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ARTICLE INFO ABSTRACT

Keywords: Guanylate Cyclase Activating Protein 1 (GCAP1) is a calcium sensor that regulates the enzymatic activity of
RD3 retinal Guanylate Cyclase 1 (GC1) in photoreceptors in a Ca2+/Mg2+ dependent manner. While point mutations
Biologics in GCAP1 have been associated with inherited retinal dystrophies (IRDs), their impact on protein dimerization or
Guanylate cyclase on the possible interaction with the potent GC1 inhibitor RD3 (retinal degeneration protein 3) has never been
investigated. 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 wild type (WT) GCAP1 directly interacts with RD3. Although inducing constitutive acti-
vation in GC1, the E111V substitution only slightly affects the dimerization of GCAP1. Both WT- 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 Ca?"-bound form, corresponding to GC1 inhibiting state. Reconsti-
tution experiments performed in the co-presence of WT-GCAP1, E111V-GCAP1 and RD3 restored nearly phys-
iological regulation of the GC1 enzymatic activity in terms of cGMP synthesis and Ca®*-sensitivity, suggesting

new scenarios for biologics-mediated treatment of GCAP1-associated IRDs.

1. Introduction

Visual perception is initiated by the phototransduction process in
photoreceptors, a complex biochemical cascade which ultimately con-
verts light absorption by visual pigments into cell membrane hyperpo-
larization, thus triggering the response of downstream neurons [1].
Phototransduction is finely regulated by the interplay between second
messengers Ca?" 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 Ca?*-concentration from several
hundred nM in the dark to <150 nM in bright light [2]. Guanylate
cyclase-activating proteins (GCAPs) are dimeric neuronal Ca%*-sensor
(NCS) proteins belonging to the EF-hand super family capable of
detecting subtle changes in intracellular Ca®*-concentration, thereby
modulating the rate of cGMP synthesis in a Ca?"-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 Guanylate Cyclase 1
(GC1), the most relevant isozyme in the phototransduction cascade [6].
In the dark, high Ca®" levels keep GCAP1 in a Ca®*-bound state that
inhibits GC1, preventing unnecessary cGMP synthesis; conversely, upon
illumination Ca®" levels fall, prompting GCAP1 to exchange Ca?* for
Mg?" (Fig. 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 Ca?t concen-
tration of the dark state.

Maintaining Ca%* 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 asso-
ciated 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 pro-
gressive central vision loss, colour vision impairment, and altered
sensitivity to light. The phenotypic heterogeneity observed in such
dystrophies can be attributed to the specific amino acid substitutions,
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Fig. 1. (A) Cartoon representation of the three-dimensional homology model of monomeric Ca?*-loaded (left) and Mg”-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; Ca*" and Mg ions are shown as red and blue
spheres, respectively, and the myristoyl group as grey spheres. (B) Schematic representation of the dimerization of WT- (yellow) and E111V-GCAP1 (green) in their
GCl-inhibiting (left) and activating states (right), Ca>* and Mg>* 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 [39]);
helix a1 is colored in blue, helix o2 in orange, helix «3 in red and helix o4 in cyan. The sequence of helix a3 representing the RD3 peptide (RD3ppt) is reported.
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each affecting the protein's ability to regulate GC1 differently, thereby
disrupting the delicate second messenger equilibrium governing pho-
totransduction. A variant of GCAP1, in which the bidentate coordinator
glutamate 111 in the high-affinity Ca%* — 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 Mg?"/Ca?" dependent manner
[3,18,19], which could result in a heterogeneous pool of homo- and
heterodimers with unknown effects on GC1 regulation (Fig. 1B). Indeed,
dimerization of GCAP1 has been suggested to affect its cellular
compartmentalization and the regulation of the cyclase activity via
allosteric mechanisms [20,21]. Another complication of the molecular
scenario involving supramolecular complexes formed by GCAP1 is the
yet unknown effect of the potential interaction between the IRD-
associated GCAP1 variants and retinal degeneration protein 3 (RD3), a
23 kDa a-helical protein, recently emerged as a key factor in the pres-
ervation and functionality of photoreceptor cells [22,23]. With its sub-
micromolar affinity, RD3 prevents GC1 premature activation within
the photoreceptor's inner segment, thus averting potential cellular
damage [24,25]. Indeed, RD3 mutations affecting its binding to GC1 or
its inhibitory activity have been associated with Leber congenital
amaurosis type 12 (LCA12) and CORD6 [26,27], while the lack of pro-
tein expression is associated with a marked decline of GC1 levels in
photoreceptors outer segments and its accumulation in the inner seg-
ments, implicating a role for RD3 in the proper trafficking and locali-
zation of the cyclase [28-30]. 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
al and o2 or in helix a3 (Fig. 1C) [31].

