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Cyclic nucleotide-binding domain (CNBD) channels are a family of ion channels in the voltage-gated K* channel
superfamily that play crucial roles in many physiological processes. CNBD channels are structurally similar but
functionally very diverse. This family includes three subfamilies: (1) the cyclic nucleotide-gated (CNG) channels,
which are cation-nonselective, voltage-independent, and cyclic nucleotide-gated; (2) the hyperpolarization-acti-
vated cyclic nucleotide-gated (HCN) channels, which are weakly K* selective, hyperpolarization-activated, and
cyclic nucleotide-gated; and (3) the ether-a-go-go-type (KCNH) channels, which are strongly K* selective, depo-
larization-activated, and cyclic nucleotide-independent. Recently, several high-resolution structures have been
reported for intact CNBD channels, providing a structural framework to better understand their diverse function.
In this review, we compare and contrast the recent structures and discuss how they inform our understanding of
ion selectivity, voltage-dependent gating, and cyclic nucleotide-dependent gating within this channel family.

Introduction

Ion channels are membrane-embedded, ion-perme-
able proteins that are responsible for the electrical ac-
tivity of excitable cells. Ion conduction through these
channels, driven by electrochemical gradients across
the membrane, produces an electrical current that
cells use to interact with the outside world and regu-
late intracellular processes (Hille, 2001; Zheng and
Trudeau, 2015). The central feature of all ion channels
is the pore, which provides a pathway for ions to cross
the membrane. Depending on the pore architecture,
certain ions may permeate more readily, imparting ion
selectivity to the channel. Ion permeation through the
pore is often gated, with opening of the pore occurring
when specific stimuli are applied to the channel. Differ-
ent modules coupled to the pore, such as voltage-sen-
sor domains or cyclic nucleotide-binding domains
(CNBDs), detect stimuli and transduce them into pore
opening (i.e., channel activation). The structural basis
for ion selectivity and channel gating, particularly the
coupling between stimuli-sensing modules and the
pore, has been the subject of intense study. To this end,
atomic (or near atomic)-resolution structural informa-
tion from channel fragments, and more recently full-
length channels, has proven valuable for determining
the mechanisms for ion channel function.

A wealth of high-resolution structural information
has recently become available for the CNBD family of
cation channels (Whicher and MacKinnon, 2016; James
et al., 2017; Lee and MacKinnon, 2017; Li et al., 2017;
Wang and MacKinnon, 2017). This family is part of the
voltage-gated K* (Ky) channel superfamily and con-
sists of three subfamilies: the cyclic nucleotide-gated
(CNG) channels, the hyperpolarization-activated cyclic
nucleotide-gated (HCN) channels, and the ether-a-go-
go-type (KCNH) channels (Fig. 1). Members of this
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family share a common core architecture, including a
C-terminal CNBD and a C-linker domain that connects
the CNBD to the pore. Although they are structurally
related, these channels play distinct physiological roles.
CNG channels are expressed in photoreceptor cells
and olfactory sensory neurons, where they participate
in the phototransduction and olfactory transduction
pathways, respectively (Fesenko et al., 1985; Nakamura
and Gold, 1987; Kaupp and Seifert, 2002; Craven and
Zagotta, 2006; Dai and Varnum, 2015). Upon activa-
tion (i.e., photon absorption or odorant binding), both
pathways produce a transient change in the cytoplasmic
cyclic nucleotide concentration. CNG channels, being
directly gated by cyclic nucleotides, detect this change
and convert it into an electrical signal that regulates
neurotransmitter release from the cell. HCN chan-
nels, in comparison, are notable for contributing to
the spontaneous and rhythmic firing activity of several
cell types, including sinoatrial node cells in the heart
and thalamocortical relay neurons in the central ner-
vous system (Craven and Zagotta, 2006; Biel et al., 2009;
Wahl-Schott and Biel, 2009; Benarroch, 2013). In these
cells, HCN channels open during the hyperpolarizing
phase of an action potential and conduct an inward
current—the “funny” (Iy) or “hyperpolarization-acti-
vated” (I,) current—that depolarizes the membrane
sufficiently to initiate another action potential. Finally,
KCNH channels help regulate excitability in a variety of
cardiac and neuronal cells (Ganetzky et al., 1999; Mo-
rais-Cabral and Robertson, 2015). In neurons, KCNH
channels fulfill this role by producing an outward,
hyperpolarizing K* current that excitatory (i.e., mem-
brane-depolarizing) stimuli must overcome to elicit an
action potential. The KCNH subfamily consists of the
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ether-a-go-go (EAG), EAG-ike (ELK), and EAG-related
(ERG) subgroups (Warmke et al., 1991; Warmke and
Ganetzky, 1994; Fig. 1), the latter subgroup being re-
sponsible for the fast delayed-rectifier current (I,) that
helps terminate cardiac action potentials (Sanguinetti
et al., 1995; Trudeau et al., 1995).

This review focuses on five recent CNBD chan-
nel structures resolved by cryo-electron microscopy
(cryoEM), including members from all three subfam-
ilies. Through collective analysis of these structures, it
highlights how the three CNBD channel subfamilies
may share common elements in voltage- and ligand-de-
pendent gating, despite being functionally divergent.

Diverse functional properties

The CNBD channel subfamilies are functionally dis-
tinct, differing in their cation selectivity, voltage depen-
dence, and cyclic nucleotide dependence. Within each
subfamily, functional differences also arise between
channel isoforms (e.g., HCN1 or HCN2) or subgroups
(e.g., EAG or ERG), as summarized below.

lon selectivity. CNBD channels vary widely in their selec-
tivity for different cations. CNG channels are essentially
nonselective for monovalent cations and conduct K*,
Na', Li’, and Rb" almost equally well (Kaupp and Seif-
ert, 2002). CNG channels also conduct Ca** (Frings et
al., 1995; Dzeja et al., 1999), which serves as a second
messenger in both the phototransduction and olfactory
transduction pathways (Burns et al., 2002; Matthews
and Reisert, 2003). HCN channels are weakly selective
for K over Na' ions, possessing a permeability ratio
(Px/Px.) of 3-5, and are also considerably less perme-
able to Ca®* (Gauss et al., 1998; Ludwig et al., 1998; San-
toro et al., 1998). Weak selectivity between K" and Na' is
an important feature of HCN channels, allowing them
to conduct an inward, depolarizing Na' current at the

rCNGA2 bCNGA3

Figure 1. Dendrogram of the CNBD
cation channel family. This family con-
tains three subfamilies: CNG channels,
HCN channels, and KCNH channels.
The five channels whose structures
are discussed in this review (rEAGT1,

TAX-4

hCNGA4

CNG hERG1, hHCN1, TAX-4, and LIiK) are
highlighted in bold.
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hyperpolarized potentials where they are active. KCNH
channels exhibit the greatest selectivity among CNBD
channels, and are highly selective for K" over Na* (Px/
Py, >100; Ludwig et al., 1994). As with CNG and HCN
channels, the ion selectivity of KCNH channels is
matched to their physiological roles. The high K selec-
tivity of ERG channels, for example, allows them to con-
duct a hyperpolarizing outward K' current that helps
repolarize the cardiac action potential (Sanguinetti and
Tristani-Firouzi, 2006).

Voltage dependence. Each CNBD channel subfamily
exhibits a distinct response to changes in the mem-
brane electrical potential. CNG channels are largely in-
sensitive to membrane voltage, showing only a slight
increase in conductance at depolarized potentials
(Karpen et al., 1988; Kaupp et al., 1989; Dhallan et al.,
1990; Goulding et al., 1992; Fig. 2 A). In comparison,
HCN channels activate with membrane hyperpolariza-
tion (Gauss et al., 1998; Ludwig et al., 1998; Santoro et
al., 1998; Fig. 2 B) and also exhibit “voltage-dependent
potentiation” (also called “mode-shift” or “hysteresis”),
where prior exposure to hyperpolarizing (i.e., activat-
ing) potentials shifts the voltage dependence of activa-
tion to more depolarized potentials (Mannikko et al.,
2005; Elinder et al., 2006). Finally, KCNH channels be-
have more like canonical shaker-type channels and acti-
vate with membrane depolarization (Briggemann et
al., 1993; Trudeau et al., 1995; Ganetzky et al., 1999;
Fig. 2 C). The response of KCNH channels to mem-
brane voltage is complex and varies between the EAG,
ELK, and ERG subgroups. ERG channels, for example,
undergo rapid and voltage-dependent inactivation
from the open state (Smith et al., 1996), whereas EAG
channels are non-inactivating (Ludwig et al., 1994). In
addition, ERG and ELK channels both exhibit volt-
age-dependent potentiation, where prior exposure to
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Figure 2. Diverse functional properties of CNBD channels. (A) Na* currents recorded from bovine CNGA1 (bCNGA1) channels in
the absence (top, black) and presence (middle, green) of saturating cGMP concentrations. Scale bar applies to both top and middle
panels. Currents were measured by stepping from 0 mV to test potentials ranging from —100 mV to 100 mV, before stepping to
a —100-mV tail potential. The conductance-voltage (G-V) relationship (bottom) was obtained from normalized tail currents. (B) K*
currents recorded from mouse HCN2 (mHCN2) channels in the absence (top, black) and presence (middle, red) of saturating cAMP
concentrations. Scale bar applies to both top and middle panels. Currents were measured by stepping from 0 mV to test potentials
ranging from =90 mV to —140 mV, before stepping to a 0-mV tail potential. The G-V curve (bottom) was obtained from normalized
tail currents. (C) K* Currents recorded from mouse EAG1 (mEAG1) channels in the absence of cyclic nucleotides (top, black). Cur-
rents were measured by stepping from —120 mV to test potentials ranging from —120 mV to 100 mV, before stepping to a —120-mV
tail potential. The G-V curve (bottom) was obtained from normalized tail currents.

