with the crystal mosaicity and anisotropy of the data. The current structure consists of
residues 2—121 and 82 waters with 92% of the residues in favoured regions of the
Ramachandran plot, 6% in generously allowed regions and 2% in unfavoured regions”.
Residues Ile 104 and Ala 118 are the two outliers; Ile 104 lies in the tight turn between a4B
and the C-loop; and Ala 118 has weak density along with residues 116—121

Crystallization of the SarA—DNA complex

We used a number of deoxyoligonucleotides in crystallization trials with SarA, and only
those with an 8-mer duplex yielded data-quality crystals. We grew these crystals using
hanging drop/vapour diffusion with a crystallization solution of 25% PEG 8000, 200 mM
CaCly, 100 mM cacodylate, pH 6.5. They are monoclinic, space group P2,, with a = 54.5 A,
b=652A, c=57.8A and 8 = 118.0° and contain one SarA dimer and 8-mer duplex per
asymmetric unit. All data were collected at room temperature with an ADSC multiwire
area detector” and a RIGAKU RU200-H rotating anode X-ray generator with graphite
monochromator operating at 40kV and 150 mA.

Structure determination and refinement

Because of DNA disorder, iodinated deoxyoligonucleotides failed as derivatives, therefore
phases were derived from a thimerosal derivative in conjunction with twofold averaging
and solvent flattening®. Density was evident for the a1 and a4A helices and the backbone
of helices a2 and a3. However, in averaged maps, the density for 4B was smeared and
subsequently phase-combined; unaveraged maps revealed different orientations of these
helices. The density for the phosphate backbone of 6 bp in the centre of the DNA-binding
channel was also evident (Fig. 5). Good electron density was also observed for the bases but
their identities were ambiguous and therefore, fitted with alternating AT base pairs
(5"-A;T,A5T4AsT4A;-3"). We then subjected the structure to positional and tightly
restrained B-factor refinement™. The current model includes residues 2-113 of one
subunit and 2—121 of the other, and a 6-bp duplex with 3’-adenylate nucleotide
overhangs. Analysis of the Ramachandran plot shows that 94% of the residues are in the
most favoured regions, 5.5% in generously allowed regions and 0.5% in unfavoured
regions (Phe 30 from one subunit is the outlier)”. Two large solvent peaks were located in
the DNA minor-groove binding site. Their thermal parameters indicated that they are
Ca’" ions, which is consistent with the observation that either magnesium or calcium is
required for crystallization of the SarA—DNA complex. Residual density in the DNA-
binding channel indicates additional disordered DNA in the binding site. Although the
gripper helices a4B and a4B’ take different orientations, residues 5-95 of each subunit
overlay with r.m.s. deviations of 0.55 A.
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Virtually all cells in all eukaryotic organisms express ion channels
of the CIC type, the only known molecular family of chloride-ion-
selective channels. The diversity of CIC channels highlights the
multitude and range of functions served by gated chloride-ion
conduction in biological membranes, such as controlling electri-
cal excitability in skeletal muscle, maintaining systemic blood
pressure, acidifying endosomal compartments, and regulating
electrical responses of GABA (y-aminobutyric acid)-containing
interneurons in the central nervous system'. Previously, we
expressed and purified a prokaryotic CIC channel homologue®.
Here we report the formation of two-dimensional crystals of this
CIC channel protein reconstituted into phospholipid bilayer
membranes. Cryo-electron microscopic analysis of these crystals
yields a projection structure at 6.5 A resolution, which shows
off-axis water-filled pores within the dimeric channel complex.
Of the approximately ten CIC isoforms found in eukaryotes, the
muscle subtypes CIC-0 and CIC-1 are by far the most thoroughly
studied. These voltage-gated channels are homodimers of polypep-
tides with a relative molecular mass of 90,000 that contain 10—12
putative transmembrane segments’. Detailed single-channel analy-
sis indicates that these channels are double-barrelled homodimers
in which the functional dimer contains two identical pores devoid of
axial symmetry, each with its own voltage-dependent gate*™®. It is
not known, however, whether this unusual molecular architecture
applies to all CIC channels or only to the muscle subfamily. More-
over, this picture is not universally accepted; recently, a conventional
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barrel-stave architecture for CIC-1 was proposed, with a single
pore formed on the homodimer’s two-fold axis’. Such fundamen-
tally discordant views are best resolved with direct structural
information; the recent overexpression, purification and functional
reconstitution of EriC, a prokaryotic CIC channel?, provides oppor-
tunities for structural approaches to the problem.

