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Apparent blockage of monovalent cation currents by the perme-
ating blocker Ca2� is a physiologically essential phenomenon
relevant to cyclic nucleotide-gated (CNG) channels. The recently
determined crystal structure of a bacterial homolog of CNG channel
pores, the NaK channel, revealed a Ca2� binding site at the
extracellular entrance to the selectivity filter. This site is not formed
by the side-chain carboxylate groups from the conserved acidic
residue, Asp-66 in NaK, conventionally thought to directly chelate
Ca2� in CNG channels, but rather by the backbone carbonyl groups
of residue Gly-67. Here we present a detailed structural analysis of
the NaK channel with a focus on Ca2� permeability and blockage.
Our results confirm that the Asp-66 residue, although not involved
in direct chelation of Ca2�, plays an essential role in external Ca2�

binding. Furthermore, we give evidence for the presence of a
second Ca2� binding site within the NaK selectivity filter where
monovalent cations also bind, providing a structural basis for Ca2�

permeation through the NaK pore. Compared with other Ca2�-
binding proteins, both sites in NaK present a novel mode of
Ca2� chelation, using only backbone carbonyl oxygen atoms from
residues in the selectivity filter. The external site is under indirect
control by an acidic residue (Asp-66), making it Ca2�-specific. These
findings give us a glimpse of the possible underlying mechanisms
allowing Ca2� to act both as a permeating ion and blocker of CNG
channels and raise the possibility of a similar chemistry governing
Ca2� chelation in Ca2� channels.

calcium blockage � cyclic nucleotide-gated channel pore � NaK channel �
nonselective cation channel

Cyclic nucleotide-gated (CNG) channels play an essential role
in signal transduction pathways of visual and olfactory

sensory systems, among others (1–4). Generally nonspecific for
Group 1A monovalent cations, CNG channels also allow the
passage of divalent cations like Ca2� and Mg2�, albeit at much
slower rates, through their pores. This, in turn, leads to an
effective blockage of monovalent currents (5–14). Ca2� blockage
from the extracellular side, a property central to the physiolog-
ical functioning of CNG channels (1), has been extensively
studied by using electrophysiological tools and is thought to arise
primarily from the involvement of a conserved acidic residue,
usually glutamate, in the selectivity filter of the CNG channel
(14–17). Mutating this residue to a neutral amino acid has been
shown to drastically decrease external Ca2� blockage, whereas
substituting glutamate with aspartate preserved it. In the ab-
sence of structural information, it was previously speculated that
the four conserved acidic residues of the channel tetramer, one
from each subunit, point their side chains toward the ion
conduction pathway and directly chelate a Ca2� ion with their
carboxylate oxygen atoms.

The recently discovered NaK channel from Bacillus cereus
provides a viable structural model for analyzing Ca2� perme-
ation in CNG channels. NaK has a selectivity filter sequence of
63TVGDG67 similar to that of CNG channels [supporting infor-
mation (SI) Fig. 7], and it exhibits similar ion conduction
properties. NaK conducts various monovalent cations (18), and
monovalent cation conduction can be reduced by divalent cat-
ions (SI Fig. 8). A discrete Ca2� binding site at the extracellular

entrance to the pore was observed in the crystal structure of
NaK, revealing a possible structural basis for external divalent
cation blockage in CNG channels (Fig. 1). Contrary to expec-
tations based on the mutagenesis of CNG channels, the con-
served acidic residue in the NaK filter (Asp-66) does not directly
bind Ca2�. Instead, the four backbone carbonyl oxygen atoms of
Gly-67, one from each subunit, chelate the Ca2� ion. The side
chain of Asp-66 actually points away from the ion conduction
pathway with its carboxylate group positioned at the opposite
side of the Ca2�-binding carbonyl group of Gly-67 and very close
to the amide nitrogen of the peptide bond between Gly-67 and
Gln-68. Here we performed an extensive crystallographic study
of the NaK channel and its mutants to analyze their Ca2�

permeability and blockage properties, with a particular focus on
the role of Asp-66 in specific Ca2� binding at the extracellular
entrance. Our results reveal a mechanism underlying specific
Ca2� binding in NaK, which most likely also applies to CNG
channels.

