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Retinal degeneration 3 (RD3) protein, a retinal guanylyl
cyclase regulator, forms a monomeric and elongated

four-helix bundle
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Retinal degeneration 3 (RD3) protein promotes accumulation
of retinal membrane guanylyl cyclase (RetGC) in the photore-
ceptor outer segment and suppresses RetGC activation by gua-
nylyl cyclase—activating proteins (GCAPs). Mutations truncat-
ing RD3 cause severe congenital blindness by preventing the
inhibitory binding of RD3 to the cyclase. The high propensity of
RD3 to aggregate in solution has prevented structural analysis.
Here, we produced a highly soluble variant of human RD3 (res-
idues 18 -160) that is monomeric and can still bind and nega-
tively regulate RetGC. The NMR solution structure of RD3
revealed an elongated backbone structure (70 A long and 30 A
wide) consisting of a four-helix bundle with a long unstructured
loop between helices 1 and 2. The structure reveals that RD3
residues previously implicated in the RetGC binding map to a
localized and contiguous area on the structure, involving a loop
between helices 2 and 3 and adjacent parts of helices 3 and 4.
The NMR structure of RD3 was validated by mutagenesis.
Introducing Trp®® or Phe®® to replace Cys or Leu, respec-
tively, disrupts packing in the hydrophobic core and lowers
RD3’s apparent affinity for RetGC1. Introducing a positive
charge at the interface (Glu? to Lys) also lowered the affinity.
Conversely, introducing Val in place of Cys®? stabilized the
hydrophobic core and increased the RD3 affinity for the
cyclase. The NMR structure of RD3 presented here provides a
structural basis for elucidating RD3-RetGC interactions rel-
evant for normal vision or blindness.

Phototransduction in vertebrate rods and cones occurs as a
result of cGMP hydrolysis by light-activated phosphodiesterase
PDES6, thus causing closure of cGMP gated channels in outer
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segments and hyperpolarization of plasma membrane (1-3).
Recovery from excitation requires rapid resynthesis of cGMP
by membrane guanylyl cyclase (RetGC),* which occurs after
illumination and causes a sharp decline in free Ca®>* concentra-
tions in the outer segment (3, 4). There are two homologous
isozymes of the cyclase: RetGC1 (coded in different species by
GUCY2D or Gucy2e genes) and RetGC2 (GUCYZ2F) (5-7). Two
types of regulatory proteins control RetGC activity: guanylyl
cyclase—activating proteins (GCAPs), which are calcium sen-
sors mediating the negative calcium feedback on RetGC (4, 8),
and a non- calcium-binding protein, retinal degeneration 3
(RD3) (9). RD3 was first discovered as a 23-kDa protein whose
deficiency caused severe photoreceptor degeneration and
blindness in human patients of recessive Leber’s congenital
amaurosis (LCA) and in rd3 mouse strain (10). Lack of RD3
strongly reduces RetGC content in photoreceptors, likely
because of the RD3 involvement in a process of RetGC delivery
to the outer segment (11, 12). RD3 also acts as a potent negative
regulator of RetGC activity that binds to the cyclase with high
affinity and blocks its activation by GCAPs (13, 14). The ability
of RD3 to bind and suppress RetGC is likely required for pre-
venting aberrant activation of the cyclase by GCAPs and is crit-
ical for the survival of photoreceptors (14). The RetGC binding
domain in RD3 was previously hypothesized to occupy the
central region of the RD3 primary structure (14); however,
the three-dimensional structure of RD3 is currently un-
known and could not be reliably predicted because of a lack
of sequence homology with other known protein structures.
In this study, we report the NMR solution structure of a
human RD3 and functionally validate the RD3 structure by
site-directed mutagenesis.

Results
Asoluble and functional RD3 mutant

A major challenge with the study of RD3 has to do with its
low abundance in photoreceptors (11), making it unfeasible to
purify native RD3 from retinal tissue in quantities sufficient for
structural studies. Another obstacle is the high propensity of

“The abbreviations used are: RetGC, retinal membrane guanylyl cyclase;
GCAP, guanylyl cyclase-activating protein; LCA, Leber’s congenital amau-
rosis; MALS, multiangle light scattering; PCC, Pearson’s correlation coeffi-
cient; RD3, retinal degeneration 3 protein; SEC, size-exclusion chromatog-
raphy; RMSD, root-mean-square deviation; MWCO, molecular weight
cut-off; HSQC, heteronuclear single quantum coherence.
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Figure 1. A, primary structure of the hRD3. The residues that were deleted from the soluble RD3d form are shown in gray; residues 18-160 are
highlighted in bold; the asterisks mark residues replaced by negatively charged side chains; a7-a4 cylinders mark a-helical structures; and straight lines
mark the unstructured regions, either predicted (gray) or found in the NMR structure (black). Residues in the regions previously mapped as parts of the
cyclase-binding interface in RD3 (14) are highlighted in red. B, size-exclusion chromatography of the purified RD3d suggests dimerization or nonspheri-
cal shape of the protein. RD3 purified from E. coli as described under “Experimental procedures” was chromatographed on a Superdex 200 HR column.
The vertical arrows mark the peak elution volumes for molecular mass standards (Bio-Rad chromatography standards: thyroglobulin, IgG, ovalbumin,
myoglobin, and vitamin B,,). Note that the 18-kDa RD3d elutes in a volume corresponding to a 32-kDa globular protein. Inset, 15% SDS-PAGE of the
purified RD3d, Coomassie Blue R-250 stain. C, SEC-MALS analysis of RD3. The molar mass of RD3 in solution (circles) was calculated from a Zimm plot
analysis of the observed light scattering intensity using a refractive index increment, dn/dc = 0.185 liter g~ ' (16, 50). The protein concentration was 200
uM. D, CD spectra of RD3d (red trace) and full-length WT RD3 (black trace). Molar ellipticity is plotted along the y axis in units of mdeg cm? dmol~". A
quantitative spectral analysis indicates that RD3d secondary structure is comprised of 65% a-helix and 35% random coil compared with 55% a-helix and
45% random coil for WT RD3. The larger percentage of random coil for WT RD3 is consistent with the truncated regions (residues 1-17 and 161-195)
adopting an unstructured random coil.
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recombinant functional RD3 to aggregate and precipitate when
expressed in bacterial or eukaryotic cells (13—15). To overcome
this obstacle, we designed a variant of RD3, in which the non-
essential residues for RetGC regulation (14) were deleted, leav-
ing residues 18 —160 that encompass the RetGC-binding inter-
face. Three basic residues in RD3 (Lys'**, Arg'®®, and Arg'®®)
were replaced with Glu, and Arg®® and Ser'®® were replaced
with Asp, to lower the unusually high pI of RD3. These modifi-
cations prevented aggregation of the variant RD3 (named
RD3d), which remained soluble at concentrations exceeding
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300 uM and remained monomeric at such high concentra-
tions (Fig. 1, B and C). The apparent SEC elution time indi-
cated that RD3d is either a dimer or possibly a monomer,
having a nonspherical shape with a gyration radius larger
than a spherical globular protein of the same mass. To dis-
tinguish between these two possibilities, multiangle light
scattering (SEC-MALS) analysis (16, 17) was performed,
which can measure molar mass independent of shape. The
SEC-MALS analysis determined a molar mass of 17 kDa for
RD3d (Fig. 1C). Thus, RD3d is a monomer in solution, and
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the anomalous diffusion measured by SEC is caused by the
nonspherical shape of the protein (16).

