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Abstract 

Regulation of photoreceptor phosphodiesterase (PDE6) activity is responsible for the speed, sensitivity, 

and recovery of the photoresponse during visual signaling in vertebrate photoreceptor cells. It is 

hypothesized that physiological differences in the light responsiveness of rods and cones may result in 

part from differences in the structure and regulation of the distinct isoforms of rod and cone PDE6. 

Although rod and cone PDE6 catalytic subunits share a similar domain organization consisting of tandem 

GAF domains (GAFa and GAFb) and a catalytic domain, cone PDE6 is a homodimer whereas rod PDE6 

consists of two homologous catalytic subunits. Here we provide the x-ray crystal structure of cone GAFab 

regulatory domain solved at 3.3 Å resolution, in conjunction with chemical cross-linking and mass 

spectrometric analysis of conformational changes to GAFab induced upon binding of cGMP and the 

PDE6 inhibitory γ-subunit (Pγ). Ligand-induced changes in cross-linked residues implicate multiple 

conformational changes in the GAFa and GAFb domains in forming an allosteric communication 

network. Molecular dynamics (MD) simulations of cone GAFab revealed differences in conformational 

dynamics of the two subunits forming the homodimer and allosteric perturbations on cGMP binding. 

Cross-linking of Pγ to GAFab in conjunction with solution NMR spectroscopy of isotopically labeled Pγ 

identified the central polycationic region of Pγ interacting with the GAFb domain. These results provide a 

mechanistic basis for developing allosteric activators of PDE6 with therapeutic implications for halting 

the progression of several retinal degenerative diseases. 

Keywords: x-ray crystallography, chemical cross-linking, mass spectrometry, photoreceptor, molecular 
dynamics simulations. 
 

Abbreviations:  PDE: phosphodiesterase; Pγ, inhibitory γ-subunit of photoreceptor PDE6; XL-MS: 

chemical cross-linking-mass spectrometry; RMSD: root mean square deviations; RMSF: root mean 

square fluctuations; MD: molecular dynamics; BSA: buried surface area; DCC: dynamic residue-residue 

cross correlation; BS3: bis(sulfosuccinimidyl)suberate; HSQC: heteronuclear single quantum correlation; 

CID: collision-induced dissociation; IMP: Integrated Modeling Platform. 
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Introduction 

GAF domains are a large protein domain family that have been identified in every kingdom of 

life[1, 2] and whose functions include ligand binding, protein-protein interactions, and other functions[3]. 

GAF domains are so named because they were first identified in cGMP-binding phosphodiesterases, 

cyanobacterial Adenylyl cyclases and transcription factor FhlA[1]. In mammals, the occurrence of GAF 

domains is restricted to five of the eleven Class I cyclic nucleotide phosphodiesterase (PDE) families[4, 

5], namely PDE2, PDE5, PDE6, PDE10, and PDE11. In all five instances, the highly conserved catalytic 

domain is preceded by N-terminal tandem GAF domains (individually referred to as GAFa and GAFb). 

The tandem GAFab domains are believed to serve several functions for PDEs, including enhancing 

dimerization of PDE catalytic subunits and allosterically communicating with the catalytic domain to 

regulate catalytic activity[3]. Whereas structural determinations have revealed the domain organization 

and dimerization interface of PDE2 and PDE5 GAFab dimers[6, 7], nearly full-length PDE2[8], and the 

rod photoreceptor PDE6 holoenzyme[9-11], much remains to be learned about the allosteric mechanisms 

underlying GAF domain regulation of PDE catalytic activity. This gap in knowledge arises from 

challenges in comparing the conformational dynamics of PDEs in various liganded states, thereby 

hindering the design of allosteric modulators targeting the regulatory GAF domains of PDEs for 

therapeutic applications[12]. 

All five GAF-containing PDEs are believed to bind only a single cyclic nucleotide molecule per 

catalytic subunit. For PDE5, PDE6, and PDE11, cGMP (or cGMP analogs) selectively bind to the first 

(GAFa) domain, whereas PDE2 and PDE10 selectively bind cGMP and cAMP, respectively, to the 

second (GAFb) domain[13-15]. For PDE2 and PDE5 GAF domains, binding of cGMP allosterically 

stimulates catalytic activity at the active site[16, 17]. A similar allosteric activation of catalysis upon 

binding of ligand to the GAF domains occurs for PDE10 and PDE11 as well[15].  

In the case of rod and cone photoreceptor PDE6—the only PDE family that is directly activated 

by a heterotrimeric G-protein (transducin)[18]—cGMP occupancy of the GAFa domain does not directly 

alter catalytic activity of the rod photoreceptor PDE6 isozyme[19] or cause significant hydrodynamic 
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changes in rod PDE6 conformation as is the case for PDE5[20, 21]. However, it is well documented that 

cGMP binding to rod PDE6 GAFa domains enhance the binding affinity of the PDE6 inhibitory γ-subunit 

(Pγ)[19, 22, 23]. This allosteric communication between the GAF and catalytic domains is reciprocal, in 

that binding of rod Pγ (or truncated fragments of Pγ) induces conformational changes that result in 

enhancement of cGMP binding affinity to the GAFa domain[19]. In addition, direct allosteric 

communication between the GAF and catalytic domains of rod PDE6 has been inferred based on an 

increase in cGMP binding affinity when the active sites of PDE6 are occupied with PDE5/6 

inhibitors[24]; a similar phenomenon was reported for PDE5[25]. Although recent advances in 

determining the domain organization of the rod PDE6 heterotetramer [consisting of PDE6A and PDE6B 

catalytic subunits and two rod Pγ subunits (PDE6G)] have generated hypotheses about the allosteric 

communication pathway between the regulatory and catalytic domains[10, 11], experimental evidence is 

lacking on the structural changes that are induced by binding of cGMP or Pγ to PDE6. Much less is 

known about the allosteric regulation of the homologous cone PDE6 enzyme [composed of two identical 

catalytic subunits (PDE6C) and two cone Pγ subunits (PDE6H)]. 

The present study was undertaken to determine the molecular mechanism whereby binding of 

signaling molecules to cone PDE6 regulatory GAF domains induces allosteric conformational changes 

that contribute to regulating the extent and duration of PDE6 activation during visual transduction in cone 

photoreceptors. In this study, we first report the 3.3 Å x-ray crystal structure of the cone photoreceptor 

PDE6 GAFab domains in their unliganded (apo) state. To characterize the conformational changes 

occurring to GAFab upon cGMP and/or Pγ binding, chemical cross-linking and mass spectrometry 

analysis (XL-MS) were used in conjunction with integrative structural modeling to detect conformational 

changes observed in the four possible liganded states (apo, cGMP bound, Pγ bound, and cGMP and Pγ 

bound; Fig. 1). Molecular dynamics simulations of the apo- and cGMP-bound structures substantiated our 

hypothesis that cGMP binding induces conformational changes that are allosterically communicated from 

the GAFa to the GAFb domain, and also supported the idea that the two subunits of the GAFab 

homodimer are non-identical. XL-MS analysis of Pγ bound to GAFab in conjunction with NMR 
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spectroscopic analysis of isotopically labeled Pγ in the presence of GAFab identified the surface of 

interaction of Pγ with GAFab, and highlighted the central polycationic region of Pγ as the primary site of 

interaction with the GAFb domain. This study of the cone PDE6 GAFab regulatory domain provides the 

most comprehensive analysis to date of allosterically induced conformational changes in GAF-containing 

PDEs. This work also advances our understanding of the differences between rod and cone PDE6 

regulation that likely underlie the physiological differences in light sensitivity and photoresponse kinetics 

observed for rod and cone photoreceptors. 