Results
Extracellular Ca2� Binding in D66E and D66N Mutants. To test
whether the conserved acidic residue (Asp-66) in the NaK filter
is important for Ca2� binding, similar to what has been observed
in CNG channels, mutant NaK channels were generated in which
Asp-66 was substituted with glutamate (D66E) and asparagine
(D66N). By using 86Rb flux assays, these mutants were shown to
conduct monovalent cations like the wild-type channel, indicat-
ing that the respective mutations did not affect the ion conduc-
tion properties of NaK (data not shown). Both the D66E and
D66N mutants were crystallized in the presence of 200 mM
CaCl2 and their structures were determined at 2.6 Å and 2.4 Å,
respectively (Materials and Methods and SI Table 1) and shown
to be virtually identical to wild type. However, strong electron
density of a bound Ca2� ion at the external entrance of the filter
was present in the D66E mutant, as in wild type (Fig. 2 A and
B) but absent in the D66N structure (Fig. 2 C and D), indicating
a loss of external Ca2� binding. The bound ion at the external
entrance of the D66E filter was confirmed to be Ca2� through
soaking experiments which showed it is replaceable by Ba2� but
not monovalent cations (Rb� or Cs�) (SI Fig. 9). Ca2� binding
at the external site therefore seems to be mediated primarily by
the preservation of charge rather than side chain size. We also
note that, in contrast to wild-type and D66E mutant channels,
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residues forming the entrance to the pore region (residues
65–68) in the D66N mutant appear to have become more
disordered (Fig. 2C), suggesting that Ca2� binding to the entry-
way might rigidify the local structure.

Extracellular Ca2� Binding in D66AS70E and D66A. The D66E and
D66N mutant structural data suggests that the presence of a
negative charge in close proximity to the peptide bond between
Gly-67 and Asn-68 is essential to mediate Ca2� binding at the
external site. To further test this hypothesis we designed a double
mutant channel, D66AS70E, in which Asp-66 was replaced by
alanine and Ser-70 was replaced by glutamate. The double
mutant structure was determined at 2.5 Å (SI Table 1) and
revealed the carboxylate group from the original Asp-66 residue
replaced by one from Glu-70 of a neighboring subunit (Fig. 3A).
Consistent with our hypothesis, strong Ca2� ion density was
observed at the pore entrance in both 2Fo � Fc and Fo � Fc ion
omit maps (Fig. 3 A and B). The presence of a bound Ca2� ion

at this site was further confirmed by soaking experiments
performed with other monovalent (Rb� and Cs�) and divalent
(Ba2�) cations (SI Fig. 10). As a control, the structure of an
D66A mutant channel also was determined at 2.3 Å (SI Table 1).
Interestingly, Ca2� binding was still observed in this structure
(Fig. 3 C and D) which, as discussed below, turned out to be much
weaker than that observed in the wild-type, D66E, and
D66AS70E channels. A closer inspection of the D66A structure
revealed an ordered water molecule in the exact location of the
missing Asp-66 carboxylate group (Fig. 3C). A partial negative
charge on this water molecule could weakly compensate for the
missing negative charge contributed by Asp-66 and, combined
with the high concentration of Ca2� in the crystallization
conditions, likely accounts for the observed Ca2� binding in the
D66A mutant.

