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N-ethyl maleimide sensitive factor (NSF) belongs to
the AAA family of ATPases and is involved in a num-
ber of cellular functions, including vesicle fusion and
traf®cking of membrane proteins. We present the
three-dimensional structure of the hydrolysis mutant
E329Q of NSF complexed with an ATP±ADP mixture
at 11 AÊ resolution by electron cryomicroscopy and
single-particle averaging of NSF´a-SNAP´SNARE
complexes. The NSF domains D1 and D2 form hex-
americ rings that are arranged in a double-layered
barrel. Our structure is more consistent with an anti-
parallel orientation of the two rings rather than a par-
allel one. The crystal structure of the D2 domain of
NSF was docked into the EM density map and shows
good agreement, including details at the secondary
structural level. Six protrusions corresponding to the
N domain of NSF (NSF-N) emerge from the sides of
the D1 domain ring. The density corresponding to a-
SNAP and SNAREs is located on the 6-fold axis of the
structure, near the NSF-N domains. The density of the
N domain is weak, suggesting conformational variabil-
ity in this part of NSF.
Keywords: AAA ATPase/electron cryomicroscopy/
FREALIGN/NSF/vesicle fusion

Introduction

In eukaryotic cells, traf®cking of vesicles is essential for
diverse cellular functions such as exocytosis, endocytosis,
transcytosis and subcellular compartmentalization
(Rothman, 1994). NSF belongs to the AAA (ATPases
Associated with a variety of cellular Activities) family of
ATPases and is an essential component of the protein
machinery that regulates vesicle fusion with target mem-
branes. NSF acts together with a-SNAP (Soluble NSF

Attachment Protein) to disassemble SNARE (SNAP
REceptor) complexes. SNAREs, in a concerted action
with additional proteins, facilitate docking and fusion of
vesicles, and they are recycled and reactivated through
disassembly by NSF (Brunger, 2001b; Whiteheart et al.,
2001). NSF also interacts with other membrane proteins,
such as glutamate [GluR2 (Nishimune et al., 1998),
AMPA (Braithwaite et al., 2002)], GABA (Kittler et al.,
2001) and b2 adrenergic receptors (Cong et al., 2001),
indicating a possible additional role in traf®cking of
membrane proteins. In its functional state, NSF is a
homohexamer (Fleming et al., 1998). Each of the NSF
protomers contains three domains. The N-terminal domain
of NSF (NSF-N) is essential for the binding of a-SNAP
and is followed by ATPase domains D1 and D2. Binding
and hydrolysis of ATP by the NSF-D1 domain induces
conformational changes in NSF leading to disassembly of
the SNARE complex. NSF-D2 has a lower ATPase
activity than NSF-D1. ATP probably acts as a structural
component for NSF-D2, since its binding is required for
the hexamerization of NSF (Yu et al., 1998; Whiteheart
et al., 2001).

Electron microscopy (EM) of NSF and
NSF´a-SNAP´SNARE (20S) complexes has provided a
basic understanding of the overall structure of NSF and
20S complexes at low resolution, as well as demonstrating
possible conformational changes of the NSF hexamer
during ATP hydrolysis (Hanson et al., 1997; Hohl et al.,
1998). Of the three NSF domains, crystal structures of
NSF-N (May et al., 1999; Yu et al., 1999) and hexameric
NSF-D2 (Lenzen et al., 1998; Yu et al., 1998) have been
obtained, but there are no three-dimensional (3D) struc-
tures available for the D1 domain or the complete NSF
molecule, and consequently the quarternary arrangement
of the NSF domains is uncertain. Here we present the 3D
structure of the hydrolysis mutant E329Q of NSF
complexed with a-SNAP, SNAREs and a mixture of
ATP and ADP at 11 AÊ resolution, determined by electron
cryomicroscopy (cryo-EM) and single-particle averaging.
The hydrolysis mutant was used to slow ATP turnover and
help stabilize a single conformation of NSF. The NSF
domains have been assigned by imaging of truncated NSF
constructs in negative stain and by docking of the NSF-D2
crystal structure into the 3D density map.

