at 25 °C by means of a NanoSight

NS300 instrument (Malvern, UK) by recording 3 independent videos (i.e. technical

replicates) to assess liposomes size and concentration in solution [Paper 3].

Figure 18 – NTA analysis of PEI-DNA polyplexes-loaded liposomes extruded through a 200 nm
pore-sized polycarbonate filter. (A) Live recording snapshot of the colloidal solution under a con-
stant flow (20 µL/min) recorded by the instrument. (B) Size of liposomes as a function of their
concentration.

30



Materials & Methods

7 In Silico Studies

7.1 Molecular Dynamics Simulations

Molecular Dynamics (MD) simulations represent a powerful tool in the field

of computational biology, offering valuable insights into the dynamic behaviors of

biomolecules at an atomistic level [114]. The principle of MD simulations lies in

their ability to predict the time evolution of a molecular system, such as proteins,

DNA, and membranes, by calculating the trajectories of all atoms based on New-

ton’s laws of motion. This computational approach fills a crucial gap left by tradi-

tional structural determination methods like X-ray crystallography and NMR spec-

troscopy, which, despite providing atomistic resolution of static structures, fall short

of capturing the dynamic essence of biomolecules in action. X-ray crystallography

offers a snapshot of a molecule in a crystalline state, while NMR spectroscopy, de-

spite its versatility, requires high concentrations and sometimes non-physiological

conditions, limiting its ability to elucidate molecular dynamics comprehensively.

MD simulations, based on classical mechanics, facilitate a detailed exploration of

protein folding, biomolecule interactions, and the temporal evolution of complex

molecular systems over significant time frames. While quantum mechanics (QM)

delivers high-accuracy results, it demands substantial computational resources and

evaluates systems of limited size. Classical mechanics, utilized in most MD simu-

lations, approximates quantum-mechanical effects through empirical potentials cal-

culated using molecular mechanics (MM) force fields. These fields simulate the

physical forces acting on particles, including bonded interactions modeled after

Hooke’s law and non-bonded interactions such as electrostatic and van der Waals

forces, thus enabling the accurate modeling of molecular motion. Performing MD

simulations encompasses a series of critical decisions, from the selection of com-

puting hardware to the choice of force fields and simulation software (Figure 19).

Graphics processing units (GPUs) have emerged as a favorable option for conduct-

ing fast, cost-effective simulations. Different force fields are available, with AM-
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BER, CHARMM, and OPLS [115, 116, 117] being among the most prevalent, each

offering unique strengths

Figure 19 – MD simula-
tions workflow.

tailored to different molecular systems. For instance,

CHARMM36m is particularly optimized for proteins and

lipids, while OPLS3 excels in ligand parameterization. The

choice of software additionally influences the results of

simulations, with options such as GROMACS, NAMD,

OpenMMandAMBER [118, 119, 120, 121] offering a range

of features and performance capabilities. Preparing the

molecular system involves adding missing atoms, solvents,

and assigning force field parameters, a step facilitated by

various system preparation tools included in common sim-

ulation software that strongly influences the reliability of

MD simulations. In addition, replicates and statistical anal-

yses, such as principal component analysis (PCA) [122] or

root-mean square inner product (RMSIP) [123], are essen-

tial for ensuring the consistency and reproducibility of re-

sults. The complex nature of MD output data, characterized

by the Cartesian positions of potentially millions of atoms

recorded across extensive trajectories, necessitates sophisti-

cated analytical tools to extrapolatemeaningful information.

Techniques such as Root Mean Square Deviation (RMSD)

and Root Mean Square Fluctuation (RMSF) are instrumental in this process. RMSD

offers a quantitative measure of structural changes over time, calculating the av-

erage distance between atom sets across different trajectory time points, thereby

highlighting conformational shifts in the protein structure. RMSF further comple-

ments this analysis by measuring the average deviation of particles, such as protein

residues, from their reference position over time, thus exposing regions of signifi-

cant structural variability. MD simulations have proven useful for elucidating the

altered molecular mechanisms underlying adCOD and adCORD-associated condi-

tions. By integrating spectroscopic data, MD simulations facilitated a detailed ex-
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ploration of how the N104H [Paper 1] and E111V [Paper 2] genetic alterations

impact the structure and oligomerization process of GCAP1 under activating and

inhibiting conditions. RMSF was particularly useful in underpinning major side-

chain fluctuations and ion displacement localized in the Ca2+-coordinating EF3 as

a consequence of the amino acidic substitution induced by the pathogenic missense

mutations.
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7.2 Homology Modeling

Homology modeling, also known as comparative modeling, relies on the prin-

ciple that proteins sharing evolutionary lineage exhibit similar structural features

[124]. This technique has become an important tool in structural biology, enabling

the prediction of protein structures by exploiting known structures of evolutionarily

related proteins (templates) to model those with undetermined structures (targets).

The efficacy of homology modeling is inherently linked to the evolutionary proxim-

ity between the target and template proteins, with a closer relationship suggesting a

higher accuracy of the predicted model. The process, outlined in Figure 20, begins

Figure 20 – Schematic
representation of homol-
ogy modeling workflow.

with the identification of templates with solved 3D struc-

tures that are evolutionarily related to the target protein. The

next step involves aligning the target sequence with those

of the templates, constructing a preliminary model based

on this alignment, and refining it through MD simulations

to improve the accuracy of predictions. The final stage en-

tails a thorough evaluation and validation of the generated

model to assess its reliability. Despite its successes, homol-

ogy models are approximations that may harbor inaccura-

cies, primarily due to the reliance on sequence identity (SI)

between the target and template sequences. A SI below 50%

often results in structural deviations from the actual experi-

mental structure, highlighting the method’s limitations. In-

deed, models based on sequences with less than 25% iden-

tity are generally considered speculative. For proteins with

low sequence identity, multiple sequence alignment and the

use of multiple templates can significantly improve model

accuracy by incorporating structural information from vari-

ous homologous structures. This multifaceted approach allows for a comprehensive

understanding of protein structure and function, despite the challenges posed by

sequence variability and structural flexibility, particularly in regions like exposed
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loops that are prone to deviations. Several software, employing slightly differ-

ent approaches in structure prediction, are commercially available [125] and here

the Prime tool offered by the software Bioluminate (Maestro package v. 12.5.139,

Schrödinger) [126] was used. Using the G. Gallus variant (PDB:2R2I, sequence

identity of 84%) [43] as template, homology modeling has been instrumental in ob-

taining the human form of Ca2+-loaded myristoylated GCAP1 used here [Paper 1

and 2] and in the past [92, 39, 105]. In addition, homology modeling extended its

utility by facilitating the acquisition of a full-lenght and wild-type model of the RD3

protein using its NMR structure (PDB:6DRF) [54] as template. This accomplish-

ment was pivotal, providing a robust foundation for subsequent docking experiments

that explored the interaction dynamics between RD3 and GCAP1.
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7.3 Molecular Docking

Molecular docking is a computational technique offering a systematic approach

to predict the interaction and binding configurations of molecular complexes, such

as protein-protein and ligand-protein associations [127]. Understanding this inter-

action is crucial for the development of new pharmaceuticals and investigating fun-

damental biochemical processes. Virtual docking experiments involve two main

phases: the search phase, where the best-fit orientation of the two molecules is iden-

tified through global and local searches of the conformational space, and the scoring

phase, where the top binding poses are evaluated to predict the strength and mode of

binding (Figure 21). Docking strategies have been refined to address both rigid and

flexible aspects of protein interactions. Rigid-body docking investigates the interac-

tion by treating molecules as static entities and assuming no major conformational

changes occur between their bound and unbound states. This approach is governed

by six degrees of freedom, involving three translations and three rotations within

a Cartesian framework [128]. Conversely, flexible docking acknowledges the in-

herent variability in protein conformations, incorporating a broader array of coordi-

nates to map out these internal movements [129]. Critical to the success of docking

studies is the scoring function, which must discern native-like binding modes from

less favorable interactions. This has led to the creation of sophisticated scoring

schemes, combining empirical, knowledge-based, and molecular mechanics-based

potentials to properly estimate binding affinities. Modern approaches also leverage

machine learning to enhance prediction accuracy, highlighting the continuous inno-

vation in the field as assessed during the CASP15-CAPRI protein assembly predic-

tion challenge [130]. Protein-protein docking specifically addresses the challenge

of predicting the structure of a protein complex based on the structures of the indi-

vidual molecules, emphasizing the importance of steric and physicochemical com-

plementarities at the interaction interface. In this thesis PIPER [131] and Z-DOCK

[132] docking software have been used. The former, by engaging a fast Fourier

transform-based (FFT) approach with pairwise potentials and a scoring function

that considers shape complementarity, electrostatic, and desolvation contributions
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(E = Eshape+w2Eelec+w3Epair), is able to sample billions of docking poses and rank

their energies. PIPER’s output poses are then clustered using pairwise ligand RMSD

as the distance measure. Z-DOCK uses a similar FFT-based docking algorithm and

a pair wise complementarity function (PSC) combined with electrostatic and des-

olvation terms. By sampling 16000 possible conformations and grouping resulting

poses into cohorts of structurally analogous conformations exhibiting RMSD values

of less than 1 Å from the reference complex, Z-DOCK provided valuable insights

in the oligomerization process of GCAP1 in the context of adCORD. In addition,

PIPER was engaged to study the interaction occurring in vitro between GCAP1 and

RD3 and identify possible binding modalities. The most energetically favourable

binding poses were used as reference complexes for the same type of docking exper-

iment performed with Z-DOCK, thus enabling a muti-faceted approach to elucidate

GCAP1-RD3 interaction [Paper 2].

Figure 21 –Molecular docking basic workflow.
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Introduction to Published Papers and Results

The results collected during my PhD comprehend three manuscripts attached in the

appendix, two of which are already published [Paper 1 and 3] and one [Paper 2] is

under review at the moment of writing. In the following pages a brief summary of

results and conclusions of each of them is provided.
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8.1 Paper 1: A Novel GUCA1A Variant Associated

with Cone Dystrophy Alters cGMP Signaling in

Photoreceptors by Strongly Interacting with and

Hyperactivating Retinal Guanylate Cyclase

Published in International Journal of Molecular Sciences (2021)

Biasi A.1, Marino V.1, Dal Cortivo G.1, Maltese PE.2, Modarelli AM.3, Bertelli M.2 4, Colombo L.3,

Dell’Orco D.1
1 Department of Neurosciences, Biomedicine and Movement Sciences, Section of Biological Chemistry, University of

Verona, 37134 Verona, Italy.
2 MAGI’S Lab s.r.l., 38068 Rovereto, Italy.

3 Department of Ophthalmology, ASST Santi Paolo e Carlo Hospital, University of Milan, 20142 Milano, Italy.
4 MAGI Euregio, 39100 Bolzano, Italy.

The study underscores the biochemical heterogeneity ofGUCA1Amutations and

aims at elucidating the molecular alterations of autosomal dominant cone dystrophy

(adCOD) linked to a novel variant of GCAP1, identified within an Italian family.

The study investigates the biochemical alterations of the N104H-GCAP1 variant,

originating from a missense mutation in the GUCA1A gene, affecting the Ca2+-

binding EF3 motif. This variant exhibits diminished calcium sensitivity without

causing significant structural perturbations, as evidenced through circular dichroism

and proteolytic analyses. Notably, N104H-GCAP1 demonstrates a doubled affin-

ity for retinal GC1 compared to the wild type form, diverging from the effects of

previously studied mutations at the same position. Unlike the N104K mutation,

which exhibited reduced GC1 activation capability, N104H-GCAP1 demonstrated

a constitutive activation of GC1, suggesting a hyperactivity under both low and

high calcium conditions. 2 µs molecular dynamics simulations support the idea of a

strengthened interaction which introduce enhanced flexibility at the GC1 interface

under calcium-bound conditions, potentially leading to an aberrant accumulation of

cGMP and calcium in photoreceptor cells, thereby inducing cellular degeneration.
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8.2 Paper 2: Supramolecular complexes of GCAP1:

implications for inherited retinal dystrophies

Manuscript under review

Biasi A.1, Marino V.1, Dal Cortivo G.1, Dell’Orco D.1
1 Department of Neurosciences, Biomedicine and Movement Sciences, Section of Biological Chemistry, University of

Verona, 37134 Verona, Italy.

This study firstly investigates the impact on the dimerization process of the

E111V-GCAP1 variant associated with adCORD. Utilizing an integrative approach

combining in silico and biochemical assays, the research delineates how the E111V

mutation, located within the high-affinity Ca2+-binding motif EF3, prompts a con-

stitutive activation of GC1 without disrupting the homo and hetero-dimerization

capability of GCAP1. Despite this mutation, both WT and mutant GCAP1 main-

tain a similar monomer-dimer equilibrium, suggesting that the fundamental dimer-

ization process critical for GCAP1’s functional role in phototransduction remains

unaffected. Moreover, molecular docking and dynamics simulation studies corrob-

orate these findings, revealing minor alterations in the binding energy upon dimer

formation and increased mobility of the EF3 motif for the E111V variant, as sug-

gested by estimates of the free energy of association (∆G0) and RMSF calculations.

In addition, further exploration into therapeutic approaches to modulate aberrant

GC1 activity, led to the analysis of GC1 activity regulated by WT and/or E111V

GCAP1 variants in the presence of RD3 and its derived peptide, RD3ppt. The study

finds that while RD3ppt exhibits partial inhibitory control over GC1 in the pres-

ence of GCAP1 variants, full-length RD3 significantly attenuates abnormal cGMP

production induced by the E111V-GCAP1 variant, particularly when in the pres-

ence of extra-supplied WT-GCAP1. In conclusion, despite the pathological over-

stimulation of GC1 by the E111V mutation, the equilibrium between monomeric

and dimeric forms of GCAP1 remains intact, underscoring the mutation’s specific

impact on GC1 stimulation rather than on GCAP1’s dimerization capacity. These

findings illuminate the complex regulatory mechanisms governing phototransduc-

tion and highlight the potential of RD3 as a modulator of GC1 activity, offering
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insights into new therapeutic strategies for adCOD and adCORD.
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8.3 Paper 3: Recombinant protein delivery enables

modulation of the phototransduction cascade in

mouse retina

Published in Cellular and Molecular Life Sciences (2023)

Asteriti S.1 2, Marino V.1, Avesani A. 1, Biasi A. 1, Dal Cortivo G.1, Cangiano L. 3 Dell’Orco D.1
1 Department of Neurosciences, Biomedicine and Movement Sciences, Section of Biological Chemistry, University of

Verona, 37134, Verona, Italy.
2 Department of Translational Research, University of Pisa, 56123, Pisa, Italy.

3 Department of Translational Research, University of Pisa, 56123, Pisa, Italy. lorenzo.cangiano@unipi.it.
4 Department of Neurosciences, Biomedicine and Movement Sciences, Section of Biological Chemistry, University of

Verona, 37134, Verona, Italy. daniele.dellorco@univr.it.

This study investigates the therapeutic potential of protein delivery strategies for

targeting IRDs by modulating the phototransduction cascade through the adminis-

tration of exogenous GCAP1. By comparing the effects of both direct and liposome-

mediated delivery of recombinant humanWTandCORD-associated E111V-GCAP1

variants, the research elucidates the protein’s integration into HEK293 and mouse

retinal cells and its impact on photoreceptor functionality. Experiments across in

cyto, ex vivo, and in vivomodels reveal that exogenous free and liposome-encapsulated

GCAP1, with specific internalization kinetics, successfully incorporate into dif-

ferent neuronal layers of the mouse retina. Intriguingly, only the presence of the

E111V mutation in GCAP1 induced alterations in rod photoresponses comparable

to a disease-like electrophysiological phenotype, suggesting a mutation-specific ef-

fect. Furthermore, the study reveals the differential uptake between cell types, high-

lighting how liposome-mediated delivery proved to be a critical facilitator for pro-

tein transport across HEK293 cellular barriers. On the other hand both free and

liposome-encapsulated GCAP1, even though at different time points, were able to

reach mice photoreceptor outer segments. These apparent discrepancies can be at-

tributed to the different cell membrane composition and the complex molecular

interactions within the retinal environment. The effectiveness of this approach in

modulating photoreceptor cell responses points to promising avenues for treating

autosomal dominant genetic diseases affecting the retina.
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Conclusions

The results outlined in this thesis highlight the intricate interplay between ge-

netic mutations in the GUCA1A gene and their profound impact on photorecep-

tor function and viability, offering novel insights into the pathophysiology of ad-

COD and adCORD. Adopting different experimental and computationl approaches,

the studies collectively underscore the biochemical heterogeneity of GUCA1A mu-

tations, notably the N104H and E111V variants, and their differential effects on

GCAP1 functionality, dimerization, and interaction with retinal GC1. Despite the

severe physiological consequences induced by these mutations, such as the aberrant

stimulation of GC1 leading to photoreceptor cell death, the fundamental biophysi-

cal properties largely remain unaffected. The unique biochemical behavior of the

N104H mutation, notably its doubled affinity for GC1 compared to the wild-type

or the E111V variant, underscores the complex molecular scenario where mutations

affecting the same domain, EF3, induce specific biochemical and functional alter-

ations without causing major structural disruptions. Furthermore, despite the E111V

mutation’s capacity to abnormally stimulate retinal GC1, and induce photoreceptor

cell death, it does not alter the intrinsicmonomer-dimer equilibrium ofGCAP1, indi-

cating that the dimerization process, crucial for GCAP1’s role in phototransduction,

remains unaffected by the mutation. Importantly, the potential of RD3 to mitigate

the E111V mutation’s adverse effects on cGMP synthesis, suggests novel regula-

tory mechanisms in the phototransduction pathway that could be exploited for the

treatment of IRDs. Furthermore, the explored therapeutic potential of protein de-

livery, both direct and liposome-mediated, opens new avenues for treating IRDs.

This approach demonstrates that targeted delivery of recombinant proteins can ef-

fectively modulate the phototransduction cascade, offering a promising strategy for

overcoming the pathological effects of mutant proteins. In conclusion, these find-

ings not only advance our molecular understanding of adCOD and adCORD but also

lay a solid foundation for the development of targeted therapeutic interventions. By

elucidating the specific biochemical impacts of GUCA1A mutations and exploring
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innovative delivery methods for endogenous proteins, this research paves the way

for targeted therapeutic strategies that can potentially restore photoreceptor function

and prevent progressive vision loss in inherited retinal dystrophies.
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Abstract: Guanylate cyclase-activating protein 1 (GCAP1), encoded by the GUCA1A gene, is a
neuronal calcium sensor protein involved in shaping the photoresponse kinetics in cones and rods.
GCAP1 accelerates or slows the cGMP synthesis operated by retinal guanylate cyclase (GC) based
on the light-dependent levels of intracellular Ca2+, thereby ensuring a timely regulation of the
phototransduction cascade. We found a novel variant of GUCA1A in a patient affected by autosomal
dominant cone dystrophy (adCOD), leading to the Asn104His (N104H) amino acid substitution
at the protein level. While biochemical analysis of the recombinant protein showed impaired
Ca2+ sensitivity of the variant, structural properties investigated by circular dichroism and limited
proteolysis excluded major structural rearrangements induced by the mutation. Analytical gel
filtration profiles and dynamic light scattering were compatible with a dimeric protein both in
the presence of Mg2+ alone and Mg2+ and Ca2+. Enzymatic assays showed that N104H-GCAP1
strongly interacts with the GC, with an affinity that doubles that of the WT. The doubled IC50 value
of the novel variant (520 nM for N104H vs. 260 nM for the WT) is compatible with a constitutive
activity of GC at physiological levels of Ca2+. The structural region at the interface with the GC may
acquire enhanced flexibility under high Ca2+ conditions, as suggested by 2 µs molecular dynamics
simulations. The altered interaction with GC would cause hyper-activity of the enzyme at both low
and high Ca2+ levels, which would ultimately lead to toxic accumulation of cGMP and Ca2+ in the
photoreceptor outer segment, thus triggering cell death.

Keywords: GUCA1A; phototransduction; cone dystrophy; guanylyl cyclase; photoreceptors; neu-
ronal calcium sensor; retinal degeneration; calcium binding proteins

1. Introduction

The phototransduction cascade in photoreceptors is the first signaling event initiating
vision, permitting the conversion of the energy carried by light and absorbed by the opsins
in the photoreceptor outer segment into a chemical signal, namely the transient drop in the
release of glutamate from the synaptic term, which is sensed by downstream neurons [1].
The extraordinary capability of phototransduction to kinetically adapt to a broad variety
of light conditions relies on the fine regulation of the cascade by two second messengers,
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namely Ca2+ and cyclic guanosine monophosphate (cGMP). Subtle alterations of their
levels in the outer segment during the response to light triggers feedback mechanisms,
which permit a timely shutoff of the cascade as well as adaption to specific light or dark
conditions [1,2]. Absorption of light by (rhod)opsin activates phosphodiesterase 6, which
catalyzes the hydrolysis of cGMP, thereby causing its dissociation from cyclic nucleotide-
gated channels (CNG) and their closure. The light-independent extrusion of Ca2+ from the
Na+/Ca2+, K+-exchanger further adds to the drop of Ca2+ concentration in the photorecep-
tor outer segments below 100 nM in the light [3] and contributes to the hyperpolarization
of the cell membrane, which propagates to the photoreceptor synaptic terminal.

Subtle changes in Ca2+ concentration are promptly detected by the neuronal calcium
sensors Guanylate Cyclase-Activating Proteins (GCAPs). Two isoforms (GCAP1 and
GCAP2) are expressed in human rods and cones, but only GCAP1 seems to be actively
involved in the phototransduction cascade as a modulator of retinal guanylate cyclase
(GC) activity, GCAP2 being probably involved in other biochemical processes [4,5]. In the
dark, the Ca2+-loaded GCAP1 adopts a conformation that prevents the activation of GC,
thereby inhibiting the synthesis of cGMP. The light-induced drop in Ca2+ concentration
induces the replacement of Ca2+ ions for Mg2+ in the same binding sites in GCAP1 [6,7].
The conformation adopted by Mg2+-GCAP1 stimulates the accelerated synthesis of cGMP
by GC, thus permitting rapid restoration of dark-adapted cell conditions by reopening
of the CNG channels [8,9]. Although two isoforms of retinal GC have been found in
photoreceptors, namely GC1 (or RetGC-1, GC-E) and GC2 (RetGC-2, GC-F), the latter
produces less than 30% of cGMP in murine retina [10]; therefore, the major player in
phototransduction is GC1—which we will refer to as GC throughout this paper.

The gene coding for GCAP1, named GUCA1A, has been associated with autosomal
dominant cone dystrophies (adCOD) [11–25], a class of severe retinal degeneration diseases
characterized by central vision loss, impaired color vision, and photophobia [26]. More
than twenty point-mutations in GUCA1A have been found to be pathogenic and the
highly heterogeneous phenotype seems to be strictly related to the specific amino acid
substitution; indeed, different side chains at the same position can lead to dramatically
different biochemical properties at the protein level [27].

In this work, we identify a novel variant of GCAP1 associated with adCOD, resulting
in the substitution of Asn 104 with the positively charged residue His (p.N104H) within the
high affinity binding site EF-hand 3 (EF3), a highly conserved region among vertebrates.
The same position has been previously associated with adCOD in two independent studies,
where a single amino acid replacement (p.N104K) [20] and a double amino acid substitution
(p.N104K and p.G105R) have been detected in two different families [28]. Clinical data
based on a long follow-up of 16 years for the oldest patient point to a relatively slow
progression: the boundaries of the lesion remained confined within the macula, with no
sign of rod system involvement. To unveil the perturbed mechanisms in the signaling
cascade at a molecular level, we expressed N104H-GCAP1 in a heterologous system and
characterized its structural and functional properties through a thorough integration of
biochemical and biophysical studies with molecular dynamics simulations. We found
that, despite the significant loss of Ca2+ sensitivity, the novel GCAP1 variant activates the
target GC at higher levels as compared to the wild type (WT), both under conditions of
low and high intracellular Ca2+. The interaction of the novel GCAP1 variant with GC is
tighter than that of its WT counterpart and induces a constitutive activity of the cyclase
at physiological levels of Ca2+. Structural alterations induced by the N104H mutation
are minor at all levels of GCAP1 structural organization, but they are enough to alter the
allosteric communication with the N-terminal lobe.
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2. Results
2.1. Clinical Phenotype and Disease Progression
2.1.1. Patient 1

The proband was an 18-year-old female. She came to our attention at the age of 12
because her father, here referred to as patient 2, was affected by COD. She only complained
mild photophobia. At the first visit her visual acuity (VA) was 1.0 in both eyes. At the
last follow-up, at the age of 18, VA was 0.9 in both eyes. Refractive error was −3.00 sph
−1.75 cyl/95 in her right eye and −2.00 sph −1.50 cyl/60 in her left eye. Ophthalmoscopic
examination did not show any sign of macular affection. Fundus autofluorescence (FAF)
revealed a mild perifoveal hyper-autofluorescence in both eyes (Figure 1), while optical
coherence tomography (OCT) imaging showed irregularities of hyper-reflective outer
retinal bands, with the line corresponding to interdigitation zone not clearly detectable
(Figure 2). Anatomically, the foveal lesion did not show any detectable sign of progression
during the 7-year follow-up.

Full-field ERG examination showed characteristically reduced cone single-flash re-
sponses and a normal implicit time in the flicker amplitudes. The patient’s rod function
was normal: in GUCA1A-related adCOD generally rod system remains preserved, although
in some cases progression may occur over time (Figure 3).

