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The atomic coordinates and structure factors of Cnx1G (1uux) and Ser583Ala (1uuy) have
been deposited in the PDB.
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Voltage-dependent ion channels serve as field-effect transistors
by opening a gate in response to membrane voltage changes'. The
gate’s response to voltage is mediated by voltage sensors?, which
are arginine-containing structures that must move with respect
to the membrane electric field. We have analysed by electron
microscopy a voltage-dependent K* channel from Aeropyrum
pernix (KvAP)>. Fab fragments were attached to ‘voltage sensor
paddles’ and identified in the electron microscopy map at 10.5 A
resolution. The extracellular surface location of the Fab frag-
ments in the map is consistent with the membrane-depolarized,
open conformation of the channel in electrophysiological exper-
iments. Comparison of the map with a crystal structure* demon-
strates that the voltage sensor paddles are ‘up’ (that is, near the
channel’s extracellular surface) and situated at the protein-lipid
interface. This finding supports the hypothesis that in response
to changes in voltage the sensors move at the protein-lipid
interface’ rather than in a gating pore surrounded by protein®’.

Voltage-dependent cation channels have voltage sensors that
contain a hydrophobic a-helix with arginine residues known as
$4'?. The movement of the cationic arginine residues relative to the
membrane electric field energetically couples the pore confor-
mation to transmembrane voltage”. How does such a movement
occur? The crystal structure of a voltage-dependent K+ channel
KvAP showed that in each subunit S4 forms part of a helix-turn-
helix structure termed a voltage sensor paddle®. In the crystal the
paddles, which are attached to the pore by flexible hinges, are in an
apparently non-native conformation (at the intracellular surface),
probably owing to crystal packing constraints and the absence of a
membrane. Despite uncertainties in the relationship between the
KvAP crystal structure and its possible conformations in the
membrane, the crystal structure conveyed a very interesting idea:
that the voltage sensor paddles probably move relative to the pore
for it to open. Experiments with biotin and avidin have lent strong
support for this idea’. The voltage sensor paddles were hypothesized
to move within the membrane at the protein-lipid interface. A more
complete understanding of voltage-dependent gating, however,
requires additional experiments, especially new protein structures
under a variety of conditions.

We performed single particle reconstruction® from electron
microscopy images of purified KvAP protein to obtain a three
dimensional (3D) structure of the channel. In this method the
channel is not subject to crystal packing forces. We attached four
33H1 Fab fragments, one to each voltage sensor, with three inten-
tions. First, the mass of one KVAP tetramer is ~100kDa, which is
too small for accurate cryo-electron microscopy analysis’. Four Fab
fragments increase the total particle mass to ~300kDa, large
enough for accurate single particle alignment. Second, the 33H1
Fab fragment binds to the voltage sensor in electrophysiological
experiments only when the channel opens, and only from the
extracellular side of the membrane (Fig. 1a)®. Therefore, we can
assess whether the Fab positions are consistent with the electro-
physiological experiments. Third, a crystal structure of the 33H1
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Fab bound to the voltage sensor defines (at 1.9A resolution) the
precise location of the voltage sensor paddle, which is fixed with
respect to the Fab fragment (Fig. 1b)*. Therefore, by identifying the
Fab fragments in the map we can infer the locations of the voltage
sensor paddles.

An initial model was generated from images of single particles
stained with ammonium molybdate (Fig. 1c and see Methods). This
initial model was used as a starting point for analysis of cryo-
negatively stained images (Fig. 1d). The use of negative stain in
vitrified ice has been shown to increase the contrast of single
particles'’, and limits the resolution'' to the size of the stain
molecules (~8.5 A). Sufficient contrast allowed interactive particle
picking and reliable alignment for single particle reconstruction
(Fig. 1d). A 3D map was generated from ~21,400 particles (Fig. le).
The resolution was estimated to be 10.5 A based on a 0.5 threshold
in the Fourier shell correlation (FSC, Fig. 1f)'>". As expected at
this resolution, many surface features are easily discernable, includ-
ing a-helices projecting from the channel surface (Fig. 2a), two
identifiable immunoglobulin domains for each Fab (Fig. 1e) and a
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Figure 1 Structure of the KvAP—33H1 complex at 10.5 A. a, Functional effect of the 33H1
Fab on the ionic current carried by KvAP channels in planar membranes. Depolarization to
+100mV elicited an outward K* current (black traces). Fab 33H1 inhibited ionic current
from the extracellular side (red trace), but not from the intracellular side (blue trace).

