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Abstract

Photoreceptor phosphodiesterase (PDES) is the central effector enzyme in the visual excitation
pathway in rod and cone photoreceptors. Its tight regulation is essential for the speed, sensitivity,
recovery and adaptation of visual signaling. The rod PDE6 holoenzyme (Pap<y>) is composed of a
catalytic heterodimer (Pa) that binds two inhibitory -y subunits. Each of the two catalytic
subunits (Pa and PB) contains a catalytic domain responsible for cGMP hydrolysis and two
tandem GAF domains, one of which binds cGMP noncatalytically. Unlike related GAF-containing
PDEs where cGMP binding allosterically activates catalysis, the physiological significance of
cGMP binding to the GAF domains of PDEG6 is unknown. To elucidate the structural determinants
of PDESG allosteric regulators, we biochemically characterized PDE6 complexes in various
allosteric states (Paf, Pap-cGMP, Papy, and Papy,-cGMP) with a quantitative cross-linking/
mass spectrometry approach. We employed a normalization strategy to dissect the cross-linking
reactivity of individual residues in order to assess the spatial cross-linking propensity of detected
pairs. In addition to identifying cross-linked pairs that undergo conformational changes upon
ligand binding, we observed an asymmetric binding of the inhibitory -y-subunit and the
noncatalytic cGMP to the GAFa domains of rod PDES, as well as a stable open conformation of
Pap catalytic dimer in different allosteric states. These results advance our understanding of the
exquisite regulatory control of the lifetime of rod PDEG activation/deactivation during visual
signaling, as well as providing a structural basis for interpreting how mutations in rod PDE6
subunits can lead to retinal diseases.
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Introduction

The conversion of light stimuli into neuro-electrical signals in photoreceptor cells of the
vertebrate retina is mediated by a central effector enzyme, cyclic nucleotide
phosphodiesterase-6 (PDEG6). The photoreceptor-specific PDES is activated by the
heterotrimeric G-protein, transducin, upon photoactivation of the G-protein coupled

receptor, rhodopsin. Light-induced, PDE6-catalyzed cGMP hydrolysis leads a rapid decrease
of cellular cGMP levels on the millisecond time scale, causing the closure of cGMP-gated
ion channels, outer segment membrane hyperpolarization, and signal transmission to retinal
neurons [1-4].

The rod photoreceptor is remarkably sensitive to light, and its ability to detect single photons
enables scotopic (nighttime) vision. The cellular anatomy of rods, from the densely packed
disk membrane structures in rod outer segment (ROS) to the high concentrations of
membrane-confined phototransduction components, ensures both efficient absorption of
photons and elaborate orchestration of transduction, amplification, and attenuation of visual
signals [2].

As the central effector enzyme of rod and cone visual transduction, PDE6 possesses some
salient characteristics that distinguish it from other members of the phosphodiesterase super-
family. For instance, the isoform of PDESG in the rod photoreceptor consists of a catalytic
dimer of two homologous catalytic subunits, a and f (Pap), whereas cone PDE6 and the
other ten PDE families are homodimeric. In addition, the PDE6 holoenzyme contains two
tightly bound inhibitory y-subunits (P-y), which are displaced by activated transducin during
visual excitation [1].

Structural models for several members of the phosphodiesterase super-family have been
reported [5-7], including the crystal structure of the nearly full-length PDE2 catalytic dimer,
which contains N-terminal tandem GAF domains (GAFa and GAFb) that allosterically bind
cGMP and alter enzyme activity in the C-terminal catalytic domain [8]. In addition, crystal
structures of the catalytic and tandem GAFab domains of PDE5 (the most closely related
PDE family to PDES6) [9, 10], the GAFa domain of cone PDE6 [11], as well as a PDE5/6
chimeric catalytic domain [12] have been determined. The molecular architecture of the
PDES6 holoenzyme has been determined by integrating high-density chemical cross-linking
data with individual domain structures and negative-stain electron microscopy (EM) data
[7]. The resulting model is in good agreement with more recently reported cryo-EM maps
[13, 14], and the Gulati et al. study has provided additional structural evidence supporting a
highly extended conformation of the inhibitory Py subunit [14], in marked contrast to the
disordered structure of free P~y in solution [15].