depolarizing potentials shifts the voltage dependence trations (Nakamura and Gold, 1987; Dhallan et al.,

of activation to more hyperpolarized potentials (Tan et~ 1990; Paoletti et al., 1999).

al., 2012; Li et al., 2015; Dai and Zagotta, 2017). Compared with CNG channels, HCN channels are
activated by both membrane hyperpolarization and cy-

Cyclic nucleotide regulation. CNG and HCN channels  clic nucleotide binding to an intracellular CNBD. Cy-

are both regulated by the direct binding of cyclic nu-  clic nucleotides have multiple effects on HCN channel
cleotides to an intracellular CNBD (Fesenko et al., function, including (a) an acceleration of channel ac-
1985; Craven and Zagotta, 2006; Fig. 2, A and B), tivation kinetics; (b) a depolarizing shift in the voltage
whereas KCNH channels do not bind and are not di- of half-maximal activation (V) ,9); and (c) an increase in
rectly regulated by cyclic nucleotides (Robertson etal., the maximal current (Wang et al., 2001; Craven and Za-
1996; Brelidze et al., 2009). In CNG channels, cyclic gotta, 2004; Zhou et al., 2004; Fig. 2 B). However, these
nucleotide binding is sufficient for activation, al- effects vary between different HCN channel isoforms,
though the efficacy of activation depends on the spe-  of which there are four in mammals (HCN1-4; Santoro

cific cyclic nucleotide and varies between CNG channel et al., 1998). In HCN4, the primary isoform expressed
types. Rod CNG channels activate almost completely  in sinoatrial node cells, cAMP binding produces a 10—
in the presence of saturating concentrations of cGMP, 25-mV depolarizing shift in V;,s (Ludwig et al., 1998;
whereas cAMP elicits very little current (Ildefonse et Altomare et al., 2003). In HCN1, which is expressed in
al.,, 1992; Gordon and Zagotta, 1995; Varnum et al., both the heart and the central nervous system, cAMP
1995). In contrast, olfactory CNG channels and the  binding produces only a ~2-mV depolarizing shift in
TAX-4 CNG channel from Caenorhabditis elegans V). Associated regulatory and trafficking proteins also
(whose structure is discussed in this review) are fully  influence the cyclic nucleotide dependence of HCN
activated by both saturating cAMP and cGMP concen-  channels. For example, binding of the trafficking pro-

JGP Vol. 150, No. 2 227



tein TRIP8b reduces or eliminates cyclic nucleotide—
dependent activation in HCN channels (Santoro et al.,
2009; Zolles et al., 2009; Bankston et al., 2012; Hu et al.,
2013; Saponaro et al., 2014; Han et al., 2017).

Common structural features

CNBD channels share a common core architecture com-
posed of four domains: a transmembrane voltage-sensor
domain (VSD), a transmembrane pore domain, an in-
tracellular C-linker domain, and an intracellular CNBD
(Fig. 3). This architecture may also be shared by the
K' selective, hyperpolarization-activated KAT- and AKT-
type channels found in plants (Anderson et al., 1992;
Sentenac et al., 1992; Gaymard et al., 1996), although
it is unclear whether these channels are directly regu-
lated by cyclic nucleotides (Hoshi, 1995; Gaymard et
al., 1996). In KCNH channels, the CNBD does not bind
cyclic nucleotides and is referred to as a cyclic nucleo-
tide-binding homology domain (CNBHD; Brelidze et
al.,, 2012, 2013; Marques-Carvalho et al., 2012).

Voltage-sensor and pore domains. CNBD channels
share structural similarities with the Kyl1-9, K¢,, and
transient receptor potential (TRP) channel families
(Zheng and Trudeau, 2015). They are tetramers, with
each subunit containing six transmembrane helices
(S1-S6) divided into a VSD (S1-S4) and a pore domain
(S5-S6) connected by an S4-S5 linker. The subunits te-
tramerize in the membrane through interactions be-
tween their pore domains, which associate to create a
centrally located pore (i.e., the ion permeation path-
way), with the VSDs surrounding and contacting the
pore perimeter (Fig. 3). Between S5 and S6 is a short,
reentrant helix (the P-helix) followed by residues com-
prising the ion selectivity filter, which forms the extra-
cellular entrance to the pore. The pore also contains
the gate, which stimuli-sensing modules (VSDs, CNBDs)
act on to control ion permeation.

The VSD contains two important components for
voltage sensing: an S4 helix with positively charged
residues (Lys, Arg) distributed along its length, and a
“charge-transfer center” composed of an aromatic res-
idue (Phe, Tyr) on S2 and negatively charged residues
(Asp, Glu) on S2 and S3. The positively charged resi-
dues along S4 are responsible for detecting changes in
membrane voltage. The membrane electrical potential
exerts force on these residues, drawing them through
the charge-transfer center, and the resulting movement
of S4 is coupled to the pore gate to control ion perme-
ation (Long et al., 2005a,b, 2007; Tao et al., 2010; Guo
et al., 2016; Kintzer and Stroud, 2016).

In Kyl-9 channels, the voltage-sensor and pore do-
mains are connected by a long, helical S4-S5 linker
(Long et al., 2005a, 2007). This allows the subunits to
tetramerize within the membrane in a domain-swapped
configuration, in which the pore domain of one sub-

Figure 3. Core architecture of CNBD channels. For clarity,
the diagram omits the transmembrane regions (VSDs, pore do-
mains) of the front and back subunits, along with the CNBD
of the back subunit. The core domains of one subunit are
highlighted, and include a VSD (gray), a pore domain (red), a
C-linker domain (green), and a CNBD (blue). A cyclic nucleotide
(cNMP, yellow) is also shown within CNBD binding pocket. All
figures depicting protein structure were generated using the
UCSF Chimera software package (Pettersen et al., 2004).

unit interacts with the VSD of an adjacent subunit.
Unexpectedly, the S4-S5 linker of CNBD channels
instead forms a short loop that permits direct interac-
tions between the VSD and pore domain of the same
subunit (Fig. 3). This results in a non—-domain-swapped
transmembrane architecture, which has important con-
sequences for voltage-dependent gating in these chan-
nels. Non—-domain-swapped architecture is not unique
to CNBD channels and has also been observed recently
in the structures of K¢, channels Slol and Slo2.2 (Hite
and MacKinnon, 2017; Tao et al., 2017). Interestingly,
the bacterial CNG channel MloKl1 (alternatively Mlo-
tiK1), which lacks a C-linker domain, appears to adopt
a domain-swapped transmembrane architecture like
that observed in shaker-type channels (Nimigean et al.,
2004; Clayton et al., 2008; Kowal et al., 2014).

C-linker domain. The C-linker resides between the pore
domain and the CNBD and consists of two antiparallel
helix-turn-helix motifs (A’-B’ and C’-D’), followed by
another two helices (E’ and F’) that associate closely
with the CNBD (Fig. 3). The C-linker forms intersub-
unit contacts via “elbow-on-shoulder” interactions,
where the A’-B’ (elbow) motif of one subunit rests atop
the C'-D’ (shoulder) motif of an adjacent subunit to
form a fourfold symmetric ring structure below the
pore. The elbow-on-shoulder contacts are maintained
by a combination of hydrophobic, hydrogen-bonding,
and salt-bridge interactions (Zagotta et al., 2003; Cra-
ven and Zagotta, 2004; Craven et al., 2008).

