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Abstract

Retinal guanylate cyclases (RetGCs) are regulated by a family of guanylate cyclase-activating
proteins (called GCAP1-7). GCAPs form dimers that bind to Ca?* and confer Ca2* sensitive
activation of RetGC during visual phototransduction. The GCAP5 homologue from zebrafish
contains two nonconserved cysteine residues (Cys15 and Cys17) that bind to ferrous ion, which
stabilizes GCAPS dimerization and diminishes its ability to activate RetGC. Here, we present
NMR and EPR-DEER structural analysis of a GCAP5 dimer in the Mg?*-bound, Ca%*-free,
FeZ*-free activator state. The NMR-derived structure of GCAPS is similar to the crystal structure
of Ca%*-bound GCAP1 (root-mean-square deviation of 2.4 A), except that the N-terminal helix of
GCAPS is extended by two residues, which allows the sulfhydryl groups of Cys15 and Cys17 to
become more solvent exposed in GCAP5 to facilitate Fe2* binding. Nitroxide spin-label probes
were covalently attached to particular cysteine residues engineered in GCAP5: C15, C17, T26C,
C28, N56C, C69, C105, N139C, E152C, and S159C. The intermolecular distance of each spin-
label probe in dimeric GCAP5 (measured by EPR-DEER) defined restraints for calculating the
dimer structure by molecular docking. The GCAP5 dimer possesses intermolecular hydrophobic
contacts involving the side chain atoms of H18, Y21, M25, F72, V76, and W93, as well as an
intermolecular salt bridge between R22 and D71. The structural model of the GCAP5 dimer was
validated by mutations (H18E/Y21E, H18A/Y21A, R22D, R22A, M25E, D71R, F72E, and V76E)
at the dimer interface that disrupt dimerization of GCAP5 and affect the activation of RetGC. We
propose that GCAP5 dimerization may play a role in the Fe2*-dependent regulation of cyclase
activity in zebrafish photoreceptors.

Graphical Abstract
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Retinal guanylate cyclase-activating proteins (GCAP1! and GCAP22) are EF-hand calcium
sensor proteins in mammalian photoreceptor rod and cone cells3 that control Ca2* sensitive
activation of retinal guanylate cyclases (RetGCs*®), which regulates the recovery phase of
vertebrate visual phototransduction.6.” Ca2* binds to the second, third, and fourth EF-hands
in the GCAP proteins®® (shaded red, cyan, and yellow, respectively, in Figure 1), and the
Ca?*-bound GCAPs bind to and inhibit RetGCs in dark-adapted photoreceptors.10:11 By
contrast, Mg2* binds to the second EF-hand in GCAP1,12 and the Ca2*-free, Mg2*-bound
GCAPs activate RetGCs in light-adapted photoreceptors.10:11 Mutations in both GCAP1
and RetGCs that disrupt the Ca2*-dependent cyclase activation are genetically linked

to retinal degenerative diseases.13-17 GCAP orthologues are also expressed in zebrafish
photoreceptors (GCAP3-5 and -718). /n situ hybridization showed that expression of
zebrafish specific GCs and GCAPs coincides with the onset of visual function.1920 The
zebrafish GCAP5 homologue has the most divergent amino acid sequence (Figure 1), which
contains two nonconserved cysteine residues (Cys15 and Cys17) that were shown recently
to ligate ferrous ion,2! and the binding of Fe2* to GCAPS greatly diminishes its ability to
activate RetGC.21 Ferrous ion has been shown to serve as a redox sensor in a variety of

cell types,22 and it is tempting to speculate that redox sensing by GCAP5 might control
phototransduction in zebrafish photoreceptors. Indeed, the accumulation of iron levels in the
retina has been correlated with age-related macular degeneration in humans, suggesting the
involvement of redox sensitive processes in the pathogenesis of the disease.23

In this study, we present NMR structures of MgZ*-bound, Ca%*-free, Fe2*-free GCAP5
(hereafter termed Mg?*-bound GCAPS5), which represents the first structure of a GCAP
protein in an activator state that binds to and activates RetGC. Overall, MgZ*-bound
GCAPS is structurally similar to the crystal structure of Ca2*-bound GCAP1° [2.4 A
root-mean-square deviation (RMSD)]. However, the N-terminal and C-terminal helices,
located outside of the EF-hand motifs of GCAP5, are structurally distinct from those of
Ca?*-bound GCAP1, and the Ca?*-induced structural changes to these helices may play a
role in regulating RetGC and may facilitate binding of Fe2* to GCAPS5. We also present
an EPR-DEER structural analysis to determine intermolecular contacts in the GCAP5
dimer. Nitroxide spin-label probes were introduced at 10 different sites in GCAP5 [C15,
C17, T26C, C29, N56C, C69, C105, N139C, E152C, and S159C (see Figure 1)], and
intermolecular distances from each site in the GCAP5 dimer were measured. The DEER
distance restraints define a GCAPS5 dimer structure that contains key hydrophobic residues
(H18, Y21, M25, F72, V76, and W93) as well as an intermolecular salt bridge between R22
and D71 at the dimer interface.

