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Gating the Selectivity Filter in
CIC Chloride Channels

Raimund Dutzler, Ernest B. Campbell, Roderick MacKinnon*

CIC channels conduct chloride (Cl) ions across cell membranes and thereby
govern the electrical activity of muscle cells and certain neurons, the transport
of fluid and electrolytes across epithelia, and the acidification of intracellular
vesicles. The structural basis of CIC channel gating was studied. Crystal struc-
tures of wild-type and mutant Escherichia coli CIC channels bound to a mono-
clonal Fab fragment reveal three Cl™ binding sites within the 15-angstrom neck
of an hourglass-shaped pore. The Cl™ binding site nearest the extracellular
solution can be occupied either by a Cl™ ion or by a glutamate carboxyl group.
Mutations of this glutamate residue in Torpedo ray CIC channels alter gating
in electrophysiological assays. These findings reveal a form of gating in which
the glutamate carboxyl group closes the pore by mimicking a Cl™ ion.

Ion channels carry electric current across the
membrane of cells in the form of diffusing ions.
The two key properties of ion channels are se-
lective ion conduction and gating. Selective con-
duction refers to a channel’s ability to select one
ionic species among those present in the cellular
environment and catalyze its rapid flow through
the pore; gating refers to opening and closing the
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Fig. 1. Structure of the EcCIC Fab complex. (A) Stereo view of a Ca
representation of the EcCIC channel in complex with two Fab fragments. The
complex is viewed at an angle of about 30° from the plane of the membrane.
The two CIC subunits are colored blue and green; the light and heavy chains
of the two Fab fragments are colored red and orange, respectively. (B) View
of the ion-conducting pore of the CIC subunit. The pore is viewed from the

pore, the process by which ion conduction is
turned on or off.

In some channels, the functions of selective
conduction and gating are mediated by quite
separate structural elements. Potassium chan-
nels, for example, have a selectivity filter near
the extracellular side of the pore and a gate near
the intracellular side (7). Separation of the filter
and gate allows ligand-binding domains or volt-
age sensor domains to open and close the pore
through large conformational changes without
affecting the selectivity filter, whose structure
must be maintained in order to discriminate
among ions on the basis of their small differenc-
es in radius (2—4).
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Years of electrophysiological study suggest
that the condition of a structurally independent
selectivity filter and gate will probably not ap-
ply to CIC channels, a large Cl™ channel family
whose members are found from bacteria to
animals (5—7). In CIC channels, selective con-
duction and a certain form of gating referred to
as “fast gating” seem to be intimately coupled
to each other. Chloride ions conduct rapidly
through the pore, and at the same time they
affect the probability that the fast gate will be
open (8, 9). Certain CIC channels have even
been called “Cl -activated Cl~ channels” be-
cause extracellular CI™ causes the gate to open
(8, 9). Membrane voltage can influence the
open probability as well, but even this property
depends on Cl ions (8, 9).

We sought to understand the structural
origins of gating in CIC channels and why
gating is closely tied to Cl™ ion conduction.
Specifically, we tested a possibility raised by
the first CIC channel structures: that a gluta-
mate side-chain carboxyl group gates the
pore by binding to a Cl™ ion site within the
selectivity filter (10).

Structure of a CIC channel bound to a
Fab. A reasonably high-resolution structure
was required in order to define the CI™ ion
coordination chemistry within the conduction
pore with accuracy. To this end, monoclonal
antibodies were raised and a crystal structure of
an E. coli CIC channel bound to a Fab fragment
was determined at 2.5 A resolution (/1) ( Table
1). A single Fab was attached to the extracellular