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 bio-
molecular viewpoint [32,33]. 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
Ca?*, 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 pur-
chased from Genscript and cloned into a pET-11a vector between Ndel
and Nhel restriction sites, while the E111V variant was introduced using
QuikChange II Site-Directed Mutagenesis kit (Agilent) as detailed in
[14]. Both 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 ach-
ieve post-translational N-terminal myristoylation [34], and purified
using the same protocol as previously detailed [14]. Briefly, proteins
were purified from inclusion bodies after denaturation with 6 M
guanidine-HCl, then underwent dialysis against 20 mM Tris-HCI pH 7.5,
150 mM NaCl, 7.2 mM f-mercaptoethanol buffer to allow refolding, and
two sequential chromatographic steps, namely size exclusion
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chromatography (SEC, HiPrep 26/60 Sephacryl S-200 HR, GE Health-
care) and anion exchange chromatography (AEC, HiPrep Q HP 16/10,
GE Healthcare). Protein concentration was measured by Bradford assay
[35] 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
NH4HCOj3 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 Uni-
versitat Oldenburg). RD3 was expressed in E. coli BL21(DE3) and puri-
fied by a series of centrifugation steps as previously reported [24].
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 xg for 10
min, then the insoluble fraction was washed 3 times against 10 mM Tris-
HCl pH 7.5, 2 mM EDTA, 14 mM f-mercaptoethanol, 100 pM 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 2 x 300 volumes (initial volume: 15 ml) of 10 mM Tris-
HCI pH 7.5, 0.1 mM EDTA and 14 mM p-mercaptoethanol and centri-
fuged at 4 °C at 10000 xg 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 [31], encompasses the region K87-E110 of RD3 corresponding to
helix a3 (Fig. 1C), (sequence KIHPSYCGPAILRFRQLLAEQEPE) and was
purchased by Genscript (purity >95 %, checked by HPLC). The lyoph-
ilized peptide was resuspended in pure bi-distilled water at a concen-
tration of ~700 pM according to manufacturer instructions and stored at
—80 °C until use.

2.2. Analytical size exclusion chromatography

The effects of the E111V mutation on GCAP1 dimerization under
Ca?" and Mg?" concentrations mimicking the physiological signaling
states were evaluated by analytical size exclusion chromatography
(aSECQ). Different GCAP1 concentrations (0.8 pM - 80 pM) were injected
(200 pl) 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 Mg?" 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 (Kpipy) for GCAP1 dimers were obtained by fitting
the elution volume (V.) to the concentration curve using Eq. (1) as in
Ref. [18]:
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where V. represents the elution volume at the peak, A is the slope,
[Pror] 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 cali-
bration curve using cytochrome C (12.4 kDa), carbonic anhydrase (29
kDa), p-amylase (200 kDa) and alcohol dehydrogenase (150 kDa) as
standards. Thus, the distribution coefficient D. was calculated based on
the V. of the samples using Eq. (2):
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where V| represents the void volume of the column (8.26 ml) and Vj is
the total volume of the column (~ 24 ml). Ultimately, the MM of the
samples was determined by plotting log(MM) vs D.. Three replicates
were performed for each condition (WT/E111V and Mg2+/Ca2+) and
individually fitted according to the procedure described above.

2.3. 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 [33]. 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 eval-
uated by incubating GC1 with 5 pM WT-GCAP1 and increasing con-
centrations of the peptide (0.05 pM - 15 pM) at low Ca®* (< 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 pM, in the presence of high (~30 pM) or low Ca**
(<19 nM). The effects of RD3 on GCAPs Ca®" sensitivity (ICsp) 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 pM in the pres-
ence of increasing free [Ca%*] ranging from <19 nM to 1 mM. The
GCAP1 concentration at which GC1 activation is half-maximal (ECsg)
was estimated by incubating GC1 in the presence of <19 nM free Ca®*
with ~200 nM RD3 and increasing GCAP1 (WT, E111V or both) con-
centration from 0 to 15 pM. GC1 enzymatic reactions were performed in
30 mM MOPS/KOH pH 7.2, 60 mM KCl, 4 mM NacCl, 1 mM GTP, 3.5 mM
MgCl,, 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.

2.4. 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 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 in 20 mM Tris-HCI pH 7.5, 1 mM DTT. Far-UV CD spectra of
10 uM RD3 were collected in the presence of 300 pM EGTA; while those
of 10 pM GCAP1 were collected in the presence of 300 pM EGTA and
after sequential additions of 10 pM RD3 and 600 pM Ca*, leading to
approximately 300 pM free Ca2". Near-UV CD spectra of ~40 pM GCAP1
variants were collected in the presence of 500 pM EGTA and the addition
of 1 mM CaCl, leading to 500 pM free Ca®*. All CD spectra were
recorded on a Jasco J-710 spectropolarimeter equipped with a Peltier-
type cell holder in a 0.1-cm (1-cm for near UV experiments) path-
length 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.

