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Cyclic nucleotide-gated (CNG) ion channels, despite a significant
homology with the highly selective K™ channels, do not discrimi-
nate among monovalent alkali cations and are permeable also to
several organic cations. We combined electrophysiology, molecu-
lar dynamics (MD) simulations, and X-ray crystallography to dem-
onstrate that the pore of CNG channels is highly flexible. When a
CNG mimic is crystallized in the presence of a variety of monovalent
cations, including Na*, Cs*, and dimethylammonium (DMA™), the
side chain of Glu66 in the selectivity filter shows multiple conforma-
tions and the diameter of the pore changes significantly. MD simu-
lations indicate that Glu66 and the prolines in the outer vestibule
undergo large fluctuations, which are modulated by the ionic species
and the voltage. This flexibility underlies the coupling between gat-
ing and permeation and the poor ionic selectivity of CNG channels.

CNG channels | pore flexibility | X-ray crystallography | MD simulations

In K* selective channels, the opening and closing of the ion
channel pore (gating) and the translocation of ions through the
pore (permeation) are considered independent processes with
distinct structural basis (1). Gating is controlled by the bundle
crossing at the intracellular side, whereas permeation reflects
ion—ion and ion—pore interactions within the selectivity filter (1-
5). Based on these experimental observations, the current par-
adigm assumes that the 3D structure of the selectivity filter is
relatively rigid during ion translocation and the mechanisms of
ionic permeation can be deduced in essence from its crystal
structure. This paradigm has been successfully applied to several
K* channels (4, 6, 7). Cyclic nucleotide-gated (CNG) channels
underlie sensory transduction in the retina and olfactory epi-
thelium and share a high degree of homology with K* channels
(8-10). In contrast to K* channels, CNG channels’ primary gate
is located at the selectivity filter (11), suggesting that the same
protein region controls ion permeation and gating. In CNG
channels the ionic species present inside the pore influences
channel gating; however, the nature of this coupling is not well
understood (12-16). In the presence of large cations, such as
Rb* and Cs*, channel conductance and gating are also con-
trolled by membrane voltage, and current-voltage relationships
activated by 1 mM cGMP depend on the radius of the perme-
ating ion (17, 18) (Fig. S1).

Structural information on CNG channels is limited to a low-
resolution electron microscopy map (19), partial crystal structures
of the intracellular cyclic nucleotide-binding domains (20-22), and
the crystal structure of a chimeric channel in which the CNG se-
lectivity-filter sequence is engineered into a bacterial NaK chan-
nel, creating a CNG mimic (NaK2CNG; Fig. 1 4 and B) that
shares several properties of CNG channels (23). This CNG mimic
provides a suitable model for understanding the properties of the
pore underlying the low ionic selectivity and the coupling between
gating and permeation, which is common to all CNG channels.

www.pnas.org/cgi/doi/10.1073/pnas.1503334112

To investigate the molecular basis of the effects of permeant
ions and voltage on gating and conductance, we combined
electrophysiology, X-ray crystallography, and large-scale molec-
ular dynamics (MD) simulations in the presence of different
alkali and monovalent organic cations using this CNG mimic as a
model system. We demonstrate that the extracellular entrance of
the selectivity filter and the filter itself exhibit a dynamic struc-
ture capable of structural rearrangements, which can be partially
captured by X-ray crystallography and are best visualized and
understood through MD simulations. Our results indicate that
the pore of CNG channels is highly flexible, with a liquidlike
energy landscape (24, 25). This flexibility underlies the poor
selectivity of CNG channels and their strong coupling between
gating and permeation.

Results

Influence of Permeant lons and Voltage on Gating and Conductance
of CNG Channels and Its Mimics. A crystal structure for the pore of
CNG channels is currently unavailable. A CNG channel mimic
has been constructed based on the bacterial NaK channel, in
which the selectivity filter has been modified to reflect the CNG
characteristic sequence ETPP (23), and has been crystallized in
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the presence of Na*, K*, and Ca*" ions (Fig. 1 4 and B). The
CNG mimic lacks both the voltage sensing and the cyclic
nucleotide-binding domain and is therefore a model for only the
channel core. We overexpressed and purified the corresponding
protein (Materials and Methods) and recorded single-channel
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Fig. 1. Single-channel recordings in the presence of Na* and Cs* in the
NaK2CNG and CNGA1 channels. (A) Sequence alignment of the selectivity
filter of the bacterial NaK channel, the CNG-mimicking NaK chimera
(NaK2CNG) and the bovine subunits CNGA1-CNGA3. The ETPP motif in the
CNG signature is marked in bold. (B) Structure of the selectivity filter of the
CNG-mimicking NaK channel in complex with K* ions (PDB ID: 3KOD).
(C) Current recordings from a single WT CNGA1 channel at +100 mV (Upper)
and —100 mV (Lower) in the presence (black traces) and absence (red traces)
of 1 mM cGMP in symmetrical 110 mM Na* solution. (D) Current recordings
from a single CNG-mimicking NaK chimeric channel at +100 mV (Upper) and
—100 mV (Lower) in the absence (black traces) and presence (red traces) of
30 pM TPeA in symmetrical 110 mM Na* solution. (E) As in C but in symmetrical
110 mM Cs* solution and at +160 mV. (F) As in D but in symmetrical 110 mM
Cs* solution. Amplitude histograms for recordings in the presence of 1 mM
¢GMP and in the absence of 30 uM TPeA for the WT and the mimic channel,
respectively, are shown on the right (gray area). Black lines represent a two-
term Gaussian fit to the histograms. Red lines represent a one-term Gaussian
fit to the histograms for recordings in the absence of 1 mM ¢cGMP and in the
presence of 30 pM TPeA for the WT and the mimic channel, respectively.
Blue dashed lines indicate the 0 current level. C and O refer to the closed and
open states, respectively.
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activity in the presence of Na* and Cs* ions at +100 mV and
—100 mV in giant liposomes (23) to verify whether the mimic
recapitulates the effects of permeant ions and voltage on gating
and conductance observed in the CNGAL channel (18); this
coupling is best observed by comparing the behavior of sym-
metrical Na* and Cs* conditions (17, 18) (Fig. 1). Indeed, in the
presence of Na* ions, CNGA1 channels show clear openings
with single-channel conductances of 32 and 23 pS at +100 and
—100 mV, respectively (Fig. 1C). Under these conditions both
single-channel conductance and open probability did not depend
significantly on voltage (17, 18). In contrast, in the presence of
Cs* ions, single-channel openings with an amplitude of ~0.6 pA
can be detected at +160 mV (at +100 mV, single-channel tran-
sitions were obscured by instrumental noise); however, at —160 mV,
only brief current transients up to 3-4 pA are measured
(Fig. 1E). Open probability was estimated to reduce more than
threefold, from ~0.9 at +160 mV to ~0.25 at —160 mV (17, 18).
A comparison with single-channel recordings from NaK2CNG
channel mimic under identical ionic conditions (Fig. 1 D and F)
indicates a similar behavior: in the presence of Na*, single-
channel recordings have openings of 7.1 and 6.1 pA at +100 and
—100 mV, respectively (Fig. 1D). In contrast, clear voltage-
dependent asymmetries are observed in the presence of Cs*: the
channel has flickering openings at —100 mV, with values ranging
from 0.5 up to 2.5 pA and long-lasting well-defined channel
openings of 1.8 pA at +100 mV (Fig. 1F). Moreover, channel
activity is suppressed by the addition of the intracellular blocker
tetrapentylammonium (TPeA; red traces in Fig. 1 D and F).
Therefore, the bacterial CNG mimic is a suitable model for
dissecting the molecular determinants of the coupling between
gating, permeation, and voltage in the CNG channel pore.