b, Structure of the 33H1 Fab fragment bound to the voltage sensor paddle as determined
by X-ray crystallography* (PDB code 10RS). The paddle is rigidly attached to the Fab
fragment. The red dashed line represents the pseudo two-fold axis of the Fab fragment.
¢, Image of negatively stained KvAP—33H1 complexes. Protein appears black here and in
d. Three particles are marked with red circles. The scale bar is 50 nm. d, Image of cryo-
negatively stained KvAP—33H1 complexes. Select particles are marked with red circles.
The particles were well separated and took different orientations. The scale bar is 50 nm.
e, 3D map of the KvAP-33H1 complex at 10.5 A. The red arrow identifies a position
considered in Fig. 4a and b. The red asterisk marks the variable immunoglobulin
domain and area shown in Fig. 2d. f, Fourier shell correlation (FSC) for the 3D map of the
KvAP-33H1 complex from two maps calculated using two halves of the data. The 0.5
threshold corresponds to 10.5A.
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groove separating the main 8 sheets within the variable immuno-
globulin domain (Fig. 2e). Heterogeneity in the position of the
constant domain with respect to the variable domain is evident in
the map, as has been described in other electron microscope
reconstructions with Fab fragments'. These features confirm that
the map contains the structural details consistent with the esti-
mation of resolution by FSC of 0.5, which has been shown to be a
conservative definition of resolution'.

To constrain the voltage sensor paddle with respect to the pore we
docked the crystal structures of the pore and the Fab—paddle into the
map independently. The pore from the KvAP crystal structure* fits
well without modification, with the S6 (inner) helices, inserting into
helical tubes projecting from the intracellular surface of the map
(Fig. 2b). The recognizable chirality of this structure defines unam-
biguously the handedness of the map. On the extracellular side, the
level of the selectivity filter opening and turret structures conform to
the map’s surface (Fig. 2c). The position of the pore is therefore
accurately defined with respect to rotation and translation.

The constant immunoglobulin domain of Fab and the variable
domain of Fab, coupled to the voltage sensor paddle, were docked
separately. The constant domain was not very well constrained
because of its apparent intrinsic mobility in the particles. But the
variable domain, which is attached directly to the voltage sensor
paddle, conforms very well both to the volume and surface features of
the map, allowing its accurate placement (Fig. 2d, e), with a single
ambiguity. A Fab fragment has a pseudo two-fold axis parallel to its
longest dimension (Fig. 1b), and therefore at 10.5 A resolution there
are two (but only two) possible ways related by 180° rotation to place
the Fab fragment into the map. These two ways define two possible
orientations of the voltage sensor paddle with respect to the pore,
because the paddle is fixed relative to the Fab fragment (Fig. 1b).
These are shown, as viewed from the side (Fig. 3a, b) and in cross-
section near the level of the extracellular surface (Fig. 3¢, d).

The location of density for the Fab fragments at the channel’s
extracellular surface in the map (Figs le and 2c¢) is consistent with
electrophysiological studies showing that 33H1 Fabs bind only from
the extracellular side and only when a channel opens (Fig. 1a)°. This
correlation between structure and activity of the Fabs in electro-
physiological experiments leads us to conclude that the voltage
sensors are in an open conformation.

