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Abstract

Many cellular functions in eukaryotic pathogens are mediated by the cyclic nucleotide binding
(CNB) domain, which senses second messengers such as cyclic AMP and cyclic GMP. Although
CNB domain-containing proteins have been identified in many pathogenic organisms, an
incomplete understanding of how CNB domains in pathogens differ from other eukaryotic hosts
has hindered the development of selective inhibitors for CNB domains associated with infectious
diseases. Here, we identify and classify CNB domain-containing proteins in eukaryotic genomes
to understand the evolutionary basis for CNB domain functional divergence in pathogens. We
identify 359 CNB domain-containing proteins in 31 pathogenic organisms and classify them into
distinct subfamilies based on sequence similarity within the CNB domain as well as functional
domains associated with the CNB domain. Our study reveals novel subfamilies with pathogen-
specific variations in the phosphate-binding cassette. Analyzing these variations in light of
existing structural and functional data provides new insights into ligand specificity and
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promiscuity and clues for drug design. This article is part of a Special Issue entitled: Inhibitors of
Protein Kinases.
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1. Introduction

Cyclic nucleotide binding (CNB) domains are core components of the cellular machinery
that regulate diverse cellular processes in prokaryotes and eukaryotes [1,2] in response to
second messenger signals including cyclic AMP (cAMP) and cyclic GMP (cGMP). CNB
domains are often linked with a diverse array of functional domains such as ion channels,
protein Kinases, guanine nucleotide exchange factors and transcription regulators [3,4] and
act in conjunction with adenylate/ guanylate cyclases and cyclic nucleotide
phosphodiesterases [5] to regulate intracellular cAMP and cGMP levels. An increase in
cellular levels of cyclic nucleotides results in activation of cCAMP- and cGMP-dependent
protein kinases (PKA and PKG), respectively. PKA, often considered the archetype of
protein kinases in structural and mechanistic studies, forms a tetrameric complex composed
of two individual proteins: the regulatory (PKA-R) and catalytic (PKA-C) subunits. PKA-R
contains two CNB domains along with dimerization and localization motifs in the N-
terminus (Supplementary Fig. 1). This architecture is conserved across most organisms, with
the exception of the docking/ dimerization (D/D) domain, which may be absent in PKA-R in
some organisms [6]. PKG, on the other hand, presents a different configuration: the CNB
domains are fused to the catalytic kinase domain [7] and this configuration is conserved in
some protozoan parasites such as Trypanosoma and Leishmania [8,9].

Structurally, CNB domains are composed of a flexible helical subdomain and a stable eight-
stranded p sandwich (Fig. 1). Embedded between p-strands 5 and 6 is a small helical motif
that is referred to as the phosphate binding cassette (PBC). This signature motif of the CNB
domain contains a critical arginine that docks to the phosphate of the cyclic nucleotide. The
helical subdomain is made up of two helical motifs in addition to the PBC. At the N-
terminus is an N3A motif and following 3 strand 8 is the B/C helix. In contrast to the beta
subdomain, which undergoes minimal conformational change upon cAMP binding, the
helical motifs undergo considerable rearrangement [10] upon nucleotide binding and these
coordinated conformational changes have been described in detail [3].

Cyclic nucleotide signaling in Plasmodium fal ciparum-infected red blood cells was shown
to be important at different points of parasite intra-erythrocyte development. As the parasite
develops into a trophozoite (16—24 h post red blood cell invasion), essential channels in the
infected erythrocyte membrane open under the influence of cAMP-dependent protein kinase
[11,12]. At the end of the red blood cell cycle (48 h post-invasion), the parasite develops
into an invasion-competent form called a merozoite and a major merozoite surface protein
(apical membrane antigen 1) becomes phosphorylated at S610 by cAMP-dependent PKA
[13]. Even if the role of S610 phosphorylation in invasion has not been clearly

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mohanty et al.

Page 3

demonstrated, PKA-mediated phosphorylation of a wide range of parasite proteins takes
place prior to merozoite egress [14]. Merozoite egress and reinvasion of new red blood cells
depend on cAMP-dependent PKA [15] and merozoite egress can also be regulated by
cGMP-PKG [9,16]. Clearly, both cAMP and cGMP are critical secondary messengers in
malaria parasite biology. Therefore, characterizing their corresponding CNB domains
present in different parasite proteins is of significant importance for understanding their
biological roles and for the possible development of parasite-targeting therapeutics.

