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Summary

Regulatory KChIP2 subunits assemble with pore-form-
ing Kv4.2 subunits in 4:4 complexes to produce native
voltage-gated potassium (Kv) channels like cardiac I,
and neuronal I, subtypes. Here, negative stain electron
microscopy (EM) and single particle averaging reveal
KChIP2to create anovel ~35 X 115 X 1 15,2\, intracellu-
lar fenestrated rotunda: four peripheral columns that
extend down from the membrane-embedded portion
of the channel to enclose the Kv4.2 “hanging gondola”
(a platform held beneath the transmembrane conduc-
tion pore by four internal columns). To reach the pore
from the cytosol, ions traverse one of four external
fenestrae to enter the rotundal vestibule and then
cross one of four internal windows in the gondola.

Introduction

Accessory () subunits are a fundamental feature of po-
tassium channels in animals that determine channel lo-
cation, abundance, sensitivity to stimulation, and phar-
macology (Abbott and Goldstein, 1998; Shibata et al.,
2003). Despite their importance, the structural basis for
accessory subunit function remains to be elucidated.
High-resolution structures of pore-forming potassium
channel «a subunits, without accessory subunits, have re-
vealed how four o subunits create a central, membrane-
spanning, ion conduction pathway and offered clues to
mechanisms by which stimuli induce pores to open and
close (Cushman et al., 2000; Zhou et al., 2001a, 2001b;
Jiang et al., 2002, 2003; Kuo et al., 2003). Crystal struc-
tures have also been solved for two 3 subunits in isola-
tion: the neuronal calcium sensing (NCS) protein Freque-
nin (Bourne et al., 2001) and Kvp2 (revealing it to be a
tetrameric nicotinamide oxidoreductase) (Gulbis et al.,
1999). Furthermore, KvB2 has been visualized in a 4:4
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complex with T1, a cytoplasmic domain of ~100 resi-
dues that precedes the first membrane span in Kv1
and Kv4 family a subunits and prevents assembly of «
subunits from different Kv families (Gulbis et al., 2000).
Four a subunits provide four T1 domains to generate
an intracellular “hanging gondola” (Kreusch et al., 1998;
Kobertz et al., 2000; Sokolova et al., 2001; Zhou et al.,
2001a): four columns that extend below the transmem-
brane pore to a central platform. The gondola has four
lateral windows that ions (and inactivation particles) tra-
verse to reach the pore, and these remain unobstructed
by four KvB2 subunits that dock beneath the platform
in the crystal structure (Gulbis et al., 2000). Supporting
this arrangement in complete channels, EM and single
particle reconstitution of Shaker Kv channels without
accessory subunits reveal a four-windowed gondola
(Sokolova et al., 2001), and native Kv1 channels (sub-
types 1.1, 1.2, 1.4, and 1.6) copurified from rat brain with
KvB2 via dendrotoxin binding show density below the
gondola consistent with KvB2 tetramers (Orlova et al.,
2003).

To further understand the structure and function of
potassium channels with accessory subunits, we chose
to study Kv4.2-KChIP2 channels by EM for two reasons.
First, to function correctly in the heart and nervous sys-
tem, Kv4 subunits assemble in stable fashion with intra-
cellular NCS proteins like KChIP2 or Frequenin (Naka-
mura et al., 2001; Guo et al., 2002); thus, co-assembly
alters channel trafficking, surface half-life, voltage de-
pendence, rate of opening, inactivation and recovery
from inactivation, and kinase regulation (An et al., 2000)
and explains the character and distribution of |, in the
heart (Kuo et al., 2001; Rosati et al., 2001). Second, as
demonstrated in a companion report (Kim et al., 2003),
appropriate amounts of intact Kv4.2-KChIP2 complexes
(tens of pmol) can be purified and shown to be of high
purity and functional quality. This is achieved with a
variant of Kv4.2 (Kv4.2*) that is sensitive to nanomolar
levels of charybdotoxin (CTX) and bears an epitope tag
to allow affinity purification from mammalian tissue cul-
ture cells under mild conditions. Integrity of purified
complexes can be confirmed because proper « subunit
folding and tetrameric assembly is required to bind CTX
in the pore. Although channels with only Kv4.2 subunits
could not be isolated (perhaps, because KChIPs in-
crease expression level and solubility in nonionic deter-
gent [Shibata et al., 2003]), Kv4.2*-KChIP2 channels are
readily purified in quantities sufficient to determine that
they have four subunits of each type using direct amino
acid analysis (Kim et al., 2003). Here, single purified
Kv4.2*-KChIP2 channels were visualized by EM with
contrast-enhancing negative stain in order to recon-
struct a 3D structure at 21 A resolution.