Results

As a prelude to cryo-EM, the E329Q mutant of NSF
(NSFm) (Whiteheart et al., 1994) and the complex of
NSFm, a-SNAP and SNAREs (20Sm) were studied by
negative stain EM. The initial studies using negatively
stained protein served to determine the location of NSF
domains within the 20Sm complex, which assisted in the
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interpretation of the density map obtained by cryo-EM at
higher resolution.

NSFm in negative stain
NSFm was puri®ed, applied to carbon-coated copper grids
and negatively stained with methylamine tungstate or
uranyl acetate as described in Materials and methods.
Similar to recombinantly expressed wild-type NSF
(Hanson et al., 1997; Hohl et al., 1998), single particles
of NSFm adopt a preferred orientation with a donut-like
appearance and 6-fold symmetry on carbon support ®lms.
This orientation will henceforth be referred to as the 6-fold
view. Other views that are only infrequently detected in
uranyl acetate, but more regularly observed in methyl-
amine tungstate, show the typical barrel-shaped double-
layered structure observed for NSF (Hohl et al., 1998).

These views will be referred to as side views. Small arms,
corresponding to the globular density detected in 6-fold
views of NSFm, extend at various angles upwards from
only one of the two layers (Figure 1A and B). Deletion of
the N-terminal domain of NSF removes these densities
(Figure 1C), establishing that the double-layered barrel
contains the two ATPase domains NSF-D1 and NSF-D2,
while the N-terminal NSF-N domain is ¯exible and
extends sideways and upwards from the barrel.

20Sm complexes in negative stain
Similar to NSFm in negative stain, 20Sm complexes
consisting of NSFm, a truncated SNARE complex fused to
MBP and a-SNAP adopt a preferred orientation on the
carbon support ®lm. Six-fold views (Figure 1D) were
prominent and side views were only infrequently ob-
served, regardless of the negative stain used (uranyl
acetate or methylamine tungstate). These 6-fold views
appear indistinguishable from 6-fold views of NSFm
(compare Figure 1A, B and D). However, class averages of
side views (height ~190 AÊ , width ~130 AÊ ) could be
obtained and show the features previously described for
complexes of wild-type 20S complexes (Hohl et al., 1998),
i.e. a double layered NSF barrel (height ~105 AÊ , width
~130 AÊ ) and a cone-shaped complex ~80 AÊ long,
corresponding to a-SNAP and SNAREs (Figure 1D).
The cone-shaped extension in the images shown by Hohl
et al. (1998) is more pronounced than in our images since
they used full-length SNARE proteins, including the
transmembrane domains which were bound to detergent
micelles.

20Sm by electron cryomicroscopy
20Sm was frozen in vitreous ice and examined at liquid
nitrogen temperature under low dose conditions (~10 e±/
A2). Unlike NSFm (data not shown), 20Sm complexes
produced high contrast in ice (Figure 2A), enabling the
selection of a total of 31 592 images of single particles
from digitized micrographs. An initial 3D density map of
20Sm with imposed 6-fold symmetry was calculated from
a subset of 10 002 particle images using the IMAGIC
image processing package (van Heel et al., 1996), as
described in Materials and methods. Class averages
obtained in the ®nal round of classi®cation, using
IMAGIC, correspond well to matching projections of the
3D structure (Figure 2B). This initial 3D density map of
20Sm was subsequently further re®ned to 20 AÊ resolution
and corrected for the contrast transfer function (CTF) of
the electron microscope using FREALIGN (Grigorieff,
1998) (Figure 2C).

As shown in Figure 3C for the entire data set of 31 592
particles (see below), Euler angles of 20Sm particles
sample the entire 3D space, with a slight preference for
6-fold and side views, allowing a reliable 3D reconstruc-
tion of 20Sm. To interpret the initial 20Sm density map,
the crystal structure of NSF-D2 (Yu et al., 1998) (PDB
entry code: 1NSF.pdb) was manually docked into the
density map of 20Sm. The resulting model produced good
agreement for both layers of the barrel-like density of
20Sm, demonstrating that the reconstruction procedure
described above produced a reliable density map in the
region of the two NSF ATPase rings (Figure 2C).