In either of the two possible orientations, the voltage sensor
paddles are located at the lateral (membrane-facing) edge of the
map, at the channel’s outer perimeter with an entire face of S4
exposed to what would be the membrane in the native state
(Fig. 3a, b). ‘Extra density’ not accounted for by the partial model
consisting of the pore, Fabs and voltage sensor paddles presumably
contains the S1, S2 and S3a helices. This density is located mainly
between the voltage sensor paddles from neighbouring subunits
(red dashed ovals, Fig. 3¢, d), not peripheral to the voltage sensor
paddles. In several studies disulphide cross-links connecting S4 to
the pore'*™® have been given as evidence against S4 being located at
the protein-lipid interface, but Fig. 3 suggests that such cross-links
and a perimeter location for S4 are not mutually exclusive.

The electron microscopy map places an additional constraint on
the S4 helix beyond the X-ray structures. In the two possible
orientations of the paddle, the long straight S4 helix from the X-
ray structure® of the isolated voltage sensor projects well beyond the
surface (Fig. 4a, b), which implies that the helix must bend to fit the
map. The red arrows (Fig. 4a, b) point to a glycine residue (Gly 134)
where the S4 is bent in the full-length crystal structure of KvAP*; the
correspondence of this glycine with the surface of the map implies
that the S4 helix is also bent at this position in the single particle
structure. In the KvAP crystal structure® the S4 was defined as the
hydrophobic, arginine-containing helix amino-terminal to Gly 134,
forming one helix of the voltage sensor paddle, whereas the S4-S5
linker was defined as the amphipathic helical segment running from
Gly 134 to the N terminus of S5 (Fig. 4c). The map requires this
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Figure 2 Docking of the crystal structures of the KvAP pore and 33H1Fab fragments into  tubes (red arrow). S5 projects into the density beside S6. ¢, Side-view of a central section
the electron microscope map. a, View of the map of the KvAP-33H1 complex from the  of the map (blue mesh) with the docked pore (yellow trace). d, e, Docking of the variable
intracellular side. The short tubes (red arrow) show oc-helices projecting from the surface.  immunoglobulin domain of the Fab (PDB code 10RS, yellow trace) into the map (blue
b, Cross section near the intracellular surface of the map (blue mesh) with the KvAP pore  mesh). The view in d was identified by a red asterisk in Fig. 1e. The map in e was rotated
(PDB code 10RQ, yellow traces) in position. The ends of S6 correspond to the protruding ~ 90° anti-clockwise along the vertical axis from the orientation in d.

Figure 3 Two possible orientations of the paddle relative to the pore. a, b, Two surface with the paddle and the pore in position. The extra density (highlighted by red
orientations of the paddle (red) are shown beside the pore (yellow). Arginine residues on  dashed ovals) could be accounted for by S1, S2 and S3a for each possible orientation of
S4 are shown in blue. ¢, d, Cross sections of the map (blue mesh) at the extracellular the paddle.
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c S4-S5 Linker  s5

KvAP 117-RLVRLLRFLRILLIISR---GSKFLSAIADAA-DK-147
Shaker 362-RVIRLVRVFRIFKL-SRHSKGLQILGRTLKASMRE-395
hKv2.1l 297-QIFRIMRILRILKLA-RHSTGLOSLGFTLRRSYNE-330

Figure 4 The S4 probably bends and becomes the S4-S5 linker at Gly 134. a, b, The long
S4 helix (red helix) from the crystal structure of the isolated voltage sensor (PDB code
10RS) projects beyond the map (blue mesh). In either possible orientation, Gly 134 (red
arrow) is located near the surface of the map. The S4 is bent at this position in the crystal
structure of full-length KVvAP (PDB code 10RQ). Yellow arrows show the locations of
nearby S5 helices. ¢, Alignment of S4 and S4-S5 linker sequences of KVAP, Shaker and
human Kv2.1 potassium channels. The linker sequence is not conserved, but has a distinct
amphipathic feature with a glycine residue (highlighted in red) close to its beginning.

linker to run parallel to the membrane surface to reach a nearby S5
helix, although we can not tell from the map which adjacent S5 it is
attached to (yellow arrows, Fig. 4a, b). This suggests that the S4 helix
is only about five helical turns, not much longer than the length of the
paddle, and that the S4-S5 linker (originally proposed to be part of S4
based on sequence alignments)' is interfacial near the intracellular
solution. These assignments of S4 and linker are consistent with
functional data showing that the first four arginine residues in the
Shaker K" channel of Drosophila carry most of the gating charge?>?.