Figure 1. Clinical data and mutation inheritance. (A) Pedigree showing the matching genotype–phenotype segregation
of the mutant allele of GUCA1A, harboring the c.310A > C mutation causing the amino acid substitution N104H. Legend:
square, male subject; circle, female subject; black symbol, affected subject; white symbol, healthy subject; yrs, subject age
at his/her last clinical evaluation; P, proband; square brackets ([;];[;]), maternal and paternal chromosome; =, no change;
|, sub-clinic phenotype. Fundus images of (B) patient II:1 (age 12, 15, 18) and (C) patient I:1 (age 25, 39, 41)’s right
(upper panels) and left eyes (lower panels).
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Figure 2. Spectral-domain optical coherence tomography (SD-OCT) scans of the right (upper panels) and left eyes (lower panels)
of (A) the proband at the age of 18 and (B) of patient 2 I:1 at the age of 41. The green line indicates the interdigitation zone.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 20 
 

 

 

 

 

 

 

Figure 3. Full-field ERG of the proband’s right eye (RE) and left eye (LE). Normal responses are provided for comparison 
(Control). After a 30-min dark adaptation, dark-adapted responses (Rod and Combined) were within normal limits, while 
photopic components were reduced (Cone and 30-Hz flicker). 
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p.(Asn104His) in the exon 4 of GUCA1A gene (NM_000409.4). With the help of the online 
tool VarSome [29] (accessed on 18 August 2021) the variant was classified as likely 
pathogenic, in accordance with the American College of Medical Genetics and Genomics 
guidelines (ACMG) [30], by the following scores: 

Figure 3. Full-field ERG of the proband’s right eye (RE) and left eye (LE). Normal responses are provided for comparison
(Control). After a 30-min dark adaptation, dark-adapted responses (Rod and Combined) were within normal limits, while
photopic components were reduced (Cone and 30-Hz flicker).

2.1.2. Patient 2

Patient 2, the proband’s father, was 46 years old at the time of the observation. He com-
plained photophobia and a decrease in VA from the age of 15. At the age of 25, his VA was
0.2 in both eyes. At his last follow-up, at the age of 41, his VA was 0.05 in both eyes, with
also a −0.75 sph refractive error in both eyes. The fundus examination showed normal
optic disks and retinal vessels with signs of foveal atrophy. Fundus autofluorescence
(FAF) revealed macular hypo-autofluorescence circumscribed by a hyper-autofluorescent
ring in each eye (Figure 1), while optical coherence tomography (OCT) imaging showed
a marked reduction in central macular thickness and an atrophy of outer retinal layers
(Figure 2). Full-field ERG examination showed normal scotopic responses and reduced
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responses for the photopic component (data not shown), in line with the diagnosis of COD.
In patient 2 the macular lesion enlarged over time: we can thus hypothesize that his age
and the longer time passed between the two follow-ups might have played a crucial role in
the development of the condition, as compared to the clinical stability of the proband.

2.1.3. Patient 3

Patient 3 is the 10-year-old brother of the proband and son of patient 2. He did not
report symptoms related to macular disease. At the time of his first visit in our department
(at the age of 10), VA was 0.9 in both eyes. Refractive error was −0.50 sph −1.50 cyl/15
in his right eye and −1.50cyl/180 in his left eye. Ophthalmoscopic examination did not
show any sign of macular affection. Both FAF and OCT features resembled the alterations
observed in the proband, as shown in Figure S1.

2.2. Identification of a Novel Variant of GUCA1A in Heterozygosis

The NGS genetic testing resulted in a mean coverage of targeted bases of 170.4X,
with 97.4% covered at least 25X. We identified the novel heterozygous variant c.310A > C,
p.(Asn104His) in the exon 4 of GUCA1A gene (NM_000409.4). With the help of the on-
line tool VarSome [29] (accessed on 18 August 2021) the variant was classified as likely
pathogenic, in accordance with the American College of Medical Genetics and Genomics
guidelines (ACMG) [30], by the following scores:

• PM1: Located in a mutational hot spot and/or critical and well-established functional
domain (e.g., active site of an enzyme) without benign variation.

• PM2: Absent from controls (or at extremely low frequency if recessive) in the Exome
Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium.

• PM5: Novel missense change at an amino acid residue where a different missense
change determined to be pathogenic has been seen before. Alternative variant
chr6:42146128 C⇒A (Asn104Lys) is classified as Likely Pathogenic, one star, by Clin-
Var (and confirmed using ACMG).

• PP2: Missense variant in a gene that has a low rate of benign missense variation and
in which missense variants are a common mechanism of disease.

• PP3: Multiple lines of computational evidence support a deleterious effect on the gene
or gene product (conservation, evolutionary, splicing impact, etc.).

Unfortunately, the proband’s father and brother were not available for genetic testing.
However, the phenotypes of all three subjects and their autosomal dominant inheritance
pattern are in line with the association to the GUCA1A gene.

2.3. Retinal Guanylate Cyclase Is Hyperactivated by N104H-GCAP1

The functional effects of the identified amino acid substitution were probed at the
protein level by the heterologous expression and purification of the N104H-GCAP1 variant
and by testing its ability to activate and inhibit GC in reconstitution experiments. We ini-
tially probed the functionality of N104H-GCAP1 by monitoring the regulation of GC at:
(i) high Ca2+ levels, corresponding to the levels in dark-adapted photoreceptors; (ii) very
low Ca2+ levels, such as in light-activated photoreceptors. The enzymatic activity, that is
the rate of cGMP synthesis, was then compared with that of WT-GCAP1. N104H-GCAP1
showed an increased ability to activate GC in both conditions, as shown by the significantly
higher cGMP production at both high (p < 0.001) and low (p < 0.001) Ca2+ concentration
(Figure 4A). Despite the hyperactivation of GC observed at both Ca2+ levels, the relative
activation capability (X-fold = 3.9, Table 1) was approximately half of that of the WT
(X-fold = 7.4), which is indicative of a compromised ability of the GC-GCAP complex to
switch between activated and inhibited. We then measured the apparent affinity (EC50) of
GC for N104H-GCAP1 by evaluating the enzymatic activity as a function of the concentra-
tion of GCAP1 (Figure 4B). The affinity of the novel variant for GC (EC50 = 1.6 µM) was
double that of the WT (EC50 = 3.2 µM; Table 1). Finally, we measured the Ca2+-dependence
of GC-activity (IC50) for N104H-GCAP1 (Figure 4C and Table 1). The variant showed a
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clear inability to fully inhibit the GC target over the physiological range of Ca2+ variation
(gray-shaded area): indeed, the IC50 corresponding to the activation profile (0.52 µM,
Table 1) was doubled as compared to the one observed for WT-GCAP1 (0.26 µM). The co-
operativity of the regulation process was slightly reduced (h = 1.77 for N104H vs. h = 2.04
for WT-GCAP1, Table 1).

Figure 4. Ca2+-dependent Guanylate Cyclase (GC) regulation by GCAP1 variants. (A) Membranes containing GC were
reconstituted with 5 µM WT or N104H-GCAP1 and <19 nM Ca2+ (black) or ~30 µM free Ca2+ (grey); control data were
obtained using membranes without addition of GCAP1; reported data refer to average ± standard deviation of 6 technical
replicates. (B) GC activity as a function of N104H-GCAP1 concentration (0 - 10 µM) in the presence of <19 nM Ca2+. (C) GC
activity as a function of Ca2+ concentration (<19 nM - 1 mM) in the presence of 5 µM N104H-GCAP1. The physiological
window of variation in Ca2+ concentration in photoreceptors is represented by the grey-shaded area. Measured enzymatic
parameters are reported in Table 1.

Table 1. Enzymatic regulation and Ca2+-affinity of GCAP1 variants. a [Ca2+] at which GCs activity is half-maximal; b Hill
coefficient; c [N104H] at which GCs activity is half-maximal; d calculated as (GCmax-GCmin)/GCmin, where GCmax and
GCmin represents the maximal and minimal cGMP production; e decimal logarithm of the macroscopic Ca2+-binding
constants after data fitting to a three independent binding sites model obtained with CaLigator [31]; f apparent affinity
values calculated after averaging logKi; g WT data are taken from Ref. [27].

Variant IC50
a (µM) h b EC50

c (µM) X-fold d logK1
e logK2

e logK3
e Kd

app f (µM)

WT g 0.26 ± 0.01 2.05 ± 0.21 3.2 ± 0.3 7.4 7.07 ± 0.13 5.55 ± 0.19 - 0.49
N104H 0.52 ± 0.1 1.77 ± 0.59 1.6 ± 0.2 3.9 5.92 ± 0.09 4.7 ± 0.48 4.23 ± 0.34 11.2

2.4. Ca2+-Affinity Is Slightly Reduced in N104H-GCAP1

The N104H amino acid substitution affects the highly conserved residue 5 of the
Ca2+-binding loop in EF3 (Figure 5). The carbonyl group constitutes a Ca2+-coordinator in
Asn104 (Figure 5B, left) and it is lost in the N104H variant, which introduces a positively
charged imidazole (Figure 5B, right), expected to perturb the Ca2+ coordination.

To experimentally assess the effects of the amino acid substitution we used sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and monitored the dif-
ferential electrophoretic migration of GCAP1 variants upon ion binding. This method
allows the assessment of conformational changes and highlights alterations in Ca2+ affin-
ity of neuronal calcium sensors (NCS) [32]. Indeed, in the absence of ions NCS migrate
with a mobility expected from their theoretical molecular weight (MW); however, upon
Ca2+-binding their electrophoretic mobility exhibits a shift toward a lower apparent MW,
which has been found to be proportional to their affinity [33]. Figure 6A reports the assay
for WT-GCAP1 and for N104H-GCAP1. In line with previous studies [5], the mobility
of WT-GCAP1 shifted from ~23 kDa in the absence of Ca2+ to ~17 kDa in the presence
of Ca2+, without substantial alterations observed in the Mg2+-bound form compared to
the apo-protein. The N104H variant showed a less prominent shift upon Ca2+-binding,
suggesting a reduced affinity for Ca2+.
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Figure 5. Structural model of N104H-GCAP1. (A) The 3D structural model of N104H-GCAP1 in the Ca2+-loaded form
is depicted in the cartoon, with the N-terminal helix in grey, EF1 in orange, EF2 in green, EF3 in red, EF4 in yellow, the
C-terminal helix in cyan. Ca2+ ions and the myristoyl group are represented as pink and grey spheres, respectively, and
mutated residue H104 is represented as sticks and colored by element. (B) Ca2+ ion coordination is shown by key residues
of EF3 in WT-GCAP1 (left) and N104H-GCAP1 (right). Structures depicted represent the last frames extracted from the first
replica trajectories of both variants.

Figure 6. Ca2+-binding assays for N104H-GCAP1. (A) The 15% SDS-PAGE gel of 30 µM of WT and N104H-GCAP1 in the
presence of 2 mM EDTA, 1 mM EGTA + 1.1 mM Mg2+, 1 mM Mg2+ and 1 mM Ca2+. (B) Example of a Ca2+-titration curve
for N104H-GCAP1. The normalized absorption of 5,5′Br2-BAPTA in competition with N104H-GCAP1 upon Ca2+-titration
in the presence of 1 mM Mg2+ is shown as black circles, together with data fitting to a three-Ca2+-binding site model using
CaLigator [31] (black line), and the theoretical curve of the chelator in the absence of competition (grey dashed line).

Differences in Ca2+-affinity of the novel variant as compared to the WT were quan-
titatively evaluated by an assay based on the competition for Ca2+ of the chromophoric
Ca2+-chelator 5,5′Br2-BAPTA [10,11,34], whose absorption decreases upon ion binding.
The pattern of Ca2+-titration of N104H-GCAP1 (Figure 6B) is typical of a protein that com-
petes with the chelator, but whose affinity for Ca2+ is significantly reduced as compared
to that shown by the WT (see Refs. [21,33] for typical titrations of WT-GCAP1). The indi-
vidual macroscopic binding constants were all significantly reduced for N104H-GCAP1
and, accordingly, the apparent affinity for Ca2+ was approximately 20-fold lower than that
of the WT (Table 1). Such a low affinity (Kd

app = 11.2 µM) would make the novel variant
unable to correctly regulate the GC in the physiological Ca2+-range (200–600 nM).

2.5. Protein Secondary, Tertiary and Quaternary Structure Are Slightly Affected by the
N104H Mutation

Conformational changes in NCS proteins in response to ion binding can be conve-
niently studied by circular dichroism (CD) spectroscopy, which provides information on
protein tertiary structure in the near UV range (250–320 nm) as well as on the secondary
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structure, in the far UV (200–250 nm). Moreover, by heating the system under controlled
conditions and following the ellipticity at a fixed wavelength, CD can be used to assess
protein thermal stability.

The far UV CD spectrum of N104H-GCAP1 (Figure 7A) showed the typical features
of an all α-helix protein with two minima at 222 and 208 nm. Only subtle differences in the
spectral shape were detected when comparing the variant with the WT. The ratio between
the minima at 222 and 208 nm (θ222/θ208) is a valuable descriptor of the spectral shape.
While this ratio slightly increased in both variants when switching from the apo- to the
Mg2+-bound form (Table 2), no change could be detected for the N104H variant upon
addition of Ca2+ (θ222/θ208 = 0.92). Characteristic of the mutant was also the slightly lower
value of relative variation in ellipticity at 222 nm upon ion binding (∆θ/θ), which was 5.5%
as compared to the 7.7% of the WT. The analysis of near UV CD spectra (Figure 7B) showed
virtually no difference between WT and N104H-GCAP1 in the apo or Mg2+-bound forms
(see Ref. [13] for WT spectra). The only slight difference was a completely negative band
in the Tyr-Trp region (275–310 nm), shown by the mutant upon addition of Ca2+, which
is at odds with the WT spectrum displaying positive dichroism in the 274–290 nm range.
Overall, results from CD spectroscopy suggest very minor structural rearrangements of
GCAP1 following the N104H substitution in all cation-bound states.

Figure 7. Structural and stability changes occurring in N104H-GCAP1 upon ion binding. (A) Far-UV
CD spectra of 15 µM N104H-GCAP1 in the presence of 300 µM EGTA (green) and after serial additions
of 1 mM Mg2+ (blue) and 300 µM free Ca2+ (red). (B) Near-UV spectra of ~39 µM N104H-GCAP1 in
the presence of 500 µM EGTA (green) and after serial additions of 1 mM Mg2+ (blue) and 500 µM
free Ca2+ (red). (C) Limited proteolysis of 20 µM WT and N104H-GCAP1 after 10 min incubation
with 0.3 µM trypsin in the presence of 2 mM EDTA, 1 mM EGTA + 1.1 mM Mg2+ or 1 mM Mg2+

and 1 mM Ca2+. Variants in the presence of 2 mM EDTA and in the absence of trypsin represent the
reference MW of the undigested protein. (D) Thermal denaturation profiles of 10 µM N104H-GCAP1
in the presence of 300 µM EGTA (black), 300 µM EGTA + 1 mM Mg2+ (blue) or 1 mM Mg2+ + 300 µM
Ca2+ (red). CD spectroscopy measurements were carried out in 20 mM Tris-HCl pH 7.5, 150 mM
KCl, 1 mM DTT buffer. Thermal denaturation profiles were collected by monitoring the ellipticity at
222 nm in a temperature range spanning from 20 ◦C to 96 ◦C and were fitted to a function accounting
for thermodynamic contributions (see Methods section).
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Table 2. Structural and stability descriptors extrapolated from CD spectroscopy, hydrodynamic diameter estimation by
DLS, and apparent MW monitored by analytical SEC. a calculated as (θ222

ion–θ222
EGTA)/θ222

EGTA; b melting temperature
estimated by fitting ellipticity at 222 nm, as described in the Methods; c calculated as (θ222

96 ◦C–θ222
20 ◦C)/θ222

20 ◦C;
d average hydrodynamic diameter ± s.e.m.; e number of measurements used for hydrodynamic diameter calculations;
f apparent MW estimated by analytical gel filtration; g data were taken from Ref. [27]; h data were taken from Ref. [13].

Variant Condition θ222/θ208 ∆θ/θ a (%) Tm
b (◦C) Unfolding c (%) d d (nm) [n] e MW f (kDa)

WT EGTA 0.90 g - 54.1 h 24.6 h - -
Mg2+ 0.91 g 2.8 g 58 h 30.8 h 6.35 ± 0.07 g [27] 45.9 g

Ca2+ 0.95 g 7.7 g >96 h 30.4 h 6.85 ± 0.17 g [20] 47.8 g

N104H EGTA 0.89 - 48.1 24.9 - -
Mg2+ 0.92 1.97 53.9 26.1 6.98 ± 0.1 [30] 42.9
Ca2+ 0.92 5.41 >96 38.0 6.97 ± 0.09 [30] 41.7

To investigate whether the N104H mutation could alter the exposure of GCAP1 to
proteases, both variants were digested using trypsin in the absence and in the presence of
Mg2+ and Ca2+ (Figure 7C). The time dependence of the proteolytic digestion of WT-GCAP1
in the presence of EDTA (Figure S2A), EGTA and Mg2+ (Figure S2B), or Mg2+ and Ca2+

(Figure S2C) highlighted a clear stabilizing effect of Ca2+. Indeed, 60 min after initiating
the proteolytic digestion some traces of undigested protein were still visible. A comparison
between WT and N104H-GCAP1 after 10 min of proteolysis showed essentially the same
pattern in the apo-variants (Figure 7C), while WT-GCAP1 showed a slightly higher stability
in the Mg2+-bound form compared to N104H, as shown by the higher intensity of undi-
gested bands. A similar proteolytic pattern was observed in the presence of Ca2+ for the
two variants, with proteolytic fragments of bigger MW compared to the Mg2+-bound case.

We corroborated limited proteolysis by thermal stability studies by monitoring the CD
signal at 222 nm, corresponding to the minimum in the spectrum displaying the largest vari-
ation upon ion addition. The analysis of thermal denaturation profiles is reported in Table 2.
In its apo-form, N104H-GCAP1 was 6 ◦C less stable than WT (Tm = 48.1 ◦C vs. 54.1 ◦C,
Table 2). In line with proteolysis experiments, Mg2+ stabilized the structure of the mutant
(Tm = 53.9 ◦C) less than that of the WT (Tm = 58 ◦C). Ca2+-binding significantly stabilized
both variants, and no clear folded-to-unfolded transition could be detected under the
experimental conditions (Figure 7D). The percentage of unfolding was however higher for
N104H-GCAP1 (38%) as compared to WT (30%); Table 2).

WT-GCAP1 forms functional dimers under physiological conditions [35,36]. We tested
whether this was the case also for N104H-GCAP1 by running analytical gel filtration
(Figure 8A) and DLS (Figure 8B) measurements. Analytical gel filtration showed that both
in the presence of Mg2+ alone and in the co-presence of Mg2+ and Ca2+ the protein elutes as
a dimer, as indicated by the very similar apparent MW (42.9 kDa and 41.7 kDa, respectively;
Table 2). This is substantially in line with what has been previously observed for WT-GCAP1
in the same experimental conditions (Table 2) and confirms that the N104H substitution
does not modify the oligomeric state of GCAP1. A similar hydrodynamic diameter was
measured by DLS for both variants, although the Mg2+-bound form of N104H-GCAP1
showed a small (0.6 nm) but significant (p < 0.001) increase in hydrodynamic radius with
respect to the WT.

The time evolution of the mean count rate (MCR) provides useful information to
monitor the stability and colloidal properties of the protein dispersion. We thus monitored
the MCR profile over 22 h (Figure 8B) for N104H-GCAP1. Interestingly, both the Mg2+ and
Ca2+-bound forms of the GCAP1 variant did not show any aggregation propensity, but
rather displayed regular and wide MCR oscillations, with a period of approximately 15 h.
The largest oscillations were observed in the presence of Ca2+, which also showed a higher
average MCR (~250 kcps) as compared to the Mg2+-bound form (~100 kcps). These wide
oscillations, not commonly observed for GCAP1 variants, did not imply a clear change in
the oligomeric state of N104H-GCAP1, as proven by the plot of the intensity of the main
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light scattering peak over the 22 h time frame (Figure 8D), which shows high stability in
both conditions. Interestingly, while the average hydrodynamic diameter was in line with
that reported in Table 2 and substantially the same applied for the Mg2+- and Ca2+-bound
forms, data were more scattered in the presence of Mg2+, despite the smaller oscillations
observed in the relative MCR profile.

Figure 8. Analysis of N104H-GCAP1 quaternary structure. (A) Analytical gel filtration profile of ~45 µM N104H-GCAP1.
Chromatographic runs were carried out in either 500 µM EGTA + 1 mM Mg2+ (blue) or 1 mM Mg2+ + 1 mM Ca2+ (red).
(B) Hydrodynamic diameter of ~45 µM N104H-GCAP1 monitored by DLS in the presence of 500 µM EGTA + 1 mM Mg2+

(blue) or 1 mM Mg2+ + 1 mM Ca2+ (red). Solid lines represent the mean curve of 30 measurements. Time evolution over
22 h of the mean count rate (C) and (D) peak 1 mean intensity of ~45 µM N104H-GCAP1 in the presence of 500 µM EGTA +
1 mM Mg2+ (blue) or 1 mM Mg2+ + 1 mM Ca2+ (red).

2.6. Exhaustive Molecular Dynamics Simulations Show Altered Structural Flexibility for
N104H-GCAP1 in Different GC1-Activating States

CD spectroscopy did not show any major structural rearrangement of the COD-
associated GCAP1 variant following the N104H substitution; however, both the altered
sensitivity for Ca2+ and the dysregulation of GC activity induced by the mutant suggest
that subtle alterations may occur at the atomic level. We therefore ran exhaustive (2 µs)
comparative molecular dynamics (MD) simulations of WT and N104H-GCAP1 with two
Mg2+ ions or three Ca2+ ions bound, corresponding to the GC-activating and GC-inhibiting
state, respectively. In line with the spectroscopic data, MD simulations did not highlight
major structural rearrangements for the variant in any tested state (Figure 9); however,
the analysis of protein structural flexibility, as described by the Cα Root-Mean Square
Fluctuation, (RMSF) highlighted an altered flexibility of the N104H-GCAP1 backbone as
compared to the WT in both signaling states. In detail, significantly higher flexibility of the
exiting helix of EF3 and of the unoccupied ion-binding loop of EF4 was observed for the
mutant in its Mg2+-bound form; in addition, both Mg2+ ions bound to EF2 and EF3 showed
higher RMSF as compared to the WT. This finding, together with the overall higher RMSF
detected throughout the protein sequence (Figure S3) is in line with the lower thermal
stability observed for the variant (Table 2 and Figure 7D) in the Mg2+-bound form, and
it is indicative of an allosteric effect exerted by the variant. Interestingly, a significant
alteration of backbone flexibility was observed also in the Ca2+-bound state (Figure 9). The
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C-terminal domain was essentially more rigid in N104H-GCAP1 as compared to the WT; in
particular, the mutation stabilized the transient helix (residues 120–135) connecting EF3 and
EF4. The only exception is represented by the higher flexibility (i.e., lower stability) of the
Ca2+ ions bound to EF3 and especially to EF4, thus in the EF-hand adjacent to that where
the amino acid substitution occurred. Very interestingly, the 2 µs simulations highlighted
a major increase in flexibility of the N-terminal domain, as clearly shown by the higher
RMSF of the entering helix of EF1 (Figure S3), where residues interacting with the GC are
located [37–39]. This is a purely allosteric effect of the N104H mutation, affecting a distal
site in the protein with crucial functional properties.

Figure 9. Cα Root-Mean Square Ffluctuation (RMSF) projected on the 3D structure of WT (upper panels) and N104H (lower
panels) GCAP1 in their GC-activating Mg2+-bound (left panels) and inhibiting Ca2+-loaded (right panels) forms. Protein
structure is displayed as tube cartoons, with radius proportional to the RMSF; Mg2+ and Ca2+ are depicted as spheres.
Structures and ions are colored in a rainbow scheme representing RMSF values ranging from 0.5 to 7.5 Å (see Supplementary
Figure S3 for Cα-RMSF profiles).

3. Discussion

A clear association between GUCA1A and adCOD was established over 20 years
ago [15] and in the last years the number of point mutations found in the same gene
has significantly raised [11–25]. Mutations are biochemically heterogeneous; therefore,
a detailed molecular analysis is needed to infer general genotype–phenotype relations.
We presented a complete clinical and biochemical characterization of the novel N104H-
GCAP1 variant associated with adCOD in an Italian family with three affected members.
Missense mutations in Asn104 associated with COD were found in two previous studies,
which makes the genotype–phenotype comparison especially intriguing. The first mutation
(N104K) was found in two members of the same family, for whom double-flash ERGs
showed significantly delayed rod recovery from an intense flash, which were attributed to
dominant-negative effects that slowed the stimulation of GC [20]. Similarly to our study,
Jiang et al. [20] reported a case with a long follow-up (12 years vs. 16 years in our study).
Both data showed that rod system remained fairly unaffected during the follow-up while
the disease - as evaluated by means of FAF in our case and ffERG in their case—showed
signs of progression at the levels of cones.