228 Common mechanisms among functionally divergent channels | James and Zagotta



CNBD. The CNBD follows the C-linker and makes
close contact with the E’ and F’ helices (Fig. 3).
CNBDs are found in many proteins regulated by cy-
clic nucleotides, including the regulatory subunit of
cAMP-dependent protein kinase A (Su et al., 1995)
and Escherichia coli catabolite activator protein
(McKay et al., 1982). These domains consist of an
a-helix (A-helix) followed by an eight-stranded p-roll
containing a short a-helix (P-helix) between 6 and
B7, followed finally by two additional a-helices (B-
and C-helices). The p-roll forms the cyclic nucleo-
tide-binding pocket and contains several residues
that form specific electrostatic and hydrogen-bond-
ing interactions with bound cyclic nucleotides, in-
cluding a highly conserved Arg residue (e.g., Argb49
in human HCNI; Fig. 4) that interacts with the nega-
tively charged cyclic phosphate moiety (Zagotta et al.,
2003; Zhou and Siegelbaum, 2007). Upon cyclic nu-
cleotide binding, the B- and C-helices appear to ro-
tate as a single unit (hinged near the B-helix N
terminus) toward the p-roll, allowing the C-helix to
interact with the base moiety and thereby cap the
binding pocket (Varnum et al., 1995; Zagotta et al.,
2003; Akimoto et al., 2014; Puljung et al., 2014; Sap-
onaro et al., 2014; Goldschen-Ohm et al., 2016). The
B-roll and C-helix play distinct roles in cyclic nucleo-
tide—dependent activation (Tibbs et al., 1998; Mat-
ulef et al., 1999), with the p-roll establishing the
initial binding affinity of different cyclic nucleotides
and the C-helix contributing to the efficacy of chan-
nel activation by different cyclic nucleotides (Gordon
and Zagotta, 1995; Varnum et al., 1995; Gordon et al.,
1996; Flynn et al., 2007; Zhou and Siegelbaum, 2007).

In place of a CNBD, KCNH channels have a struc-
turally similar CNBHD. These domains lack several of
the conserved p-roll residues that interact with bound
cyclic nucleotides in CNG and HCN channels, most
notably the Arg residue (e.g., Ser630 in rat EAGI;
Fig. 4) that forms electrostatic interactions with cy-
clic phosphate moiety. Predictably, KCNH channels
do not bind cyclic nucleotides (Brelidze et al., 2009).
The B-roll binding pocket in all KCNH channels is
instead occupied by a three-residue p-strand motif,
Tyr(Phe)-Asn-Leu, immediately following the C-he-
lix (Brelidze et al., 2012, 2013; Marques-Carvalho
et al., 2012; Whicher and MacKinnon, 2016; Wang
and MacKinnon, 2017). Here, the side-chains of the
Tyr(Phe) and Leu residues are oriented into the
binding cavity, with the Leu side chain filling the
space otherwise occupied by the cyclic phosphate
moiety, and the Tyr(Phe) side chain taking the place
of the planar base moiety. Thus, the p-strand motif
appears to act as an “intrinsic ligand” that mimics
the structural features of a bound cyclic nucleotide.
Notably, deletion or mutation of the intrinsic ligand
alters the functional properties of KCNH channels

JGP Vol. 150, No. 2

(Brelidze et al., 2012, 2013; Marques-Carvalho et al.,
2012; Zhao et al., 2017).

Diversity in N- and distal C-terminal domains. The N-
and C-terminal regions falling outside the core CNBD
channel architecture also play important roles in chan-
nel function. In addition to the four core domains,
KCNH channels possess an N-terminal, intracellular
eag domain (Fig. 5, A and B), which consists of a Per-
ARNT-Sim (PAS) domain preceded by a PAS-cap motif.
The eag domains of KCNH channels appear to interact
dynamically with the C-terminal CNBHDs (Gustina and
Trudeau, 2009, 2011; Haitin et al., 2013; Dai and Zag-
otta, 2017) to control the activation, deactivation, and
inactivation kinetics of these channels (Terlau et al.,
1997; Wang et al., 1998; Gustina and Trudeau, 2011; Gi-
anulis etal., 2013). The intracellular N-terminal regions
in CNG and HCN channels also have distinct structural
and functional features. For example, the N-terminal
regions of the rod CNGB1 and olfactory CNGA2 chan-
nel subunits contain an inhibitory Ca*-calmodulin
(Ca**-CaM) binding site (Munger et al., 2001; Trudeau
and Zagotta, 2003; Bradley et al., 2004; Dai and Var-
num, 2015). In addition, the recent structure of human
HCNI1 (discussed in this review) revealed a unique
N-terminal “HCN domain” immediately preceding the
VSD (Fig. 5 C), although its role in channel function
remains unclear (Lee and MacKinnon, 2017).

The distal C-terminal region following the CNBD/
CNBHD also harbors many important features. A por-
tion of the distal C terminus following the CNBHD in
rat EAGI forms a coiled-coil domain that is necessary for
channel tetramerization (Ludwig et al., 1997). Further-
more, both human and rat EAG1 channels are inhibited
by Ca*-CaM binding, which is partially mediated by two
contact points in the C-terminal region following the
CNBHD (Schonherr et al., 2000; Ziechner et al., 2006;
Whicher and MacKinnon, 2016). In HCN channels, the
three most C-terminal residues form one of two binding
sites for the regulatory and trafficking protein TRIP8b
(Lewis et al., 2009; Santoro et al., 2011; Bankston et al.,
2012; DeBerg et al., 2015; Han et al., 2017). In native rod
CNG channels, which are heterotetramers composed of
three CNGALI subunits and one CNGB1 subunit (Weitz
et al., 2002; Zheng et al., 2002; Zhong et al., 2002), part
of the distal C terminus forms a coiled-coil domain that
is responsible for controlling subunit stoichiometry
(Zhong et al., 2002; Shuart et al., 2011).

Overall summary of structures

Recently, five intact CNBD channel structures have
been reported, including at least one structure from
each subfamily. Although all five channels possess the
same core domains (VSD, pore, C-linker, and CNBD/
CNBHD), each structure contains distinct features or
additional domains that are summarized here.
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PH S6
hHCN1 (341) -----—---- WGKQYSYALFKAMSHMLCIGYGAQAPVSMSDLWITMLSMIVGATCYAMFVGHATALIQSLD SSRR
mHCN2 (383) ——===———-- WSELYSFALFKAMSHMLCIGYGRQAPESMTDIWLTMLSMIVGATCYAMFIGHATALIQSLDSSRR
TAX-4 (356) TDT------- LLRRYVYSFYWSTLILTTIG-EVPSPVRNIEYAFVTLDLMCGVLIFATIVGNVGSMISNMSAART
bCNGA1 (340) -LARKYVYSLYWSTLTLTTIG-ETPPPVRDSEYFFVVADFLIGVLIFATIVGNIGSMISNMNAARA
L1iK (180) ---- --WSEYIIALYWTVATIATVGYGDITPSTDSQRIYTIFVMILGAGVYATVIGNIASILGSLDLAKA
rEAG1 (409) GSGKWEGGPSKNSVYISSLYFTMTSLTSVGFGNIAPSTDIEKIFAVAIMMIGSLLYATIFGNVTTIFQOMYANTN
hERG1 (597) YNSSGLGGPSIKDKYVTALYFTFSSLTSVGFGNVSPNTNSEKIFSICVMLIGSLMYASIFGNVSAIIQRLYSGTA
C-Linker
hHCN1 (406) QYQEKYKQVEQYMSFHKLPADMRQKIHDYYEHRYQG-KIFDEENILNELNDPLREEIVNFNCRKLVATMPLFANA
mHCN2 (448) QYQEKYKQVEQYMSFHKLPADFRQKIHDYYEHRYQG-KMFDEDSILGELNGPLREEIVNFNCRKLVASMPLFANA
TAX-4 (423) EFQNKMDGIKQYMELRKVSKQLEIRVIKWEFDYLWTNKQSLSDQQVLKVLPDKLQAEIAMQVHFETLRKVRIFQDC
bCNGA1 (407) EFQARIDAIKQYMHFRNVSKDMEKRVIKWFDYLWTNKKTVDEREVLKYLPDKLRAEIAINVHLDTLKKVRIFADC
L1liK (244) AQRKKMAQVDSFLKARNISQNIRRRVRDYYMYIIDRGWGEDENALLNDLPISLRREVKIQLHRDLLEKVPFLKGA
rEAG1 (484) RYHEMLNSVRDFLKLYQVPKGLSERVMDYIVSTWSMSRGIDTEKVLQICPKDMRADICVHLNRKVFKEHPAFRLA
hERG1 (672) RYHTQMLRVREFIRFHQIPNPLRQRLEEYFQHAWSYTNGIDMNAVLKGFPECLQADICLHLNRSLLQHCKPFRGA
CNBD
hHCN1 (480) DPNFVTAMLSKLRFEVFQPGDYIIREGAVGKKMYFIQHGVAGVITKS--SKEMKLTDGSYFGEICLLTK--——-—
mHCN2 (522) DPNFVTAMLTKLKFEVFQPGDYIIREGTIGKKMYFIQHGVVSVLTKG--NKEMKLSDGSYFGEICLLTR---—-~—
TAX-4 (498) EAGLLAELVLKLQLQVFSPGDFICKKGDIGREMYIVKRGRLQVVDDDGKKVEFVTLQEGSVFGELSILNIAGSKNG
bCNGA1 (482) EAGLLVELVLKLQPQVYSPGDYICKKGDIGREMYIIKEGKLAVVADDGITQFVVLSDGSYFGEISILNIKGSKAG
L1iK (319) DPALVTSLVFSMKPMIFLEGDTIFRRGEKGDDLYILSEGSVDILDSDEKTILLSLQEGQFFGELALVMDAP-—-—
rEAG1 (559) SDGCLRALAMEFQTVHCAPGDLIYHAGESVDSLCEFVVSGSLEVIQDD--EVVAILGKGDVFGDVFWKEATL---—
hERG1 (747) TKGCLRALAMKFKTTHAPPGDTLVHAGDLLTALYFISRGSIEILRGD--VVVAILGKNDIFGEPLNLYARP-—---—
CNBD

