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The recently reported structure of the human CNGA1/CNGB1 CNG channel in the open state (Xue et al., 2021a)
shows that one CNGA1 and one CNGB1 subunit do not open the central hydrophobic gate completely upon cGMP
binding. This is different from what has been reported for CNGA homomeric channels (Xue et al., 2021b; Zheng

In seeking to understand how this difference is due to the presence of the CNGB1 subunit, we find that the

deposited density map (Xue et al., 2021a) (EMDB 24465) contains an additional density not reported in the
images of the original publication. This additional density fits well the structure of calmodulin (CaM), and it
unambiguously connects the newly identified D-helix of CNGBL1 to one of the CNGA1 helices (A1) participating
in the coiled-coil region. Interestingly, the CNGA1 subunit that engages in the interaction with this additional
density is the one that, together with CNGB1, does not open completely the central gate. The sequence of the D-
helix of CNGB1 contains a known CaM-binding site of exquisitely high affinity — named CaM2 (Weitz et al., 1998)
—, and thus the presence of CaM in that region is not surprising.

The mechanism through which CaM reduces currents across the membrane by acting on the native channel
(Bauer, 1996; Hsu and Molday, 1993; Weitz et al., 1998) remains unclear. We suggest that the presence of CaM
may explain the partially open central gate reported by Xue et al. (2021a). The structure of the open and closed

states of the CNGA1/CNGB1 channel may be different with and without CaM present.

1. Introduction

Cyclic nucleotide-gated (CNG) channels in photoreceptors and ol-
factory neurons form a family of ion channels, which serve as targets for
c¢GMP- and cAMP-signaling pathways that are activated by light and
odorants, respectively (Kaupp and Seifert, 2002; Matulef and Zagotta,
2003).

CNG channels, composed of CNGA and CNGB subunits, belong to the
superfamily of voltage-gated ion channels (VGICs) that share a common
topology: the channels comprise six transmembrane segments, a cyto-
plasmic C-linker composed of helices A’ to F/, and a cyclic nucleotide-
binding domain (CNBD) composed of helices A to C and a beta-roll.
Upon gating, the CNBD undergoes conformational changes that are
transmitted via the C-linker to the four S6 transmembrane segments,

* Corresponding author.
E-mail address: jacopo.marino@psi.ch (J. Marino).

hitps://doi.org/10.1016/j.jsb.2021.107828

which move to open a central hydrophobic gate formed by residues F389
and V393 in the human CNGA1 subunit, and F872 and 1876 in the
human CNGB1 subunit (Xue et al., 2021b).

CNG channels are cation-selective ion channels, but a large fraction
of the current is carried by Ca®" jons (Frings et al., 1995; Nakatani and
Yau, 1988; Perry and McNaughton, 1991). Ca?* partially blocks the
channel (Yiannis and Yau, 1996); the Ca?t flux through the CNG
channel is pivotal for controlling the activity of several enzymes, in
particular the guanylyl cyclase, via various Ca®'-binding proteins
including calmodulin (CaM) (Polans et al., 1996; Yau and Hardie, 2009).

The activity of the rod CNG channel is tuned by CaM, which de-
creases the apparent affinity for cGMP binding; CaM binds with high
affinity to the CNGB1 but not to the CNGAL1 subunit, thereby decreasing
Ca?* influx (Chen et al., 1994; Hsu and Molday, 1993; Weitz et al.,
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Fig. 1. (A) Panel A is taken from the original publication of Xue et al. (2021a). Light blue, density corresponding to CNGB1; orange, density corresponding to Aly,
(CNGA1); magenta, density corresponding to Alg; and green, density corresponding to Alp. (B) Overview of the density map EMDB 24465, with colored density
according to Xue et al. (2021a). The density map was opened in Chimera (Pettersen et al., 2004) and a Gaussian filter (width 0.842) was applied, after which the map
was colored according to 4.5 A radius from the relative atomic coordinates (PDB: 7RHL). Figures reported in this manuscript are based on this map. In red is shown
the additional density that connects the CNGB1 D-helix to CNGA1 Alg. (C) Close up of the panel C in the coiled-coil region.

