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Calcium permeability and the concomitant calcium block of monovalent ion current (“Ca* block”) are properties
of cyclic nucleotide—gated (CNG) channel fundamental to visual and olfactory signal transduction. Although most
CNG channels bear a conserved glutamate residue crucial for Ca®* block, the degree of block displayed by different
CNG channels varies greatly. For instance, the Drosophila melanogaster CNG channel shows only weak Ca*" block
despite the presence of this glutamate. We previously constructed a series of chimeric channels in which we re-
placed the selectivity filter of the bacterial nonselective cation channel NaK with a set of CNG channel filter se-
quences and determined that the resulting NaK2CNG chimeras displayed the ion selectivity and Ca* block
properties of the parent CNG channels. Here, we used the same strategy to determine the structural basis of the
weak Ca* block observed in the Drosophila CNG channel. The selectivity filter of the Drosophila CNG channel is
similar to that of most other CNG channels except that it has a threonine at residue 318 instead of a proline. We
constructed a NaK chimera, which we called NaK2CNG-Dm, which contained the Drosophila selectivity filter se-
quence. The high resolution structure of NaK2CNG-Dm revealed a filter structure different from those of NaK and
all other previously investigated NaK2CNG chimeric channels. Consistent with this structural difference, func-
tional studies of the NaK2CNG-Dm chimeric channel demonstrated a loss of Ca** block compared with other
NaK2CNG chimeras. Moreover, mutating the corresponding threonine (T318) to proline in Drosophila CNG
channels increased Ca* block by 16 times. These results imply that a simple replacement of a threonine for a pro-
line in Drosophila CNG channels has likely given rise to a distinct selectivity filter conformation that results in weak

Ca® block.

INTRODUCTION

CNG channels are nonselective cation channels gated
by cAMP or cGMP (Fesenko et al., 1985; Haynes and
Yau, 1985; Yau and Nakatani, 1985; Nakamura and Gold,
1987; Dryer and Henderson, 1991; Kaupp and Seifert,
2002). Many members of the channel family have long
been established to be a key component of phototrans-
duction and olfactory signaling. In these signaling cas-
cades, stimuli from the environment such as light or
odorant trigger a change in the cellular cyclic nucleo-
tide concentration. The resulting opening or closing of
the CNG channels leads to a change in ion concentra-
tions and membrane potential that propagates and am-
plifies downstream signaling.

In physiological conditions, CNG channels primarily
conduct Na" and Ca*, with higher selectivity for Ca’*. The
preference for Ca®* enables a significant amount of Ca?
to permeate through CNG channels, even though the
extracellular Ca®" concentration is 60 times lower than
that of Na*. The influx of Ca*" is important for the func-
tions of many CNG channels, including the olfactory and
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plant CNG channels, in which Ca** directly binds to the
next signaling protein downstream (Kaupp and Seifert,
2002; Ma, 2011; Moeder et al., 2011). The high selectivity
for Ca* is associated with a slow permeation rate in CNG
channels (Frings et al., 1995; Dzeja et al., 1999). In the
presence of Ca*, the slow Ca* permeation rate drastically
reduced the Na' current, resulting in an apparent Ca*"
block of monovalent ion current. In the visual sensory
system, this phenomenon of Ca** block is thought to re-
duce the channel conductance, giving rise to low mem-
brane potential noise that allows photoreceptor cells to
detect light with high sensitivity (Yau and Baylor, 1989).
Although Ca* block is observed in most common CNG
channels, different CNG channels exhibit a wide range of
Ca™ sensitivity (Frings et al., 1995; Dzeja et al., 1999). The
mechanism underlying the differences in Ca*" block
among different CNG channels is not entirely clear. It has
been established that the glutamate residues in the selec-
tivity filter sequence TIGETPPP are responsible for the
Ca® block (Root and MacKinnon, 1993; Eismann et al.,
1994; Gavazzo et al., 2000). Neutralizing this glutamate
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to asparagine diminishes external Ca* block (Root and
MacKinnon, 1993; Eismann et al., 1994; Gavazzo et al.,
2000), whereas mutating it to aspartate enhances the
block (Root and MacKinnon, 1993; Picco et al., 2001).
In the absence of a CNG channel structure, insight
into the structural details underlying ion nonselectivity
and Ca® block has been limited to K* channel models
(Doyle etal., 1998; Zhou et al., 2001; Long et al., 2007)
and more recently the prokaryotic nonselective cation
channel NaK from Bacillus cereus (Shi et al., 2006; Alam
et al., 2007). These bacterial channels have a topology
very similar to CNG channel pore domain, even though
they lack the cyclic nucleotide-binding domain. By
using NaK as the model system, we have engineered
a set of CNG-mimicking NaK chimeras, NaK2CNG, in
which the NaK selectivity filter sequence was replaced
with those of canonical CNG channels, and we deter-
mined their structures to high resolution (Derebe etal.,
2011). In one such chimera named NaK2CNG-E, the
NaK filter sequence of TVGDGNFESP was replaced with
TVGETPPP to simulate the most commonly seen CNG
channel pores (Fig. 1). The resulting mutant faithfully
recapitulated the selectivity and Ca*-blocking property
of canonical CNG channels, and the Ca*-blocking sen-
sitivity can be similarly modulated by changing the glu-
tamate residues in the filter to aspartate (NaK2CNG-D)
or asparagine (NaK2CNG-N) (Derebe et al., 2011).
However, the glutamate residue in the selectivity filter
is unlikely to be the only factor that governs the Ca*
block of monovalent ion current. One intriguing ex-
ample is that even though the Drosophila melanogaster
CNG channel (DmCNGA) has the highly conserved
glutamate in its filter sequence, the channel shows weak
Ca? block (Baumann et al., 1994; Dzeja et al., 1999). A
sequence alignment of Drosophila and other vertebrate
species of CNG channels showed that Drosophila has
a filter sequence of TIGETPT;,sP, whereas most other
species have a sequence of TIGETPPP (Fig. 1). In this