Results

Depending on their orientation, channel particles ap-
peared square or displayed a double-layered structure
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Figure 1. Electron Microscopy and IMAGIC Image Processing

(A) Purified Kv4.2*-KChIP2 complexes on carbon-coated copper
grids were stained with 1% uranyl acetate and visualized by EM to
obtain single particle images (arrows).

(B) Single particle images were filtered, classified, and aligned to
produce class averages (top row). Surface views (bottom row) of
the IMAGIC structure, with views that correspond to the class aver-
ages from the top row. Reprojections of the IMAGIC structure (mid-
dle row) for class averages in the top row. Scale bar equals 100 A.

(Figure 1A). Particles (13,351) were manually selected
and processed using IMAGIC (van Heel et al., 1996) to
yield 50 classes (Figure 1B, top row, four shown). As
expected, because Kv4.2* channels have four a subunits
and KChIP2 is equimolar (Kim et al., 2003), unbiased
class averages revealed approximate 4-fold symmetry
(see Supplemental Figure S1 at http://www.neuron.org/
cgi/content/full/41/4/513/DC1). Thereafter, 4-fold symme-
try was imposed through five iterations of image pro-
cessing by IMAGIC to produce the initial three-dimen-
sional (3D) structure shown in four views in Figure 1B
(bottom row) corresponding to four classes. Reprojec-
tions of the structure correspond closely with the class
averages (Figure 1B, middle row), indicating consistency
between the structure and the classes.

After initial image reconstruction with IMAGIC, each
particle image was corrected for the contrast transfer
function (CTF) of the electron microscope, and the x, y
positions and Euler angles of the particles were further
refined using FREALIGN (Grigorieff, 1998) in order to
calculate an improved reference structure. A stable re-
fined structure was produced after 15 iterations of parti-
cle parameter refinement and 3D reconstruction (Fig-
ures 2A-2E). The final distribution of Euler angles shows
complete coverage of angular space, although there
are some preferred orientations (Figure 2F). The final
structure contained 8164 particles and was determined
at an estimated resolution of 21 A based on a Fourier
shell correlation (FSC) of 0.5, calculated between two
reconstructions, each derived from one half of all parti-
cles in the data set (Figure 2G).

Overall, the Kv4.2*-KChIP2 complex is ~85 A tall with
two prominent domains (Figure 2A). The smaller domain
is ~30 x 95 x 95 A (Figures 2B and 2C), while the larger
domain is ~35 X 115 X 115 A (Figures 2B and 2E).
These densities are held ~20 A apart by eight columns,
four that are central and four at the channel periphery
that are offset by 45° and link the smaller and larger
domains (Figure 2D).

To establish the topology of the complex, a second
structure was determined for a channel variant that car-
ried a mass tag large enough to be visualized by EM
at a site known to be in the cytoplasm; thereafter, a
difference map with the parent structure was calculated
revealing the larger domain to be intracellular (Figure 3).
Thus, KChIP2 (252 residues, ~28 kDa), which resides
inside the cell, was enlarged by linkage in tandem with
265 residues of green fluorescent protein (GFP, ~29 kDa)
to produce GFP-KChIP2. Like a similar construct stud-
ied by others (Takimoto et al., 2002), GFP-KChIP2 was
found to alter the biophysical function of Kv4.2* in a man-
ner similar to wild-type KChIP2, increasing current den-
sity, decreasing inactivation rate, shifting the voltage
dependence of channel activation and inactivation, and
increasing the rate of recovery from inactivation (Figure
3A; Supplemental Table S1 and Supplemental Figure
S2 at http://www.neuron.org/cgi/content/full/41/4/513/
DC1). Also like wild-type KChIP2 (Kim et al., 2003), GFP-
KChIP2 increased surface expression ~2- to 3-fold as
judged by *H-CTX binding (3.4 = 0.6 pmol/plate, n =
3), permitted ready purification of Kv4.2*-GFP-KChIP2
channels (Figure 3B), and assembled with Kv4.2* in 4:4
complexes as assessed by amino acid analysis using
the strategy detailed in a companion report (Kim et al.,
2003; Supplemental Table S2).