RD3d and full-length RD3 have a similar fold

Far-UV CD experiments demonstrated that RD3d is prop-
erly folded, and the RD3d CD spectrum resembles that of the
full-length WT RD3 (Fig. 1D). The CD spectra of RD3d (Fig. 1D,
red trace) and WT RD3 (Fig. 1D, black trace) in both cases
revealed a protein secondary structure comprised of predomi-
nantly a-helix and zero B-sheet, suggesting that RD3d and WT
RD3 both have similar overall secondary structure.

RD3d shows the ability to bind and inhibit RetGC1 in vitro and
in cyto

We verified the ability of RD3d to inhibit RetGC-GCAP
complex activity using a standardized in vitro assay (14), in
which recombinant RetGC1 expressed in HEK293 cells was
reconstituted with recombinant myristoylated GCAP1 purified
from Escherichia coli (Fig. 2A). RD3d retained the ability to
completely suppress activation of the cyclase in vitro in a dose-
dependent manner, albeit with higher than WT EC,, (36 = 10
nMm versus 3 = 0.6 nm, n = 3, p = 0.005, Student’s ¢ test). How-
ever, we also found it important that RD3d, like WT RD3, still
suppressed the cyclase activity within the submicromolar
range, in stark contrast to a full-length RD3 mutant in which
the sequence of the five central amino acid residues at positions
93-98, a part of the “hot spot” for the cyclase regulation, was
scrambled (14) (EC,, 2386 = 690 nm, n = 3, p = 0.004).

We further tested whether RD3d could form a complex with
RetGC1 in living cells (Fig. 2, B and C). The RetGC loses its
ability to maintain active complex with regulatory proteins
when extracted from the membrane (18). However, its binding
with GCAPs and RD3 can be directly observed in HEK293 cells
when fluorescently tagged RetGC1 anchors these cytosolic pro-
teins to the endoplasmic reticulum membranes (15, 19, 20) and
prevents their diffusion over the cytoplasm and the nucleus
(Fig. 2B), a characteristic “tennis racquet” pattern (15, 19, 20).
RD3d-GFP, in a manner similar to that of the WT RD3 (Fig. 2B),
co-localized with WT mOrange RetGC1 but did not bind the
R708W RetGC1, a mutation linked to congenital blindness that
inactivates the cyclase (20). The respective Pearson’s correla-
tion coefficients (PCC) for the two fluorescent tags distribution
over the entire cell was 0.83 * 0.07 (mean * S.D.), 24 cells, and
0.069 = 0.11, 18 cells (p < 0.0001, unpaired ¢ test assuming
unequal variance); note that PCC = 0.5 indicates the lack of
co-localization, whereas PCC = 1.0 is the theoretical limit value
for complete co-localization (21).

To summarize, despite the lower affinity for the cyclase, the
essential regulatory properties of RD3—to bind and inhibit
RetGC at submicromolar range—were preserved in RD3d.
Therefore, we reasoned that the main RD3 biological function
was retained in the RD3d structure.

NMR structure of RD3d

NMR spectral assignments for RD3d were reported previ-
ously (Biological Magnetic Resonance Data Bank accession
number 27305) (22). These previous assignments were used in
the current study to obtain NMR-derived structural restraints
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from NOESY and residual dipolar coupling (RDC) data. NMR
structures were then calculated on the basis of distance
restraints derived from analysis of NOESY (23) and long-range
orientational restraints derived from RDC data (24) as de-
scribed under “Experimental procedures.” The final NMR-de-
rived structures of RD3d were resolved for 141 amino acids,
starting at Arg'® and ending at Asp'®’. The last 20 residues at
the C terminus (Arg"*°~Asp'®°) are unstructured and dynam-
ically disordered. The 10 lowest-energy NMR structures are
overlaid in Fig. 3A, and the structural statistics are summarized
in Table 1. The overall precision of the NMR ensemble is
expressed by a root-mean-square deviation (RMSD) of 0.55 A
calculated from the coordinates of the main-chain atoms. The
quality of the NMR structures were assessed using PROCHECK-
NMR (25), which shows that 96.8% of the residues occur in the
allowed or favorable regions from the Ramachandran plot.
RD3d forms an elongated overall structure (70 A long by 30 A
wide) with a four-helix bundle (helix a1, Pro**~Val®; helix o2,
Pro75—Ly587; helix a3, Pro’°~GIn'%’; and helix o4, Val'''—
Thr'*°) shown in Fig. 3A. Helices a1 and 2 are connected by a
long unstructured loop (residues Arg>>—Ser”*). Helices a1 and
a4 are each quite long (27 A) and interact with one another in
an anti-parallel fashion that gives rise to a very long end-to-end
distance in the structure. The elongated shape of the RD3d
NMR structure can explain the unusually large radius of gyra-
tion observed for RD3 by SEC (Fig. 1C).