study, we engineered a Drosophila CNG-mimicking NaK
chimera named NaK2CNG-Dm, which contains a filter
sequence of TVGETPTP. NaK2CNG-Dm adopted a filter
structure very different from NaK2CNG-E, and the chan-
nel exhibited weak Ca®* block similar to Drosophila CNG
channels. To confirm that the presence of threonine
in the filter is the cause of the reduced Ca** block in
Drosophila CNG channels, we mutated threonine 318 to
proline in DmCNGA and generated a gain-of-function
mutant. This mutant has strong Ca** block like canoni-
cal CNG channels, which validated our prediction based
on NaK2CNG-Dm structure and function.

MATERIALS AND METHODS

Protein expression and purification

NaK2CNG-Dm is generated by making a P69T mutation of
NaK2CNG-E, which is in the background of NaKNA19 in vector
PQEG6O. Details of the construct have been described previously
(Alam and Jiang, 2009a; Derebe et al., 2011). For functional stud-
ies, both NaK2CNG-E and NaK2CNG-Dm have an extra F92A
mutation, which increased the flux and facilitated channel re-
cording (Alam and Jiang, 2009a,b). All constructs were expressed
in XL1blue cells. 5 mM BaCl, was added to media to achieve opti-
mal expression. The cells were induced 8-10 h after inoculation
with the addition of 0.4 mM IPTG at 25°C for 16 h. Cells were
then harvested and lysed by sonication in 100 mM KCI, 50 mM
Tris, pH 8.0, DNasel, and protease inhibitors including leupeptin,
pepstatin, aprotinin, and PMSF (Sigma-Aldrich). The expressed
protein was solubilized with 40 mM n-decyl-3-p-maltoside (DM;
Anatrace) for 3 h at room temperature and purified on a Talon
Co*" affinity column (Takara Bio Inc.). The eluted protein was
incubated overnight in 4°C with 2 U thrombin (Roche) for the
removal of the histidine tag. The cleaved protein was then further
purified by a Superdex 200 (10/30) size-exclusion column (GE
Healthcare) equilibrated with 100 mM KCl, 20 mM Tris, pH 8.0,
and 4 mM DM.