We produced two-dimensional crystals of EriC by reconstituting
the purified channel protein into phospholipid membranes at high
protein-to-lipid ratio. The crystals, which form spontaneously
during removal of detergent by dialysis over several days, appear
in large sheets up to 4 um on a side (Fig. la) containing 10*~10°
EriC channels; most of the material in these samples is crystalline, as
gauged by optical diffraction of negatively stained electron micro-
scope images. Although double and multi-layer crystals are often
observed, single-layered sheets are common, and only these were
analysed here.

Before beginning structural analysis, we assessed whether the
crystallization process irreversibly damages the protein. Crystalline
EriC was solublized in detergent and reconstituted back into lipid
vesicles at much lower protein density, so that each vesicle carries
approximately a single EriC channel. Efflux of *°Cl” from these
vesicles was then assayed by a method designed to quantify the
fraction of protein in the preparation that is functionally active®.
Figure 1b shows that EriC recovered from crystals is indistinguish-
able in activity from EriC that had never been crystallized. This
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Figure 1 Active 2D crystals of EriC. a, Electron microscopic image of crystals embedded
in 1% uranyl acetate stain. Scale bar, 1 wm. b, Functional activity of EriC after
crystallization. The fractional trapped *°Cl/®H[glutamate] ratio, f was determined for
vesicles reconstituted with the indicated amount of EriC (closed triangles) or EriC extracted
from the 2D crystals (open circles). The solid curve represents the variation expected from
a Poisson distribution of protein in vesicles?.
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result gives us confidence as to the integrity of the protein in the
crystals.

The computed diffraction pattern of unstained, glucose-
embedded EriC crystals (Fig. 2a) reveals an orthorhombic unit
cell with dimensions of 140 x 80 A. Systematic absences of odd axial
reflections suggest glide planes along both axes. These low-dose
images show strong reflections to ~8.5 A by optical diffraction, and
after correction for lattice distortions yield significant data to at least
5A; in addition, electron diffraction produces reflections to 4 A
(data not shown). For all images, analysis of the phases of symme-
try-related spots'® of both raw and processed transforms places the
crystals in the two-sided plane group P22,2,. Inspection of compu-
tationally filtered but unsymmetrized images (Fig. 2b) further
confirms P22,2, symmetry, which arises from packing of near
neighbours in opposite transmembrane orientations.

From about 80 micrographs, 7 were chosen for further proces-
sing. The crystalline areas of these images were corrected for lattice
distortions, merged and averaged in P22,2,. Crystallographic
parameters are reported in Table 1, and Fig. 3 indicates the quality

Figure 2 Analysis of glucose-embedded EriC crystals. a, Computed diffraction pattern
from a single cryo-electron microscope image of an EriC crystal, showing strong spots out
to ~8.5 A resolution. b, Digitally filtered image of EriC crystal. The diffraction patternin a
was filtered by removing all data not on the reciprocal lattice. This masked transform was
then corrected for the CTF and reverse Fourier transformed to yield an image of the
crystal. In this grey-scale image, higher scattering densities are brighter, and lower
densities are darker. A single unit cell is boxed.

Table 1 Electron crystallographic image statistics

Two-sided plane group symmetry P22:2¢

Unit cell dimensions a=140A
b=80A
v =90°

Number of images and lattices 7

Range of defocus 4,280-8,390 A
Total number of reflections 1,766
Number of unique reflections 204
Overall phase residual to 6.5 A (random = 45°) 12.5°

Resolution range (A) Number of unique Phase residual

reflections (random = 45°)
100-10.01 84 4.2
10.0-8.01 51 9.9
8.0-7.01 42 221
7.0-6.51 27 28.4
6.5-6.01 36 36.1
6.0-5.0 94 40.8

NATURE|VOL 40911 JANUARY 2001 |www.nature.com




letters to nature
|

b
300
+
+ *+ * +
+ o+ .
+ * * + *1-* + *
- + o+ ++ o+
200 4 o *E e
+ # o+ +
o + 3 g eedab e i &\ﬁﬁ%f*t‘.d- kil A A 4
+ + + *+ + +TN ;;
had +
+ - + 4le + %
[ hr bt oo
+ +*
> 100 + + :1-: +
$ + .+ +
+
& + ++
(=] +
@ o + + +,r+ #:
E . + + o+ . +
+ F 5 e P
'] i + 3 + o S ¢ it » +
7] 0 + LA R R R RS bt Pheag t s ' +, H
g + + ¥t ++ +
E * + + + .t ¥ .o b
* e os . + ¥ ¥
+* ‘1- + 4
5 + + + ]
+
=100 A
-200 T T T
0 0.05 0.10 0.15 0.20

Resolution (1/A)