A four-helix bundle in RD3d is stabilized by a core of hydro-
phobic residues (Fig. 3B). Residues on the inner surface of heli-
ces al (residues Leu® and Leu®?), a3 (Phe'©0), and o4 (Val''?,
Phe''®, and Leu'??) each point inward toward the hydrophobic
core (see yellow dotted lines in Fig. 2B). The Leu®' side chain
from helix a2 also makes contacts in the hydrophobic core (Fig.
2B). The Phe'*® side chain is located in the center of the core
and connects the four helices together. Multiple NOE contacts
to the Phe''® side chain (yellow dotted lines) reveal hydrophobic
contacts that may stabilize the four-helix bundle. The N-termi-
nal end of helix o2 (residues Pro”>~GIn®°) projects away from
the hydrophobic core and is mostly solvent-exposed.

The solvent-exposed ends of helices al (residues Glu*—
Val®!) and o4 (residues Glu***~Thr**?) are stabilized by a series
of salt-bridge interactions (Fig. 3C). These salt bridges in al
(see residues Glu*’, Lys*?, and Glu*® in Fig. 3C) and in a4
(Glu'**, Arg'?®, Glu'??, and His"'*® in Fig. 3C) help to rigidify the
solvent-exposed ends of these helices, which creates the long
end-to-end distance in the elongated structure. A space-filling
representation of the RD3 structure reveals a highly negatively
charged surface on one side (Fig. 3D), where a number of neg-
atively charged glutamate residues (Glu'®®, Glu'®®, Glu''°,
Glu''3, Glu'?, Glu'®*?, and Glu'®*) are all clustered in an
extended localized patch on the protein surface. Whether or
not any of them serve to make extensive electrostatic contacts
with RetGC remains to be determined in future studies.

Hot-spot residues on the surface of RD3d

Previous mutational analysis on RD3 has identified several
mutations that weaken RD3 binding to RetGC (14). These
RetGC-sensitive residues in RD3 are located in discontinuous
stretches throughout the amino acid sequence (red letters in
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Figure 3. NMR-derived structures of RD3d. A, ensemble of 10 lowest
energy NMR structures of RD3d (Protein Data Bank code 6DRF). Main-chain
structures are depicted by a ribbon diagram. Structural statistics are given in
Table 1. B, energy-minimized average structure of RD3d, showing the side-
chain atoms of residues in the hydrophobic core. Yellow dashed lines show
representative long-range NOE distances measured between residues in the
hydrophobic core. C,RD3d salt-bridge interactions in helices a1 and &4 rigid-
ify the elongated RD3 structure. Positively and negatively charged side-chain
atoms are depicted by sticks and are colored blue and red, respectively. D,
surface representation of RD3d showing the electrostatic potential of sol-
vent-accessible surface residues with nearly the same view as in C. Negatively
charged surface is highlighted red, and positively charged surface is blue.
Exposed glutamate residues are indicated that form an extended negatively
charged patch.

Fig. 1A) but are localized spatially in close proximity to one
another near the center of the NMR structure (highlighted red
in Fig. 4). RD3 residues at each end of the elongated NMR struc-
ture (highlighted blue in Fig. 4) are not essential for the RetGC
inhibitory binding (14). Many of the residues affecting RetGC
regulation are solvent-exposed (see His*®, Cys”?, Pro®®, 1le”’,
Arg”, Arg'®1, GIn'%, and Ser'®® in Fig. 4), consistent with
these residues being able to make direct contact with RetGC. By
contrast, a few of the RetGC-sensitive residues are buried in the
hydrophobic core (1le®®, Ala®, Phe'°°,and Leu'?), suggesting
that these residues are inaccessible and must not make any
regulatory contact with RetGC. Future studies are needed to

Table 1
NMR structural statistics for RD3

NMR restraints Value (restraint violation)

Short-range NOEs
Long-range NOEs

727 (0.0 = 0.0)
216 (0.0 = 0.0)

Hydrogen bonds 144 (not used in water refinement)
Dihedral angles 172 (0.1 = 0.3)
1D, RDC 72 (0.0 = 0.0)
RDC Q-factor 0.289
Coordinate precision (A)*

RMSD backbone atoms 0.548

RMSD all heavy atoms 1177
Deviation from idealized geometry

Bonds (&) 0.006 * 0.000

Angles (°) 0.633 * 0.012

Impropers (°) 0.827 = 0.029
Ramachandran plot (%)

Favored region 85.1

Allowed region 11.7

Outlier region 3.2
Structure quality”

Clash score 6

Ramachandran outliers 0.5%

Side-chain outliers 4.8%

“ Coordinate precision was calculated for residues 4-34 and 58 —122.
® Structure quality metrics assessed by MolProbity (49).

pinpoint and map all the particular residues on the surface of
RD3 that are clustered to form a binding site for RetGC.