Monovalent Cation Binding Sites in the NaK2CNG Channel Mimic.
Previous experimental and theoretical studies have established
a connection between a particular number of consecutive binding
sites for cations and channel selectivity. Four binding sites were
observed in the filter in K* selective channel, whereas two or
three binding sites were visualized in nonselective channel (23,
26). Therefore, we performed a comprehensive crystallographic
structural analysis of monovalent alkali cations (Li*, Na*, Rb™,
and Cs*) and organic compounds (MA* and DMA™) bound to
the NaK2CNG channel (Figs. 2 and 34) to identify structural
changes in the presence of different permeant ionic species.

The NaK2CNG channel was purified in the presence of
100 mM KCl, as previously described (23). Due to difficulties in
crystal reproducibility, a variety of crystallization conditions were
explored (Table S1); 25-100 mM glycine was added to produce
well-diffracting crystals. The crystals were grown in 100 mM K*,
followed by incubation in stabilization solutions containing
100 mM Na™, Rb*, or Cs*. Incubation of the crystals in stabilization
solutions containing MA* or DMA™ did not result in cation
binding, most likely due to the large size of the organic com-
pounds. Therefore, we purified the NaK2CNG channel in the
presence of 100 mM MA* or DMA™ and successfully obtained
crystals (Table S1). Similarly, to obtain NaK2CNG in complex
with Li* ions, we purified and crystallized the protein in the
presence of 100 mM LiCl

We determined the corresponding crystal structures by mo-
lecular replacement using the coordinates determined in the
presence of Kt (PDB ID: 3K0D; ref. 23) as a search model and
refined the models to resolutions ranging from 2.3 to 2.85 A.
Data collection and refinement statistics are summarized in
Table S2. During the final round of refinement, the ions and
water molecules within the pore were omitted; following addi-
tional refinement cycles, omit maps were calculated to obtain an
unbiased snapshot of the electron density within the pore.

The asymmetric unit contains two independent molecules; for
each complex, only one of the two molecules is discussed, unless
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Fig. 2. Electron density maps for the pore region in the presence of a subset of monovalent cations. 2F,F. electron density maps of Na*, Cs*, and DMA* at
the filter region. The maps are contoured at 1.5¢ for the Na™ and DMA" structures and at 1.36¢ for the Cs* structure. For the Cs* structure, the anomalous
difference map contoured at 3¢ is shown as a purple semitransparent surface.

significant differences among the two are present. The putative  data we obtained an electron density map that clearly shows
ion sites are named from 1 to 4, beginning from the extracellular ~ metal binding sites. The electron density within the pore reveals
side (7) (Fig. 2). A different pattern of electron density peaks some differences between the two crystallographically indepen-
within the selectivity filter can be observed in the presence of dent molecules. One of the two molecules can be better inter-
each ion, confirming that the channel is able to accommodate  preted as containing three bound ions (Fig. S2), whereas the
and to subtly adjust to a variety of chemical species. For sim-  other appears to contain four (Fig. 2). On the basis of previous
plicity, our detailed analysis is primarily focused on three com-  reports (6), we can speculate that the four or three sites are a
plexes (Na*, Cs*, and DMAY; Fig. 2) to provide a direct balance mixture of an alternating arrangement of Na* and water
comparison with the electrophysiology and MD simulation re- molecules. The observed electron density is indeed an average
sults. Data for the remaining ion complexes are reported in  image of all accessible ion-binding states represented within the
Table S2. crystal and it is impossible to distinguish between the contribu-

The diffraction data collected in the presence of Na™ ions tion of Na* (11 electrons) and water molecules (10 electrons) to
exhibits some anisotropy; upon anisotropy correction (27) of the  the electron density in the selectivity filter.