The regulatory Py subunit inhibits cGMP hydrolysis by direct binding of its last ten amino
acid residues at the entrance to the active site [12, 16-18]. The affinity of Py for Pap
catalytic dimer is allosterically modulated in a reciprocal manner by noncatalytic cGMP
binding in the GAFa domain [19]. P+ interacts with both GAF and catalytic domains of Pa
and links the regulatory and catalytic domains of PDE6 in two ways: (1) P~y binding to the
catalytic dimer enhances the binding affinity of cGMP to the GAF domain [20]; (2) cGMP
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occupancy of the GAF domain enhances Py affinity to Pap [21, 22]. Direct allosteric
communication between the GAF domains and catalytic domains of PDEG6 has also been
observed independent of P-y binding [23]. Despite the abundance of biochemical data
through functional assays, little is known about the molecular basis for this allosteric
regulation.

Here, we utilize chemical cross-linking and quantitative mass spectrometric analysis (qCX-
MS) to structurally characterize the allosteric regulation of PDE6 holoenzyme by the Py
subunit and by cGMP binding to the regulatory GAF domains. This chemical cross-linking
approach can identify amino acid residues in spatial proximity but not necessarily close in
primary sequence, providing intermediate resolution information on relative domain
positions and orientations [24-26]. In addition, quantitative information from mass
spectrometric analysis can reveal conformational changes or shifts in conformational
equilibrium that are challenging to detect with other approaches to structural determination
[27]. To understand the structural determinants involved in allosteric regulation of PDEG, we
carried out qCX-MS analysis of PDEG in four different allosteric states and quantified the
cross-linking propensity of 22 cross-linked pairs. Our results suggest that even though the
binding of cGMP or P-y does not cause major alterations in the molecular architecture of
PDES, substantial conformational changes take place, some of which are distant from ligand
binding sites. In addition, our results reveal differences in the conformational changes of the
Pa and PB subunits upon cGMP or P+ binding, providing insights into the functional
significance of the rod PDES catalytic heterodimer.

Quantitative analysis of cross-linking of PDE6 in different liganded states

Due to the lack of an effective heterologous expression system for full-length rod Pa and PB
subunits, we resorted to purification of native rod PDE6 from bovine rod outer segments. To
investigate the conformation of PDE6 complexes in various allosteric states, we
proteolytically digested the tightly bound P~y subunits of the PDE6 holoenzyme [28] and re-
purified the Pap catalytic dimer before reconstituting the following complexes with cGMP
and/or Py: PaByz, Pap with bound cGMP (Pap-cGMP) and Pafy, with bound cGMP
(Papyo-cGMP). The catalytic activity of Pap catalytic dimer and various reconstituted
PDE6 complexes were evaluated to ensure their functional and structural integrity [29].
When treated with chemical cross-linkers, the native PDE6 holoenzyme and the
reconstituted PDE6 complexes yielded similar gel shift patterns, migrating at ~110 kDa (a7,
By) and 200-250 kDa (ap, apy and afy>) in SDS-PAGE gels (Fig. 1A).

We chose the amine-reactive, bifunctional cross-linker disuccinimidyl suberate (DSS),
which yielded informative cross-linked pairs in our previous cross-linking/mass
spectrometric analysis of PDE6 holoenzyme [7]. DSS mediates the formation of covalent
bonds between lysine residues that are in close proximity, which can be identified by tryptic
digestion and mass spectrometric analysis [26]. Furthermore, quantitative analysis of the
cross-linked products can potentially elucidate conformational changes or shifts in
conformational equilibrium [27]. After the initial cross-linking reaction, the second NHS-
ester functionality of DSS can also react with water in a competing reaction to produce
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dead-end cross-links (DE-XL). Although the amount of cross-linked products relies on the
concentration of cross-linkers, proteins and protein 3D structure, the relative amount of
cross-linked products and DE-XLs is predominantly determined by the accessibility of a
cross-linkable amino acid for the second NHS-ester functionality. It is reasonable to assume
that the percentage of a productive cross-link after the initial cross-linking reaction mainly
reflects the distance of cross-linked residues as well as a spatial orientation suited for the
cross-linking reaction.