Validation of the RD3 NMR structure by site-directed
mutagenesis

To further test in a functional assay the NMR structure
derived from the RD3d, we introduced mutations in unmodi-
fied full-length RD3, aiming at altering the interactions within
the a-helical bundle portion containing the interface for bind-
ing to RetGC. It has been previously shown that the sequences
of a majority of short regions in RD3 primary structure (marked
in blue in Fig. 4) could be scrambled without loss of RD3 ability
to bind and inhibit RetGC1 (14). To affect the interactions
between the parts of the a-helical bundle, rather than the sur-
face-exposed side chains involved in interaction with RetGC,
we selected two hydrophilic residues, Cys®® and Cys®?, which
according to the NMR structure are embedded in a hydropho-
bic core formed by interacting residues from helices a3 and a4
and only minimally exposed to solvent (Figs. 4 and 54). We
surmised that the replacement of Cys®* with Trp would make
less favorable the formation of a tight structure involving heli-
ces o2 and o3 and the residues in the loop 2/3, thus affecting the
interface with the cyclase. We reasoned that Trp®®, although
preserving the hydrophobic interactions in that location, would
be nonetheless overly large to fit into the size of the pocket
containing the surrounding residues and thus tend to push
them further apart from each other, likely reducing the RD3

Figure 2. RD3d retains the ability to regulate RetGC1. A, the RD3d expressed in E. coli inhibits RetGC1-GCAP1 complex in submicromolar range in vitro. The
activity of a recombinant RetGC1 reconstituted with 1.5 um purified GCAP1 was assayed at different concentrations of WT RD3 (@), RD3d (O), and full-size RD3
with the scrambled residues 93-98 (14) (M) and normalized per maximal activity of the cyclase assayed in the absence of RD3; data (mean = S.D., n = 3) are
fitted using a Synergy Kaleidagraph software assuming a sigmoidal function, A% = 100/(1 + ([RDS]/ECSO)"’), where h is a Hill coefficient. For WT, RD3d, and
RD34;_os the ECs, values were 3, 36, and 2386 nm, and the Hill coefficients were 0.78 * 0.09, 0.71 = 0.07, and 0.69 =+ 0.2, respectively. B and C, RD3d-GFP
co-localiziation with mOrange RetGC1 in HEK293 cells. B, confocal images of RD3d-GFP (top) and WT RD3-GFP (middle) co-expressed with mOrange RetGC1 in
HEK293 cells, and fluorescence distribution profiles for both tags (bottom) across the cells marked with asterisks. Note that both RD3 and RetGC1 in each case
co-localize predominantly in the endoplasmic reticulum (ER) membranes and are void from the nucleus (marked nin Band C). C, neither RD3d nor WT RD3 bind
W708R RetGC1 mutant. Confocal images (top) of WT RD3-GFP (left) and RD3d-GFP (right) co-expressed with W708R mOrange RetGC1 and the respective
fluorescence profiles (bottom). Note that both forms of RD3-GFP are uniformly distributed throughout the cytoplasm and the nucleus of the cells and does not

co-localize with the mutant cyclase.

2322 J Biol. Chem. (2019) 294(7) 23182328
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Figure 4. The RetGC interface localizes to the central part of the RD3
surface with a similar view as in Fig. 3C rotated 90° counterclockwise.
Fragments of RD3 primary structure implicated in the inhibitory binding of
RD3 to RetGC1 (red) and those that sustain mutagenesis without loss of the
inhibitory binding to the cyclase (blue) (14) are superimposed on the RD3
NMR model.
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Figure 5. A, residues Cys®® (left), Leu®® (middle), and Cys* (right) were
replaced in a full-length RD3 with the respective Trp, Phe, or Val to modify the
interactions between residues proximal to the RetGC-binding domain in the
NMR structure of the RD3d (marked in red). The C85W and L29F, inserting
overly large residues, are expected to be unfavorable for the packing of the
cyclase-binding domain, whereas the C93V is expected to stabilize the inter-
actions within the domain. B, the activity of a recombinant RetGC1 reconsti-
tuted with 1.5 um purified GCAP1 was assayed at different concentrations of
the WT (@), C85W (M), L29F (O), and C93V (A) full-length RD3 and normalized
per maximal activity of the cyclase assayed in the absence of RD3; data were
normalized and fitted as described in Fig. 2A. The EC;, values for the WT,
C85W, L29F, and C93V RD3 from the fit were 3.4, 184, 17.3,and 1.3 nm, with a
negative (0.5 < h = 0.7) cooperativity in all cases. Inset, 15% SDS-PAGE of the
RD3 variants used in the experiment. Lanes left to right show molecular mass
standards, WT RD3, C85W, C93V, and L29F; Coomassie Blue stain.
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affinity for the target enzyme. Indeed, the dose dependence of
the RetGC1-GCAP1 complex inhibition by the C85W RD3
(Fig. 5B) was right-shifted, with its EC;, value increased to
184 * 21 nM (mean * S.D.), drastically higher than the 3 = 0.6
nM of the WT RD3 (n = 3, p = 0.005). Replacement of Leu®’
with Phe was also predicted to affect the cyclase-binding inter-
face, because the distance between the residues in that pocket
were also unfavorable for accommodating the larger hydropho-
bic residue, albeit with a less drastic disturbance of the interac-
tions between the interface-containing helices as in case of
C85W substitution. We found that this substitution did reduce
the EC,, of the cyclase inhibition by RD3, just less drastically
than C85W (17 = 3 nm, n = 3, p = 0.013).

Conversely, we reasoned that replacement of a less hydro-
phobic Cys®® with a similarly sized but more hydrophobic res-
idue, Val®®, would stabilize the interactions in the RetGC bind-
ing interface portion of helices @3 and a4 and likely improve the
affinity of RD3 for the cyclase. Fig. 5B shows that the dose depen-
dence of the RetGC1-GCAP1 complex inhibition by the C93V
RD3 became shifted toward lower concentrations (EC,, =
1.3 £ 0.1 nm, n = 3, p = 0.024), demonstrating the expected
increase of the RD3 affinity for the cyclase.