 

Results 

X-ray structure of the cone PDE6 regulatory GAF domains. 

Because of the inability to heterologously express full-length cone PDE6 catalytic subunits in 

sufficient quantities for structural studies[26], we relied on the previous successful expression of PDE5 

GAFab[7] and the isolated GAFa domain of chicken cone PDE6[27] to construct expression vectors for 

bacterial expression and purification of residues 42-458 of chicken cone PDE6 containing a 6-His tag 

(Fig. S1). We also expressed and purified the corresponding chicken cone Pγ subunit consisting of its first 

58 residues (Fig. S1). Purified recombinant GAFab was judged to be properly folded, based on its 

apparent MW observed by gel filtration as well as its ability to bind cGMP to the GAFa domain with a KD 

value (22 nM; Fig. S1), similar to values reported previously[28].  

Purified cone PDE6 GAFab was then crystallized, and its structure determined from crystals in 

the space group of P65 with cell dimensions of a = b = 148.5, and c = 93.7 Å (Table 1). The structure was 

solved by using the PDE5 GAFab structure[7] as the initial model, and refined to R-factor of 0.207 for 

16489 reflections at 3.2 -50 Å resolution (Table 1). Residues 48-451 of the primary sequence of cone 

PDE6 were traceable, except for residues Lys286 to Thr309 (Fig. 2A, arrows), corresponding to the 

GAFb β1/β2 loop. Fig. S2 provides domain boundaries and secondary structure elements for the PDE6 

GAFab structure. 
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The cone PDE6 GAFab molecule is a homodimeric structure (Fig. 2A) that has the same fold as 

the homodimeric GAFab domains of PDE2[8] and PDE5[7], as well as with heterodimeric rod PDE6[10, 

11]. Each GAF domain consists of an anti-parallel β-sheet, with the α2 and α5 helices positioned behind 

the β-sheet on the opposite face to the cGMP binding pocket, while the α4 helix and the β3 strand (and 

adjacent residues) are situated at the entrance to the cGMP binding pocket as previously described[27].  

The dimer interface of PDE6 GAFab extends over the entire long axis of the molecule, with 

major stabilizing contributions from the two long α-helices (LH1 and LH2) that link GAFa to GAFb and 

GAFb to the catalytic domain, respectively. Interaction analysis revealed that ~20% of the residues in the 

GAFa α1 helix also contribute to the interaction surface of the homodimer, consistent with the proposed 

role of the N-terminal region of rod PDE6 catalytic subunits in stabilizing the catalytic dimer[10]. 

Overall, the two subunits of the cone GAFab homodimer are highly symmetric (root mean square 

fluctuations, RMSD = 0.74 Å for Cα atoms; Fig. S1), with conformational differences located primarily 

in regions lacking secondary structure. 

Structural superposition of the unliganded PDE6 GAFa domain with the previously determined 

crystal structure of the cGMP-bound PDE6 GAFa domain[27] revealed an average shift of 0.8Å for the 

Cα atoms, suggesting that neither dimerization, cGMP binding, nor the presence of the GAFb domain 

induce dramatic conformational changes within the GAFa domain (Fig. 2B). The RMSD analysis (Fig. 

S3) revealed major differences in the β1/β2 loop and smaller differences in the loop near α2/3 and the so-

called “lid region” (β4/α4 loop) of GAFa (Fig S3). The largest movement among the previously identified 

cGMP binding residues[27] is 1.1 Å for the Cα Asn116 in the β2 strand whose side chain forms a 

hydrogen bond with the base nitrogen of cGMP (Fig. 2C). 

 

Integrative structural modeling of the unliganded state of GAFab determined by chemical cross-

linking and mass spectrometry 

To investigate the allosteric regulation of the cone PDE6 GAFab regulatory domain, we first 

carried out chemical cross-linking coupled with liquid chromatography/mass spectrometry (XL-MS) to 
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evaluate the structure of GAFab in aqueous solution and to create a structural model for the missing 

residues that were not resolved in the crystal structure. Fig. 3A shows a typical experiment using the 

cross-linker bis(sulfosuccinimidyl)suberate (BS3) that shows the appearance of gel-shifted bands 

corresponding to the cross-linked GAFab dimer. We also conducted cross-linking experiments in the 

presence of cGMP and/or truncated cone Pγ (Pγ1-58, described below). The gel bands corresponding to 

the GAFab dimer (~100 kDa) were excised, proteolyzed, and analyzed by MS. Cross-linked peptides 

were used as spatial restraints for Modeller v9.11[29] using the crystal structure as the template (see 

Materials and Methods).  

Fig. 3B demonstrates that the structural model of the apo state of GAFab, refined by spatial 

restraints imposed by 84 cross-links (Table S1), was very similar to the x-ray structure in Fig. 2A. In 

particular, most of the α-helical and β-strand secondary structural features of the cross-link-based  

structural model superimposes well with the crystal structure. Our cross-linking results also allowed us to 

generate a structural model for residues 288 to 310 (a segment including the β1/β2 loop) that was missing 

in the GAFab crystal structure.  

Structural alignment of the cross-link refined, apo state of GAFab and the crystal structure (Fig. 

3B) show that the secondary structural elements align closely for both subunits (RMSD = 2.0 Å; Fig. S4). 

However, the spatial restraints imposed by the cross-linking data result in significant differences in the 

GAFa α2/3 helix loop (near the cGMP binding site) as well as the β4/α4 loop (residues 155 to 163) and 

β6/α5 loop (residues 198 to 205). The GAFb domain of the structural model in aqueous solution also 

closely superimposes on the crystal structure (Fig. 3B), except for the β4/β5 and β5/β6 loops where 

spatial restraints imposed by the cross-linking results show significant deviation from the x-ray structure 

(Fig. S4). In addition, the model for the GAFb β1/β2 loop extends up toward the GAFa domain and 

makes close contact (<7 Å) with the GAFa β1/β2 loop. In the following sections, we use the structural 

model of the cross-link-refined apo state of GAFab in aqueous solution as the reference for evaluating 

conformational changes induced by cGMP and/or Pγ. 

 



8 
 

Conformational changes induced by cGMP binding to GAFab revealed by chemical cross-

linking/MS analysis 

Cross-links obtained from XL-MS analysis of GAFab incubated with cGMP (Table S2) were 

used to create a structural model for cGMP-bound GAFab (GAFab∙cGMP; Fig. 4A). RMSD analysis of 

the GAFab∙cGMP versus apo GAFab structures (Fig. S5A) reveals the greatest conformational changes in 

the GAFb β1/β2 loop, along with smaller changes in the GAFa β4/α4 “lid region” and its loop, and also 

the GAFb β4/β5 loop (Fig. 4A). Closer examination of the GAFa domain structures of apo and 

GAFab∙cGMP reveal movement of the GAFa α4 helix and the β1/β2 loop upon cGMP binding (Fig. 4B), 

regions previously proposed to be part of the allosteric communication network of rod PDE6[10]. Several 

cross-links that were only observed when cGMP occupied the GAFa binding pocket (Table S2) support 

conformational changes in the GAFb β1/β2 and β6/α5 loops upon cGMP binding (Fig. 4C), consistent 

with cGMP-dependent allosteric communication between the GAFa and GAFb domains. These structural 

elements have been previously hypothesized to participate in allosteric communication from the GAF 

domains to the catalytic domains of mammalian rod PDE6[10, 11].  