P68
7
Ay <L
E66 26
g
E66
S5
3 )
=¥
—V64 C=0
3
+ + + 4 + < P-Helix
=22 8% 2

F

P-Helix

Fig. 3. Flexibility of the NaK2CNG channel pore. (A) The tetrameric structures of Li*, Na*, Rb*, Cs*, MA", and DMA™ complexes are superposed, and
the main chains of residues 62-68 are shown for two opposite subunits in the tetramer, viewed along the fourfold axis. The complexes are color
coded as follows: Li* (cyan), Na* (yellow), Rb*(forest green), Cs* (green), MA* (orange), and DMA™* (magenta). Changes in the pore size and the
orientation of Glu66 carbonyls can be observed. (B) A plot of the distances for the carbonyl oxygens of two Val64 residues on opposite subunits
against the various ions. (C) An overview of the changes in the relative orientation of the Glu66 side chains as viewed down the tetrameric channel
axis from the extracellular side. (D-F) A sample of the different relative orientations and hydrogen-bonding patterns of Glu66. The neighboring
molecule is shown in dark green; side-chain residues involved in the interactions are shown; and residues from an adjacent subunit are labeled with
a hash.
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When crystals grown in KCI are incubated in a solution of
CsCl, three binding sites are observed (Figs. 2 and S2) with a
more intense peak corresponding to site 2. X-ray anomalous
signal could be collected at a wavelength of 1.2 A and an
anomalous difference map shows a strong peak at site 2, fol-
lowed by a less intense peak at site 3, confirming the presence of
Cs* ions and identifying the most populated Cs* sites within the
filter (Fig. 2). Our data clearly show that Cs* predominantly
binds at site 2 and 3, whereas the density at site 4 can be better
interpreted as either a water molecule or a Cs* at lower occu-
pancy (Fig. S2).

Our analysis was then extended to the organic compound
DMA™ to visualize the pore region in the presence of one of the
largest permeant cations through CNG channels (28). The
electron density map reveals a single strong peak at site 3, and
weaker electron density peaks on the channel axis were inter-
preted as water molecules (Fig. 2).

Therefore, the NaK2CNG channel can accommodate a variety
of cations indicating a degree of flexibility of the pore, which is
further discussed below. In agreement with previous models (23,
26), Cs* and DMA™* complex structures present less than four
binding sites in the filter, consistent with the nonselective nature
of the CNG channel.

Filter Conformational Change Underlying lon Binding. The differ-
ences in position, ion occupancy, and ion size in the Li*, Na®,
Rb*, Cs*, MA*, and DMA™* complexes also result in small but
significant structural changes in the polypeptide backbone lining
the pore lumen. A significant variation in the size of the pore is
observed: an expansion of the lumen is detected with increasing
cation size, particularly in the presence of the larger organic com-
pounds (Fig. 34). This trend can be monitored by measuring the
distance between the carbonyl oxygens of Val64 on opposne sub-
units: this distance varies from 4 A for the complex with Li* to 6.7 A
for the MA™ complex (Fig. 3 A and B). The enlargement arises
from both a small lateral displacement of the backbone polypeptide
chain and a reorientation of main-chain carbonyls (Fig. 34). These
distances are generally consistent in the two crystallographically
independent tetramers and indicate that the diameter of the pore
region increases with the size of the bound cation.

Smaller structural variations are observed for Pro68 at the
external vestibule. A comparison of the Na* and Cs* structures
reveals a small lateral displacement of the backbone polypeptide
chain in this region (Fig. 34), resultlng in a 0.7 A widening of the
funnel. Although this change is small and close to the level of the
experimental error, it is consistent with the mobility observed by
MD simulations (see the following section). A similar variation
for the main chain of Glu66 is observed within the selectivity
filter: in the presence of DMA®, the main-chain carbonyl of
Glu66 rotates by up to 60° away from the permeation pathway
(Fig. 34 and C). This movement is similar to that observed when
this glutamate was mutated to aspartic acid or asparagine (23),
stressing the conformational flexibility of this segment.

Significant structural differences are also observed in the
region surrounding the selectivity filter. In the published
NaK2CNG structure, in the presence of either K* or Na*, the
side-chain carboxylate of Glu66 (corresponding to Glu363 of the
CNGALI channel) forms a hydrogen bond with Thr60 of a
neighboring subunit and with Tyr55 of the same subunit (23).
However, in the structures reported herein, we observe a variety
of conformations for the Glu66 side chain (Figs. 3C and S3),
ranging from one similar to that previously described (Fig. 3D),
to a distinct conformation in which the Glu66 carboxylate is
engaged in a bifurcated intrasubunit hydrogen bond with Tyr55
and in an intersubunit interaction with Thr60 and Thr67 that is
mediated by a water molecule (Fig. 3E). In some molecules, the
electron density suggests the coexistence of two alternative
conformations with approximately equal occupancies (Fig. 3F).

E3622 | www.pnas.org/cgi/doi/10.1073/pnas.1503334112

This variation is not directly caused by the different cations, as there
are systematic differences in the two molecules present in the
crystal, and simply reflects a large degree of mobility of this side
chain. In summary, crystallographic data clearly indicate a higher
degree of flexibility, in both the pore size and the conformation of
the selectivity filter, than normally observed in NaK channel.

