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Abstract

As one of the main receptors of a second messenger, cGMP, cGMP-dependent protein kinase 

(PKG) isoforms I and II regulate distinct physiological processes. The design of isoform-specific 

activators is thus of great biomedical importance and requires detailed structural information about 

PKG isoforms bound with activators, including accurate positions of hydrogen atoms and a 

description of the hydrogen bonding and water architecture. Here, we determined a 2.2 Å room-

temperature joint X-ray/neutron (XN) structure of the human PKG II carboxyl cyclic nucleotide 

binding (CNB-B) domain bound with a potent PKG II activator, 8-pCPT-cGMP. The XN structure 

directly visualizes intermolecular interactions and reveals changes in hydrogen bonding patterns 

upon comparison to the X-ray structure determined at cryo-temperatures. Comparative analysis of 

the backbone hydrogen/deuterium exchange patterns in PKG II:8-pCPT-cGMP and previously 

reported PKG Iβ:cGMP XN structures suggests that the ability of these agonists to activate PKG is 
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related to how effectively they quench dynamics of the cyclic nucleotide binding pocket and the 

surrounding regions.

Cyclic GMP protein kinases (PKG) are crucial mediators of the nitric oxide-cGMP signaling 

pathway that regulates numerous physiological responses, including smooth muscle tone, 

nociception, memory formation, and bone growth.1,2 Mammalian cells have two types of 

PKGs, isoforms I and II.3,4 Each enzyme shows distinct subcellular localization, tissue 

expression, and substrates, suggesting their nonredundant cellular functions. PKG I and II 

isoforms contain tandem cyclic nucleotide binding domains (CNB-A and -B) that tightly 

regulate the kinase activity in cGMP-dependent manner.5,6 Each CNB domain folds into an 

eight-stranded β barrel and has variable numbers of α helices.7,8 The β barrel contains a 

highly conserved structural motif termed the phosphate binding cassette (PBC). Consisting 

of a short helix (P helix) and a loop, the PBC provides multiple contacts with the ribose 

cyclic phosphate of cGMP. PKG I and II show a large degree of sequence similarity (50% 

identical sequences) and comparable architecture for CNB domains.9 The CNB domains 

demonstrate variable affinities and selectivities for cGMP. CNB-A domains of PKG I and II 

isoforms have little selectivity for cGMP over cAMP.8,9 In contrast, the CNB-B domains are 

highly selective for cGMP and act as gatekeeper domains for the cGMP-dependent 

activation of each isoform.9,10

Recent crystal structures of PKG I CNB domains demonstrated that isoform-specific 

interactions observed between the CNB-B β5/αC helix and the guanine moiety of cGMP are 

responsible for their high cGMP selectivity.8–11 In PKG Iβ, the guanine moiety interacts 

with Leu296 and Arg297 on the β5 strand through hydrogen bonds and forms π–π stacking 

interactions with Tyr351 of the αC helix. Unlike those of PKG I, isoform-specific 

interactions with the guanine are provided by Asp412 and Arg415 of the αC helix of the 

CNB-B domain in PKG II. Mutating these residues significantly reduces the level of cGMP 

binding and cGMP-dependent activation but has a negligible effect on the level of cAMP 

binding and cAMP-mediated activation. Nuclear magnetic resonance studies comparing 

different PKG Iβ CNB-B domain conformations in the apo, cAMP-bound, and cGMP-bound 

states demonstrated the significance of conformational dynamics.12

Several cGMP analogues are available for functional studies of PKG isoforms with different 

specificities.13,14 For example, the analogue 8-(4-chlorophenylthio)guanosine 3′,5′-cyclic 

monophosphate [8-pCPT-cGMP (Scheme 1)] is the most potent activator for PKG II, while 

PKG I is more sensitive to β-phenyl-1,N2-ethenoguanosine 3′,5′-monophosphate (PET-

cGMP). However, these compounds are not specific: both can activate either isoform at low 

micromolar concentrations. Additionally, they can activate cAMP-dependent protein kinases 

(PKAs) and interact with cyclic nucleotide-gated channels and phosphodiesterases at high 

concentrations.

Despite the wide usage of the cGMP analogues in determining cellular functions of PKG 

isoforms, little is known about how these analogues interact with the different isoforms. 