The electron microscopy data give us a picture of a voltage-
dependent K channel with its voltage sensors in the membrane-
depolarized, open conformation. In contrast to the crystal structure
of KvAP in which the voltage sensor paddles adopted an intracellu-
lar position (but not a closed position)*, the voltage sensor paddles
in the single particles are ‘up. There are two very obvious and
important aspects to the electron microscopy structure. First, the
voltage sensor paddles are very near the extracellular solution. If one
were to imagine a membrane surrounding the channel then the four
highly conserved S4 arginine residues would be electrically near the
extracellular solution. In other words, the gating charges would be
displaced to their open channel positions. Second, the voltage
sensor paddles are at the perimeter of the channel. This position
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of the paddles at the perimeter is not consistent with the conven-
tional model in which S4 is hypothesized to rotate or translate
within a protein-lined, aqueous gating pore®’. It is consistent with
the hypothesis that the voltage sensor moves at the protein-lipid
interface when the channel undergoes a conformational change
from the closed to open state*’. O

Methods

Preparation of KvAP-33H1 complexes

The KvAP channel protein was expressed in XL1-blue strain Escherichia coli and purified as
described previously’. The 33H1 Fab was prepared according to standard protocols®.
Stable KvAP-33H1 complexes were purified on a Superdex 200 size-exclusion column.
The protein was concentrated to about 5.0 mgml~" with a Millipore concentrator

(100 kDa molecular weight cut off) in a buffer containing 5 mM n-Decyl-3-D-
Maltopyranoside, 40 mM KCl, 60 mM NaCl and 20 mM Tris-HCl at pH 7.4.

Negative stain and cryo-negative stain electron microscopy

For negative staining, freshly carbon-coated copper grids were glow-discharged for 2 min
immediately before use. The KvAP—33H1 complexes of 0.10 mg ml~' were applied to the
grid. After 1 min the solution was blotted almost completely away, to leave a thin layer of
sample on the surface. The grid was then quickly floated on top of a drop of stain solution
(6.0% ammonium molybdate-NaOH, pH 6.7-7.4 and 2.0% trehalose). After 10-15s, the
stain solution was completely blotted, and the grid was dried in a desiccator under vacuum
for 3h.

To prepare cryo-negative stain samples, holey grids were covered with a layer of thin
carbon film (~15nm) and glow-discharged for 2.0 min before use. Immediately before
freezing, a saturated solution of ammonium molybdate (~65%, pH adjusted to 6.7-7.4
with 10.0 M NaOH) was prepared. Equal volumes of the stain solution and the protein
sample (~5.0 mgml ™) were mixed and 3.0 pl of the mixture was applied to a holey grid.
After about 10's the grid was transferred to a guillotine plunger, blotted with a slip of filter
paper, and immediately plunged into liquid ethane. The cryo-specimens were stored in
liquid nitrogen until electron microscope examination.

The negative-stain specimens were examined in a Phillips CM12 microscope operated
at 120kV, and the cryo-negative stain specimens in either the CM12 or a Phillips CM200
FEG microscope run at 200 kV. The defocus range was —0.5 to —1.1 pm. The low-dose
mode was used to take pictures using Kodak SO-163 films at X 60,000 magnification with
the CM12 and X 50,000 magnification with the CM200. For cryo-negative stain
specimens the electron dose was kept at ~20 e, per A? per exposure.