Figure 3 Quality of diffraction data. a, Plot of diffraction spots from the image described in
Fig. 2, after correction for crystal distortion. Each spot in the transform is represented by a
square and number (IQ value') indicating the signal-to-background ratio (3/B), with the
largest boxes and smallest numbers reflecting the bestdata IQ=1,S/B>7.0;10=2,S/
B>35;10=3,SB>23;10=4,58>18;10=5,S/B>1.4;1Q=6,SB>12;
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Q=7,S/B>1.0;10=8,S/B>0;1Q =29, S/B<0). Values from 1 to 4 are shown as
numbers inside boxes, values from 5 to 8 are indicated by decreasing box size. The rings
indicate zeros in the CTF. H and K indicate the reciprocal axes. b, Measured phases as a
function of resolution. Each point represents the averaged phases for a given reflection
from seven images. The cutoff for the data used here is indicated by a dashed line.
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of reflections and measured phases as a function of resolution. Raw
phases were rounded to 0° or 180° to impose strict two-fold
symmetry on the projection, and phase residuals were calculated
from the absolute values of the rounding errors. Although the
averaged phase residuals are below random (45°) to 5.0 A (Fig. 3),
we used data only to 6.5 A. In addition, only spots with a signal/
background ratio = 1.4 were used. In this merged dataset, the
overall phase residual was 12.5°, with a 28.4° residual in the highest-
resolution range used, 7—6.5 A.

In projection normal to the membrane plane, EriC is a lens-
shaped protein roughly 100 A in length and 50 A in width (Fig. 4a).
A single unit cell contains two EriC channels; crystallographic two-
fold axes lie within the protein and thereby confirm the expected
homodimeric nature of the complex*'. The protein—lipid bound-
ary is unmistakable, with the flat, featureless lipid areas distinct
from the steeply contoured higher density of the protein. EriC
shows two pairs of remarkably low-density troughs, ~8 Aand ~5A
in width, each pair separated by a density peak ~7 A across. These
trough-densities are substantially lower than the lipid density

observed between the channel complexes (Fig. 4b).

Of the substances present on the sample grid—protein, lipid,
water and glucose—the weakest scatterer is water'. This fact alone
identifies the low-density wells as aqueous cavities of significant
extension normal to the membrane plane. Although much of the
water on the sample will have evaporated during the time that the
grid was at high vacuum and not yet frozen, we presume that the
water present in these cavities is either tightly bound to the protein
or trapped by a thin layer of dried glucose. To obtain a more
quantitative sense of these features, we calibrated the observed
densities using the known scattering densities of lipid and protein,
and by assuming that the lipid region represents acyl chains in a
bilayer of 30 A thickness. We then estimate the thickness of the low-
density wells to be ~25A, consistent with aqueous pathways
extending through a substantial fraction of the protein.

Because ~50% of EriC’s mass is predicted to lie outside the
transmembrane domains, the protein probably extends beyond the
acyl-chain region of the lipid bilayer. Therefore, neither aqueous
cavity is likely to be long enough to traverse the entire protein, but

Figure 4 Projection density map of EriC at 6.5 A resolution. a, Contour map of EriC
calculated from merged data obtained from seven crystals. A unit cell is boxed with the a
axis (140 7\) horizontal and the b axis (80 7\) vertical in two-sided plane group P22,2;. The
two-fold axes perpendicular to the membrane plane and the screw axes parallel to the
membrane plane are indicated (with the central two-fold axis omitted for clarity). The zero
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Low

contour level is roughly the average density of the lipid area; negative and positive
contours are shown as dotted and solid lines, respectively. b, Colour-coded EriC density
map. A single unit cell is plotted using the same data as in a with densities colour coded
according to the scale on the right.
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the two taken together could comfortably span its width. For this
reason, we propose that each pair of density wells represents a single
pore kinked roughly halfway along its length, such that the intra-
cellular and extracellular openings are offset when viewed in
projection normal to the membrane plane. This model, which
implies two such pores in the dimeric channel, provides a natural
structural rationale for the double-barrelled gating behaviour of
single CIC channels from eukaryotes, and supports the previous
inference that CIC channel pores cannot be axially symmetric'’. In
addition, with a separation of 25-40 A, the two pores would, as
expected, be far enough apart for them to be electrostatically
independent at the physiological 10 A Debye length'.

The fact that EriC, a prokaryotic protein, provides a faithful
structural explanation of the gating of eukaryotic CIC channels
supports the proposal that double-barrelled architecture is a funda-
mental, evolutionarily conserved feature of the entire CIC family".
The absence of a strong low-density well on the dimer’s two-fold
axis is inconsistent with a symmetric one-pore construction for this
channel. Of course, a definitive picture of the pore’s transmembrane
path must await three-dimensional information emerging from
images of tilted crystals.