Protein crystallization, data collection,

and structural determination

Protein was concentrated to ~~15 mg/ml using a centrifugal filtra-
tion device (50-kD molecular mass cutoff; Amicon Ultra; EMD

Inner Helix

Pore helix Filter
MthK WTVSLYWTFVTIA
NaK-WT P IDALY FSVVTLT
NaK2CNG-N P IDALY FSVVTLT]
NaK2CNG-D P IDALY FSVVTLT]
NaK2CNG-E P IDALY FSVVTLT

NaK2CNG-Dm P IDALY FSVVTLT]
Drosophila_ CNGA Y IYSFYWSTLTLT]
Mosquito_CNG Y IYSFYWSTLTLT]
Housefly CNG Y IYSFYWSTLTLT
Human_CNGA1l YVYSLYWSTLTLT]
Bovine_CNGAl1 YVYSLYWSTLTLT
Human_CNGA2 Y IYCLYWSTLTLT
Bovine_CNGA2 Y IYCLYWSTLTLT]
Human_CNGA3 Y IYSLYWSTLTLT]

TVGYGDYSPSTPLGMYFTVTLIVLGIGTFAVAVERLLEFL INRE
TVGDGNFSPQTDFGK IFTILYIFIGIGLVFGFIHKLAVNVQLPS

QTDFGKIFTILYIFIGIGLVFGFIHKLAVNVQLPS
ENDVEYLFVVADFLAGVLIFATIVGNIGSMI SNMN
ENDAEYLFVVADFLAGVLIFATIVGYSDLFCLAKR
ENDAEYLFVVADFLAGVLIFATIVGNIGSMI SNMN
VRDSEYVFVVVDFL IGVLIFATIVGNIGSMI SNMN
'VRDSEY FFVVADFL IGVLIFATIVGNIGSMISNMN
VKDEEYLFVIFDFLIGVLIFAT IVGNVGSMISNMN
'VKDEEYLFVIFDFLIGVLIFAT IVGNVGSMISNMN
VKDEEYLFVVVDFLVGVLIFAT IVGNVGSMI SNMN
VKDEEYLFVVIDFLVGVLIFATIVGNVGSMI SNMN

Bovine_CNGA3 Y IYSLYWSTLTLT]

Figure 1. Partial sequence alignment of potassium channel MthK, NaK, NaK2CNG chimeras, CNG channels of Drosophila, mosquito,
housefly, human, and bovine. Residues conserved in all channels are shaded in violet. Boxed in red are the selectivity filter sequences.

Residues shaded in orange in the NaK sequence are

replaced, respectively, by the shaded residues in CNG channels.
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Millipore) and crystallized at 20°C using the sitting-drop vapor
diffusion method. Equal volumes of concentrated protein and
well solution containing 65-72.5% (+)-2-methyl-2,4-pentanediol,
100 mM buffer, pH 8-9.5 (Tris or HCI for pH 8.0-8.5 and glycine
for pH 9.0-9.5), and 100 mM KCI. All crystals were frozen in liquid
nitrogen with the crystallization solution serving as the cryopro-
tectant. Crystals were of space group 14 with unit cell dimensions
around a =b = 68 A and ¢ = 89 A, and they contained two mole-
cules per asymmetric unit. Multiple x-ray diffraction data were
collected at various synchrotron facilities, and the data used for
final refinement were collected at the Advanced Photon Source
beamline 23ID. Data were processed and scaled in HKL2000
(HKL Research, Inc.; Otwinowski and Minor, 1997). The structures
were determined by molecular replacement using the NaK2CNG-E
structure as an initial search model followed by repeated cycles of
model refinement using Phenix (Adams et al., 2010). All structural
figures and the video were generated in PyMOI (Molecular Graph-
ics System; Schrodinger, LLC).

Although the channel was crystallized in the presence of K salt,
the electron density at site 3 is too strong to be accounted for as
solely K', indicating a partial occupancy of a heavy atom. Similar
strong density was also observed in NaK channel previously (Alam
and Jiang, 20092a). We suspected that the heavy atom contaminant
is Ba*, which is known to bind NaK and K* channel pores, and
was added to cell culture during protein expression. Nevertheless,
in this study we still model the site 3 density as K for simplicity.

It is also worth noting that most CNG channels contain an Ile
residue in the filter instead of a Val as seen in NaK2CNG chime-
ras. In a previous study, we generated a NaK2CNG chimera bear-
ing an Ile in the filter and confirmed that Ile-to-Val interchange
does not introduce any structural alterations in protein packing
around the selectivity filter (Derebe et al., 2011).