As one example, we identified an intra-subunit cross-link between Lys534 and Lys581 of Pa
subunit (designated Lys534P2-Lys581Pa) in the catalytic domain of the Pa subunit. The
tandem MS spectrum of the peptide contained a nearly complete ladder of sequence ions for
Lys534 (Fig. 1B, colored in blue) and four fragment ions for the short Lys581 peptide
moiety (Fig. 1B, colored in red). Together with an accurate mass measurement (<5 ppm) of
the peptide, we conclusively identified the cross-link between Pa Lys534 and Lys581. To
calculate the cross-linking percentage of these two Lys residues, we used the sum of MS ion
intensity of the cross-linked peptide or DE-XLs in all charge states (Fig. 1C). The DE-XL
for Lys581 peptide moiety was not detected, because its molecular weight (three amino
acids) was lower than the mass window for our LC-MS detection.

Since the Lys534P2-Lys581P< cross-link was observed in multiple gel bands (~90 kDa,
~110 kDa and 200-250 kDa) of cross-linked PDE6 complexes in various allosteric states,
we calculated the average and standard deviation of the cross-linking percentage (Fig. 1C).
As expected, the Lys534P2-Lys581P cross-linking percentage of reconstituted Pafry,-
cGMP complex was in excellent agreement with that of PDE6 holoenzyme, suggesting that
the reconstitution of PDE6 holoenzyme (from purified Pap mixed with Py) maintained the
structural integrity of native PDE6 holoenzyme purified from rod photoreceptor cells.
Furthermore, the small standard deviations in the cross-linking percentage suggested small
technical variations in our MS sample preparation and analysis.

We treated various liganded states of PDE6 with 200-fold (Table 1) or 70-fold
(Supplemental Table 1) molar excess of DSS cross-linker relative to PDE6 holoenzyme.
Data from 70-fold molar excess of DSS cross-linking (70x) samples generated significantly
fewer cross-linked pairs and weaker signals. Only cross-links involving highly reactive Lys
residues were detected in the 70x sample, consistent with a previous study under one-hit
cross-linking conditions [30]. For those instances where quantitative analysis of cross-linked
peptides from the 70x sample was feasible, similar cross-linking percentages were observed
to the PDEG6 holoenzyme with a 200-fold molar excess of DSS. For example, although the
ion intensity of the Lys534Pa-Lys581P< cross-linked peptide from 70x sample (Fig. S1;
2.0x10°) was substantially lower than that from 200x sample (Fig. 1C; 2.0x10%), similar
cross-linking percentages were obtained from both samples (70x: 15.8 + 0.0; 200x: 16.7

+ 1.1). Although the 70x data set was more limited than the 200x sample, these results
indicate that our cross-linking percentage values are independent of cross-linker
concentrations over this range of DSS concentrations.

The amino acid residues Lys534P2 and Lys581P localize in the catalytic domain of the Pa
subunit, on the opposite side of the opening to the cGMP catalytic site (Fig. 2A). A
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significant increase in Lys534P®-Lys581P cross-linking propensity was detected in Pa.p
catalytic dimer, and the Papy, complex compared with the two reconstituted PDE6
structures with cGMP bound to the GAFa domains (Fig. 1C). To examine the consequence
of cGMP binding on the structure of the Pa catalytic domain, we compared structural
models of the Pa catalytic domain in the gpo (PDB ID: 2H40 as template; [9]) or cGMP-
bound state (PDB ID: 1T9S, as template; [31]). Superimposition of representative models in
apo and cGMP-bound states suggest that the major structural differences reside in the
vicinity of the catalytic site, where the H-loop (Fig. 2B, colored in brown) and M-loop (Fig.
2B, colored in green) in the gpo structure (Fig. 2B, colored in gray) need to swing away
from the catalytic site to allow the binding of nucleotide in the 5’-GMP-bound structure
(Fig. 2B, colored in blue and cyan for H- and M-loop). In contrast, secondary structures
distal from the catalytic site retain similar conformations with or without cGMP bound,
including the small helices around Lys534 and Lys581 (Fig. 2B, violet spheres). Therefore,
the decrease in Lys534P%-Lys581P® cross-linking propensity upon cGMP binding is most
likely due to a conformational change induced by the binding of cGMP to noncatalytic
binding sites in the GAFa domain. Due to the much lower binding affinity of cGMP to the
active site (cGMP hydrolysis by activated PDE6 occurs at the diffusion-controlled limit;
[32]), it is unlikely that the observed conformational change results from the binding of
cGMP or its reaction product (5’-GMP) in the catalytic pocket.