MATERIALS AND METHODS

Cloning, Expression, and Purification of GCAP5.

Recombinant myristoylated GCAP5 (hereafter termed GCAP5) was used throughout this
study, and bacterial expression of myristoylated GCAP5 was accomplished by coexpressing
the GCAP5 D3N mutant?* and yeast A-myristoyl CoA transferase (NMT) in Escherichia
colistrain BL21(DE3) as described previously?4 for GCAP1.12 Acylation of the GCAP5
D3N mutant was originally confirmed in living cells by a click-chemistry approach.24

Biochemistry. Author manuscript; available in PMC 2022 March 24.
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Cloning of all mutants used in this study was similar to that described for other

point mutants of GCAPs.2528 Purification of GCAP5 (and mutants) was achieved using
previously described methods.2! The GCAP5 variants used in guanylate cyclase assays
were purified by employing a HiTrap Q HP column (5 mL, Cytiva) in the anion exchange
chromatography step (application of a gradient from 0 to 1 M NaCl in 20 column volumes).

Analytical Size Exclusion Chromatography (SEC).

The molar mass of GCAPS5 in the presence of MgZ* (5 mM) was measured using analytical
SEC (Superdex 200 HR 10/30 column, GE Healthcare) as described previously.21 A sample
volume of 100 gL of GCAP5 (200 4M protein concentration) was applied to the column
equilibrated with 30 mM MES (pH 6.6), 5 mM citrate, and 100 mM NaCl. The SEC
measurements were taken at 4 °C with a flow rate of 0.5 mL/min.

NMR Spectroscopy.

GCAPS5 samples for NMR experiments consisted of 1N-labeled or doubly 1°N- and 13C-
labeled myristoylated and Ca%*-free, Mg2*-bound GCAPS5 (0.50 mM) dissolved in 30 mM
MES (pH 6.5) buffer containing 2 mM DTT-d;p, 5 mM MgCl,, and 93:7 H,O/D,0. All
NMR experiments were performed at 30 °C on a Bruker 800 MHz Avance 11 spectrometer
equipped with a triple resonance cryogenic TCI probe and pulsed field gradients. Two-
dimensional 15N-1H HSQC and IPAP-HSQC experiments were performed with 2048 (*H) x
256 (1°N) data points using 1°N-labeled GCAPS5. Three-dimensional NMR HSQC-NOESY
and HCCH-TOCSY experiments were performed and analyzed as described previously.12
Spectra were processed using NMRPipe software package?’ and analyzed using SPARKY.28

Residual dipolar couplings (RDCs?%) of GCAPS5 were determined as described previously.30
Briefly, the filamentous bacteriophage Pfl (Asla Biotech Ltd., Riga, Latvia) was used as an
orienting medium. Pf1 (12 mg/mL) was added to 1°N-labeled GCAP5 (0.5 mM) to produce
weak alignment. *H-1°N residual dipolar coupling constants (Dy) were measured using a
2D IPAP (inphase/antiphase) 1H-15N HSQC.3! The backbone N-H RDCs were calculated
by measuring the difference in 1°N splitting for each amide resonance in the presence

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

NMR Structure Calculation.

NMR-derived structures of GCAP5 were calculated using restrained molecular dynamics
simulations within Xplor-NIH.33 Residual dipolar couplings, NOE distances, dihedral angles
from TALOS+,34 and backbone hydrogen bonds were used as structural restraints. NOEs
were obtained via 1°N-edited NOESY-HSQC and 13C-edited NOESY-HSQC experiments.
Backbone dihedral angles were calculated by TALOS+ using backbone chemical shifts (Ha,
Ca, CB, CO, 15N, and HN) as input. The Xplor-NIH structure calculation was performed

as described previously for GCAP1.12 From a total of 200 structures, the 10 lowest-energy
structures were deposited in the RCSB Protein Data Bank (PDB entry 7M2M). The structure
quality was assessed by PROCHECK-NMR3® and MolProbity.36
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Spin Labeling and DEER Sample Preparation.

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

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

oxyl 2,2,5,5-tetramethylA3-pyrroline-3-methyl) methanethiosulfonate spin-label (MTSSL,
Toronto Research Chemicals Inc., Toronto, ON) was dissolved in dimethyl sulfoxide
(DMSO) to a concentration of 40 mM. Excess MTSSL was added to the protein at a 30:1
molar ratio and then reacted on ice for 30 min. Unreacted spin-labels were removed by
dialyzing overnight at 4 °C against 4 L of dialysis buffer containing 20 mM Tris (pH 7.4),
which was repeated twice for >24 h. The protein was concentrated to a final concentration of
~300 4M by ultrafiltration using an Amicon spin concentrator. The final protein sample for
DEER experiments was exchanged three times with 10 mM Tris-d41 (pH 7.4), 2 mM MgCl,,
and 99.9% D,0. Before the sample was frozen, 25% glycerol-ag was added to the protein as
a cryoprotectant.

EPR-DEER Measurements.