Liposome reconstitution and electrophysiology

Lipid vesicles composed of a 3:1 (wt/wt) ratio of 1-palmitoyl-2-
oleoyl-phosphatidylethanolamine and 1-palmitoyl-2-oleoyl-phos-
phatidylglycerol (Avanti Polar Lipids, Inc.) was air dried in argon

TABLE 1

Data collection and refinement statistics
Statistic NaK2CNG-Dm
Data Collection
Space group In
Cell Dimensionsa =b, ¢ (A) 67.907, 89.799
Wavelength (A) 1.0000
Resolution (A) 50 - 1.90
Rym (%) 8.6 (66.8)
I/ol 19.0 (0.97)
No. of reflections- total (unique) 283595 (15224)
Completeness (%) 95
Refinement
Redundancy 6.5 (2.2)
Resolution (A) 1.90
Ryork/ Reree 0.2038/0.2361
No. of atoms
Protein 1448
Ton 7
Water 102
Rmsd
Bond angles (°) 0.966
Bond lengths (A) 0.005

Values in parenthesis are for the highest resolution shell. 5% of the data
were used in the Rg.. calculation. Rmsd, root-mean-square deviation.

gas and a SpeedVac (Thermo Fisher Scientific) for 1.5-2 h. Dried
lipid was resuspended in 100 mM KCI and 20 mM Tris, pH 8.0,
sonicated in water bath, and incubated with 10 mM DM. Purified
proteins were then reconstituted into the lipid mixture in a pro-
tein/lipid ratio of 0.1-1 pg/mg. Reconstituted liposomes were
dialyzed in 100 mM KCI and 20 mM Tris, pH 8.0, for 72 h, with
buffer change every 24 h. Single-channel currents were recorded
on proteoliposomes at a 1:1,000-10,000 (wt/wt) protein/lipid
ratio using giant liposome patch clamp. Giant liposomes were
formed by drying proteoliposomes on a clean coverslip overnight
at 4°C followed by rehydration at room temperature. The stan-
dard bath solution contained 150 mM KCI, 0.5 mM EGTA, and
10 mM HEPES-KOH, pH 7.4. The patch pipettes were pulled
from borosilicate glass (Harvard Apparatus) with a resistance of
8-12 MQ and filled with 150 mM NaCl, 0.5 mM EGTA, and 10 mM
HEPES-NaOH, pH 7.4. In the study of extracellular Ca** block,
various concentrations of Ca* were added to the bath solution.
The free Ca* concentration in the range of 0-100 1M was con-
trolled by mixing 5 mM EGTA with an appropriate amount of
CaCl,, calculated using the software MAXCHELATOR (Patton
etal., 2004; Bers et al., 2010). The giga-seal (>10 GQ) was formed
by gentle suction when the patch pipette was attached to the giant
liposome. To get a single layer of membrane patch, the pipette
was pulled away from the giant liposome, and the patch pipette
tip was exposed to air for 1-2 s. Data were acquired using an am-
plifier (AxoPatch 200B; Molecular Devices) with the low-pass ana-
logue filter set to 1 kHz. The current signal was sampled at a rate
of 20 kHz using a digitizer (Digidata 1322A; Molecular Devices)
and further analyzed with pClamp 9 software (Molecular Devices).
Because of the two possible orientations of reconstituted NaK2CNG
mutants in the liposomes, 30 pM tetrapentyl ammonium, an intra-
cellular pore blocker for NaK CNG channels, was also added in
the bath solution to ensure that the channel in the recording had
its extracellular side facing the bath solution. No cyclic nucleotide
was present in any of the patches because NaK2CNG-Dm does not
have a cyclic nucleotide-binding domain, and its gating is not
sensitive to any cyclic nucleotide.