Fig. 1. NSFm and 20Sm complexes in negative stain. (A) NSFm in
1 mM ADP stained with 2% methylamine tungstate. Left: side views
show the typical double-layered barrel described for wild-type NSF
(Hohl et al., 1998). Right: 6-fold views are donut-shaped particles from
which density extends sideways (arrows). Arm-like densities (arrows)
corresponding to the NSF-N domain extend at various angles from one
end of the double-layered NSFm barrel. (B) NSFm in 1 mM ATPgS
stained with 2% methylamine tungstate. Single particles of NSFm in
ATPgS are indistinguishable from single particles of NSFm in ADP.
Arrows point to the ¯exible NSF-N domains. Left: side views. Right:
6-fold views (C) NSF-N deletion mutant (NSFDN) in 1 mM ADP
stained with 2% methylamine tungstate. Although the overall structure
of NSFDN is similar to that of NSFm in either ADP or ATPgS, no
densities extending sideways or upwards from NSF can be observed,
indicating that the protrusions seen in NSFm correspond to the NSF-N
domain, while the double-layered barrel contains the NSF domains D1
and D2. Left: side-views. Right: 6-fold views (D) 20Sm complexes in
0.1 mM ATP/0.01 mM ADP stained with 1% uranyl acetate show all
features described for wild-type 20S complexes (Hohl et al., 1998), i.e.
the barrel-shaped NSFm particle that carries a cone-shaped complex at
one end. Scale bar, 100 AÊ .

J.Furst et al.

4366



20Sm at 11 AÊ resolution
Inclusion of all 31 592 single particles and further
re®nement using FREALIGN produced a density map at
11 AÊ resolution (see Materials and methods). Similar to
the initial 20Sm density map described above, the 11 AÊ

density map of 20Sm is characterized by a double-
layered barrel that measures ~120 AÊ along the symmetry
axis and has a diameter of ~130 AÊ . At one end of 20Sm,
six protrusions emerge (top of the side view in
Figure 3A) and a protruding feature located on the
6-fold axis of the density map is visible. The location of
the six protrusions coincides with the location of the
NSF-N domains, as evidenced by the low-resolution
images of the NSF N-terminal deletion mutant deter-
mined in negative stain (Figure 1C). The density on the
6-fold axis overlaps with density attributed to a-SNAP
and SNAREs in Figure 1D. The NSF-N domains,
a-SNAP and SNAREs are not clearly resolved in the
density map. Since the SNARE complex does not
possess 6-fold symmetry, one expects to lose structural
detail in this part of the complex upon imposition of 6-
fold symmetry. The unresolved density may also be due
to a variable number of SNAREs present in the 20S
complexes. However, the loss of structural detail in the
region of the NSF-N domains is most likely due to
¯exibility in this part of the molecule. The lower quality
of the density map in the region of NSF-N is also
indicated by an increased density variance (Figure 3A).

Docking of the NSF-D2 crystal structure
The crystal structure of NSF-D2 complexed with ATP (Yu
et al., 1998) (PDB entry code: 1NSF.pdb) was docked into
the 11 AÊ EM density map both manually and using SITUS
2.0 (Wriggers et al., 1999). Consistent with visual
inspection and manual docking, the volumetric docking
algorithm of SITUS 2.0 placed the crystal structure of
NSF-D2 into the layer of the EM density map that is
opposite to the one with the six protrusions (Figure 4).
When ®tted into 20Smbot, the crystal structure produced
the highest correlation coef®cient (0.86) with the
C-terminus and the helical subdomain facing towards the
interface between the two ATPase domain rings
(Figure 4A, panels 1±4). The unusually high quality of
the ®t is illustrated, for example, by the good agreement of
two density features at the perimeter of the D2 ring with
two a-helices of the helical subdomain of NSF-D2
(Figure 4A, panel 3, arrows). Placement of the D2 ring
in the opposite orientation, i.e. with the helical subdomains
pointing away from the other NSF domains, produced a
lower correlation coef®cient (0.79) and there were clear
discrepancies between the crystal structure and the 20Sm
density map (Figure 4B, arrow). We interpret residual
discrepancies between the ®tted crystal structure of
NSF-D2 in the orientation shown in Figure 4A (panels
1±4) and the EM map as an indication of small
conformational differences between the crystallized
NSF-D2 structure and the EM density map.