An independent 3D structure calculated for Kv4.2*-
GFP-KChIP2 complexes by selection of 5553 particles
and analysis with IMAGIC and FREALIGN revealed the
new complex to be taller, ~110 A high (Figure 3C, pale
blue, 4449 particles were included in the structure). Al-
though fewer features were resolved (perhaps due to
effects of flexible GFP tags on image alignment or stain
artifacts, see below), the parent and GFP-bearing struc-
tures were readily aligned using the four peripheral col-
umns (Figure 3C, Experimental Procedures). A differ-
ence map (Figure 3D, green) shows a significant positive
peak next to the large domain, corresponding in size to
the four GFP appendages (based on the GFP crystal
structure, Figure 3C, inset) and thereby indicating that
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Figure 2. Kv4.2*-KChIP2 Channel Structure
after Refinement with FREALIGN

(A) Side view, showing the structure is ~85 A
high with a small upper domain and large
lower domain separated by columns.

(B) Side view rotated by 45° from (A) along
the central axis of symmetry. The smaller do-
main is ~30 A high, the larger domain ~35 A
high, and the domains are separated by
~20 A. One of four windows between the pe-
ripheral columns is seen in front.

(C) Oblique top view, showing the smaller do-
main to be ~95 A2 The peripheral columns
link the small and large domains at their
corners.

(D) Cross-section through the 20 A space be-
tween the major domains, showing four inter-
nal and four external columns offset by 45°.
(E) Oblique bottom view, showing the larger
domain to be ~115 A2

(F) Distribution of Euler angles for all particles
(standard coordinates, 4-fold symmetry), show-
ing good representation of all views with a
preference for some orientations. Plot pro-
gram courtesy of Richard Henderson.

(G) Fourier shell correlation (FSC) of the struc-
ture, indicating a resolution of 21 Aatacorre-
lation coefficient of 0.5.

this region carries KChIP2 and is intracellular while the
smaller domain is the membrane-embedded portion of
the channel. The positive peak is the only significant
divergence of the two structures, as negative peaks (not
shown) are smaller in magnitude and distributed over
the entire difference map.

This topology is consistent with the mass distribution
of the channel complex. Typical of Kv channel o sub-
units, Kv4.2* has six membrane spans (S1-S6, ~24 kDa)
formed by ~225 of its 642 residues (the pore is S5-S6),
flanked by intracellular N- and C-terminal domains (186
and 245 residues, respectively) that make up the bulk
of the protein mass. The N terminus provides those
residues known to interact with cytosolic accessory
subunits including KChIPs (An et al., 2000), Frequenin
(Nakamura et al., 2001; Guo et al., 2002), and Kvfs
(Gulbis et al., 2000). Thus, four Kv4.2 membrane do-
mains are predicted to have a combined molecular
weight of ~96 kDa while the intracellular domain (termini
of four Kv4.2 and four KChIP2 subunits) should include
a total of ~310 kDa.