Functional expression in HEK 293T cells

Drosophila and bovine CNG channels were individually cloned
into pEGFP-C1 vector. T318P mutation in Drosophila and P366T
mutations in bovine CNG channels were subsequently generated
using Pfu Turbo Polymerase (Agilent Technologies) and primers
containing the mutations. HEK 293T cells were used to express
Drosophila or bovine CNG-GFP fusion protein and measure CNG
channels current. Recordings were done 24—48 h after transient
transfection of plasmids using lipofectamine 2000 (Invitrogen).
For outside-out and whole-cell configuration, the pipette con-
tained 140 mM KCl, 5 mM EGTA, 10 mM HEPES, pH 7.4, and
1 mM cGMP. The bath solution contained 140 mM NaCl, 4 mM
KCl, 1 mM EGTA, and 10 mM HEPES, pH 7.4. For the inside-out
and cell-attached configuration, the pipette contained 140 mM
NaCl, 4 mM KCI, 1 mM EGTA, and 10 mM HEPES, pH 7.4,
whereas the bath solution contained 140 mM KCI, 5 mM EGTA,
and 10 mM HEPES, pH 7.4. In the study of extracellular Ca**
block, various concentrations of Ca* were added to the bath solu-
tion in the same manner as in the giant liposome patch-clamp
experiment described above. Data were also acquired and ana-
lyzed using the same device and method as in the giant liposome
patch-clamp experiment described above.

Data deposition
The atomic coordinates and structural factors of NaK2CNG-Dm
have been deposited in the Protein Data Bank (accession no. 4ZBM).

Online supplemental material
Video 1 shows the overall structure of NaK2CNG and the morph-
ing from the selectivity filter structure of NaK2CNG-E to that of

Lam et al. 257

620z Jequeoa( £0 U0 3senb Aq Jpd-Lev L LGL0Z dBl/0.156.1/552/€/97 L/spd-ajoe/dbl/Bio sseidny//:dny wouy pepeojumoq


http://www.rcsb.org/pdb/explore/explore.do?structureId=4ZBM

NaK2CNG-Dm. Fig. S1 shows that the single-channel recordings
from the cell-attached patch data presented in Fig. 5 are cGMP
sensitive and are indeed from CNG channels. The online supple-
mental material is available at http://www.jgp.org/cgi/content/
full/jgp.201511431/DC1.

RESULTS

NaK2CNG-Dm has a unique filter structure

To model the Drosophila CNG channel pore, we re-
placed the selectivity filter of NaK with that of Drosophila
CNG channel and named the construct NaK2CNG-Dm.
NaK2CNG-Dm has a filter sequence of s TVGETPTg,
which, in essence, is a P69T mutation of NaK2CNG-E.
The structure of NaK2CNG-Dm in complex with K* was
determined to 1.9 A (Table 1). Although it maintains
the same overall structure as NaK (Fig. 2 A), the selectiv-
ity filter of NaK2CNG-Dm adopts a novel conforma-
tion distinct from that of wild-type NaK, our previous

A

Blue- NaK2CNG-Dm
Orange- NaK2CNG-E
Gray- NaK

- NaK2K

NaK2CNG chimeras, and potassium channel NaK2K
(Fig. 2, B and C). The first two filter residues (Thr63
and Val64) of NaK2CNG-Dm form two ion-binding sites
(sites 3 and 4) at the internal half of the filter, which are
virtually identical to those of other channels. However,
the NaK2CNG-Dm filter has a unique external half,
where the ¢ GET filter residues adopt a novel main-
chain conformation and generate a deep funnel-shaped
entrance filled with layers of ordered water molecules
and hydrated K" ions (Fig. 2 B). This entrance is much
deeper and wider than that of the other NaK2CNG
mutants such as NaK2CNG-E, to which the detailed
structural comparison is made below.

Although NaK2CNG-E and NaK2CNG-Dm differ only
at residue 69, the major structural divergence occurs at
the 6 GET region, several residues before Thr69, where
both channels have identical sequence. As shown in
the structural superimposition, the ¢GET peptides of the
two channel filters adopt a nearly inverted main-chain