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

a Q-band QT2 resonator. The pump pulse was fixed to the center peak in the field-swept
nitroxide spectrum, and the probe frequency was set to be 100 MHz from this frequency. /2
and 7z pulses were all 34 ns Gaussian pulses.3” The delay between the first and second probe
pulses was 400 ns, and dipolar evolution data were collected out to 1.5-8.0 /5. Experiments
were performed at 50 K and were signal averaged for 4-16 h. The raw data were
background-corrected and analyzed by Tikhonov regularization using DEERAnalysis.38
CW-EPR spectra of the DEER samples were recorded at room temperature with a Bruker
E500 CW-EPR spectrometer operating at the X-band frequency (~9.4 GHz) using an ER
4122SHQE resonator (Bruker).

Molecular Docking Calculation.

The web-based docking program HADDOCK?3? was used to generate a structural model of
MgZ*-bound GCAPS5. The NMR structure of MgZ*-bound GCAP5 was docked with itself to
satisfy the intermolecular distance restraints measured by DEER. The docking calculation
was initiated with a rigid body energy minimization that generated 1000 structures. The
best 200 structures were subjected to a semiflexible simulated annealing step. In the final
step, the 200 structures obtained from the previous simulated annealing step were refined

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

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

Guanylate Cyclase Assays.

To test the regulatory properties of wild type GCAPS5 and it variants (mutants without C
defined as 5A, H18A/Y21A, H18E/Y21E, R22A, R22D, M25E, N56C, N139C, and S159C),
we reconstituted purified GCAP5 forms with cell membranes containing heterologously
expressed human GC-E (orthologue of bovine and mice RetGC1) in HEK flip 293 cells
essentially as described previously,*%41 but using a cell line that stably expressed GC-E.

Biochemistry. Author manuscript; available in PMC 2022 March 24.
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Cells were cultivated and harvested by centrifugation (300g for 5 min); the supernatant was
discarded, and the pellet was resuspended in 100 ¢L of 50 mM HEPES-KOH (pH 7.4), 50
mM KCI, 20 mM NacCl, 1 mM DTT, and mammalian protease inhibitor cocktail (1:500).
Cells were placed on ice for 20 min, disrupted by being passed several times through a
syringe, and placed on ice again. Activities were measured according to a detailed protocol
that was published previously26:49 with the following modifications: GCAP5 was added at
a final concentration of 3 M, and GC activities were obtained by adjusting the free Ca?*
concentration using a KoH,EGTA/CaH,EGTA buffer system as described previously.28 The
free Mg2* concentration was 1 mM.

Light Scattering Experiments.

RESULTS

The molar mass of GCAP5 and mutants was assessed by using a multiangle light scattering
(MALS) miniDawn instrument with a 690 nm laser (Wyatt Technologies, Inc.) coupled to
a refractive index instrument (Optilab Rex, Wyatt Technologies, Inc.). The molar mass of
chromatographed protein was calculated from the observed light scattering intensity and
differential refractive index using ASTRA software (Wyatt Technologies, Inc.) based on a
Zimm plot analysis using a refractive index increment (da/dc = 0.185 L g~1).42:43

NMR-Derived Structures of Mg2*-Bound GCAP5.

NMR chemical shift assignments published previously for Mg2*-bound GCAP5%4 were
used in this study to determine NOESY-based distances, NMR-derived dihedral angle
restraints, and residual dipolar coupling (RDC) restraints (Figure 2) that served as input

for restrained molecular dynamics structure calculations (see Materials and Methods). The
residual dipolar coupling magnitude and rhombicity were calculated by fitting the measured
residual dipolar couplings to the calculated structure using the PALES program.32 The
RDC-refined structures have a quality @-factor of 0.27 and an R-factor of 0.985 (Figure 2C).
The NMR-derived structure of Mg2*-bound GCAP5 (PDB entry 7M2M) was validated with
PROCHECK: 90% of residues belonged to the most favorable region in the Ramachandran
plot.

The NMR structures of Mg2*-bound GCAPS have a backbone RMSD of 1.0 A (overlaid in
Figure 3A), and structural statistics are listed in Table 1. The GCAP5 main chain structure
(Figure 3B) contains a total of 11 a-helices and four B-strands: al (residues 8-15), a2
(19-27), a3 (35-41), a4 (50-62), a5 (72-82), ab (88-97), a7 (108-121), a8 (130-140),
a9 (151-160), al0 (162-172), all (175-182), A1 (32-34), B2 (69-71), 53 (105-107), and
4 (148-150). The secondary structure of the final NMR structure of MgZ*-bound GCAP5
(Figure 3B) is slightly different from the secondary structure inferred from the chemical
shift index.** In particular, the C-terminal helix (a11) defined by NOESY and RDC data
was predicted to be a random coil based on chemical shift analysis.** The secondary
structure elements of GCAPS5 combine to form two separate domains: The N-terminal
domain is formed by the N-terminal helix (al), EF1 (green, residues 19-41), and EF2 (red,
residues 50-82), and the C-terminal domain is formed by EF3 (cyan, residues 88-121),
EF4 (yellow, residues 130-160), and C-terminal helices (a10 and a1l in Figure 3B). The