Identification of the smaller Kv4.2*-KChIP2 domain as
the membrane portion was at first surprising because
this domain in Shaker has a similar number of residues
(~250) but is much larger when visualized by EM (Figure
4A; Sokolova et al., 2001). The identification can be
judged correct, nonetheless, by the superimposition of
the Shaker and Kv4.2*-KChIP2 structures when overlaid
using the four internal columns of the hanging gondola
as a guide (Figures 4A-4C). As the EM volume of the
membrane domain in Kv4.2*-KChIP2 is in keeping with

45 40 35 30 25 20 15 10 5
Resolution (A)

that expected from its mass, we suspect it is smaller
than in Shaker because it is not subject to posttransla-
tional decoration with carbohydrate. Indeed, the lower
half of the membrane domain of Shaker and the top of
Kv4.2*-KChIP2 are coincident (Figure 4C, top), sug-
gesting the protein portion of the membrane domain in
Shaker may be similar in volume. Good alignment of the
four central columns suggests the hanging gondola in
Kv4.2*-KChIP2 is like that in Shaker and shows KChIP2
incorporation to extend the platform laterally to meet
four new peripheral columns. This encloses the gondola
within a fenestrated rotunda with four lateral outer win-
dows that are separated by a vestibule (and offset by
45°) from the four inner windows of the gondola (Figure
4C, bottom).

In this study, we used negative staining to enhance
image contrast and obtain a reliable alignment of individ-
ual particle images. Negative staining can produce arti-
facts, such as flattening or uneven staining. However,
agreement of important details with the previously de-
termined Shaker structure (Sokolova et al., 2001) and
successful docking of crystal structures corresponding
to channel fragments (next) argue that artifacts, if pres-
ent, must be small.

Discussion

To assess how incorporation of four KChIP2 molecules
might create four peripheral columns and the rotunda,
the arrangement of KChIP2 subunits was surmised by
rendering the surface of the Kv4.2*-KChIP2 structure,
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Figure 3. EM Structure of Kv4.2*-GFP-
KChIP2 Identifies the Cytoplasmic Domain

MV\éggDi) (A) Current families for Kv4.2* channels and

2|.|AI_ Kv4.2*-GFP-KChIP2 channels expressed in

Kva 2% 125 ms Kva.2* 1&? = oocytes and studied by two-electrode. volt-
+GFP-KChIP2 66 — 4 age (.:Iam_p ShO\{V GFP-KChIP2 subunits .to

:_ function like their unaltered congeners (bio-

L A= physical parameters are listed in Supplemen-
3= tal Table S1 at http://www.neuron.org/cgi/

e content/full/41/4/513/DC1). Currents were

evoked by steps from —100 mV to test poten-

tials of —80 to 70 mV in 10 mV steps of 500
ms every 5 s.

(B) Purified Kv4.2*-GFP-KChIP2 channels
separated by SDS-PAGE and stained with
Coomassie blue to show Kv4.2* (upper arrow)
and GFP-KChIP2 (lower arrow) at their pre-
dicted kDa. The band with a star is a minor
(<1%), nonchannel component that is seen
with anti-1D4 antibody beads, as noted (Kim
et al., 2003).

(C) Side view of Kv4.2*-GFP-KChIP2 channel
(pale blue), revealing a structure that is
~110Ain height with prominent surface fea-
tures. Inset is the crystal structure of eGFP
(Hanson et al., 2002).

(D) The difference map of Kv4.2*-GFP-
KChiIP2 and Kv4.2*-KChIP2 (green) with
the Kv4.2*-KChIP2 parent structure super-
imposed (blue mesh) reveals that new density

due to inclusion of four GFP molecules is below the larger domain. This indicates that the domain carries KChIP2, and therefore, that it is in

the cytosol.

superimposing the Shaker density, and considering how
four molecules of the KChIP2 homolog Frequenin (Bourne
et al., 2001) could be accommodated (Figure 5A). The
only satisfactory docking strategy was to place the wide
hydrophobic crevice of Frequenin (thought to coordi-
nate ligand) facing toward the lateral aspect of the gon-
dola platform—a structure formed by Kv4.2 N termini
that are known to interact with NCS proteins (An et al.,
2000; Bahring et al., 2001). At 21 A resolution, it was not
possible to ascertain the precise tilt of Frequenin relative
to the sides of the gondola platform. Nevertheless, other
Frequenin locations (for example, inside the peripheral
columns) or orientations differing by more than 30° from
that shown place portions of the molecule outside the

Kv4.2*-KChIP2 structure or within the Shaker density
and are therefore unlikely. Indeed, automated docking
of Frequenin within the Kv4.2*-KChIP2 electron density
map, using an exhaustive search algorithm that relied
only on complementary shape and volume and excluded
information about the known interaction sites between
the N termini and NCS proteins, indicates the four most
likely locations to be the corners of the larger domain
(Supplemental Figure S3 at http://www.neuron.org/cgi/
content/full/41/4/513/DC1) as we deduce based on
Shaker overlay and known sites of intersubunit contact
(Figure 5A).