NakK2CNG-Dm

v

NaK

Figure 2. Structure of NaK2CNG-Dm. (A) Overall structure of NaK2CNG-Dm, with the front and back subunit removed for clarity.
(B) A stereo view of the selectivity filter region boxed in A. 2F-Fc (20) electron density map is shown in mesh. (C; left), Superimposition
of NaK2CNG-Dm (blue), NaK2CNG-E (orange), wild-type NaK (gray), and potassium channel NaK2K (yellow) shows that the four
channels differ mainly at the filter region (boxed). (Right) The selectivity filters of NaK2CNG-Dm, NaK2CNG-E, NaK, and NaK2K adopt
different conformations at the external half and consequently have varying numbers of ion-binding sites.
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conformation, and the structural change involves an
almost 180° rotation of the GET peptide, with the pivot
point at the Ca of Gly65 (Fig. 3 A). Consequently, there
are four major structural differences between the filters
of the two channels. First, in NaK2CNG-E, the back-
bone carbonyl oxygen atom of Gly65 points toward the
center of the ion permeation pathway and forms the
top layer of the ion ligand at site 2, yet in NaK2CNG-Dm,
it flips away from the center, abolishing the ion-binding
site (Fig. 2 C). Second, the side chain of Glu66 points
downward toward the pore helix in NaK2CNG-E but
points outward to the external solution and lies on the
surface of the external funnel entrance in NaK2CNG-Dm.
Third, the reorientation of Glu66 is associated with the
formation of a completely new set of packing inter-
actions (Fig. 3, B and C). In NaK2CNG-E, the Glu66
carboxylate side chain forms hydrogen bonds with Thr60
of the neighboring subunit, and its backbone carbonyl
forms a hydrogen bond with Tyr55 of the same sub-
unit. In NaK2CNG-Dm, the carboxylate group of Glu66
forms a new hydrogen-bonding network with Thr67
and Tyrb5 of the neighboring subunit as well as Thr69 of
the same subunit. Fourth, to accommodate the dramatic

main-chain conformational change, the peptide bond
between Thr67 and Pro68 changes from trans configura-
tion in NaK2CNG-E to cis configuration in NaK2CNG-Dm.
The significance of all these structural differences can
be implied from the difference in ion permeation prop-
erty between the two channels as described below.

lon permeation and Ca?* block in NaK2CNG-Dm

Giant liposome patch clamp was used to assay the ion per-
meation and Ca*-blocking properties of the NaK2CNG-
Dm channel. Similar to NaK2CNG-E, NaK2CNG-Dm has
high open probability and exhibits some subconductance
states (Fig. 4 A). Under bi-ionic condition with 150 mM
KClin bath and 150 mM NaCl in pipette, NaK2CNG-Dm
has a single-channel conductance of ~56 pS for inward
K current at —100 mV, much smaller than that of
NaK2CNG-E (~100 pS) measured previously under the
same condition (Derebe et al., 2011). Interestingly,
NaK2CNG-Dm is weakly selective for K" with a reversal
potential of 25 mV, corresponding to Px/Py, of ~2.7
(Fig. 4 B). This is in contrast to NaK2CNG-E, which was
reported previously to be nonselective (Derebe et al.,
2011). The Ca* block of NaK2CNG-Dm was measured

C NakK2CNG-Dm NaK2CNG-E
Y 60
Y55 ,{,- fj\' N = .YSS \', ol
> D 'ﬂ_/""'\ TN Ees .{\ 7
‘1678 CE66 " 9 v,
ve e Py
‘,‘»;\7; y ~’,\w D, '[/\‘.»_ @, !
Blue — NaK2CNG-Dm 4 ¢ "}' ~ § &
Orange — NaK2CNG-E § ¢
NaK2CNG-Dm NaK2CNG-E

Figure 3. Structural comparison of NaK2CNG-Dm and NaK2CNG-E. (A) Superimposition of NaK2CNG-Dm (blue) and NaK2CNG-E
(orange) at the selectivity filter region, showing the divergence of the main-chain backbones at the 4GET region. The superimposition
is highlighted for the front subunit, and the other subunits of NaK2CNG-Dm are shaded in light blue in the background. (B) Compari-
son of the selectivity filter of one subunit from NaK2CNG-Dm and NaK2CNG-E. Dashed lines indicate the hydrogen bonds between
Glu66 and surrounding residues. Residues from a neighboring subunit are marked with single quotation marks. (C) A comparison of
the hydrogen-bonding network of NaK2CNG-Dm and NaK2CNG-E, viewed from the external side of the channel tetramers. Residues

involved in the hydrogen bonds are displayed as yellow sticks.
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with various concentrations of Ca?" added to the exter-
nal side of the channel (bath solution). As shown in
Fig. 4 (C and D), Ca*" only weakly blocked the mon-
ovalent ion current in NaK2CNG-Dm with a K; of ~4 +
0.6 mM, which is in stark contrast with the K; of 59 + 10 pM
in NaK2CNG-E.