Biochemistry. Author manuscript; available in PMC 2022 March 24.
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N-terminal helix (al) of GCAPS is extended by two residues compared to that of GCAP1
(Figure 1). This extension of al in GCAP5 causes the sulfhydryl side chains of Cys15 and
Cys17 to become more solvent exposed compared to what they are in GCAP1, which may
facilitate the binding of Fe2* to GCAP5 (Figure 3C). The helix immediately adjacent to

EF4 (a10, colored purple in Figure 3C) is one turn longer in Mg2*-bound GCAP5 than

in Ca2*-bound GCAP1. Thus, a10 in GCAP5 is structurally identical to the Ca2* switch
helix reported for Ca2*-free GCAP1.12 The C-terminal helix (a11) is one-half turn shorter in
Mg?2*-bound GCAPS than in Ca2*-bound GCAP1 (Figure 1). The Ca2*-dependent structural
differences in both @10 and al1 are consistent with a CaZ*-myristoyl tug mechanism?® seen
previously for GCAP1.12

The NMR structure of GCAP5 contains Mg2* bound at EF2 (orange sphere in Figure 3)

as evidenced by characteristic MgZ*-dependent amide chemical shift changes assigned to
Gly68 in EF2.44 Also, Mg2*-induced NMR spectral changes for GCAP5 (Figure S1) further
demonstrate binding of Mg?* to GCAPS. The geometry of chelating amino acid residues

in GCAPS5 and the bound Mg2* was not observed directly in our NMR study. Instead, the
stereochemical geometry and chelation of Mg2* bound at EF2 were modeled with structural
constraints derived from the X-ray crystal structure of Mg2*-bound CaM,*® which closely
resembles the Mg2* binding site geometry conserved in other EF-hand proteins such as
CaBP147 and CaBP4.48 GCAPS residues at positions 1, 3, and 5 of the EF-hand loop in
EF2 were selected to chelate the bound Mg?* (see D63, D65, and D67 in Figure 3A).
Mutation of the corresponding residues in GCAP1 significantly weakens Mg?* binding and
prevents cyclase activation.10 The four EF-hands of GCAPS5 with one Mg?* bound at EF2
(and no metal bound at EF1, EF3, or EF4) each adopt interhelical angles that are similar

to those observed in the crystal structure of Ca2*-bound GCAP1. The overall main chain
structure of Mg2*-bound GCAP5 is somewhat similar to that of the Ca2*-bound GCAP1
crystal structure [RMSD = 2.4 A (Figure 3D)]. For the Mg?*-bound GCAP5 structure, the
interhelical angles are 131° (EF1), 114° (EF2), 104° (EF3), and 107° (EF4). Thus, the three
functional EF-hands in GCAP5 (EF2-EF4) each adopt a preformed open conformation in
the Ca?*-free state akin to that of calbindin Dg*® and other Ca2* buffer proteins,>® which
may explain the very high nanomolar Ca2* binding affinity for GCAP proteins.5!

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

Previous studies demonstrated that GCAPS forms a dimer in solution.2! In the current study,
we used EPR-DEER to measure intermolecular distances that were used as restraints to
calculate a structural model of the GCAP5 dimer. The DEER data for GCAP5 (Figure

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

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

Biochemistry. Author manuscript; available in PMC 2022 March 24.
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GCAP5CL(N56C), GCAP5CL(AB9C), GCAP5CL(A105C), GCAP5CL(N139C),
GCAP5CL(E152C), and GCAP5CL(S159C).

Representative EPR-DEER data for GCAP5 with a nitroxide spin-label attached individually
to each single-Cys mutant [ GC AP5¢L(A28C),GCAP5CL(N56C),

and GCAP5CL(AB9C)] are shown in Figure 4 (Figure S2 shows DEER data for all 10
mutants). The DEER data in each case were modeled by a distance distribution with most
probable intermolecular distances of 16 + 4, 52 + 5, and 43 + 5 A for GCAP1CL(A28C),
GCAP5CL(N56C), and GCAP5CL(ABIC), respectively (Figure 4). The intermolecular
DEER distances for all single Cys mutants of GCAP5 are listed in Table 2 and Figure

S2.

Structural Model of a GCAPS5 Dimer.

The intermolecular DEER distances for each spin-label attached to GCAP5 (Figure 5A and
Table 2) were used as distance restraints within HADDOCK®? to calculate the structure

of the GCAP5 dimer as described in Materials and Methods. The measured DEER
distances (Table 2) for the most part agree within experimental error with the calculated
intermolecular distances in the GCAP5 dimer model (Figure 5A). The apparent deviation
between the calculated versus observed distances for C15 and C17 (important for Fe2*
binding?1) might reflect the dynamic disorder for these residues in the absence of Fe2*.
Much smaller distance deviations were observed for N56C, C69, N139C, and E152C
because these residues are located in regions of regular secondary structure that are more
rigidly held in place. The structure of the GCAP5 dimer (Figure 5A) contains intermolecular
contacts between mostly hydrophobic residues (H18, Y21, M25, F72, V76, and W93) at the
dimer interface. The closest contacts are formed between the hydrophobic side chain atoms
of H18, M25, F72, V76, and W93 (colored red in Figure 5A). The intermolecular contacts
with V76 are consistent with the previous observation that a \V77E mutation abolished
dimerization of GCAP1.12 The aromatic side chain atoms of H18, Y21 (not shown), F72,
and W93 make intermolecular contacts with each other at the dimer interface (Figure 5B).
The GCAPS dimer is also stabilized by an intermolecular salt bridge between the side chain
atoms of R22 and D71 (Figure 5C). The GCAPS5 dimer (Figure 5A) is structurally similar to
the dimeric structural model reported recently for GCAP1.53