 

Molecular dynamics (MD) simulations of unliganded and GAFab∙cGMP reveal subunit asymmetry 

and allosteric communication 

To evaluate the conformational dynamics, subunit asymmetry, and allosteric communication of 

the cone PDE6 GAFab homodimer, we carried out three independent long time-scale MD simulations 

(see Materials and Methods and Table S6) of the GAFab crystal structure as well as of the cross-link-

refined structural models of GAFab in its apo and cGMP-liganded states. These MD simulations of the 

GAFab homodimer permitted analysis of the flexibility of individual sub-domains (root mean squared 

deviation; RMSD) and individual amino acid residues (RMSF), changes in buried surface area (BSA), 

and correlated motions (dynamic residue-residue cross correlation; DCC).  

Assessment of the stability of the crystal structure.  We first analyzed the conformational metrics 

of GAFab based on MD simulations of our crystal structure of the GAFab homodimer (Fig. S6). The 
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RMSF and RMSD  results (Fig. S6) show that the region preceding the GAFa domain as well as the 

GAFa and LH1 subdomains in each subunit are the least flexible, whereas the GAFb and LH2 

subdomains show bimodal RMSD distributions reflecting two distinct conformational states; the higher 

flexibility of the LH2 subdomain (RMSD values of 0-10 Å) may be due in part to the GAFab regulatory 

domains not being attached to the catalytic domains of cone PDE6. Fig. S6 shows that the highest BSA 

occurs between the LH1 (~1100-1500 Å2), LH2 (~500-1300 Å2) and the N-terminal α1 (~300-800 Å2) 

motifs, and likely accounts for the major interactions stabilizing dimer formation.  From these results we 

conclude that the overall subdomain folds and interfacial contact areas between subdomains in the GAFab 

crystal structure (Fig. 2A) are stably maintained in solution states of GAFab explored by MD simulations. 

Analysis of subunit asymmetry and allosteric communication of GAFab in its apo and cGMP-

bound states. In comparison to the high degree of structural similarity of the two GAFab subunits in the 

x-ray structure (Fig. 2A, Fig. S1), MD simulations of both apo and cGMP-bound GAFab (Figs. S7 and 

S8) provide evidence that the conformational dynamics evolve in an asymmetric manner for the two 

subunits. As seen in the ∆RMSF plots in Fig. 5, differences in the conformational dynamics of the two 

subunits of apo GAFab (Fig. 5A) or cGMP-liganded GAFab (Fig. 5B) are observed in the flexible loop 

regions, particularly the GAFb β1/β2 and β4/β5 loops, whereas the secondary structural elements are 

highly symmetrical in the two subunits. Although the XL-MS derived structural models represent a single 

conformation of the β1/β2 (and other) loops based on the distance restraints of the observed crosslinks, 

these atomistic simulations illustrate that these unstructured loops can exist in multiple conformations. 

When comparing the protein dynamics of the unliganded to the cGMP-bound GAFab (Fig. 5C 

and 5D), each subunit showed increased ∆RMSF values in several GAFa loop regions (e.g., β1/β2 loop, 

β4/α4 loop) as well as in the α4 helix that directly participates in cGMP binding [27]. In addition, cGMP 

binding to the GAFab homodimer results in differences in the behavior of the two subunits, with one 

subunit showing a more global increase in conformational dynamics in the GAFa domain and in the 

GAFb β4/β5  and β1/β2 loops (Fig. 5D), whereas the other subunit showed more local changes in 
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flexibility in the GAFa β4/α4 loop and α4 helix (Fig. 5C). These ∆RMSF analyses of the cone PDE6 

GAFab homodimer support the notion that the two subunits undergo different allosteric perturbations to 

several flexible loops in both the GAFa and GAFb domains upon binding of cGMP to the GAFa binding 

sites.  

Examination of changes in the BSA profiles for the apo and cGMP-bound atomistic simulations 

(Figs. S7D and S8D) reveal a change from a bimodal to unimodal profile upon cGMP binding to the 

GAFab homodimer. Analysis of each subdomain indicates that the increases in BSA upon cGMP binding 

occur primarily in the N-terminal α1 helix region preceding the GAFa domain as well as in the LH2 

region that normally links GAFb to the catalytic domains of PDE6 (Figs. S7D and S8D). Analysis of 

changes in BSA further support the idea that cGMP binding to its GAFa binding pocket is predicted to 

induce conformational changes in several loop regions in both GAF domains, and also implicate cGMP-

dependent perturbations of two helical elements that represent a portion of the “backbone” of the GAFab 

dimerization interface. 

Finally, we compared the difference DCC (∆DCC) maps of Cα-Cα motions between the apo and 

cGMP-liganded states of the two GAFab subunits (Fig. 5E) which provides additional evidence for 

asymmetric behavior of the two subunits as well as correlated motions between several structural 

elements upon cGMP binding. For example, upon cGMP binding one subunit (labeled chain A) showed a 

strong pattern of increased coordinated movements between the GAFa domain and the N-terminal region, 

the LH1 helix connecting GAFa to GAFb, and the LH2 region (attached to the catalytic domain of the 

intact PDE6 catalytic subunits). The other subunit (chain B) exhibited a very different ∆DCC map, with 

an alternating pattern of increased and decreased correlated motions between the GAFb β1/β2 loop and 

the rest of the GAFb domain as well a strong decrease in correlated movements between the GAFa 

domain and the GAFb β1/β2 loop (Fig. 5E). 
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Taken together, these atomistic simulations provided evidence for the stability of the solution 

state fold of the PDE6 conformation observed in the crystal structure, differences in the conformational 

dynamics of each subunit, and highly coordinated allosteric perturbations upon cGMP binding. 

 

Docking of Pγ to GAFab 

Pγ-induced conformational changes of GAFab in the presence of cGMP. In order to determine 

the interface of interaction between cone GAFab and cone Pγ, we carried out XL-MS analysis and 

identified 89 intramolecular GAFab cross-links (Table S4) as well as 35 inter-molecular cross-links of a 

truncated cone Pγ subunit (Pγ1-58) with the GAFab dimer containing bound cGMP (Table S5). Because 

cone PDE6 is homodimeric (unlike rod PDE6), we were unable to uniquely assign inter-molecular cross-

linked peptides of Pγ and GAFab to one of the two subunits; hence, all of the inter-molecular cross-links 

observed when GAFab was incubated with both Pγ1-58 and cGMP were initially applied to both subunits 

(see Materials and Methods). The resulting structural model using the rod Pγ as an initial template shows 

that both Pγ subunits interact similarly with GAFab (Fig. 6A). The N-terminal residues of Pγ interact with 

the GAFa domain, specifically the α2/3 region and the α4 helix that is in close proximity to the cGMP 

binding site. The middle region of Pγ (amino acids 16-42) interacts with the GAFb domain, forming close 

associations with the β4/β5 loop, the α3 helix and the β1/β2 loop of GAFb. The remaining Pγ residues 

that could be resolved (amino acids 43-51) cross over the central helix to make contacts with the α2 and 

LH2 helices of the GAFb domain of the opposite chain (Fig. 6A). 