Docking the crystal structures for T1-Kvp2 (Gulbis
et al., 2000) into Kv4.2*-KChIP2 (guided by the known

Figure 4. Shaker and Kv4.2*-KChIP2 Chan-
nels Have Similar Hanging Gondolas

(A) Shaker channel EM structure in side view
(Sokolova et al., 2001) (top) and cross-section
(bottom) through a plane indicated by a line
in the top image show the four columns and
platform of the hanging gondola that are in
the cytoplasm under the membrane portion
of the channel.

(B) Kv4.2*-KChIP2 channel EM structure in
side (top) and cross-sectional (bottom) views
equivalent to those in (A) show four internal
columns around the central axis of symmetry
and four peripheral columns.

(C) Superimposition of (A) and (B) shows over-
lap of the four central columns of the hanging
gondola. The external columns are present
only in the KChIP2-bearing structure. The dif-

ference in volume of the extracellular regions of the membrane domains of Shaker and Kv4.2*-KChIP2 structures is ~90 kDa assuming a
protein density of 810 Da/nm?® (Matthews, 1968). Compared to Kv4.2, Shaker has an extra mass of ~16 kDa/subunit due to glycosylation and
~4 kDa due to protein in S1-S6 region or ~80 kDa, in reasonable agreement with the measured value.



Structure of |, Channels by Electron Microsopy
517

Figure 5. The Kv4.2*-KChIP2 Structure Ac-
commodates Four NCS Monomers

(A) The Shaker channel EM structure (Soko-
lova et al., 2001) (white) overlaid on the
Kv4.2*-KChIP2 EM structure (blue mesh) with
alignment of the four central columns of the
gondola from the side (top panel) and viewed
from below (bottom panel) as indicated by
the arrow above; this shows the Shaker mem-
brane domain is taller, coincidence of the in-
ternal columns and windows of the gondola
and ready fit of the Frequenin monomer crys-
tal structure (Bourne et al., 2001) (red, two
shown). Four Frequenin monomers (190 resi-
dues each) fit the height and width of the
Kv4.2*-KChIP2 lower domain only when ar-
ranged so that the hydrophobic pocket faces
the gondola platform. This is consistent with
reports that KChIP2 and Frequenin bind to
residues 2-40 of the Kv4.2 N terminus (An et
al., 2000; Bahring et al., 2001).

(B) Crystal structures of T1-Kvp2 (Gulbis et
al., 2000) (cyan, complete octamer shown)
and the KvAP (Jiang et al., 2003) pore domain
(S5-S6, magenta, four shown) are overlaid on
the Kv4.2*-KChIP2 EM structure (blue mesh).
Viewed from the side (top panel), this com-
posite structure shows that the Kvp2 tetramer
below the gondola platform does not overlap
Frequenin and that the height of the KvAP

pore is well matched to that of the Kv4.2*-KChIP2 membrane domain. The bottom panel views the membrane domain of Kv4.2*-KChIP2 from
below (as indicated by the arrow top) and shows contact sites of the four internal and four peripheral columns with the domain relative to

the pore.

formation of the gondola by T1) emphasizes that the
height and width of the NCS protein can explain the
lateral extension of the gondola platform on KChIP2
incorporation (Figure 5B). Moreover, the location of
KChIP2 subunits in our structure does not overlap with
the subplatform locale for the KvB2 subunits, suggesting
that both accessory subunits might bind simultaneously.
While Kv4.2 is known to interact with Kvg family subunits
(Nakahira et al., 1996), KChIP2-Kv4.2-KvB assemblies
have not yet been described.