dimer interface, with foreground o helices removed for clarity. The protein
is shown as a ribbon. The N-terminal ends of « helices D, F, and N are cyan.
Aqueous cavities from the extracellular solution (out) and intracellu-
lar solution (in) are shown as cyan mesh. The selectivity filter is
indicated by a black frame. Figures 1, 2, and 4 were prepared with
DINO (www.dino3d.org).
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surface of each subunit in the homodimeric
channel (Fig. 1A). As demonstrated previously,
each identical subunit within the dimer forms its
own independent pore for Cl ions; that is, a CIC
dimer is really two CI~ channels stuck together
(10) (PDB accession codes 1KPK and 1KPL).
The pore within each subunit is shaped roughly
like an hourglass with a selectivity filter forming
a narrow neck partway across the membrane,
connecting wide water-filled vestibules from the
intracellular and extracellular solutions (Fig.
1B). The channel has an antiparallel architec-
ture, meaning that it is made of two structurally
similar domains that are related by a pseudo
two-fold symmetry axis lying within the plane
of the membrane. This architecture places the
selectivity filter at the pseudo two-fold axis with
the “positive” N termini of helices aN and oF
positioned to stabilize CI” ions inside the mem-
brane (Fig. 1B).

The present study focuses exclusively on the
region outlined by the rectangle in Fig. 1B.
Figure 2 shows the atomic details of this region.
The (F, — F;) isomorphous difference electron
density map (red mesh) superimposed on the
averaged native protein electron density map
(blue mesh) reveals two halogen ions bound in
the selectivity filter (Fig. 2A). One of these,

labeled S, for central site, was described in the
original crystal structure (10). This ion is coor-
dinated by main-chain amide nitrogen atoms
from the end of helix aN and from the side
chains of conserved amino acids Ser'®” and
Tyr** (Fig. 2B). The second ion, labeled S, , for
internal site, is located at the interface where the
aqueous vestibule from the intracellular solution
meets the selectivity filter. This ion is coordinat-
ed on one side by main-chain amide nitrogen
atoms from the end of helix aD, and on the other
side it is exposed to the vestibule (Fig. 2B). At
the opposite end of the selectivity filter, near the
opening into the extracellular vestibule, the side
chain of Glu'*® is obstructing the pore with its
carboxyl group inserted between the ends of
helices aN and «oF, bridging the helices to-
gether through hydrogen bonding. This loca-
tion of a glutamate side chain in the ion con-
duction pathway led us to propose that our
crystal structure is of a closed channel, and
that the glutamate serves as a gate. We used a
combination of electrophysiology and x-ray
crystallography to test this possibility.
Function of CIC-0 channels with an al-
tered glutamate gate. Because we are unable
to study bacterial CIC channels using electro-
physiological methods, we studied channel func-

Table 1. Summary of data collection and refinement statistics. All crystals are of space group C, (a = 230
Ab=94Ac=169A a =35 =90°pB = 131.5°), with one CIC dimer and two Fab fragments in the
asymmetric unit. Data for the wild-type E. coli CIC (wt EcCIC) FAB Cl~ complex were collected at CHESS
AT; all other data sets were collected at NSLS X25. Indexing, integration, and scaling were carried out with
DENZO and SCALEPACK (24). The structure of the wt EcCIC Fab complex was solved by molecular
replacement with AMORE (25) using the StCLC structure (PDB code 1KPK) as well as a Fab structure (PDB
code 1K4C) as search models. Initial phases were calculated from the rigid-body refined Fab substructure
alone. The phases were improved by solvent flattening and two-fold domain averaging, breaking the
complex structure into three domains (channel, Fv region, and Fc region) with DM (26). The model was
built with the program O (27) and refined with CNS (28) by iterative cycles of simulated annealing and
model rebuilding. R, .. was monitored throughout the refinement. The final model contains 13,224
protein atoms, four Cl™ ions, and 443 water molecules. The same set of reflections was set aside for the
calculation of R, in the wild-type and mutant structures. The structure solution of the E148A and
E148Q mutants was initiated by rigid-body refinement of the wt EcCIC Fab complex with the respective
data set. The structures were refined in alternating cycles of simulated annealing and model rebuilding.
RMSD, root mean square difference; numbers in parentheses correspond to the highest resolution shell.