Structural alignment of GAFab∙cGMP lacking Pγ (Fig. 4A) with the structural model of Pγ 

docked to the GAFab∙cGMP dimer (Fig. 6A) showed a major displacement of the α4 helix and the α2/3 

region of GAFa toward the GAFb domain resulting from Pγ binding (Fig. 6B; see also Fig. S5), 

consistent with previous biochemical and mutagenesis studies of rod PDE6[19, 22, 23, 30, 31]. As shown 

in Fig. 6C, a change in cross-linking of Lys412 in the GAFb β6/α5 loop to Lys122 (in the absence of Pγ) 

to Lys188 (in the presence of Pγ) highlights the potential for allosteric communication between the α2/3 
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region of GAFa and the β6/α5 loop of the GAFb domain upon Pγ binding. In addition, the binding of Pγ 

to GAFab∙cGMP results in a major downward movement of GAFb β1/β2 loop (Fig. 6B). These 

conformational changes in GAFab can be attributed in part to physical displacement of several structural 

elements of GAFab to accommodate the binding of Pγ to its sites of interaction in both the GAFa and 

GAFb domains. 

Changes in the Pγ-GAFab complex in the presence or absence of cGMP. To identify cGMP-

dependent changes in GAFab when Pγ is present, we also performed crosslinking of Pγ1-58 to GAFab 

lacking bound cGMP (Table S3 and S5). When compared with the fully liganded complex (Pγ-

GAFab∙cGMP), the Pγ-GAFab structural model demonstrated a similar trajectory of Pγ in its interactions 

with GAFab, with the exception of two regions (Pγ residues 21-27 and 34-38) that deviated from each 

other by up to ~12 Å in a cGMP-dependent manner (Fig. 6D).  

cGMP binding to Pγ-GAFab induced several significant conformational changes in both the 

GAFa and GAFb domains (Fig. 6D; Fig. S5). Occupancy of the cGMP binding pocket in GAFa is 

accompanied by local changes in both the α2/3 region and the α4 helix that have been shown to form a 

“lid” over the cGMP binding site[27]. In the GAFb domain, cGMP binding to Pγ-GAFab resulted in a 

large downward movement of the β1/β2 loop away from the core of the GAFb domain. This 

conformational change upon cGMP binding allows several Pγ residues to interact with the β1/β2 loop 

which cannot occur in the Pγ-GAFab liganded state due to steric clashes. Also noted were significant 

cGMP-induced changes in the β4/β5 loop and in the β5/β6 loop adjacent to the LH2 helix near its C-

terminus (Fig. 6D).  

 

Characterization of cone Pγ1-58 and its binding to GAFab by solution NMR spectroscopy 

Solution NMR spectroscopy was utilized to further characterize Pγ and its interactions with 

GAFab. Isotopically enriched Pγ1-58 (13C, 15N) was expressed in E. coli, purified, and standard 2-

dimensional (2D) and 3-dimensional (3D) solution NMR experiments were performed for Pγ 

assignments. Based on 3D HNCA, HNCACB, and HNCO spectra, 47 of the 58 Pγ 1HN and 15N backbone 
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resonances were assigned (Fig. 7A) with the exception of the 9 prolines and the first 2 amino acids of the 

sequence. A representative 3D HNCA strip plot is shown in Fig. S10A. 

The narrow dispersion of backbone 1H chemical shifts between 7.5 and 9.0 ppm in the 2D 1H-15N 

heteronuclear single quantum correlation (HSQC) spectrum is indicative of the intrinsically disordered 

nature of Pγ. In contrast, well-ordered protein spectra are typically characterized by a wider dispersion of 

backbone 1H resonances well beyond the 1.5 ppm range of intrinsically disordered proteins. The lack of 

well-defined secondary structure in Pγ1-58 is further supported by the absence of consecutive combined 

13C secondary chemical shifts (Δδ13Cα- Δδ13Cβ) of ±2 ppm or more[32], as shown in Fig. S10C. 

To probe the binding interface of Pγ, we mixed the chicken cone Pγ fragment (isotopically 

enriched) with the regulatory GAFab domain (unlabeled, natural abundance). The addition of GAFab 

induced significant changes in the Pγ1-58 1H-15N HSQC spectrum (Fig. 7B). The Pγ1-58 residues that 

make contact with GAFab are expected to exhibit the greatest chemical shift perturbations and NMR 

signal broadening resulting in signal attenuation. We observed that the N-terminal residues (N4-D13) 

were least affected in the presence of GAFab, as inferred not only by the lack of chemical shift 

perturbations but also by the similar NMR signal intensity of free and bound Pγ1-58 in this region of Pγ. 

All other Pγ residues exhibited some signal attenuation, with the most significant effects observed in the 

F28-S38 region of Pγ where the peaks were barely detectable and close to the baseline. Smaller 

attenuation was seen for neighboring residues (e.g. T20, G24, K27, and K42) and the C-terminal region, 

which suggests that these residues either interact with lower affinity or they are not directly interacting 

with GAFab yet are in close enough proximity to the binding interface to cause signal attenuation due to 

indirect effects. Only modest or no chemical shift perturbations of the Pγ1-58 spectra were observed upon 

GAFab addition, suggesting that the Pγ-GAFab interaction is in the intermediate exchange regime. 

To investigate cGMP-induced conformational changes in binding of Pγ to GAFab, we also 

examined the NMR spectra under conditions where 0.9 mM cGMP was included with isotopically labeled 

Pγ1-58 and GAFab. While addition of cGMP to the Pγ-GAFab complex did not result in any major 

chemical shift perturbations to the spectra (Fig. S10B), it did cause a global decrease in signal intensities, 
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and some of the Pγ-interacting residues underwent a slight differential signal broadening and attenuation 

when compared to the Pγ-GAFab complex (Fig. S10B and S10D). 

 

Discussion 

Allosteric communication pathway in the regulatory GAF domains of PDEs. This paper reports 

the first atomic-level crystal structure for the tandem GAF domains of cone PDE6 in conjunction with 

integrative structural modeling that leverages the distinct capabilities of XL-MS, NMR spectroscopy, and 

MD simulations to elucidate the protein dynamics and the allosteric communication pathway of PDE6 

that are modulated by cGMP and Pγ binding to GAFab. For example, XL/MS is a medium-resolution 

approach requiring relatively small amounts of purified protein complexes and suitable for comparing 

different liganded states to understand the conformational changes induced by binding of cGMP and/or Pγ 

to GAFab. NMR spectroscopy, in contrast, was employed to obtain atomic-level determination of the 

structure of the small, intrinsically disordered Pγ subunit free in solution and upon its interaction with 

GAFab. In addition, we carried out MD simulations based on the x-ray structure and XL-MS structural 

models to gain insights into conformational dynamics and cGMP-induced changes in the GAFab 

structure. 

The x-ray structure of the apo state of the GAFab dimer depicts the prototypical GAFa and GAFb 

domains[1] with parallel organization of the two subunits (Fig. 2) consistent with other GAF-containing 

PDEs[3]. The PDE6 GAFab regulatory domains show the greatest structural and sequence homology with 

the PDE5 GAFab structure[7]. The cGMP-dependent conformational changes in the α4 helix, the β4-α4 

loop, the β1/β2 loop, and the α2/3 region of PDE6 GAFa (Fig. 4) are similar to those reported for cGMP 

binding to PDE5 GAFa and to PDE2 GAFb[7, 8], but more evident when Pγ is also bound to PDE6 

GAFab (Fig. 6). The latter observation may explain why PDE5 undergoes direct allosteric activation of 

catalysis upon cGMP binding to GAFa[17], whereas for PDE6 direct allosteric communication between 

the GAF and catalytic domains is mediated by both cGMP binding to GAFa and by Pγ binding to both the 

regulatory and catalytic domains of PDE6[24]. 
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Fig. 8 presents a working model for the allosteric communication network that signals binding of 

cGMP and/or changes in the multiple interactions of Pγ with the regulatory GAFab dimer of cone PDE6. 