2.5. Molecular modelling

The three-dimensional structure of Ca®'-loaded myristoylated
human GCAP1 (UniProt entry: P43080), representing the GCl1-
inhibiting form, was obtained using the “Advanced Homology
Modeling” tool provided by Bioluminate (Maestro package v. 12.5.139,
Schroedinger) by selecting Ca®"-loaded myristoylated GCAP1 from
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G. gallus (PDB entry: 2R2I [36]) 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. Mg?*-bound GCAP1 variants, representing
the GCl-activating form, were obtained by removing the Ca®' ion
attached to EF4 and replacing those in EF2 and EF3 with Mg?*, as
previously done [7,14,15,37,38]. Human RD3 structure displayed in
Fig. 1 was obtained by selecting the first of the 10 conformers of human
RD3 structure (PDB entry: 6DRF [39]).

2.6. Molecular dynamics simulations

Molecular Dynamics (MD) simulations of GCAP1 variants were
performed on GROMACS 2020.3 package [40] using CHARMM36m
[41] as the all-atom force field previously implemented with the pa-
rameters 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 [38]. For each state, namely Ca%*-loaded WT- and E111V-
GCAP1 (Ca®™-ions bound to EF2, EF3 and EF4), Ca*"-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 ps
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 (PCA) of the Ca
(representing the largest collective motion of the protein), Linear
Discriminant Analysis (LDA) on the first two principal components, and
Root-Mean Square Inner Product (RMSIP) of the first twenty principal
components following a previously detailed pipeline [38]. 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 Ca, which rep-
resents the residue-specific time-averaged Root-Mean Square Deviation
(RMSD) calculated with respect to the average positions along the 4 ps
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. In the case of Ca®*-loaded E111V-GCAP1, the
RMSF was also calculated only on the three replicas in which the ion did
not dissociate to exclude potential artifacts due to ion diffusion.

2.7. Molecular docking simulations

The centroid of the conformations sampled by the 4 ps MD simula-
tions of GCAP1 variants were used as ligand and receptor for protein-
protein rigid-body docking simulations of GCAP1 dimers using ZDOCK
3.0.2 [42], 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 filtered by selecting structurally analogous conformations exhib-
iting a Cu RMSD < 1 A with respect to the reference complex structure
representing the highest-scored dimer described in ref. [18] using the
same criterion as in [43,44]. The average ZDOCK score of the filtered
solutions (ZD-s) was used to estimate the free energy of binding (AG®°)
based on their correlation with experimental data [43,44].

2.8. Surface plasmon resonance

Surface plasmon resonance (SPR) experiments were conducted using
a SensiQ Pioneer apparatus and a COOH1 sensor chip (Sartorius) pre-
senting a low-capacity two-dimensional surface chemistry that com-
prises a polyethylene glycol spacer terminated with carboxylic acids,
which is particularly suitable for large molecule kinetic analysis. The
chip was preconditioned according to the manufacturer protocol, con-
sisting of 2 cycles of sequential injections of 25 pl HC1 0.1 M, 25 pl NaOH
50 mM, 25 pl SDS 0.5 %, and 25 pl EDTA 0.3 M at 100 25 pl/min
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flowrate. RD3 was covalently immobilized on the sensor chip via the
site-specific thiol-disulfide exchange strategy. Briefly, the surface of the
sensor chip was activated with an injection of 70 pl mixture of 50 mM N-
hydroxysuccinimide (NHS) and 200 mM N-ethyl-N'-(dimethylamino-
propyl)-carbodiimide (EDC) at 5 pl/min, followed by a 70 pl injection of
80 mM 2-(2-pyridinyldithio)ethaneamine hydrochloride (PDEA) in 0.1
M sodium borate buffer (pH 8.5), at 5 pl/min. RD3 was exchanged
against bi-distilled water, diluted to 10 pM in 10 mM sodium acetate
buffer (pH 4.3) and immobilized by thiol-disulfide exchange upon in-
jection of 200 pl at 5 pl/min. After immobilizing ~700 RU, the
remaining thiol groups on the chip surface were inactivated by injecting
50 pl of a mixture of 50 mM L-cysteine and 1 M NaCl in 10 mM sodium
acetate buffer (pH 4.0) at 5 pl/min.

The protocol for monitoring GCAP1 variants binding to immobilized
RD3 consisted in injections of 200 pl of 1 pM, 2 pM and 5 pM GCAP1
variants (dissolved in 10 mM HEPES, 150 mM NacCl, 300 pM Ca2+,
0.005 % Tween 20, pH 7.4) at 20 pl/min, with a dissociation time of 600
s. To avoid artifacts deriving from the ageing of the sensor chip surface,
GCAP1 variants were assayed alternately (3 injections for WT- followed
by 3 injections for E111V-GCAP1) and the protocols were repeated 4
times, for a total of 12 injections for each variant. The dissociation phase
was fitted according to a first-order reaction, using the following
exponential decay model to estimate the dissociation rate constant:
RU(t) = RU, e e X7 3)
where RUj is the maximum signal at each specific concentration and k°f
is the dissociation rate constant, which was calculated for WT-GCAP1 as
average + standard error of the mean of 10 injections. The association
phase was fitted by a pseudo-first order model according to this
equation:

_ k""Rnax[GCAP1] — (ken[GeAP1)+kf )t
RU(t) _km[GCAlekfo( —e ) +Ro )

where Ry is the baseline, Ry,x is the maximum SPR response that would
be expected if all the active immobilized RD3 molecules would interact
with GCAP1 and [GCAP1] is the analyte concentration at each injection,
while k°" is the association rate constant, obtained as average =+ stan-
dard error of the mean of 9 injections. The affinity of GCAP1 for RD3, in
pM, was calculated in terms of dissociation equilibrium constant: Kp =
koff /KON,

3. Results and discussion

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 (Fig. 1B). Exhaustive, 4 microsecond MD sim-
ulations 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 re-
sults from analytical size exclusion chromatography. Finally, we tested
whether RD3, both in a shorter form via a peptide encompassing helix
a3, 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 WI/E111V-GCAP1 monomers:
molecular dynamics simulations suggest increased structural flexibility for

E111V-GCAP1

Previous works highlighted that the E111V substitution, in which an
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acidic glutamate residue involved in the coordination of Ca?* is replaced
by the hydrophobic valine, only slightly affects secondary and tertiary
structure of GCAP1 [14,33] while dramatically impairing the affinity for
Ca?* and preventing the binding of the cation to EF3. The altered af-
finity for Ca>" 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 ps MD simulations of the protein under
GCl-activating (Mg?* bound to EF2 and EF3 in both variants) and GC1-
inhibiting conditions (Ca®*" 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 [14,33], 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 Ca®t in EF3 (Fi 2. 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 Ca?" ions compared to the
WT, especially in the region corresponding to EF3 (Fig. 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 re-
flected not only in a significantly higher fluctuation of the Ca®*-ion in
EF3(138.2 A for 3Ca-E111V vs 1.01 for 3Ca-WT-GCAP1, Supplementary
Table ST1), which spontaneously dissociated in one of the replicas
(RMSF = 3.29 A excluding such replica), but also in EF4 (3.27 A for 3Ca-
E111V and 1.63 A for 2Ca-E111V vs 1.23 A for 3Ca-WT-GCAP1, Sup-
plementary Table ST1) and, to a lesser extent, in EF2 (2.02 A for 3Ca-
E111V and 2.04 A for 2Ca-E111V vs 1.1 A for 3Ca-WT-GCAP1, Sup-
plementary Table ST1), suggesting an allosteric effect of the mutation,
which was already pointed out in shorter simulations [38]. As to the
Mg”-bound forms, the E111V substitution displayed minor differences
with the WT both in terms of backbone flexibility (Fig. 2C) and in ion
coordination, as shown by the comparable RMSF of Mg?*-ions in EF2
(1.30 A vs 1.23 A, Supplementary Table ST1) and EF3 (2.2 A vs 1.9 A,
Supplementary Table ST1), thus suggesting that the GC1-activating 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
[14,33].

3.2. Insilico 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 Ca®"- and Mg**-
dependent dimerization of GCAP1 could play a role in the photo-
transduction cascade, for example affecting the binding to, and therefore
the regulation of the GC1 target [3,45]. 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 sug-
gests that, in the outer segments of photoreceptors under these condi-
tions, 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
(SAXS) data [18], characterized by specific hydrophobic contacts at the
GCAP1 dimer interface. In particular, dimer formation is driven by the
interaction between residues located on oE1 and oF2 from one monomer
and amino acids on oE1, aF2 and aE3 from the second monomer [18].
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Fig. 2. Results from exhaustive 4 ps MD simulations. (A) Representative Ca®*-coordination in EF3 of WT-GCAP1 (left) and E111V-GCAP1 (right) after 1 ps MD
simulations. WT-GCAP1 and E111V-GCAP1 structures are shown as grey and cyan cartoon, respectively; Ca>*-coordinating residues are labelled and represented as
sticks with C atoms in the same colour as the structure, O atoms in red, N atoms in blue and S atoms in yellow; Ca®* ions are shown as purple spheres; CORD-
associated V111 is shown as orange sticks. (B) Ca-RMSF of WT-GCAP1 bound to 3 Ca®" ions (black), E111V-GCAP1 with ions bound in EF2 and EF4 (blue), and
E111V-GCAP1 bound to Ca®" ions (red). (C) Ca-RMSF of WT-GCAP1 (black) and E111V-GCAP1 (red) with Mg>" ions bound to EF2 and EF3. Insets show the
secondary structure elements colored according to Fig. 1A and the position of ion-binding loops.