Low-temperature (LT) X-ray crystallography is commonly used to study protein–ligand 

interactions at high resolution. However, room-temperature (RT) neutron structures suggest 

that some interactions inferred from LT X-ray structures as strong hydrogen (H) bonds are 

Gerlits et al. Page 2

Biochemistry. Author manuscript; available in PMC 2019 March 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



weaker or missing in RT structures.15,16 For example, our recent joint RT X-ray/ neutron 

(XN) structure of the PKG Iβ CNB-B domain bound to cGMP (PDB entry 4QXK) 

demonstrated that the key interactions of Arg297 with cGMP are more dynamic than what 

the LT X-ray structure suggested.11 Here, to obtain direct information about hydrogen 

bonding interactions, we determined a RT XN structure of the human PKG II CNB-B 

domain bound with 8-pCPT-cGMP at 2.2 Å resolution [PDB entry 6BQ8 (Figure 1 and 

Table S1)]. This complex represents the first neutron structure of a CNB domain bound with 

a kinase activator. We compared the differences in binding of 8-pCPT-cGMP and cGMP to 

the PKG II CNB-B domain. We then analyzed the backbone hydrogen/deuterium (H/D) 

exchange patterns of the current PKG II structure and compared them with that in the 

previously determined PKG Iβ:cGMP neutron structure.11 Our analysis suggests a 

correlation between the dynamics of the PBC and adjacent pockets and the activation 

potency of PKG agonists. We hypothesize that the activator’s potency depends on its ability 

to efficiently decrease the overall dynamics of the binding pocket and may not be limited to 

its affinity for the site.

The bound 8-pCPT-cGMP is clearly visible in the neutron scattering length density map 

(Figure 1A) with its cGMP moiety captured between the P helix of the PBC and the β5 

strand. The bulky chlorophenylthio (8-pCPT) moiety extends to the adjacent hydrophobic 

pocket lined by strand β4 and β5 and helix αC residues. Overall, the RT XN structure of the 

PKG II CNB-B:8-pCPT-cGMP complex agrees well with the previously published LT X-ray 

structures of the same domain bound with cGMP (PDB entry 5BV6)9 and 8-pCPT-cGMP 

(PDB entry 5JIZ)17 (root-mean-square deviation values of 0.54 and 0.57 Å, respectively, for 

the matching main chain atoms). The ribose phosphate of 8-pCPT-cGMP in the RT XN 

structure makes six direct hydrogen (H) bonds and one water-mediated interaction with the 

PBC at the cGMP binding pocket. The guanine moiety makes four direct H-bonds with 

Lys347, Ser367, and Asp412 and one water-mediated contact with Asp411. A major 

difference is that the H-bond formed by Lys347 is shorter in the RT XN structure than in the 

LT X-ray structure with cGMP (Figure 1A). The RT XN structure shows a distance of 2.8 Å 

between Nζ of Lys347 and N7 of guanine compared to a distance of 3.2 Å in the PKG II 

CNB-B:cGMP complex, indicating stronger interaction with the analogue. This change is 

due to introduction of the 8-pCPT moiety at position C8 of guanine. The bulky 8-pCPT 

group pushes the side chain of Lys347 toward the guanine pocket and positions its ND3
+ 

group closer to the N7 atom. The Cγ–Cδ–Cε–Nζ torsion angle changes from 162° to 78° 

upon 8-pCPT-cGMP binding (Figure 1A). In major contrast, the analogue-bound LT X-ray 

structure shows a Cγ–Cδ–Cε–Nζ torsion angle of −175° (Figure 1A), which indicates no 

interaction with guanine’s N7 atom. This change in the LT structure is likely caused by 

cryocooling rather than 8-pCPT-cGMP binding. Thus, the relevance of side chain 

conformations found in LT structures to the protein function and ligand binding should be 

interpreted with care, as was discussed previously for HIV-1 protease16 and human carbonic 

anhydrase.18

Our RT XN structure suggests that H bonds between Arg415 and the guanine C6 carbonyl 

group in 8-pCPT-cGMP are weaker than previously reported. Arg415 and Asp412 were 

recently identified as critical residues for achieving high cGMP selectivity by the CNB-B 

domain of the PKG II isoform. Mutating either of these residues increases its EC50 value for 
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cGMP.9 In our RT XN structure, Asp412 forms two strong H-bonds with the amino group at 

C2 and N1 of guanine of 2.8 and 2.7 Å, respectively, accepting deuterium atoms from them. 