Our XL-MS structural models and MD simulations predict that binding of cGMP to GAFa induces local 

conformational changes in the vicinity of the cGMP binding pocket (α2/3 region, β4/α4 loop, and α4 

helix; Fig. 4) as well as correlated conformational changes throughout the GAFa domain that include the 

GAFa β1/β2 loop (Fig. 4B, Fig. 5D) and the LH1 helix that links GAFa to GAFb (Fig. 5E). Although our  

XL-MS and NMR results cannot distinguish between the two identical subunits of GAFab, the atomistic 

simulations predict that the GAFa domains of the two subunits behave differently upon cGMP binding 

(Fig. 5C-E). It is noteworthy that conformational changes to GAFa upon cGMP binding are more 

pronounced when Pγ is bound, including the α2/3 region, α4 helix, and the β1/β2 loop of GAFa (Fig. 6). 

We hypothesize that these elements reflect the structural basis for the reciprocal positive cooperativity 

between cGMP and Pγ binding to PDE6[19, 22, 23]. 

Allosteric signal relay from GAFa to GAFb is proposed to occur at multiple sites at the interface of 

the two subdomains, notably the GAFa β1/β2 loop with the GAFb β4/β5 and β6/α5 loops, and the GAFa 

α2/3 region with the GAFb β6/α5 loop (Fig. 8, purple arrows). These GAFb structural elements are 

hypothesized to propagate allosteric signals throughout the GAFb domain, including to the large β1/β2 

loop and the β5/β6 loop. The extensive interactions of the central region of Pγ with GAFb (Figs. 6 and 7) 

support the idea that the large cGMP-induced conformational changes observed in the GAFb β1/β2 loop 

and the β5/β6 loop (Fig. 6D) may be mediated primarily by changes in Pγ interactions in this region.  

Because the cone PDE6 catalytic domains are absent in this study, we can only speculate about how 

allosteric signals are conveyed from the GAFb domain to the catalytic domain. In analogy to PDE2 [8], 

we postulate that one allosteric pathway is via changes in conformational dynamics in the LH2 helix (Fig. 

S7-S8) induced by interactions with the GAFb β5/β6 loop or with the Pγ subunit (red arrows, Fig. 8). We 

also point out that the dimerization interface between the two subunits (including the LH1 and LH2 

“backbone” as well as interactions in both GAFa and GAFb between the α1/α2 loops of one subunit and 

the β5/β6 loops of the other subunit) may laterally transmit allosteric signals from one subunit to the 
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other, as well as propagating conformational changes longitudinally from GAFa to GAFb (via the LH1 

helix) and subsequently to the catalytic domains of the holoenzyme (via the LH2 helix). Another possible 

allosteric pathway has been postulated that links conformational changes in the GAFb β1/β2 loop 

(induced by cGMP or Pγ binding) with neighboring residues on the catalytic domain of rod PDE6 

holoenzyme[10, 11]. 

In summary, although rod and cone PDE6 may share with other GAF-containing PDEs homologous 

structural elements that likely serve to allosterically relay the binding of cyclic nucleotides from the GAF 

domains to the catalytic domains[7, 8, 13, 33], we hypothesize that the binding of the intrinsically 

disordered Pγ with both the regulatory and catalytic  domains of PDE6 has evolved with the vertebrate 

retina to meet the complex regulatory requirements of the visual transduction pathway in rod and cone 

photoreceptors[34, 35]. 

Relevance of allosteric regulation of PDE6 to the visual signaling pathway in rod and cone 

photoreceptors. Upon photoexcitation of rhodopsin and subsequent activation of the photoreceptor G-

protein (transducin), the transducin α-subunit (Gα*-GTP) rapidly binds to PDE6 and relieves the 

inhibitory constraint of the Pγ subunits; the resulting activation of PDE6 catalysis leads to a drop in 

cGMP levels, closure of cGMP-gated ion channels, and hyperpolarization of the membrane[18, 36]. Rod 

and cone photoreceptors express homologs of these phototransduction proteins, yet the speed and 

sensitivity of the photoresponse are markedly different in rods and cones; differences in the regulation of 

rod and cone PDE6 activity are hypothesized to account for some of these differences[37, 38].  

Structural alignment of cone Pγ-GAFab∙cGMP (Fig. 6A) with the liganded state of rod PDE6 

holoenzyme[10, 11] reveals a high extent of conservation of overall secondary structure of rod and cone 

PDE6,  with greater structural similarity in the GAFa (RMSD  = 2.8 Å) than GAFb domains (RMSD = 

7.8 Å; Fig. S9). Within the GAFa domains, the α4 helix and the α2/3 helix (and adjacent residues) of cone 

GAFa are displaced away from the cGMP binding pocket compared with rod GAFa, providing a 

structural basis for the reported lower binding affinity of cGMP for the cone PDE6 isoform[39-41]. One 

notable difference between the GAFb domains of rod and cone PDE6 is the presence of an α-helical 
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segment within the β1/β2 loop of rod—but not cone--GAFb that has been hypothesized to relay allosteric 

signals from the GAFb of one rod catalytic subunit to the catalytic domain of the other subunit[10, 11]. 

We also note that the absence of the catalytic domains attached to the GAFb domains in this study of cone 

PDE6 does not permit us to evaluate the overall allosteric relay from GAFa through GAFb to the catalytic 

domains of the intact PDE6 holoenzyme that have been inferred from biochemical[24] and structural[42] 

studies of the rod PDE6 isoform. 

Examination of the binding interface of rod and cone Pγ with their respective GAFab regulatory 

domains (Fig. S9) reveals greater similarity within the GAFa domain compared to the GAFb domain, 

especially for the rod PDE6B subunit (Fig. S9). Furthermore, the XL-MS (Fig. 6) and NMR (Fig. 7) 

results identifying multiple sites of interaction between the central region of Pγ and the GAFb domain in 

conjunction with conformational dynamics of several GAFb loops suggest that the GAFb domain serves 

as the central hub of allosteric communication within the PDE6 catalytic subunits. These structural 

differences in the binding of Pγ to the GAFb domain may contribute to the observed functional 

differences in the stoichiometry and mechanism of activation of rod and cone PDE6 by activated 

transducin α-subunit[11, 38, 43].  

Understanding the molecular etiology of retinal diseases attributed to mutations in PDE6 catalytic 

subunits. Several inherited retinal diseases have been shown to be associated with mutations in the genes 

coding for rod PDE6A and PDE6B catalytic subunits (e.g., retinitis pigmentosa[44], congenital stationary 

night blindness[45]) or cone PDE6C catalytic subunit (autosomal recessive achromatopsia[46], cone 

dystrophy[47]). While missense mutations located within the catalytic domain of PDE6C can be directly 

attributed to disruption of the catalytic mechanism[48], the mechanisms underlying disease-causing 

mutations in the PDE6C GAFab domain remain unclear. Our identification of structural elements in cone 

GAFab that undergo ligand-dependent changes in conformation (Fig. 8) provide a molecular basis for 

categorizing some of the known disease-causing mutations in PDE6C (see Fig. 8, gray spheres). For 

example, several mutations have been identified in the vicinity of the GAFa β1/β2 loop, including 

Arg102Trp[49, 50], Arg104Trp[48, 51], and Glu109Val[50] that are likely to disrupt the function of this 
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element of the allosteric communication network. The disease-causing mutation Leu298His[50] is located 

in the GAFb β1/β2 loop (Fig. 8) that undergoes major ligand-dependent conformational changes that have 

been proposed to relay allosteric signals to the rod PDE6 catalytic domain[10, 11]. Our structural model 

also locates the Tyr323Asn (GAFb β2 strand;[52]) and the P391L (GAFb β5 strand;[51]) mutations in 

close proximity to the central region of Pγ (Fig. 8), consistent with a report that heterologous expression 

of the Tyr323Asn mutant impairs Pγ affinity for the cone PDE6 catalytic dimer[48]. The structure of the 

PDE6 GAFab regulatory domains presented herein provides a molecular framework for understanding the 

molecular etiology of diseases arising from mutations in PDE6 and other GAF-containing PDEs[53, 54] 

with the potential to design allosteric activators of PDEs targeting the regulatory GAF domains as 

candidates to intervene in a variety of human diseases[12]. 