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

To verify whether the GCAP5 5A mutant (lacking all five Cys residues) and single-Cys
mutants (N56C, N139C, and S159C) used in the DEER experiments are functionally intact,
we measured the retinal guanylate cyclase activity in the presence of wild type GCAP5
and each mutant (Figure 6) in the presence and absence of Ca2*. The data set includes
two positive controls and one negative control. Incubation of cyclase activity with WT
GCAPS5 showed the activating property of GCAP5 and reproduced previous observations
that WT GCAP5 lacks the Ca%* dependence, which is typical for other GCAP isoforms.2!
The second positive control was the activity profile obtained with the 5A mutant that
showed a canonical Ca* dependence of GC activation in which the cyclase activity at
low Ca?* activity levels was similar to that of WT GCAPS but much lower at high Ca2*
concentrations. These results agree with our previous data showing that the presence of

Biochemistry. Author manuscript; available in PMC 2022 March 24.
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Cys at positions 15 and 17 seems to interfere with the Ca2* switch.2! The negative control
was the GC activity without addition of a GCAP variant (control in Figure 6), resulting in
>10-fold lower basal GC activities. Activities of all other mutants were above the control
level, showing that they were functionally intact. The guanylate cyclase activities in the
presence of the Cys-less GCAP5 mutant (5A in Figure 6) and each of the DEER mutants
(N56C, N139C, and S159C) are each qualitatively similar to that of wild type GCAPS5 at
low Ca2* concentrations, demonstrating that these mutants are each capable of activating
the cyclase and appear to be functionally intact. Furthermore, when the negatively charged
amino acid in the H/Y-E and R22D mutants was replaced with Ala, activities increased, in
the case of R22A to >5-fold higher than that of WT and 5A. Surprisingly, although the Ca2*
switch is operational in R22A, the Ca2*-bound R22A activates the cyclase to a higher degree
than the Ca2*-bound wild type GCAP5 (see GC activation at high Ca?* concentrations).

Mutations at the GCAP5 Dimer Interface.

The key amino acids that form intermolecular contacts at the GCAP5 interface (H18, Y21,
R22, M25, D71, F72, V76, and W93) were mutated to form the following mutants: H18A/
Y21A, H18E/Y21E, R22A, R22D, M25E, D71A, D71R, F72A, F72E, V76A, V76E, and
WO3E. The corresponding residues in GCAP1 are conserved (Figure 1), and the same
mutations in GCAP1 (Y22E, M26E, F73E, V77E, and W94E) were shown previously to
both weaken dimerization and abolish activation of the cyclase,?3 consistent with the idea
that GCAP1 dimerization is necessary for cyclase activation. A similar result was seen

for GCAP5. The GCAPS5 dimerization site mutants (H18A/Y21A, H18E/Y21E, R22D, and
M25E) each exhibited a >4-fold reduction in the level of activation of cyclase activity
compared to that of the wild type (Figure 6). The GCAP5 dimerization site mutants (D71A,
D71R, F72A, F72E, V76A, V76E, and WI3E) were each expressed in the insoluble fraction
of the bacterial lysate (called inclusion bodies), which prevented their characterization. The
low solubility here suggests that these mutations may destabilize dimerization of GCAP5
that in turn could cause protein unfolding, which may explain the precipitation of the
mutated proteins. A double mutant (H18E/Y21E and H81A/Y21A) and single mutants
(R22A, R22D, and M25E) are somewhat more soluble, although a detectable fraction of
each mutant could also be detected in inclusion bodies, in contrast to wild type GCAPS5 that
is not detected in inclusion bodies. The most soluble mutant (M25E) exhibited an NMR
HSQC spectrum that was overall similar to that of the wild type (Figure 7A). However, a
number of resonances assigned to residues near the dimer interface (H18, Y21, D71, and
W93) and resonances near the center of the spectrum appear much broader in the M25E
spectrum (Figure 7A, red). The observed peak broadening for the M25E mutant could

be caused by chemical exchange broadening mechanisms associated with lower-affinity
dimerization for M25E compared to wild type. The double mutants (H18E/Y21E and H18A/
Y21A) each exhibited a highly heterogeneous NMR spectrum (Figure 7B for H18E/Y21E
and Figure S3A for H1I8A/Y21A) in which at least four different amide peaks were assigned
to G68 (circled in Figure 7B). This heterogeneity suggests a complex mixture of perhaps
monomer, dimer, and higher-order oligomers, as evidenced by many broadened resonances
in the center of the spectrum. A fraction of the H18E/Y21E mixture was isolated as a
monomeric species (see chromatography elution profiles in panels C and D of Figure 7)
with a molar mass of 24 + 2 kDa determined by SEC-MALS for H18E/Y21E (Figure 7E)
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and for H18A/Y21A (Figure S3B), in contrast to wild type GCAPS5 that is mostly a dimer
under the same conditions.2: A similar monomeric fraction was isolated for R22D (see
chromatography profiles in panels F and G of Figure 7) with a molar mass of 29 + 4 kDa
determined by SEC-MALS (Figures 7H). The same molar mass was determined for R22A
(Figure S3C). Thus, the R22A, R22D, M25E, H18A/Y21A, and H18E/Y21E mutations each
appear to weaken the dimerization of GCAPS5 as predicted by the structure.