Transmembrane topology of CIC channels is uncertain; hydro-
phobicity analysis predicts 10—12 membrane-spanning segments',
and the cytoplasmic location of amino and carboxy termini
demands an even number of membrane crossings. At 6.5 A resolu-
tion, untilted transmembrane a-helices should produce strong
circular density peaks in projection, and four such peaks are easily
discerned in each EriC monomer. Additional elongated density
peaks may represent tilted helices or other secondary structure. We
count 12 peaks in all, but this projection map is insufficiently
detailed to distinguish 10 from 12, and three-dimensional informa-
tion will be required to identify all the transmembrane helices.
Previous work on mammalian CIC-1 (ref. 9) characterized an
externally exposed, putative pore-lining residue just preceding the
fourth transmembrane segment (D4) that can be disulphide-cross-
linked to its dimeric twin when substituted by cysteine, a reaction
that localizes this residue near the two-fold axis of the dimer. In the
EriC structure only one prominent density peak lies close to the
two-fold axis in each monomer; notably, this density also abuts the
larger of the pore openings. We thus speculate that this strong
density represents D4. If this region undergoes a conformational
change with gating, residues that line the pore in the open state
might face the symmetry axis when the channel is closed. Therefore,
crosslinking across the two-fold axis would lead to functional
inhibition, as observed in CIC-1, by trapping a closed conformation
of the channel. This conjecture predicts that the crosslinking should
be dependent on conformational state, with reaction occurring only
in the closed form of the channel. O

Methods

Crystal formation

EriCAa, a decahistidine-tagged variant also lacking the five carboxy-terminal amino acids,
was expressed in Escherichia coli through vector pASK-IBA2 (kindly provided by

A. Skerra) using a tetracycline promoter, and was purified as described’ with minor
modifications. Pure EriC, with the His-tag proteolytically removed, was mixed with
synthetic palmitoyl-oleyl-phosphatidylcholine (POPC) at a lipid/protein mass ratio of 0.4
(molar ratio ~50) in 4mM decylmaltoside (DM). The mixture was dialysed against
several changes of a solution containing 25 mM NaCl, 20 mM MgCl,, 20 mM Tris-HCI,
0.8 mM NaNj, pH 7.0. Crystals were collected and stored at 4 °C. Samples were screened
for crystallization by electron microscopy using 1% uranyl acetate as negative stain.
Unstained specimens were prepared for high-resolution microscopy by deposition on
carbon-coated copper grids, followed by embedding in 1% glucose with 0.25 mgmlI™
bacitracin as a wetting agent. Samples were immediately transferred to the electron
microscope and cooled by liquid nitrogen in situ in a Gatan cryo-stage.
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%G1/°*H[glutamate] double-label flux assay

The two-dimensional crystals were collected by centrifugation at 3,000g (5 min), washed
with dialysis buffer, and then extracted with 10 mM DM (room temperature, 1 h).
Equilibrium exchange of vesicle-entrapped **Cl” was measured as described’. Briefly, EriC
was reconstituted at varying concentrations into vesicles (500 pg lipid per sample) in the
presence of the radioactive tracers *Cl” and *H [glutamate]. *CI” release was initiated by
diluting the vesicles ninefold into tracer-free solution, and the entrapped **Cl/°H|[glu-
tamate| counts were determined 2.5-3.5 h after dilution.

Electron microscopy

Electron micrographs were recorded in the Hitachi HF2000 FEG microscope at the MRC,
Cambridge, England, at an accelerating voltage of 200 kV and nominal magnification of
%60,000. Magnification was later calibrated with tobacco mosaic virus. Unstained,
glucose-embedded samples were imaged under low-dose conditions, ~5-15 electrons
per A2, using Kodak SO163 film. Micrographs were screened by optical diffraction, and
only those with evenly distributed spots extending to at least 10 A resolution were used for
final analysis.

Image processing

Well-ordered areas of 5,000 x 5,000 pixels were scanned at 7 pm per pixel using a Zeiss
SCAI scanner, and computationally reduced to 14 wm per pixel. Data were corrected for
lattice distortions, the contrast transfer function (CTF) and astigmatism using the MRC
image processing programs'*". Two passes of unbending were used, with a reference area
of 200 x 200 pixels in the first pass and 150 x 150 pixels in the second. The image
amplitudes were scaled as a function of resolution to compensate for resolution-
dependent attenuation, using the program SCALIMAMP3D with bacteriorhodopsin as
reference'®.
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