Structural differences of PDE6 complexes in different liganded states

Overall, we were able to identify sufficient quantities of 22 cross-linked peptides present in
all four liganded states (see Table 1 for intra-subunit cross-links and Table 2 for inter-subunit
cross-links). All 22 cross-linked pairs reported here were also identified in a previous CX-
MS study on PDEG6 holoenzyme that led to a medium-resolution structural model [7], in
good agreement with two recently reported cryo-EM structures [13, 14]. We mapped our
cross-linked pairs onto the cryo-EM structure of Gulati ef a/. study (PDB ID: 6MZB) [14] to
gain structural insights on allosteric regulation of PDE6 enzyme by cGMP and Py subunit.

The Lys677P-Lys683P cross-linked pair in the primary sequence is the homolog of the
Lys675PB-Lys681PP cross-linked pair in the Pap subunit, both of which show a decrease in
cross-linking efficiency when Py is reconstituted with Pap. Although specific cross-linking
percentage values were different for the two subunits, they yielded similar trends in the
cross-linking propensity for various allosteric states (Table 1). Homologous residues
Lys677P%/Lys675PF and Lys683P2/Lys681PP localize to the helix-a.12 of the catalytic
domain (Fig. 3A), in close proximity to the binding site for the C-terminal region of the Py
subunit that has been shown to block catalysis by restricting access to substrate [33]. Direct
binding of P~y subunit to the catalytic domain likely constrains the side-chain packing of
helix-a12 in Py-bound state (Fig. 3A, colored in blue) than apo state (Fig. 3A, colored in
gray), decreasing the cross-linking efficiency of Lys6837%/Lys681"P and Lys677P2/
Lys675PP pairs.

Another set of homologous cross-links were identified between Lys 765 with Lys 817 in the
Pa-subunit and Lys 763 and Lys 815 in the PB-subunit. When compared with the unliganded
Pap state, both subunits showed an increase in cross-linking percent upon cGMP binding
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and a decrease upon P~y binding. Lys765P® and Lys763"P are located within the M-loop,
which participates in regulating the catalytic activity of PDE6 through its interaction with
the C-terminal residues of Py [12]. Lys819P® and Lys817"P reside in the a.16 terminal helix
of the catalytic domain. Comparison of gpo (PDB ID: 2H40 as template; [9]) and Py-bound
(PDB ID: 6MZB; [14]) structures shows that the movement of the M-loop (Fig. 3B, colored
in olive green for gpo state, colored in cyan for Py-bound state) upon Py binding accounts
for the decrease in cross-linking efficiency of Lys765P/Lys819P¢ and Lys763F/Lys817PP
pairs. Binding of cGMP to the distant GAFa domain enhance cross-linking efficiency, which
could be explained by the well-established ability of noncatalytic cGMP binding to affect
the affinity with which Py binds to Pap [20, 23].

Although only two inter-subunit Paf cross-linked pairs generated quantifiable data for all
four conformational states, their cross-linking propensity was fairly consistent through
various allosteric states. The Lys447P-Lys440PP pair localize to the long helices at the C-
terminal end of the GAFb domains, a region that contributes to the dimerization interface
between the Pa and PR subunit (Fig. 3C). The Lys447P2-Lys618PP pair cross-links the long
GAFbD helix of Pa with the flexible H-loop of the P@ catalytic domain (Fig. 3C). The results
in Table 2 do not show evidence of significant changes in cross-linking propensity in any of
the four allosteric states we studied. In contradiction to the open conformation of the PDE6
holoenzyme model observed in cGMP/P-y-bound state (Fig. 3C, right structure), the model
built from the crystal structure of 400 PDE2A (PDE ID: 31BJ) placed Lys618FP at the dimer
interface excluded from solvent (Fig. 3C, left structure). Our gCX-MS data preclude the
possibility of an apo PDE2A-like conformation adapted by the Pap catalytic dimer, even in
the absence of cGMP and P-y subunit. Rather, a comparable cross-linking propensity of
Lys447P-Lys440PB and Lys447P2-Lys618PP cross-linked pairs in Pap suggested a similar
Pa and PP dimerization interface near the catalytic domain in Pap catalytic dimer.