1998). This modulation might be required to tune the sensitivity of
photoreceptor cells and olfactory neurons (Bradley et al., 2004, 2001;
Trudeau and Zagotta, 2003).

Two CaM-binding sites are located at the N- and C-terminus of the
CNGB1 subunit, referred to as CaM1 and CaM2, respectively (Weitz
et al., 1998). CaM1 is strictly required for modulation of the CNGA1/
CNGB1 heteromeric channels, whereas CaM2 is not (Grunwald et al.,
1998; Weitz et al., 1998). CaM2 is localized on a segment adjacent to the
c¢GMP-binding domain and has a higher affinity for CaM than CaM1
(Weitz et al., 1998); the role of CaM2 site remains to be fully understood
(Weitz et al., 1998). The structural basis for the control by CaM of the
gating mechanism itself remains ill-defined. CaM features a two-lobe
structural architecture with the N-terminal domain (N-lobe) and the C-
terminal domain (C-lobe), and each lobe harbors two Ca®* binding sites
(Babu et al., 1988). The affinity of CaM for the native rod CNG channel is
high, with maximal effects on currents observed at approximately <5

nM CaM (Bauer, 1996; Grunwald et al., 1998; Hsu and Molday, 1993;
Weitz et al., 1998). Binding of CaM to peptides that correspond to CaM1
and CaM2 sequences or modulation of the rod CNG channel requires
very low concentrations of Ca?t (40-50 nM) (Nakatani et al., 1995;
Sagoo and Lagnado, 1996; Weitz et al., 1998). CaM modulates many ion
channels by a variety of mechanisms, including CaM that is not bound to
cat (Adams et al., 2014; Sachyani et al., 2014), and CaM is perma-
nently associated with the olfactory CNG channel in a Ca%*-independent
fashion (Bradley et al., 2004).

2. Results and discussion

We analyzed the density map deposited by Xue et al. (2021a) cor-
responding to CNGA1/CNGBI in the apo state (EMDB 24465). Only on
this density map the authors performed an additional step of focused 3D
classification with a mask around the CLZ (C-terminal leucine zipper)
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Fig. 2. (A) Isolated density attributed to CaM (red) contacting the D-helix of
CNGBI (light blue). (B) One of the lobes of human CaM (PDB: 7BF2) bound to a
peptide. (C) Isolated density attributed to CaM shown at different contour levels
(from left to right: 0.0167, 0.0139, and 0.0114), compared with corresponding
(D) density calculated (molmap in Chimera) from the crystal structure of
human CaM (PDB: 7B2F) shown at different contour levels (from left to right:
0.634, 0.532, and 0.415). In (E) the isolated cryo-density is show as mesh with
the docked model (red) of CaM.

coiled-coil region (CNGA1 residues 623-679); this step allows to visu-
alize the density corresponding to the three C-terminal CNGAL1 helices
that form the coiled-coil. This region is not clearly visible in the other
density maps corresponding to the ¢cGMP-bound (EMBD 24461 and
EMBD 24462) and cGMP-I-cis-diltiazem-bound states (EMBD 24463).

In the provided map (EMDB 24465), each of the three C-terminal
helices of the CNGA1 subunits form a coiled-coil structure, consistent
with data indicating that three CNGA1 subunits are connected at their C-
terminus by a leucine-zipper domain (Shuart et al., 2011). Near the
CNGA1 coiled-coil, the authors identify a helix named D, which they
assign as continuation of the C-helix at the C-terminus of CNGB1 (Xue
etal., 2021a). As reported in the original figure (Fig. 1A), this D-helix is
tilted nearly 60° with respect to the axis formed by the coiled-coil, and
contacts the C-terminal region of one of the three CNGA1 subunits
referred to as Alp,

Notably, we find that the density map contains an additional density
that is set apart from noise, and that connects unambiguously the
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CNGB1 D-helix to the C-terminal Alg-helix (Fig. 1B-C). This density is
neither visible nor discussed in the main figures, however it is visible in
Fig. S3 (Xue et al., 2021a).