We further surmised that substitution of Glu®> with Lys,
which places a positive charge in close proximity to the posi-
tively charged Arg'®! located in the hot-spot region near helix
a3 (Fig. 6A), may repel the cyclase and weaken the RD3 affinity
for RetGCL1. In contrast, we did not anticipate a reduction of the
RD3 affinity for the cyclase if such a positively charged residue
replaced Glu'®®, which is located outside of the hot spot. As
expected, these two substitutions (E32K and E108K) have quite
different effects on RetGC1 binding (Fig. 6B): although the
E108K RD3 retained high affinity for the cyclase (EC;, = 1.5 =
0.3 nM, n = 3), the E32K mutant exhibited a more than 300-fold
lower affinity compared with the WT (EC,, = 624 * 216 nw,
n=3,p=00075).

Discussion

RD3 is essential for vertebrate photoreceptor function and
the survival of rods and cones in the retina. Premature trunca-
tion of RD3 that occurs in LCA12 patients and, in a similar
manner, in rd3 mice (10) eliminates RD3 and reduces the con-
tent of RetGC in the outer segment (11, 12). The latter becomes
restored upon transgenic expression of RD3 in homozygous rd3
mice (26). There are strong indications that RD3 is directly
involved in facilitating the intracellular transport of RetGC
from the inner to the outer segment (12). However, the lack of
effective transport of RetGC to the outer segment in RD3-defi-
cient photoreceptors cannot solely account for the severe and
rapid death of the rd3 rods and cones, because these photore-
ceptors still possess low but detectable levels of RetGC activity
and can produce a diminished yet clearly detectable photore-
sponse (10, 14). Despite the partial preservation of cyclase activ-
ity in homozygous rd3 mice, the RD3-deficient photoreceptors
degenerate much faster than RetGC1/RetGC2 double-knock-
out mice, which completely lack RetGC activity and the ability
to respond to light, altogether (13, 14, 27, 28). The degeneration
pattern of rd3 retinas favors a hypothesis (13, 14) that RD3 is
also required for silencing RetGC by blocking a premature

J. Biol. Chem. (2019) 294(7) 2318-2328 2323



NMR structure of retinal degeneration 3 protein

\Glu32
N

N
o
o

[o]
o

[22]
o

N
©

N
o

RetGC1 activity, % of maximal

10 100 1000
[RD3], nM

OLuL al ol
0.001 0.01 0.1 1

Figure 6. Differential effects of replacing charges in two surface exposed
residues in a full-length RD3. A, Glu*? in helix a1 (left), proximal to Arg'®’
located in the putative RetGC-binding interface part (14) of a3, or Glu'®® in
helix a4, facing away from the putative cyclase-binding interface (right), was
replaced by positively charged Lys. B, the activity of a recombinant RetGC1
reconstituted with 1.5 um purified GCAP1 was assayed at different concentra-
tions of the full-length WT (O), E108K (#), or E32K (0) RD3 as described in Fig.
2A. The respective EC,, values for the WT, E108K, and E32K were 2.8, 1.5, and
594 nm with a negative (0.6 < h < 0.8) cooperativity in all cases.

GCAP-dependent activation in the inner segment prior to its
reaching the outer segment. Although this hypothesis and the
proposed RD3-related regulatory in vivo mechanisms (9) are
yet to be delineated, the high-affinity binding of RD3 to RetGC
(11, 13) must be an essential part of RD3-related mechanisms.
The essential ability of RD3 to bind and inhibit RetGC at sub-
micromolar concentrations remains preserved in the RD3d
variant (Fig. 2). Deletion of the unstructured terminal regions of
RD3 reduces the RD3 affinity for the cyclase 12-fold (EC,, 36
nMm versus 3 nM; Fig. 2A) but does not shift it outside the physi-
ological range required for co-localization with the cyclase in
vivo (Fig. 2B). Although the overall reduction of the affinity of
RD3 for the cyclase indicates that the structure of RD3d has
some limitations and that the truncated regions may contribute
to the cyclase interaction, the four-helix bundle structure pre-
served in RD3d plays a fundamental role in recognition and
inhibition of the target enzyme. Indeed, scrambling the amino
acid sequence in the central part of RD3 drastically reduces the
binding affinity more so than trimming the N- and C-terminal
regions of the protein (Fig. 2) (14).

Based on a pilot mutational analysis (14), the RetGC binding
interface in RD3 involves several short regions, Lys®*’ ~Pro®°,
Cys”*-Ile”, Arg”-GIn'?? and Arg'"”~Leu'**. In the RD3 pri-
mary structure, these sites are spread over the central part of
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the molecule in a discontinuous fashion (red letters in Fig. 14).
The RD3 NMR structure, however, places all the implicated
residues of the RetGC interface into close spatial proximity
(highlighted red in Fig. 4). Because extraction of the cyclase
from the membrane drastically disables its regulatory proper-
ties (18), we used a functional assay of the cyclase in HEK293
membranes (13, 14) rather than studying a detergent-solubi-
lized form. All tested mutants were able to bind to the regulated
form of the membrane-embedded cyclase but displayed dif-
ferent apparent affinities. Our mutational analysis of two
cysteine residues (Cys®® and Cys”®) elucidates why this
region has such a sensitive effect on cyclase binding. The
C85W RD3 mutant reduces the affinity of RD3/RetGC bind-
ing (Fig. 5B), because the bulky Trp substitution disrupts the
hydrophobic core by prying apart helices a3 and a4 (Fig. 5A).
Conversely, the C93V RD3 mutant increases the binding
affinity to RetGC, because the bulky Val substitution at this
position helps to fill a void in the interior of the four-helix
bundle (Fig. 5A). In contrast to the Cys — Val substitution,
various hydrophilic residues at position 93 drastically
reduced RD3 affinity for the cyclase (14). The reduced affin-
ity caused by the hydrophilic substitutions at residue 93 is
not due to its contact with RetGC1 but rather due to its
position between the four helices in the hydrophobic core. In
essence, residue 93 serves as a linchpin inside the hydropho-
bic core that can sensitively tune the folding stability of RD3
and hence control its binding affinity for the cyclase.