Data collection

Wavelength ~ Resolution =~ Completeness

*
Rmerge

) ) (%) (%) ol

wt EcCIC FAB complex

c- 0.93 35t02.5 96.6 (94.1) 48(56.9) 20.5(2.3)

Br 1.1 35t02.8 90.0 (54.7) 48(190) 147 (3.9)
EcCIC E148A FAB complex

ar- 1.1 3510 3.0 93.7 (76.2) 72(492) 148(2.1)

Br- 0.916 35t04.0 94.7 (94.5) 76(332) 15.2(3.7)
EcCIC E148Q FAB complex

cl- 1.1 35t03.3 96.9 (93.2) 7.5(429) 136(2.1)

Br 1.1 35t0 4.1 93.5(80.3) 95(48.1)  14.4(2.8)

Refinement
Resolution (A) Reree/Reryst RMSD (bond/angles)

wt EcCIC FAB 25t02.5 29.9/26.4 0.01/1.3
EcCIC E148A FAB 25t03.0 33.8/29.6 0.01/1.4
EcCIC E148Q FAB 25t03.3 32.5/29.4 0.01/1.5

*R =330 - 1 3.
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tion with CIC-0 from the Torpedo ray expressed
in Xenopus oocytes (12) (Fig. 3) (13, 14). Com-
paring the function of CIC-0 with the structure of
the E. coli CIC channel is not optimal but is well
justified by the high degree of conservation with-
in the selectivity filter of CIC channels, including
the glutamate residue in question.

CIC-0 channels in oocytes exhibit fast
gating, which is voltage-dependent and there-
fore can be studied by changing the mem-
brane voltage (Fig. 3A) (/3). The fast gate
closes at negative (inside relative to outside)
membrane voltages and opens upon depolar-
ization to positive voltages. In Fig. 3A, clo-
sure of the fast gate is manifest by the gradual
reduction of inward (downward) current over
time after steps to negative test voltages. The
fraction of open channels at different mem-
brane voltages is estimated by measuring the
current immediately after returning to a fixed
control voltage. The slope of the curve relat-
ing open probability to membrane voltage
corresponds to a valence of around 1.0, as if
a single electron charge crosses the mem-
brane voltage difference in association with
movement of the fast gate (Fig. 3B) (8, 9).

When Glu'%® is mutated to Ala, Gln, or Val,
the qualitative effect on channel function is the
same; the fast gate appears to stay open (Fig. 3,
C to E). This effect is most obvious at very
negative test voltages where the gradual reduc-
tion of inward current observed in the wild-type
channel is nearly absent, as if the mutations
abolish or diminish fast gating. At the level of
single-channel analysis, mutation of the gluta-
mate residue causes both pores to remain open
most of the time (Fig. 3G). The double-barrel
nature of the channel is still evident because of
rare excursions from level 2 (two pores open) to
level 1 (one pore open) and even rarer visits to
level 0 (both pores closed). The channel record
hints that the single-pore closure rate (corre-
sponding to fast gate closure) is slower in the
mutant than in the wild type and that the single-
pore opening rate is faster. Whether these resid-
ual closures represent side chain occlusion or,
more likely, a separate “occlusion” process is
unknown. But it is clear that the fast gating
process is markedly altered when the glutamate
is mutated.

We note also a more subtle “mutation”—
that caused by lowering the pH of the extracel-
lular solution (Fig. 3F). This maneuver causes
the wild-type channel to behave much like mu-
tant CIC-0 channels in which the glutamate
residue has been replaced by another amino
acid. Chen and co-workers carried out a de-
tailed analysis of pH effects on fast gating (15)
and showed that extracellular pH influences the
rate of channel opening but not closing. In the
context of the CIC channel structure, we inter-
pret the effect of pH on gating to mean that the
deprotonated (anionic) form of the glutamate
side chain closes the wild-type channel. One
might ask why the channel is open at pH 5.0
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when the expected pK, for glutamate is closer
to 4.0. We propose that the pK,, of the glutamate
is perturbed toward a physiological pH because
itis very near (~4 A) to a CI” ion. In summary,
it appears that whether the glutamate residue is
altered by mutation or by protonation, the abil-
ity to close the pore by a fast gating process is
diminished. These observations support the
idea that the glutamate residue gates the pore of
CIC channels.