Filter Conformational Dynamics from Molecular Dynamics Simulations.
Electrophysiological recordings reveal a significant voltage de-
pendence of gating in the presence of Cs*, but not in the presence
of Na* (Fig. 1), and the crystal structures in the presence of a
variety of monovalent cations (Fig. 3) suggest that the pore is
rather flexible and that Glu66 in the vestibule can assume an array
of different conformations. To elucidate the interplay between the
selectivity filter dynamics and the permeation process, we used
classical MD to model the CNG mimic embedded in a lipid
membrane and surrounded by water molecules, using the crystal
structure determined by Derebe et al. (PDB ID: 3K0G) (23) to
build our model. We first performed 100 ns of MD at 300 K in the
presence of either two Na* or two Cs* ions within the selectivity
filter. Visual inspection of these trajectories reveals a significantly
higher flexibility for the system in the presence of the Cs* ions
(Movies S1 and S2). We used a recently developed clustering al-
gorithm (SI Materials and Methods) (29) that is capable of iden-
tifying the metastable states of the system from its MD trajectory.
Remarkably, we observed 38 metastable states for the Cs* system
and only 3 for the Na* system (Fig. S4). The metastable states
observed in the presence of Cs* primarily differ in the position of
the Glu66 side chains, which adopt a large array of conformations,
ranging from the crystallographic position to a reorientation to-
ward the external vestibule and, finally, toward the pore, where
they often coordinate the ion (Fig. 4). When the crystallographic
structures presented in this paper are compared with the pub-
lished structures (23), the overall RMSD of alpha-carbon per
residues is very small (Fig. S5). Indeed the largest deviations
coincide with the Glu66-Pro68 region and the conformation of
the glutamate side chains, consistent with the observed mobility
(Fig. S5).

Although these 100 ns of MD are sufficient to reveal that the
presence of Na* or Cs* triggers a qualitatively different behavior
of the channel, they cannot provide a quantitative picture of the
free energy landscape that underlies this difference. Therefore,
we used bias-exchange metadynamics (BE-META), which allows
the computation of the free energy landscape in complex bio-
molecules as a function of several putative reaction coordinates
(30-32), hereafter called collective variables (CVs). Because the
electrophysiological experiments revealed a strong voltage de-
pendence in the presence of Cs*, the z component of the dipole
of the selectivity filter was selected as a CV. To account for the
long-range movement of the glutamate side chains, we selected
as additional CVs the four distances between the carboxylate and
carbonyl groups of Glu66 on opposite monomers within the
tetramer (Fig. 4 and Materials and Methods). When the gluta-
mates move, their side chain shifts from the crystallographic
position, away from the pore axis (Fig. 3C), upward and toward
the pore, getting closer to the opposite carbonyl. To depict the
complex collective motion of the four Glu66 we also built a
variable, hereafter referred as Glu66-Coordination, counting the
number of carboxylate and carbonyl groups of Glu66 in opposite
monomers with distances larger than 8 A. When the value of this
variable is high, the side chain of Glu66 is close to the crystal-
lographic position. We then obtained the free energy as a
function of the dipole of the selectivity filter and of the Glu66-
Coordination variable (Fig. 4). Whereas in the presence of Na™
(Fig. 4B), the landscape is characterized by a deep broad mini-
mum, in the presence of Cs* (Fig. 4C), the landscape is flatter,
with some local minima within a range of 1 kcal/mol from the
global free energy minimum. This finding is consistent with that
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Fig. 4. Free energy of the Na*™ and Cs* systems. (A) Top and side views of the selectivity filter in the crystal structure are shown (Glu66 in green sticks;
oxygen atoms are colored red). In the top view (Left), the distances between the carbonyl and carboxylic group of Glu66 in different monomers are shown as
black dotted lines. (B, C) The free energy as a function of the z dipole [nanometers for electron charge (nm*e)] and of the Glu66-Coordination variable for the
Na* (B) and Cs* system (C). The variable Glu66-Coordination is explicitly defined in the S/ Materials and Methods and counts the number of carboxylate and
carbonyl groups of Glu66 in opposite monomers whose distance is larger than 8 A. Possible conformations of Glu66 residues corresponding to different
minima are shown for both the Na* and the Cs* systems. Although minima are separated by rather small free energy barriers (0.5 kcal/mol), this is likely to be
an effect of the 2D projection of the free energy surface, as these states are stable for more than 1 ns in the MD simulations. The crystal structure used as the
initial model (PDB ID: 3K0G) falls at the coordinates (0.69 nm*e; 3.62).

observed by classical MD: the Cs* system is more ragged with  free energy as a function of the dipole and other geometrical
several metastable states that significantly differ in the value of  observables, which describe the position of the ions in the se-
their dipole and in the conformations of Glu66. lectivity filter, the position of the Glu66 residues, and the posi-

To extrapolate the difference in the voltage dependence in the  tion of the Pro68 residues. In particular, we have chosen the
presence of Na* and Cs™, we computed the 2D projection of the ~ RMSD of Pro68 (calculated on heavy atoms) as a CV because
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Fig. 5. Dependence on the external potential of selected structural observables. (A, B) The RMSD of Pro68 (calculated on heavy atoms) with respect to the
crystal structure (black line), the position of the top ion measured as the distance (only along the z axis) of the ion from the center of the mass of the heavy
atom of the four Gly65 residues (red line), and the Coordination variable (blue line) for the Na* (A) and Cs* systems (B). Structures of the selectivity filter in
sticks (white), Glu66 (green with oxygens in red), and Pro68-70 (orange), corresponding to different voltages, are shown on the two sides of the plots.
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the backbone of this residue changes conformation more sig-
nificantly with V. From these projections of the free energy, it is
possible to derive the dependence of the selected geometric
variables on V. We estimate how geometric variables change
with the voltage using Eq. 2. This equation is based on the as-
sumption that the free energy of a microstate is modified by V
according to its dipole. In this manner we model the response to
the potential without performing simulations at different V (Fig.
S6). The dependence on V is remarkably different in the pres-
ence of Na* and Cs* (Fig. 5). Namely, the average distance of
the top Na™ ion from the selectivity filter (i.e., the distance of the
ion from the center of the mass the four Gly65 along the z di-
rection) changes by only 0.2 A when V is changed between —0.2
and 0.2 V (red line, Fig. 54), whereas the distance of the top Cs*
changes by more than 2 A (red line, Fig. 5B). The coordination
between Glu66 of opposite monomers grows linearly and regularly
with V in the presence of Na* (blue line, Fig. 54), whereas this
value first decreases and then sharply increases in the presence of
Cs* (blue line, Fig. 5B). Finally, the RMSD of Pro68 exhibits a
strong voltage dependence in the presence of Cs* (black line, Fig.
5A4), but not in the presence of Na* (Fig. 5B, black line).