One of the surprising observations from the NMR structure
isalack of a coiled-coil interaction involving helix a1, predicted
by computational analyses of RD3 primary structure (9, 14).
Such a coiled-coil interaction would be expected to connect
two separate RD3 subunits and would predict a dimer struc-
ture. RD3d, which retains the intact helix @1 and an adjacent
short N-terminal fragment, indeed exhibits a SEC elution time
consistent with a dimer (Fig. 1C). However, a more rigorous
measurement of molar mass by SEC-MALS unequivocally
demonstrates that RD3d is a monomer (Fig. 1D). The anoma-
lous diffusion of RD3 evidently results from its highly elongated
shape (70 A long and 30 A wide) that increases the effective
gyration radius of the molecule, mimicking that of a spherical
dimer. The helix @1 does not contribute strongly to the RD3
docking with the cyclase (14), but we presently cannot exclude
that it participates in a coiled-coil interaction with other cellu-
lar protein(s), such as those involved in a cellular transport, in
enzymes other than RetGC (29, 30), or even in secondary inter-
actions with the RetGC cyclase itself. Additional studies will be
required to resolve this issue.

RD3 has little homology to other proteins, and our study
presents the first three-dimensional structure for this new
type of regulatory protein and its orthologs in other species.
Although a four-helix bundle domain is frequently found in
other proteins, the highly elongated shape of the four-helix
bundle of RD3 has not been observed in any of the other
known protein structures from the SCOP or DALI three-
dimensional databases, suggesting that the elongated struc-
ture of RD3 may represent a new fold. The NMR structure
also provides support for more detailed analysis of the
cyclase-binding interface in RD3 and further studies of the
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RD3/RetGC1 complex structure. Knowledge of the RD3
three-dimensional structure will also guide future functional
studies of the mechanisms through which RD3 is involved in
cellular transport of RetGC to the outer segment and/or reg-
ulation of cyclase expression levels. Lastly, mutations in RD3
that lead to a rare and severe form of congenital blindness,
LCA12, or other vision disorders began to emerge over the
past decade (10, 31). Presently, the first RD3 mutations caus-
ing LCA12 have been identified as a truncation of RD3 (10,
31) upstream from or in the middle of the hot spot (14),
which completely inactivates the ability of the deficient RD3
to bind the cyclase (13). However, we expect that missense
point mutations will likely be found in the future as the num-
ber of genotyped cases of LCA12 increases with time, in a
manner similar to the LCA1 CUCY2D blindness, where
mutations were found first as truncations of RetGC1 but
later led to dozens of missense point mutations linked to the
disease (32, 33). We expect that the present study will pro-
vide a structural basis for delineating molecular mechanisms
of blindness resulting from deficiency or abnormal function
of RD3 in photoreceptors.

The structure of RetGC remains a major challenge for
understanding its interaction with regulatory proteins (GCAPs
and RD3), because only a part of its catalytic domain harboring
the active site has been reliably modeled (34) and validated by
biochemical analyses (35, 36). The structures of the remaining
domains in RetGC (extracellular, kinase homology, and
dimerization domains) are not known. We expect that the
three-dimensional structure of RD3 may help establish the
structure of the regulatory complex with RetGC. RD3 and
GCAPs competitively bind to RetGC (13, 14). Hence, the
RetGC-binding sites for RD3 and GCAPs could be at least par-
tially overlapped. RetGC1 binding to both GCAP1 and GCAP2
involves the kinase homology and dimerization domains (15,
20). Consistent with a partial overlapping of the GCAP1- and
RD3-binding sites, RetGC binding to RD3 (and the GCAPs
(20)) are both disabled by W708R mutation in the kinase ho-
mology domain of RetGC1 (Fig. 2) (20). However, RD3 binding
to RetGC1 is disrupted by removal of a C-terminal fragment of
the cyclase (11), which is not essential for binding of GCAPs
(20). Furthermore, some mutations in the RetGC1 dimeriza-
tion domain that completely block its binding with GCAPs have
little effect on RD3 binding (15). Therefore, the mutually exclu-
sive regulation of the cyclase by GCAPs and RD3 is likely to
occur via different allosteric mechanisms rather than by a direct
competition for the same binding site.

Future structural studies on the RetGC—RD3 complex will
first need to determine the stoichiometry of RD3 binding. Con-
trary to the GCAPs, the RD3-dependent inhibition of RetGC
appears to have negative cooperativity (Figs. 24, 5B, and 6B)
(13, 14). Although the apparent negative cooperativity could
possibly be explained by RD3 aggregation at higher protein
concentrations, the same cannot be said for RD3d, because it
remains monomeric even at high protein concentrations. It is
therefore possible that at least two RD3 molecules bind to the
cyclase in a negatively cooperative manner.
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Experimental procedures
GCAP1 expression and purification