However, the guanidinium group of Arg415 is 3.3–3.4 Å from guanine’s O6 atom. Arg415’s 

D atoms are placed out of the plane containing nitrogen and oxygen atoms, indicating weak 

interactions between these groups. This might be a result of Arg415 providing unique crystal 

contacts (Figure 1B). The structure showed that Arg415 forms a salt bridge with Glu292 

from the neighboring molecule in the crystal. The salt bridge, in turn, prevents Arg415 from 

forming strong hydrogen bonds with the guanine. Because mutating Arg415 indeed reduced 

its affinity for cGMP, this salt bridge is unlikely to exist in solution.

Binding of 8-pCPT-cGMP induces structural changes in the neighboring hydrophobic 

pocket. This pocket consists of residues from strands β5 and β6 (Lys347, Leu349, Tyr354, 

and Phe355), the PBC (Glu357), and helix αC (Tyr400, Tyr404, and Leu408). The most 

significant change is the repositioning of the Tyr404 side chain (Figure 2). The cGMP-bound 

structure showed an ordered water molecule trapped among Tyr355, Tyr404, and the OH 

group of the ribose. Both LT X-ray and RT XN structures of PKG II CNB-B:8-pCPT-cGMP 

showed that this water is missing and is displaced by the 8-pCPT moiety. Tyr404 moves 

away with its side chain rotating ~90° around the Cβ–Cγ bond to avoid a steric clash with 8-

pCPT. This places Tyr404 farther from Tyr354, creating a solvent-shielded cavity for the 

hydrophobic 8-pCPT group. Lastly, helix αC moves slightly away from the rest of the 

domain relative to its position in the PKG II CNB-B:cGMP complex to accommodate the 8-

pCPT moiety.

Comparison of the RT XN structures of the current PKG II CNB-B:8-pCPT-cGMP and 

previous PKG I CNB-B:cGMP11 complexes shows different H/D exchange patterns of the 

backbone amide hydrogens in the PBC. In particular, the PKG II:8-pCPT-cGMP complex 

shows that the amides of Glu357 and Lys358 at the P helix of the PBC are fully exchanged 

with deuterium, whereas no exchange was observed for the analogous residues, Glu307 and 

Lys308, in the PKG Iβ:cGMP complex (Figure 3). In the PKG II:8-pCPT-cGMP complex, 

the carboxylate group of Glu357 forms only one H-bond (Oε2 of Glu357 accepts a D atom 

from 2′-OH of ribose). The analogous residue in the PKG Iβ:cGMP complex, Glu307, 

forms four H-bonds. The ribose hydroxyl donates its deuterium to the Oε1 atom of Glu307, 

while Oε2 makes hydrogen bonds with the side chain ND3
+ of Lys308 and the hydroxyl of 

Tyr351. The Oε1 atom of Glu307 additionally interacts with its own main chain amide. 

These differences might explain the different extents of H/D exchange between the two 

complexes. While we expected similar H/D exchange patterns for the PBC in these two 

complexes due to their similar structures and exposure to solvent, the different H/D 

exchange patterns may reflect changes in the dynamics of the P helix in the nucleotide-

bound state of the PKG I and II CNB-B domains. Our data suggest that, despite tighter 

binding of cGMP (EC50 values of cGMP are 31 nM for PKG II CNB-B and 215 nM for 

PKG I CNB-B)9,10 or 8-pCPT-cGMP (260 nM for PKG II and 1.6 μM for PKG I) (Figure 

S1) to the PKG II CNB-B domain than to the PKG I domain, the P helix of PKG II is more 

dynamic than that of PKG I. Correct positioning and decreased dynamics of the PBC may be 

important for the activation of PKG isoforms. PBC positioning is controlled by interactions 

with the ribose cyclic phosphate, and disrupting these contacts prevents the conformational 

changes required for kinase activation as suggested in the inhibited state of PKG Iβ CNB-B 
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and PKA RIα.19,20 It is less clear how dynamics influences the activation/inactivation events 

in the presence of activators and inhibitors. This is because, while enhanced PBC dynamics 

was detected for the CNB domains bound with partial agonists or antagonists of PKG and 

PKA with respect to the activator-bound state,12,20 no data are available to evaluate the 

effect of different activators (cGMP, 8-pCPT-cGMP, PET-cGMP, etc.) on PBC dynamics. 