 

Materials and Methods 

Expression and purification of the tandem GAF domains of cone PDE6 and of truncated cone Pγ. 

The nucleotide sequence corresponding to amino acid residues 42-458 of the chicken cone 

PDE6C catalytic subunit (UniProtKB P52731) was obtained from a chicken retinal cDNA library (kindly 

provided by Dr. Susan Semple-Rowland[55]). The sequence-verified cone GAFab construct was found to 

have one amino acid difference from the published sequence at position 93 with an alanine instead of an 

arginine (see Fig. S2); all other available bird PDE6C sequences also have alanine at this position. Cone 

GAFab was subcloned into pET47b (containing a C-terminal 6-His fusion tag), transformed into E. coli 

Rosetta cells, and grown at 37 °C in Luria Broth media to an OD600 of ~0.8. Then, 50 µM isopropyl-β-D-

1-thiogalactopyranoside was added and the cells incubated at 18 ºC for 18 h. The cell pellet was 

resuspended in 20 mM Tris, 100 mM NaCl, pH 8.0 and disrupted by sonication. The recombinant protein 

was purified from the cell extract using a 1 ml HisTrap HP column with the GAFab protein being eluted 

from the resin with a buffer consisting of 100 mM imidazole, 100 mM NaCl and 20 mM Tris (pH 7.5). 

The affinity-purified protein was buffer exchanged with 50 mM Tris, 100 mM NaCl, 1 mM β-

mercaptoethanol, 1 mM EDTA (pH 7.5)  prior to Superdex 200 gel filtration chromatography. The 
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apparent molecular weight and purity of GAFab was evaluated by sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis. Protein concentrations were determined by the bicinchoninic acid protein assay[56] 

using bovine gamma globulin as standard. For measurements of cGMP binding to GAFab, 1.5 nM 

GAFab was incubated with various amounts of radiolabeled cGMP (3 to 200 nM) for 1 h at room 

temperature followed by a filter binding assay as described previously[57]. 

The DNA sequence coding for the first 58 residues of chicken cone Pγ (Pγ1-58; PDE6H 

UniprotKB Q802E3) was inserted into the NdeI and BamHI sites of the pET11a vector, followed by 

transformation into the E. coli BL21(DE3) strain. A Pγ1-58 site-directed mutant in which lysines were 

substituted at Thr7 and at Thr11 was also constructed. Both constructs were transformed into E. coli 

BL21(DE3), grown on 2X-TY media at 37 ºC until reaching an OD600 of ~0.6, and then protein 

expression induced with 0.3 mM isopropylthiogalactoside. Cells were then grown at 30 ºC for 4 h after 

induction. Following cell harvesting, the bacterial extract was purified by HiTrap SP FF column (GE 

Healthcare). The Pγ construct was further purified by C18 reverse-phase high pressure liquid 

chromatography following standard procedures[58]. The purity of these proteins was determined to be 

>95% as evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein concentrations 

were evaluated by the bicinchoninic protein assay. 

X-ray structure determination 

Purified chicken cone GAFab protein (8 mg/ml) was crystallized by the hanging drop method at 4 ⁰C. The 

drop was prepared by mixing 2 µl GAFab sample with 2 µl well buffer that contains 0.1 M Na-HEPES 

pH 7.5, 21-27% PEG3350, 0.2 M ammonium sulfate, and 20% glycerol. The crystals showed up in 10 d 

and grew to the maximum size in 4 weeks. The crystals have the space group of P65 with cell dimensions 

of a = b = 148.5, and c = 93.7 Å. The diffraction data of the unliganded GAFab was collected on the 

SERCAT beam line of APS and processed by HKL2000[59] (Table 1). The structure determination was 

solved by the AutoBuild module of PHENIX[60], using the PDE5 GAF domains as the initial model[7]. 

The raw model of GAFab was rebuilt with program COOT[61] and refined by program REFMAC[62] 
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(Table 1) to an R-factor of 0.207 for 16489 reflections in the resolution of 50 – 3.2 Å.  

Chemical cross-linking, in-gel digestion, and MS analysis 

The manufacturer’s protocols were followed to perform chemical cross-linking reactions for each 

cross-linker. Chicken cone PDE6 GAFab was buffer exchanged into HEPES buffer (20 mM HEPES, 100 

mM NaCl, 5 mM MgCl2, pH 7.5) and incubated with Pγ and/or cGMP. After incubating with cross-linker 

at RT for 1 h, proteins were separated with NuPAGE 4-12% Bis-Tris gels and visualized with Coomassie 

Brilliant Blue G-250.  

Bands representing cross-linked proteins were in-gel digested and analyzed by LC-MS and LC-

MS/MS essentially as described previously[9, 11]. Briefly, protein bands were excised from the SDS-

PAGE gel, washed with 25 mM NH4HCO3/50% acetonitrile, treated with 10 mM DTT; sulfhydryl group 

were then alkylated with 55 mM iodoacetamide in 25 mM NH4HCO3. Dried gel pieces were treated with 

trypsin and asp-N (Promega) and the digested peptides sequentially extracted with 50% acetonitrile, 20% 

formic acid, and finally 100% acetonitrile; the samples were then concentrated to ~7 µl. One µl aliquots 

were injected into the Dionex Ultimate 3000 RSLC nano UHPLC system (Dionex Corporation 

Sunnyvale, CA) as previously described[11]. The eluant was introduced into the nano-electrospray 

ionization source of an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, Waltham, MA), and LC-

MS data acquired in an information-dependent acquisition mode. Full MS spectra were acquired in the 

Orbitrap (m/z 315-2000) with a resolution of 30000 at m/z 400. The five most intense ions were selected 

for collision-induced dissociation (CID) fragmentation in the linear ion trap for MS/MS data 

acquisition[42]. 

Cross-linked peptide identification and structural modeling  

Peak lists were created using PAVA for input into Protein Prospector. Data were initially 

searched against the full Swiss-Prot database to verify the proteins, and then the search was restricted to 

cone PDE6 subunits. In experiments where mutant or truncated proteins were used, all protein sequences 

were input as user-defined proteins. Cross-linked peptides were identified using an integrated module in 

Protein Prospector, based on a bioinformatic strategy described previously[42, 63, 64].  
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The GAFab x-ray crystal structure was used as the template and cross-linking data was applied as 

distance restraints in Modeller[29] to obtain the cross-link refined integrative structural models of GAFab 

under all four condition as discussed above. Symmetry was enforced for the two subunits. The 

comparative model with lowest DOPE score (out of 10) was selected.  