Structures of the pore with an altered
glutamate gate. We determined crystal
structures of two mutant E. coli CIC channels:
Glu'"*® — Ala (E148A) and Glu'*® — Gln
(E148Q) (Fig. 4). In the E148 A mutant channel,
a halogen anion is observed in place of the
glutamate side chain, shown by the strong peak
labeled S, , for external site in the (Fg ¥ — Fig")
anomalous difference Fourier map (red mesh)
calculated from crystals grown in Br~ solution.
When Glu'“® is mutated, we think that the pore
is open because it contains an uninterrupted
queue of anions connecting the intracellular and
extracellular solutions (Fig. 4, A and B). The

S, site is located exactly between the N ter-
mini of helices oF and aN, where amide nitro-
gen atoms form a cage surrounding the ion. An
ion at this site comes in contact exclusively
with main-chain amide nitrogen atoms; this
chemistry suggests that the S__ site is important
for selective ion conduction through the open
channel. It is notable that the S, and S__ sites
are only 4 A apart. Although we do not have
rigorous crystallographic evidence that these
sites are occupied simultaneously, the closed
structure with an anionic glutamate and a CI~
ion in the pore would argue that they are.

The structure of the E148Q mutant channel
shows what the wild-type channel might look
like while in its conducting conformation (Fig. 4,
Cand D). An (Fy,, — F,) isomorphous difference
electron density map (red mesh) shows that ions
bind at all three sites in this channel, as in the
E148A mutant. But the glutamine side chain is
directed toward the extracellular solution, rather
than into the pore. It seems reasonable to think
that the glutamate side chain may assume a
somewhat similar conformation in the open, con-

Fig. 2. Structure of the selectivity filter of the wild-type EcCIC Fab complex. (A) Stereo view of electron
density in the selectivity filter at 2.5 A, contoured at 1o. The view is from the dimer interface within
the membrane. The cytoplasm is on the bottom, the extracellular side on the top. The map was
calculated from native amplitudes and solvent-flattened two-fold averaged phases. The refined protein
model is shown as sticks. An (Fg, — F) difference Fourier map at 2.8 A, contoured at 4o, is shown in
red. (B) Stereo view of the ion-binding sites. Selected residues in the vicinity of the bound chloride ions
are shown. Hydrogen bonds between the protein and chloride ions (red spheres) as well as between the
side chain of Glu™® and the rest of the protein are shown as black dashed lines.

ducting conformation of the wild-type channel.

Discussion. The structural and functional
data presented here are consistent with the
picture of gating outlined in Fig. 5. The
proposed mechanism is very simple: When
the S, site is occupied by the glutamate
carboxyl group, the pore is closed or
blocked; when the site is occupied by a Cl~
ion, the pore is open or conductive. Figure
5 pertains specifically to what is referred to as
the “fast gate” in C1C-0, which governs each
pore independently and is distinct from a
“slow gate” that opens and closes both pores
simultaneously (/6). The glutamate gate very
nicely explains two important characteristic
properties of the fast gating process: that the
two pores are gated independently (/3) and
that the fast gate within each pore is coupled
to CI™ ions (8, 9).