Myristoylated bovine GCAP1 (D6S) was expressed from
pET11d vector (Novagen/Calbiochem) in a BLR(DE3) E. coli
strain (Novagen/Calbiochem) harboring a pBB131 plasmid
coding for a yeast N-myristoyl transferase and purified using
previously published procedure (37) modified as follows. Cells
typically grown in 2.0 liters of a standard LB medium (Thermo
Fisher Scientific) containing 50 pg/ml kanamycin and 100
pg/ml ampicillin to reach Ay, 0.6—0.7. Free myristic acid
(Sigma—Aldrich) was added from a concentrated ethanol solu-
tion to the suspension of bacterial cells to a final concentration
of 100 ug/ml, 30 min prior to the induction with 0.5 mM iso-
propyl-B-p-thiogalactopyranoside (Research Products Inter-
national). Three hours after the induction, the bacterial pellet
was harvested by centrifugation at 8,000 X g for 20 min at 4 °C
and frozen in —70 °C. The thawed pellet was resuspended in
100 ml of 10 mm Tris-HCI (pH 7.5) containing 2 mm EGTA and
14 mMm 2-mercaptoethanol, and the cells were disrupted by
ultrasonication. The expressed GCAP1 in the insoluble fraction
of the inclusion bodies was collected by centrifugation at
20,000 X g for 20 min at 4 °C; extracted from the pellet by
homogenization in 30 mm Tris-HCl (pH 7.5) containing 2 mm
EGTA, 14 mm 2-mercaptoethanol, 2 mm MgCl,, and 8 M Sigma
Ultra urea for 30 min at 4 °C; first dialyzed at 4 °C for 3—4 h
against 2.0 liters of 10 mm Tris-HCl buffer (pH 7.5) containing
0.5 mMm EGTA, 2 mm MgCl,, and 14 mm 2-mercaptoethanol;
and then dialyzed overnight against 2.0 liters of 10 mm Tris-
HCI buffer (pH 7.5) containing 0.1 mm EGTA, 2 mm MgCl,,
and 14 mM 2-mercaptoethanol. The insoluble material was
removed by centrifugation at 20,000 X g for 20 min, 4 °C.
The concentration of Tris-HCI buffer (pH 7.5) in the super-
natant was adjusted to 50 mm, and CaCl, was added to a final
concentration of 10 mm and kept for 20 min at room tem-
perature. The precipitate was removed by centrifugation at
20,000 X g for 20 min at 4 °C. Supernatant was collected and,
after adding NaClto 1 mand DTT to 5 mm, appliedona 1.6 X
5.0-cm butyl-Sepharose Fast Flow column (GE Healthcare)
pre-equilibrated with 20 mm Tris-HCI (pH 7.5) containing
1.0 M NaCl. The column was washed with ~10 volumes of
the same buffer, and GCAP1 was eluted with 5 mm Tris-HCI
(pH 7.5) and concentrated to 5 ml using Amicon Ultra-15
(10,000 MWCO) centrifugal filter (Thermo Fisher Scien-
tific). Concentrated solution was centrifuged at 200,000 X g
for 10 min at 4 °C in a Beckman Optima TLX centrifuge and
chromatographed on a GE Healthcare Sephacryl S-100 col-
umn (2.6 X 60 cm) pre-equilibrated with 20 mm Tris-HCl
(pH 7.5), 100 mm NaCl. The main peak containing GCAP1
was collected, and EDTA was added to 2 mM to remove Ca®*
bound to GCAP1. The excess of EDTA was then removed by
four cycles of 20-fold concentration/dilution in 10 mm Tris-
HCl (pH 7.5) containing 30 um EDTA using Amicon
Ultra-15 (10,000 MWCO) to 300-350 um. Concentrated
protein was frozen in small aliquots and stored at —70 °C.
The purity of GCAP1 preparations estimated by SDS gel
electrophoresis was =95%.
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RetGCT1 expression and activity assay

A human recombinant RetGC1 was expressed from a modi-
fied Invitrogen/Thermo Fisher pRCCMV vector in HEK293
cells transfected using calcium-phosphate precipitation method,
and the membrane fraction containing the expressed cyclase
was purified as previously described (38). The guanylyl cyclase
activity was assayed as previously described in detail (14, 38).
Briefly, the assay mixture (25 pl) containing HEK293 mem-
branes, 1.5 um GCAP1, 30 mm MOPS-KOH (pH 7.2), 60 mMm
KCl, 4 mm NaCl, 1 mm DTT, 2 mm Ca®>"/Mg>" /EGTA buffers,
0.9 mM free MgH, 0.3 mM ATP, 4 mMm cGMP, 1 mm GTP, and 1
uCi of [@-**P]GTP, 100 um zaprinast and dipyridamole, 10 mm
creatine phosphate, 0.5 unit of creatine phosphokinase (Sigma—
Aldrich) was incubated at 30 °C for 30 min, and the reaction was
stopped by heat inactivation at 95 °C for 2 min. The resultant
[**P]cGMP product was separated by TLC using fluorescently
backed polyethyleneimine cellulose plates (Merck) developed
in 0.2 M LiCl and eluted with 2 m LiCl, and the radioactivity was
counted using liquid scintillation. Ca®>* /EGTA buffer (<10 nm
free Ca>* concentrations at 0.9 mm free Mg>*) was prepared
using the Tsien and Pozzan method (39). The results were aver-
aged in each case as means = S.D. from the indicated number of
independent measurements.

RetGC-RD3 co-expression and imaging

To test mOrange RetGC1 and RD3-GFP co-localization in
vivo, the two proteins were co-expressed in HEK293 cells as
previously described (20). In brief, ~90% confluent HEK293
cell cultures in LabTeck 4-well cover glass chamber were trans-
fected with a mixture of 1 ug of mOrange RetGC1 DNA/0.02
g of RD3-GFP/well using 3 ul/ug DNA of a Promega FUGENE
reagent. Confocal images of the cells were taken after 24 h of
incubation at 37 °C in 5% CO, utilizing an Olympus FV1000
Spectral instrument, at 543- and 488-nm excitation in sequen-
tial mode for the red and the green fluorochromes, respectively.
No changes to the original images were made except for minor
v correction applied to whole image for clear presentation in
print. Quantitative analysis was performed by Olympus Flu-
oView FV10-ASW software using original images, without vy
corrections. PCC values were calculated for whole-cell images
of RD3-GFP and mOrange RetGC1 localization, and the statis-
tically significant difference between the PCC values was tested
using Student’s ¢ test in a Synergy Kaleidagraph 4.