Relative Ca2� Binding Affinities in Wild-Type and Mutant NaK Chan-
nels. For a comparison of relative Ca2� binding affinities in the
wild-type and different mutant channels, we soaked the respec-
tive protein crystals in stabilization solutions containing lower
concentrations of Ca2� (10 mM and 1 mM; see Materials and
Methods). Fig. 4 A and B presents Fo � Fc ion omit maps
generated from crystals subjected to these titration experiments.
At 10 mM Ca2�, density of externally bound Ca2� was present
in wild type and in the D66E and D66AS70E mutants but not
observed in the D66A mutant (Fig. 4A). At 1 mM Ca2�, Ca2�

density became weak in wild type and in the D66AS70E mutant
but remained strong in the D66E mutant, indicating higher Ca2�

binding affinity in D66E (Fig. 4B). The density of bound Ca2�

in D66E was shown to be abolished by soaking the crystals in a
solution containing no Ca2� (with 5 mM EGTA; data not
shown). A number of important conclusions can be drawn from
this crystallographic titration assay. First, the loss of Ca2�

binding at 10 mM Ca2� concentration confirms that Ca2�

binding in the D66A mutant is very weak. Second, the results not
only provide a qualitative picture of the relative Ca2� affinities
among wild-type and mutant channels, which follows the se-
quence D66E � wild type � D66AS70E � D66A � D66N, but
they also provide further support for the hypothesis that the

Fig. 1. Structure of the NaK selectivity filter (PDB ID code 2AHY) with an Fo �
Fc ion omit map contoured at 8 � indicating the bound ions (green mesh for
Ca2� and red for Na�).

Fig. 2. Structural analysis of NaK D66E and D66N mutants. (A) Stereoview of a 2Fo � Fc map (1.5 �) of D66E at the filter region. The bound Ca2� ion is modeled
as an orange sphere. (B) An Fo � Fc ion omit map (8 �) at the D66E filter. (C) Stereoview of a 2Fo � Fc map (1.5 �) of D66N at the filter region. (D) An Fo � Fc ion
omit map (8 �) at the D66N filter.
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presence of negative charge in the vicinity of Gly-67 plays the
determinant role in Ca2� binding. Finally, the reduction and
eventual loss of electron density at lower Ca2� concentrations
further confirms the specificity of the external site for divalent
cations.

Second Ca2� Binding Site Within the NaK Selectivity Filter. An
interesting and physiologically significant property of CNG
channels is their ability to conduct Ca2� in addition to mono-
valent cations. Functional studies of Ca2� permeation and
blockage in CNG channels have pointed to the presence of
multiple Ca2� binding sites (7, 15, 19, 20). This prompted us to
look for evidence of Ca2� binding elsewhere in the NaK filter in
addition to the external site. Site 3 in the NaK channel was
previously shown by soaking experiments to bind Ba2� in
addition to monovalent cations (19), suggesting that Ca2� might
also bind here. A second indication of Ca2� binding at site 3

arose from a closer analysis of the Na� and K� complex
structures of NaK (SI Table 2). The Na� complex structure
revealed much stronger electron density of bound ions at site 3
than at site 4 (Fig. 5A), whereas, in the K� complex, structure
electron density at both sites was roughly equivalent, with the
density at site 4 being marginally stronger (Fig. 5B). Further-
more, we also determined the Rb� complex structure of NaK at
2.6 Å, which revealed noticeably stronger electron density at site
4 than at site 3 (Fig. 5C). Taking into account the number of
electrons in these various cations (Na� � 10e, K� � Ca2� � 18e,
and Rb� � 36e) and the fact that monovalent cations bind at
both sites 3 and 4 (based on previous soaking experiments), we
predict that the observed differences in relative intensity of the
electron density at sites 3 and 4 could arise from Ca2� (the only
other cation present in crystallization conditions) binding at site
3 in addition to monovalent cations. To confirm this, we purified
the NaK channel in LiCl, crystallized it in the presence of 200

Fig. 3. Structural analysis of NaK D66AS70E and D66A mutants. (A) A 2Fo � Fc map (1.5 �) of the D66AS70E mutant around the external Ca2� binding site. The
density and sphere model of the Ca2� ion are colored orange. (B) An Fo � Fc ion omit map (8 �) at the D66AS70E filter. (C) A 2Fo � Fc map (1.5 �) of the D66A
mutant around the Ca2� binding site. The density and sphere model of the Ca2� ion are colored orange. Density for water molecules (red spheres) is colored green.
(D) An Fo � Fc ion omit map (8 �) at the D66A filter. Also see Fig. 6A for a close-up view of mutant NaK channels focused on the region surrounding residue 66.