A w B
B A
E.
50 ms a
o " 200 -100 [] 100
my
C e

|Ml_

100 ms

Moo

1564 bbb
Fig. 3. Voltage-dependent gating in CIC-0. (A)
Whole-cell oocyte currents of the wild-type (wt)
channel. Current traces were recorded using a
previously described protocol (8). Voltage pulses
ranging from +80 to —180 mV (a) precede a step
to a test pulse at =100 mV (b). (B) Voltage-
dependent gating of the wt channel was analyzed
by plotting the current 7 ms after stepping to the
test pulse at =100 mV against the preceding
voltage. Data points were fitted to a Boltzmann
function, P_(V) = 1/{1 + exp[-z,e,(V -V, ,)/kT]},
where e, is the elementary charge, V, , is the
voltage of half-maximal activation, k is the Bolt-
zmann constant, T is absolute temperature, and
z, = 092 is the valence. (C to F) Whole-cell
currents of the mutants E166A, E166Q, and
E166V and wt at pH 5.0 are recorded using the
same voltage protocol as in (A). (G) Single-chan-
nel traces of wt (top) and E166A mutant (bot-
tom) EcCIC channels recorded at —80 mV with 5
mM Hepes (pH 7.5), 110 mM N-methyl-D-gluca-
mine (NMDG)-Cl, 5 mM MgCl,, and T mM CaCl,
inside, and 5 mM Hepes (pH 7.5), 110 mM Nacl,
5 mM MgCl,, and 1 mM EGTA outside.
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The independent gating of two pores was
described more than 20 years ago by Miller (13).
He used this property to deduce that CIC chan-

Fig. 4. Structure of the
selectivity filter of
mutant  EcCIC  Fab
complexes. (A) Elec-
tron density in the se-
lectivity filter of the
EcCIC E148A mutant
at 3.0 A. The view is
the same as in Fig. 2.
The map was calculat-
ed from native ampli-
tudes and solvent-
flattened two-fold av-
eraged phases and is
contoured at 1o. The
refined protein model
is shown as sticks. An
anomalous difference
Fourier map at 4.0 A
from crystals grown in
Br, contoured at
5.50, is shown in red.
(B) View of the ion-
binding sites of the Ec-
CIC E148A mutant.
Selected residues in
the vicinity of the
bound chloride ions
are shown. Hydrogen
bonds between the
protein and chloride
ions (red spheres) are
shown as dashed lines.
(C) Electron density in

nels must contain two identical pores by essen-
tially noting that CIC channels in single-channel
records always seemed to appear as two inde-

the selectivity filter of the EcCIC E148Q mutant at 3.3 A. The map was calculated from native
amplitudes and solvent-flattened two-fold averaged phases and is contoured at 1o. An (F,. — F¢)

difference Fourier map at 4.1 A, contoured at 4.50, is shown in red. (D) View of the ion-binding
sites of the EcCIC E148Q mutant. Atoms are represented as in (B).

Fig. 5. Schematic drawing of the closed and opened conformation of a CIC chloride channel. In the
closed conformation, the ion-binding sites S, . and S.., are occupied by chloride ions, and the

ion-binding site S

ext

is occupied by the side chain of Glu™®. In the opened conformation, the side

chain of Glu™® has moved out of binding site S_,, into the extracellular vestibule. S, is occupied

by a third chloride ion. Chloride ions are shown as red spheres, the Glu

and hydrogen bonds are drawn as dashed lines.

148

side chain is colored red,
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pendently gated channels. The glutamate gate is
entirely consistent with independent gates be-
cause each pore contains its own glutamate res-
idue, and most important, the conformational
change associated with gating within an individ-
ual pore is small and local, limited to the swing
of an amino acid side chain. The small confor-
mational change associated with gating in one
pore is unlikely to influence gating in the other,
thus allowing their independence.

The functional coupling between Cl~ ion
conduction and gating in certain CIC chan-
nels (5, 8, 9) is compatible with the gating
mechanism proposed in Fig. 5. The glutamate
carboxyl group could be viewed as a CI™
analog that displaces a conducting ion to
interrupt flow. In this view, energetic inter-
actions between the gate and Cl™ ions are
easy to understand. Both internal and external
CIl” ion concentrations affect gating (8, 9).
Further work will be required to understand
the molecular details of coupling, but the
structure offers many clues.