Results from gel-shift experiments and limited proteolysis in N104K-GCAP1 [20]
were very similar to those observed in this study for N104H, which might indicate similar
biochemical features. However, despite the alike physicochemical characteristics of the
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substituted side chain (a lysine or a histidine, in both cases a positively charged residue at
neutral pH), some peculiarities emerged. A first noticeable difference regards regulation
of GC activation by the two GCAP1 variants. While WT-GCAP1 exhibited an IC50 value
(~250 nM) compatible with the physiological Ca2+ range, the N104K substitution shifted
the IC50 to a ~3-fold higher value, in contrast to the ~2-fold shift observed for N104H
in this study. Most importantly, the apparent affinity of N104H for GC was double that
of the WT-GCAP1 (Figure 4B and Table 1), at odds with N104K, which showed reduced
capability to activate GC and thus required more GCAP1 to achieve a similar activation
level [20]. It should be noted, however, that reconstitution experiments in Ref. [20] were
performed with murine GC1 and human GCAP1, and that species-dependent biochemical
characteristics may exist for the GCAP-GC signaling complex [4,5].

Very recently, some of us identified an isolated case of COD where the patient carried
a double GUCA1A mutation affecting Asn104 and the adjacent Gly105 (N104K-G105R),
thus introducing two positively charged side chains (lysine and arginine, respectively) [28].
The clinical phenotype was significantly different as compared to both N104K [20] and
N104H-GCAP1, and quite unusual. Indeed, severe alterations of the ERG were observed
under both scotopic and photopic conditions, with abnormally attenuated b-wave compo-
nents and a negative pattern not observed in other COD patients [28]. At the protein level,
Ca2+-sensitivity was severely reduced, and the variant constitutively activated both human
GC1 and GC2, although the X-fold value was 80-fold lower compared to the WT for GC1,
and 18-fold lower for GC2. This is a major difference with N104H-GCAP1, which showed
a less perturbed (approximately halved) X-fold compared to WT (Table 1). We should
point out, however, that for N104H-GCAP1-stimulated GC1 the absolute levels of cGMP
at both high and low [Ca2+] were significantly higher than the corresponding values for
the WT (Figure 4A), at odds with the N104K-G105R double mutant, which also induced
constitutive activation of GC1, but lower cGMP synthesis at low Ca2+ [28]. The cyclase is
therefore hyperactivated by N104H-GCAP1 under conditions that mimic both dark- and
light-adapted photoreceptors. In this respect, the effects of the N104H-GCAP1 substitu-
tion on the photoreceptor physiology could be similar to those observed in other GCAP1
variants, and cell degeneration could be attributed to the dysregulation of the homeostasis
of second messengers, which may accumulate in the photoreceptor outer segment due
to the constitutive activation of GC [40], thus leading to toxic effects attributed to both
Ca2+ and cGMP [41,42]. The peculiar ERG response from the patient with the double the
N104K-G105R substitution suggests a perturbation of the transmission to downstream
neurons and points to a perturbation of the GCAP1-GC1 macromolecular complex at the
photoreceptor synaptic terminal [13]. The ERGs observed in this study for N104H-GCAP1
are instead in line with those observed in prior COD patients, and do not suggest significant
alterations of the synaptic processes.

In conclusion, we found that point mutations in the same position (Asn104) of the
GUCA1A gene not only lead to clinically different phenotypes, but also generate distinct
molecular phenotypes despite the absence of major structural alterations observed in any
case (this study and previous ones [20,28]). Mutation-specific sensitivity toward cations,
subtle alterations of protein stability in the presence of Mg2+ and Ca2+, specific alteration of
protein flexibility in distinct signaling states and the dependence of GCAP1 dimerization
on the presence of specific cations [36] all point to a very complex molecular scenario,
in which focusing on the effects of mutations on individual proteins might be of little use
in advancing the molecular understanding of disease. Instead, unveiling the molecular
details of the protein–protein and protein–ion interactions involved in the altered signaling
cascade should be the final goal to achieve a molecular-level understanding of the extremely
heterogenous retinal dystrophies, including COD, and would constitute a solid basis for
designing effective therapeutic interventions.
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4. Materials and Methods
4.1. Clinical and Ophthalmological Examinations

Patients were enrolled at the Retinal Dystrophy Unit of ASST Santi Paolo e Carlo Hos-
pital, University of Milan (Italy). They periodically undergo detailed clinical examination,
including best-corrected visual acuity (BCVA), slit-lamp examination, spectral-domain
optical coherence tomography (SD-OCT), fundus autofluorescence (FAF), and dark- and
light-adapted full field electroretinogram (ffERG).

4.2. Genetic Testing

The proband’s DNA was extracted from whole blood with a commercial kit (Blood
DNA Kit E.Z.N.A.; Omega Bio-Tek Inc., Norcross, GA, USA) and analyzed by targeted Next-
Generation Sequencing (NGS) on the Illumina MiSeq instrument, using the PE 2× 150 bp
protocol (Illumina, San Diego, CA, USA). Raw sequencing data generated by the NGS plat-
form were analyzed using an in-house pipeline, as described elsewhere [43]. The custom
gene-targeted panel comprises of 140 genes associated with non-syndromic retinal dystro-
phies. The identified variants were subsequently evaluated in compliance with the ACMG
standards and guidelines for the interpretation of sequence variants [30], with the help of
the human genomic variant search engine VarSome (https://varsome.com, accessed on
18 August 2021) [29]. Genetic testing was performed as part of the diagnostic routine and
the proband was invited to sign an informed consent form after pre-test genetic counseling.

4.3. Cloning, Protein Expression and Purification of N104H-GCAP1

The cDNA of wild-type human GCAP1-E6S (Uniprot entry: P43080) was cloned into
a pET-11a vector using NdeI and NheI restriction sites (Genscript). The E6S mutation
was inserted to obtain the consensus sequence for post-translational N-terminal myristoy-
lation by S. cerevisiae N-Myristoyl transferase (yNMT) [44]. Sequence variant c.310A>C
p.(Asn104His) was introduced by site-directed mutagenesis using the aforementioned
pET-11a-GCAP1-E6S plasmid (Genscript) as template. Heterologous expression of GCAP1
variants was performed in BL21 E. coli cells that were previously co-transformed with
pBB131-yNMT. The protein was extracted from the inclusion bodies after denaturation in
6M Guanidine-HCl and renatured by dialysis against 20 mM Tris-HCl pH 7.5, 150 mM
NaCl, 7.2 mM β-mercaptoethanol buffer. The refolded protein was finally purified after
size exclusion chromatography (SEC, HiPrep 26/60 Sephacryl S-200 HR, GE Healthcare),
followed by anionic exchange chromatography (AEC, HiPrep Q HP 16/10, GE Healthcare)
as previously described [13,44], except for using AEC buffers at pH 8. Protein concentration
after purification was assessed by Bradford assay [45] using a GCAP1-specific reference
curve based on amino acid hydrolysis assay (Alphalyze). Protein purity was evaluated on a
15% SDS PAGE gel. GCAP1 variants were exchanged against decalcified 50 mM NH4HCO3
buffer and lyophilized or against 20 mM Tris-HCl pH 7.5, 150 mM KCl, 1mM DTT buffer
with three dialysis cycles (1 L each), and flash-frozen with liquid nitrogen. Samples were
stored at −80 ◦C.

4.4. Guanylate Cyclase Enzymatic Activity Assays

To test whether the N104H substitution in GCAP1 affected the regulation of GC1
activity, specific enzymatic assays were conducted to monitor cGMP synthesis. HEK293
cells were used to stably express human recombinant ROS-GC1 (GC) as previously de-
scribed [46]. GC assays were performed on isolated membranes obtained after cell lysis
(10 mM HEPES pH 7.4, Protease Inhibitor Cocktail 1X, 1 mM DTT), 20 min incubation
on ice, 20 min centrifugation at 18,000 × g, and resuspension of pelleted membranes in
50 mM HEPES pH 7.4, 50 mM KCl, 20 mM NaCl, 1 mM DTT buffer. Minimal and maximal
GC activities were determined by incubating 5 µM of each GCAP1 variant with 2 mM
K2H2EGTA (GC1-activating buffer) or K2CaEGTA (GC1-inhibiting buffer), leading, re-
spectively, to <19 nM and ~30 µM free Ca2+ conditions. Enzymatic reactions were carried
out in 30 mM MOPS/KOH pH 7.2, 60 mM KCl, 4 mM NaCl, 1 mM GTP, 3.5 mM MgCl2,

https://varsome.com
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0.3 mM ATP, 0.16 mM Zaprinast buffer and blocked with the addition of 50 mM EDTA
and boiling. Samples were then centrifuged for 20 min at ~18,000× g at 4 ◦C. The Ca2+

concentration at which GC activity is half-maximal (IC50) was determined by incubation
of 5 µM of N104H-GCAP1 variant with different free [Ca2+] in the <19 nM–1 mM range.
The GCAP1 concentration at which GC activation is half-maximal (EC50) was measured
by incubation of increasing concentrations of N104H-GCAP1 (0–10 µM) in the presence of
<19 nM free Ca2+. The cGMP synthesized during the enzymatic reactions was quantified
by means of HPLC using a C18 reverse phase column (LiChrospher 100 RP-18, Merck).
Data are reported as the mean± standard deviation of at least three data sets. The statistical
significance of the differences between the maximal and minimal GC activation by WT-
and N104H-GCAP1 was assessed by two-tailed t-test (p = 0.001).

4.5. Gel mobility Shift Assay and Limited Proteolysis

SDS-PAGE under denaturing conditions was performed on a 15% acrylamide gel to
investigate cation-induced electrophoretic mobility changes of GCAP1 variants. The ex-
periment was carried out diluting proteins to a concentration of 30 µM in 20 mM Tris-HCl
pH 7.5, 150 mM KCl, 1 mM DTT and by adding 2 mM EDTA, 1 mM EGTA + 1.1 mM Mg2+

or 1 mM Mg2+ and 1 mM Ca2+. After a 5-min incubation at 25 ◦C, samples were boiled
and loaded onto the gel. Electrophoresis was run for 50 min at constant voltage (200 V)
and protein bands were revealed by Coomassie blue staining. Limited proteolysis was
performed on 20 µM WT and N104H-GCAP1 in the same conditions as for the mobility
shift assay, with the addition of 0.3 µM trypsin (Sigma-Aldrich, St. Louis, MO, USA) to
each reaction mix. To evaluate the optimal incubation time with trypsin (Figure S2), the
reaction for WT-GCAP1 was stopped at different time steps, leading to the choice of a
10-min incubation for the comparison of the proteolytic pattern of WT and N104H-GCAP1
shown in Figure 6.

4.6. Ca2+-Binding Assays

The Ca2+-binding ability of N104H-GCAP1 was evaluated by a competition as-
say with the chromophoric chelator 5,5′Br2-BAPTA as previously described [21,33,34].
Lyophilized proteins were dissolved in a carefully decalcified buffer (20 mM Tris-HCl
pH 7.5, 150 mM KCl, 1 mM Mg2+, 1 mM DTT; residual concentration of Ca2+ after decalci-
fication was 0.15–0.7 µM) containing ~25 µM 5,5′Br2-BAPTA. The absorbance at 263 nm
was recorded upon sequential additions of 3 µM Ca2+ to the solution at room temperature
until a plateau was reached. Data were fitted to a three-sequential binding site model
using CaLigator software [31] to estimate the individual macroscopic association constants
(logKi) and apparent affinity constants (Kd

app = 10-(logK
1

+ logK
2

+ logK
3

)/3) reported in
Table 1, presented as average ± standard deviation of 5 technical replicates. Data shown in
Figure 5 were normalized as follows to account for the total number of Ca2+ binding sites:

Normalized
[
Ca2+

]
=

[
Ca2+]

[Q] + 3 [P]
(1)

Normalized y =
A263 − Amin
Amax − Amin

(2)

where [Q] and [P] are the concentrations of 5,5′Br2-BAPTA and GCAP1 variants, respec-
tively, measured at the end of each repetition by Bradford assay, A263 is the absorbance at
263 nm, Amin and Amax are the minimal and maximal absorbance values registered.

4.7. Circular Dichroism Spectroscopy and Thermal Denaturation Studies

The alterations in thermal stability, secondary and tertiary structure of N104H-GCAP1
upon ion binding were analyzed by means of Circular Dichroism (CD) spectroscopy on a
Jasco J-710 spectropolarimeter supplied with a Peltier-type cell holder. Proteins were resus-
pended in 20 mM Tris-HCl pH 7.5, 150 mM KCl, 1 mM DTT and each recorded spectrum
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was the average of 5 accumulations. Far-UV CD spectra and thermal denaturation profiles
were recorded in a 0.1-cm quartz cuvette with a protein concentration of 15 µM and 10 µM,
respectively, in the presence of 300 µM EGTA, 300 µM EGTA + 1 mM Mg2+ or 1 mM Mg2+

+ 300 µM free Ca2+. Near-UV CD spectra were recorded in a 1 cm quartz cuvette with
a protein concentration of ~39 µM after serial additions of 500 µM EGTA, 1 mM Mg2+

and 500 µM free Ca2+. Thermal denaturation profiles were recorded by monitoring the
ellipticity at 222 nm in a temperature window spanning from 20 ◦C to 96 ◦C (scan rate
90 ◦C/h). Denaturation data were fitted according to the following model, as in [21]:

222 =
(bn + knT) + (bu + kuT) exp[−∆Gnu(T)]

1 + exp exp
[
−∆Gnu(T)

RT

] (3)

where n and u are the native and unfolded states, b is the baseline value, T is the temperature,
k is the slope of the plateaus and ∆Gnu is the Gibbs free energy for folded-to-unfolded
transition which can also be expressed in terms of change in enthalpy and heat capacity
upon denaturation at constant pressure as follows

∆Gnu(T) = −
(

∆H
(

1− T
Tm

))
+ ∆Cp

(
T − Tm − Tln

T
Tm

)
(4)

4.8. Analytical Gel Filtration

Analytical gel filtration was employed to analyze the apparent molecular weight and
the oligomeric state of GCAP1 variants under Mg2+ and Ca2+-saturating conditions. Protein
samples (20 µM) were loaded onto a Superose 12 10/300 column (GE Healthcare), previ-
ously equilibrated with 20 mM Tris-HCl pH 7.5, 150 mM KCl, 1 mM DTT + 500 µM EGTA
and either 1 mM Mg2+ or + 1 mM Mg2+ and 1 mM Ca2+ at room temperature. Elution
profiles were collected at 280 nm and the distribution coefficient (Dc) was calculated
as follows:

Dc =
Ve −Vv

Vt −Vv
(5)

where Ve is the elution volume, Vt represents the total column volume (25 mL) and Vv is
the void volume (8 mL). Finally, the molecular weight was estimated from the calibration
curve of log (MW) vs. Dc as previously described [47].

4.9. Dynamic Light Scattering Analyses

To investigate the variations in hydrodynamic diameter, oligomeric state, and aggrega-
tion propensity of N104H-GCAP1 in different cation-loading states, the samples from aSEC
were directly analyzed in a Zetasizer Nano-S (Malvern Instruments, Malvern, UK) at 25 ◦C
using previously established settings [48]. The analysis of the hydrodynamic diameter and
of the mean count rate, representing the time evolution of the colloidal properties of the
suspension, was carried out for 22 h (~450 measurements, each averaging 13–15 repetitions).
The hydrodynamic diameter reported in Table 2 is the mean of the first 30 measurements
± standard error of the mean (s.e.m.).

4.10. Protein Modeling and Molecular Dynamics Simulations

The homology model of Ca2+-loaded myristoylated human GCAP1 (UniProt entry:
P43080) was obtained employing the “Advanced Homology Modeling” tool provided by
the software Bioluminate (Maestro package v. 12.5.139, Schrödinger), using the Ca2+-loaded
myristoylated GCAP1 from G. Gallus (PDB entry: 2R2I [49]) as a template. The N104H
mutation was performed in silico in the obtained human homology model using the
“Mutate Residue” tool by selecting the most probable rotamer. The activating form of
human GCAP1 (Mg2+-bound) was obtained by deleting the Ca2+ ion bound to EF-4 and
substituting the remaining Ca2+ ions in EF-2 and EF-3 with Mg2+ as performed in earlier
work [50]. Molecular Dynamics (MD) simulations were run on the GROMACS 2020.3
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package [51] using the all-atom CHARMM36m [52] force field, implemented with the
parameters of the N-terminal myristoylated Gly (available upon request). Both Mg2+-
bound and Ca2+-loaded GCAP1 variants underwent energy minimization and equilibration
procedures as elsewhere described (2 ns in NVT ensemble with and without position
restraints) [53] prior to the production phase, which consisted of two independent 1 µs
replicas at constant pressure (1 atm) and temperature (310 K) for each state. Protein
flexibility was assessed by monitoring the Root-Mean Square Fluctuation of Cα, that is
the time-averaged Root-Mean Square Deviation as compared to the average structure
of the concatenated 2 µs trajectories, following the analysis of consistency between the
replicas [53] based on the root-mean square inner product (RMSIP, Figure S4) of the first
20 principal components (calculated on Cα) representing the largest collective motion of
the protein.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910809/s1.
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Figure S1. (A) Fundus image of the right eye and (B) SD-OCT scans of right and left eye of patient II:2 at the age of 10. 
Line corresponding to interdigitation zone is shown in green. 

 
 
 

 

Figure S2. Time-dependent limited proteolysis of 20 µM GCAP1 WT in the presence of (A) 2 mM EDTA (ctrl) or 2 mM 
EDTA + 0.3 µM trypsin, (B) 1 mM EGTA + 1.1 mM Mg2+ (ctrl) or 1 mM EGTA + 1.1 mM Mg2+ + 0.3 µM trypsin, (C) 1 mM 
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Mg2+ and 1 mM Ca2+ (ctrl) or 1 mM Mg2+ and 1 mM Ca2+ + 0.3 µM trypsin. Incubation times were (from left to right): 5-10-
15-20-30-40 and 60 minutes for each condition. 

 
Figure S3. Cα-RMSF profiles (calculated over 2 µs MD simulations) of (A) Mg2+-bound and (B) Ca2+-loaded WT (blue line) 
and N104H (red line) GCAP1. Insets show secondary structure elements represented with the same coloring scheme as 
Fig. 5. Ca2+ and Mg2+ ions are represented respectively as pink and blue circles. 

 

Figure S4. RMSIP of the first 20 principal components of the two 1 µs MD simulation replicas (R1 and R2) and 
of the concatenated trajectories of WT- and N104H-GCAP1 in their Mg2+-bound and Ca2+-loaded forms. 
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Abstract  

Guanylate Cyclase Activating Protein 1 (GCAP1) is a calcium sensor that regulates the enzymatic 

activity of retinal Guanylate Cyclase 1 (GC1) in photoreceptors in a Ca2+/Mg2+ dependent manner. 

While point mutations in GCAP1 have been associated with inherited retinal dystrophies (IRDs), the 

protein’s ability to form dimers has never been investigated in relation to disease, as has the possible 

role of its interaction with the potent GC1 inhibitor RD3 (retinal degeneration protein 3). Here, we 

integrate exhaustive in silico investigations with biochemical assays to evaluate the effects of the 

p.(E111V) substitution, associated with a severe form of IRD, on GCAP1 homo- and hetero-

dimerization, and demonstrate that GCAP1 directly interacts with RD3. Although inducing 

constitutive activation in GC1, the E111V substitution only slightly affects the dimerization of GCAP1. 

Both wild type and E111V-GCAP1 are predominantly monomeric in the absence of the GC1 target, 

however E111V-GCAP1 shows a stronger tendency to be monomeric in the Ca2+-bound form, 

corresponding to GC1 inhibiting state. Reconstitution experiments performed in the co-presence of 

wild type GCAP1, E111V-GCAP1 and RD3 restored nearly physiological regulation of the GC1 

enzymatic activity in terms of cGMP synthesis and Ca2+-sensitivity, suggesting new scenarios for 

biologics-mediated treatment of GCAP1-associated IRDs. 
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1 Introduction 

Visual perception is initiated by the phototransduction process in photoreceptors, a complex 

biochemical cascade which ultimately converts light absorption by visual pigments into cell 

membrane hyperpolarization, thus triggering the response of downstream neurons [1]. 

Phototransduction is finely regulated by the interplay between second messengers Ca2+ and cyclic 

guanosine monophosphate (cGMP), whose intracellular concentrations strictly depend on 

illumination. Indeed, photon detection by the G protein-coupled receptor  (rhod)opsin results in the 

activation of phosphodiesterase 6, which hydrolyzes cGMP, thus causing the closure of cyclic 

nucleotide-gated (CNG) channels and a subsequent drop of the intracellular Ca2+-concentration from 

several hundred nM in the dark to less than 150 nM in bright light [2]. Guanylate cyclase-activating 

proteins (GCAPs) are dimeric neuronal Ca²⁺ sensor (NCS) proteins belonging to the EF-hand super 

family capable of detecting subtle changes in intracellular Ca2+-concentration, thereby modulating 

the rate of cGMP synthesis in a Ca²⁺-dependent fashion by interacting with retinal guanylate cyclases 

[3-5]. Of the three GCAP isoforms present in human rods and cones, namely GCAP1, GCAP2, and 

GCAP3, the former emerges as key regulator of GC1, the most relevant isozyme in the 

phototransduction cascade [6]. In the dark, high Ca²⁺ levels keep GCAP1 in a Ca²⁺-bound state that 

inhibits GC1, preventing unnecessary cGMP synthesis; conversely, upon illumination Ca²⁺ levels 

fall, prompting GCAP1 to exchange Ca²⁺ for Mg²⁺ (Figure 1A) and triggering a conformational 

change that stimulates GC1 activity and rapidly replenishes cGMP, which leads to the opening of 

CNG channels and, ultimately, the restoration of the Ca2+ concentration of the dark state. 

Maintaining Ca2+ and cGMP homeostasis is imperative for both the viability and the functionality of 

photoreceptors, as more than twenty mutations in the GUCA1A gene (encoding for GCAP1) have 

been associated with inherited retinal dystrophies (IRDs), such as autosomal dominant cone (COD) 

and cone-rod (CORD) dystrophies [7-16], due to defective GC1 regulation. These disorders are 

characterized by progressive central vision loss, color vision impairment, and altered sensitivity to 

light. The phenotypic heterogeneity observed in such dystrophies can be attributed to the specific 

amino acid substitutions, each affecting the protein's ability to regulate GC1 differently, thereby 

disrupting the delicate second messenger equilibrium governing phototransduction. A variant of 

GCAP1, in which the bidentate coordinator glutamate 111 in the high-affinity Ca2+ -binding motif EF3 

is replaced by a valine (E111V) leading to constitutive activation of GC1 was recently identified by 

some of us in a family affected by a severe form of CORD [14]. Constitutive activation of the GC1 

target seems to be the common hallmark of all GCAP1-related IRDs [9, 17], which all share 

autosomal dominant inheritance pattern. This makes the molecular scenario underlying GCAP1-

associated IRDs especially intricate, as the protein is known to form dimers in a Mg2+/Ca2+ dependent 

manner [3, 18, 19], which could result in a heterogeneous pool of homo- and heterodimers with 

unknown effects on GC1 regulation (Figure 1B).  
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Another complication of the molecular scenario involving supramolecular complexes formed by 

GCAP1 is the yet unknown effect of the interaction between the IRD-associated GCAP1 variants 

and Retinal degeneration protein 3 (RD3), a 23 kDa alpha-helical protein, recently emerged as a key 

factor in the preservation and functionality of photoreceptor cells [20, 21]. With its sub-micromolar 

affinity, RD3 prevents GC1 premature activation within the photoreceptor's inner segment, thus 

averting potential cellular damage [22, 23]. Indeed, RD3 mutations affecting its binding to GC1 or its 

inhibitory activity have been associated with Leber congenital amaurosis type 12 (LCA12) and 

CORD6 [24, 25], while the lack of protein expression is associated with a marked decline of GC1 

levels in photoreceptors outer segments and its accumulation in the inner segments, implicating a 

role for RD3 in the proper trafficking and localization of the cyclase [26-28]. RD3’s pivotal inhibitory 

activity arises from specific surface-exposed residues essential for the interaction with GC1, which 

are either located in the coiled-coil domain between helices α1 and α2 or in helix α3 (Figure 1C) 

[29]. 

This study explores the factors affecting the formation of GCAP1 supramolecular complexes both in 

the absence and in the presence of IRD-associated point mutations, focusing on the E111V variant, 

that we have previously characterized extensively from a clinical [14] and biomolecular viewpoint 

[30, 31]. We used an integrated in silico and in vitro investigation approach to evaluate the functional 

consequences of the co-presence of a disease-associated point mutation and wild type (WT) 

GCAP1, as well as RD3 as a full protein or a peptide encompassing the region with stronger inhibitory 

capacity toward GC1. Besides shedding light on the basic mechanisms underlying GCAP1-mediated 

protein-protein interactions, our thorough investigation suggests conditions that could be exploited 

in the context of COD and CORD diseases to facilitate the re-establishment of the physiological 

homeostasis of cGMP and Ca2+, with interesting applications for biologics-based therapeutics.  