Additional areas with different H/D exchange patterns include β5 residues and residues 

lining the adjacent hydrophobic pocket (Figure 3 and Table S2). The PKG II:8-pCPT-cGMP 

complex shows less H/D exchange for these regions suggesting a reduced solvent 

accessibility and decreased dynamics. On the basis of these observations, we hypothesize 

that more efficient quenching of the binding pocket dynamics fine-tunes PKG II activation, 

which may explain the high activation potency of 8-pCPT-cGMP. The van der Waals 

contacts formed by the 8-pCPT group of the analogue further stabilize the activated 

conformation. The 8-pCPT moiety extends toward the αC helix and provides additional 

interactions between the αC helix and the rest of the CNB-B domain. These interactions 

may reduce the dynamics of the CNB-B domain compared to that of its cGMP-bound state 

(Figure 4). If this assumption is correct, the bulky substituent at position 8 is necessary for 

high-potency activation. Also, the addition of a hydrogen bond-accepting/ donating group to 

this position may increase the activator’s specificity for PKG II, as opposed to its direct 

incorporation on the guanine moiety at position 8, as was previously suggested.17 For 8-

pCPT-cGMP, such a group can be placed at the ortho-to-chlorine position on the 8-pCPT 

moiety and could potentially interact with the side chain hydroxyl of a conserved Tyr404 

located nearly at the αC helix.

To summarize, we have demonstrated the ability of neutron crystallography to critically 

assess H-bonding interactions, their geometry, and their relative strength compared to 

conventional cryo-crystallography. Comparison of H/D exchange patterns in PKG II:8-

pCPT-cGMP and PKG Iβ:cGMP neutron structures allowed us to propose that the activation 

potency of different agonists might be related to their ability to effectively quench dynamics 

of the P helix or neighboring regions. Further studies are necessary to confirm or refute this 

hypothesis. Design of isoform-specific PKG activators is an important biomedical problem, 

which contrasts classical drug design, because potent activators may not necessarily have to 

bind the strongest. Protein dynamics may become a crucial piece of the puzzle in the design 

of potent activators, rather than inhibitors, as is the case for high-affinity drugs.
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Figure 1. 
Interactions between the PKG II CNB-B domain and 8-pCPT-cGMP. (A) 8-pCPT cGMP 

binding pocket. CNB-B is colored light teal excluding the PBC and the αC helix, which are 

colored yellow and red, respectively. 8-pCPT-cGMP is shown as sticks and colored by atom 

type (carbon, yellow; nitrogen, blue; oxygen, red; phosphorus, orange). Key cGMP-

interacting residues are colored by atom type with carbon colored black. O···O and O···N 

distances are shown as dashed lines with units of angstroms. The 2FO – FC nuclear density 

map (blue mesh) is shown at 1.1σ for bound 8-pCPT-cGMP. A close-up view shows 

different side chain conformations of Lys347 seen in the RT XN and LT X-ray structures 

with 8-cCPT-cGMP bound and the LT X-ray structure with cGMP bound. The LT X-ray 

structure bound with cGMP (PDB entry 5BV6) is colored blue. The LT X-ray structure 

bound with 8-pCPT-cGMP (PDB entry 5JIZ) is colored magenta. (B) Crystal contacts in the 

RT XN structure of PKG II CNB-B:8-pCPT-cGMP between Arg415 and Glu292(sym). The 

side chains of Arg415 and Glu292(sym) form a salt bridge. PKG II CNB-B domains are 

shown with a transparent surface, with the molecule at the origin colored gray and the 

symmetry-related molecule colored tan.
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Figure 2. 
Structural changes of the PKG II CNB-B domain associated with 8-pCPT-cGMP binding. 

Superposition of the XN PKG II CNB-B:8-pCPT-cGMP and LT X-ray PKG II CNB-

B:cGMP complexes. The XN PKG II:8-pCPT-cGMP is shown with the same color theme as 

in Figure 1. Key binding residues are shown as sticks. Both termini are labeled. The LT X-

ray structure is colored gray.
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Figure 3. 
Backbone amide H/D exchange patterns in (A) PKG Iβ:cGMP and (B) PKG II:8-pCPT-

cGMP complexes. N- and C-termini are labeled. Fully exchanged amides are colored gray, 

partially exchanged amides blue, and nonexchanged amides red. Proline residues are colored 

green. Close-up views show key binding residues.
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Figure 4. 
8-pCPT-cGMP binding pocket. The surface of the binding pocket is colored red. The 

binding pocket was calculated using Hollow.21
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Scheme 1. 
Chemical Diagrams of cGMP and 8-pCPT-cGMP
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