To perform docking of Pγ to GAFab incubated with cGMP (Fig. 6A), the Integrated Modeling 

Platform[65] (IMP) was used, with the following segments of Pγ treated as individual rigid bodies: 

residues 1-6, 11-23, 29-31, 37-43, and 46-51. Pγ fragments 1-6 and 11-23 were based on a homology 

model of cone Pγ created using rod Pγ from the rod PDE6 cryo-EM structure as a template[10]. The 

remaining Pγ peptide fragments were generated in silico[66] assuming a linearly extended conformation. 

The absence of reactive lysine residues in the first 23 amino acid residues of the cone Pγ sequence led us 

to create a site-directed Pγ1-58 mutant that introduced lysine residues at Thr7 and at Thr11. With this 

Pγ1-58 double mutant, additional cross-linked peptides between GAFab and Pγ could be identified. 

All of the inter-molecular cross-links observed when GAFab was incubated with both Pγ1-58 and 

cGMP were initially applied to both subunits. In three instances (GAFab residues Lys249, Lys409, and 

Lys412), cross-links between a single Pγ and the GAFab dimer were assigned to the other chain of 

GAFab either because they violated the distance restraint or because of steric hindrance.  

To dock the Pγ fragments to GAFab, IMP was run as described previously[11]. The best fitting 

model obtained from IMP was run in Modeller using the same cross-linking restraints in order to fill in 

missing Pγ residues and to add missing atoms to each subunit.  

For the case where cross-linking data was collected for the GAFab dimer incubated with Pγ1-58 

in the absence of cGMP (Fig. 6D), the docking of Pγ to GAFab relied on the Pγ conformation determined 

for the cGMP-liganded GAFab dimer as the initial template for Modeller. 

 To quantify potential differences between the two subunits of GAFab and to assess 

conformational changes occurring upon ligand binding, analysis of the root mean square deviations 

(RMSD) of our structural model with other available structures was carried out using Visual Molecular 

Dynamics (VMD) software version 1.9.3[67]. 

https://www.ks.uiuc.edu/Research/vmd/
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System setup and MD simulation details 

VMD[67] was used to prepare all systems and analyze simulation trajectories. All simulations 

were performed using the NAMD software[68] with three different structures of cone PDE6 GAFab, 

namely the x-ray structure and the structural models (consisting of residues 42-458) of the unliganded 

(apo) and cGMP-bound GAFab states. We note that the x-ray structure for GAFab does not contain a 

portion of the GAFb β1/β2 flexible loop (residues 286-310), whereas the two cross-link refined structural 

models include this loop. In the GAFab∙cGMP structural model, a cGMP molecule was docked in each 

GAFa binding site based on the atomic coordinates of cGMP reported for the published chicken cone 

GAF structure (PDB ID: 3DBA).  

The three structures were solvated with TIP3P water molecules and the systems were neutralized 

with NaCl and MgCl2. After 500 steps of conjugate-gradient minimization, we equilibrated the volume of 

the simulation domain for each system by conducting a short 1 ns MD simulation in the NPT ensemble, 

after which we conducted three independent long time-scale MD simulations of each system (Table S6). 

In all simulations, we used a time-step of 2 fs and the CHARMM force-field for all molecules[69-71]. 

The temperature was maintained (at 310 K) using a Langevin thermostat and the pressure (at 1 atm) using 

a Nosé-Hoover barostat. 

MD conformational metrics  

Root Mean Squared Deviation/Fluctuation (RMSD/RMSF): To understand the domain-level 

flexibility of GAFab in various states (crystal structure, apo, and cGMP-bound states), we computed the 

RMSD as a metric based on the Cα atoms, where RMSD was measured relative to the initial structure in 

each simulation. A higher RMSD relative to the initial structure would indicate increased flexibility and 

vice-versa. The probability distributions of RMSDs of various domains of GAFab are shown in Figs. S6-

S8. To quantify the conformational flexibility of each residue, we further computed RMSF per residue for 

each subunit of GAFab; the two identical subunits were distinguished by labeling the second subunit with 

an apostrophe. The RMSF calculations were based on all atoms in each residue. The RMSF data are 

shown in Figs. S6-S8. 
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Buried surface area (BSA): To characterize interfacial area between a pair of domains within 

PDE6, we calculated BSA between domains using the following equation: BSA = SASAa + SASAa′ −

SASAaa′ where SASAa , SASAa′, and SASAaa′ are the solvent-accessible surface areas (SASA) of each 

domain individually or both domains taken together. We used a probe radius of 1.4 Å for SASA 

calculations.  

Dynamic Cross Correlation (DCC) Analysis: We also carried out residue-residue (Cα-Cα) DCC 

analysis for the apo and cGMP-bound states of GAFab using MD-TASK[72]. Specifically, for a pair of 

atoms i and j, the correlation coefficient Cij was computed using time-averaged displacements (∆ri and 

∆rj) from the mean positions. 

NMR spectroscopy  

Uniformly 13C, 15N enriched Pγ1-58 was produced by expressing the protein in M9 minimal medium 

supplemented with 15NH4Cl and 13C6-glucose (for uniform labeling with nitrogen-15 and carbon-13), 

respectively. After purification, Pγ1-58 was resuspended in a buffer containing 20 mM Tris, 50 mM 

NaCl, 1 mM MgCl2, pH 7.5. D2O, NaN3, and DSS were added for a final concentration of 5% v/v, 1 mM, 

and 200 μM, respectively. NMR spectra were collected on a Bruker Avance III HD 700 MHz NMR 

spectrometer equipped with a quadruple resonance inverse QCI-F CryoProbe at the City University of 

New York Advanced Science Research Center (CUNY ASRC) Biomolecular NMR Facility and on a 

Bruker Avance NEO 700 MHz NMR spectrometer equipped with a 5-mm triple resonance inverse TCI 

CryoProbe at the University of New Hampshire Instrumentation Center NMR facility. For backbone and 

sidechain assignments, 2D 1H-15N HSQC, and 3D HNCA, HNCACB, and HNCO spectra were collected 

of 50 μM uniformly 13C,15N enriched Pγ1-58. To investigate the binding properties of Pγ and GAFab, 

uniformly 13C,15N enriched Pγ1-58 (20 μM) and natural abundance GAFab (72 μM) were mixed, and 2D 

1H-15N HSQC spectra of Pγ1-58 were acquired (with and without GAFab) at 21 ⁰C. To probe the effects 

of cGMP binding to GAFab on GAFab-Pγ interactions, 0.9 mM cGMP was added and spectra collected 

as above. All NMR data were processed using NMRPipe[73]. Analysis and assignments of the 2D and 3D 

data sets were carried out using NMRFAM-Sparky[74]. The assignment process was facilitated by using 
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the PINE server for initial automated assignments[75, 76] before completing the assignments manually. 

13C chemical shifts are sensitive reporters of protein secondary structure[77], and secondary chemical 

shifts are defined as the observed chemical shift deviation from average random coil values. Secondary 

chemical shifts were generated using NMRFAM-Sparky[74]. Changes in peak intensity upon addition of 

GAFab and, subsequently, cGMP were defined as the ratio of the peak volume after (I) and before (I0) 

addition of unlabeled GAFab with or without cGMP to isotopically enriched Pγ1-58 [78].  