Image analysis

Films were developed in full-strength D19 for 12 min. Images were examined on an optical
diffractometer and only those with no obvious drift or astigmatism were digitized in a
Zeiss SCAI scanner (ZI imaging) at 14 pm steps, corresponding to 2.8 A on the specimen
level with the CM200 microscope.

The analysis of the images followed standard protocols***. The defocus level for each
electron micrograph was determined by CTF fitting using a MATLAB program (the
Mathworks). The B factors estimated from the CTF fitting of the films were ~100 A%,
Single particles were interactively selected from each image by use of the BOXER program
in the EMAN package®’. The particle images were extracted and then phase-flipped with
the CTFIT in EMAN. The IMAGIC package® was used to generate two initial models by
angular reconstitution® from a negative-stain data set (~4,500 particle images) and a
cryo-negative stain data set (~8,200) collected in the CM12. The two models were at 28 A
and 19 A resolution, respectively. Multivariate statistical analysis of both data sets showed
strong four-fold symmetry, consistent with the channels being tetramers with four Fab
fragments bound to each channel. These two models were taken as the references to
process in the SPIDER package®’ a large data set of 28,960 particles picked from 36
micrographs taken in the CM200 FEG microscope. The two initial models gave rise to the
same final map after the refinement. 90% of the particles were selected based on the
correlation coefficient with the reference map. The final map was calculated from 21,379
particles after overpopulated classes were limited in size in the final reconstruction. For
amplitude correction, a B factor of 100 A? and an amplitude contrast constant of 15% (ref.
28) were used in the Wiener filtering®’, which had little effect on the map. Data assessing
the accuracy with which the final map represents the particle images are presented in
Supplementary Information. The resolution of the final map was estimated by applying
the 0.5 threshold to the Fourier shell correlation'*"’ between two maps calculated from
two halves of the data. The map was contoured at a density level to give ~340kDa to the
KvAP-Fab complex, taking into account about 40 kDa for the detergent micelle.

The docking of the crystal structures of the KVvAP pore (protein data bank (PDB) code
10RQ) and the Fab fragment-voltage sensor paddle (PDB code 10RS) was performed
manually using the program O (ref. 30).

Received 17 March; accepted 3 June 2004; doi:10.1038/nature02735.
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corrigenda

Enzymic activation and transfer
of fatty acids and acyl-adenylates
in mycobacteria

Omita A. Trivedi, Pooja Arora, Vijayalakshmi Sridharan, Rashmi Tickoo,
Debasisa Mohanty & Rajesh S. Gokhale

Nature 428, 441-445 (2004).

The structures of lauroyl-AMP and lauroyl-CoA are incorrectly
represented in Fig. 1¢, d of this Letter, which shows the L-form rather
than the natural D-form of adenosine; there is no phosphate group
at the 2'-position of the ribosyl moiety of lauroyl-AMP (Fig. 1c)
and the phosphate group in lauroyl-CoA (Fig. 1d) should be at the
3'-position. These errors do not affect our conclusions. O

Reduction of hysteresis losses in
the magnetic refrigerant Gds;Ge,Si,
by the addition of iron

Virgil Provenzano, Alexander J. Shapiro & Robert D. Shull

Nature 429, 853—-857 (2004).

It has come to our attention that we failed to cite in our Letter to
Nature a key publication' that describes changes in the magneto-
caloric capabilities of Gds(Si,Ge,) as a result of alloying the
compound with small amounts of various metals, including iron.
That paper supports the findings presented in our Letter. However,
we also show that it is important to consider the magnetic hysteresis
in addition to the magnetocaloric effect when assessing the useful-
ness of a material as a magnetic refrigerant. O

1. Pecharsky, V. K. & Gschneidner, K. A. Effect of alloying on the giant magnetocaloric effect of
Gds(Si>Ge,). J. Magn. Magn. Mater. Res. 167, L179-1184 (1997).
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