hHCN1 (547) GRRTASVRADTYCRLYSLSVDNFNEVLEEYPMMRRAFETVAIDRLDRIGKKNSILLQOKFQKDLNTGVFNNQENEI
mHCN2 (589) GRRTASVRADTYCRLYSLSVDNFNEVLEEYPMMRRAFETVAIDRLDRIGKKNSILLHKVQHDLSSGVFNNQENAI
TAX-4 (573) NRRTANVRSVGYTDLFVLSKTDLWNALREYPDARKLLLAKGREILKKDNLLDENAP---EEQKTVEEIAEHLNNA
bCNGA1l (557) NRRTANIKSIGYSDLFCLSKDDLMEALTEYPDAKGMLEEKGKQILMKDGLLDINIANAGSDPKDLEEKVTRMESS
L1iK (390) --RSATVRATTTCEIYTLSKTDFDNVLKRFSQFRSAIEESVAHLKKR-———————————————————————————
rEAG1 (628) AQSCANVRALTYCDLHVIKRDALQKVLEFYTAFSHSFSRNLILTYNLRKRIVFRKISDVKREEEERMKRKNEAPL
hERG1 (816) GKSNGDVRALTYCDLHKIHRDDLLEVLDMYPEFSDHEWSSLEITFNLRDTNMIPGSPGSTELEGGFSRQRKRKLS

Figure 4. Protein sequence alignment covering the core architecture of CNBD channels. Alignment includes the five channels
discussed in this review (rEAG1, hERG1, hHCN1, TAX-4, and LIiK), along with mouse HCN2 (mHCN2) and bovine CNGA1 (bCNGAT1).
Approximate boundaries of the transmembrane helices (51-S6), pore helix (PH), and intracellular domains (C-linker, CNBD) are
shown above the alignment. Cyan highlighting indicates strong sequence conservation, whereas yellow highlighting indicates com-

plete conservation.

Rat EAG1 (rEAG1). The rEAGI channel is a K™-selective,
depolarization-activated KCNH channel (Ludwig et al.,
1994) that is inhibited by the binding of Ca*-CaM
(Schonherr et al., 2000; Ziechner et al., 2006). The
structure of detergent-solubilized rEAGI1 in complex
with Ca*-CaM was resolved by cryoEM to an overall res-

olution of 8.8 A, with local resolution ranging from 3.3
to 6 A (Whicher and MacKinnon, 2016; Fig. 5 A). The
construct used for structure determination lacks resi-
dues 773-886 from the distal C-terminal region but is
otherwise intact. The rEAGI1 structure resolves five do-
mains per subunit, including (from N to C terminus)
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Figure 5. Overview of the five CNBD channel structures. For each channel, the core domains of one subunit are colored as in
Fig. 3 (VSD in gray, pore domain in red, C-linker domain in green, and CNBD in blue). Additional domains and/or associated regula-
tory proteins are colored separately, whereas bound cyclic nucleotides or intrinsic ligand residues are shown as yellow sticks. (A) The
rEAG1 (PDB ID: 5K7L) channel, with the N-terminal eag domain shown in orange and one bound Ca?*-calmodulin shown in cyan.
(B) The hERG1 (PDB ID: 5VA1) channel, with the N-terminal eag domain shown in orange. (C) The hHCN1 channel bound by cAMP
(PDB ID: 5U6P), with the N-terminal HCN domain shown in light brown. (D) C. elegans CNG channel (TAX-4, PDB ID: 5H30) bound
by cGMP. (E) Leptospira licerasiae bacterial CNG channel (LIiK, PDB ID: 5V4S) in the presence of cAMP.

an eag domain, transmembrane voltage-sensor and
pore domains, a C-linker domain, and a CNBHD. The
transmembrane domains are non-domain-swapped,
with the VSDs adopting an apparently depolarized con-
formation while the pore is closed (presumably be-
cause of the bound Ca?-CaM). The C-linkers and CNB
HDs adopt a quaternary architecture like that observed
in the structures of HCN channel C-terminal fragments
(Zagotta et al., 2003; Xu et al., 2010; Lolicato et al.,
2011). The C-linkers form elbow-on-shoulder contacts
to create a fourfold symmetric ring below the pore,
with the CNBHDs docking to the intracellular face of
this ring. The rEAG1 C-terminal region is surrounded
by the N-terminal eag domains, which dock to the
outer faces of the CNBHDs. Four Ca*-CaM molecules
are also observed in the structure. Here, the N- and
C-lobes of each Ca*-CaM are separated by ~12 A and
interact with distinct parts of the channel. The N-lobe
binds to a single site on the eag domain, and the C-lobe
is gripped by two helices located near the rEAGI C ter-
minus (Schonherr et al., 2000; Ziechner et al., 2006;
Fig. 5 A). Each Ca*-CaM lobe interacts with two chan-
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nel subunits, which sit crosswise (rather than adjacent)
in the tetrameric assembly.

Human ERG1 (hERG1). The hERGI1 channel is a K'-se-
lective, depolarization-activated KCNH channel that
undergoes rapid, voltage-dependent inactivation
(Trudeau et al., 1995; Schonherr and Heinemann,
1996). The structure of detergent-solubilized hERG1
was resolved by cryoEM to an overall resolution of 3.8
A, with local resolution ranging from 3.2 to 5.6 A
(Wang and MacKinnon, 2017; Fig. 5 B). The construct
used for structure determination contains two internal
deletions, one in the linker region connecting the eag
domain to the VSD (residues 141-350) and one in the
distal C-terminal region following the CNBHD (resi-
dues 871-1005). The structure of a slowly inactivating
hERG1 mutant (Ser631Ala; Schonherr and Heine-
mann, 1996) with a slightly larger internal N-terminal
deletion (residues 141-380) was also resolved to an
overall resolution of 4.0 A, although only the nonmu-
tant hERGI1 structure will be discussed in this review.
The overall structure of hERGI1 strongly resembles
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that of rEAGI: the transmembrane region is non-do-
main-swapped, the voltage sensors are in an apparently
depolarized state, and the intracellular region (eag
domains, C-linkers, CNBHDs) adopts a similar quater-
nary architecture; however, the hERGI pore appears
to be open.

Human HCN1 (hHCN1). The hHCN1 channel is a weakly
K'selective channel activated by membrane hyperpo-
larization, with cAMP binding producing a small (~2
mV) depolarizing shift in the voltage dependence of
activation (Wainger etal., 2001). The structure of deter-
gent-solubilized hHCNI1 was determined by cryoEM in
both the unliganded and cAMP-bound states to an over-
all resolution of 3.5 A, with local resolution ranging
from 3 to 6.6 A (Lee and MacKinnon, 2017; Fig. 5 C).
The construct used for structure determination lacks
residues 636-865 from the distal C-terminal region but
is otherwise intact. The unliganded and cAMP-bound
structures both resolve four core domains per subunit,
including a non—-domain-swapped VSD and closed pore
domain, followed by a Clinker domain and a CNBD.
Additionally, both structures resolve an unexpected
fifth domain near the N terminus—the HCN domain—
which docks into a crevice between the VSD and the
C-linker/CNBD. This domain encompasses ~45 resi-
dues preceding S1 and adopts a unique fold consisting
of three short a-helices. Coimmunoprecipitation exper-
iments have identified this region as a potential interac-
tion site between HCN channels and the f, adrenergic
receptor (Greene etal., 2012), suggesting that the HCN
domain may help mediate protein—protein inter-
actions in vivo.