T318P mutation strengthens Ca?* block in

Drosophila CNG channels

To test if the presence of threonine instead of proline is
responsible for the weak Ca®* block in Drosophila CNG
channel as in the NaK2CNG model system, we mutated
threonine 318 (equivalent to T69 in NaK2CNG-Dm) in
DmCNGA to proline (T318P) so that its filter se-
quence became TIGETPPs,sP. The mutant channel was
heterologously expressed in HEK293T cells. Single-
channel recordings in cell-attached configuration dem-
onstrated that the mutant channel has kinetic properties
similar to the wild-type channel, but the single-channel

A <
NaK2CNG-Dm V at +100 mV 400 ms 3000

SN YN L

V,,at-100 mV

2000

Events

conductance increased from 17 pS in wild type to 21 pS
in T318P mutant at —100 mV (Fig. 5 A). The dose-re-
sponse to cGMP-regulated gating, on the other hand,
was not affected by the mutation, as confirmed by the
[cGMP];-dependent inward currents in inside-out patches
(Fig. 5 B). However, based on the whole-cell recording
results, the single mutation resulted in a significant en-
hancement in external Ca* block, as demonstrated in
the I-V curves of wild-type DmCNGA and T318P mutant
in the presence of varying external [Ca*] (Fig. 5 C).
The plot of the unblocked inward current at —80 mV as
a function of external [Ca*] yields a K; of 229 + 25 pM
for wild-type DmCNGA and 13.7 + 2.2 pM for the T318P
mutant (Fig. 5 D). The 16-fold increase in Ca**-blocking
affinity is reminiscent of the difference in Ca*-blocking
sensitivity between NaK2CNG-E and NaK2CNG-Dm,
implying that the altered filter structure observed in
NaK2CNG-Dm is probably the reason for the weak Ca**
block in Drosophila CNGA.
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P366T mutation has weak effect on Ca?*

block in bovine CNGA1

Because threonine 318 in Drosophila was found to be the
key in gauging Ca* block, we asked whether the equiva-
lent residue in mammalian CNG channels is impor-
tant for the block. This was tested on bovine CNGAI
channel by replacing the equivalent proline (P366) with
threonine, resulting in a selectivity filter sequence of
TIGETPTP. The P366T mutation in bovine CNGA1 has no
obvious effect on single-channel conductance and ki-
netics or cGMP-regulated gating (Fig. 6, A and B). How-
ever, contrary to our prediction based on the NaK2CNG
mutants as well as the mutation on Drosophila CNGA,
the Pro-to-Thr replacement in bovine CNGAI has al-
most no effect on Ca* block. Outside-out patch record-
ings show that mutation only results in a subtle decrease
of Ca*" affinity (K; = 3.5 £ 0.5 pM for wild type and K; =
6.0 = 0.7 pM for P366T; Fig. 6, C and D), suggesting that
the equivalent Thr/Pro swap in CNGAI does not com-
promise the structure integrity of the filter, and the
channel thereby retains its strong Ca*" block.

DISCUSSION

In this study, we aimed to understand the origin of the
weak Ca* block found in Drosophila CNG channels (Root
and MacKinnon, 1993; Eismann et al., 1994; Gavazzo et al.,
2000). Like most other CNG channels, Drosophila CNG
channel has the highly conserved glutamate residue
known to be important for Ca®* binding but has one of the
weakest Ca®* block compared with other wellstudied CNG
channels such as the mammalian CNGAI and CNGA2
(Baumann et al., 1994; Dzeja et al., 1999). Such variation
implies the presence of other residue(s) that can modu-
late Ca® block and permeability in CNG channels.