In this gCX-MS study, the cross-links between Py and Pa are identified for all four states
in the N-terminal region of Py with the GAFa domains of Pa and P (Table 2). A
substantial increase (> 50% increase) in cross-linking propensity between Lys76P¢ (helix
a2) and the N-terminus of Py was observed when cGMP occupied its Pa GAFa binding
site. This observation highlights a role of noncatalytic cGMP in regulating the interaction of
Py and Pa GAFa domain. However, the corresponding Lys78PB-N-termPY cross-linked pair
was highly cross-linked regardless of the occupancy of cGMP in the PB GAFa domain. This
asymmetric binding of Py to the GAFa domain of the Pa. and PP subunits was consistent
with our previous results with PDE6 holoenzyme [7]; however, the structural basis for this
asymmetric behavior is unclear.

Discussion

In this study, we used an innovative quantitative CX-MS analysis to evaluate conformational
changes in PDESG that are critical to the allosteric regulation of this central effector of the
visual signaling pathway in retinal photoreceptor cells. By using dead-end cross-links that
formed during cross-linking reactions, we were able to determine the relative amount of
cross-linked peptides in four distinct allosteric states: Pap, Pap-cGMP, PaBy,, and Papy,.
cGMP. This approach has the following advantages over direct quantitation of cross-linked
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products: 1) it reduces biochemical variations caused by minor differences in protein and
cross-linker concentrations, as well as technical variations in MS sample handling; 2) it
minimizes the effects of residue reactivities towards cross-linking propensity, thus reflects
the distance and local structures of cross-linked residues; 3) it measures protein behavior in
solution, thus can reveal differences in conformational dynamics especially in less structured
regions that are subject to functional regulation. The relative small errors in our
measurements of cross-linking propensity (Table 1 and Supplemental Table 1) suggest the
reproducibility and robustness of our protein preparations and cross-linking experiments, as
well as minor technical variations in MS sample handling and analysis. The similarity in the
quantitative results of cross-linked pairs obtained from native PDE6 holoenzyme and
reconstituted PDE6 holoenzyme (i.e. Papy,-cGMP) also support the biochemical and
functional relevance of the reconstituted samples used in this study.

The several cross-links that were sensitive to cGMP or Py binding represent residues
localized primarily in less structured regions of the catalytic domain, such as Lys534P¢,
Lys581P, Lys765P and Lys763PP (both locate in the M-loop near the opening to the active
site) [7]. By identifying ligand-dependent conformational changes in the PDE6 catalytic
dimer by qCX-MS, this work also has revealed several structural elements implicated in
allosteric communication induced by cGMP and/or Py binding to the PDEG catalytic dimer.
Furthermore, two inter-subunit cross-links between Pa and P@ subunits, namely Lys447P-
Lys440PP (in the long a-helix at the end of the GAFb domain) and Lys447P2-Lys618PP
(between the GAFb long a-helix and the catalytic domain) revealed similar cross-linking
propensity of these pairs in all four liganded states (Table 2). These results as well as other
reports [14, 34] support a model in which the overall molecular architecture of PDE6 does
not undergo major changes (in contrast to PDE2; [8]) and that less structured elements of the
catalytic dimer are responsible for the allosteric communication between the regulatory and
catalytic domains [14].

Moreover, our gqCX-MS analyses reveal dissimilarities in the ability of the Pa and PP
subunits to react with cross-linking reagents. For example, the homologous pairs Lys765°%—
Lys819Pe and Lys763PP—Lys817PP exhibit markedly different propensities to form cross-
links with the B-subunit (ranging from 20-48% for the four liganded states) compared with
the a-subunit (1-5%). Interestingly, of the intramolecular sites undergoing statistically
significant changes in percent cross-linking, twice as many were observed within the a-
subunit compared with the p-subunit (Table 1, Supplemental Table 2). Whereas the catalytic
domain of the B-subunit may provide greater accessibility to chemical cross-linkers, the a.-
subunit may play a dominant role in ligand-dependent allosteric communication. Our
observed structural and conformational asymmetry of the two catalytic subunits may
underlie the reported the biphasic activation mechanism of transducin during the first steps
in the visual signaling pathway [34].