We next investigated the difference between the transport
mechanism in the presence of Na* and Cs*, and we searched for
structural signatures at the transition states that account for the
coupling between permeation and gating. Therefore, we pro-
jected the free energy along the vertical position of the two ions
in the selectivity filter (Fig. 6). Different minima in this land-
scape correspond to states in which the position of at least one of
the two ions has changed. Although this landscape does not
provide a complete description of the permeation process, it
reveals important differences between the Na* and Cs* systems.
In the presence of Na*, the bottom ion can move between the
two local minima without influencing the location of the top ion.
In contrast, in the presence of Cs*, the position of the two ions is
coupled, and when the bottom ion moves upward, the top ion

A

Top ion (nm)

0
-0.55 /-0.45 -0.35 -0.25

Bottom ion (nm)

-0.15 -0.9

\cg;’o

must move toward the outer vestibule, clearly due to the larger
size of the Cs* ion.

Moreover, we also extrapolated the dependence of this free
energy profile on V. In the presence of Na*, the free energy
between the two minima does not change with V (Fig. S7);
whereas, in the case of Cs*, the free energy of the two minima is
identical only for positive voltage. Decreasing the voltage causes
the first minimum to become progressively favored (Fig. S7). The
energy landscape associated to Cs* ions’ movements within the
pore seems to be affected by membrane voltage, thus voltage-
dependent asymmetries in current flow are expected in this
condition (Fig. S1).

The free energy landscape (Fig. 6B) suggests that for the Cs*
system, the rate-limiting step of the permeation process, relative to
the part of the free energy surface (FES) we have explored, is as-
sociated with the concerted movement of the two ions. We then
analyzed the structure of the transition state between the two
minima (white cross in Fig. 6B), and we identified the average
structure of Pro68 at the transition state (blue sticks, Fig. 6C). This
structure clearly indicates that at the transition state Pro68 is in a
significantly distorted configuration with respect to the main mini-
mum and is not compatible with thermal fluctuations, demon-
strating that the permeation process of Cs* is coupled with the
movement of Pro68 from its equilibrium position. Thus, because the
external potential V dramatically affects the conformation of Pro68
only in the presence of Cs*, V influences only the Cs* permeation
process (Fig. 5B).

All these results point to the importance of the role played by
Pro68. Indeed, the position of the top Cs* as well as the RMSD
of Pro68 is strongly affected by changes of V (Fig. 5). At the
same time, the transition between the two minima in Fig. 6,
namely a crucial step in the permeation process, is coupled with
a rearrangement of the Pro68 at the transition state (Fig. 6).
Therefore, these findings suggest that by varying V one simul-
taneously controls the gating and affects the transition state of
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Fig. 6. Free energies of the Na* and Cs* systems. (A, B) Projection of the free energy (kcal/mol) as a function of the distances of the ions from the center of the
mass of the heavy atom of the four Gly65 residues using only the z direction for the Na* (A) and Cs* (B) systems. (Lower) Representative structures of the minima:
the selectivity filter is shown in cyan sticks and Glu66 in green sticks, whereas the ions are shown as yellow (Na*) or green (Cs*) spheres. (C) The transition state
between the two free energy minima in the Cs* system is indicated by a white cross in B. Pro68 is shown in blue sticks. This has been identified by a cluster analysis
of structures sampled by the BE simulations with respect to the two CVs on which the free energy is projected, and selecting the structure corresponding to a
saddle point. Glu66 residues are shown in green sticks with their oxygens in red. For reference, the structure of Pro68 corresponding to the lower-left free energy
minimum is shown as orange spheres centered on each nonhydrogen heavy atom, whose radius is equal to their fluctuation in the minimum.
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Fig. 7. Flexibility of the WT and Pro68Thr mutant. (A) Macroscopic currents recorded from the WT CNGA1 channel in the presence of 110 mM intracellular
Na™* (Left) and Cs* (Right) with 1 mM cGMP on the cytoplasmic side. The patch pipette was filled with 110 mM Na*. Voltage steps from —200 to +200 mV (AV =
20 mV). (B) Macroscopic currents recorded from the mutant Pro365Thr CNGA1 channel. lonic conditions and voltage protocol were the same as in A. It is
notable that the presence of intracellular Cs* appears to slow down the deactivation kinetics as large Na* transients are observed at hyperpolarized
membrane potentials only in the presence of Cs* (B, Right). (C, Left) Root mean square fluctuations per residue of the selectivity filter (red and green lines for
the WT and the Pro68Thr mutant, respectively) calculated along 100-ns-long MD simulations. The four monomers are indicated by alternate white and gray
areas. (C, Right) The fluctuations of the selectivity filter are shown for the wild type (red) and the mutant (green). Residues 68-70 are shown in sticks.

the permeation process. Indeed, previous electrical recordings from
CNGAL1 channels confirmed the involvement of this proline in Cs*
permeation (14). When Pro365, which is equivalent to Pro68 in the
mimic, is replaced with a threonine, differently from what is ob-
served in the WT channel (Fig. 74), Cs* permeation is nearly
abolished (Fig. 7B). A 100-ns-long MD simulation of the Pro68Thr
in the presence of Cs™ shows indeed that in the mutant the flexibility
of the filter is significantly modified (Fig. 7C). Thus, the mutation
does not alter the structure of the channel, but its flexibility.