CNB domains may serve as attractive drug targets due to their critical regulatory role in
essential cellular functions. Since cyclic nucleotide signaling plays a significant role in
pathogenic processes, this may serve as a strategy for pathogenic-selective targeting. Cyclic
nucleotide analogs were found to have clinical significance for various settings including
tumor growth inhibition [17] and at least one compound, 8-CI-cAMP or tocladesine, has
undergone Phase |1 clinical trials [18]. By defining unique structural features present in
pathogenic CNB domains, one can take advantage of divergences between humans and
parasites to engineer nucleotide analogs that more closely complement the parasitic CNB
domain counterparts. However, an incomplete understanding of how parasitic CNB domains
differ from the eukaryotic host has hindered progress in this field.

Previous genome-wide surveys of CNB-domain containing proteins have focused on
metagenomes and bacterial genomes [1,3] to understand the evolution of allosteric
regulation in the CNB domain. Here, we build upon these studies to identify and classify
CNB domain-containing proteins in 31 eukaryotic pathogens (excluding fungi). We
identified and classified nearly 13,000 CNB domain-containing sequences into 135 distinct
subfamilies, 25 of which are present in pathogen genomes. Through quantitative
comparisons of CNB domain sequences and crystal structures, we identify pathogen-specific
variations in the phosphate binding cassette and highlight the role of family-specific
sequence insertions and deletions in functional adaptation. Implications for inhibitor design
are briefiy discussed.

2. Results and discussion

Using profile-based methods, we identified 13,667 CNB domaincontaining proteins in 4272
reference proteomes from Uniprot that span all three kingdoms of life [19] (see Materials
and methods). The focus of the present analysis is to understand the functional significance
of CNB domains in pathogenic organisms. Towards this end, we focused our analysis on 31
eukaryotic pathogens ranging from unicellular alveolates to multicellular metazoans. In the
following sections, we describe the identification and classification of CNB domain-
containing proteins in eukaryotic pathogens and discuss key residues and motifs that
contribute to the evolutionary divergence of pathogenic CNBs from their eukaryotic
homologs.

2.1. Genome-wide survey of CNB-domain containing proteins

CNB domain-containing proteins are found in organisms spanning major eukaryotic and
prokaryotic phyla with significant expansion in chordates (on an average of 50 per
organism) (Fig. 2). In addition, freeliving cilliates, Paramecium tetraurelia (427 domains)
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and Tetrahymena thermophila (417 domains) show expansion of CNB domaincontaining
proteins. The observed expansions are functionally significant because ciliary motion in
these protozoans is controlled by cAMP and cGMP levels [20]. In Paramecium, for
example, swimming speed is controlled by cAMP-mediated regulation of membrane
potential [21]. Furthermore, many of the CNB domain-containing proteins such as PKA,
PKG and ion channels are involved in sensing and responding to environmental stress in
these free living organisms [22].

Sequence searches across 31 eukaryotic pathogens revealed 359 CNB domain-containing
proteins (Fig. 3), including the regulatory subunit of CAMP-dependent protein kinase A
(PKA-R) and cGMP-dependent protein kinase (PKG). In the malaria parasite P. falciparum,
cGMP-dependent protein kinase (PfPKG) is first expressed at the ring stage and involved
throughout intraerythrocytic development [7,23]. Comparison of PfPKG with its mammalian
counterpart revealed the presence of two additional cGMP binding domains, presumably
contributing to a unique mode of regulation in P. falciparum [24]. The functional role of
PfPKA is also very well established in the malaria parasite [25]. Subtle sequence variations
within the CNB domains of the PfPKA regulatory subunit have been noted and such
variations offer altered means of regulation via phosphorylation and protein—protein
interactions in the parasite [6]. Functions of CNB domain-containing proteins have been
noted in other eukaryotic pathogens as well [26-29]. These variations are discussed in later
sections in the context of available structural and functional data.

2.2. Subfamily organization and distribution of pathogenic organisms

As a starting point for CNB domain functional classification, we clustered 13,667 CNB
domain sequences into 135 subfamilies based on similarities and differences in the CNB
domain (see Materials and methods for details). The 135 distinct subfamilies, on average,
share pairwise sequence identity of 21% (+ 3.2) and can be separated based on lineage
(eukaryote and prokaryote) (Fig. 4). We also investigated the likely functions associated
with each of these subfamilies based on the presence of functional domains associated with
the CNB domains (Fig. 5). The eukaryotic subfamilies are predominantly composed of
protein kinases, ion channels and guanine nucleotide exchange factors (GEF), while the
bacterial subfamilies are predominantly associated with functional domains such as
transcription regulators, histidine kinases and hydrolases.