Table 1
Results from Rigid-Body Docking simulations of GCAP1 dimers and from analytical SEC experiments.
Assembly Tons Native-like poses” RMSD" (A) ZD-s¢ Best ranked AG® © (kcal/mol) AAG® ' (kcal/mol) Kpim® (1M)
WI-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
2Ca 21 0.86 + 0.1 54.6 £ 0.8 1 —17.41 —0.06
WT-E111V 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
2Ca 18 0.84 + 0.1 54.5 + 0.9 1 -17.39 —0.04 16.7 4 3.2
E111V-E111V 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 42+34

2 Number of docked complexes with Ca-RMSD <1 A with respect to the experimentally validated dimeric model [18].

b Average RMSD of the native-like poses.

¢ Average ZDOCK score (ZD-s) of native-like poses + standard deviation.

4 Rank of the best native-like pose out of the total 16,000 proposed.

¢ Gibbs free energy of binding.

f Difference in Gibbs free energy of binding calculated with respect to WT dimers.

8 Dimerization constant obtained by analytical SEC presented as average + standard deviation of three technical replicates.
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For all tested conditions, docking simulations predicted a compara-
ble 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 A, Table 1). Interestingly, the highest-scored pose out of the
16,000 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 SAXS 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 Mg?*-bound WT homodimer and 3 Ca®*-bound
E111V, respectively. Moreover, all comparisons between the average
ZD-s of GCAP1 dimers representing the same signaling state (WT-WT
3Ca vs WT-E111V/E111V-E111V 2Ca/3Ca and WT-WT 2 Mg vs WT-
E111V/E111V-E111V 2 Mg) by means of two-tailed t-tests (p-value =
0.05) were found not to be significant. The average ZD-s can be used to
empirically derive the free energy of dimerization, provided that the
binding occurs without major conformational changes [43,44]. The
predicted AG® values (ranging between —17.22 and — 17.55 kcal/mol
(Table 1) were all very similar to each other, despite the different con-
ditions. Indeed, by inferring state- and variant-specific changes in the
free energy of binding (AAG®), 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.
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3.3. Invitro dimerization of GCAP1 variants suggests higher propensity to
dimerize in the Mg *-bound form

Since rigid-body docking simulations predicted neglectable differ-
ences in binding affinities upon homo- and heterodimer formation in the
presence of either Ca?" or Mg?" ions, the propensity of GCAP1 variants
to form dimers under different ion-loading conditions was validated in
vitro by injecting decreasing concentrations (80 pM — 0.8 pM) of GCAP1
in an analytical SEC column and comparing the elution volume with that
of 4 reference proteins. In the presence of Ca2*, the estimated MM of
WT-GCAP1 injected at 80 pM was ~41 kDa, thus compatible with a
dimer, with a concentration at the elution peak calculated from the
absorbance at 280 nm of ~16 pM (MM/e = 1.07 mg/ml). Injections at
lower concentrations resulted in a peak shift toward higher elution
volume, hence lower apparent MM, confirming the presence of a
monomer-dimer equilibrium. The analysis of elution profiles (Fig. 3),
based on the relationship between the elution volume and the molecular
mass of the complex (which depends on the equilibrium constant for
GCAP1 dimerization), and the concentration at the peak, 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 detec-
ted for E111V-GCAP1 in the presence of Ca?>" compared to the WT
(KEILLY = 16.7 + 3.2 pM vs KBk, = 12.0 + 0.8 pM), while the slight
increase in affinity exhibited by the Mg?*-bound forms compared to the
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Fig. 3. Representative analytical SEC chromatograms of 80 pM (red), 40 pM (black), 20 pM (green), 10 uM (yellow), 5 pM (cyan), 2 pM (blue), and 0.8 pM WT-
GCAP1 (left panels) or E111V-GCAP1 (right panels) in the presence of 1 mM Mg?* and 0.5 mM Ca* (upper panels) or 0.5 mM EGTA and 1 mM Mg?* (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 (Eq. (1)) detailed in Section 2.2. Three technical replicates were performed for each condition and independently fitted to Eq. (1), the
estimated equilibrium constants for the dimerization process are reported in Table 1 as mean + standard deviation.
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WT (KELLV =4243.4 pM vs KNE =6.1+£3.3 uM) was within the error
bars, so not significant. However, when the comparison was done for
each variant, looking at the Ca%* vs. Mg?*-bound forms, the increase in
the tendency to dimerize in the Mg?*-bound form 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 Ca%t (K), = 8.8 + 0.7 uM) to a
Mg”-bound state (K%Vi?n =45 + 15 pM) [18]. The discrepancies can be
attributed to a different ionic strength of the aSEC buffer (100 mM vs
150 mM NacCl), its pH (8.0 vs 7.5) and a much higher concentration of
free Mg?" (~4 mM vs ~0.9 mM) which altogether represent 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 Ca?*-
bound form, corresponding to GC1 inhibiting state, and to dimerize in
the absence of Ca®*, 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.