The crystal structure for the S1-S6 portion (223 resi-
dues) of the archeal voltage-gated potassium channel
KvAP was recently determined (Jiang et al., 2003). Like
Kv4.2, KvAP does not carry carbohydrate, and the height
of the KVAP pore (segments S5-S6, magenta) fits well
into the Kv4.2*-KChIP2 membrane domain (Figure 5B).
Similarly, the pore of MthK, a calcium-sensitive potas-
sium channel observed in the open state (Jiang et al.,
2002) fits well, whereas KcsA (Zhou et al., 2001b), im-
aged in the closed state, is too tall (not shown). This
is consistent with our expectation that purified Kv4.2*-
KChIP2 complexes are in the open/inactivated state
(since there is no voltage gradient across the channel).
While the membrane domain can accommodate both
the volume of the KvAP pore with four isolated voltage
sensor (S1-S4) domains (not shown), docking the com-
plete KVAP structure positions its S3-S4 voltage-sens-
ing paddles below the density for the Kv4.2*-KChIP2
membrane domain (not shown), as expected due to anti-
body perturbation (Jiang et al., 2003).

The Kv4.2*-KChIP2 structure reveals that KChIP2
does not interact directly with the membrane domain of
the channel to influence function but acts via the four

internal and four external columns. While the Kv4.2 N
terminus interacts with NCS proteins (An et al., 2000;
Bahring et al., 2001) and mutations in the region have
modest effects on channel opening and closing (gating)
(Cushman et al., 2000), functional and structural studies
indicate that C termini are fundamental in potassium
channel gating (Goldstein et al., 2001; Jiang et al., 2002,
2003; Kuo et al., 2003; Sokolova et al., 2003); a notable
example in the context of this report is triggered opening
of SK potassium channels via calcium binding to the
intracellular protein calmodulin that is coordinated by
the « subunit C terminus just after the S6 span (Schu-
macher et al., 2001). Further, a central hanging gondola
like that formed in Shaker channels by N-terminal T1
segments appears to be intact within the Kv4.2*-KChIP2
fenestrated rotunda. These observations lead us to
speculate that in Kv4.2*-KChIP2 channels, the C termini
of Kv4.2* subunits (following the S6 segment) track from
the central pore to the periphery where they contribute
to formation of the distal portion of the four peripheral
columns; non-T1 N-terminal residues may contribute
just below the membrane. The Kv4.2*-KChIP2 structure
supports the idea that in vivo potassium channels are
large macromolecular machines with a great deal of
activity (and the majority of their protein mass) hidden
below the membrane surface (Chung et al., 1991).

Experimental Procedures

Molecular Biology

Human Kv4.2 (accession number AH009258), human KChIP2
(AF199598), Kv4.2*, and GFP-KChIP2 were expressed in pRAT, as
before (Kim et al., 2003). GFP-KChIP2 was made by introducing an
Hpal site before the KChIP2 start codon and Sall and Hpal sites at
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the 5’ and 3’ ends of eGFP (pEGFP-C1, accession number U55763,
Clontech, Palo Alto, CA) with pfu-based mutagenesis to create a
single ORF for eGFP-ValAsn-KChIP2. All products were verified by
DNA sequencing. cRNA was synthesized, analyzed, and injected
into oocytes, as before (Kim et al., 2003).