Out of the 135 subfamilies, 25 contain 10 or more sequences from pathogenic organisms
(highlighted in gray in Figs. 4 and 5) and the distribution of these subfamilies across 31
eukaryotic pathogens is shown in Fig. 6. Notably, most of the pathogenic sequences cluster
with other eukaryotic CNBs. An exception to this was found in two subfamilies of the PKA
regulatory subdomain (kin_PKA_reg A & B, Fig. 6), which only consists of pathogenic
CNBs from kinetoplastids such as Leishmania. Furthermore, the most represented functional
classes among these subfamilies include protein kinases and ion channels (Fig. 6), which are
known to play important roles in pathogenesis [6, 30]. P. falciparum, the species responsible
for the majority of malariarelated deaths, has three CNB-containing proteins, namely
PfPKA-R, PfPKG and Rap guanine nucleotide exchange factor (PfEpac) [15]. P. vivax, P.
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berghei, P. yoelii, P. knowlesi, P. reichenowi, and P. chabaudi also encode multiple CNB
domains in their genomes.

Within individual subfamilies, CNB domains display species-specific variations. This is
illustrated for the PKA/PKG subfamily (Fig. 7), where CNB domains from apicomplexans
form distinct sub-clusters. The PKA/PKG subfamily predominantly consists of free-living
cilliates (80% of the sequences, highlighted in Fig. 7 in maroon) along with apicomplexans
(red branches in Fig. 7). The apicomplexan CNBs subcluster into three main regions across
the tree, suggesting speciation and functional adaptation. Below, we explore sequence and
structural features associated with pathogen-specific evolutionary divergence.

2.3. Structural and sequence variation within pathogenic CNBs from eukaryotes

Comparison of pathogenic and non-pathogenic CNB domains indicates key variations in
conserved motifs (Fig. 8). Previous evolutionary studies have identified conserved glycine
residues in the loops connecting the beta stands in the beta subdomain. In addition, the PBC
is characterized by a conserved arginine (R209) and glutamate (E200) that coordinate
nucleotide binding [1,3]. These canonical CNB domain residues and motifs are conserved
among most pathogenic sequences (Fig. 8). Among the 5 conserved glycine residues,
Gly178 in the betasubdomain is the most conserved [1] and this conservation pattern is
observed in the CNB of pathogens as well. Likewise, the hydrophobic residues that define
the alpha and beta subunit core are also present in pathogen sequences [1,3] (Fig. 8).

Notable variations, however, are observed in the nucleotide binding PBC motif (Fig. 8) in
subfamilies such as the CNB-homology domain in voltage-gated potassium channels, which,
unlike canonical CNB domains, bind cyclic nucleotides with lower affinity. The low affinity
is due, in part, to a unique beta-9 strand in the ligand-binding pocket that occludes binding
of the cyclic nucleotide [31-33]. The presence of the beta-9 strand in pathogenic CNB
domains suggests variable affinities for cyclic nucleotides. Significant variations are also
noted in the kinetoplastid-specific subfamilies of the PKA regulatory subdomain
(kin_PKA_reg A & B). Although both families are composed of PKA regulators, they share
an overall sequence identify of less than 20% and therefore cluster into two distinct
subfamilies. Gly156 and Gly166 are not conserved in the kin_PKA_reg B subfamily. In
addition, both subfamilies show variation in the PBC motif. In kin_PKA_reg A, for
example, the phosphate-coordinating Arg209 is substituted to a His. Although the functional
significance of this variation is not known, it is possible that kin_PKA_reg A has evolved to
bind other ligands in the cyclic nucleotide binding pocket as has been demonstrated
previously for the heme sensing CNB domains (PDB id: 1FT9) [34].

We further investigated pathogen-specific variations within the PBC region by focusing our
analysis on the apicomplexan parasites. Fig. 9 shows the conservation of PBC and Gly169
from two subfamilies of PKA/PKG from apicomplexans (met_fung_alv_kin_str PKA_PKG
& alv_str_ PKA _reg). Previous sequence analysis revealed strong coconservation of Arg209
with Gly169 [1]. A similar correlation is also observed in apicomplexan CNBs, where lack
of conservation of Gly169 is correlated with variations in Arg209 and Glu200. Fig. 9 also
shows the PBC region from the modeled structure of a putative cyclic nucleotide-binding
domain from P. knowlesi (Uniprot id: B3LAJ2, 4th domain). In the Plasmodium protein,
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Arg209 and Glu200 are substituted to Ala and Cys, respectively. These variations
presumably contribute to Plasmodium-specific functional divergence by facilitating
recognition of other small molecule ligands or by altering the affinity for cyclic nucleotides.