RD3 mutagenesis, expression, and purification

The mutations were introduced into human RD3 cDNA by
PCR following a conventional “splicing-by-overlap extension”
procedure (40) utilizing a high-fidelity Thermo Scientific Phu-
sionFlash polymerase, and the mutated cDNA was inserted into
the Ncol/BamHI sites of a pET11d vector as described previ-
ously (13, 14) and verified by automated Sanger sequencing.
The recombinant human RD3 was expressed from a pET11d
vector in a BL21(DE3) Codon Plus E. coli strain (Stratagene),
extracted from the inclusion bodies, and purified as previously
described in detail (14). The soluble RD3d mutant was purified
using the same method, except that NaCl precipitation step was
omitted and replaced by size-exclusion FPLC chromatography
on a GE Health Sciences Superdex 200 HR10 X 30 column in 20
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mM Tris-HCI buffer containing 100 mm NaCl at 0.5 ml/min
elution rate. The purified RD3d was concentrated using Ami-
con Ultra-15 (10,000 MWCO) centrifugal concentrators. For
expression of RD3-GFP in HEK293 cells, the RD3 ¢cDNA with
the Kozak motif was inserted in the BamHI/EcoRI sites of a
Clontech pQBIfN3 vector in-frame with eGFP ¢cDNA and used
for co-transfection with mOrange RetGC1 as described above.

NMR spectroscopy

All NMR measurements were performed at 298 K using a
Bruker Avance II1 600 MHz spectrometer equipped with a four-
channel interface and triple-resonance cryoprobe (TCI). NMR
sample preparation of RD3d was described previously (22).
Two-dimensional NMR experiments (HSQC and HSQC-IPAP
(inphase/antiphase)) were recorded on a sample of **N-labeled
RD3d (0.5 mm) dissolved in 20 mm 2-amino-2-hydroxymethyl-
propane-1,3-diol-d,, (Tris-d,, at pH 7.5) with 5 mm DTT-d,,
(DTT-d,,) and 95% H,O, 5% D,O. Three-dimensional NMR
experiments for assigning backbone and side-chain resonances
were recorded on a double-labeled sample (*°N,'*C-labeled
RD3d) as described previously (22). NMR data were pro-
cessed using NMRPipe (41) and analyzed with SPARKY
(T. D. Goddard and D. G. Kneller, University of California at
San Francisco).

To measure RDCs (24) of RD3d, the filamentous bacterio-
phage Pf1 (Asla Biotech Ltd.) was used as an orienting medium.
Pf1 (17 mg/ml) was added to '°N-labeled RD3d (0.5 mm) to
produce weak alignment. '"H-'"N residual dipolar coupling
constants (Dy;;) were measured using a two-dimensional IPAP
(inphase/antiphase) 'H-'*N HSQC experiment as described by
Ottiger et al. (42). Briefly, the backbone N-H RDCs were calcu-
lated by measuring the difference in '°N splitting for each
amide resonance both in the presence and in the absence of the
orienting medium. The RDC Q-factor and analysis of RDC data
were calculated by PALES (43). The Q-factor is calculated as
Q =RMS(D,,cas — Deatc)/IRMS(D,.ns), Wwhere D, .. is the mea-
sured RDC, D_,,. is the calculated RDC, and RMS is the root
mean square difference. A Q-factor of 30% corresponds to 2A
resolution.

NMR structure calculation

NMR-derived structures of RD3d were calculated using
restrained molecular dynamics simulations within Xplor-NIH
(44). Residual dipolar couplings, NOE distances, dihedral
angles from TALOS+ (45), and backbone hydrogen bonds
were used as structural restraints. NOEs were obtained from
'*N-edited NOESY-HSQC and '*C-edited NOESY-HSQC (ali-
phatic) as described by Tanaka et al. (46) and were assigned
automatically using PONDEROSA (47). Backbone dihedral
angles were calculated by TALOS+ (45) using backbone chem-
ical shifts (H,, C,, Cp, CO, N, and HN) as input. Hydrogen-
bond restraints in helices were verified by measuring amide
hydrogen-deuterium exchange rates as described by Ames et al.
(48). The Xplor-NIH structure calculation was performed in
three stages: annealing, refinement, and water refinement.
Annealing started from an extended random structure. A total
of 200 structures were calculated, and the one with lowest
energy was used as a starting structure during the refinement.
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From a total of 200 structures, the 20 lowest energy structures
were refined in an explicit water environment and resulted in
the final 10 structures, which were deposited to the Protein
Data Bank (code 6DRF). Ramachandran plot was generated by
PROCHECK-NMR (25) and structure quality was assessed by
MolProbity (49).

Light-scattering experiments

SEC was performed using a Superdex 200 HR 10/30 column
(GE Healthcare) at 4 °C equilibrated in buffer containing 20 mm
Tris (pH 7.4). A 0.1-ml aliquot of protein (200 um) was loaded
onto the column and eluted at a flow rate of 0.5 ml/min. The
molar mass of RD3 was determined by analytical SEC per-
formed in-line with a MALS miniDawn instrument with a
690-nm laser (Wyatt Technologies, Inc.) coupled to 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 (50) using ASTRA software (Wyatt Technologies, Inc.)
based on a Zimm plot analysis using a refractive index incre-
ment, dn/dc = 0.185 liter g~* (16, 50).

CD spectroscopy

CD spectra (190 nm to 290 nm) were acquired using a Chi-
rascan circular dichroism spectrometer (Applied Photophysics
Limited). All experiments were performed at 23 °C using a
1-cm pathlength quartz cuvette with a 0.5-nm bandpass and 1-s
dwell time. Protein samples (full-length WT RD3 and RD3d)
were dissolved in water (0.015 mg/ml protein concentration).
Background signals caused by water absorption were sub-
tracted to generate final spectra shown in Fig. 1D.
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