Fig. 2. Initial 3D structure of 20Sm complexes in ice. (A) 20Sm particles produce high contrast in ice. Scale bar, 200 AÊ . (B) Class averages (®rst row)
of selected views of 20Sm complexes demonstrating good correspondence with matching projections (second row) from the 3D density map calculated
by angular reconstitution as implemented in IMAGIC. The third row shows 3D surface views with orientations corresponding to the projections in the
second row. Scale bar, 100 AÊ . (C) Preliminary 3D density map of 20Sm. Left: NSFm forms a double-layered barrel. Protrusions, similar to those
observed in NSFm in negative stain, extend sideways from one end of the barrel. Near the protrusions, a cap-like density that coincides with the
location of a-SNAP and SNARE in 20Sm complexes in negative stain is clearly visible around the 6-fold symmetry axis. The protrusions fuse with
disconnected density next to the cap, when the molecular weight of the structure is increased, indicating ¯exibility in this region. Right: the reasonably
good ®t of the NSF-D2 crystal structure (PDB entry code, 1NSF.pdb) into both layers of the NSFm barrel demonstrates that the major density in
20Sm contains NSF-D1 and NSF-D2. For these ®ts, we assumed an antiparallel arrangement of the D1 and D2 domains (see text).
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Comparison of 20Smbot and 20Smtop by
correlation analysis
No detailed structural information on NSF-D1 is available
as it has not been crystallized so far. AAA ATPase

domains are generally believed to be structurally homo-
logous, especially for the a/b subdomain (Ogura and
Wilkinson, 2001). However, larger differences have been
observed for the helical subdomain (DeLaBarre and

Fig. 3. 20Sm in ice at 11 AÊ resolution: Fourier shell correlation (FSC) and distribution of Euler angles. (A) Right: side view and the two end views of
the structure (scale bar, 100 AÊ ). Left: analysis of the variance in the 20Sm density map. The variance increases towards the end of the structure that is
close to the NSF-N domains of 20Sm, indicating considerable ¯exibility in this region. (B) FSC indicates a resolution of 13.5 AÊ at a correlation value
of 0.5 for the 20Sm structure with tilt-corrected defocus values. (C) 20Sm particles in ice sample the entire 3D space with a slight preference for end
and side views.

Fig. 4. Docking of the NSF-D2 crystal structure into 20Smbot. (A) Docking of the NSF-D2 crystal structure (PDB entry code, 1NSF.pdb) by SITUS
2.0 (Wriggers et al., 1999) reveals good agreement with the layer distal to the protrusions of 20Sm (20Smbot, bottom of panel 4). Panels 1±3: slices
through 20Smbot perpendicular to the symmetry axis starting from the bottom of the structure. Arrows point to two a-helices of the C-terminal helical
NSF-D2 subdomain that ®t remarkably well into two separated densities in 20Smbot. The separation between these two a-helices suggests a resolution
of the 20Sm structure of 11 AÊ . Panel 4: slice parallel to the symmetry axis through 20Sm. The best ®t of NSF-D2 places it into 20Smbot, such that the
N-terminus of NSF-D2 faces away from the interface with 20Smtop and the C-terminal helical NSF-D2 subdomain faces toward it. (B) Slice corres-
ponding to panel 4 through 20Sm with NSF-D2 rotated 180° around an axis perpendicular to the symmetry axis and docked into 20Smbot.
Considerable mismatch between NSF-D2 and the density map of 20Sm can be observed (arrow).
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Brunger, 2003). Since NSF-D1 and NSF-D2 are structur-
ally related, one should expect some structural similarity
between the two density regions in the EM density map
designated as 20Smbot and 20Smtop (see above and
Figure 6A). To obtain further insight into the similarity
between these two density regions, and to determine the
orientation of the NSF-D1 domain with respect to
NSF-D2, the 20Smbot density was rotationally and
translationally ®tted into the 20Smtop density by maximiz-

ing a correlation coef®cient. This approach represents a
model-free analysis of the arrangement of the two ATPase
domains within NSF. Two different orientations were
tested: the parallel orientation, in which 20Smbot is shifted
into the 20Smtop density, and the antiparallel orientation,
in which 20Smbot is rotated by 180° around an axis
perpendicular to the 6-fold symmetry axis and shifted into
the 20Smtop density, as depicted in Figure 6. For each
orientation of 20Smbot, a rotational search around the

Fig. 5. Comparison of 20Smbot and 20Smtop. (A) Comparison of 20Smbot with 20Smtop arranged in a parallel orientation (see also Figure 6). 20Smbot