Fig. 4. Titration analysis of Ca2� affinity in NaK and its mutants. Shown are the Fo � Fc ion omit maps (6 �) of wild-type and mutant channel crystals soaked
in stabilization solution containing 10 mM (A) and 1 mM (B) Ca2�.
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mM CaCl2, and determined its structure at 2.5 Å (SI Table 2).
As shown in the Fo � Fc ion omit map, in addition to the external
entrance of the pore, strong electron density also was observed
at site 3 (Fig. 5D). Because the Li� ion has only two electrons,
this strong density must come from a bound Ca2� ion. Site 4 did
not reveal any such density, indicating that Ca2� binds preferably
to site 3 within the NaK filter. Difference maps calculated from
the Li� complex crystals soaked in a solution containing BaCl2
gave rise to strong density at the external entrance and site 3,
indicating that both Ca2� ions can be replaced by Ba2� (Fig. 5E).
Although not a direct measurement of Ca2� permeation in NaK,
the structural observation that Ca2� binds deep in the selectivity
filter in addition to the external site raises the possibility of the
NaK channel, like CNG channels, being permeable to Ca2�.

Monitoring Ca2� Permeation in NaK by Using 45Ca Flux Assays. NaK
has so far proven to be averse to electrophysiological analysis,
possibly because of a low open probability and/or conductance.
Additionally, the 86Rb flux assay used for initial analysis of ion
conduction in NaK is not sensitive enough to measure Ca2�

permeation in NaK, nor can this assay distinguish between
internal and external blockage of NaK by Ca2�. We therefore
measured the uptake of Ca2� directly in liposomes loaded with
400 mM KCl and reconstituted with NaKN�19, a truncated form
of NaK lacking the N-terminal 19 residues. The method is similar
to the 86Rb flux assays except that 45Ca is used as the radioactive
tracer (see Materials and Methods). Results from these 45Ca flux
assays show time-dependent accumulation of 45Ca in liposomes
containing NaK but not in control liposomes containing either
no reconstituted protein or the K� conducting MthK pore (21),
indicating that NaK likely conducts Ca2� (Fig. 5F). The activity
of the reconstituted proteins also was analyzed by 86Rb flux
assays, which showed strong, time-dependent accumulation of
86Rb in liposomes reconstituted with NaKN�19 or the MthK
pore (data not shown), confirming that both had the ability to
conduct K� and build up the required membrane potential for

influx of 86Rb or 45Ca. These data, along with our structural
studies, which were guided by functional and mutational analyses
of Ca2� permeation and blockage in CNG channels, offer a
plausible structural basis for the so called ‘‘permeating block’’
associated with Ca2� permeability.

Discussion
Ca2� binding motifs in most known Ca2� binding proteins,
although diverse, use oxygen atoms contributed by carboxylate,
carbonyl, and hydroxyl groups, as well as water molecules, as
ligands (22, 23). Additionally, side chain carboxylate groups are
always seen to act as ligands and most likely play a part in
balancing the Ca2� ion’s positive charge. The mode of Ca2�

chelation in NaK, however, appears to be unique. The ion is
chelated at both sites in the NaK pore exclusively by backbone
carbonyl oxygen atoms rather than the carboxylate oxygen atoms
of acidic residues. Only the external site is Ca2�-specific, and our
data suggest that this specificity arises from a through-space
interaction between the Asp-66 side chain and Gly-67 backbone
carbonyl group, most likely electrostatic in nature, which helps
generate a highly favorable environment for Ca2� chelation by
the latter. A close-up view of the region immediately surround-
ing residue 66 in NaK and its mutants (D66E, D66AS70E, and
D66A) provides a plausible explanation for the specificity of
external Ca2� binding in NaK that most likely applies to CNG
channels also (Fig. 6A). A common feature among these NaK
channels is the close proximity of the amide nitrogen atom of the
Gly-67/Asn-68 peptide bond and the negatively charged oxygen
atom from the side chain carboxylate group (Asp-66 in wild type,
Glu-66 in the D66E mutant, and Glu-70 in the D66AS70E
mutant) or partially charged oxygen atom from the water
molecule in the D66A mutant. In our view, using the wild-type
channel as an example, the most likely scenario places the
negatively charged carboxylate oxygen atom of Asp-66 close
enough to the amide nitrogen of the Gly-67/Asn-68 peptide bond
to stabilize its double bonded resonance form through a salt-

Fig. 5. Structural study of NaK channels crystallized in the presence of different monovalent cations. All crystallization conditions contain 200 mM CaCl2. Shown
are Fo � Fc ion omit maps (8 �) at the filter region calculated from crystals grown in the presence of 100 mM concentrations of NaCl (2.4 Å) (A), KCl (2.8 Å) (B),
RbCl (2.6 Å) (C), and LiCl (2.5 Å) (D). The maps of Na� and K� complexes were calculated from previously determined structures with the PDB ID codes 2AHY and
2AHZ, respectively. One-dimensional electron density profiles of bound ions at sites 3 and 4 in Na�, K�, and Rb� complexes were obtained by sampling the Fo �
Fc ion omit maps along the central axis of the filter. (E) An Fsoak � Freference difference map (8�) at 3.2 Å between crystal grown in LiCl/CaCl2 (reference) and crystal
soaked in LiCl/BaCl2 (soak). (F) Time-dependent 45Ca influx into liposomes loaded with 400 mM KCl and reconstituted with NaKN�19, MthK pore, and no protein
(as control).
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bridge-like interaction (Fig. 6B). This, in turn, places a negative
charge on the backbone carbonyl oxygen atom of Gly-67 from
each channel monomer, making it a more suitable ligand for
Ca2�. Our data also suggest that Ca2� likely permeates the
channel by subsequently binding to another intrapore binding
site, site 3, which lacks the involvement of any acidic residues and
is therefore nonspecific and able to bind monovalent cations.

The mechanism discussed above, whereby the properly posi-
tioned carboxylate group of Asp-66, instead of binding Ca2�

directly, appears to confer Ca2� specificity to the external Ca2�

binding site, has intriguing implications for Ca2� selectivity in
Ca2� channels, suggested to occur through similar mechanisms as
those in CNG channels (2, 4). It is likely that Ca2� channels also use
backbone carbonyl groups to bind Ca2� whereas the four acidic

residues of the EEEE locus, shown by mutagenesis to be the sole
element determining Ca2� selectivity (24–26), confer Ca2� speci-
ficity through similar mechanisms as seen here in NaK. This model
is more readily reconciled with the plethora of evidence suggesting
that Ca2� channels have multi-ion pores when compared with
concurrent views of a single, flexible, and rapidly rearranging Ca2�

binding site formed by the EEEE locus (27).

Materials and Methods
Protein Preparation and Crystallization. All genes encoding wild-
type and mutant NaK channel proteins were cloned into the
pQE60 expression vector and expressed in Escherichia coli
XL1-Blue cells. NaK mutants were generated by QuikChange
site-directed mutagenesis (Strategene, La Jolla, CA). Proteins
were purified as tetramers in n-decyl-�-D-maltoside (DM) with
NaCl, RbCl, or LiCl present as the monovalent salt. Crystals of
wild-type and mutant channels were grown by using the sitting
drop vapor diffusion method at 20°C by mixing equal volumes of
protein (30–35 mg/ml) and reservoir solution containing 200
mM CaCl2, 100 mM Tris�HCl (pH 8.0), 37–42% PEG 400, and
4% tert-butanol. All crystals were of space group C2221 with
similar unit cell dimensions (SI Tables 1 and 2).