 

 

2 Materials and Methods 

2.1 Protein Expression and Purification 

2.1.1 GCAP1 variants 

The cDNA of human WT-GCAP1 (Uniprot entry: P43080) was purchased from Genscript and cloned 

into a pET-11a vector between NdeI and NheI restriction sites, while the E111V variant was 

introduced in both vectors using QuikChange II Site-Directed Mutagenesis kit (Agilent) as detailed 

in [14]. All variants were heterologously expressed in E. coli BL21(DE3) following co-transformation 

with pBB131 vector which contains the cDNA of S. cerevisiae N-myristoyltransferase (yNMT) 

necessary to achieve post-translational N-terminal myristoylation [33], and purified using the same 
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protocol as previously detailed [14]. Briefly, proteins were purified from inclusion bodies after 

denaturation with 6M guanidine-HCl, then underwent dialysis against 20 mM Tris-HCl pH 7.5, 150 

mM NaCl, 7.2 mM β-mercaptoethanol buffer to allow refolding, and two sequential chromatographic 

steps, namely size exclusion chromatography (SEC, HiPrep 26/60 Sephacryl S-200 HR, GE 

Healthcare) and anion exchange chromatography (AEC, HiPrep Q HP 16/10, GE Healthcare). 

Protein concentration was measured by Bradford assay [34] using a GCAP1-specific reference curve 

based on the amino acid hydrolysis (Alphalyze), and its purity assessed on a 15% SDS-PAGE gel. 

Finally, GCAP1 variants were exchanged against decalcified 50 mM NH4HCO3 buffer, flash-frozen 

in liquid nitrogen, lyophilized and stored at -80°C until use.  

 

2.1.2 RD3 

The pETM-11-RD3 plasmid containing RD3 cDNA was a kind gift of Prof. K.W. Koch (Department 

of Neuroscience, Carl von Ossietzky Universität Oldenburg). RD3 was expressed in E. coli 

BL21(DE3) and purified by a series of centrifugation steps as previously reported [22]. Briefly, 

harvested cells were mechanically lysed with 3 sonication cycles on ice (30 s ON, 30 s OFF) and 

centrifuged at 4 °C at 10000 x g for 10 min, then the insoluble fraction was washed 3 times against 

10 mM Tris-HCl pH 7.5, 2 mM EDTA, 14 mM β-mercaptoethanol, 100 µM PMSF and 1X protein 

inhibitor cocktail (PIC) and centrifuged again at 4 °C at 15000 x g for 15 min. The insoluble fraction 

was denatured overnight using the same buffer with the addition of 8 M Urea, refolded by dialysis at 

4 °C against 2x300 volumes (initial volume: 15 mL) of 10 mM Tris-HCl pH 7.5, 0.1 mM EDTA and 

14 mM β-mercaptoethanol and centrifuged at 4 °C at 10000 x g for 10 min. The supernatant 

containing RD3 was collected to assess protein purity via SDS PAGE and stored at -80°C with 50% 

v/v glycerol.  

 

2.1.3 RD3 peptide 

The RD3 peptide (RD3ppt), essential for the inhibitory activity of the protein [29], encompasses the 

region K87-E110 of RD3 corresponding to helix α3 (Figure 1C), sequence 

KIHPSYCGPAILRFRQLLAEQEPE) and was purchased by Genscript (purity >95%, checked by 

HPLC). The lyophilized peptide was resuspended in pure bi-distilled water at a concentration of ~700 

µM according to manufacturer instructions and stored at -80°C until use. 

 

2.3 Analytical Size Exclusion Chromatography 

The effects of the E111V mutation on GCAP1 dimerization under Ca2+ and Mg2+ concentrations 

mimicking the physiological signaling states were evaluated by analytical size exclusion 
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chromatography (aSEC). Different GCAP1 concentrations (0.8 µM - 80 µM) were injected (200 µL) 

into a Superose 12 10/300 column (GE Healthcare) previously equilibrated with 20 mM Tris-HCl pH 

7.5, 150 mM NaCl, 1 mM DTT, 1 mM Mg2+ buffer and either 0.5 mM EGTA or 0.5 mM Ca2+. Elution 

profiles were collected by monitoring the absorbance at 280 nm, dissociation constants for GCAP1 

dimers were obtained by fitting the elution volume (Ve) to the concentration curves using equation 1 

as in Ref. [18]: 

 

𝑉𝑒 = 𝐴 × log

(

 
 
 

(

 
 
[𝑃𝑇𝑂𝑇]−(

−𝐷𝑐+ √𝐷𝑐
2+4 × 𝐷𝑐 ×[𝑃𝑇𝑂𝑇]

2
)

[𝑃𝑇𝑂𝑇]

)

 
 
× 22.9 + 22.9

)

 
 
 
+ 𝐵      (1) 

where Ve represents the elution volume at the peak, A is slope, [PTOT] is the concentration of the 

protein at the time of injection, B is the y-intercept and 22.9 is the monomer theoretical molecular 

mass (MM) of hGCAP1 in kDa. The MM of eluted samples was estimated using a calibration curve 

using cytochrome C (12.4 kDa), carbonic anhydrase (29 kDa), β-amylase (200 kDa) and alcohol 

dehydrogenase (150 kDa) as standard. Thus, the distribution coefficient Dc was calculated based on 

the Ve of the samples using equation 2:  

𝐷𝑐 = 
(𝑉𝑒− 𝑉0)

(𝑉𝑖− 𝑉0)
            (2) 

where V0 represents the void volume of the column (8.26 mL) and Vi is the total volume of the column 

(~ 24 mL). Ultimately, the MM of the samples was determined by plotting log(MM) vs Dc. 

 

2.4 Guanylate cyclase enzymatic activity assays 

The effect of RD3ppt and RD3 on the regulation of GC1 activity by GCAP1 variants was investigated 

by performing enzymatic assays to monitor cGMP synthesis. Human recombinant GC1 was stably 

expressed in HEK293 cells after transfection with pcDNA3.1+N-eGFP encoding for a fusion protein 

constituted by eGFP at the N-terminal and GC1 as previously described [31]. Membranes containing 

GC1 were isolated after cell lysis and resuspended in 50 mM HEPES pH 7.4, 50 mM KCl, 20 mM 

NaCl and 1 mM DTT. The inhibitory activity of RD3ppt was evaluated by incubating GC1 with 5 μM 

WT-GCAP1 and increasin2g concentrations of the peptide (0.05 μM - 15 μM) at low Ca2+ (< 73 nM). 

Minimum and maximum GC1 activities were determined by incubating GC1 with ~200 nM RD3 and 

WT or E111V-GCAP1 or both to a final concentration of 5 μM, in the presence of high (~30 μM) or 

low Ca2+ (<19 nM). The effects of RD3 on GCAPs Ca2+ sensitivity (IC50) were assessed by incubating 

GC1 with ~200 nM RD3 and either WT or E111V-GCAP1 or their combination at a stoichiometric 

ratio of 3 WT-GCAP1: 1 E111V-GCAP1 to a final concentration of 5 μM in the presence of increasing 
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free [Ca2+] ranging from <19 nM to 1 mM. The GCAP1 concentration at which GC1 activation is half-

maximal (EC50) was estimated by incubating GC1 in the presence of <19 nM free Ca2+ with ~200 nM 

RD3 and increasing GCAP1 (WT, E111V or both) concentration from 0 to 15 μM. GC1 enzymatic 

reactions were performed in 30 mM MOPS/KOH pH 7.2, 60 mM KCl, 4 mM NaCl, 1 mM GTP, 3.5 

mM MgCl2, 0.3 mM ATP, 0.16 mM Zaprinast buffer and blocked with the addition of 50 mM EDTA 

and boiling at 95°C. The synthesized cGMP was quantified by means of HPLC using a C18 reverse 

phase column (LiChrospher 100 RP-18, Merck). Data are reported as the mean ± standard deviation 

of at least three data sets.  

 

2.5 Circular Dichroism spectroscopy 

Circular Dichroism (CD) spectroscopy in the far UV (200-250 nm) was employed to unveil alterations 

in secondary structure of GCAP1 upon RD3ppt or RD3 binding under different ionic conditions. 

GCAP1 variants were resuspended in 20 mM Tris-HCl pH 7.5, 150 mM KCl, 1 mM DTT, while RD3 

and RD3ppt in 20 mM Tris-HCl pH 7.5, 1 mM DTT. Far-UV CD spectra of 10 µM RD3 or RD3ppt 

were collected in the presence of 300 µM EGTA; while those of 10 µM GCAP1 were collected in the 

presence of 300 µM EGTA and after sequential additions of 10 µM RD3 or RD3ppt and 600 µM Ca2+, 

leading to approximately 300 µM free Ca2+. All CD spectra were recorded on a Jasco J-710 

spectropolarimeter equipped with a Peltier-type cell holder in a 0.1-cm pathlength quartz cuvette with 

the following parameters: 1 nm bandwidth, 1 nm data pitch, 4 s integration time, 50 nm/min scanning 

speed, 25 °C temperature, 5 accumulations. 

 

2.6 Molecular modelling 

The three-dimensional structure of Ca2+-loaded myristoylated human GCAP1 (UniProt entry: 

P43080), representing the GC1-inhibiting form, was obtained using the "Advanced Homology 

Modeling" tool provided by Bioluminate (Maestro package v. 12.5.139, Schroedinger) by selecting 

Ca2+-loaded myristoylated GCAP1 from G. gallus (PDB entry: 2R2I [35]) as a template. The E111V 

substitution was introduced by in silico mutagenesis using Bioluminate "Mutate Residue" tool on the 

human structure by selecting the most likely rotamer for the sidechains. Mg2+-bound GCAP1 

variants, representing the GC1-activating form, were obtained by removing the Ca2+ ion attached to 

EF4 and replacing those in EF2 and EF3 with Mg2+, as previously done [36]. Human RD3 structure 

was obtained by homology modelling using the 10 conformers of human RD3 structure (PDB entry: 

6DRF [37]) as templates to revert the mutations introduced for structure resolution, namely A18T, 

D68R, E154K, E156R, E158R, and S160D. Finally, the structure was truncated at residue T139 to 

exclude the highly flexible C-terminal from docking simulations to avoid artifacts. 
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2.7 Molecular Dynamics simulations 

Molecular Dynamics (MD) simulations of GCAP1 variants were performed on GROMACS 2020.3 

package [38] using CHARMM36m [39] as the all-atom force field previously implemented with the 

parameters for the N-terminal myristoylated Gly (available on request). Two-step energy 

minimization and equilibration (2 ns in NVT ensemble with and without position restraints) were 

carried out as previously described [40]. For each state, namely Ca2+-loaded WT- and E111V-

GCAP1 (Ca2+-ions bound to EF2, EF3 and EF4), Ca2+-bound E111V-GCAP1 (Ca2+-ions bound to 

EF2 and EF4), and Mg2+-bound WT- and E111V-GCAP1 (Mg2+-ions bound to EF2 and EF3) four 

independent 1 µs trajectories at constant pressure (1 atm) and temperature (310 K) were produced. 

The exhaustiveness and consistency of the trajectories was assessed by means of Principal 

Component Analysis of the Cα (representing the largest collective motion of the protein), Linear 

Discriminant Analysis on the first two principal components and Root-Mean Square Inner Product of 

the first twenty principal components following a previously detailed pipeline [40]. Once their 

reproducibility was assessed for each state, the four trajectories were concatenated and the flexibility 

of the proteins was investigated by means of Root-Mean Square Fluctuation (RMSF) of the Cα, 

which represents the time-averaged Root-Mean Square Deviation (RMSD) calculated with respect 

to the average positions along the 4 µs trajectories. Analogously, the RMSF of ions bound to 

individual EF-hands was calculated to evaluate the mobility of the ions within the loop, indicative of 

potential alterations of the optimal geometry required for ion coordination. 

 

2.7 Molecular docking simulations 

The centroid of the conformations sampled by the 4 µs MD simulations of GCAP1 variants were 

used as ligand and receptor for protein-protein rigid-body docking simulations of GCAP1 dimers 

using ZDOCK 3.0.2 [41], which comprised 4 independent docking runs per tested case with a 

sampling step of 6° (dense sampling) starting from different relative orientations, each resulting in 

4000 complexes. Docked poses were categorized into a cohort of structurally analogous 

conformations, each exhibiting a Cα RMSD < 1 Å relative to the reference complex structure 

representing the highest-scored dimer described in ref [18], and their average ZDOCK score (ZD-s) 

was used to estimate the free energy of binding (ΔG0) based on their correlation with experimental 

data [42, 43].  

 

 

 

3 Results and Discussion 



 8 

To dissect the formation of the supramolecular complexes involving GCAP1-GC1 and potentially 

RD3, and to evaluate the putative role of the E111V point mutation, we applied a stepwise procedure, 

which started from the computational characterization of GCAP1 monomers in the possible signaling 

states (Figure 1B). Exhaustive, 4 microsecond MD simulations formed the basis for studying the 

stability of the protein and the allosteric mechanisms arising from the specific ligand and/or mutated 

state; moreover, the output of MD simulations was used to build a reliable structural model of the 

GCAP1 dimer using protein-protein docking, which permitted direct comparisons with experimental 

results from analytical size exclusion chromatography. Finally, we tested whether RD3, both in a 

shorter form via a peptide encompassing helix α3, or in the full-length version, was able to interact 

with GCAP1 as well as with GC1, and exert a controlled inhibition of the cyclase in the presence of 

WT- and E111V-GCAP1. The results are summarized in the following paragraphs.  

 

3.1 Conformational properties of WT/E111V-GCAP1 monomers: molecular dynamics 

simulations suggest increased structural flexibility for E111V-GCAP1 

Previous works highlighted that the E111V substitution, in which an acidic glutamate residue involved 

in the coordination of Ca2+ is replaced by the hydrophobic valine, only slightly affects secondary and 

tertiary structure of GCAP1 [14, 31] while dramatically impairing the affinity for Ca2+ and preventing 

the binding of the cation to EF3. The altered affinity for Ca2+ reflects on the dysregulation of GC1 

activity and leads to its constitutive activation. In the present study, we investigated at atomistic 

resolution the molecular determinants underlying ion binding to GCAP1 variants by running 4 µs MD 

simulations of the protein under GC1-activating (Mg2+ bound to EF2 and EF3 in both variants) and 

GC1-inhibiting conditions (Ca2+ bound to EF2, EF3 and EF4 in both variants, and bound only to EF2 

and EF4 for the E111V substitution).  

In line with previous spectroscopic data [14, 31], exhaustive MD simulations revealed a significant 

distortion of the EF3 loop of the E111V variant compared to the WT, which significantly destabilized 

the coordination of Ca2+ in EF3 (Figure 2A). On the other hand, no significant structural 

rearrangement was observed throughout the trajectory, although the RMSF profiles highlighted a 

significantly higher backbone flexibility for E111V-GCAP1 bound to 2 or 3 Ca2+ ions compared to the 

WT, especially in the region corresponding to EF3 (Figure 2B); this is not surprising, since the 

mutated residue is located in that EF-hand motif, thus pointing to a local structural perturbation. 

Interestingly, this reflected not only in a significantly higher fluctuation of the Ca2+-ion in EF3 (138.2 

Å for 3Ca-E111V vs 1.01 for 3Ca-WT-GCAP1, Supplementary Table ST1), which spontaneously 

dissociated in one of the replicas, but also in EF4 (3.22 Å for 3Ca-E111V and 1.63 Å for 2Ca-E111V 

vs 1.23 Å for 3Ca-WT-GCAP1, Supplementary Table ST1) and, to a lesser extent, in EF2 (2.02 Å 

for 3Ca-E111V and 2.04 Å for 2Ca-E111V vs 1.1 Å for 3Ca-WT-GCAP1, Supplementary Table 
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ST1), suggesting an allosteric effect of the mutation, which was already pointed out in shorter 

simulations [40]. As to the Mg2+-bound forms, the E111V substitution displayed minor differences 

with the WT both in terms of backbone flexibility (Figure 2C) and in ion coordination, as shown by 

the comparable RMSF of Mg2+-ions in EF2 (1.30 Å vs 1.23 Å, Supplementary Table ST1) and EF3 

(2.2 Å vs 1.9 Å, Supplementary Table ST1), thus suggesting that the GC1-inhibiting state does not 

change significantly from the structural viewpoint between IRD-associated and WT condition, at least 

as far as isolated structures of GCAP1 monomers are concerned. This result is also in line with 

previous spectroscopic characterizations by us based on near UV CD spectroscopy [14, 31].  

 

3.2 In silico dimerization of WT- and E111V-GCAP1 suggests very similar binding modes 

The similar structural features of WT- and E111V-GCAP1 monomers suggest that they might 

dimerize in a comparable manner, although this process was not explicitly investigated yet. The 

Ca2+- and Mg2+-dependent dimerization of GCAP1 could play a role in the phototransduction 

cascade, for example affecting the binding to, and therefore the regulation of the GC1 target [3, 44]. 

The complexity of the molecular scenario is increased in the presence of IRDs, as the autosomal 

dominant inheritance pattern of mutations associated with COD and CORD suggests that, in the 

outer segments of photoreceptors under these conditions, a pool of homo- and heterodimers might 

be present. To test whether and how the presence of the E111V mutation in well-defined signaling 

states can affect protein dimerization, we used an in silico approach based on rigid-body docking, 

which led to the reconstitution of potential dimeric assemblies of GCAP1 (WT/WT, E111V/E111V, 

WT/E111V) under the same cation-bound conditions used in MD simulations (see section 3.1). In 

order to discriminate the poses obtained by docking protein monomers, we considered as “native 

like” the highest-scored assembly that was previously validated by small-angle X- ray scattering data, 

characterized by specific hydrophobic contacts at the GCAP1 dimer interface. In particular, dimer 

formation is driven by the interaction between residues located on αE1 and αF2 from one monomer 

and amino acids on αE1, αF2 and αE3 from the second monomer [18].  

For all tested conditions, docking simulations predicted a comparable number of native-like poses, 

ranging from 18 to 22 in the case of the E111V and WT homodimer, respectively (Table 1), with 

average RMSD compared to the reference structure spanning between 0.84 ± 0.1 and 0.86 ± 0.1 Å, 

Table 1). Interestingly, the highest-scored pose out of the 16000 complexes outputted by ZDOCK 

(Table 1) was always selected as a native-like pose, thus implying that the assembly of both WT 

and E111V-GCAP1 is essentially compatible with that previously validated by small-angle X- ray 

scattering data, and that the binding may indeed occur in an essentially rigid body-like manner. On 

the same line, the average ZD-s of the native-like solutions in all conditions tested ranged between 

54.0 ± 0.8 and 54.9 ± 0.9 in the case of Mg2+-bound WT homodimer and 3 Ca2+-bound E111V, 

respectively. This average index can be used to empirically derive the free energy of dimerization, 
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provided that the binding occurs without major conformational changes [42, 43]. The predicted ΔG° 

values (ranging between -17.22 and -17.55 kcal/mol (Table 1) were all very similar to each other, 

despite the different conditions. Indeed, by inferring state- and variant-specific changes in the free 

energy of binding (ΔΔG°), docking results highlighted only subtle differences in binding affinities (< -

0.2 kcal/mol, Table 1), which were more pronounced when residue V111 was involved in ion binding, 

that is in the case of 3Ca and 2Mg (Table 1). Overall, these in silico results suggest that the WT and 

the E111V variants dimerize with very similar quaternary structure and affinity. 

 

3.3 In vitro dimerization of GCAP1 variants suggests higher propensity to dimerize in the 

Mg2+-bound form  

Since rigid-body docking simulations predicted neglectable differences in binding affinities upon 

homo- and heterodimer formation in the presence of either Ca2+ or Mg2+ ions, the propensity of 

GCAP1 variants to form dimers under different ion-loading conditions was validated in vitro by using 

analytical SEC with increasing amounts of GCAP1 in the 0.8 M - 80 M concentration range. The 

analysis of elution profiles (Figure 3) led to the estimated equilibrium constants for GCAP1 

dimerization reported in Table 1. An overall agreement with in silico docking experiments could be 

noted in terms of similar binding modes of WT and E111V-GCAP1, regardless of the mutation and 

the specific signaling state; however, analytical SEC permitted higher precision in determining the 

binding affinities, which are not affected by the requirement of rigid body-like interaction. 

Interestingly, a slightly reduced dimer affinity was detected for E111V-GCAP1 in the presence of 

Ca2+ compared to the WT (KDim
E111V= 16.7 ± 3.2 µM vs KDim

WT=12.0 ± 0.8 µM); the slight increase in 

affinity exhibited by the Mg2+-bound forms compared to the WT (KDim
E111V=4.2 ± 3.4 µM vs KDim

WT=6.1 

± 3.3 µM), was however within the error bars, so not significant. However, when the comparison was 

done for each variant, looking at the Ca2+ vs. Mg2+-bound forms, the increase in the tendency to 

dimerize in the Mg2+-bound was much higher for the E111V variant (~4-fold) than for the WT (~2-

fold). These findings diverge from previously obtained results in which WT-GCAP1 binding affinity 

decreases switching from a Ca2+ (KDim
WT=8.8 ± 0.7 µM) to a Mg2+-bound state (KDim

WT=45 ± 15 µM) 

[18]. The discrepancies can be attributed to a different ionic strength of the aSEC buffer (100mM vs 

150mM NaCl), its pH (8.0 vs 7.5) and a much higher concentration of Mg2+
free (~4mM vs ~0.9mM) 

which altogether determine a less physiological environment if compared to the experimental 

parameters presented in this work. Overall, these results suggest that the IRD-associated variant 

has stronger tendency to be monomeric in the Ca2+-bound form, corresponding to GC1 inhibiting 

state, and to dimerize in the absence of Ca2+, that is in the GC1-activating form. If dimerization of 

GCAP1 was a requirement for GC1 activation, this result could partly explain the variant’s tendency 

to induce constitutive activation in the target enzyme.  
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Previous results on the V77E-GCAP1 variant, which was shown to abolish protein dimerization, 

showed that also the GC1 activation was seriously compromised [45, 46], which would support a 

mechanism that requires GCAP1 dimerization for the correct activation of GC1. On the other hand, 

it should be noted that, if the same cellular concentration of GCAP1 measured in bovine rods (3.3 

μM [47]) is assumed to be valid for human photoreceptors, our estimated KDim values would point to 

the two isolated variants being predominantly monomers under Ca2+-saturating conditions (75.5% 

and 78.8% for WT- and E111V-GCAP1, respectively) and, to a lesser extent, in the Mg2+ -bound 

form (66.7% and 61.2% for WT- and E111V-GCAP1, respectively). It remains therefore essential to 

establish whether GCAP1 dimerization is facilitated by the interaction with the GC1 target, and if 

dimerization is a prerequisite for its activation.  

 

3.4 Using RD3-induced inhibition of GC1 to probe novel therapeutic hypotheses for IRD in 

the presence of E111V-GCAP1 

The modulation of GC1 activity is a fundamental step in phototransduction, to ensure physiological 

response and photoreceptor viability. We previously demonstrated in vitro that WT GCAP1 

significantly attenuates the dysregulation of GC1 induced by E111V-GCAP1 [30] and that direct 

retinal delivery of the mutated protein in a WT mouse induces a disease-phenotype [31]. Although 

the delivery of extra WT GCAP1 was shown to partly restore the Ca2+ sensitivity of GC1, numerical 

simulations suggest that this amelioration is not enough to fully prevent retinal degeneration as the 

levels of Ca2+ and cGMP would remain higher than normal [30]. These preliminary data nonetheless 

suggest that the combination of WT GCAP1 and GC1 inhibitors could be a promising avenue for 

addressing the dysregulated cGMP production implicated in IRDs in the presence of variants such 

as E111V-GCAP1. In this study we probed whether the potent GC1-inhibitor RD3 could contribute 

to this effective combination. We therefore tested the effects on GC1 regulation by WT- and E111V-

GCAP1 variants of RD3 as a full-length protein as well as a peptide (named RD3ppt) corresponding 

to the interacting helix α3 (Figure 1C), which was described as a fundamental component for 

achieving high inhibiting capacity of the cyclase [25].  

We first checked the GC1 activity at increasing amounts of RD3ppt in the 50 nM - 15 μM range. 

While RD3ppt was observed to inhibit GC1 activity only partially and at low micromolar 

concentrations in the presence of either WT- (Figure 4A) or E111V-GCAP1 (Figure S4), full-length 

RD3 showed significatively enhanced inhibitory efficacy of the WT-GCAP1-GC1 complex (Figure 

4B), with an IC50 of 68.4 ± 4.9 nM. This high inhibition capability of RD3 is in line with previous 

observations [25, 28, 48] and could be used as a further element to attenuates the dysregulation of 

GC1 induced by E111V-GCAP1 [30]. 
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Although it has been established that RD3 interacts with GC1 to promote its correct targeting to the 

photoreceptor outer segment, the interaction between RD3 and GCAP1 is thought to constitute a 

functional requirement to properly achieve such targeting; indeed, in vivo studies suggested that 

disrupting the GC1-GCAP1 and RD3 complex in the endoplasmic reticulum is associated with Leber 

congenital amaurosis 1 [28]. Despite the strong evidence of interaction by in cyto and ex vivo 

imaging, the interplay between RD3 and GCAP1 is still poorly understood. We have hence 

investigated by CD spectroscopy the interaction between GCAP1 variants and RD3 (both RD3ppt 

and the whole protein), to possibly elucidate the molecular fingerprints defining the RD3-GCAP1 

complex.  