Accession numbers 

The crystal structure and diffraction data have been deposited in the RCSB Protein Data Bank with 

accession number PDBID: 6X88. Chemical shifts have been deposited in the Biological Magnetic 

Resonance Data Bank (BMRB) with accession number 28133. The mass spectrometry proteomics data 

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository[79] with the 

dataset identifier PXD020817. The integrative structural models have been deposited in PDB-Dev: apo-

GAFab, PDBDEV_00000057; GAFab∙cGMP, PDBDEV_00000058; Pγ-GAFab∙cGMP, 

PDBDEV_00000059, and; Pγ-GAFab: PDBDEV_00000060. 
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 Table 1. Statistics on diffraction data and structure refinement of unliganded PDE6C GAFab 

Data collection 
Space group P65 
Unit cell (a = b. c, Å) 148.5, 148.5, 93.7 
Resolution (Å) 3.2 
Wavelength (Å) 1.0 
Unique reflections 16,737 
redundancy 4.8 fold 
Completeness (%) 86.0 (87.7)* 
Average I/σ 6.2 (1.9)* 
Rmerge 0.142 (0.712)* 
Refinement 
R-factor 0.207 
R-free 0.308 (5.0%)‡ 
Resolution (Å)  50-3.2 
     Bond (Å) 0.011 
     Angle 1.65o 
     Protein 72.5 (6251)§ 
Ramachandran Plot 
     Most favored 94.0 
     Allowed 5.8 
Generally allowed 0.2 

*The numbers in parentheses are for the highest resolution shell. 
‡The percentage of reflections omitted for calculation of R-free. 
§The number of atoms in the crystallographic asymmetric unit. 
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Fig. 1. Multiple equilibria of ligand binding to PDE6 regulatory GAFab domains. The GAFab 
regulatory domain of cone PDE6 consists of two identical subunits each of which has tandem GAFa and 
GAFb domains (blue ovals). Noncatalytic cGMP binding sites are depicted on GAFa, and the inhibitory 
Pγ subunit is represented in a linearly extended conformation as interacting with both GAFa and GAFb. 
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Fig. 2. Structure of cone PDE6 regulatory domains. A. X-ray structure of chicken cone PDE6 GAFab 
at 3.3 Å resolution; α-helices colored red, β-strands colored yellow, and loop regions colored gray. 
Arrows indicate location of the unresolved β1/β2 loop structure in the GAFb domain. B. Structural 
alignment of the unliganded cone GAFa domain of the GAFab x-ray structure with the GAFa crystal 
structure (cyan) with bound cGMP[27]. C. Structural alterations of residues within the cGMP binding 
site. Cyan sticks represent the residues in the crystal structure of cGMP-bound GAFa structure[27], while 
the corresponding residues of unliganded cone PDE6 are shown as olive sticks. The dotted lines represent 
hydrogen bonds. 
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Fig. 3. Structural model of the apo state of cone PDE6 GAFab determined by chemical 
cross-linking and mass spectrometry.  A. SDS-PAGE of a cross-linking experiment in which 
12 µM GAFab was incubated in the presence or absence of cGMP (10-fold molar excess) and/or 
120 µM Pγ1-58 prior to addition of a 50-fold molar excess of the chemical cross-linker BS3. B. 
Structural alignment of cross-linked refined apo-GAFab (cyan) with the x-ray structure (green), 
with major differences indicated for the x-ray (red) and apo (dark blue) structures; the GAFb 
β1/β2 loop (residues 286 to 310) that is missing in the x-ray structure is highlighted as a thick 
blue loop in the apo structure. 
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Fig. 4. Structural changes in PDE6 GAFab upon binding of cGMP. A. Comparison of apo GAFab 
(cyan) with GAFab∙cGMP (magenta) with significant conformational differences highlighted. B. 
Comparison of the conformational states of the GAFa domain in its apo (cyan) and cGMP-bound state 
(magenta, with cGMP (red) docked)  C. Comparison of the conformation of the GAFb β1/β2 loop 
[residues 280 (blue) to 320 (red)] in the apo (thin loop) and GAFab∙cGMP (thick loop) states. 
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Fig. 5.  Molecular dynamics (MD) simulations of the apo and cGMP-liganded states of cone PDE6 
GAFab.  A-D. The ΔRMSF per residue were analyzed separately for each sub-domain of GAFab [N-
terminal region (α1) preceding GAFa (residues 55-74), GAFa (residues 75-224), long helix-1 (LH1, 
residues 225-255), GAFb (residues 256-443), and long helix-2 (LH2, residues 434-453)] to identify 
differences in protein dynamics of the two chains in the apo and cGMP-bound states for each subunit. A 
and B. Evaluation of asymmetry in protein dynamics of the two GAFab subunits in the apo (panel A) and 
cGMP-bound (panel B) state. C and D. Changes in protein dynamics upon cGMP binding to GAFab 
were evaluated by plotting the ΔRMSF per residue for the apo and cGMP-liganded states for subunit A 
(panel C) and subunit B (panel D).  E. Difference dynamic cross-correlation (∆DCC) analysis of the 
differences in correlated motions  between the apo and cGMP-liganded states of GAFab for subunits A 
(left) and B (right). Heat map bar indicates the range of correlations from -1 (highly decreased 
correlation) to 0 (no change in correlation) to +1 (highly increased correlation). 
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 Fig. 6. Integrative structural models of cone Pγ complexed with cone PDE6 GAFab in the presence 
and absence of bound cGMP. IMP was used to dock cone Pγ (residues 1 to 51; shown as thick lines) to 
the GAFab dimer, as described in Materials and Methods. A. One Pγ (orange) primarily interacts with 
Chain A of GAFab∙cGMP, while the other Pγ (olive) primarily interacts with Chain B. Spheres represent 
Pγ residues interacting with GAFab based on NMR results described in Fig. 7. B. Comparison of the 
cGMP-liganded GAFab structure in the absence (magenta) or presence of Pγ (blue; 180⁰ rotation of panel 
A). Arrows indicate movement of structural elements upon Pγ binding. C. Expanded view of the GAFa 
domain from panel B with orange spheres representing the Cα atoms of Pγ and blue and magenta spheres 
showing cross-linked residues described in the text.  D. Comparison of the Pγ-liganded GAFab structure 
in the presence of cGMP (blue; 180⁰ rotation of panel A) or its absence (green, with Pγ colored red and 
magenta). 
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Fig. 7. Pγ1-58 NMR resonance assignments and binding studies. (A) 2D 1H-15N HSQC NMR 
spectrum of Pγ in its unbound state. Narrow dispersion of 1H chemical shifts between 9.0 and 7.5 ppm is 
indicative of an intrinsically disordered protein. (B) The overlay of the 2D 1H-15N HSQC NMR spectra of 
the unbound Pγ (red spectrum) and Pγ bound to GAFab (black spectrum) illustrates that the addition of 
GAFab induced significant changes in the Pγ spectrum. The most significant line broadening was 
observed in the F28-S38 region of Pγ, indicative of the binding interface. Smaller signal attenuation was 
seen for neighboring residues and the C-terminal region.  
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Fig. 8. Model of allosteric communication within the regulatory tandem GAF domains.  The GAFab 
structural model for the cGMP- and Pγ-bound state (Fig. 6A) is shown with the major structural elements 
undergoing ligand-dependent conformational changes in the GAFa (red labels) and GAFb (orange labels). 
Pγ subunits are indicated by thick yellow and orange lines, while the catalytic domains are represented as 
light blue ovals based on the overall domain arrangement of rod PDE6 holoenzyme. Arrows indicate the 
proposed interactions that convey allosteric changes upon cGMP and/or Pγ binding, and grey spheres 
represent the sites of disease-causing mutations in human cone PDE6.  See Discussion for details. 
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