Crystal Soaking Experiments. Mutant NaK crystals were soaked in
stabilization solutions containing 40% PEG 400, 100 mM
Tris�HCl (pH 8.0), 20 mM DM, 4% tert-butanol, 100 mM XCl,
and 200 mM YCl2, where X and Y represent a monovalent cation
(Na�, Rb�, or Cs�) and a divalent cation (Ca2� or Ba2�),
respectively. To minimize nonisomorphism, data from the re-
spective mutant crystals soaked in a stabilization solution con-
taining 100 mM NaCl and 200 mM CaCl2 was used as reference
data, against which all data from other soaked crystals were
merged and scaled. For the titration analysis of Ca2� affinity, the
respective crystals were soaked in stabilization solutions con-
taining 40% PEG 400, 100 mM Tris�HCl (pH 8.0), 20 mM DM,
4% tert-butanol, 500 mM NaCl, and 1 or 10 mM CaCl2. The
structures of those crystals used in the titration experiments were
refined to resolutions between 2.8 Å and 3.1 Å.

Data Collection and Structure Determination. All data were col-
lected at the Advanced Photon Source and processed with
HKL2000 (28). Structures were determined by rigid-body re-
finement using the Na� complex structure of NaK as the initial
model followed by iterative cycles of simulated annealing with
torsion-angle dynamics in CNS (29) and model rebuilding in O
(30). Detailed statistics of data collection and refinement are
listed in SI Tables 1 and 2. All ion omit difference maps using
Fourier coefficients (Fo � Fc) were calculated with phases from
refined models that contained no ions in the selectivity filters.

Protein Reconstitution and Flux Assays. The MthK pore and
NaKN�19 constructs were purified as described previously (18,
21). The proteins were reconstituted in lipid vesicles composed
of a 3:1 ratio of 1-palmitoyl-2-oleoyl-phosphatidylethanolamine
and 1-palmitoyl-2-oleoyl-phosphatidylglycerol at a protein/lipid
ratio of 6 and 10 �g/mg, respectively, as described previously
(31), with the following modifications: 10 mM DM was used to
solubilize the lipid and dialysis [against a reconstitution buffer of
10 mM Hepes (pH 7.4), 400 mM KCl, and 4 mM N-methyl-D-
glucamine] was used to slowly remove the detergent from the
detergent/lipid/protein mixture. The reconstituted liposome
samples were kept at �80°C in 100-�l aliquots.

86Rb flux assays were performed as described previously (18,
32) except that gel filtration through a prespun Sephadex G-50
fine resin soaked in 400 mM sorbitol/4 mM N-methyl-D-
glucamine/10 mM Hepes, pH 7.4 (buffer A), was used to remove
extraliposomal 86Rb before measuring radioactivity levels in
liposomes. 45Ca flux assays were performed similarly to the 86Rb

Fig. 6. Mechanism for the specificity of external Ca2� binding in NaK. (A)
Close-up view of wild-type and mutant NaK channels at the region surrounding
residue 66. In wild type and in the D66E mutant, the carboxylate oxygen atoms
fromD66orE66formhydrogenbondinteractionswiththeamidenitrogenofthe
Gly-67/Asn-68 peptide bond. In the D66A/S70E double mutant, the carboxylate
oxygen of E70 from the neighboring subunit forms a similar hydrogen bond
interaction with the same amide nitrogen. In D66A, a water molecule (red sphere
with green mesh representing its electron density) sits at the same position as the
carboxylate group in the wild-type channel and interacts with the amide nitro-
gen. Distances between the amide nitrogen of the Gly-67/Asn-68 peptide bond
and the oxygen atoms involved in the hydrogen bond interaction are indicated.
(B) Proposed mechanism underlying specific Ca2� binding at the external en-
trance of the NaK filter mediated by the nearby acidic residue Asp-66.
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f lux assays except that 45Ca was used as the radioactive tracer and
buffer A was supplemented with 5 mM CaCl2.
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