In addition to residue variations in conserved motifs, subfamily-specific insertions and
deletions also appear to contribute to CNB domain functional divergence. Fig. 10 shows the
distribution of insertions/deletions observed at each position within the CNB domain. A
significant number of insertions and deletions occur in the region connecting the beta-4 and
beta-6 strands in the beta subdomain. The positional location of the insert is generally
conserved in the sequences analyzed, though some exceptions are observed. An example of
such variation is illustrated in the PKG CNB domain from P. yeolii (Q7PDS2), where the
insert is not conserved in orthologous sequences from closely related apicomplexans
(Supplementary Fig. 1a). The variable inserts between the beta-4 and beta-6 strands,
however, may be functionally significant because the corresponding regions in some
transcription factors [35] are noted to be involved in protein—protein interactions. Moreover,
inserts generally provide a framework for evolving new functions from a common scaffold
by altering protein regulation and protein—protein interactions [36].

3. Concluding remarks

Here, we identified and classified CNB domain-containing proteins in eukaryotic pathogens
and investigated the sequence and structural basis for pathogen-specific functional
adaptation. We identified novel variations in the nucleotide-binding pocket that provide new
hypotheses for functional studies. For example, the divergent nature of the PBC motif in
Plasmodium can be explored through mutational studies. Like-wise, small molecule screens
can potentially identify new high affinity ligands for pathogenic CNBs. In addition to
variation in the ligandbinding pocket, our analysis also highlights the presence of pathogen-
specific inserts within the CNB domain that can be explored through mutational studies.
Several of the identified inserts and deletions are conserved in closely related organisms,
suggesting that they play important functional roles. Indeed, insertions/deletions in loop
regions have been shown to play important regulatory roles in proteins [36], but to the best
of our knowledge the role of these changes in CNB domain functional divergence has not
been systematically explored.

Aberrant cyclic nucleotide-mediated signaling is linked to a variety of diseases including
cancer, diabetes and cardiovascular diseases [37]. Since CNB domains perform critical roles
in cell regulation, numerous cyclic nucleotide analogs were developed and used as probes to
uncover CNB-domain functions in signaling pathways. Historically, some of the more
commonly used cyclic nucleotide analogs are 8-Br-cAMP [38] and 8-Br-cGMP [30]; and
dibutyryl-cAMP [39] and dibutyryl-cGMP [40]. These compounds can bind targets such as
PKA and PKG with Ka values in the mid- to low-nM range [41]. However, major
limitations of these analogs include susceptibility to hydrolysis by phosphodiesterases
(PDESs); lack of target specificity due to the presence of CNB-domains in diverse proteins
including HCN, CNG, PKA PKG and EPAC; and limited cell permeability, particularly with
the 8-Br-cNMP analogs [42]. Some of these shortcomings have been addressed by synthetic
modifications including Rp- and Sp-cAMP analogs, which were found to have increased
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resistance to PDE hydrolysis [43]. Structure-based design and targeting remains a
substantial challenge for CNB domains due to the level of pocket conservation among
diverse proteins. Synthetic library screening efforts have afforded the possibility for greatly
improved targeting of CNB domains with reduced off-target effects [44-47]. Another
successful targeting strategy involves combination treatments of cNMP analogs to
synergistically and specifically target particular CNB domains [48,49]. Further
bioinformatic and structure-based knowledge of pocket-specific features for the different
CNB classes will be crucial for the future development of target-specific inhibitors. In type
111 PKG, for example, some of the CNB domains fused to a kinase domain are non-
functional and cannot bind cGMP. This is deducible from the divergent nature of the PBC
(see Table in [8]) and was also recently confirmed experimentally for PfPKG [9]. Thus, the
identification of divergent features in the nucleotide-binding pocket as described in our
study may aid in the design of pathogen-specific CNB domain inhibitors.

4. Materials and methods

4.1. Dataset and methodology

4.1.1. Identification and alignment of CNB domains—A total of 13,667 CNB
domains were identified using a profile based approach [50] from the reference proteomes
from Uniprot [19]. The profile consisted of manually curated alignment of the CNB domains
from diverse organisms [1] and was used for aligning the 13,667 CNB-domain sequences
(Supplementary Table 1 lists all the domains identified in this analysis). The generated
alignment was visually inspected for conserved residues and motifs and validated using
available crystal structures. Position of large sequence insert segments within the alignment
was resolved using crystal structures and predicted secondary structures [51].