Electron Microscopy

Kv4.2*-KChIP2 and Kv4.2*-GFP-KChIP2 were purified from COS7
cells, as before (Kim et al., 2003), into a buffer containing 0.7%
CHAPS, 100 mM NacCl, 40 mM KCI, 0.01 mM leupeptin/pepstatin,
1 mM EDTA, 20 mM HEPES-KOH (pH 7.4) with complete protease
inhibitors (Roche) and 0.2 mg/ml of 1D4 octapeptide. Three micro-
liters of fresh protein was placed on glow-discharged, carbon-
coated copper grids, excess material was blotted with filter paper,
and grids were washed with detergent-free buffer (300 mM NaCl,
40 mM KClI, 0.01 mM leupeptin/pepstatin, 1 mM PMSF, 1 mM EDTA,
20 mM HEPES-KOH [pH 7.4]) before staining with 1% uranyl acetate.
Images were recorded with a Philips CM12 electron microscope at
an acceleration voltage of 120 keV, magnification of 60,000x and
1.5 um defocus. For each channel construct, 63 and 60 micrographs
were scanned, respectively, on a Zeiss SCAI scanner with a 7 pm
pixel size. 4 X 4 pixels were averaged to give 28 pm per pixel on
the micrograph or 4.67 A at the specimen level. For Kv4.2*-KChIP2
and Kv4.2*-GFP-KChIP2, 8314 and 5533 particles were selected,
respectively, and processed as below.

Image Analysis

Image processing was performed with IMAGIC (van Heel et al.,
1996), as before (Sokolova et al., 2001). Briefly, Kv4.2*-KChIP2 parti-
cles were chosen, images were band-pass filtered (the low-resolu-
tion cutoff was about 200 A to remove any density gradients across
the particle images; the high-resolution cutoff was about 12 Ato
remove the least reliable portion of the data), normalized, and rota-
tionally and translationally aligned. A reference was calculated using
the aligned images and used for alignment and averaging through
five iterations. Aligned images were subjected to multivariate statis-
tical analysis (MSA) for classification. The best classes were used
for multireference alignment (MRA) to further refine the orientations
of each particle. Four additional cycles of MRA, MSA, and classifica-
tion were performed. Four of the final classes that show approximate
4-fold symmetry are shown in Supplemental Figure S1 at http://
www.neuron.org/cgi/content/full/41/4/513/DC1. Using angular re-
constitution, the relative orientations of the final classes were deter-
mined and used to calculate a 3D reconstruction with imposed
4-fold symmetry. Reprojections were used for iterative MRA until a
stable structure was obtained. This initial set of Euler angles was
used for the starting conditions for FREALIGN (Grigorieff, 1998), a
program that refines the structure by correcting for the CTF and
minimizing phase residuals between each particle and the reference
structure. Data from 5037 additional images (obtained from a com-
plex of KChIP2 and a Kv4.2* truncation variant lacking the last 98
amino acids) were used for further refinement of the reference struc-
ture and then removed to produce a final Kv4.2*-KChIP2 structure.
For both Kv4.2*-KChIP2 and Kv4.2*-GFP-KChIP2 structures, refine-
ment in FREALIGN was repeated for 15 iterations until a stable
structure was obtained. The final structures contained 8164 and
4449 particles, respectively.

To calculate a difference map between the structures of Kv4.2*-
KChIP2 and Kv4.2*-GFP-KChIP2, the structures were aligned by
maximizing a correlation coefficient determined within the bounds
of the Kv4.2*-KChIP2 structure while constraining the directions of
the 4-fold symmetry axes to be parallel or antiparallel, yielding values
of 0.54 and 0.39, respectively. The parallel orientation (shown in
Figure 3C) is thus most consistent with the data. Difference maps
were calculated by a standard strategy with maps scaled using
least-squares minimization of the structure factors in each resolution
zone (zonal scaling).

Visualization

Crystal structures and density maps for Shaker, Kv4.2*-KChlIP2,
and Kv4.2*-GFP-KChIP2 were visualized with Chimera, a graphics
package from the Computer Graphics Laboratory, UCSF (http://
www.cgl.ucsf.edu/chimera) (Huang et al., 1996). Assuming a density

of 810 Da/nm® (Matthews, 1968), the weight included in the con-
toured volumes for Kv4.2*-KChIP2 and Kv4.2*-GFP-KChIP2 in Fig-
ures 2 and 3C are about 390 kDa and 520 kDa, respectively, in
reasonable agreement with their expected weights of about 410
kDa and 520 kDa, respectively. Crystal structures were docked man-
ually and confirmed by an automated method (Supplemental Figure
S3 at http://www.neuron.org/cgi/content/full/41/4/513/DC1).
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