We describe in CIC channels a very simple
form of gating in which local motions of an
amino acid side chain lead to occlusion of the
ion pathway. Compare the simplicity of this
process to activation gating in K" channels,
which involves global motions of transmem-
brane « helices (/). What are the advantages and
disadvantages to gating by local versus global
conformational changes? It seems to us that
global changes create the opportunity to regulate
gating. For example, large helical motions can
be coupled to distant conformational changes
elsewhere in the protein, allowing extramembra-
nous domains to govern pore opening in re-
sponse to ligand binding (/7-19). In contrast,
local conformational changes are probably only
governable by local physical-chemical influenc-
es, such as changes in pH or ion composition.
The effect of pH on the glutamate gate is con-
sistent with the proposed role of CIC channels in
bacterial acid resistance (20), and possibly the
role of CIC channels in intracellular vesicle
acidification (7). Further work is needed to un-
derstand the role of the glutamate gate in differ-
ent CIC channels and why a subset of CIC
channels from kidney naturally have substitu-
tion of the gate (21).

The open structure of the pore has fasci-
nating implications for conduction principles
in ion-selective channels. Despite their fun-
damentally different architectures, the ion
pathways of K™ and CI™ channels are begin-
ning to look more alike from a chemical point
of view. In both cases, a-helix end charges
(C-terminal for K* and N-terminal for CI")
are used to stabilize ions within the mem-
brane (2, 10, 22), main-chain atoms (oxygen
for K" and nitrogen for CI") form selective
ion-binding sites (2, 4, 10), and multiple ions
are found very close together in a queue (3),
presumably so that mutual destabilization
will foster rapid conduction.
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Ultrahigh-Density Nanowire
Lattices and Circuits

Nicholas A. Melosh,’2 Akram Boukai,’? Frederic Diana,3
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We describe a general method for producing ultrahigh-density arrays of aligned
metal and semiconductor nanowires and nanowire circuits. The technique is
based on translating thin film growth thickness control into planar wire arrays.
Nanowires were fabricated with diameters and pitches (center-to-center
distances) as small as 8 nanometers and 16 nanometers, respectively. The
nanowires have high aspect ratios (up to 10°), and the process can be carried
out multiple times to produce simple circuits of crossed nanowires with a
nanowire junction density in excess of 10"" per square centimeter. The nano-
wires can also be used in nanomechanical devices; a high-frequency nanome-

chanical resonator is demonstrated.

One of the great challenges in developing nano-
fabrication patterning techniques involves the
reduction of feature size, and the corresponding
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increase in pattern density, of various metal and
semiconductor structures. Such device scaling
has often been demonstrated as the most produc-
tive route toward developing more efficient and
faster electronics circuitry. In addition, there is
also the hope of eventually developing pattern-
ing techniques that begin to approach the feature
sizes and densities that are characteristic of mac-
romolecules. Such approaches would open up
new opportunities for constructing devices and
circuits that can interface with, for example,

biological systems. To this end, a tremendous
amount of effort has been put into reducing the
feature sizes of the traditional, parallel patterning
techniques of photolithography, as well as more
specialized, serial patterning approaches such as
electron beam lithography (EBL). All of these
approaches face fundamental challenges, but for
one-of-a-kind devices, EBL is the highest reso-
lution technique available (7).

Standard metrics for the resolution of a pat-
terning process are the line width and center-to-
center distance (pitch) of an array of aligned
nanowires. EBL has yielded patterns with
nanowire diameters as small as 20 nm (/). How-
ever, the pitch is limited to ~60 nm because of
“noise” in the processing steps required to trans-
late a pattern that has been written into resist
material into an actual array of aligned, conduct-
ing wires. For example, a thin layer of metal is
typically evaporated onto the resist layer, adher-
ing directly to the substrate in the windows
patterned through the resist layer. The resist is
then dissolved in the appropriate solvent, causing
the newly unsupported metal film to tear free, or
“lift off,” leaving only the metal that was in
direct contact with the substrate. However, for
very small features, the metal-substrate adhesion
area is quite small, and those features may also
lift off. This problem is reversed at very small
pitches, because the cohesion of the metal film
may prevent or disrupt the lift-off process.
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