Previous results on the V77E-GCAP1 variant, which was shown to
abolish protein dimerization, showed that also the GC1 activation was
seriously compromised [20,21], 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 pM [46]) is assumed to be valid for
human photoreceptors, our estimated Kp;,, values would point to the
two isolated variants being predominantly monomers under Ca®'-
saturating conditions (75.5 % and 78.8 % for WT- and E111V-GCAP1,
respectively) and, to a lesser extent, in the Mg?" — bound form (66.7
% and 61.2 % for WT- and E111V-GCAP1, respectively). It remains
therefore essential to establish whether GCAP1 dimerization is facili-
tated 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 photo-
transduction, to ensure physiological response and photoreceptor
viability. We previously demonstrated in vitro that WT-GCAP1 signifi-
cantly attenuates the dysregulation of GC1 induced by E111V-GCAP1
[32] and that direct retinal delivery of the mutated protein in a WT
mouse induces a disease-phenotype [33]. Although the delivery of extra
WT-GCAP1 was shown to partly restore the Ca®" sensitivity of GC1,
numerical simulations suggest that this amelioration is not enough to
fully prevent retinal degeneration, as the levels of Ca>" and ¢cGMP would
remain higher than normal [32]. These preliminary data nonetheless
suggest that the combination of WT-GCAP1 and GCl1 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 GCl-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 a3 (Fig. 1C), which was described as a fundamental
component for achieving high inhibiting capacity of the cyclase [27].

The GC1 activity at increasing amounts of RD3ppt in the 50 nM - 15
pM range suggested a dose-dependent partial inhibition of either WT- or
E111V-GCAP1 (Fig. S4A) mediated regulation, at least up to 5 pM.
However, the errors associated with each data point did not allow a
reliable estimation of the ICs or a quantitative comparison of the effects
on WT and E111V variants. On the other hand, full-length RD3 showed
significatively enhanced inhibitory efficacy of the WT-GCAP1-GCl
complex (Fig. S4B), with an ICsy of 68.4 + 4.9 nM. This high inhibi-
tion capability of RD3 is in line with previous observations [27,30,47]
and could be used as a further element to attenuate the dysregulation of
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GC1 induced by E111V-GCAP1 [32].

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 func-
tional 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 amau-
rosis 1 [30]. Despite the strong evidence of interaction by in cyto and ex
vivo imaging, the interplay between RD3 and GCAP1 is still poorly un-
derstood. We have hence investigated by CD spectroscopy the interac-
tion between GCAP1 variants and RD3, to possibly elucidate the
molecular fingerprints defining the RD3-GCAP1 complex.

The far UV CD spectrum of MgZ"-bound WT-GCAP1 exhibited, as
expected, the spectrum of a typical all a-helical protein with minima at
208 and 222 nm, similarly to full-length RD3 (Fig. 4A-B). In addition,
both WT- and E111V-GCAP1 variants exhibited a minor increase in
ellipticity upon switching from the Mg?*-bound form to the Ca®*-bound
form (3 % and 2.6 % for WT- and E111V-GCAP1, respectively, Fig. 4A-B,
Table 2). Such increase in ellipticity was accompanied by a change in
spectral shape in the case of WT-GCAP1 (0222/6208 = 0.89 vs 0.92,
Table 2), while that of E111V was almost negligible (0222/020g = 0.89 vs
0.90, Table 2). The potential interaction between RD3 and GCAP1 var-
iants 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 should indicate an interaction
between the two macromolecules. Interaction was detected for full-
length RD3 upon incubation with Mg®*"-bound GCAP1 variants
(Fig. 4D-E), as shown by the almost halved signal compared to the
theoretical sum of the spectra.

To further investigate the interaction between GCAP1 variants and
RD3 we performed Surface Plasmon Resonance (SPR) experiments by
flowing GCAP1 variants onto RD3, which was previously site-
specifically immobilized on the sensor chip surface by thiol-disulfide
exchange. Interestingly, the two GCAP1 variants exhibited a
completely opposite behavior. At odds with WT-GCAP1, no binding
curves could be identified for E111V-GCAP1 regardless of the injected
concentration (Fig. 5A and B), although both proteins were verified to be
correctly folded and functional by means of near UV CD spectroscopy
(Fig. 5C and D). This suggests that the differences in secondary structure
in the presence of RD3 and GCAP1 variants observed in the far UV CD
spectra may rise from different molecular mechanisms.

Interestingly, the interaction between WT-GCAP1 and RD3 could be
well described by a simple 1:1 Langmuir model (Fig. 5A), yielding a
dissociation rate constant (kOff) of (5.1 £0.3) x 1073 s’l, which corre-
sponds to a complex half-time (t; 2) of ~136 s, indicative of a relatively
stable complex for a protein-protein interaction involved in signaling
events. The association process was not particularly fast, resulting in an
association rate constant (k°") of (1.9 + 0.6) x 10° M~! s~ L. The kinetic
parameters are consistent with an affinity for the GCAP1-RD3 complex
(Kp) of 2.7 + 0.9 pM, thus comparable to the apparent affinity of GCAP1
for GC1 (see ECsq values reported in Table 3), suggesting the possible co-
existence of GCAP1-RD3-GC1 dynamic complexes, as already suggested
by Zulliger et al. [30].