The protein folding melting temperature ( 7;,,) was measured for the soluble GCAP5
dimerization site mutants (H18E/Y21E, R22D, and M25E) to probe the effect of these
mutations on the protein folding stability (Figure S4). The 7y, values of wild type GCAP5
and mutant proteins were determined by measuring NMR HSQC spectra at different
temperatures. The NMR intensity of the downfield-shifted amide resonance assigned to
Gly68 (characteristic of the folded protein, called /gjyeg) Was monitored as a function

of temperature. For wild type GCAPS, /g|yeg began to decrease as the temperature was
increased above 47 °C and a 7, value (temperature at which /gjysg decreased by 2-fold) was
estimated to be 52 + 1 °C. The 7y, values for the H18E/Y21E, R22D, and M25E mutants
were measured to be 48 + 1,49 £ 1, and 49 + 1 °C, respectively. The lower 7, values for the
dimerization site mutants compared to that of the wild type suggest that the intermolecular
contacts at the dimer interface contribute to the overall protein folding stability.

DISCUSSION

In this study, we present the NMR structure of Mg2*-bound GCAP5 (Figure 3) and
EPR-DEER analysis (Figure 4) of the dimeric GCAP5 structure (Figure 5). The NMR
structure of the Mg2*-bound activator form of GCAPS5 looks similar to that of the crystal
structure of GCAP1 (Figure 3D, and RMSD = 2.4 A).% However, an important structural
difference is that the N-terminal helix in GCAPS is elongated by two residues, which
allows the nonconserved sulfhydryl side chain of Cys15 and Cys17 to both point outward
and chelate Fe2* that can bind to GCAP5 (Figure 3C). The solvent-exposed side chains

of Cys15 and Cys17 are consistent with previous studies that report high-affinity binding
of Fe2* to GCAP5.21 The 10th helix (a10) of GCAPS5 (colored purple in Figure 3) is
elongated by three residues compared to the corresponding helix in Ca2*-bound GCAP1
(Figure 1). The Ca2*-induced shortening of a10 may explain how binding of Ca?* to EF4
(directly connected to a10) is allosterically transmitted to the N-terminal myristoyl group
and surrounding residues in GCAP1 (Y22, R23, M26, F73, and \V77) that are responsible
for activating guanylate cyclase.>* This is consistent with the Ca2*-myristoyl tug model12:45
in which the binding of Ca2* to the fourth EF-hand of GCAP1 (EF4) causes Ca2*-induced
conformational changes that “tug” on the downstream C-terminal helix that contacts the
N-terminal myristoyl group, which alter the exposure of residues that are believed to interact
with RetGC. Binding of Mg2* to GCAP1 does not initiate the tug mechanism, because
Mg?2* binds only to the second EF-hand and does not bind to EF4. The Ca2*-myristoyl

tug mechanism explains how GCAP1 activates guanylate cyclase and appears to operate in
GCAPS5, as well.

The structure of the GCAPS5 dimer (Figure 5) was determined by docking two molecules
of the NMR structure of GCAPS5 (Figure 3) according to intermolecular distance restraints
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determined by EPR-DEER (Figure 4 and Table 2). The GCAPS5 dimer structure looks
somewhat similar to the structure of the GCAP1 dimer (RMSD = 2.4 A).53 The dimer
interface in both GCAP1 and GCAP5 consists of the same exposed hydrophobic residues
(H18, Y21, M25, F72, V76, and W93) colored red in Figure 5A. Mutations at the GCAP5
dimerization site (H18E/Y21E, H18A/Y21A, R22D, and M25E) disrupt dimerization of
GCAPS (Figure 7) and decrease the level of cyclase activation by >4-fold (Figure 6).
Interestingly, the point mutation p.H19Y in human GCAP1 that is located in the dimer
interface was identified in patients diagnosed with retinitis pigmentosa. Investigation of

the molecular properties of the H19Y GCAP1 mutant protein revealed a disruption of

Ca?* binding, guanylate cyclase regulation, and dimer formation,®® which points to the
importance of a dynamic monomer—dimer equilibrium for the function of human GCAP1,
as well.%6 However, the exposed hydrophobic residues at the GCAP5 dimerization site have
also been suggested to mediate contacts with RetGC.54 It is possible that the exposed
dimerization site in GCAP5 might prefer to interact with RetGC rather than promote
GCAPS5 dimerization in the presence of a saturating level of RetGC. This scenario is
consistent with the R22A mutant, which causes a 5-fold increase in the level of cyclase
activation (Figure 6) even though GCAPS5 dimerization is weakened by R22A (Figure S3C).
Future studies are needed to determine whether the GCAPS dimer structure will remain
intact upon binding to RetGC and how it might stabilize the transition state of the cyclase
reaction.