The far UV CD spectrum of RD3ppt (Figure 5A) indicated that the peptide is unfolded in solution, 

whereas Mg2+-bound WT-GCAP1 exhibited, as expected, the spectrum of a typical all-α helical 

protein with minima at 208 and 222 nm, similarly to full-length RD3 (Figure 5B-C). In addition, both 

WT- and E111V-GCAP1 variants exhibited a small but significant increase in ellipticity upon 

switching from the Mg2+-bound form to the Ca2+-bound form (3% and 2.6% for WT- and E111V-

GCAP1, respectively, Figure 5B-C, Table 2), accompanied by a change in spectral shape, which 

was more evident for WT-GCAP1 (θ222/θ208 = 0.89 vs 0.92, Table 2), compared to E111V (θ222/θ208 

= 0.89 vs 0.90, Table 2). Such variations in spectral shape were most probably due to the different 

content in secondary structure between the Mg2+-bound and the Ca2+-bound forms of GCAP1 

variants. Indeed, spectral deconvolution suggested that upon Ca2+-binding WT-GCAP1 displayed a 

1% increase in α-helical content and a 1.4% decrease in β-sheet content, at odds with E111V-

GCAP1, whose α-helical content decreased from 33.4% to 32.7% while its β-sheet content exhibited 

a 3% increase (Table 2). The interaction between RD3(ppt) and GCAP1 variants was assessed by 

comparing the spectrum of the putative complex with that of the sum of the isolated proteins; the fact 

that the spectrum obtained when incubating the protein and the peptide differed from to the sum of 

those of the individual proteins points to an interaction between the two macromolecules. Interaction 

was detected for both RD3ppt (Figure 5D) and full-length RD3 upon incubation with GCAP1 variants 

(Figure 5E-F), although with some differences. While RD3ppt interaction with Mg2+-bound WT-

GCAP1 resulted in a ~10% lower ellipticity with respect to the theoretical sum of the spectra, the full-

length RD3-GCAP1 variants complexes showed an almost halved signal compared to the sum, 

regardless of the variant or the ion-binding state. Ca2+-binding did not significantly change the 

spectral shape of the complex RD3-WT-GCAP1 (θ222/θ208 = 0.98 vs 0.99, Figure 5E, Table 2), at 

odds with the complex constituted by RD3 and E111V-GCAP1, whose θ222/θ208 changed from 0.99 

to 1.07, suggesting different interaction modes between the two variants.  

Once verified the direct interaction between RD3 and GCAP1, the potential of their co-presence with 

respect to GC1 inhibition was explicitly probed. We thus monitored the effects of RD3 on the Ca2+-

dependent regulation of GC1 by both GCAP1 variants starting form the case of high and low Ca2+ 

levels, corresponding to dark-adapted and illuminated cells, respectively (Figure 6A). As expected, 
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the presence of RD3 significantly diminished the rate of cGMP synthesis under both inhibiting and 

activating conditions, in the presence of each of the two GCAP1 variants, although in the case of the 

E111V-GCAP1 a persistent activation was observed in the presence of Ca2+, indicative of the strong 

constitutive activation of GC1 induced by the mutant. Interestingly, the incomplete shut-down of the 

cyclase activity detected for both variants, observed in this study (Figure 6A) and in previous ones 

[22, 27] might be attributed to the direct interaction of GCAP1 with RD3, an interplay that, as 

discussed above, is still poorly understood [28].  

As mentioned above, the delivery of extra WT-GCAP1 on a background of E111V-GCAP1 was 

shown to bring the Ca2+-dependent regulation of GC1 closer the physiological Ca2+-range [30]; to 

test any synergistic effect in the presence of a potent GC1 inhibitor, we monitored the effects of RD3 

on GC1 regulation in the presence of GCAP1 variants at a stoichiometric ratio WT:E111V of 3:1. 

Remarkably, RD3 was found to almost totally revert the molecular phenotype of the GC1-GCAP1 

machinery to that of the WT (Figure 6B), with an IC50 shifting from 8.49 ± 6.05 µM to 0.29 ± 0.05 µM 

(Table 3), thus comparable to that of the WT both in the absence (0.32 ± 21.6 µM) and in the 

presence of RD3 (0.22 ± 0.01 µM). A similar conclusion could be drawn as to the cooperativity of the 

GC1’s Ca2+-regulation, as displayed by the Hill coefficient switching from 0.68 ± 0.28 in the absence 

of RD3 to 2.24 ± 0.94 in its presence (Table 3), again very close to the values exhibited by the WT 

under the same conditions (2.14 ± 0.27 and 2.23 ± 0.28, respectively). Remarkably, RD3 

substantially moderated the aberrant cGMP synthesis instigated by the E111V-GCAP1 mutation 

especially when complemented with an excess of the WT form (Figure 6, Table 3).  

 

Conclusions 

The comprehensive analysis presented here provides new insights into the supramolecular 

complexes formed by GCAP1 under both physiological and pathological conditions. We used the 

E111V-GCAP1 variant as representative of more than twenty COD/CORD associated mutations and 

investigated the dimerization process of GCAP1, which probably plays a role in the regulation of 

GC1 enzymatic activity. We found that the point mutation does not significantly alter the GCAP1 

dimerization. However, the slight changes in affinity detected for E111V-GCAP1 homodimers in the 

presence of Ca2+ suggests that even slight perturbations of the GCAP1 monomer/dimer equilibrium 

may result in severe dysregulation of GC1, although the dimerization process occurs in a similar 

manner in structural terms. It remains essential, however, to determine the three-dimensional 

structure of the GC1-GCAP1 complex and to assess the correct stoichiometry of the interaction, 

since per se, GCAP1 could be predominantly monomeric in the absence of the target. We also 

explored the influence of RD3 in co-presence with WT- and E111VGCAP1 on GC1 activity. 

Enzymatic assays revealed the ability of  RD3to mitigate the aberrant cGMP synthesis caused by 
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the E111V mutation, especially when combined with an excess of WT GCAP1. This suggests a 

potential role for RD3 in restoring near-physiological levels of GC1 activity in vitro, thus contributing 

to the restoration of the disrupted Ca2+ and cGMP homeostasis in photoreceptor pathophysiology 

associated with the E111V mutation. This  is particularly interesting in light of our recent findings [31] 

that support a possible role for protein delivery to the retina to modulate the phototrasduction 

cascade  and virtually counterbalance the constitutive activation of IRD-associated GCAP1 variants. 
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Table 1. Results from Rigid-Body Docking simulations of GCAP1 dimers and from analytical SEC 
experiments. a Number of docked complexes with Cα-RMSD < 1 Å with respect to the experimentally 
validated dimeric model [18]; b Average RMSD of the native-like poses; c Average ZDOCK score 
(ZD-s) of native-like poses; d Rank of the best native-like pose out of the total 16000 proposed; e 
Gibbs free energy of binding; f Difference in Gibbs free energy of binding calculated with respect to 
WT dimers; g Dimerization constant obtained by analytical SEC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assembly Ions 
Native-
like 
posesa 

RMSDb 

(Å) 
ZD-sc 

Best 
rankedd 

ΔG0 e 

(kcal/mol) 
ΔΔG0 f 

(kcal/mol) 
KDim

g 
(µM) 

WT-WT 

3Ca 22 0.85 ± 0.1 54.4 ± 0.8 1 -17.36 - 12.0 ± 0.8 

2Mg 22 0.84 ± 0.1 54.0 ± 0.8 1 -17.20 - 6.1 ± 3.3 

WT-E111V 

2Ca 21 0.86 ± 0.1 54.6 ± 0.8 1 -17.41 -0.06 

- 3Ca 21 0.86 ± 0.1 54.8 ± 0.8 1 -17.50 -0.14 

2Mg 21 0.85 ± 0.1 54.3 ± 0.8 1 -17.32 -0.12 

E111V-
E111V 

2Ca 18 0.84 ± 0.1 54.5 ± 0.9 1 -17.39 -0.04 

16.7 ± 3.2 

3Ca 18 0.84 ± 0.1 54.9 ± 0.9 1 -17.55 -0.20 

2Mg 18 0.84 ± 0.1 54.4 ± 0.9 1 -17.36 -0.16 4.2 ± 3.4 
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Table 2. Results from CD spectroscopy. Secondary structure content estimated from CD spectra by 
deconvolution with BeStSel software [49]; a calculated as (θ222

ion–θ222
EGTA)/θ222

EGTA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variant Δθ/θ (%)a  θ
222

/θ
208

 α-helix (%) β-sheet (%) Other (%) 

RD3 - - 27.7 12.7 59.6 

Mg2+-bound 

WT-GCAP1 - 0.89 28.3 16.6 55.1 

E111V-GCAP1 - 0.89 33.4 9.6 57 

RD3 + WT-GCAP1 - 0.98 12.4 29 58.6 

RD3 + E111V-GCAP1 - 0.99 13.5 29.4 57.1 

Ca2+-bound 

WT-GCAP1 3.02 0.92 29.3 15.2 55.5 

E111V-GCAP1 2.60 0.90 32.7 12.6 54.6 

RD3 + WT-GCAP1 1.23 0.99 12.4 30.8 56.8 

RD3 + E111V-GCAP1 3.44 1.07 12.9 29.4 57.7 
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Table 3. Results from enzymatic assays. a Human GC1 activity as a function of free [Ca2+] in the 
presence of 5 μM GCAP1 variants and 200 nM RD3; b Hill coefficient; c GCAP1 concentration at 
which GC1 activity is half-maximal; d fold change in cGMP production calculated as (GCmax - 
GCmin)/GCmin; e Data from [31]. Data are reported as mean ± standard deviation of three technical 
replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Variant IC50
a
 (µM) hb EC50

c
 (µM) X-foldd 

- RD3 

WT e 0.32 ± 21.6 2.14 ± 0.27 1.88 ± 0.22 26 

E111Ve 20.2 ± 20.53 0.60 ± 0.38 1.55 ± 0.21 1.1 

3xWT/E111V 8.49 ± 6.05 0.68 ± 0.28 - 3.3 

+ RD3 

WT 0.22 ± 0.01 2.23 ± 0.28 6.36 ± 1.17 14.4 

E111V 118 ± 44.8 0.67 ± 0.95 5.62 ± 1.61 0.76 

3xWT/E111V 0.29 ± 0.05 2.24 ± 0.94 - 4.6 
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Illustrations 

 

 

Figure 1. (A) Cartoon representation of the three-dimensional homology model of monomeric Ca2+-
loaded (left) and Mg2+-bound (right) human WT-GCAP1; EF1 is colored in orange, EF2 in green, 
EF3 in cyan and EF4 in yellow. N- and C-terminal are represented in light grey; Ca2+ and Mg2+ ions 
are shown as red and blue spheres, respectively, and the myristoyl as grey spheres. (B) Schematic 
representation of the dimerization of WT- (yellow) and E111V-GCAP1 (green) in their GC1-inhibiting 
(left) and activating states (right), Ca2+ and Mg2+ ions are shown as red and blue circles, respectively, 
empty EF hands are shown as white circles. Equilibria leading to possible homo- and hetero-dimers 
are represented. (C) Cartoon representation of the three-dimensional structure of RD3 (PDB entry 
6DRF); helix α1 is colored in blue, helix α2 in orange, helix α3 in red and helix α4 in cyan. The 
sequence of helix α3 representing the RD3 peptide (RD3ppt) is reported. 
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Figure 2. Results from exhaustive 4 µs MD simulations. (A) Representative Ca2+-coordination in EF3 
of WT-GCAP1 (left) and E111V-GCAP1 (right) after 1 µs MD simulations. WT-GCAP1 and E111V-
GCAP1 structures are shown as grey and cyan cartoon, respectively; Ca2+-coordinating residues are 
labelled and represented as sticks with C atoms in the same color as the structure, O atoms in red, 
N atoms in blue and S atoms in yellow; Ca2+ ions are shown as purple spheres; CORD-associated 
V111 is shown as orange sticks. (B) Cα-RMSF of WT-GCAP1 bound to 3 Ca2+ ions (black), E111V-
GCAP1 with ions bound in EF2 and EF4 (blue), and E111V-GCAP1 bound to Ca2+ ions (red). (C) 
Cα-RMSF of WT-GCAP1 (black) and E111V-GCAP1 (red) with Mg2+ ions bound to EF2 and EF3. 
Insets show the secondary structure elements colored according to Figure 1A and the position of 
ion-binding loops.  
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Figure 3. Representative analytical SEC chromatograms of 80 µM (red), 40 µM (black), 20 µM 
(green), 10 µM (yellow), 5 µM (cyan), 2 µM (blue), and 0.8 µM WT-GCAP1 (left panels) or E111V-
GCAP1 (right panels) in the presence of 1 mM Mg2+ and 0.5 mM Ca2+ (upper panels) or 0.5 mM 
EGTA and 1 mM Mg2+ (lower panels). Insets show the elution volume as a function of the protein 
concentration estimated from the absorbance at the chromatographic peak together with the 
theoretical fitting curve (Equation 1) detailed in section 2.3. Three theoretical replicates were 
performed for each condition and independently fitted to Equation 1, the estimated equilibrium 
constants for the dimerization process are reported in Table 1 as mean ± standard deviation.  
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Figure 4. GC1 regulation by RD3 peptide and full-length RD3. (A) GC1 activity was measured in the 
presence of 5 μM WT-GCAP1 and increasing concentrations (0 - 15 μM) of RD3 peptide. (B) GC1 
activity was measured in the presence of 5 μM WT-GCAP1, < 20 nM free Ca2+

 and increasing 
concentrations (0-300 nM) of RD3. Data are reported as average ± standard deviation of three 
technical replicates. When possible, data were fitted to a 4-parameter Hill equation.  
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Figure 5. Effects of RD3 (peptide (RD3ppt) or full-length) interaction and ion binding on the 
secondary structure of GCAP1 variants. Far UV CD spectra of: (A) 10 μM WT-GCAP1 (blue) or 
RD3ppt (yellow) in the presence of 300 µM EGTA; (B) 10 μM RD3 (yellow) in the presence 300 µM 
EGTA, 10 μM WT-GCAP1 in the presence 300 µM EGTA (blue) and upon addition of 600 µM Ca2+ 
(300 µM free Ca2+, red); (C) 10 μM RD3 (yellow) in the presence 300 µM EGTA, 10 μM E111V-
GCAP1 in the presence 300 µM EGTA (blue) and upon addition of 600 µM Ca2+ (300 µM free Ca2+, 
red); (D) 10 μM WT-GCAP1 and 10 μM RD3ppt in the presence 300 µM EGTA (blue), arithmetic 
sum of the spectra of the isolated molecules in the presence 300 µM EGTA (black); (E) 10 μM RD3 
and 10 μM WT-GCAP1 in the presence 300 µM EGTA (blue) and upon addition of 600 µM Ca2+ (300 
µM free Ca2+, red), arithmetic sum of the spectra of the isolated molecules in the presence 300 µM 
EGTA (black) or 300 µM free Ca2+ (green); (F) 10 μM RD3 and 10 μM E111V-GCAP1 in the presence 
300 µM EGTA (blue) and upon addition of 600 µM Ca2+ (300 µM free Ca2+, red), arithmetic sum of 
the spectra of the isolated molecules in the presence 300 µM EGTA (black) or 300 µM free Ca2+ 
(green). 
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Figure 6. GC1 regulation by GCAP1 variants in the absence and in the presence of 200 nM RD3. 
(A) GC1 activity was measured in the presence of 5 μM WT-GCAP1 or E111V-GCAP1 or their 
combination at a stoichiometric ratio of 3 WT-GCAP1: 1 E111V-GCAP1 and <19 nM Ca2+ (black) or 
∼30 μM free Ca2+ (grey); membranes with no GCAP1 were used as control. (B) GC1 activity as a 
function of [Ca2+] was measured in the presence of 5 μM WT-GCAP1 + 200 nM RD3 (black circles), 
3.75 μM WT-GCAP1 + 1.25 μM E111V-GCAP1 (blue triangles), and 3.75 μM WT-GCAP1 + 1.25 μM 
E111V-GCAP1 + 200 nM RD3 (red squares). Normalized GC1 activity was fitted to a 4-parameter 
Hill sigmoid, the grey box indicates the physiological Ca2+ range in photoreceptors (150 - 600 nM). 
Data are presented as average ± standard deviation of three technical replicates.  
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Abstract
Inherited retinal dystrophies are often associated with mutations in the genes involved in the phototransduction cascade in 
photoreceptors, a paradigmatic signaling pathway mediated by G protein-coupled receptors. Photoreceptor viability is strictly 
dependent on the levels of the second messengers cGMP and Ca2+. Here we explored the possibility of modulating the pho-
totransduction cascade in mouse rods using direct or liposome-mediated administration of a recombinant protein crucial for 
regulating the interplay of the second messengers in photoreceptor outer segments. The effects of administration of the free 
and liposome-encapsulated human guanylate cyclase-activating protein 1 (GCAP1) were compared in biological systems of 
increasing complexity (in cyto, ex vivo, and in vivo). The analysis of protein biodistribution and the direct measurement of 
functional alteration in rod photoresponses show that the exogenous GCAP1 protein is fully incorporated into the mouse retina 
and photoreceptor outer segments. Furthermore, only in the presence of a point mutation associated with cone-rod dystrophy 
in humans p.(E111V), protein delivery induces a disease-like electrophysiological phenotype, consistent with constitutive 
activation of the retinal guanylate cyclase. Our study demonstrates that both direct and liposome-mediated protein delivery 
are powerful complementary tools for targeting signaling cascades in neuronal cells, which could be particularly important 
for the treatment of autosomal dominant genetic diseases.

Keywords  Protein therapy · Protein delivery · Inherited retinal dystrophy · Liposome · Cone dystrophy · Cone-rod 
dystrophy

Introduction

The molecular processes underlying vision are triggered 
by the absorption of photons by opsins in retinal photo-
receptors. Located in specific membranous compartments 
in the outer segments of rods and cones, opsins are G 

protein-coupled receptors (GPCRs) that activate the signal-
ing cascade known as phototransduction. For many years, 
phototransduction has been considered paradigmatic for the 
largest class of GPCR-mediated signaling pathways (rho-
dopsin-like or class-A GPCRs), and the accumulated knowl-
edge about the structural, biochemical, and physiological 
details of this cascade has enabled significant advances in 
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drug design and pharmacological approaches for many other 
signaling pathways [1, 2].

The phototransduction cascade converts the light signal 
detected by the opsins into a chemical signal, culminat-
ing in the transient fall of vesicular glutamate release from 
the photoreceptor synaptic terminal, which is sensed by 
downstream neurons [3]. Rods and cones adapt to dramatic 
changes in ambient light by modifying the kinetics of pho-
totransduction, a finely regulated process orchestrated by the 
second messengers Ca2+ and cyclic guanosine monophos-
phate (cGMP). Absorption of light by rhodopsin (or cone 
opsins) triggers the hydrolysis of cGMP by activating the 
phosphodiesterase 6, thereby causing the dissociation of 
cGMP from cyclic nucleotide-gated channels (CNG) and 
their closure. The ensuing decrease in the inflow of Na+ and 
Ca2+ hyperpolarizes the cell which, in turn, causes a reduc-
tion in neurotransmitter release. In parallel to these events, 
the light-independent extrusion of Ca2+ from the Na+/Ca2+, 
K+-exchanger leads to a drop of Ca2+ concentration in the 
outer segments (from ~ 600 nM in the dark to below 100 nM 
in bright light [4]).

These light-evoked alterations of second messenger levels 
in the photoreceptor outer segment trigger feedback mecha-
nisms necessary for the timely shutoff of the cascade, as 
well as for the adaptation to specific light or dark conditions 
[3, 5]. Subtle changes in Ca2+ concentration are promptly 
detected by guanylate cyclase-activating proteins (GCAPs), 
members of the neuronal calcium sensors family [6]. Two 
isoforms (GCAP1 and GCAP2) are expressed in rods and 
cones, but in human only GCAP1 seems to be actively 
involved in the phototransduction cascade as a modulator 
of retinal guanylate cyclase (GC) activity, with the most 
prominent contribution arising from the GC1 isozyme [7]. 
In human photoreceptors GCAP2 is probably involved in 
biochemical processes other than phototransduction [8], 
although its role in mouse phototransduction has been dem-
onstrated [9].

GCAP1, the main regulator of GC1, is a 23 kDa protein 
belonging to the EF-hand superfamily [10] that ensures 
rapid detection of Ca2+ oscillations in the submicromolar 
range with a nanomolar affinity for Ca2+ [11]. When Ca2+ 
concentration drops because of phototransduction activa-
tion, Ca2+ is replaced by Mg2+, which can bind in the same 
metal binding loops of motifs EF2, EF3 and EF4 (Fig. 1a) 
[12–14]. This mechanism allows GCAP1 to switch 
between different signaling states, namely Ca2+-bound 
(GC1-inhibitor) and Mg2+-bound (GC1-activator), reg-
ulated by specific allosteric mechanisms involving the 
protein, the metal cations and the myristoyl group bound 
at its N-terminal [13, 15]. The conformation adopted by 
Mg2+-GCAP1 stimulates the synthesis of cGMP by GC1, 
thus permitting rapid restoration of dark-adapted cell con-
ditions by reopening of the CNG channels [12, 16]. The 

Ca2+–Mg2+ exchange results in relatively minor confor-
mational changes for GCAP1 [13, 15] (Fig. 1a), which 
are nevertheless sufficient to trigger the GC1 inhibitor-to-
activator transition over the narrow physiological range of 
Ca2+ variation in the photoreceptor outer segment.

GCAP1 has been associated with autosomal dominant 
cone (COD) or cone-rod dystrophies (CORD) [17–31], a 
class of severe inherited retinal dystrophies (IRD) char-
acterized by central vision loss, impaired color vision, 
and photophobia, due to photoreceptor degeneration [32]. 
Indeed, more than twenty point-mutations in the gene 
encoding for GCAP1 (GUCA1A) have been found to be 
linked to COD or CORD. Recently, some of us identi-
fied a missense mutation in GUCA1A responsible for a 
particularly severe form of CORD. At the protein level, 
the mutation substitutes a glutamate residue in position 
111 with a valine [24]. E111 is the twelfth residue of 
the Ca2+-binding loop of the EF3 motif and it is directly 
responsible for Ca2+-coordination by providing two nega-
tively charged oxygen atoms from the carboxyl group 
(Fig. 1b); this bidentate ligation is fundamental to ensure 
the correct pentagonal bipyramidal geometry required for 
coordination of Ca2+-ions by seven oxygen atoms. The 
hydrophobic sidechain of V111, on the other hand, leads 
to a structural distortion of the EF3 loop, which becomes 
unable to coordinate Ca2+-ions (Fig. 1b), thus resulting in 
an 80-fold lower apparent affinity for Ca2+ [24].

COD and CORD remain incurable diseases, and the 
nature of their transmission — often dominant — makes 
gene therapy-based approaches particularly challenging. 
Alternative approaches, for example based on protein 
delivery, are therefore needed to mitigate the effects of the 
mutations and re-establish the physiological functionality 
of the signaling cascade. In this work, we explored the 
possibility of using direct or liposome-mediated admin-
istration of recombinant human GCAP1 to modulate the 
phototransduction cascade in mouse rods. Our rationale 
in comparing these two approaches was that free protein 
could offer high intraocular mobility and acute action, 
while liposomes delayed but prolonged release. We ini-
tially used a model eukaryotic cell culture for protein 
delivery experiments, and then increased the complexity 
with in vivo and ex vivo experiments aimed at assessing 
the biodistribution of proteins in mouse retinas. Imaging 
experiments were complemented by functional ones, in 
which acute changes in flash responses were monitored 
while incubating the retinas ex vivo. The administration of 
the free and liposome-encapsulated protein was compared 
in each case. Our findings reveal that direct and liposome-
mediated protein delivery are powerful complementary 
tools for targeting signaling cascades in retinal neurons 
and could be particularly important for the treatment of 
autosomal dominant genetic diseases.
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Fig. 1   Biochemical and biophysical characterization of GCAP1 
variants. a Three-dimensional structure of E111V-GCAP1 in its 
Ca2+-loaded (left) and Mg2+-bound (right) state after 200 ns Molecu-
lar Dynamics (MD) simulations (trajectories are from Ref [24]). Pro-
tein structure is represented as cartoons with EF1, EF2, EF3 and EF4 
colored in green, pink, blue and orange, respectively; the myristoyl 
moiety is shown as teal sticks, Ca2+ and Mg2+ ions are depicted as 
red and green spheres, respectively. b Detail of the Ca2+-binding loop 
of EF3 in WT-GCAP1 (left) and E111V-GCAP1 (right) after 200 ns 
MD simulations. Protein structure is shown as cartoons colored in 
green for WT-GCAP1 and blue for E111V-GCAP1; the sidechains 
of Ca2+-coordinating residues are labelled and are represented as 
sticks with O atoms in red, N atoms in blue, S atoms in yellow and C 
atoms in the same color as cartoons; the C atoms of E111 and V111 
residues are colored in orange and magenta, respectively. Ca2+-ions 
are represented as pink spheres and labelled, zero-order bonds with 
Ca2+-coordinating residues are shown as dashed red lines; the seventh 
O atom required for Ca2+-coordination is provided by a water mol-
ecule (not shown). c 15% SDS-PAGE of ~ 30  µM WT-GCAP1 and 
E111V-GCAP1 in the presence of 1 mM EGTA + 1.1 mM Mg2+ and 
1 mM Mg2+  + 1 mM Ca2+. d Representative far UV (upper panels) 
and near UV (lower panels) CD spectra of WT-GCAP1 (left panels) 
and E111V-GCAP1 (right panels) recorded at 25 °C in PBS pH 7.4. 