Each of the two GAFa domains of rod PDE6 catalytic dimer contains a noncatalytic cGMP
binding site as well as sites of interaction with the P-y subunit. The interactions of Py and
noncatalytic cGMP with the GAFa domain act in a synergistic manner, with Py enhancing
cGMP binding affinity and vice versa[35]. In addition, the noncatalytic cGMP binding sites
of Pa and PR exhibit different affinities for cGMP [32], but the identity of the lower and
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higher affinity sites to specific catalytic subunits is unknown. In this study, we observed a
significant increase in Lys76°%-N-termPY cross-linking in the presence of cGMP, an effect
not observed in the homologous cross-linking pair on the B-subunit, Lys78PB-N-termPY
(Table 2). Asymmetric interactions of the y-subunit with the GAFa domains of Pa and P
was also reported in our previous CX-MS study where a subunit-specific interaction between
P+ and the ‘lid’ region of noncatalytic cGMP binding site on Pa was observed for the PDE6
holoenzyme [7]. Taken together, we speculate that the GAFa domain of the rod PDE6 Pa
subunit may be the locus for the higher affinity binding site for both Py and cGMP that
underlies the synergistic action when both ligands bind to the GAFa domain. Such high
affinity, synergistic interaction provides a strong anchor for Py to rapidly activate and
deactivate rod PDES catalysis during visual excitation and recovery, as well as potentially
modulating the activated lifetime of PDEG6 during light adaptation (reviewed in [1]). This
asymmetry in Py and cGMP binding to the PDEG catalytic subunits may also underlie the
asymmetric binding of activated transducin to the PDE6 holoenzyme [34].

Our identification of structural elements undergoing ligand-dependent changes in PDE6
conformation provides insights into the molecular etiology of retinal degenerative diseases
and visual disorders that result from point mutations in the catalytic and inhibitory subunits
of PDEG6. For example, several of the conformationally-sensitive sites found in this study
(e.g., a-subunit residues Arg102, Lys581, Lys677, Lys683; and B-subunit residues Lys618
and Lys681) are located within 10 A of residues identified as missense mutations of the
PDES® catalytic subunits associated with retinal diseases (e.g., Ser573Pro [36]; Val685Met
[37]). Another report identified PDE6 somatic mutations associated with cancer [38] that
map to conformationally dynamic regions of the PDEG catalytic subunits revealed by this
study. Whereas some known diseasecausing PDE6 mutations can be easily ascribed sites
involved in the catalytic mechanism of cyclic nucleotide hydrolysis (e.g., Arg560Cys [39]),
identification of novel, conformationally dynamic regions of the PDEG6 catalytic subunits
associated with disease-causing mutations offers the potential of developing allosteric
inhibitors of PDESB to treat retinal degenerative diseases, in analogy to the use of allosteric
inhibitors of human PDE4 to treat polycystic kidney disease [40].

Material and Methods

Materials

Bovine retinas were purchased from W. L. Lawson, Inc. Trypsin was purchased from
Promega, and disuccinimidyl suberate (DSS) was purchased from Pierce.

Protein preparation

PDES6 holoenzyme and Pa.f catalytic dimer were prepared as described previously [29].
Recombinant Py was expressed in £E. coif BL21/DE3 cells, purified through a SP-Sepharose
column and then by reverse-phase chromatography [7, 17]. For the reconstitution of the
Papy, complex, purified Pap (0.2 nM -1 nM) was incubated with stoichiometric amounts
of purified Py at room temperature for 20 min. For preparation of of the Pap-cGMP
complex, purified Paf (0.2 nM -1 nM) was pre-incubated with 100 pM vardenafil (a
PDE5/6-specifc inhibitor) at room temperature for 20 minutes before 1 mM cGMP and 10
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mM EDTA were added. The reconstitution of Papy,-cGMP complex was similar to that of
Pap-cGMP complex, except that purified Pap was pre-incubated with both 100 uM
vardenafil and purified Py at room temperature for 20 minutes before cGMP and EDTA
were added. The catalytic activity of purified Pa and reconstituted PDE6 complexes was
measured by the phosphate release assay [41]. The inhibition potency (ICsgg) was calculated
from curve fitting the results to a 3-parameter logistic equation.

Chemical cross-linking, in-gel digestion, and mass spectrometric analysis

Chemical cross-linking reactions were carried out following the manufacturer’s instruction.
PDE6 complexes were buffer-exchanged into HEPES buffer (20 mM HEPES, 100 mM
NaCl, 5mM MgCl,, pH 8.0) and cross-linked with 200-fold (or 70-fold) molar excess of
DSS cross-linker at room temperature for 1 h. After the cross-linking reaction was quenched
with 1 uL 0.8M ammonium hydroxide, proteins were concentrated by rotary evaporation
under vacuum, separated by SDS-PAGE, and visualized with Coomassie Brilliant Blue
G-250.