TAX-4. The TAX-4 channel is a nonselective CNG chan-
nel from C. elegans that displays near-complete activa-
tion by cGMP (Paoletti et al., 1999). The structure of
TAX-4 bound to cGMP was determined by cryoEM to an
overall resolution of 3.5 A, with local resolution ranging
from 3 to 5 A (Li et al., 2017; Fig. 5 D). The fulllength
channel reconstituted into amphipol A8-35 was used for
structure determination. The overall architecture of
TAX-4 is similar to the other channel structures, but the
pore domain is open. The C-linkers and CNBDs of TAX-4
adopt a structure similar to the C-terminal fragment of
cGMP-bound mouse HCN2 (Zagotta et al., 2003).

LIiK. The structure of detergentsolubilized bacterial
CNG channel LIiK in the presence of 5 mM cAMP was
determined to an overall resolution of 4.5 A, with local
resolution in the transmembrane region and C-linker
domain averaging 4.2 A (James et al., 2017; Fig. 5 E).
From fluorescence-based flux measurements and ho-
mology to known bacterial CNG channels (Brams et al.,
2014), LIiK is likely a K'selective CNG channel. The
transmembrane region of LIiK shares many similarities

with the CNBD channels discussed previously, particu-
larly rEAG1 and hERGI1. However, the C-linker/CNBD
of LIiK adopts a quaternary architecture that is unique
among the structures discussed here. The CNBDs adopt
a compact, cyclic nucleotide-bound conformation but
are splayed and rotated away from the channel fourfold
symmetry axis. Moreover, the C-linker domains adopt a
“flattened” conformation, with both the A’- and B’-heli-
ces lying nearly parallel to the membrane surface. At
the interface between the LIiK pore and C-linker do-
mains, the kink between S6 and the A’-helix occurs six
residues later than in the other structures, making S6
considerably longer at its intracellular end and the
A’-helix proportionately shorter.

lon selectivity

CNBD channels range from highly K'-selective to essen-
tially nonselective for monovalent cations. The recent
structures support established models for high K* selec-
tivity, while providing a framework for understanding
weak selectivity in HCN channels and nonselectivity in
eukaryotic CNG channels.

High selectivity. Both rEAG1 and hERGI are highly se-
lective for K" over Na' (Ludwig et al., 1994), whereas
LIiK seems to exhibit similar selectivity (James et al.,
2017). These channels also possess the signature
Thr(Ser)-Val-Gly-Tyr (Phe)-Gly motif common to highly
K'selective channels (Fig. 4). Predictably, their selectiv-
ity filters all adopt a similar structure (Fig. 6 A) that re-
sembles the selectivity filters found in other K'-selective
channels, such as KcsA (Doyle et al., 1998; Zhou et al.,
2001) and the Ky1.2-2.1 chimera (Long et al., 2007).
The rEAGI1, hERGI, and LIiK selectivity filters are con-
structed such that the backbone carbonyl groups, along
with a Ser(Thr) side-chain hydroxyl group, are oriented
toward the permeation pathway. In the KcsA and Ky
structures, this creates a series of four cation binding
sites (1-4) with the proper geometry to “hydrate” de-sol-
vated K' jons (but not Na® ions) as they pass through
the filter (Zhou et al., 2001).

Weak selectivity. HCN channels also possess the Gly-
Tyr (Phe)-Gly motif (Fig. 4) but are only weakly selective
for K" over Na' ions. The hHCNT1 structure provides in-
sight into this unexpected functional property. Com-
pared with the selectivity filters in rEAGI, hERGI1, and
LIiK (Fig. 6 A), the extracellular half of the hHCNI se-
lectivity filter is distorted (Fig. 6 B), with the conserved
Tyr side chain (Tyr361 in hHCNI) rotated nearly 180°
relative to its counterparts in the highly K'-selective
channels (Fig. 6 A). As a consequence, the backbone
carbonyl groups flanking the Tyr side-chain are directed
away from the permeation pathway. In addition, the
hHCNI selectivity filter is considerably wider at its ex-
tracellular end, completely disrupting the first two cat-
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ion binding sites (1 and 2). Mutational and structural
studies of the nonselective bacterial channel NaK indi-

cate that at least four sequential cation-binding sites are
necessary for high K* selectivity (Derebe etal., 2011a,b),
suggesting that weak selectivity in hHCN1 results from
disruption of the first and second cation-binding sites.

Nonselective. Eukaryotic CNG channels are nonselec-
tive for monovalent cations and also allow divalent cat-
ions such as Ca®* to permeate, although Ca** (and Mg™")
can block these channels at high concentrations (Dzeja
etal., 1999). Unlike the other CNBD channel filters, the
TAX-4 selectivity filter is relatively wide throughout
(Fig. 6 C), possibly allowing its binding sites to accom-
modate a variety of cations in different hydration states.
The extracellular entrance of the TAX-4 selectivity filter
is also constricted by a highly conserved Glu residue
(Glu379; Fig. 4) that has been found to contribute to
divalent cation and proton block in other eukaryotic
CNG channels (Root and MacKinnon, 1993, 1994), and
also likely contributes to their poor cation selectivity
(Napolitano et al., 2015). In the TAX-4 structure, this
residue is well situated to impede ion permeation after
protonation or divalent cation binding.

Channel gating mechanisms

Stimuli-sensing domains (e.g., VSDs, CNBDs) control
ion permeation through CNBD channels by acting on
a gate, located in the pore domain. The recent struc-
tures provide insight into the conformational changes
each domain undergoes in the process of gating (i.e.,
pore opening) or stimuli detection (e.g., cyclic nucle-
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Figure 6. Selectivity filters of CNBD channels.
(A) Stick representations of selectivity filters from
the highly K*-selective rEAG1, hERG1, and LIiK
channels. Cation-binding sites 1-4, composed of
backbone carbonyl groups and Ser(Thr) side chains,
are labeled in the rEAG1 selectivity filter. (B) Stick
representation of the weakly selective hHHCN1 selec-
tivity filter, with retained cation binding sites 3 and 4
labeled. (C) Stick representation of the nonselective
TAX-4 selectivity filter, with highly conserved residue
Glu379 labeled.

otide binding) and how these processes are coupled
to one another.

Modular scheme for gating. Channels may be conceptu-
alized as a series of energetically coupled “modules,”
each capable of transitioning between different confor-
mations (Horrigan and Aldrich, 2002; Craven and Zag-
otta, 2004; DeBerg et al., 2016). The conformation
adopted by one module influences the favorability of an
associated module adopting a particular conformation
(Fig. 7). For example, the pore functions as a module
that transitions between closed (impermeant) and open
(permeant) states. The VSDs, meanwhile, act as mod-
ules that transition between hyperpolarized and depo-
larized states in response to changes in membrane
voltage. When occupying the depolarized state, the
VSDs of depolarization-activated channels increase the
favorability of the pore adopting the open state. This
coupling is apparently inverted in HCN channels, where
the VSD depolarized state promotes channel closure.
Similarly, the CNBDs may be treated as ligand-sensing
modules that transition between unliganded and li-
gand-bound states. The Clinker domains, which con-
nect the CNBDs to the pore, function as “transduction
modules,” with resting and active states that are influ-
enced by the conformation of the CNBDs. The C-linkers,
in turn, influence the state of the pore, and thus serve
to energetically couple the CNBDs to the pore. The
Clinkers may also directly influence the state of the
VSDs, perhaps because of interactions between the
C-linker and the S4-S5 linker (Lee and MacKinnon,
2017). Stimuli-sensing modules can be either activating
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or inhibitory with respect to the pore. For example, the
Clinker/CNBD of HCN channels appears to inhibit
pore opening when in the resting, unliganded state
(Wainger et al., 2001). In truncation mutants whose
C-terminal region is deleted, HCN channels exhibit a
depolarizing shift in their voltage dependence of activa-
tion, similar to the effect of cyclic nucleotide binding to
the intact channel.