Protein concentration for far and near UV was 10 and 33 µM, respec-
tively. Far UV CD spectra were registered in the presence of 300 µM 
EGTA (black) and after serial additions of 1  mM Mg2+ (blue) and 
600  µM Ca2+ (red), thus resulting in 300  µM free Ca2+. Near UV 
CD spectra were registered in the presence of 500  µM EGTA and 
after serial additions of 1 mM Mg2+ and 1 mM Ca2+ (500 µM free). 
e Hydrodynamic diameter estimation by Dynamic Light Scattering 
of ~ 40 µM WT-GCAP1 (black) and E111V-GCAP1 (red) at 25 °C in 
the presence of 1  mM Ca2+; standard errors are shown in grey and 
orange, respectively. f GC1 enzymatic activity as a function of Ca2+ 
concentration (< 19  nM to 1  mM) upon regulation by 5  µM WT-
GCAP1 (black) or E111V-GCAP1 (red); cGMP synthesis was half 
maximal (IC50) at (323.3 ± 15.1) nM and (20.2 ± 7.6) µM with Hill 
coefficients of 2.16 and 0.99, respectively. The Ca2+-concentration 
range in photoreceptor cells is represented by the grey box. Data 
are presented as average ± standard deviation of 3 technical rep-
licates. g GC1 activity as a function of WT-GCAP1 (black) and 
E111V-GCAP1 (red) concentration (0–20  µM range); cGMP syn-
thesis was half maximal (EC50) at (1.88 ± 0.15) µM and (1.55 ± 0.24) 
µM, respectively. Data are presented as average ± standard deviation 
of 3 technical replicates after normalization on the amount of GC1 
present in cell pellets. h Fluorescence emission spectrum of 5  µM 
GCAP1CF640R upon excitation at 639 nm
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Results

Perturbed Ca2+‑sensing properties of E111V‑GCAP1 
lead to constitutive activation of GC1

The purity and functionality of recombinantly expressed 
GCAP1 variants were verified by a combination of bio-
physical and biochemical techniques, to exclude potential 
effects of protein delivery treatments due to impurities or 
structural/functional defects. Ca2+-sensor proteins, includ-
ing GCAP1, are known to modify their electrophoretic 
mobility in SDS-PAGE experiments under denaturing 
conditions [11], depending on their Ca2+-loading state. 
Indeed, Ca2+-free proteins appear as single bands at their 
theoretical molecular weight, whereas their Ca2+-bound 
forms exhibit an electrophoretic shift to smaller appar-
ent molecular weight proportional to their apparent 
Ca2+-affinity. Such peculiar behavior exhibited by many 
other Ca2+-sensor proteins can be attributed to the fact 
that Ca2+-ions significantly stabilize the structure of the 
protein and are retained even under denaturing conditions, 
resulting in a protein that is not fully unfolded, even in the 
presence of sodium dodecyl sulfate. This makes electro-
phoretic migration dependent on factors other than just 
the mass of the protein in the Ca2+-bound form, such as 
Ca2+-affinity, because the higher the affinity, the greater 
the probability of partial structure retention. We exploited 
this peculiar feature to assess both the purity of protein 
samples and the capability of wild type (WT)-GCAP1 and 
E111V-GCAP1 to function as Ca2+-sensors (Fig. 1c). In 
the absence of Ca2+, both purified GCAP1 variants showed 
a single band around their theoretical molecular weight 
(23 kDa), which shifted to ~ 17 kDa in the case of WT-
GCAP1 and to ~ 20 kDa in the case of E111V-GCAP1 
upon Ca2+-binding, thus implying a substantial reduction 
in Ca2+-affinity for the pathological variant, confirming 
previous results from some of us [24].

The structural response of GCAP1 variants to ion 
binding was monitored by circular dichroism (CD) spec-
troscopy, which allows monitoring changes in protein 
secondary and tertiary structure in solution at protein 
concentrations (~ 10 to 40 µM) that mimic physiologi-
cal ones (~ 3 to 4 µM, Fig. 1d). Both variants exhibited 
a far ultraviolet (UV) (200–250 nm) CD spectrum com-
patible with an all α-helix protein, with minima at 208 
and 222 nm (Fig. 1d, top panels) and negligible variations 
in shape and intensity upon ion binding. This behavior 
was partly in contrast to that previously shown [24], most 
likely attributable to the different buffer and temperature 
(PBS pH 7.4 and 25 °C vs 20 mM Tris, 150 KCl, 1 mM 
DTT, pH 7.5 and 37 °C). Concerning the tertiary struc-
ture (near UV CD spectrum, 250–320 nm), both variants 

displayed a significant rearrangement of aromatic resi-
dues upon Ca2+-binding in PBS pH 7.4 at 25 °C (Fig. 1d, 
bottom panels), indicative of a change in protein tertiary 
structure. Mg2+-binding instead resulted in a minor con-
formational change, which was more pronounced in the 
case of WT-GCAP1. These results were substantially in 
line with the spectra recorded by some of us at 37 °C, 
with minor differences attributable to the different buffer 
and temperature [24], which was found to affect also the 
hydrodynamic diameter of GCAP1 variants (Fig. 1e). As 
assessed by dynamic light scattering (DLS), both WT-
GCAP1 and E111V-GCAP1 in PBS, pH 7.4 displayed a 
significantly larger hydrodynamic diameter ((8.68 ± 1.07) 
nm and (11.08 ± 0.07) nm, respectively), compared to their 
counterparts in 20 mM Tris, 150 mM KCl, 1 mM DTT, pH 
7.5 buffer ((6.47 ± 0.03) nm and (6.08 ± 0.04) nm, respec-
tively) [24], a difference ascribable to the absence of the 
reducing agent and of a centrifugation step in this study, 
which nevertheless did not trigger any aggregation pro-
cess (results not shown). The slightly different experimen-
tal conditions of the present and the previous study [24] 
lead to the same conclusions that the E111V substitution 
significantly impairs the Ca2+-sensitivity of GCAP1 with 
minor structural repercussions.

The enzymatic activity of the GCAP1-GC1 complex and 
its Ca2+-dependence creates a tight interconnection between 
Ca2+ and cGMP levels, which is crucial for both light adap-
tation and photoreceptor viability. Regulation of the GC1 
enzymatic activity by GCAP1 variants was assessed both 
in terms of Ca2+ sensitivity and dependence on the level of 
protein regulator by measuring, respectively, the Ca2+ con-
centration at which GC1 activation is half-maximal (IC50) 
and the concentration of GCAP1 at which the synthesis of 
cGMP is half-maximal (EC50). The activation profile of 
GC1 by WT-GCAP1 exhibited an IC50 of (323.3 ± 15.1) 
nM (Fig. 1f), thus falling in the physiological intracellu-
lar Ca2+-range (< 100 to 600 nM) [5]. On the other hand, 
the pathological variant E111V significantly dysregulated 
the activity of GC1, with an IC50 value ((20.2 ± 7.6) µM, 
p-value < 0.05) ~ 63-fold higher than that of the WT, indic-
ative of constitutive cGMP synthesis under physiological 
Ca2+ levels. Nevertheless, both variants displayed com-
parable EC50 values ((1.88 ± 0.14) µM for WT-GCAP1 
and (1.55 ± 0.23) µM for E111V-GCAP1 (p-value > 0.1), 
Fig. 1g), suggesting a similar affinity for the target enzyme, 
in line with previous results from some of us [24].

Liposome‑mediated GCAP1 delivery to HEK293 cells

To assess the potential of liposome (LP)-mediated delivery 
of GCAP1 in biological systems of increasing complexity (in 
cyto, ex vivo, and in vivo) and investigate its biodistribution 
by minimizing the contribution of tissue auto-fluorescence 
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(see Methods), the far-red fluorescent dye CF640R was 
conjugated to the primary amines of solvent-exposed Lys 
residues of GCAP1 (namely, either of K8, K23, K24, 
K46, K87, K97, K142 or K162, Movie S1) to obtain the 
GCAP1CF640R complex. SDS-PAGE confirmed the purity 
of protein samples and the success of the conjugation reac-
tion (Fig. S1a). The effective removal of the unconjugated 
dye (Fig. S1b) and the number of CF640R molecules bound 
to each GCAP1 protein were then assessed by absorption 
spectroscopy (degree of labelling = 1.96, see Methods). 
Finally, the emission fluorescence spectrum of GCAP1CF640R 
(Fig. 1h) upon excitation at 639 nm was recorded before 
imaging experiments to verify the compatibility of the con-
jugated dye with our optical setups. The unconjugated dye 
(CF640R), GCAP1CF640R, WT-GCAP1 and E111V-GCAP1 
were then encapsulated in LPs with a lipid composition cor-
responding to that of rod outer segment membranes (see 
Methods for details).

The suitability of LP as carriers of small molecules and 
proteins was assessed by evaluating the size and monodis-
persion of the liposome suspensions loaded with different 
molecules. Regardless of the type of encapsulated mol-
ecule, nanoparticle tracking analysis (NTA) measured a LP 
diameter between (149.1 ± 3.0) nm and (168.7 ± 0.7) nm 
(Fig. S2a–c, Table S1), with minor differences in both size 

and concentration (Table S1) up to 180 days (Fig. S2d–f), 
suggesting that the LP suspension is stable over time. 
Finally, effective encapsulation of fluorescent molecules 
was also visually confirmed by the display of point-like 
fluorescence emission when LPs were filled with unconju-
gated CF640R and immobilized in agarose gel (Fig. S2g).

The capability of LPs to deliver recombinant 
GCAP1CF640R was assessed on two different HEK293 sta-
ble cell lines. The first was transfected with pIRES plasmid 
encoding for eGFP and GC1 under the same promoter, 
characterized by a cytosolic green fluorescence (from now 
on cGFP); the second was transfected with pcDNA3.1 
encoding for the eGFP-GC1 fusion protein, thus showing 
membrane green fluorescence (mGFP).

To address the potential direct membrane uptake of 
free-CF640R due to its small size (~ 832 Da) we monitored 
the cGFP cell line for 6 h (Movie S2) and visualized the 
mGFP cell line for 6 h and 24 h after incubation with free-
CF640R (Fig. 2a). The absence of intracellular red fluores-
cence in both cell lines after 6 h and 24 h suggested that 
free-CF640R is per se unable to penetrate cell membranes.

Indeed, a diffused red fluorescence signal was observed 
only in the extracellular milieu, in the same time frames 
(Fig. 2a). This signal is likely attributable to the presence 

Fig. 2   Live imaging of HEK293 cells incubated with free-CF640R, 
free-GCAP1CF640R and GCAP1-encapsulating liposomes. a repre-
sentative images at a fixed z-plane of the mGFP cell line incubated 
with 100  µl of 140  µM free-CF640R after 6  h (top) and 24  h (bot-
tom); b representative images of the mGFP cell line after 24 h incu-
bation with 100  µl of 104  µM free-GCAP1CF640R, top panels show 
eGFP (left) and CF640R (right) fluorescence, bottom panels show the 
merged fluorescence at z = 200.7 µm (left) and z = 212.4 µm (right). 

c Live-cell imaging at the same z-plane of the mGFP cell line after 
4 h, 7 h, 24 h, and 48 h incubation with 100 µl of 4.3 nM LP-GCAP-
1CF640R (containing the same number of GCAP1CF640R molecules in 
the aqueous core as compared to the free protein solution case). After 
24 h the cell medium was replaced with FluoroBrite DMEM to avoid 
interference from phenol red, which gave rise to the red background 
fluorescence present in all but bottom right panel
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Fig. 3   Biodistribution of free GCAP1 and liposome-encapsulated 
GCAP1 in living mouse retinas following ex  vivo incubation and 
in  vivo intravitreal injections. a Distribution of fluorescence in 
250  µm thick live slices obtained from a pair of retinas incubated 
ex  vivo with 20  µl of 3.9  nM LP-CF640R and 5.1  nM LP-empty, 
respectively: the same image acquisition and display parameters 
were used (blue chain links symbol). Plot shows the average fluores-
cence along the vertical axis of the same images. Scale bars 25 µm. 
b Fluorescent cones in a slice from a retina incubated with 20  µl 
of 3.9  nM LP-CF640R. Scale bar 10  µm. c Distribution of fluores-
cence after ex  vivo incubation with 20  µl of 88.4  µM free-GCAP-
1CF640R and 4.3  nM LP-GCAP1CF640R (containing the same number 
of GCAP1CF640R molecules in the aqueous core as compared to the 
free protein solution case). In the example images the focal plane was 
intentionally set to display zones rich with stained neuronal somata. 
Scale bar 25  µm. Plots show radial fluorescence profiles across ret-
ina pairs in each experiment; blue chain links: the same acquisition 

parameters were used in each retina pair. d Distribution of fluores-
cence after ex vivo incubation with 88.4 µM free-GCAP1CF640R and 
PBS. The white point of the images was adjusted to enhance the 
outer retina: same acquisition and display parameters. e Low mag-
nification examples of retinal slices from the eyes of a mouse, both 
intravitreally injected with identical aliquots of 4.3  nM LP-GCAP-
1CF640R: the same acquisition and display parameters were used (blue 
chain links). Thick white arrows: zones of accumulation of fluores-
cence in the vitreous humor near the inner limiting membrane. Inner: 
GCL + IPL + INL; outer: ONL + IS + OS. Scale bar 250 µm. f Exam-
ples of the distribution of fluorescence in retina slices after intravit-
real injection with 2  µl of 88.4  µM free-GCAP1CF640R and 4.3  nM 
LP-GCAP1CF640R (containing the same number of GCAP1CF640R mol-
ecules in the aqueous core as compared to the free protein solution 
case). Scale bar 25  µm. In all images of this figure the focal plane 
lies deep in the slice. In all experiments retinal layer boundaries were 
identified as shown in Fig. S9
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of phenol red in the medium, as in real time imaging no 
medium replacement was performed.

Similar experiments performed with fluorescently 
labelled GCAP1 (GCAP1CF640R), showed punctuated fluo-
rescence spots which tended to accumulate on the surface of 
mGFP cells after 6 h (Movie S3; punctuated red fluorescence 
is attributable to the interaction of GCAP1CF640R with other 
molecules in the cell medium or with cell membrane, at odds 
with the diffused phenol red fluorescence). The intracellular 
space was not reached by the labelled protein even after 24 h 
(Fig. 2b, top panels). Further analysis at specific z-plane 
values (bottom panels in Fig. 2b) clearly confirmed that the 
accumulation of fluorescence attributed to GCAP1CF640R is 
limited to the cell membrane, as no signal was detected at 
the intracellular space. To confirm this finding, we repeated 
the same experiment with cGFP cells, which would allow 
the detection of overlapped green and red fluorescence 
signals in case of GCAP1CF640R entering the intracellular 
milieu. Indeed, this was not observed in 6 h (Movie S4). 
To dampen the contribution of diffused red fluorescence 
from the extracellular milieu, we replaced the cell medium 
with FluoroBrite DMEM, which does not contain phenol. 
The same results were confirmed (Fig. S3), indicating that 
GCAP1CF640R did not enter HEK293 cells in the observed 
timeframe.

As both cGFP and mGFP cell lines exhibited the same 
impermeability to free-CF640R and free-GCAP1CF640R, the 
capability of liposomes to deliver GCAP1CF640R was tested 
only on the mGFP cell line. Live-cell imaging showed that 
4 h after incubation (Fig. 2c, Movie S5), a punctuated red 
fluorescence, compatible with that emitted by LP-GCAP-
1CF640R, was accumulating on the cell surface. At t = 7 h, the 
same punctuated red fluorescence was distinctly detected in 
the cytosol, suggesting whole liposome internalization by 
the cells. Only after 24 h the fluorescence pattern started 
to change. A more diffused red signal initially appeared at 
around 24 h, indicative of the release of GCAP1CF640R from 
LPs. The observation of red and green colocalized fluores-
cence was more apparent at t = 48 h, indicative of a more 
unhindered diffusion of GCAP1CF640R in the cytosol (Fig. 2c 
and Fig. S4), although the persistence of the punctuated pat-
tern suggests the residual presence of internalized liposomes. 
Finally, 48 h after incubation with LP-GCAP1CF640R the cell 
medium was replaced with FluoroBrite DMEM to improve 
the signal-to-noise ratio; while a more diffused colocaliza-
tion of red and green fluorescence attributed to the intracel-
lular release of GCAP1CF640R was more clearly observed 
(Fig. S4d), residual quantal fluorescence was present.

Retinal distribution in live tissue of GCAP1CF640R 
and LP‑GCAP1CF640R following ex vivo incubation 
and intravitreal injection

Ex vivo incubations

To move to a higher level of biological complexity, we first 
assessed LP-mediated delivery of molecules by ex vivo incu-
bation of isolated retinas. The rationale here was to elimi-
nate variability related to in vivo transport across tissues, 
focusing solely on intraretinal mechanisms. Far red fluo-
rescence was chosen because in preliminary tests we found 
that the extremely low tissue autofluorescence in this band 
greatly improved signal-to-noise ratio. Retina pairs (n = 3) 
were incubated in parallel with LP-CF640R and LP-empty 
suspensions for 2 h at 37 °C. After incubation, these live 
retinas were rinsed with fresh medium and immediately 
viewed with a widefield fluorescent microscope either as 
wholemounts or 250 µm thick slices, with the two treat-
ment partners placed adjacent in the dish. In all cases the 
LP-CF640R-treated retina showed fluorescence much above 
the control one. Unexpectedly, fluorescence was unevenly 
distributed across the thickness of the retina, being much 
stronger in the inner layers (Fig. 3a). Nonetheless, even the 
outer retina showed a significant signal. Control slices had 
a flat autofluorescence profile, at the level of the chamber 
background. Interestingly, in the LP-CF640R-treated reti-
nas sparse cell bodies in the ganglion cell (GCL) and inner 
nuclear layer (INL) could be clearly distinguished. In the 
outer retina cones were also occasionally stained (Fig. 3b), 
albeit much more rarely than the aforementioned neurons. 
These data suggest enrichment of LPs in the inner retina, 
although it remained unclear whether they were internalized 
as intact nanovesicles or their fluorescent cargo released in 
the cell.

To determine whether LP encapsulation affects the tis-
sue access of large molecules, we incubated retina pairs 
(n = 10) with free-GCAP1CF640R protein solution or LP-
GCAP1CF640R suspension for 3.5 h at 37 °C, followed by 
slicing and imaging with identical parameters. The aver-
age fluorescence of the inner retina (GCL + IPL + INL) and 
photoreceptors (ONL + IS + OS) was measured to quan-
titatively assess tissue distribution. As we had observed 
qualitatively for LP-CF640R, fluorescence in the inner 
retina was 168% (SD 50%) of that in photoreceptors fol-
lowing incubation with LP-GCAP1CF640R (p < 0.01, n = 10; 
paired Wilcoxon test) and 160% (SD 55%) of photorecep-
tors with free-GCAP1CF640R (p < 0.001, n = 12) (Fig. 3c). 
Furthermore, treatment with LP-encapsulated protein 
led to significantly higher fluorescence compared to free 
protein in both the inner retina (150% of free protein, SD 
52%; p-value < 0.05, n = 10) and photoreceptors (127% of 
free protein, SD 21%; p-value < 0.01, n = 10) (Fig. 3c). In 
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the GCL and INL distinctly stained neuronal somata were 
observed after both types of incubations (Fig. 3c, images). 
It must be noted that, even in the photoreceptor layer, signal 
from retinas incubated with the free protein was well above 
the level of tissue autofluorescence. This was confirmed by 
comparing incubation with free protein and PBS for 3.5 h 
at 37 °C (n = 2; 152% and 162%) (Fig. 3d). Interestingly, 
the peculiar distribution of both free and LP-encapsulated 
GCAP1CF640R was also observed in retinas incubated with 
free CF640R fluorophore (Fig. S5a). We ruled out a signifi-
cant contribution of the unbound fluorophore to the distribu-
tion observed with free-GCAP1CF640R, as its concentration 
in our samples was estimated to be < 1% of the labelled pro-
tein (see Methods). Furthermore, during the preparation of 
LP-GCAP1CF640R (encapsulation and subsequent washing) 
any residual unbound fluorophore would have fallen to even 
lower levels. Thus, had such traces of unconjugated fluoro-
phore played a significant role in our experiments, we would 
have obtained results opposite to those shown in Fig. 3c (i.e. 
a higher signal in free-GCAP1CF640R-incubated retinas).

Intravitreal injections

We went on to examine retinal delivery in vivo by injecting 
intravitreally free-GCAP1CF640R solution and LP-GCAP-
1CF640R suspension in the two eyes. After 20–24 h in dark-
ness the animals were sacrificed, their retinas isolated, sliced 
250 µm thick and viewed as live tissue with a widefield fluo-
rescence microscope. Both retinas were imaged in the same 
session using identical acquisition parameters. We found that 
most injections led to some degree of retinal fluorescence 
(LP-GCAP1CF640R: n = 9 out of 12; free-GCAP1CF640R: n = 6 
out of 11). Notably, while fluorescence was similar in differ-
ent slices from the same retina, it varied greatly from eye to 
eye despite our utmost care in performing reproducible injec-
tions. This intrinsic variability was confirmed in a subset 
of animals in which both eyes were injected with identical 
solutions (n = 3 pairs; Fig. 3e). Importantly, it hindered our 
ability to detect any significant differences in the delivery of 
LP-GCAP1CF640R and free-GCAP1CF640R to the retina (n = 9 
pairs). It is worth noting that residues of vitreous humor still 
adhering to the inner limiting membrane were often strongly 
fluorescent (Fig. 3e thick white arrows). Similarly to ex vivo 
incubated retinas, average fluorescence was quantified in the 
inner retina and photoreceptors. In those retinas displaying 
fluorescence after intravitreal injection, the inner layers were 
significantly brighter than the photoreceptors, both in the 
case of LP-GCAP1CF640R (120% of photoreceptors, SD 22%; 
p-value < 0.05, n = 8) and free-GCAP1CF640R (121% of pho-
toreceptors, SD 19%; p-value < 0.05, n = 6) (Fig. 3f). This 
mimicked what was observed in ex vivo incubations. How-
ever, following intravitreal injections individual cell bodies 
did not stand out (Fig. 3f): perhaps in these experiments 

there was sufficient time for uniform uptake by all neurons. 
Diffuse retinal fluorescence could be similarly observed 
after intravitreal injection of free CF640R fluorophore (Fig. 
S5b). In summary, we found that intravitreal injections are 
a viable, albeit rather inconsistent, means of delivery of free 
or encapsulated proteins to the retina.

Immunofluorescence reveals different timing for free 
and LP‑encapsulated GCAP1 internalization

Despite some discrepancies in the observed biodistribution, 
partly due to its inherent variability, the ex vivo incubation 
and intravitreal injection experiments suggested that fluo-
rescently labeled GCAP1 can be internalized by all retinal 
layers. To study biodistribution by a complementary meth-
odology, we repeated the ex vivo incubation experiments 
using a variant of GCAP1 with a His-tag at the C-terminus 
(GCAP1His), which allowed direct detection by immunofluo-
rescence. Incubation was performed for both free GCAP1His 
and LP-GCAP1His using the same protocol used for CF640R-
conjugated counterparts, at three different time intervals, 
namely, (i) 30 min; (ii) 4 h and 30 min; and (iii) 24 h (Fig. 4).

Incubation of the untreated tissue with a primary anti-
body against the His-tag resulted in an almost nonexist-
ent background signal (Fig. 4a), which allowed high-res-
olution detection of the internalized GCAP1His protein by 
immunofluorescence.

A substantially different time-course of protein internali-
zation was observed when comparing the free and LP-encap-
sulated protein. Delivered free-GCAP1His (Fig. 4b) was 
observed in both inner and outer retina even after 30 min, 
with a detectable signal at the photoreceptor layer (yellow 
arrow). Fluorescence increased with incubation time, result-
ing in a clear accumulation of protein in the photoreceptor 
layer, with specific signals both in the IS and OS layers. 
Interestingly, 24 h after incubation the delivered protein was 
clearly visible in the somata of several ganglion cells (yellow 
arrow in Fig. 4b, right panel), but a much stronger signal was 
present in the photoreceptor layer even within individual 
cones (Fig. 5a, yellow arrows and insets). In the case of LP-
GCAP1His, the intra-retinal signal became detectable only 
after a few hours, and at t = 4 h 30 min a speckled signal was 
observed at the level of the OPL (yellow arrow in Fig. 4c), 
suggesting that LPs were only partially internalized and did 
not release their content. However, at t = 24 h, a strong signal 
was observed in both inner and outer retina and individual 
ganglion cell somata became visible, along with the photo-
receptor layer region. At this time, an overlap of the signal 
with that of the individual cones was observed (Fig. 5b and 
inset), indicating that the liposomes released their contents 
within the individual photoreceptors.

In summary, our comparative experiments show a sub-
stantially different timing of retinal internalization for free 
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and LP-encapsulated GCAP1, which reflects in a slightly dif-
ferent biodistribution of exogenous protein across the retinal 
layers, as shown by the alternative presence of more diffused 
and speckled signals (Fig. S6).