Cross-linked products were in-gel digested and analyzed by LC-MS and LC-MS-MS as
described previously [42]. Briefly, 1ul aliquot of the digestion mixture was injected into a
Dionex Ultimate 3000 RSLCnano UHPLC system (Dionex Corporation, Sunnyvale, CA),
and separated by a 75 um x 25 cm PepMap RSLC column (100 A, 2 pm) at a flow rate of
~450 nl/min. The eluant was connected directly to a nanoelectrospray ionization source of
an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, Waltham, MA). LC-MS data
were acquired in an information-dependent acquisition mode, cycling between a MS scan
(m/z 315-2,000) acquired in the Orbitrap, followed by low-energy CID analysis on the 3
most intense multiply charged precursors acquired in the linear ion trap.

Cross-linked peptide identification

Cross-linked peptides were identified using an integrated module in Protein Prospector,
based on a bioinformatic strategy described previously [43, 44]. The score of a cross-linked
peptide was based on number and types of fragment ions identified, as well as the sequence
and charge state of the cross-linked peptide. Only results where the score difference is
greater than O (i.e. the cross-linked peptide match was better than a single peptide match
alone) are considered. The expectation values are calculated based on matches to single
peptides, so should be treated as another score, rather than a statistical measure of reliability.
Cross-linked peptides identified from various samples were combined together, and the
cross-linked percentage for each peptide pair was calculated using the following formula:

Cross—linked peptide PH
2Cross — linked peptide PH + Dead — end XL 1 PH + Dead — end XL 2 PH

%XL =

where the peak height (PH) was the sum of apex peak height of a peptide in all charge states,
and dead-end XLs were cross-linker modified where only one NHS-ester function of DSS
was cross-linked to a Lys residue and the other NHS-ester function was hydrolyzed by water.
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Structural visualization and prediction

Comparative modeling with Modeller [45] was carried out at the interface of UCSF Chimera
structural visualization platform [46]. The templates used to build comparative models
included the gpo state of the PDES5 catalytic domain (PDB ID: 2H40) or 5’-GMP-bound
state (PDB ID: 1T9S). The 3.4 A cryo-EM structure of the native rod PDE6 holoenzyme
(PDB ID: 6MZB) [14] was also used for structural analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. PDES is regulated by the binding of inhibitory Py and noncatalytic cGMP.

. cGMP binding in GAFa domains change the conformation of catalytic
domains.

. Py and cGMP display asymmetric binding to the GAFa domains of rod
PDES.

. The Pap catalytic dimer adapts an open conformation in different allosteric
states.
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Paf3-cGMP
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Chemical cross-linking of the PDE6 complexes in various allosteric states. A) Purified
PDES6 holoenzyme or the Pa catalytic dimer reconstituted with Py or/and cGMP were
cross-linked with DSS in 200-fold molar excess. A control sample (Ctrl) was treated
identically except that the DSS cross-linker was omitted. Gel bands of uncross-linked
subunits (7y and a/B) and cross-linked subunits (ay or By at ~110 kDa; ap or af<y or apyz
at ~220 kDa) are indicated. B) Tandem MS spectrum of a cross-linked peptide from the 220
kDa band, with fragments from peptide V531-R544 and L580-R582. C) Extracted ion
chromatograms (XIC) of the Lys534-Lys581 cross-linked peptides (XL) in charge state +5,
+4 and +3 from various PDE6 complexes were overlaid (top panel). XIC of Lys534 dead-
end cross-link (DE-XL) in charge state +3 and +2 from various PDE6 complexes were
overlaid (bottom panel). MS signals of XL and DE-XL were used to calculate the cross-
linking percentage (%x/ ) of Lys534-Lys581 in various PDE6 complexes.
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GAFa

GAFb

Catalytic

B
>
ys581 Lys534
Figure 2.