(red) was rotationally and translationally ®tted into 20Smtop (yellow) as described in the Results and shown in Figure 6. Panels A1±A5: slices through
20Smtop perpendicular to the symmetry axis, starting at the interface between 20Smbot and 20Smtop. Arrows point to densities that do not overlap in
20Smtop and 20Smbot. Panels A6±A10: the transformation of the best parallel ®t of 20Smbot into 20Smtop was used to dock NSF-D2 into 20Smtop. The
slices through 20Smtop correspond to panels A1±A5. It is evident from panels A6 and A7 that the NSF-D2 crystal structure does not agree well with
20Smtop near the interface with 20Smbot. In the transition zone toward the protrusions on 20Smtop (panels A8 and A9), NSF-D2 shows better agree-
ment with 20Smtop. For this ®t, the C-terminal a-helical NSF-D2 subdomain extends upward into the protrusions at one end of 20Smtop (panel A10).
The arrows point to density that is not occupied by 20Smbot and the NSF-D2 crystal structure; the + signs in panels 6 and 7 show the NSF-D2 a-heli-
ces that do not ®t into the 20Smtop density. (B) Comparison of 20Smbot with 20Smtop arranged in the antiparallel orientation. 20Smbot (blue) was rota-
tionally and translationally ®tted into 20Smtop (yellow) as described in the Results. Panels B1±B5: slices through 20Smtop perpendicular to the
symmetry axis, starting at the interface between 20Smbot and 20Smtop. Arrows point to non-overlapping density. Panels B6±B10: the transformation of
the best antiparallel ®t of 20Smbot into 20Smtop was used to dock NSF-D2 into 20Smtop. The slices through 20Smtop correspond to panels B1±B5.
NSF-D2 agrees well with the 20Sm density map throughout the entire volume. All major densities overlap. The arrows point to non-overlapping
densities.
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6-fold symmetry axis was carried out, and the rotation
angle with the best correlation coef®cient was chosen for
further analysis.

In the parallel orientation of 20Smbot and 20Smtop, the
correlation coef®cient is 0.47, and the outer surface of
20Smbot agrees well with the outer surface of 20Smtop over
the entire superimposed area, including the transition zone
to the protrusions on the side of 20Smtop (Figures 5, panels
A1±A5 and 6B, left panel). However, internal surfaces
show considerable density mismatches, especially at the
interface between 20Smbot and 20Smtop (Figure 5, panels
A1 and A2, arrows) and in the area close to the protrusions
on 20Smtop (Figure 5, panels A4 and A5, arrows). To
illustrate the differences between the two densities further,
the aligned 20Smbot density was subtracted from 20Smtop

to produce a difference map. A two-dimensional (2D)

projection of this difference map is shown as an inset in
Figure 6B, left panel. Apart from large difference peaks
near the putative locations of the N domains, there are also
strong peaks at the interface between 20Smbot and
20Smtop.

In the antiparallel orientation, the best correlation
coef®cient between 20Smbot and 20Smtop is 0.59,
signi®cantly better than that found for the parallel
orientation. The internal surfaces of 20Smtop and
20Smbot are in good agreement throughout the entire
overlapping area, as can be seen from the side view in
Figure 6B, right panel and the perpendicular slices in
Figure 5, panels B1±B5. Although all major densities of
20Smtop overlap with corresponding densities in 20Smbot,
discrepancies in the overall appearance and location of
these densities (Figure 5, panels B1±B5) are indicative of
somewhat different conformations of the helical and a/b
subdomains of NSF-D1 compared with those of NSF-D2,
and unaccounted density corresponding to NSF-N. A
density mismatch near the N domain would be consistent
with a difference in the conformation of the N-terminus
of NSF-D1 and that of the N-terminus of NSF-D2.
The N-terminus of NSF-D1 is part of the linker to
NSF-N and is likely to undergo considerable conforma-
tional changes along with NSF-N during ATP
hydrolysis. As before, a difference map between 20Smbot

and 20Smtop was calculated, and a projection is shown
as an inset in Figure 6B, right panel. Unlike the parallel