Delivery of E111V‑GCAP1 induces a CORD‑like 
phenotype in WT mouse retinas

If a protein such as GCAP1 was able to gain access to retinal 
neurons in sufficient concentration, it could potentially be 
used to modulate biochemical processes [33]. As a proof of 
concept, we tested the functional effects on photoreceptors 
of E111V-GCAP1, known to be associated with CORD [24]. 
Ex vivo ERG recordings were made in a novel purpose-built 

chamber (see Methods), which enabled prolonged incuba-
tion of retinas with relatively high concentrations of expen-
sive test substances (i.e., using tiny overall amounts). ERG 
recordings were made at 35 °C (except when stated other-
wise) under pharmacological blockade of synaptic transmis-
sion to ON-bipolars (40 µM AP4) [34]. Except in one case, 
we did not remove the slow glial component with BaCl2 in 
order to avoid any direct or secondary effects on photorecep-
tor physiology, which could affect unpredictably liposome 
and/or protein uptake [35]. The above conditions were asso-
ciated to stable recordings of scotopic flash responses for 
over 4 h. Two parameters were extracted: (i) light sensitivity 
measured by the flash intensity required to obtain a 50% 
response (i50); (ii) time to peak of the 50% response (TTP@

Fig. 4   Distribution of delivered recombinant GCAP1His in mouse 
retinas following  ex vivo  incubation as detected by immunofluores-
cence. Representative central plane of Z-stack of retinal cryosections 
after a 24  h of incubation with 180  µl PBS; b 30  min, 4  h 30  min 
and 24 h incubation with 180 µl of 99.6 µM free-GCAP1His. c 30 min, 
4  h 30  min and 24  h  incubation with 180  µl of 4.5  nM LP-GCA-

P1His  (containing the same number of GCAP1His  molecules in the 
aqueous core as compared to the free protein solution case). Sections 
were stained with an anti-His antibody  (red) and DAPI (light blue). 
The same image acquisition and display parameters were used in all 
samples
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i50) (Fig. S7). These were normalized to their pre-treatment 
levels and processed to remove any trends also present in 
the control retina, leaving us with (ideally) the net effect of 
treatment (see Methods).

We first compared the incubation with WT-GCAP1 to 
PBS (n = 14 animals; Fig. 6a). Over three hours of incu-
bation no significant and systematic effects were detected 
either on sensitivity or kinetics (Fig. 6a). However, the incu-
bation with free-E111V-GCAP1 slowed response kinetics 
when compared to PBS (n = 14; Fig. 6b), an effect highly 
significant already from the first minutes after delivery 
through the entire three hours of incubation (p < 0.01). We 
confirmed this surprising result by comparing the same con-
centration of free-E111V-GCAP1 and free-WT-GCAP1, 
again observing a highly significant slowing of kinetics at 
most time points (n = 8; Fig. 6c), which indicated that the 
effect is attributable solely to the E111V point mutation. 
It should be noted that, even 30 min after incubation, the 
exogenous protein was observed to be internalized by the 
retina and was detected in the photoreceptor layer (Fig. 4b). 
The phenotypic effect was therefore induced very rapidly.

We then went on to examine the effect of LP encapsula-
tion. According to immunofluorescence data (Fig. 4c), LPs 
were observed after 4 h 30 min incubation in the OPL and, 
to a lesser extent also in the photoreceptor layer, although 
the fluorescence pattern suggested that their cargo may 
not have been released during this time. When LPs-empty 
were compared to PBS no significant effects were detected 
(n = 13; Fig. 6d), suggesting that LPs by themselves do not 
perturb phototransduction. Interestingly, LP-E111V-GCAP1 
compared to PBS did not replicate the effects seen with the 
free mutant protein (n = 9; Fig. 6e). Based on our experience 

with LPs holding fluorescent molecules we hypothesized 
that LPs might be scavenged by the filter paper support-
ing the retina in the chamber. To exclude this possibility, 
we modified our approach to hold the retinas in place dur-
ing the recordings thereby dispensing with the filter paper. 
Furthermore, to promote LP fusion/internalization in cells 
we raised the incubation temperature to 37℃. Despite these 
efforts no significant effects were detected over the course 
of 3 h (n = 21; Fig. 6f). We also compared the incubation of 
free-E111V-GCAP1 with LP-E111V-GCAP1 (n = 7) and, 
given previous results, we were not surprised to find a sig-
nificant slowing of kinetics throughout incubation (Fig. 6g). 
A weakly significant increase in light sensitivity, not seen 
in previous comparisons was observed. Furthermore, we 
confirmed that free-E111V-GCAP1 slow response kinetics 
also when 50 µM BaCl2 is present in the bath solution (n = 5; 
Fig. 6h; Fig. S8), although these incubations were termi-
nated after about 1 h. Taking into account the results from 
immunofluorescence, we reasoned that while LPs might be 
rapidly internalized, their contents could be released over 
much longer time scales, also in line with previous findings 
[36, 37]. To begin examining this hypothesis we exploited 
recent advances by some of us in long duration ex vivo ERG 
[38] and succeeded to prolong incubations of LP-encapsu-
lated protein to 18 h. When comparing LP-E111V-GCAP1 
to PBS, we detected a significant slowing of the response 
kinetics only in the final few time bins (n = 18; Fig. 6i), thus 
approaching 24 h after incubation. This result is fully in line 
with immunofluorescence experiments, which clearly show 
that efficient release of the protein following LP encapsula-
tion takes longer than delivery of the free protein, particu-
larly to reach adequate levels in the photoreceptor layer and 

Fig. 5   Cellular distribution of delivered recombinant GCAP1His in 
mouse retinas following ex vivo incubation as detected by immuno-
fluorescence. Representative central plane of Z-stack of cryosections 
of retinas after a 30 min and 24 h incubation with 180 µl of 99.6 µM 
free-GCAP1His; or b 24 h incubation with 180 µl of 4.5 nM LP-GCA-
P1His  (containing the same number of GCAP1His  molecules in the 
aqueous core as compared to the free protein solution case). Sections 

stained with an anti-His antibody  (red), DAPI (light blue) and Pea-
nut Agglutinin (PNA, green). The same image acquisition and display 
parameters were used in all samples. Insets show individual cones 
with the red point of the images adjusted to enhance the signal for 
GCAP1His. Note the signal overlap from the two channels, resulting 
in yellow pixels, indicating intracellular location.
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specifically in the outer segment. While our recordings are 
the state of the art in terms of duration, only future technical 

developments will allow to monitor the effects of slow drug 
release by liposomes over several days.

Fig. 6   Functional effects on 
isolated retinas of incubation 
with free or LP-encapsulated 
recombinant GCAP1. The 
ex vivo ERGs of retina pairs 
were obtained in control condi-
tions (Time < 0) and during 
parallel incubation with test and 
reference solutions for up to 3 h 
or 18 h. Changes in light sensi-
tivity (i50) and response kinetics 
(TTP@i50) were monitored by 
normalizing for pre-treatment 
control and reference solu-
tion. a–i Red lines represent 
individual experiments, each 
involving both retinas from an 
animal. Red (blue) shaded areas 
cover the 95% (99%) confidence 
interval. Loci above unity indi-
cate a decrease in sensitivity or 
a slowing in kinetics. Red stars: 
p-value < 0.05; double blue 
stars: p-value < 0.01
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Discussion

In recent years, delivery of proteins and peptides to the eye 
have emerged as promising avenues for the treatment of a 
variety of ocular diseases [39], although significant physi-
ological and anatomical challenges remain [40], especially 
when the goal is to modify biochemical processes occurring 
in the outer retina. In particular, to assist the development of 
effective therapies, basic knowledge is needed on whether 
and how different proteins/peptides move across the ocular 
compartments [41]. Our investigation represents a proof of 
concept that protein delivery to the retina may indeed be an 
effective strategy to modify the phototransduction cascade, 
which could be relevant to the treatment of IRDs.

Our experiments were based on the delivery of recom-
binant GCAP1 variants, whose in vitro characterization 
showed that the CORD-associated E111V-GCAP1 mutant 
constitutively activates GC1 as a consequence of its impaired 
Ca2+ sensing, although without altering its affinity (EC50) for 
the target. Furthermore, the Ca2+ sensitivity of the GC1-
GCAP1 system reconstituted in vitro was perfectly in line 
with the intracellular Ca2+ changes that occur in photorecep-
tors during phototransduction activation, thus demonstrating 
the functionality of recombinant proteins.

The simplest system used in this work for testing the 
potential of protein delivery was eukaryotic cell lines. 
Experiments with two different lines of HEK293 cells 
expressing GC1 clearly showed that fluorescently labelled 
GCAP1 (GCAP1CF640R) tended to accumulate near the mem-
brane but did not cross it. In contrast, 4 h after incubation, 
the same LP-encapsulated protein (LP-GCAP1CF640R) started 
to enter the cell and was clearly observed in the cytoplasm 
24 and even 48 h later. Considering that HEK293 cells were 
impermeable to the unconjugated dye and that GCAP1CF640R 
failed to cross cell membrane in a 24 h timeframe, this sug-
gests that liposomes are indeed required to transport GCAP1 
inside these cells.

Experiments performed with mouse retinas unveiled 
a completely different scenario. Both free and LP-encap-
sulated GCAP1CF640R were found to enter retinal neurons 
in the short time span of our ex vivo incubations (4.5 h), 
although with different timing and efficacy, as highlighted 
by immunofluorescence experiments. This also occurred 
20–24 h after intravitreal injection, although in this case the 
fluorescence was locally uniform in the tissue. This could 
be due to the relatively short time following injection and 
lower effective protein concentration in intravitreal injec-
tions, as immunofluorescence suggests that only prolonged 
incubation results in cell-specific distribution. The mecha-
nisms underlying retinal biodistribution of endogenous pro-
teins deserves dedicated attention in future studies, using 
ad hoc model systems, such as organotypic retina cultures 

that permit high-resolution monitoring of the biodistribu-
tion of delivered protein. Besides the efficient delivery to 
the outer retina, in both ex vivo incubation and intravitreal 
experiments we detected particularly efficient delivery to the 
inner retina, suggesting that ocular diseases affecting reti-
nal ganglion cells may be particularly well suited to protein 
therapy approaches relying on the delivery of recombinant 
proteins, either with or without the use of LPs as vectors. On 
the other hand, our functional studies demonstrate that the 
extent of delivery of exogenous GCAP1 into the photorecep-
tor outer segments is sufficient to modify the phototransduc-
tion cascade.

Taken together, the contrasting data obtained when com-
paring cell cultures and mouse retinas suggest that cell mem-
brane composition plays an important role in determining 
the fate of free extracellular GCAP1. The lipid composition 
of HEK293 membranes [42] significantly differs from that 
of photoreceptors, which is known to change during retinal 
development [43] as well as between cone- or rod-dominant 
retinas [44], and in pathological conditions [43, 45]. Moreo-
ver, photoreceptors possess a host of complex and only par-
tially understood molecular mechanisms of communication 
with the extracellular environment, including a high rate of 
synaptic membrane turnover due to synaptic vesicles exo/
endocytosis [46] or disk membrane and nutrient recycling 
[47]. Thus, the complexity of retinal lipid composition and 
metabolism could partly explain the differences observed in 
the two cell types. Indeed, liposomes with a lipid composi-
tion that mimics the photoreceptor membrane are apparently 
able to enter both HEK293 and retinal neurons, although the 
process takes at least 24 h in the former, while being signifi-
cantly faster in the latter. Our results indicate that exogenous 
GCAP1 can, in the absence of lipid carrier, cross retinal cell 
membranes and quickly achieve a detectable concentration 
in both the inner and outer layers, at odds with HEK293 
cells, where no protein internalization was observed even 
after 24 h. While we did not anticipate such behavior, com-
parably challenging feats by exogenously applied proteins 
are not unprecedented. Indeed, even without clarifying 
the inherent mechanisms, several studies performed both 
in murine and human systems have previously shown that 
nerve growth factors can potentially cross several barriers in 
the visual system upon topical (eyedrops) [48] or intravitreal 
administration [49], leading to tangible clinical outcomes. 
Nevertheless, the mechanism by which intracellular distri-
bution of exogenous GCAP1 can be observed across dif-
ferent neuronal layers remains currently unknown. Perhaps 
the protein distribution among photoreceptors is somehow 
related to the recently discovered nanotube-like connections 
[50, 51] that allow the exchange of intracellular material [52] 
including whole proteins. As for the inner-to-outer retina 
protein exchange, it could be mediated by glial transcyto-
sis operated by Müller cells [53]. These cells generate the 



Recombinant protein delivery enables modulation of the phototransduction

1 3

Page 13 of 21  371

inner limiting membrane between the vitreous humor and 
the retina and span the whole retina longitudinally. Uptake of 
proteins and liposomes by Müller cells following intravitreal 
injections could therefore explain the broad retina biodistri-
bution observed in our in vivo experiments. These hypothe-
ses, which have tremendous implications for protein targeted 
therapy of retinal diseases, need further investigation.

In a comprehensive set of electrophysiological experi-
ments, we found that free human E111V-GCAP1 rapidly 
induces a significant slowing of the photoresponse. Cru-
cially, the WT protein did not evoke this effect, thereby 
pointing to a key role of the E111V point mutation. On the 
broader level this finding provides strong independent con-
firmation that free GCAP1 is taken up by retinal neurons 
and reaches the OS, where the phototransduction machin-
ery is located. On the specific level of phototransduction it 
is striking, considering the compensating effect played by 
GCAP2 in murine photoreceptors [9, 33, 54]. In stark con-
trast, when the mutant protein was delivered encapsulated 
in LPs no such effects on kinetics were observed in 3 h long 
incubations and recordings. However, electrophysiological 
recordings performed over a longer time scale of up to 18 h, 
suggest that liposomes could be initially internalized intact, 
while only over longer times scales release their cargo, in 
line with immunofluorescence in this study and previous 
results [36, 37]. In fact, the latter property can be considered 
a major benefit in terms of sustained release and drug phar-
macokinetics, be it the case of encapsulated small molecules 
[55] or, as shown by our study, recombinant proteins.

In a previous study we incubated mouse retinas for 2 h 
at 37 °C with LPs containing either the protein recoverin 
(homologous to GCAP1) or an antibody against the same 
protein [56]. In that case, we observed a significant differ-
ence in saturating response kinetics between the two treat-
ments. The lipid composition of those liposomes was some-
what different (phosphatidylcholine/cholesterol at various 
molar ratios) than that used in the present work. Also differ-
ent was the electrophysiological recording technique (loose 
seal patch clamp from single rods), which did not require 
a pharmacological blockade of synaptic transmission nor 
involve the presence of a slow glial ERG response compo-
nent. Aside from these relatively minor differences, a key 
factor could be the relative ability of the different proteins to 
perturb phototransduction. If, as postulated above, liposomes 
slowly release their cargo once inside the photoreceptors, a 
functional effect after 2–3 h may only be detectable when 
delivering a strongly impacting protein. Recoverin antibody 
could, in principle, possess such an effect, considering the 
crucial role of the recoverin-mediated Ca2+-feedback on rho-
dopsin kinase in accelerating the shutoff [57]. In contrast, 
in the present study the recombinant GCAP1 mutant had to 
outcompete the endogenous WT protein and the compen-
sating effect of GCAP2, which would overall occur when a 

sufficiently high amount of exogenous GCAP1 has reached 
the photoreceptor outer segment.

An unexpected finding of this study is that intravitreal 
injections in mice show extreme trial-to-trial variability 
in the translocation of delivered molecules to the retina. It 
must be noted that while mouse eyeballs are approximately 
tenfold smaller than human eyeballs (3 mm vs 24 mm diam-
eter), their respective vitreous chambers exhibit a 1000-fold 
difference in volume (4.4 µl vs 4.3 ml [58]). This, together 
with the high intraocular pressure after injection, renders the 
entire procedure much more difficult to reproduce in mice 
than in human, for which several approved eye therapies 
are administered via intravitreal injections, and could result 
in lower effective concentration of delivered protein. We 
intentionally injected an excess volume of 2 µl to ensure 
that, despite some inevitable backward reflux through the 
injection hole, a significant amount of test solution always 
remained in the eye (utmost care was taken in this respect). 
We would thus tend to attribute a significant part of the 
variability observed to complex flow dynamics or inhomo-
geneities in the vitreous. Whatever the mechanism, studies 
employing intravitreal injections in mice should carefully 
consider whether variability in their observed therapeutic 
effects may have the same origin. Clearly, demonstrating sig-
nificant effects of a drug candidate (or conversely excluding 
any medically relevant effects) may require a high number 
of test subjects.

Our study shows that direct and liposome-mediated pro-
tein delivery, while acting over different time scales, are 
powerful complementary tools for targeting signaling cas-
cades in neuronal cells and could be particularly important 
for the treatment of retinal diseases. While genome editing 
represents the most promising therapeutic approach for the 
treatment of IRDs [59], a number of issues remain to be 
addressed, such as the risk of integrating viral DNA into 
the host genome increasing the likelihood of oncogenesis 
in the case of widely used viral vectors. Moreover, persis-
tent expression of the editing machinery could give rise to 
antiviral immune responses in the long term; finally, the 
viral vectors currently in use pose severe limitations for the 
delivery of large genes needed for most gene therapies [60]. 
On the one hand, our study shows that LPs may represent 
ideal nonviral vectors for even large gene delivery, or they 
could be used to deliver ribonucleoproteins by eliciting a 
low immunogenic response, thus representing a promising 
strategy for genome editing in the eye. On the other hand, 
we have clearly shown that administration of recombinant 
proteins that mimic endogenous ones can induce a specific 
phenotype in retinal neurons, and this could have therapeutic 
relevance, especially in cases of autosomal dominant trans-
mission, where a pool of mutated protein is responsible for 
the disease-phenotype. In the specific case of COD-CORD 
associated with missense mutations in GCAP1, a possible 
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mutation-independent approach to therapy could be the 
delivery of WT-GCAP1 to overcome the effect of the mutant 
protein. In the case of the E111V variant, this strategy relies 
on two robust findings. First, WT- and E111V-GCAP1 show 
very similar apparent affinity for GC1 (EC50), therefore 
could stoichiometrically compete for the same GC1 target. 
Second, our previous findings [33] demonstrated in vitro 
that the prolonged administration of exogenous GCAP1 
could attenuate the pathological phenotype by: (i) shifting 
the IC50 towards physiological values, with an increase in 
cooperativity of cGMP synthesis; (ii) reshaping the photore-
sponses towards a wild-type like kinetics; (iii) re-establish a 
wild-type-like homeostasis of second messengers (Ca2+ and 
cGMP) in dark-adapted cells. The proof-of-concept study 
presented here has therefore high therapeutic potential.

The implications of our findings could extend to a broader 
scale. Indeed, the GPCR-mediated molecular machinery 
building up the phototransduction cascade is shared by other 
signal transduction processes, including chemotaxis, neu-
rotransmission, cell communication, activation of olfaction 
and taste, and many others [61]. Understanding the mecha-
nisms that influence this signaling cascade and achieving its 
controlled modulation is critical for drug discovery, since 
about one-third of all drugs on the market target members 
of class A GPCRs [2]. More specifically, considering that 
GCAP1 is the major regulator of GC1 in human photore-
ceptors and that an increasing number of point mutations 
in its gene are associated with autosomal dominant COD or 
CORD, the development of novel biological therapies tar-
geting this protein may help to restore the dysregulation of 
second messenger homeostasis in IRDs, ultimately slowing 
or blocking cell death.

Materials and methods

Materials

Tris(hydroxymethyl)aminomethane (Tris), Guanidine-HCl, 
NaCl, KCl, CaCl2, MgCl2, DTT, EGTA, β-mercaptoethanol, 
NH4HCO3, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid) (HEPES), Ames’ medium, ethanolamine, phosphati-
dylethanolamine, phosphatidylcholine, phosphatidylserine, 
cholesterol, acrylamide, Coomassie blue, cGMP, polyethyl-
eneimine, sucrose, OCT, NH4Cl, citric acid, Triton X-100, 
Tween 20, Bovine Serum Albumin, chloramphenicol, cOm-
plete EDTA-free Protease Inhibitor Cocktail, paraformal-
dehyde, ketamine, xylazine, atropine, hydrocortisone and 
BaCl2 were purchased from Merck (Darmstadt, Germany).

DMEM, OptiMEM, penicil l in,  streptomycin, 
2-(4-amidinophenyl)-1H-indole-6-carboxamidine (DAPI), 
Phosphate Saline Buffer (PBS), Fetal Bovine Serum 
(FBS), HBSS, glutamine, Normal Goat Serum, Normal 

Donkey Serum were purchased from ThermoFisher Scien-
tific (Waltham, MA, USA).

Cloning, expression, and purification of GCAP1 
variants

Human myristoylated WT-GCAP1 was expressed in E. coli 
BL21 (DE3) after co-transformation with pBB131 con-
taining the cDNA of S. cerevisiae N-myristoyl transferase 
(yNMT) [62]. The cDNA for E111V variant was obtained 
by PCR using QuikChange II Site-Directed Mutagenesis 
kit (Agilent, Milan, Italy) as described in Ref [24], while 
the cDNA for His-tagged WT-GCAP1 (GCAP1His) was 
purchased from Genscript. Both variants were expressed 
and purified following the same protocol as for the WT 
[33], briefly consisting of: (i) denaturation of inclusion 
bodies with 6 M Guanidine-HCl; (ii) refolding by dialysis 
against 20 mM Tris–HCl pH 7.5, 150 mM NaCl, 7.2 mM 
β-mercaptoethanol, and a combination of (iii) Size Exclu-
sion Chromatography (SEC, HiPrep 26/60 Sephacryl S-200 
HR, GE Healthcare, Chicago, IL, USA) and (iv) Anionic 
Exchange Chromatography (AEC, HiPrep Q HP 16/10, GE 
Healthcare, Chicago, IL, USA). The purity of GCAP1 vari-
ants was assessed by 15% acrylamide SDS-PAGE, samples 
were either exchanged against PBS, aliquoted and frozen 
with liquid nitrogen, or exchanged against NH4HCO3, ali-
quoted and lyophilized. Protein samples were finally stored 
at -80 °C.

The three-dimensional structure of human GCAP1 
was obtained by homology modeling using the structure 
of Ca2+-loaded chicken GCAP1 [63] following the proce-
dure illustrated in Ref [18]. In silico mutagenesis of E111V 
variant was obtained according to the protocol detailed in 
Ref [24]. The structures presented in Fig. 1a and b were 
extracted from the last frame of 200 ns Molecular Dynamics 
simulations from Ref [24], whose settings and protocols for 
energy minimization, equilibration and production phases 
were elucidated in Refs [13, 15].

Electrophoretic mobility shift assay

WT-GCAP1 and E111V-GCAP1 were dissolved in 20 mM 
Tris–HCl pH 7.5, 150 mM KCl, 1 mM DTT at a concen-
tration of 30 µM, incubated for 5 min at 25 °C with either 
1 mM EGTA + 1.1 mM Mg2+ or 1 mM Mg2+ + 1 mM Ca2+, 
boiled, and run for 50 min at 200 V on a 15% acrylamide 
gel under denaturing conditions. Finally, protein bands were 
visualized by Coomassie blue staining.

Circular dichroism (CD) spectroscopy

The effects of ion binding and of the E111V substitution 
on the secondary and tertiary structure of GCAP1 were 
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evaluated by CD spectroscopy using a J-710 spectropola-
rimeter (Jasco, Cremella, Italy) thermostated by a Peltier-
type cell holder. Lyophilized proteins were dissolved in 
PBS pH 7.4 buffer at a concentration of 35 and 10 µM 
for near UV and far UV spectra, respectively. Five accu-
mulations of each spectrum were recorded at 25 °C in 
the absence of ions (500 µM EGTA for near UV, 300 µM 
for far UV) and after serial additions of 1 mM Mg2+ and 
Ca2+ (1 mM for near UV, 600 µM for far UV, leading to a 
free Ca2+ concentration of 500 and 300 µM, respectively). 
All spectra were subtracted with that of the buffer, near 
UV spectra were also zeroed by subtracting the average 
ellipticity between 310 and 320 nm, where no signal was 
expected.

Dynamic light scattering (DLS)

The hydrodynamic diameter of Ca2+-loaded WT-GCAP1 
and E111V-GCAP1 was estimated by DLS using a Zeta-
sizer Nano-S (Malvern Instruments, Malvern, UK). Proteins 
were dissolved in PBS pH 7.4 at 42 µM concentration and 
filtered with a Whatman Anotop 10 filter (20 nm cutoff, GE 
Healthcare, Chicago, IL, USA) before starting the measure-
ments. Samples were equilibrated for 2 min at 25 °C and for 
each variant at least 100 measurements were collected, each 
consisting of 13 runs.

Guanylate cyclase activity assay

GC1 enzymatic activity as a function of Ca2+ and GCAP1 
concentration was measured after reconstituting WT-
GCAP1 and E111V-GCAP1 with cell membranes of mGFP-
GC1 cells (see below) previously extracted by lysis (10 mM 
HEPES pH 7.4, Protease Inhibitor Cocktail 1×, 1 mM DTT 
buffer) and 20 min centrifugation at 18,000×g, as previously 
described [30, 64, 65]. Cell membranes were resuspended in 
50 mM HEPES pH 7.4, 50 mM KCl, 20 mM NaCl, 1 mM 
DTT and incubated with 5 µM GCAP1 variants at increasing 
[Ca2+] (< 19 nM to 1 mM, controlled by Ca2+-EGTA buffer 
solutions [66]) to estimate the Ca2+ concentration at which 
cGMP synthesis by GC1 was half-maximal (IC50). To esti-
mate the GCAP1 concentration at which GC1 activation was 
half-maximal (EC50), cell membranes were reconstituted 
with increasing amounts of each GCAP1 variant (0–20 µM) 
at low Ca2+ (< 19 nM). Reported IC50 and EC50 values are 
represented as average ± standard deviation of 3 technical 
replicates. The statistical significance of the differences in 
IC50 and EC50 between WT-GCAP1 and E111V-GCAP1 was 
evaluated by means of two-tailed t tests (p value = 0.05).