4.1.2. Subfamily classification and function annotation—CNB sequences were
clustered into subfamilies using a pairwise identity cutoff of 20%. Maximum likelihood tree
was constructed using an alignment of consensus sequences obtained from each of the
subfamilies with 100 bootstraps using RAXML [52]. The tree generated was used for further
clustering of closely related subfamilies. All branches with bootstrap values of 70 or greater
were collapsed into a single node; this led to the generation of 135 subfamilies. Subfamilies
were named using sequence annotations provided in Uniprot (Supplementary Table 1).
Proteins containing CNB domains from pathogenic organisms are listed in Supplementary
Table 2 (the list also includes species specific identifiers from EuPathDB). Domain
assignments for the sequences were obtained from Interpro [53]. Conserved motifs were
generated for the CNB-domain sequence alignment using Weblogo [54]. All the structural
models were generated using the SWISS-MODEL [51].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Key residues and motifs conserved in the CNB domain. The CNB domain of PKA

regulatory submit (PDB:1RGS) is used to depict the key residues and motifs. Key regions
are labeled and conservation of motifs in eukaryotes (Euk) and bacteria (Bac) is shown as
sequence logos (the residue numbers on top are based on pdb id :1RGS). The conserved
hydrophobic cores from alpha and beta subunits are shown in surface representation.
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Distribution of CNB domains across diverse phyla. The tree is based on NCBI taxonomy;
red bars at each node indicate the number of CNB domains per organism (taxonomy tree

generate with itol).
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. Bacteria . Eukaryota

Fig. 4.
Organization of CNB subfamilies. A total of 135 subfamilies identified from 13,667 proteins

based on sequence similarity. The blue and green bars indicate the number of eukaryotic and
prokaryotic sequences per subfamily, respectively. Nodes highlighted in gray indicate
subfamilies which are composed of 10 or more pathogenic sequences.
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Fig. 5.
Domain organizations across CNB subfamilies. The most representative domain

organization (most frequently occurring domain architecture per subfamily) per subfamily is
shown. Nodes are highlighted in gray and indicate subfamilies that are composed of 10 or
more pathogenic sequences.
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Fig. 6.

Di%tribution of subfamilies across 31 pathogens. The stacked bar graph shows the number of
CNB domains from an organism for each of the subfamilies. The subfamily names are
indicated on the y-axis and have been named on the basis of their overall function (based on
the domain families associated with CNB domains) and the organism class. Abbreviations
for organism classes are as follows: met — metazoan, fung — fungi, bact — bacteria, euk
— eukaryotes, str — stramenopiles, alv — alveolates, kin — kinetoplastids, nem —
nematode and plat — platyhelminthes.
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Fig. 7.
Close clustering of pathogenic CNBs within subfamilies. A dendrogram for the cAMP/

cGMP dependent protein kinases from alveolates (indicated in maroon) is shown. The
subfamily is composed of pathogenic sequences from apicomplexans (red branches). The
dendrogram also shows the domain architecture for the individual proteins.
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Conservation of canonical CNB motifs across pathogenic CNBs. The motifs were generated

by considering only the pathogenic CNBs from individual subfamilies. The residue
numbering on top is based on the first CNB domain in PKA-R (PDB: 1RGS).
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Fig. 9.

Vgriation in the PBC region in Plasmodium. The top panel shows the PBC region from
1RGS and the Plasmodium model structure. The lower panel shows the conservation of the
entire PBC region. The residues that are represented as sticks are also highlighted within the
motifs. The full dataset of PBCs depicts the canonical PBC motif based on the alignment of
all the CNB domains. PBC apicomplexan is based on the alignment of CNBs from
apicomplexans only. The P. knowlesi CNB domain sequence is modeled using 1RGS as a
template.
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Distribution of inserts and deletions within the CNB domain. The stacked bar graph shows
the number of proteins with insertions (blue) or deletions (red) at every position of the CNB
domain based on an alignment of pathogenic CNB domains with 1RGS as the reference
sequence for determining the position of insertions/deletions. The alignment below only

represents CNBs from Plasmodium along with the modeled structure highlighting the
inserts. All the structures are superimposed on 1RGS (shown in gray, 1st domain).
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