Fig. 6. Parallel versus antiparallel arrangement of NSF-D1 and
NSF-D2. (A) 20Sm structure with 20Smtop in yellow and 20Smbot in
blue. The arrow points in the direction of the rotational and transla-
tional ®t carried out to compare 20Smtop with 20Smbot, and to deter-
mine the orientation of NSF-D1 with respect to NSF-D2. (B) Slice
through 20Sm parallel to the symmetry axis. In the parallel arrange-
ment of 20Smbot and 20Smtop, considerable density mismatch can be
observed. The arrows point to density that does not overlap. Protrusions
corresponding to the NSF-N domains are partially occupied. The inset
shows a 2D projection of the difference map between 20Smbot and
20Smtop. Apart from the peaks in the region of the N domains, there
are also strong peaks at the D1±D2 interface. In the antiparallel
arrangement 20Smbot (blue) ®ts well into 20Smtop without major discre-
pancies between these two densities. For this arrangement, protrusions
corresponding to the NSF-N domain remain unoccupied and are
marked by an arrow. The difference map in the inset shows strong
peaks in the region of the N domains, but not at the D1±D2 interface.
(C) Fit of the NSF-D2 crystal structure into both 20Smbot and 20Smtop.
The discrepancy seen between the parallel ®t of the 20Smbot density
into the 20Smtop density can also be seen between the NSF-D2 crystal
structure and 20Smtop density. The arrows indicate density occupied in
the antiparallel ®t that is not occupied in the parallel ®t. (D) Slice
through 20Sm (yellow) at the interface between 20Smbot and 20Smtop,
perpendicular to the symmetry axis. The position of the slice is marked
by square brackets ] [ in (C). The NSF-D2 crystal structure ®tted into
the 20Smbot density is shown in light blue, and the NSF-D2 crystal
structure ®tted into the 20Smtop density is shown in dark blue or red for
the antiparallel or parallel arrangement, respectively. The interface
between 20Smbot and 20Smtop is well structured. For the antiparallel
arrangement, almost the entire density is occupied and no signi®cant
discrepancies can be observed between the NSF-D2 crystal structure in
20Smbot and the NSF-D2 crystal structure in 20Smtop. The arrow points
to a well-re®ned tube-like density that is likely to contain the
N-terminus of NSF-D2 and/or the linker between NSF-D1 and
NSF-D2. In the parallel arrangement, the NSF-D2 crystal structure does
not ®t well into 20Smtop at the interface between 20Smbot and 20Smtop.
An a-helix of the NSF-D2 crystal structure that does not have a corres-
ponding density in 20Sm is marked by a + sign. The arrows point
to unoccupied density. (E) NSF-D2 crystal structures arranged in the
parallel and antiparallel orientations.
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arrangement, the antiparallel arrangement of the two
ATPase domains does not produce strong difference peaks
at the domain interface. The main differences occur on the
opposite side of the D1 domain, near the putative locations
of the N domains.

Fitting of the NSF-D2 crystal structure into
20Smtop

The observed differences between the two `barrel' dens-
ities, 20Smtop and 20Smbot, prevented straightforward
®tting of NSF-D2 into 20Smtop by automated docking. In
order to obtain a ®t of NSF-D2 into 20Smtop, we used the
transformations found for the best parallel and antiparallel
alignments of 20Smbot to 20Smtop, as described above, to
®t the NSF-D2 crystal structure, previously aligned to
20Smbot, into 20Smtop. The modeling of the 20Smtop

density by the NSF-D2 crystal structure is clearly
approximate since there may be differences between the
NSF-D1 and NSF-D2 domains, especially in the helical
domains.

For the parallel ®t, considerable density at the interface
between 20Smbot and 20Smtop remains unoccupied, and an
a-helix of the a/b subdomain extends into empty space
inside the pore of the barrel (Figures 5, panel A6 and 6C,
left panel). Overall, there is little agreement between the
NSF-D2 crystal structure and 20Smtop close to the
interface between the two rings (Figure 5, panels A6 and
A7). Near the protrusions that emerge from 20Smtop

(Figure 5, panels A8±A10), the agreement is somewhat
better. The wider part of the NSF-D2 hexamer ®ts into the
protrusions that presumably correspond to the NSF-N
domains. However, considerable density within and adja-
cent to the protrusions remains vacant (Figures 5, panel
A10 and 6C, left panel).