Gating of the pore

Mutagenesis and accessibility studies have established
that the ion permeation gate in HCN and KCNH chan-
nels resides near the intracellular end of the pore and
is composed of S6 residues (Shin et al., 2001; Rothberg
etal.,, 2002, 2003; Thouta et al., 2014; Fig. 8, A and B).
Permeation is controlled through dilation of the gate,
which must open sufficiently to accommodate hydrated
cations. In HCN channels, which undergo both volt-
age-dependent and cyclic nucleotide-dependent acti-
vation, these processes appear to act on the same gate,
rather than separate gates (Shin et al., 2004). CNG
channels are distinct in that they lack an intracellular
ion permeation gate, despite this part of their pore un-
dergoing dilation during channel activation (Flynn and
Zagotta, 2001, 2003; Contreras and Holmgren, 2006;
Contreras et al., 2008). What structural changes occur
in the pore to gate ion permeation, and how do these
changes compare between the different subfamilies?
Comparison of the closed- and open-state CNBD chan-
nel structures helps address these questions.

Comparison of open and closed channel structures. Of
the five CNBD channel structures, three (rEAGI,
hHCNI, LIiK) have permeation pathways that are
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Figure 7. Modular gating scheme for ion channel function.
CNBD channels may be treated as a collection of energetically
coupled modules, each capable of independently transitioning
between different states. The VSDs can adopt hyperpolarized
(H) or depolarized (D) states; the CNBDs can adopt unbound
(U) or bound (B) states; the C-linker can adopt a resting (R) or
active (A) state; and the pore can adopt a closed (C) or open
(O) state. The conformation adopted by a given module influ-
ences the favorability of connected modules occupying a par-
ticular state. Energetic coupling between modules is indicated
by the double-headed arrows, and equilibration of a module
between different conformational states is indicated by the sin-
gle-headed arrows.

tightly constricted by one or more S6 residues (Fig. 8,
A-C), consistent with a closed state. In rEAGI, which is
in complex with inhibitory Ca*-CaM, an intracellular
gate is clearly formed by S6 residue GIn476 (Thouta et
al., 2014; Fig. 8, A and B), which constricts the pore di-
ameter to <1 A. In hHCNI1, which is closed in the ab-
sence of a hyperpolarizing potential, the pore is
constricted to 1-2-A diameter by three residues (Val390,
Thr394, and GIn398) lining one face of S6 (Fig. 8, B
and C). As expected, these constriction points lie along

Figure 8. Comparison of pore domains in CNBD
channels. (A) Structural alignment of rEAG1 and
hERG1 pore domains, with intracellular gating res-
idues (GIn476 in rEAG1; GIn664 in hERG1) labeled
and shown as sticks. VSDs from one subunit are
also shown. Arrows highlight the relative displace-
ment of the hERG1 S5 and Sé helices toward the
VSD to permit dilation of the intracellular gate. (B)
Structural alignment of the rEAG1 and hHCN1 pore
domains, with gating residues (GIn476 in rEAGT;
Val390, Thr394, and GIn398 in hHCN1) shown as
sticks and overlapping gating residues (GIn476 in
rEAG1; GIn398 in hHCN1) highlighted by a dashed
circle. (C) Structural alignment of the hHCN1 and
LIiK pore domains, with gating residues (Tyr224 and
1le228 in LIiK; Val390, Thr394, and GIn398 in hHCN1)
shown as sticks, and overlapping gating residues
(Val390 in hHCNT1, 11e228 in LIiK) highlighted by a
dashed circle. (D) Structural alignment of hERG1 and
TAX-4 pore domains, with the hERG1 gating residue
GIn664 shown as sticks.
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the intracellular half of S6, with the most C-terminal
point (GIn398) aligning with the GIn476 gating residue
in rEAGI1 (Fig. 8 B). The LIiK pore is unusual in that its
two constricting S6 residues (Tyr224 and I1e228) reside
near the membrane center, with the more C-terminal
residue (I1e228) aligning with the most N-terminal con-
striction point in hHCNT1 (Val390; Fig. 8 C). The closed
permeation pathway in LIiK is also unexpected, as this
structure was determined in the presence of saturating
cAMP concentrations.

The two remaining CNBD channel structures
(hERG1 and TAX-4) are dilated at the intracellular
end of their pore (Fig. 8, A and D), consistent with
an open state. Dilation is made possible by a kink in
S6, which occurs at a conserved Gly “hinge” residue
(Gly648 in hERGI, Gly399 in TAX-4) located just
below the selectivity filter. Relative to rEAGI, the en-
tire permeation pathway in hERGI below the selectiv-
ity filter is substantially wider (Wang and MacKinnon,
2017), particularly at the conserved Gln residue
(GIn664 in hERGI), whose counterpart in rEAGI
serves as the gate (Fig. 8 A). Comparison of hERGI
and rEAGI offers a simple model for what structural
changes occur in the pore during channel activation.
In the closed (rEAG1) state, the S6 helices are rela-
tively straight, bringing the Gln gating residues into
close proximity (<1-A pore diameter). In transition-
ing to the open (hERGI) state, the S6 helices develop
a kink at the conserved Gly hinge residue, allowing
them (along with the intracellular half of S5) to bend
away from the permeation pathway and toward the
VSDs. Consequently, the gating residues are moved
apart, dilating the pore in this region to ~11-A diam-
eter, more than sufficient to accommodate hydrated
cations. The pore domains of hHCNI and LIiK also
possess the conserved Gly hinge residue (Gly382 in
hHCNI, Gly220 in LIiK) and may undergo a similar
structural change to control ion permeation.

Gating at the selectivity filter. Although dilation at the
intracellular end of the pore is associated with activa-
tion in eukaryotic CNG channels, it does not directly
control ion permeation (Flynn and Zagotta, 2001, 2003;
Contreras and Holmgren, 2006). Instead, the selectivity
filter itself appears to act as the gate in these channels
(Contreras et al., 2008). In TAX-4, the intracellular
ends of the S6 helices are bent away from the symmetry
axis, similar to hERGI1 (Fig. 8 D), suggesting that the
TAX-4 structure indeed represents an open state. How-
ever, in the absence of an unliganded, closed-state struc-
ture, it remains unclear what changes the selectivity
filter undergoes to control ion permeation or how cy-
clic nucleotide binding induces these changes. Scan-
ning cysteine accessibility measurements in the bovine
rod CNG channel suggest that the pore helix rotates
along its axis during activation (Liu and Siegelbaum,
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2000), although it is unknown how this motion would
influence the structure of the selectivity filter.

Voltage-dependent gating

In Ky1-9 channels, where the transmembrane region is
domain-swapped, voltage-dependent gating is likely me-
diated by the helical S4-S5 linker, which runs parallel to
the membrane surface and contacts the pore-lining S6
helix (Long et al., 2007). Upon membrane depolariza-
tion, S4 gating residues pass through the charge-transfer
center as S4 moves up toward the membrane extracel-
lular surface (Guo et al., 2016; Kintzer and Stroud,
2016). This motion is thought to be coupled to move-
ment of the S4-S5 linker and consequently S6, forcing
(or permitting) S6 to bend at a conserved Pro-Val-Pro
“hinge” motif to open the intracellular gate (Long et
al., 2005b). The transmembrane region of CNBD chan-
nels differs from Ky1-9 channels in several respects: (a)
the transmembrane region is non-domain-swapped; (b)
the S4-S5 linker is a short loop that does not interact
extensively with S6; and (c) the S6 helix lacks the Pro-
Val-Pro hinge motif. Together, these differences indi-
cate that CNBD channels use a different mechanism to
couple voltage sensing to pore gating.

Depolarization activation. The VSDs of rEAGI are struc-
turally similar to their counterparts in Ky1-9 channels.
In rEAGI1, S4 consists of a short 3, helix flanked by
o-helical components at either end (Fig. 9 A) and con-
tains six basic residues: Lys327 (K1), Arg330 (R2),
Arg333 (R3), Arg336 (R4), Arg339 (R5), and Lys340. A
charge-transfer center is also observed within the rEAG1
VSD, composed of residues Phe261 and Asp264 on S2
and Asp299 on S3 (Fig. 9 A). R4 resides within the
charge-transfer center, whereas K1-R3 lie above, near
the extracellular face of the channel. Mutational studies
of closely related hERGI have demonstrated that only
KI-R3 are required for voltage-dependent gating
(Zhang et al., 2004), and because these residues sit
above the charge-transfer center in rEAGI, its VSDs
likely adopt a depolarized conformation. However, be-
cause of the inhibitory effects of Ca*-CaM, the pore re-
mains closed. The VSDs of hERGI are virtually identical
to those of rEAGI, including the presence of a
charge-transfer center composed of S2 and S3 residues,
along with position and orientation of the S4 gating res-
idues (Fig. 9 A). As such, its VSDs are also likely in a
depolarized conformation, and the hERGI intracellu-
lar gate is open.