Discussion

By combining electrophysiology, molecular dynamics simulations,
and X-ray crystallography we have found that the pore region
exhibits a dynamic structure capable of conformational changes.
MD simulations indicate that the flexibility critically depends on
the ion present within the pore and influences ionic conduction,
underlying the coupling between gating and permeation.

When comparing various crystal structures, the pore appears
to adapt to the different ions by increasing its size, whereas the
side chain of the critical residue Glu66 assumes a variety of
conformations (Fig. 3). MD simulations confirm and extend these

Napolitano et al.

observations by showing that the high degree of flexibility of the
Glu66 side chains, together with the mobility of Pro68 in the outer
vestibule, are likely to play an important role in the permeation of
larger alkali cations such as Cs*. Although high-resolution struc-
tures of CNG mimics are already available (23) and the mecha-
nisms of ion conduction and selectivity studied since these X-ray
structures were determined (26, 33), in this paper we have dem-
onstrated such flexibility and we have discussed its implication in
ionic permeation. Previous crystallographic titration experiments
in the presence of different Na* and K™ mole fractions suggested
that the selectivity filter architecture does not depend significantly
on the ion occupancy (34). Likewise, earlier MD simulations did
not reveal conformational changes coupled to ionic permeation in
the presence of different ions in this channel (26, 33).

A simple explanation of the selectivity of ionic channels, based
on the thermodynamics of ion hydration and geometrical factors,
suggested that the poor selectivity of CNG channels could result
from a larger flexibility of the pore (35). Our results demonstrate
that the filter of CNG-like channels is rather flexible and dy-
namic, which, according to this model, is consistent with its
promiscuous nature. Also the KcsA selectivity filter and adjacent
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regions show considerable conformational flexibility, as revealed
from a comparison of existing KcsA structures in high and low
K* and in partial and fully open states (7, 36, 37). These struc-
tural snapshots have been proposed to reflect the molecular
events leading to the slow mechanism of gating at the selectivity
filter known as C-type inactivation in K™ channels (36, 37).

In K* channels, a 2-A pinching of the permeation pathway at
Gly77 appears as the structural signature of the supposed inac-
tivated state (36, 38). In contrast, in the present manuscript, we
observed a pore dilation when the channel was loaded with large
organic cations. It is interesting to note that, based on electro-
physiological experiments, a dilated state of the selectivity filter
was previously postulated to occur also in K* channel following
C-type inactivation: a transient permeation to Na* and large
organic cation tetramethylammonium was observed upon K* ion
depletion (39). If the period in K*-free solutions is prolonged
(greater or equal to 200 s), the channels enter a slowly reversible
nonconducting or “defunct” state (39, 40). In our experiments we
have never observed a loss of conduction in the presence of
larger alkali cation Cs* and organic compounds: the dilated
conformations of the filter reported in Fig. 3 do not appear to be
connected to a nonphysiological “defunct” state as in K* chan-
nels. Moreover, the mobility herein described and the C-type
inactivation process seem to have different timescales. Although
structural fluctuations in CNG channels occur on nanosecond
timescales and are coupled to ionic translocation from one
binding site to the next, transitions between conductive and
inactivated states of the selectivity filter are associated with high
energy barriers in K channels (15-20 kcal mol™") and occur in a
millisecond timescale that are not easily observed in MD simu-
lations (41). This means that throughout simulations, the selec-
tivity filter stayed near the crystallographic conformation which
is in contrast with the liquidlike energy landscape herein ob-
served (Fig. 4) and with the mobility of Glu66 side chain and
Pro68 observed during our MD trajectories (Movies S1 and S2).

What is the structural basis for the different behaviors of K*
and CNG channels? In K* channels, two key interactions in-
volving the tyrosine residue in the selectivity filter and the
charged aspartate immediately following the signature sequence
play a major role in maintaining the conductive conformation of
the filter and are necessary for K* selectivity (42, 43). The ring of
bulky tyrosine residues known as the “aromatic girdle” (4, 7) is
conserved in most K* channels and is thought to provide the
putative rigidity and the network of hydrogen bonds necessary to
stabilize the structure of the selectivity filter (4, 43, 44). Moreover,
the aspartate immediately following the filter has been shown to
participate in a multipoint hydrogen bond network defining the
energetic profile of C-type inactivation in KcsA channels (42, 45,
46). In CNG channels, the aromatic girdle is replaced by a ring of
glutamate residues (Glu363/Glu66), whereas the aspartate imme-
diately following the filter is substituted by Pro365 (Fig. 6).
Therefore, these two key structural pillars, which anchor the K*
channel selectivity filter in its conductive configuration, are lost in
CNG channels. Pro365 is the first of a string of three consecutive
prolines (Pro365-368) at the extracellular entrance of the selectivity
filter. The analysis of the backbone dihedral angles reveals that
these residues are arranged in a polyproline II helix, a secondary
structure that, in contrast to the more common a-helix, is not
stabilized by a regular pattern of main chain hydrogen bonds and is
therefore more flexible (47). It is therefore not surprising that our
MD simulations and our crystallographic results identify the mo-
bility of Glu66 and Pro68 as the major molecular mechanism un-
derlying the coupling between gating and permeation that is best
observed in the presence of symmetrical Na* and Cs* conditions.