Location of Lys534 and Lys581 in 3D models. A) Lys534 and Lys581 (colored in violet)
locate to the catalytic domain of Pa (blue structure) on the opposite side of the catalytic site,
as illustrated on the PDE6 holoenzyme model built from a cryo-EM study (PDB ID: 6MZB)
[14]. The cGMP molecules (bound to GAFa domain) are represented by ball-and-stick
heteroatoms. B) Superimposition of comparative models for Pa catalytic domain with (b/ue;
template PDB ID: 1T9S) or without (gray; template PDB 1D: 2H40) cGMP binding. The M-
loop and H-loop are colored in olive green and brown in gpo structure; whereas the M-loop
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and H-loop are colored in cyan in 5’-GMP-bound structure. The cross-linked Pa residues
Lys534 and Lys581 are indicated as violet spheres.
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close conformation open conformation

Figure 3.
Structural elements identified by cross-linking propensity of PDE6 complexes in various

allosteric states. (A and B) Superimposition of comparative models for Pa catalytic domain
with (b/ue, PDB ID: 6MZB) or without (gray; template PDB ID: 2H40) a fragment of Py
bound. The C-terminal segment of Py in the PDE6 holoenzyme structure is colored in
orange. Cross-linked Pa residues Lys683-Lys677 (A) and Lys765 (B) are indicated as violet
sticks. C) Comparative models for Pap catalytic dimer without (/ef%, template PDB ID:
31BJ) or with (right, PDB ID: 6MZB) ligand and Py binding. Pa subunit is colored in blue
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and P subunit in tan. The C-terminal segment of P-y is colored in orange. Cross-linked Pa
residues Lys447Pe, Lys440PP and Lys618PP are indicated as violet spheres.
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Table 1.

Cross-linking propensity of PDES6 intra-subunit cross-links.
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Lys1 Lys2 Holoenzyme (%) Papy2-cGMP (%y,) Pap (%x.) Papy2(%yx.) Pap-cGMP (%x,)

Pa
76 84 27.7+4.3 19.1+2.3 8.2+2.0* 23.2+1.4 21.6+9.9
534 581 16.7+1.1 17.7+0.6 23.6+0.9*%* 21.6+2.8 17.1+#25
677 683 40.4+3.1 44.7+0.7 51.9+4.1* 36.4+0.8** 52.8+5.4**
765 819 1.3+0.3 3.7£0.6 3.5+0.2 1.5+0.2** 5.1+0.8**
765 827 7.7+0.1 15.7+1.1 15.0+0.1 6.5+0.5** 24.6+1.8**
819 827 62.6+1.2 60.3+2.6 59.8+0.5 66.7+5.7 53.6+0.7

PB
490 532 7124 8.0£0.9 4.8+1.2 6.2+2.6 8.1+1.9
675 681 30.3+4.1 30.0+2.1 46.4+0.7** 21.8+£1.9* 50.2+8.0**
763 826 2.6x0.1 2.6£0.4 2.4+0.6 1.8+0.2 2.9+0.1
763 827 1.2+0.4 0.7+0.1 0.8+0.1 0.5+0.1 0.9+0.1
763 817 14.0+£1.5 36.6+1.0 32.9+3.1 19.9+0.4** 47.9+1.0%*
763 832 1.9+0.3 0.2+0.0 0.3£0.0 0.1+0.1 0.3£0.0
817 827 10.5+0.3 6.5+£1.3 6.9+2.0 7.4%1.0 4.9+0.8
817 826 28.8+£3.6 29.3+1.1 31.3+1.1* 37.240.1%* 23.2+0.4**
817 832 9.6+0.4 3.2+0.8 2.3+x0.0 4.1+0.6 4.8+0.8*
826 832 0.6+0.1 3.240.3 3.3+0.1 3.1+0.2 2.9+0.3

Statistical significance was evaluated by ANOVA analysis followed by Tukey’s test. Conformational states that significantly deviated from the
reconstituted PDE6 holoenzyme (Pafy2-cGMP) are annotated by asterisks (** for 0.05 a value; * for 0.1 a value).
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Table 2.

Cross-linking propensity of PDEG inter-subunit cross-links.
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Lys1 Lys 2 Holoenzyme (%) Papy2-cGMP (%yx,) Pap (%x.) Papy2(%yx) Pap-cGMP (%)
Pa Pg
447 440 24.2 26.9 334 16.5 34.8
447 618 32.7 38.8 274 31.2 35.2
Pa Py
76 N-term? 51.9 339
76 el 304
P8 Py
78 N-term? 62.3 62.9
78 L4 16.4

aln the endogenous PDE6 holoenzyme, the N-terminus of Py subunit was acetylated. In the reconstituted PDE6 complexes, the N-terminus of Py
subunit was not acetylated. Since the pKa of the N-terminal amide group is 2 unit smaller than the pKa of Lys residues, the N-terminus of Py
subunit became the preferred cross-linked Py amino acid residue from reconstituted samples.
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