An important structural difference between GCAP1 and GCAPS is that the GCAPS5 dimer is
stabilized by an intermolecular salt bridge between R22 and D71 (Figure 5C) that is not seen
in the GCAP1 dimer structure, perhaps because R22 in GCAPS5 is replaced with a lysine in
GCAP1 (Figure 1). Slight differences in the quaternary structures of dimeric GCAP1 and
GCAP5 may explain the 3 A increase in the intermolecular distance between K22 and D71
in GCAP133 compared to the much shorter salt bridge distance in GCAP5 (Figure 5C). We
suggest that this difference in quaternary structure for GCAP1 and GCAP5 might explain
why GCAP1 is 3-fold more potent at activating guanylate cyclase.?!

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

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

in the Fe2*-free GCAPS dimer (Figure 5 and Table 2) suggests that binding of Fe2* to the
GCAPS5 dimer may cause the two protein subunits within the dimer to rotate with respect to
one another as illustrated in Figure 8. This Fe2*-induced rotation of the two protein subunits
in the GCAPS dimer dramatically alters the exposure of residues (H18, Y21, M25, F73,
V76, and W93 highlighted by red ovals in Figure 8) that have been implicated in binding

to guanylate cyclase.5455 We propose that the Fe2*-dependent exposure of the cyclase
binding site residues may explain how binding of Fe2* to GCAPS5 prevents its activation of
guanylate cyclase. Future studies are needed to determine the atomic resolution structures of
FeZ*-bound GCAP5 and GCAPS bound to guanylate cyclase to further test our model.
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Figure 1.

Amino acid sequence alignment and secondary structure of GCAP1 and GCAPS5. EF-hand
motifs are shaded in color (green for EF1, red for EF2, cyan for EF3, and yellow for EF4).
Nonconserved cysteine residues (C15 and C17) in GCAP5 are highlighted in red. Single
cysteine residues (C15, C17, T26C, C28, N56C, C69, C105, N139C, E152C, and S158C)
modified by nitroxide for DEER studies are highlighted in blue. a-Helices and g-strands are
depicted by cylinders and arrows, respectively. Swiss Protein Database accession numbers
are Q90WX4 (bovine GCAP1) and Q5MACS (zebrafish GCAPS).
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Residual dipolar coupling (RDC) structural analysis of GCAPS5. 1H-15N IPAP-HSQC
spectra of Mg2*-bound GCAP5 in the (A) absence and (B) presence of 12 mg/mL Pfl
phage. Observed spectral splittings in the absence of Pf1 (Jyn) and presence of Pf1 (JyH

+ Dypy) are marked by vertical lines, and their difference was used to calculate RDCs as
described in Materials and Methods. (C) RDCs calculated from the structure of Mg2*-bound
GCAPS in Figure 3 plotted vs the RDCs measured in panel B show good agreement
(Q@-factor = 0.27, and R-factor = 0.98532),
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Figure 3.
NMR-derived structures of Mg?*-bound GCAP5 (PDB entry 7M2M). (A) Ensemble of the

10 lowest-energy NMR structures. Structural statistics are listed in Table 1. (B) Average
main chain structure of GCAP5 and (C) the same view rotated by 180° showing four
EF-hands (colored as in Figure 1) packed in a globular arrangement very similar to what is
seen for Ca2*-bound GCAP1.° (D) Overlay of the main chain structure of GCAP5 (cyan)
and the crystal structure of GCAP1 (red). The secondary structural elements are labeled as
defined in Figure 1. The Ca2* switch helix (a10) is colored purple. Cys15 and Cys17 side
chain atoms are colored yellow. Bound Mg?2* is colored orange. The N-terminal myristoy!
group is colored magenta. Side chain atoms of residues at the dimer interface (H18, Y21,
M25, F72, and VV76) and Mg2* binding site (D63, D65, and D67) are indicated as sticks. (D)
Overlay of main chain structures of Ca2*-bound GCAP1 (red) and Ca?*-free, Mg%*-bound
GCAPS5 (cyan).
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EPR-DEER intermolecular distances for the GCAP5 dimer. Representative EPR-DEER
data of (A) GCAP5CL(A28C), (C) GCAP5CL(N56C), and (E) GCAP5CL(A69C) and
corresponding distance distributions of (B) GCAP5CL(A28C), (D) GCAP5¢!(N56C), and
(F) GCAP5CL(ABIC). GCAP5 samples were in the Ca2*-free, Mg2*-bound state. Similar
DEER data were observed for GCAP5 in the Ca?*-bound state (not shown). A nitroxide
spin-label (MTSSL) was covalently attached to the sole Cys residue in each mutant. The
distance distributions and average intermolecular distances were calculated on the basis of
the DEER data as described in Materials and Methods. The DEER intermolecular distances
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were measured to be 16 + 1 A [GCAP5CL(A28C) in panel B], 52 + 3 A [GCAP5CL(N56C)
in panel D], and 41 + 3 A [GCAP5CL(A69C) in panel F].
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Figureb.
Structural model of the GCAP5 dimer. (A) Ribbon diagram of the main chain structure of