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 Ca®*-
dependent regulation of GC1 by both GCAP1 variants starting form the
case of high and low Ca%" levels, corresponding to dark-adapted and
illuminated cells, respectively (Fig. 6A). As expected, the presence of
RD3 significantly diminished the rate of cGMP synthesis under acti-
vating conditions in the presence of WT-GCAP1 (p-value = 1.62 x107,
Table ST2), and under both activating and inhibiting conditions in the
presence of E111V-GCAP1 (p-value = 1.30 x10™* and 7.16 x107,
respectively, Table ST2). Notably, though, in the presence of RD3,
E111V-GCAP1 exhibited a persistent activation in the presence of Ca*,
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Fig. 4. Effects of RD3 interaction and ion binding on the secondary structure of GCAP1 variants. Far UV CD spectra of: (A) 10 pM RD3 (grey) in the presence 300 pM
EGTA, 10 uM WT-GCAP1 in the presence 300 uM EGTA and 1 mM Mg>* (blue) and upon addition of 600 uM Ca®* (300 uM free Ca**, red); (B) 10 uM RD3 (grey) in
the presence 300 uM EGTA, 10 uM E111V-GCAP1 in the presence 300 uM EGTA and 1 mM Mg>" (blue) and upon addition of 600 uM Ca*" (300 uM free Ca>*, red);
(D) 10 pM RD3 and 10 pM WT-GCAP1 in the presence 300 pM EGTA and 1 mM Mg2+ (blue) and upon addition of 600 pM Cca®* (300 uM free Ca2+, red), sum of the
spectra of the isolated molecules in the presence 300 pM EGTA and 1 mM Mg2+ (black) and upon addition of 600 pM Ca®* (300 uM free Ca2+, green); (E) 10 pM RD3
and 10 pM E111V-GCAP1 in the presence 300 pM EGTA and 1 mM Mngr (blue) and upon addition of 600 pM Ca®* (300 UM free Ca?*, red), arithmetic sum of the
spectra of the isolated molecules in the presence of 300 uM EGTA (black) and upon addition of 600 pM Ca* (300 uM free Ca*", green).

Table 2

Results from CD spectroscopy.
Variant A0/0 (%)” 0222/0208
RD3 _ _
Mg?*-bound
WT-GCAP1 - 0.89
E111V-GCAP1 - 0.89
RD3 + WT-GCAP1 - 0.98
RD3 + E111V-GCAP1 - 0.99
Ca**-bound
WT-GCAP1 3.02 0.92
E111V-GCAP1 2.60 0.90
RD3 + WT-GCAP1 1.23 0.99
RD3 + E111V-GCAP1 3.44 1.07

2 Calculated as (63550553 ~)/0553 2.

with a ¢cGMP synthesis substantially indistinguishable from that in the
absence of Ca2" (p-value = 0.876, Table ST2), 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 (Fig. 6A) and in previous ones [24,29] might be
attributed to the direct interaction of GCAP1 with RD3, an interplay
that, as discussed above, is still poorly understood [30].

As mentioned above, the delivery of extra WT-GCAP1 on a back-
ground of E111V-GCAP1 was shown to bring the Ca®'-dependent
regulation of GC1 closer the physiological Ca?*-range [32]; to test any
synergistic effect in the presence of a potent GC1 inhibitor, we moni-
tored 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 (Fig. 6B), with an ICsg shifting from
(8.49 £ 6.05) pM to (0.29 + 0.05) uM (Table 3), thus comparable to that
of the WT both in the absence (0.32 + 0.02 pM) and in the presence of
RD3 (0.22 £ 0.01 pM, Table 3). A similar conclusion could be drawn as
to the cooperativity of the GC1's Ca?*-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
c¢GMP synthesis instigated by the E111V-GCAP1 mutation especially
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Fig. 5. Interaction between RD3 and GCAP1 variants monitored by surface plasmon resonance and conformational changes occurring in GCAP1 variants upon Ca*"-
binding monitored by near UV CD spectroscopy. Representative sensorgrams of A) WT- and B) E111V-GCAP1 injected at 1 uM (light grey), 2 uM (dark grey), and 5
pM (black) over immobilized RD3 using 10 mM HEPES, 150 mM NaCl, 300 pM Ca?*, 0.005 % Tween 20, pH 7.4 as running buffer, with 600 s association and
dissociation times, together with the fitting curves (red dashed lines) which allowed the estimation of both rate constants. Near UV CD spectra of ~40 uM C) WT- and
D) E111V-GCAP1 in the presence of 500 pM EGTA (black) and after addition of 1 mM Ca2+, leading to 500 pM free Ca’* (red).

Table 3
Results from enzymatic assays.
Variant ICso” (uM) h° EGCso° (uM)  X-fold?
WT* 0.32 £ 0.02 2.14 £0.27 1.88 + 0.22 26
-RD3 E111V* 20.2+7.6 0.60 £+ 0.38 1.55+ 0.21 1.1
3xWT/E111V 8.49 + 6.05 0.68 + 0.28 - 3.3
WT 0.22 £ 0.01 2.23 £0.28 6.36 £ 1.17 14.4
+ RD3 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

Data are reported as mean + standard deviation of three technical replicates.