This additional density, and its orientation relative to the D-helix are
surprisingly reminiscent of the binding mode of human CaM to peptides
(Fig. 2A), with a nearly identical orientation between the D-helix and
the peptide bound to CaM (Fig. 2B). Rigid-body docking of a molecular
model of human CaM (PDB: 7BF2) revealed an excellent fit (Fig. 2C-E),
with a cross-correlation of 0.94 between model and density. This sug-
gests that part of CaM (the N-lobe) is not visible in the density map,
either because it is excluded from the mask used to perform 3D classi-
fication or because it is flexible.

The amino-acid sequence assigned by Xue et al. (2021a) within the
density of the D-helix contains part of the CaM2-binding site; however,
as the authors note, the density map in that region does not allow to
model side chains. By analyzing the map, we suggest that it is ques-
tionable whether the D-helix is indeed connected to the C-helix
(Fig. 3A). In fact, the D-helix of CNGB1 may actually be part of the N-
terminal sequence containing the CaM1 site. To explain these possibil-
ities, we discuss two structural models (Fig. 3B, C). The hypothesis that
the D-helix may correspond to the N-terminus of CNGBI is supported by
biochemical experiments that identify strong interaction between an N-
terminal sequence of CNGB1 containing the CaM1 site and the C-ter-
minal region forming the coiled-coil of CNGA1 (Trudeau and Zagotta,
2002a, 2002b). Further investigations are required to fully assign this
additional D-helix to the C-terminus or N-terminus of CNGB1.

Of note, our results do not question the quality of the structural data
presented by Xue et al. (2021a). The additional density in the map that
we suggest being CaM is located in a peripheral and flexible region,
which might have led Xue et al. to be cautious about its interpretation.
Despite the inherent limitations of the quality of the map in that region,
we suggest that the presence of CaM should be further investigated and
characterized. This characterization would benefit from making avail-
able all density maps where local refinement has been performed, as
done for the map of the apo state (EMDB 24465). The presence of CaM in
the sample may be explained by the relatively high abundance of
endogenous CaM in HEK cells, which can modulate heterologously
expressed ion channels (Biswas et al., 2008; Sun and MacKinnon, 2017).
Although CaM cannot be recognized near 16 kDa in the SDS-PAGE of
Fig. S1 (Xue et al., 2021a), this might be explained by the low concen-
tration of sample loaded, and by the notorious difficulty in staining small
proteins. However, mass spectrometry should be able to identify CaM
unequivocally.

The presence of CaM in these structures has profound implications
for the conclusions made by Xue et al., because the CNGA1/CNGB1
channel structure might be significantly different in presence or absence
of CaM.

We suggest that binding of CaM to CNGB1 and Alg might explain the
partially open central gate. In this model, in absence of CaM, the coiled-
coil region lies perpendicular to the membrane axis. If present, CaM
binds to the CaM site (either contributed by the N-terminus or C-ter-
minus of CNGB1), and CaM brings this CNGB1 sequence near the coiled-
coil region. This causes the coiled-coil region to tilt (Xue et al., 2021a),
which may cause a lower degree of conformational freedom within the
CNBD of CNGB1 and one CNGA1 subunit (Alg), and thus result in only a
modest or no rotation and dilation of their S6 segments, as reported for
the structures of the two observed open conformations (Xue et al.,
2021a).

Further analysis will be required to fully characterize the structural
basis for CaM modulation of the native CNGA1/CNGB1 channel.
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Fig. 3. (A) Details of the density map
(EMBD: 24465) corresponding to the CNGB1
subunit in the region of the CNBD, including
the C-helix and the additional helix (referred
to as D-helix in the text). The position of the
sequence corresponding to the CaM2 site is
indicated according to the current assign-
ment of the amino acid sequence provided by
Xue et al. (2021a). (B) Location and se-
quences of the CaM-binding sites in the
human CNGB1 subunit (UniProt: Q14028).
(C) Proposed models for interpreting the
identity of the CNGB1 D-helix visualized in
the density map. Model 1 is consistent with
the interpretation of Xue et al. (2021a), with
the additional CNGB1 helix being assigned to
a D-helix as continuation of the C-helix of the
CNBD. In Model 2, instead, the additional
CNGBI helix is proposed being part of the N-
terminal sequence which contains the CaM1-

binding site. As shown in Model 2, the
-C sequence of CNGB1 C-terminal to the C-helix

is not visible in the density map.
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