Comparison of rEAGI and hERGI suggests a possible
mechanism for depolarization activation in CNBD chan-
nels (Wang and MacKinnon, 2017). In both channels,
the S5 and S6 helices form extensive contacts along their
entire lengths, whereas S4 and S5 interact at their intra-
cellular ends (Fig. 8 A). During voltage-dependent ac-
tivation, S4 translates vertically through the membrane
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Figure 9. Voltage-sensor domains
of CNBD channels. In top panels, the

S

<
\9§ Arg336 (R4)

=

C-terminal portion of S3 is omitted for
clarity, and S2 residues (Phe, Asp) con-
tributing to the charge-transfer center
and basic residues along S4 (Arg, Lys)
are shown as sticks. In bottom panels,
the VSDs are rotated by 45° relative to
the top panels, with the S4 helices indi-

vidually colored. (A) Structurally aligned
VSDs of rEAG1 and hERG1, with rEAG1
charge-transfer center residues Phe261
and Asp264, along with residue Arg336
(R4) occupying the charge-transfer cen-

ter, labeled in the top panel. (B) VSD
of hHCN1, with residue Arg273 (R5)
occupying the charge-transfer cen-
ter labeled in the top panel. (C) VSD
of TAX-4, with the three regions of S4
(S4a, S4b, and S4c) labeled in the bot-

rEAG1 hERG1

hHCN1

(Long etal., 2005b, 2007; Guo etal., 2016), and given the
S4-S5 and S5-S6 interactions, S4 movement could be
communicated indirectly via S5 to the intracellular end
of S6 (near the permeation gate). Within this framework,
two possibilities arise. The VSD could function as an in-
hibitory module where, in the hyperpolarized state, S4
exerts force on S5 (and consequently S6) to hold the per-
meation gate closed. Alternatively, the VSD could behave
as an activating module where, in the depolarized state,
it exerts force on S5-S6 to pull the gate open. In both
cases, no covalent connection between S4 and S5 is re-
quired, as it is the interaction between S4 and S5 (rather
than their covalent linkage) that communicates force be-
tween the VSD and the pore. This could explain the abil-
ity of “split” KCNH channels, where the S4-S5 linker is
severed, to assemble into functional, voltage-gated chan-
nels (Lorinczi etal., 2015; Tomczak et al., 2017). Notably,
splitting EAG1 near the C-terminal end of $S4 produces a
constitutively open channel, arguing in favor of the VSD
acting as an inhibitory module (Tomczak etal., 2017).

Hyperpolarization activation. The VSDs of HCN chan-
nels behave like their counterparts in depolarization-ac-
tivated channels, with S4 moving up toward the
membrane extracellular surface upon depolarization
and down toward the intracellular surface upon hyper-
polarization (Mannikkoé et al.,, 2002; Vemana et al.,
2004). The VSDs of hHCNI are also structurally similar
to the VSDs of depolarization-activated rEAGI and
hERGI, with the exception that the S4 helix in hHCN1
is considerably longer, extended on its intracellular end
by several a-helical turns (Fig. 9 B). The charge-transfer
center of hHCNI is also occupied by voltage-sensing
residue R5 (Arg273), rather than R4 as in the rEAGI1

tom panel. (D) VSD of LIiK.

LUK

and hERGI structures (Fig. 9, A and B). As in rEAGI
and hERGI, the VSDs in hHCNI likely adopt a depolar-
ized conformation, probably because of the lack of an
electrical potential, which for HCN channels is associ-
ated with channel closure. Given these similarities, what
is the structural basis for inverse gating in HCN chan-
nels? Why is the depolarized VSD conformation in
hHCNI coupled to pore closure, when a similar confor-
mation is coupled to pore opening in rEAGI and
hERGI1? One possibility is that inverse gating involves
interactions between S4 (or the S4-S5 linker) and the
C-linker elbow motif below it (Prole and Yellen, 2006;
Kwan etal., 2012; Lee and MacKinnon, 2017). However,
HCN channels lacking the C-linker and CNBD still ex-
hibit hyperpolarization activation (Wainger et al,
2001). Without a hyperpolarized-state HCN channel
structure, it remains unclear how S4 translation toward
the intracellular membrane surface would result in
opening of the pore.

Voltage insensitivity. TAX-4 is largely insensitive to the
membrane potential (Fig. 2 A; Paoletti et al., 1999), de-
spite its VSDs sharing many structural features with
those found in voltage-gated CNBD channels (Fig. 9 C).
In particular, the TAX-4 VSDs contain a charge-transfer
center composed of residues Tyr215 (S2), Asp218 (S2),
and Asp253 (S3), which is occupied by an S4 basic resi-
due (Arg286). Other basic residues are found along S4
both above (Arg280, Arg283) and below (Lys288,
Arg289, Arg291, Arg296) the charge-transfer center.
However, the S4 helix of TAX-4 is uniquely structured
(Fig. 9 C) and can be divided into three distinct regions:
an N-terminal loop (S4a), a central 3, helix (S4b), and
a C-terminal a-helix (S4c). Between S4b and S4c, the
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helix kinks sharply, allowing S4c to lie nearly parallel to
the membrane surface. Voltage insensitivity could be a
consequence of the unusual, segmented nature of S4,
which might prevent it from translating vertically
through membrane in response to changes in the mem-
brane potential. However, substitution of the Drosoph-
ila EAG channel S4 helix with its counterpart from the
rat olfactory CNG channel produced a functioning,
voltage-dependent channel (Tang and Papazian, 1997),
suggesting that VSD elements besides S4 contribute to
voltage insensitivity in CNG channels.

The VSDs of LIiK share a common architecture with
other CNBD channel VSDs (Fig. 9 D). The LIiK VSDs
appear to adopt a depolarized conformation, with S4
containing four conserved basic residues (Argl22,
Lys125, Argl28, and Argl35). Structurally, the S4 heli-
ces of LIiK appear most similar to those of rEAGI, and
contain a central 3,¢-helical segment flanked by a-heli-
cal segments at either end. The LIiK S4 helix also kinks
slightly near its C terminus, although not to the same
extent as in TAX-4. L1liK is putatively voltage insensitive,
based on its homology to other bacterial CNG channels
(Brams et al., 2014). However, the electrophysiologi-
cal properties of LIiK have not yet been characterized,
which may reveal unexpected voltage dependence.

Cyclic nucleotide-dependent gating

Before the determination of intact CNG and HCN
channel structures, our understanding of cyclic nucleo-
tide—dependent activation was based primarily on HCN
channel C-terminal fragments (Zagotta et al., 2003; Xu
et al., 2010; Akimoto et al., 2014; Puljung et al., 2014;
Saponaro et al., 2014; Goldschen-Ohm et al., 2016).
These structures revealed that upon cyclic nucleotide
binding to the p-roll, the B- and C-helices rotate as a sin-
gle unit toward the binding pocket, allowing the C-helix
to interact with the cyclic nucleotide base moiety. How-
ever, the fragment structures fail to reveal any large-scale
changes in the C-linker domain between the apo and
ligand-bound states, making it unclear how cyclic nucle-
otide binding is communicated to the pore domain to
control ion permeation. The recent intact CNBD chan-
nel structures support a mechanism wherein the entire
C-terminal region rotates relative to the pore to control
opening of the permeation gate.

Comparison of intact channels to fragment structures.
The structure of hHCNI was determined in both the
unliganded and cAMP-bound states (Lee and MacKin-
non, 2017), and most of the structural differences be-
tween these two states are localized to the CNBDs. Here,
the B- and C-helices are rotated away from p-roll in the
unliganded state (Fig. 10 A), similar to the apo struc-
tures of isolated CNBDs from human HCN2 (Saponaro
et al., 2014), mouse HCN2 (Goldschen-Ohm et al.,
2016), and human HCN4 (Akimoto et al., 2014). In the
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cAMP-bound structure, which is nearly identical to the
fragment structure of cAMP-bound mouse HCN2
(Fig. 10 B; Zagotta et al., 2003), these helices are moved
toward the B-roll cavity to permit interaction between
the C-helix and cAMP, which is docked into the f-roll in
an anti configuration (Fig. 10 A). In the cAMP-bound
hHCNTI structure, two additional helices (D- and E-he-
lix) were also observed following the C-helix (not de-
picted), which interact with both the C-helix and the
B-roll. The C-helix and nearby sites on the p-roll, along
with residues at the very C terminus of HCN, form inter-
actions with the trafficking protein TRIP8b (Santoro et
al., 2011; Saponaro etal., 2014; DeBerg et al., 2015; Han
etal., 2017), although it is unclear what role the D- and
E-helices play in TRIP8b binding.