4 Human GC1 activity as a function of free [Ca®*] in the presence of 5 pM
GCAP1 variants and 200 nM RD3.

® Hill coefficient.

¢ GCAP1 concentration at which GC1 activity is half-maximal.

4 Fold change in cGMP production calculated as (GCpax - GCmin)/GCrin-

¢ Data from [33].

when complemented with an excess of the WT form (Fig. 6, Table 3).
According to previous results, RD3 may inhibit GC1 activation via

two different, but not mutually exclusive, mechanisms, namely: i) RD3

binds GC1 [30] and acts as a competitive inhibitor of GCAP1, thus

10

implying a shared interaction interface on GC1; and ii) the interaction
between GCAP1 and RD3 [30] prevents GCAP1 from regulating GC1.
Data shown in Fig. 6A might indeed suggest that RD3 acts as a
competitive inhibitor of GC1 by sharing the same binding site with
GCAP1. However, the Ca%*-dependent regulation of GC1 activity shown
in Fig. 6B suggests a more complex mechanism, which might imply a
dynamic interaction between GCAP1, RD3 and GC1, as previously sug-
gested by Zulliger et al. [30]. Indeed, our SPR data suggest that RD3 binds
WT-GCAP1, but not the E111V variant. The hypothesis that RD3 binds
preferentially to E111V-GCAP1 preventing it from activating GC1 ac-
cording to a purely competitive model therefore seems implausible.
Since the ECs( values for GC1 activation by GCAP1 are essentially the
same for the WT and E111V variants (Table 3), a molecular scenario
compatible with the Ca%'-dependent regulation of GC1 observed in
Fig. 6B is the following. If realized in the photoreceptor outer segment,
the direct interaction between WT-GCAP1 and RD3 would restore the
physiological regulation of the GC1-GCAP1 complex in the presence of
the E111V-GCAP1 variant by strengthening the assembly of the WT-
GCAP1-RD3-GC1 complex; the E111V mutant, on the other hand,
would interact with GC1 without the mediation of RD3. This mecha-
nistic hypothesis builds on a functional interaction between GCAP1,
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Fig. 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 pM WT-GCAP1, 5
pM E111V-GCAP1, 200 nM RD3, 5 pM WT-GCAP1 + 200 nM RD3, 5 pM E111V-GCAP1 + 200 nM RD3, 3.75uM WT-GCAP1 + 1.25pM E111V-GCAP1 (5 pM at a
stoichiometric ratio of 3 WT-GCAP1: 1 E111V-GCAP1) + 200 nM RD3 and < 19 nM Ca?* (black) or ~30 pM free Ca’* (grey); membranes with no GCAP1 or RD3
were used as control. (B) GC1 activity as a function of [Ca®*] was measured in the presence of 5pM WT-GCAP1 + 200 nM RD3 (black circles), 3.75pM WT-GCAP1 +
1.25pM E111V-GCAP1 (blue triangles), and 3.75puM WT-GCAP1 + 1.25uM E111V-GCAP1 + 200 nM RD3 (red squares). Normalized GC1 activity was fitted to a 4-
parameter Hill sigmoid, the grey box indicates the physiological Ca®>" range in photoreceptors (150-600 nM). Data are presented as average + standard deviation of

three technical replicates.

RD3 and GC at the level of the endoplasmic reticulum, which has been
postulated to be essential for the cellular localization of GC1, and whose
perturbation has been associated with Leber Congenital Amaurosis —1
[30]. Our experimental conditions reproduce the co-presence of all
proteins (GC1, RD3, WT-GCAP1 and E111V-GCAP1) in an environment
that mimics the photoreceptor outer segment, and could effectively be
achieved by specific protein delivery [32] thus resulting in a valid
therapeutic option for CORD. However, further studies unveiling
essential factors, such as the stoichiometry of protein-protein in-
teractions as well as the concentration of the proteins involved in human
photoreceptors are required to prove the hypothesis and elucidate the
specific molecular mechanisms.

4. 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 Ca®" 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 GCl-
GCAP1 complex and to assess the correct stoichiometry of the interac-
tion, 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 E111V-GCAP1 on GC1 activity. Enzymatic as-
says revealed the ability of RD3 to mitigate the aberrant cGMP synthesis
caused by 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 Ca®>* and cGMP homeostasis in photo-
receptor pathophysiology associated with the E111V mutation. This is
particularly interesting in light of our recent findings [33] that support a
possible role for protein delivery to the retina (via eye-drops [48] or
intravitreal injections [49], the routes used to deliver nerve growth
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factors) to modulate the phototransduction cascade and virtually
counterbalance the constitutive activation of IRD-associated GCAP1
variants.
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