Here, we provide structural insights into the weak
Ca®* block in Drosophila CNG channels by determin-
ing the structure of Drosophila CNG pore-mimicking
NaK mutant, NaK2CNG-Dm. Compared with our pre-
viously established CNG-mimicking NaK model (i.e.,
NaK2CNG-E), NaK2CNG-Dm adopts a very different
selectivity filter structure, resulting in a much weaker
Ca” binding and a reduction in single-channel conduc-
tance. The significantly changed filter conformation
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Figure 5. Functional comparison of DmCNGA and T318P mutant. (A; left) Sample traces of single-channel recordings of DmCNGA
and T318P mutant at —100 mV in cell-attached configuration. (Right) Histogram of single-channel current at =100 mV. (B) Normalized
macroscopic currents of wild-type DmCNGA and T318P mutant as a function of [cGMP]; measured in inside-out patches at —100 mV.
Data are fitted to the Hill equation. The K, s and n of DmCNGA are 16.4 + 1.8 pM and 1.3, respectively. The K, ;s and n of T318P mutant
are 15.2 + 2.1 pM and 1.2, respectively. (C) I-V curves of DmCNGA and T318P mutant measured from whole-cell recordings at different
external (bath) Ca®" concentrations. (D) Fraction of unblocked current (I/T,.c) at —100 mV as a function of external Ca*" concentra-
tion. Data are fitted into a Hill equation with, K; of 229.5 + 25 pM and # of 0.62 for DMCNGA and K; of 13.7 + 2.2 pM and » of 0.59 for

T318P. All error bars are mean + SEM from five measurements.
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was unexpected, considering the fact that NaK2CNG-E
and NaK2CNG-Dm differ by only one residue. This resi-
due, positioned immediately outside of the selectivity
filter, is a proline in NaK2CNG-E and most CNG chan-
nels but a threonine in NaK2CNG-Dm and in a subset
of CNG channels from Drosophila and several other in-
sects (Fig. 1). We reason that the weak Ca? block ob-
served in DmCNGA originates from a filter structure
different from canonical CNG channels because of the
presence of the threonine (T318) instead of proline. By
having a threonine, the selectivity filter sequence of Dro-
sophila ends with “PTP” rather than three consecutive
prolines as in canonical CNG channel filter sequence
“TIGETPPP.” The PTP sequence probably enjoys a larger
degree of flexibility than PPP, as the unique side chain
of proline tends to restrict backbone conformation. We
speculate that the middle threonine of the Drosophila se-
quence is pivotal to provide flexibility sufficient for a seg-
ment of the backbone to adopt a flipped conformation,
which would be impossible if it were a proline.

The importance of the threonine was tested by replac-
ing Thr318 with proline in DmCNGA, and the resulting
mutant channel showed both an increase in single-chan-
nel conductance and a >16-fold increase in Ca*" affinity.
This striking gain-of-function mutation has brought
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the Ca®* block of DMCNGA on par with that of the mam-
malian CNG channels such as CNGAI, implying that
DmCNGA T318P has likely adopted a filter structure
similar to NaK2CNG-E. This threonine that is critical for
the filter structure does not locate inside the filter for
direction binding, nor does it involve any change of elec-
trical charge. Without the structural guidance from those
CNG-mimicking NaK mutants, it is inconceivable to pre-
dict that such mutation in DmCNGA can have a pro-
found effect on Ca®* binding.

Interestingly, the reversed proline (P366) to threonine
mutation at the equivalent position of bovine CNGALI
affects neither the Ca** block nor the single-channel
conductance of the channel, suggesting that the filter
structure of the mutant has likely remained the same as
wild type. As Ca** block of CNG channels appears to be
governed by multiple factors and residues, this result
is not unexpected. The structural differences between
NaK2CNG-E and NaK2CNG-Dm involve dramatic alter-
ation of the main-chain conformation as well as rear-
rangement of packing interactions at the filter regions.
Therefore, the surrounding residues are expected to
play important roles in stabilizing the filter. We speculate
that there are additional structural elements in bovine
CNG channels that stabilize the filter and prevent it from
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Figure 6. Functional comparison of bovine CNGAI and P366T mutant. (A; left) Sample traces of single-channel recordings of bovine
CNGAI and P366T at —100 mV in cell-attached configuration. (Right) Histogram of single-channel current at =100 mV. (B) Normal-
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P366T. All error bars are mean + SEM from five measurements.
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undergoing structural rearrangement upon mutation.
Because most selectivity filters of CNG channels are
highly similar in sequence, future studies would focus
on residues that are outside of the selectivity filter but
interact with the filter residues. These residues are likely
the determinants of the conformational flexibility of
the filter and are thus the best candidates to provide
leads that will allow us to further dissect the mechanism
of Ca* block in CNG channels.
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