The rotameric change in conformation of the Glu66 side
chains herein observed is reminiscent of the mobility recently
reported for Na* bacterial channels, where the conformational
isomerization of a ring of four glutamate side chains lining the
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selectivity filter is coupled to ionic coordination (24, 25, 48). We
propose that this flexibility, together with the number of equiv-
alent and contiguous ion binding sites in the filter (26, 34, 49),
underscores the poor ionic selectivity of CNG channels and re-
veals a conduction mode that differs substantially from that of
classical K* channels, which are highly selective and have a fairly
rigid molecular structure. This flexibility is likely shared by other
nonselective ionic channels, such as transient receptor potential
(TRP) and chloride channels, in which a significant coupling
among gating and permeation is also known to occur (50-53).

Materials and Methods

Protein Expression and Purification. Expression plasmids for the NaK2CNG
chimeric channels (NaK2CNG WT and Phe92Ala mutant) were kindly provided
by Prof. Youxing Jiang, University of Texas Southwestern Medical Center,
Dallas. Protein expression and purification were performed as previously
described (23). In brief, the plasmid encoding the NaK2CNG chimera con-
taining a C-terminal hexahistidine tag was transformed into Escherichia
coli XL1B cells. Following expression at 25 °C, the proteins were extracted
in 50 mM Tris-HCl, pH 8, in the presence of 100 mM KCl, LiCl, or DMA-HCI,
and 40 mM n-decyl-p-p-maltoside (DM) (Anagrade) and purified by affinity
chromatography using Talon resin, followed by size exclusion chroma-
tography using a Superdex 200 gel filtration column (GE Healthcare) in
20 mM Tris-HCI, pH 8.0, 5 mM DM and the corresponding salt (100 mM LiCl,
KCl or DMA-HCI).

Electrophysiology. For single-channel recordings of the NaK2CNG channel, a
protein/lipid (POPE/POPG 3:1) ratio of 0.05-0.1 pg mg™" was used to re-
constitute the proteoliposomes. The NaK2CNG channel used for functional
characterization contains an extra Phe to Ala mutation at a position equiva-
lent to Phe92 of NaK to enhance the single-channel conductance (23). Giant
liposomes were obtained by air drying 2-3 pL of liposome sample on a clean
coverslip overnight at 4 °C, followed by rehydration in a bath solution at room
temperature. Patch pipettes were pulled from borosilicate glass to a resistance
of 8-12 MQ. Solutions on both sides of the membrane consisted of 110 mM
XCl, 10 mM Hepes, and 0.2 mM EDTA (pH 7.4), where X is the indicated alkali
or organic cation. Voltage control and current acquisition were achieved using
a Digidata 1322A board (Molecular Devices), an Axopatch 200 patch clamp
amplifier (Molecular Devices), and Clampex Software (Molecular Devices).
Currents were low-pass filtered at 5 kHz and sampled at 20 kHz.

Electrical recordings from bovine rod CNGA1 channels and its mutants
(P365T) were obtained as previously described (18). In brief, WT and mutant
cRNAs were injected into Xenopus laevis oocytes (“Xenopus express”;
Ancienne Ecole de Vernassal), and cGMP-gated currents from excised
patches were recorded 2-6 d after RNA injection at room temperature (20—
24 °C). Leak and capacitative components from macroscopic currents were
removed by subtracting recordings obtained in response to an identical
voltage protocol but without cGMP from the cGMP-activated current. Single-
channel currents (is) were estimated from patches containing only one CNGA1
channel, fitting normalized all-point histograms with two-component Gauss-
ian functions as previously described (18).

Protein Crystallization. Purified NaK2CNG was concentrated to 20 mg/mL and
crystallized using the sitting drop vapor diffusion method at 20 °C by mixing
equal volumes of protein and reservoir solution (crystallization conditions are
provided in Table S1). Crystals of the protein purified in KCl were used in soaking
experiments to obtain the structure in complex with various other cations (Na™,
Rb*, and Cs*). The crystals were incubated overnight at 20 °C in stabilization
solutions containing 70% MPD, 10 mM DM, 100 mM Hepes, pH 7.5, and 100 mM
salt (NaCl, RbCl, or CsCl), as previously described (23). For the Li*, MA*, and
DMA* complexes, the protein was purified in the presence of the relevant salt.
Crystallization conditions for all of the complexes are summarized in Table S1.

All of the crystals belonged to the tetragonal space group /4, with unit cell
dimensions a =b = 68 A and c = 83-90 A, whereas the protein purified in MACI
or DMACI crystallized in the related orthorhombic space group P222,. All
crystals were flash frozen in liquid nitrogen, and X-ray diffraction data were
collected at 100 K at either the European Synchrotron Radiation Facility (ESRF)
ID-29 (Na*, Rb*, and Cs™ complex) or Elettra XRD1 beamline (Li*, MA*, and
DMA* complex). Anomalous data were collected for the Cs* complex.

Structure Determination. Data reduction was performed using iMOSFLM (54)

or XDS (55, 56) and the CCP4i suite (57). The resolution cutoff was chosen
following /sl criterion (58). Most of the datasets exhibited merohedral
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twinning (59) and/or anisotropy. The anisotropic data were corrected by
applying Sawaya’s method (27). The structures were determined by molec-
ular replacement using the published K* complex structure (PDB ID: 3K0OD)
(23), with the selectivity filter region omitted, as a search model. Repeated
cycles of refinement using REFMAC5 (60) and model building using Coot
were performed (61). Twin refinement was applied when necessary. Re-
finement statistics are listed in Table S2. All structural figures were prepared
using PyMOL (www.pymol.org) software after aligning the tetramers using
TM-align (62). PDB_REDO (63) has been used to check the quality of the
crystallographic structure here reported.