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

GCAP5 wild type (WT), Cys-less (5A), and variants (H18A/Y21A, H18E/Y21E, R22A,
R22D, M25E, N56C, N139C, and S159C) were incubated with HEK293 cell membrane
suspensions containing photoreceptor human guanylate cyclase (GC-E). The concentrations
of wild type GCAPS5 and variants were each 3 M, and the free Ca2* concentration was
adjusted to 30 M (dark gray bar) or 10 nM (light gray bar) using a Ca2*/EGTA buffer
system.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Cudia et al.

Page 23

>N (ppm)

;

Molar mass
24 2 kDa

01 02 03 04 05 06 07 03 09
sin%(0/2)
H

Maolar mass
29 4 kDa

:—106
L1os
10
12
[-d
© 14 )
G68
16 ¥
118
120
- 122
F124
L126
Y216
t128
I °
F130 e
. 9 4 i o
T T -2
*H (ppm) ™H (ppm)
) . 00
£ ‘ £ > *
c * c ?:-0
(=] o =
& & T
o~ o~ ‘t‘a
© ® 5
5 3 i
c c =
© i © oo
2 2 =
o o
B B o~ W
<£ S <1: S A il it
Elution Volume Elution Volume
00
F * G
g | £ *
| = [=11]
o o = e
0 Pl 0 o
o~ ? | o~ Q
+= = o0
43} 1+ 8
)
8| _ S o s
c| - | c £
| _' 4] b0
e v o e
) s o) =
8 oFhs oA 8
L] < \ 50
Elution Volume Elution Volume
Figure7.

01 02 03 04 05 06 07 08 03

sin%(6/2)

NMR and SEC-MALS of GCAP5 dimerization site mutants. (A) tH-1°N HSQC spectra of
15N-labeled GCAP5M2E (red) and GCAPSWT (black). (B) IH-1°N HSQC spectra of 1°N-
labeled GCAP5H18E/Y2IE (red) and GCAP5WT (black). (C) lon exchange chromatogram
to isolate the monomeric fraction (marked by an asterisk) of GCAP5HI8E/Y21E (D) Size
exclusion chromatogram of GCAP5H18E/Y21E (E) MALS Zimm plot analysis of the
monomeric fraction of GCAP5H18E/Y21E that determined a molar mass of 24 + 2 kDa.

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

FeZ*-free activator state (left) and FeZ*-bound inactive state (right). A single bound Fe2* is
chelated by sulfhydryl side chains of Cys15 and Cys17 from both protein subunits of the
GCAPS5 dimer. The intermolecular distance between the Cys15 sulfhydryl group is depicted
by a double arrow. GCAPS residues (H18, Y21, M25, F73, V76, and W93) implicated
previously in the binding to guanylate cyclase®*>° are represented by red ovals, and the
putative cyclase binding site is shown by a dotted circle.
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Table 1.

NMR Structural Statistics for GCAP5

NMR restraints
short-range NOES
long-range NOEs
hydrogen bonds
dihedral angles
1PN RDC
RDC @-factor

coordinate precision (,)3\)‘a
RMSD for backbone atoms
RMSD for all heavy atoms
deviation from idealized geometry
bonds (A)
angles (deg)
impropers (deg)
Ramachandran plot (%)
favored region
allowed region

outlier region

structure qualityb
Clash score
Ramachandran outliers

side chain outliers

value (restraint violation)

526 (0.0 £ 0.0)

145 (0.0 + 0.0)

144 (not used in water refinement)
172 (0.1+0.3)

24 (0.0 +0.0)

0.321

1.0+0.04
16+0.1

0.007 £ 0.001
0.823 +£0.015
0.925 £ 0.025

78.1
16.3
5.6

80
5.6%
6.1%

aCoordinate precision was calculated for residues 9-16, 20-41, 49-81, 89-120, 130-139, and 148-160.

bStructure quality metrics assessed by MoIProbity.36
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Molecular Docking Statistics for GCAP5

DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
DEER distance restraint
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
calculated distance
HADDOCK energy

RMSD (A)%

cluster size

C15Sy,24+6 A
C17Sy, 182 A
T26C Sy, 17+2A
C28Sy,16 1A
N56C Sy,52+3 A
C69Sy,41+3A
C105Sy,43+ 11 A
N139C Sy, 57 +4 A
E152C Sy, 454 A
S159C Sy, 40 £ 3 A
C15Sy, 32 A
C17Sy,28A
T26C Sy, 16 A
C28Sy,21 A
N56C Sy, 52 A
C69Sy,39 A
C105Sy,52 A
N139C Sy, 57 A
E152C Sy, 42 A
S159C Sy, 42 A
-181.3+58

09+0.6

11

a .
Root-mean-square deviation of backbone heavy atoms.
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