Conjugation of CF640R‑N‑hydroxysuccinimide (NHS) 
ester with WT‑GCAP1

Far-red fluorescent dye CF640R (Biotium, Fremont, CA, 
USA) was conjugated via NHS to WT-GCAP1 primary 
amines (Lys residues, Movie S1) according to the manufac-
turer protocol. Briefly, GCAP1 was diluted in PBS pH 7.4 
and 1 mM DTT to a final concentration of 76 µM in a final 
volume of 900 µl; then the solution was added with 100 µl 
sodium bicarbonate 1 M pH 8.3 and 2 CF640R-NHS aliquots 
previously resuspended in 50 µl total DMSO. The mixture 
was then wrapped in aluminum and incubated in rotation at 
RT for 1 h. Unconjugated dye was removed by washing 4 
times the protein solution (see Fig. S1b for representative 
spectra of the 4 flowthrough) with PBS pH 7.4 for 10 min 
at 4400 × g and 4 °C using an Amicon Ultra-4 concentra-
tor with 3 kDa cutoff (Merck Millipore, Burlington, MA, 
USA). The degree of labelling (DOL = 1.96) was calculated 
as the ratio between the concentration of dye in the pro-
tein solution measured based on the absorbance at 642 nm 
(ε = 105.000 cm−1 M−1), and the concentration of protein 
calculated by considering the dilution factor and the reten-
tion of Amicon concentrators (95%, according to manufac-
turer instructions). The concentration of free-CF640R in the 
protein solution was calculated by measuring the absorbance 
at 642 nm of wash 4, which was < 1% with respect to protein 
concentration in all conjugation experiments. Unconjugated 
dye was blocked with 50 µl ethanolamine 1 M.

Fluorescence spectroscopy

The emission fluorescence spectrum of 2 µM GCAP1CF640R 
(645–680 nm) dissolved in PBS pH 7.4 was collected at 
25 °C on a FP-750 spectrofluorometer (Jasco, Cremella, 
Italy) after excitation at 639 nm; the spectrum reported in 
Fig. 1h is an average of 3 accumulations after subtraction of 
the emission spectrum of the buffer in the same range.

Liposome preparation

LPs were prepared by hydrating a thin lipid film of the same 
composition as photoreceptors rod outer segment mem-
branes [67] (phosphatidylethanolamine, phosphatidylcho-
line, phosphatidylserine, and cholesterol at a molar ratio of 
40:40:15:5) previously mixed in chloroform and dried in a 
speed-vac concentrator. Four mg of lipid film were hydrated 
with 1 ml PBS pH 7.4, vortexed for 30 min at room tem-
perature, sonicated for 15 min in a water bath on ice and 
extruded 20 times through a 200 nm polycarbonate filter 
(Whatman, Maidstone, UK). The encapsulation of CF640R, 
WT-GCAP1, E111V-GCAP1, GCAP1His, or GCAP1CF640R 
in LPs was achieved by dissolving the molecule to be 
loaded in PBS before lipid film hydration. Unencapsulated 
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molecules were removed by washing at least 4 times the LPs 
suspensions with PBS pH 7.4 for 20 min at 4 °C and 5000×g 
using an Amicon Ultra-4 concentrator with 100 kDa cutoff 
(Merck Millipore, Burlington, MA, USA). The degree of 
encapsulation was calculated by subtracting from the total 
mass of the molecule to be encapsulated that present in the 
flow-through and was found to be higher than 75% in all LP 
preparations. The efficient separation of non-encapsulated 
proteins was assessed by measuring protein concentration of 
the flowthrough of the 4 washing steps, similarly to what was 
done for CF640R. The concentration of non-encapsulated 
protein in LP suspensions was estimated from the concen-
tration of protein in the last washing step and was found to 
be < 7% of the encapsulated protein.

Nanoparticle tracking analysis (NTA)

The concentration and size of LP suspensions were meas-
ured at 25 °C by means of NTA on a NanoSight (Malvern 
Instruments, Malvern, UK) by recording 3 videos of 1 min 
each at 25 fps by setting 20 µl/min flow rate; camera level 
and detection threshold were automatically optimized for 
each measurement to maximize the signal-to-noise ratio. LP 
size reported in Fig. S2 and LP concentration reported in 
Table S1 represent the average ± standard error of 3 techni-
cal replicates.

Fluorescence imaging of gel‑immobilized liposomes

Stock suspensions of LPs, either filled with free-CF640R 
or empty, were diluted 1:400 v/v in 0.5% low gelling tem-
perature agarose in Ames’ medium at 37 °C. A thin film was 
polymerized over a pure agarose meniscus in a Petri dish 
and covered with Ames’ medium. 3D image stacks were 
acquired with a 63x/0.9NA water immersion objective and 
a CCD camera (DFC350 FX, Leica Microsystems, Milan, 
Italy) in an upright widefield fluorescence microscope (DM 
LFSA, Leica Microsystems, Milan, Italy) using a Cy5 fil-
terset (49,006; Chroma, Olching, Germany). Stacks were 
deconvolved and max projected along the z-axis using Fiji/
ImageJ as detailed in Ref [68].

Generation of cGFP‑GC1 and mGFP‑GC1 stable 
HEK293 cell lines

HEK293 cells were cultured in DMEM medium supple-
mented with fetal bovine serum (10%, v/v), penicillin (100 
units/ml) and streptomycin (100 μg/ml) at 37 °C in humidi-
fied atmosphere with 5% CO2. Cells (6.25 × 105) were seeded 
in 6-well plates in DMEM medium and grown overnight; the 
next day cell medium was replaced with OptiMEM reduced 
serum medium and cells were transfected using polyethyle-
neimine (PEI) as transfection reagent and 2 different vectors 

to obtain eGFP-expressing stable cell lines: (i) pIRES encod-
ing for eGFP and human GC1 under the same promoter, 
thus resulting in a cytosolic fluorescence (cGFP), and (ii) 
pcDNA3.1 + N-eGFP encoding for GC1-eGFP fusion pro-
tein for localizing fluorescence on the membrane (mGFP). 
DNA (2.5 µg) was mixed dropwise to 10 µl PEI solution at a 
concentration of 1 µg/µl (DNA:PEI ratio of 1:5 w/w), added 
dropwise to 500 µl of pre-warmed OptiMEM, mixed and 
incubated 30 min at room temperature to allow DNA-PEI 
polyplex formation. Polyplexes were finally added dropwise 
to each well and the plate was incubated overnight at 37 °C 
and 5% CO2. The next day, OptiMEM medium was replaced 
with DMEM and 48 h after transfection eGFP positive cells 
were selected using geneticin (500 µg/ml).

Live‑cell imaging

Cells (8 × 104) were seeded in 4-well chambers (Ibidi, 
Graefelfing, Germany) in DMEM medium; two days later 
the medium was replaced with OptiMEM reduced serum 
medium, then cells were incubated with 100 µl LP suspen-
sion per well (containing each ~ 0.4 mg lipid) and monitored 
in live-cell imaging. Experiments with fluorescently labelled 
GCAP1CF640R were performed taking care of incubating the 
cells with the same nominal concentration of protein encap-
sulated in the LP aqueous core.

Live-cell imaging was performed using TCS-SP5 
Inverted Confocal Microscope (Leica Microsystems, Milan, 
Italy) equipped with temperature and CO2 controller and 
motorized stage that provides precise and automated acquisi-
tion of multiple fields of view. Images were collected simul-
taneously on different points of the sample immediately after 
cell-LP incubation and at 30 min interval for 24 h or 48 h 
total acquisition time. Images were captured after 488 nm 
and 633 nm laser excitation with a 40× objective (1.2 NA 
oil immersion) and further analyzed by Imaris 9.8 software 
(Oxford Instruments, Abingdon-on-Thames, UK). The fluo-
rescence intensity profiles of mGFP and LP-GCAP1CF640R 
reported in Fig. S4 were collected along the line across the 
cell shown in the insets using ImageJ.

Fluorescence microscopy of mouse retinas 
following ex vivo incubation

All animal experiments made use of adult C57Bl/6 J mice 
of both sexes. These were reared at around 22 °C in small 
groups with the addition of environmental enrichment items, 
a 12 h day/12 h night cycle, ad libitum food and water. As 
in previous studies by our group, and in accordance with 
authorized protocols, dark adapted mice were deeply anes-
thetized with ketamine (80 mg/kg) + xylazine (5 mg/kg) 
and their retinas extracted through a corneal incision in 
room temperature Ames' medium under dim red light. This 
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approach avoided even brief exposure of the tissue to anoxic 
conditions, which could affect protein and/or liposome 
uptake. Animals were then immediately sacrificed with an 
overdose of anesthetic. After removing the vitreous each 
retina was placed, freely floating, in a plastic well containing 
incubation solution (1–2 ml depending on the experiment), 
and the wells inserted in an airtight box with a water layer 
at the bottom and a 95%O2/5%CO2 atmosphere. Incubation 
solutions consisted in the test suspension/solution diluted 
in Ames’ medium, taking care of reaching virtually the 
same final concentration for each suspension. The box was 
left floating in a water bath at 37 °C. After the prescribed 
time the retinas were returned to room temperature Ames' 
medium, made to adhere to black filter paper (AABP02500; 
Merck, Burlington, MA, USA) with gentle suction and, 
optionally, sliced at 250 µm thickness with a manual tis-
sue chopper. Image stacks were acquired as described for 
the imaging of gel-immobilized LPs, with 4x/0.1NA air, 
20x/0.5NA and 40x/0.8NA water immersion objectives. 
Excitation was provided by an Hg lamp preheated to achieve 
stable output. Stacks were lightly deconvolved (Richardson-
Lucy algorithm, 10 iterations) and a single image obtained 
by averaging along the z-axis a few adjacent slices of the 
stack, in all cases chosen well below the cut surface. The 
borders of retinal layers were identified by imaging the same 
tissue volume in the near IR (Fig. S9). Cones were identi-
fied based on their characteristic location and morphology, 
leveraging our experience with their intracellular staining. 
Identical acquisition parameters were used when comparing 
retinas treated with different incubation solutions.

Immunofluorescence experiments with mouse 
retinas following ex vivo incubation

Mice were anesthetized with isoflurane, euthanized via 
cervical dislocation and their retinas extracted through a 
corneal incision in room temperature DMEM medium sup-
plemented with FBS (25%, v/v), HBSS (25% v/v), glutamine 
(1% v/v), penicillin (100 units/ml) and streptomycin (100 μg/
ml). After 30 min incubation at 37 °C and 5% CO2, tissues 
were incubated with 180 µl PBS, 180 µl of 100 µM free-
GCAP1His or 180 µl of 4.5 nM LP-GCAP1His (containing the 
same number of GCAP1His molecules in the aqueous core 
as compared to the free protein solution case) for 30 min, 
4 h 30 min, and 24 h, and finally washed 3 times with PBS.

Retina sections were then fixed for 40 min in 10% for-
malin in PBS buffer, washed 3 times with PBS, incubated 
with 10%, 20% and 30% sucrose for 1 h each at RT, and kept 
overnight at 4 °C. The next day samples were incubated at 
RT for 1 h with OCT compound: 30% sucrose at a 1:1 ratio 
and processed for cryo-sectioning at – 14 °C.

Sections (14 µm thickness) were fixed for 5 min with 
paraformaldehyde, washed 3 times with PBS, incubated with 
0.1% Triton X-100 in PBS for 1 h at RT, washed 3 times with 
PBS, incubated with ammonium chloride for 20 min, and 
washed 5 times with PBS.

Sections were incubated overnight at RT with mouse anti-
His primary antibody (1:1000 dilution, SouthernBiotech, 
Birmingham, AL, USA) and PNA (1:250 dilution, Molecular 
Probes, Eugene, OR, USA) in blocking solution (5% Normal 
Goat Serum, 1% Bovine Serum Albumin, 0.3% Triton X-100 
in PBS). The following day samples were washed 3 times 
with PBS and incubated with an Alexa Fluor 647-conjugated 
goat anti-mouse secondary antibody (1:1000 dilution, Invit-
rogen, Waltham, MA, USA). Cell nuclei were stained with a 
1:1000 DAPI dilution in PBS; slides were coverslipped with 
Dako fluorescence mounting medium (Agilent, Milan, Italy). 
Sections were visualized using TCS-SP5 Inverted Confocal 
Microscope (Leica Microsystems, Milan, Italy), images were 
captured after 405 nm and 633 nm laser excitation with a 
63× objective (1.2 NA oil immersion) and further analyzed 
by Imaris 9.8 software (Oxford Instruments, Abingdon-on-
Thames, UK).

Intravitreal injections

Mice were first anesthetized with ketamine (80  mg/
kg) + xylazine (5  mg/kg), followed by application of 
eyedrops containing atropine and chloramphenicol 
(1%) + hydrocortisone (0.5%). Intravitreal injections were 
made under a stereomicroscope and dim blue light as fol-
lows: (i) a hole was made in the cornea near the ora serrata 
with the tip of a 31G insulin needle; (ii) glass micropipettes 
with a broken tip, connected to a 25 µl syringe (Hamil-
ton, Reno, NV, USA) via PE tubing filled with mineral oil 
(330,779; Merck, Burlington, MA, USA), were front loaded 
with 2 µl of solution; (iii) the micropipette was inserted in 
the hole and the entire volume slowly injected in the vit-
reous. Mice were returned to their cages and allowed to 
recover in a paper blanket. After 20–24 h we performed reti-
nal dissection, slicing and imaging as described for ex vivo 
incubations.

Long duration ex vivo ERG recordings

ERG experiments were made in a custom designed incu-
bation and recording chamber [38]. Retina pairs were iso-
lated as described for ex vivo incubations, made to adhere 
to white filter paper (SMWP02500; Merck, Burlington, 
MA, USA) and placed at the bottom of two adjacent plas-
tic wells, containing 2 ml/retina of 40 µM AP4 (0101; Toc-
ris, Milan, Italy) in Ames' medium. Retinas were centered 
on a hole leading to the anode, while the cathode was in 
the chamber itself. In some experiments we dispensed with 
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the filter paper and used instead small transparent cups to 
immobilize the retinas (Fig. 1b in Ref [38]). Both elec-
trodes were silver chloride wires inserted in an agar bridge. 
The well assembly was placed on an aluminum platform 
covered with a layer of water, inside a sealed incubation 
chamber purged with 95% O2/5% CO2. The temperature of 
the platform was actively controlled with a custom appara-
tus [69]. Small diameter PTFE tubing, leading from inside 
the wells to syringes residing outside the chamber, allowed 
injection and mixing of test solutions (100 µl/retina) into 
the wells during the recordings with minimal perturba-
tion. Immediately above the wells, attached to the lid of 
the chamber, a LED (505 nm; ND filters) delivered the 
same flash sequence every 15 or 30 min: (ph/µm2|no. of 
flash repetitions) 3.98|12, 8.27|10, 18.9|8, 50.5|6, 151|6, 
510|4, 1660|3. Transretinal potentials were amplified by 
5000, filtered in the band DC-100 Hz, digitized at 5 kHz 
and acquired with pClamp 9 (Molecular Devices, San Jose, 
CA, USA). Electrophysiological records were analyzed in 
Axograph X with automated custom scripts. i50 was deter-
mined by fitting a Hill function to a plot of response ampli-
tudes measured 90–130 ms after the flash (Fig. S7). This 
range minimized the contribution of the very slow glial 
response and gave parameter values close to those in BaCl2 
[38]. TTP@i50 was estimated as the weighted average of 
the TTPs of the two flash responses straddling i50 (10 Hz 
Gaussian filtered records). Two rounds of normalization 
were applied to these raw data, as follows. We assumed 
that the two retinas, being from the same animal, behaved 
identically except for (i) an initial stabilization phase due 
to slight variations in their isolation and manipulation, 
and (ii) a scaling factor in their steady state light sensi-
tivity due to small differences in their orientation in the 
recording chamber. We first normalized the two sets of raw 
values over their respective pre-treatment levels. We then 
removed any trends common to both retinas by dividing 
the normalized values of the treated retina by those of the 
control. We were thus left with a single time series that 
shows the net effect of the tested drug (Fig. 6, red lines). 
Treated and control retina positions in the wells were alter-
nated from animal to animal to cancel out any environ-
mental biases. In a limited number of tests (Fig. 6h) BaCl2 
was injected in the wells using the syringe system after 
an initial stabilization period and stirred to obtain a final 
concentration of 50 µM. In a subset of the experiments, we 
included HyClone PenStrep (SV30010; Cytiva, Breisgau, 
Germany) in the incubation medium at 1% vol/vol, which 
enabled us to prolong our recordings up to 18 h.

Statistics

Statistical analyses were performed with the open-source 
software JASP 0.16 (jasp-stats.org; RRID:SCR_015823), 

Kaleidagraph 5 and Excel (Microsoft, Redmond, WA, USA). 
For ERG recordings visual representation of the population 
effect of a tested drug (Fig. 6) were given by the confidence 
interval of the Hodges-Lehmann estimator [38]. Statistical 
significance was estimated by the following parametric and 
non-parametric tests as mentioned in the text: two tailed 
t-test, paired Wilcoxon signed-rank, one sample Wilcoxon 
signed-rank.
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Figure S1 

 

 
 
 

Assessment of the conjugation of GCAP1 with CF640R and removal of free dye. a) 15% SDS-

PAGE of GCAP1 before and after conjugation with CF640R and after encapsulation in LPs. Lanes: 

M) marker, 1) LP-GCAP1CF640R, 2) free-GCAP1CF640R, 3) free-CF640R, 4) WT-GCAP1, stained 

with Coomassie blue (top panel) and upon excitation at 580 nm (bottom panel). b) Representative 

absorption spectra of the flowthrough of the 4 sequential washing steps to remove unconjugated 

dye. 
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Figure S2 
 

 
 
Representative profiles of the size of a) 5.1 nM LP-empty (black), b) 4.3 nM LP-E111V-GCAP1 

(red), c) 4.6 nM LP-GCAP1CF640R (blue) estimated by NTA. Monitoring of the size of ~2.9 nM 

(Table S1) LP-E111V-GCAP1 after d) 1 (green), e) 90 (yellow) and f) 180 days (violet). Each 

plot represents the average of 3 independent measurements, standard errors are displayed as a 
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lighter shade of the color of each trace. Concentrations refer to the stock solutions, before dilutions 

required for NTA analysis. g) LP-CF640R appear as point-like (diffraction limited) fluorescence 

when suspended in agarose gel (left field) while empty LPs do not (right field). The two fields 

were acquired, processed, and displayed with identical parameters. Scale bar 10 µm. 
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Figure S3 

 

 
 
 

Representative images of cGFP cell line after 24 h incubation with 100 µl of 104 µM free-

GCAP1CF640R after replacing cell medium with FluoroBrite DMEM. Left panel shows eGFP 

fluorescence, center panel shows CF640R fluorescence, left panel shows merged fluorescence. 
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Figure S4 
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Representative (n= 6) fluorescence intensity profiles (left column) of live cell imaging (right 

column) of mGFP cell line (green) after a) 4 h, b) 7 h, c) 24 h and d) 48 h incubation with 100 µl 

of 4.6 nM LP-GCAP1CF640R (containing 27.4 µM GCAP1CF640R in the aqueous core, red). 

Fluorescence profiles were collected on the same z- plane as in Fig. 3c. Representative profiles 

refer to the cell framed in blue along the white line. 
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Figure S5 
 

 
 
 

 

Biodistribution of free CF640R in mouse retinal slices following either a) ex vivo incubation with 

20 µl of 140 µM CF640R in 2 ml Ames' medium (3.5 h at 37°C), or b) intravitreal injection of 2 

µl of the same stock solution (24 h). Scale bars 25 µm. 
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Figure S6 

 

 

 
Representative central plane of Z-stack of retinal cryosections after 24 h incubation with 180 µl of 

99.6 µM free-GCAP1His (left panel) and 4.5 nM LP-GCAP1His (right panel). Sections were stained 

with an anti-His antibody (red) using the same image acquisition and display parameters (compare 

with Fig. 4 in the main text, where nuclei have been stained). Note the presence of more diffused 

and speckled signals in the case of delivered free-protein, and the prevalence of diffused signal in 

the case of LP-encapsulated protein at this time frame.  
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Figure S7 
 
 
 

 
 
 
 
Examples of concurrently recorded ex vivo ERG from the two retinas of a mouse. Each trace is the 

average of several flash responses, with an entire flash family being delivered every 15 min. Flash 

strengths (ph/µm2)|no. of repetitions: 3.98|12, 8.27|10, 18.9|8, 50.5|6, 151|6, 510|4, 1660|3. Light 

sensitivity (i50) was estimated by fitting a Hill function to the response amplitudes measured in the 

range 90–130 ms after the flash (orange areas). Kinetics (TTP@i50) was estimated as the time to 

peak of the hypothetical response at i50. Left retina: i50 = 23.2 ph/µm2; TTP@i50 = 136 ms. Right 

retina: i50 = 20.7 ph/µm2; TTP@i50 = 136 ms. 
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Figure S8 

 

 
 
 
 
Example of the effect of free-E111V-GCAP1 in slowing scotopic flash response kinetics. BaCl2 

(50 µM) was first injected in the 2 ml well followed, after 45 min, by injection of 100 µl free-

E111V-GCAP1. The control flash family (blue traces) was recorded just before protein injection, 

while the treated one (purple traces) after 37 min. Each trace is the average of several responses 

and the data shown here is from one of the experiments that also contributed to fig. 6h. Note that 

the effect of the free protein on response kinetics is underestimated in this figure, since the 

untreated retina in this pair showed a slight acceleration of kinetics over the same period. This 

highlights the importance of analyzing the effect of the injected formulations by normalizing 

'treated' over 'control' retinas, as done in Fig. 6 (see also the Methods section). 
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Figure S9 
 

 

 
 

Method of identification of layer boundaries in live slices from ex vivo incubated and intravitreally 

injected retinas. This example shows a slice from a retina incubated ex vivo with LP-GCAP1CF640R. 

a) Fluorescence image obtained with the widefield microscope (CY5 filterset, epi-illumination). 

b) The same field and focal plane illuminated and imaged in the near infrared (750 nm LED source, 

trans-illumination): the various retinal layers were readily distinguishable. All slices used in the 

analyses of Fig. 3 were similarly imaged both in fluorescence and in the IR to facilitate layer 

recognition. Scale bar 50 µm. 
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Table S1 
 

Liposomes Size (nm) Concentration (nM) 
LP-empty 158.6 ± 1.1 5.1 nM 

LP-E111V-GCAP1 153.3 ± 2.9 4.3 nM 
LP-GCAP1CF640R 168.7 ± 0.7 4.6 nM 
LP-empty (day 1) 149.1 ± 3.0 4.6 nM 
LP-empty (day 90) 151.0 ± 5.4 3.2 nM 
LP-empty (day 180) 157.4 ± 2.0 4.0 nM 

LP-E111V-GCAP1 (day 1) 164.3 ± 0.4 2.9 nM 
LP-E111V-GCAP1 (day 90) 152.1 ± 3.4 2.6 nM 
LP-E111V-GCAP1 (day 180) 153.7 ± 1.8 3.0 nM 

LP-CF640R 160.5 ± 1.2 3.9 nM 
LP-GCAP1His 171.3 ± 4.8 4.5 nM 

 
Size, concentration, and stability over 180 days of LPs loaded with different molecules (dissolved 

in PBS) monitored by NTA. Data refer to the mean ± standard error of 3 technical replicates. 
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Movie S1 
The three-dimensional structure of GCAP1 is shown as light-grey cartoon with the molecular 

surface in transparency, Ca2+-ions are displayed as green spheres, the sidechains of Lys residues 

are labelled represented as red sticks with N atoms in blue. The molecular surface of the primary 

amines belonging to Lys sidechains is shown in blue in transparency. 

Movie S2 

Live-cell imaging at 6 h of cGFP cell line incubated with 100 µl of 140 µM free-CF640R, 

snapshots were acquired at a 30 min interval, green fluorescence refers to eGFP, red fluorescence 

refers to free-CF640R molecules. 

 

Movie S3 
Live-cell imaging at 6 h of mGFP cell line incubated with 100 µl of 104 µM free-GCAP1CF640R, 

snapshots were acquired at a 30 min interval, green fluorescence refers to eGFP, red fluorescence 

refers to free-GCAP1CF640R molecules. 

 

Movie S4 
Live-cell imaging at 6 h of cGFP cell line incubated with 100 µl of 104 µM free-GCAP1CF640R, 

snapshots were acquired at a 30 min interval, green fluorescence refers to eGFP, red fluorescence 

refers to free-GCAP1CF640R molecules. 

 

Movie S5 
Live-cell imaging at 24 h of mGFP cell line incubated with 100 µl of 4.3 nM LP-GCAP1CF640R 

(containing in the aqueous core the equivalent number of GCAP1CF640R molecules present in a 104 

µM solution) snapshots were acquired at a 30 min interval, green fluorescence refers to eGFP, red 

fluorescence refers to LP-GCAP1CF640R. 
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