Models and Simulations. The tetrameric model of the NaK2CNG chimera was
based on chain B (residues 19-113) of the Na* complex (PDB ID: 3K0G),
previously determined by Derebe et al. (23) The His residues, which are all
exposed to the intracellular solvent, were protonated in the ¢ position. The
Asp and Glu residues were considered deprotonated, whereas the Arg and
Lys residues were considered protonated. The final tetrameric structure
contained 95 residues (Ala2 to Arg96). The protein was embedded in a pure,
preequilibrated 1-palmitoyl-2 oleylphosphatidylcholine (POPC) lipid model
(kindly provided by T. A. Martinek) (64) using the gmembed tool of GROMACS
and was oriented following the Orientation of Proteins in Membranes (OPM)
database model. Subsequently, the system was neutralized and solvated with
TIP3P model water molecules (76,305 total atoms in a box size of 92.8' 91.9’
87.5 A3). Two systems were prepared with different permeant ions. First, two
sodium ions alternated by a water molecule were placed in the three Na*
binding sites identified in the crystal structure. The simulations were per-
formed in periodic boundary conditions at 300 K using the Nose-Hoover
thermostat and Parrinello-Rahman barostat with a semisotropic pressure
coupling type and a time step of 2 fs. Position restraints of atoms were fixed
with a force constant (K) equal to 1,000 kJ mol~" nm~ were applied during the
equilibration. We used the GROMACS4 package with the Amber03 force field
for the protein and general amber force field (GAFF) for the membrane. This
computational setup has been successfully used in the study of other mem-
brane proteins (65-67). The equilibration was performed in three stages:
(i) The system was heated for 2.5 ns with the protein backbone and ions fixed,
whereas side chains were free to move. (ii) A time of 5.2 ns was run using
position restraints only for the selectivity filter and the ions. In the first stage,
we used the isobaric-isothermal ensemble (NPT) ensemble, whereas in the
second stage, a surface tension equal to 600.0 bar-nm? was added. (iii) For the
next 1 ns, the membrane area was held constant, performing constant area
isothermal (NAT) simulations.

A configuration obtained from this step was used as a starting point for an
MD simulation of ~100 ns. Moreover, from this configuration, the two Na*
ions were substituted by two Cs* ions, and the new system was relaxed for
~100-ns-long MD. In the productive MD and subsequent biased simulations
of the two systems the tetramer is fully free to relax. The same simulation
protocol was used to perform 100-ns-long MD simulation of the Pro68Thr in
presence of the Cs* ion.

Bias-Exchange Metadynamics. To explore the free energy surface of the

conformational states of the channel and better characterize its variability in

the two systems, we performed two bias-exchange metadynamics (BE-META)

simulations in constant volume isothermal ensemble (NVT) of 384 ns (48 ns * 8

walkers) (for the system with two Na* ions in the selectivity filter) and 320 ns

(40 ns * 8 walkers) (for the system with two Cs™ ions in the selectivity filter).
The collective variables used are:

~

The dipole of the selectivity filter, only heavy atoms (164 atoms, 6 resi-
dues for each monomer, 2 walkers), defined as:

Dt=ZQi(Zit—7t), [1]

where for each atom j, the charge q is multiplied by the distance of its z
coordinate at time t from the average of the z coordinates of all atoms at
time ¢;
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Holmgren M, Shin KS, Yellen G (1998) The activation gate of a voltage-gated K+
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ii) the distance between the Ca of Glu66 and the C of the carboxylic group
(C8) of Glu66 in the opposite monomer (four variables; see Fig. 4C);

iii) the coordination number of the ions with the two oxygens of the car-
boxylic group of Glu66 (where n = 6 and m = 12 for both systems; ro =
0:3 nm for Na* and ry = 0:43 for Cs*); and

iv) the coordination pairs of the native contacts between carbonyl oxygens
(O) of Glu66 residues and the hydroxyl group of Y55 and between
carboxylic oxygens (08) of Glu66 residues and the hydroxyl group of
T60 (n =6, m =12 and ry = 0:25).

During the simulation time, the free energy converged for nearly all CVs in
both the Na* and the Cs* systems. In particular, for the analysis of the Na*
system, we used the two walkers biased on the dipole and the four distances
[for a total time of 108 ns (18 ns * 6 walkers)], whereas for the Cs* system,
we used one dipole, the four distances and the coordination number of the
ions (for a total time of 90 ns, namely, 15 ns * 6 walkers). To understand and
quantify the differences between the two systems, and, in particular, explain
the voltage dependence observed in the electrophysiological experiments,
we measured certain observables and we calculated their linear dependence
on the external field. The dependence of an observable O on the external
voltage V was calculated as follows:

3,067 (Fa = Vd.)

o( )—721{%(&7,\“’!) ,

[2]

where F, is the free energy of microstate «, d, is its dipole, f is the Far-
aday constant (96485.34 C/mol), and O, is the value of the observable in
microstate o. In this manner we did not apply any external voltage in
the simulations, but we extrapolated the dependence on V of selected
relevant observables using Eq. 2. We considered the following three
observables:

i) the RMSD of the heavy atoms Pro68 of each monomer with respect to the
crystal structure;

ii) the distance of the center of mass of the four C5 of Glu66 residues
from the center of the pore (measured as the center of mass of the
four G65 residues); and

i) the position of the top ion, measured as the distance of the ion from the
center of the mass of the heavy atom of the four G65 residues, using
only the z direction.

With the four distances used as CVs in BE-META, we built a variable termed
Coordination, which approximately describes the location of the four Glu66
residues. This term is defined as the sum of four switching functions, with
each from 0 to 1. The higher the value of this variable, the closer to the
crystallographic position of Glu66, as follows:

o
o (9
Coordination=» " 1-—~—~-,
i=1 re
=R

where ri is the distance between the Ca of Glu66 and the C5 of Glu66 in the
opposite monomer. The sum includes the four pairs of Ca-C3.
The free energy as a function of the voltage is estimated as follows:

[31

5, et FafVOl)

F= — kTIn N, ,

[4]
where N, is the number of configurations assigned to microstate a.
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