As with HCN channels, the structures of KCNH chan-
nel intracellular fragments (i.e., eag domain, C-linker/
CNBHD) correctly predicted many of the features ob-
served in the rEAGI and hERGI structures. For exam-
ple, the fragment structures correctly predicted the
presence of an intrinsic ligand within the p-roll binding
pocket that mimics a bound cyclic nucleotide (Brelidze
etal., 2012, 2013; Marques-Carvalho et al., 2012; Fig. 10,
C and D), as well as the interaction between the N-ter-
minal eag domain and the C-terminal CNBHD (Haitin
et al., 2013; Whicher and MacKinnon, 2016; Wang and
MacKinnon, 2017; Fig. 10 D).

Cyclic nucleotide-dependent activation. Both the frag-
ment and full-length HCN channel structures show that
cyclic nucleotide binding to the f-roll causes the B- and
C-helices to rotate as a rigid body, bringing the C-helix
into contact with the base moiety (Fig. 10 A). How is
this structural change within the CNBD communicated
to the C-linker? The recent hHCNI channel structures
provide insight into this mechanism. As in the HCN
channel fragment structures (Zagotta et al., 2003; Xu et
al., 2010; Lolicato et al., 2011), the C-linker E’- and
F’-helices are closely associated with the CNBDs in
hHCNI, stacking atop the B- and C-helices. Rotation of
the B- and C-helices toward the p-roll may exert an up-
ward force on the E’-and F'-helices, moving them closer
to the elbow-on-shoulder gating ring beneath the pore
(Fig. 10 A). The C-linker/CNBD of HCN channels acts
as an inhibitory domain that maintains the pore in a
closed state (Wainger et al., 2001), and force exerted by
the E’- and F'-helices may alter the structure of the gat-
ing ring to relieve this inhibition.

What structural changes does the C-linker gating ring
undergo to influence the pore? Comparison of the un-
liganded and cAMP-bound hHCNI structures reveals a
subtle, counterclockwise rotation (viewed top-down) of
the intracellular domains relative to the transmembrane
region (Fig. 11 A). This rotation is in opposition to the
right-handed twist of the S6 helical bundle, suggesting
that further rotation could dilate the bundle near the
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apo hHCN1
hHCN1 + cAMP

hHCN1 + cAMP

mEAGI Eag deomalin

intracellular gate to allow ion permeation. Compar-
ison of the rEAGI and hERGI structures (which pos-
sess closed and open intracellular gates, respectively)
reveals a more dramatic counterclockwise rotation of
the intracellular domains (Fig. 11 B), consistent with
the structural change suggested by the unliganded and
cAMP-bound hHCNI structures (Fig. 11 A). Together,
these results support a “twist-open” model of channel
regulation (Fig. 12), where binding of cyclic nucleo-
tides to the CNBDs induces a large-scale rotation of the
intracellular region that unwinds the right-handed S6
helical bundle to dilate the intracellular gate. In the
hHCNI1 structures, where the cAMP-bound intracellu-
lar domain is rotated only slightly relative to its unligan-
ded counterpart, the pore is presumably held closed
by the depolarized-state VSDs, which could, in turn,
prevent the cAMP-bound intracellular domains from
rotating further. Rotation of the intracellular domains

apo hHCN1
hHCN1 + cAMP

hHCN1 + cAMP
MHCN2 + cAMP

b rEAG1 CNBHD
rEAG1 Eag domain MEAGIL CNBHD

Figure 10. Comparison of intracellular do-
mains. (A) Structural alignment of unligan-
ded (PDB ID: 5U60) and cAMP-bound hHCN1
CNBDs, with cAMP shown in yellow sticks. Arrows
highlight the rotation of the C-helix toward the
B-roll after cyclic nucleotide binding, along with
upward movement of the C-linker E’- and F’-heli-
ces. (B) Structural alignment of the cAMP-bound
CNBDs from hHCN1 and mouse HCNZ2 (PDB ID:
1Q50), which adopt essentially identical confor-
mations. Bound cAMP shown in yellow sticks. (C)
Structural alignment of the cAMP-bound hHCN1
CNBD and the rEAG1 CNBHD. Bound cAMP
is shown in yellow sticks, and the rEAG1 intrin-
sic ligand residues (Tyr672-Asné73-Leu674) are
shown as sticks colored like the rEAG1 ribbon
structure. (D) Structural alignment of the rEAG1
eag domain (orange) + CNBHD (blue, from an
adjacent subunit) with the cocrystal structure of
the mEAG1 eag domain + CNBHD (gray, PDB ID:
4LLO). Intrinsic ligand residues (yellow for rEAG1,
gray for mEAG1) are shown as sticks.

has also been proposed as a mechanism for coupling cy-
clic nucleotide binding to pore gating in CNG channels
(Wainger et al., 2001), suggesting that all three CNBD
subfamilies use this mechanism for coupling their C-
terminal region to the pore.

Open questions

The recent structures of CNBD channels provide in-
sight into mechanisms of ion selectivity, voltage-depen-
dent gating, and ligand-dependent gating within this
channel family. In particular, the structures suggest a
mechanistic framework for depolarization activation in
rEAGI and hERGI that involves direct interactions be-
tween the S4, S5, and S6 helices, made possible by the
non—-domain-swapped transmembrane architecture ad-
opted by these channels. For ligand-dependent activa-
tion, comparison of the apo and cAMP-bound hHCN1
structures, together with the rEAG1 and hERGI struc-

Figure 11. Rotation of the C-terminal domains as-
sociated with CNBD channel gating. (A) Top-down
view of the unliganded and cAMP-bound hHCN1
structures aligned by their pore domains, with the
view clipped to highlight the C-linker domains.
Alignment reveals a subtle counterclockwise rota-
tion of the C-linker/CNBD in cAMP-bound hHCNT1,
relative to the apo structure. (B) Top-down view of
the rEAG1 (closed gate) and hERG1 (open gate)
structures aligned by their pore domains, with the
view clipped as in A. Alignment reveals a dramatic
counterclockwise rotation of the hERG1 C-linker/
CNBHD relative to rEAGT.
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Figure 12. Proposed mechanism for
cyclic nucleotide-dependent activa-
tion of CNBD channels. In the absence
of cyclic nucleotides (left), the C-linker/
CNBD adopts a resting state that exerts
a tonic inhibitory force on the pore do-
main, maintaining it in the closed state.

tures, suggest a twist-open mechanism wherein cyclic
nucleotide binding is communicated via the C-linker
E’- and F'-helices to the elbow-on-shoulder gating ring
to relieve the tonic, inhibitory force it exerts on the
intracellular gate. However, the following questions re-
main unanswered.

CNG channel gating at the selectivity filter. Mammalian
CNG channels do not use an intracellular gate to con-
trol ion permeation, and instead the selectivity filter ap-
pears to be responsible for obstructing current flow. If
CNG channels use the twist-open mechanism, it is un-
clear how rotation of the intracellular domains is prop-
agated up to the selectivity filter to gate the channel.

HCN channel hyperpolarization activation. It remains
unclear how downward movement of S4 upon mem-
brane hyperpolarization would influence the S5 and S6
helices to activate the channel, and whether interac-
tions between the VSD and the C-linker (as observed in
the hHCNI structure) play a role in hyperpolariza-
tion activation.

KNCH channel regulation by the PAS domain. The N-ter-
minal eag domain of KCNH channels has profound ef-
fects on the activation and deactivation properties of
these channels. The rEAGI and hERGI channel struc-
tures have confirmed that the eag domains interact di-
rectly with the C-terminal CNBHDs, although it is not
clear how this interaction influences channel gating.

Conclusions. Although high-resolution structures offer
valuable insight into channel architecture, allowing
for the rationalization of other biophysical data (e.g.,
mutagenesis and accessibility data) and the creation of
detailed mechanistic hypotheses, they are effectively
static channel “snapshots” that provide little energetic
information. Understanding the coupling between
channel modules, along with the energetics of confor-
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Cyclic nucleotide binding to the CNBDs
promotes the transition of the C-linker
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oy “; 1 the C-terminal domains.
2
e =

mational changes within each module, is crucial to un-
derstanding the mechanism of CNBD channel
function. To this end, electrophysiological measure-
ments provide a wealth of functional and energetic in-
formation, although it is often difficult to interpret
these results in terms of channel structure. Biophysical
approaches that yield both structural and energetic in-
formation, particularly spectroscopic techniques such
as fluorescence-resonance energy transfer and double
electron-electron resonance (DEER) spectroscopy,
will prove valuable for developing truly comprehen-
sive models for channel function.
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