For the antiparallel ®t, the NSF-D2 crystal structure
shows good agreement with 20Smtop in the well-de®ned
densities at the interface between the two ATPase rings
(Figure 5, panels B6 and B7) and other densities inside the
ring (Figures 6C, right panel and 5, panel B10). The
protrusions and adjacent density remain unoccupied
(Figure 5, panels B8±B10). Discrepancies between
NSF-D2 and the 20Smtop density are small (Figure 5,
panels B6±B10). Interestingly, the a-helices of the D2
helical subdomain that correspond to the two pronounced
densities at the perimeter of 20Smbot (Figure 4A, panel 3)
also ®t well into density features of 20Smtop at the
interface between 20Smbot and 20Smtop (Figure 5, panel
B6). In contrast, for the parallel ®t, these two NSF-D2 a-
helices extend into the protrusions that presumably
correspond to the NSF-N domains, but most of the
surrounding density remains unoccupied. Taken together
with the correlation analysis between 20Smtop and
20Smbot presented in the previous section, the 20Sm
density map suggests that NSF-D1 and NSF-D2 are
arranged in an antiparallel fashion with the two helical
subdomains close to each other (Figure 6E, right panel).

Discussion

Type II AAA ATPases such as NSF or p97/valosin
containing protein (VCP) play important roles in the
homeostasis of mammalian cells, and their molecular
physiology has been extensively studied over the past

decade (Brunger, 2001a; Ogura and Wilkinson, 2001;
Whiteheart et al., 2001). NSF interacts with the adaptor
a-SNAP and the SNARE complex to form the 20S
complex. Crystal structures of the NSF domains [N (May
et al., 1999; Yu et al., 1999) and D2 (Lenzen et al., 1998;
Yu et al., 1998)], Sec17/a-SNAP (Fasshauer et al., 1998;
Rice and Brunger, 1999) and the SNARE complex (Sutton
et al., 1998) have provided valuable information for the
development of molecular models of vesicle fusion
(Brunger, 2001a). However, detailed knowledge of the
entire structure of the NSF hexamer, as well as of higher-
order complexes, and, eventually, information on their
dynamic behavior will be required to fully understand the
vesicle fusion process.

As a ®rst step toward the characterization of full-length
NSF and 20S complexes, we have determined the 3D
structure of the E329Q mutant of NSF (Whiteheart et al.,
1994) at 11 AÊ resolution by cryo-EM and single-particle
averaging of images of 20Sm complexes. The 20Sm
density map shows a double-layered barrel containing
NSF-D1 and NSF-D2 domains, and six protrusions
emerging from one of the rings (Figure 3). The protrusions
appear near the putative locations of the NSF-N domains
(Figures 1A and B, and 3). In the case of the homologous
p97/VCP AAA ATPase, a crystal structure of the entire
molecule has been obtained (DeLaBarre and Brunger,
2003). Figure 7 shows a superposition of the p97/VCP
crystal structure on the 20Sm density map. A large
difference between the 20Sm density map and the p97/
VCP crystal structure occurs in the region of the N domain.
Whereas p97/VCP shows an extended conformation of the
N domain, the lack of density for 20Sm suggests
considerable motion, as has also been observed for p97/
VCP in complex with both ADP and AMP-PNP, a non-
hydrolysable ATP analog (Rouiller et al., 2002). A more
rigid conformation of the p97/VCP N domain was only
observed for the ATP analog ADP´AlFx that mimics the
transition for hydrolysis (Rouiller et al., 2002). One can
speculate that the behavior of NSF might be similar to p97/
VCP where the positions of the NSF-N domains become
well de®ned only at the transition state.

Fig. 7. Comparison of p97/VCP with 20Sm. (A) Side view of 20Sm
(yellow) superimposed on the p97/VCP crystal structure (DeLaBarre
and Brunger, 2003) (purple). The superposition was carried out by
aligning the D1 domain of the p97/VCP structure to the model of the
NSF-D1 domain consisting of the NSF-D2 crystal structure ®tted to the
20Smtop density in the antiparallel orientation (Figure 5E, right panel).
(B) End view of the 20Sm structure. Note the mismatch between the
p97/VCP D2 domain with the 20Sm density map (bottom of ®gure).
The orientation of the p97/VCP D2 domain is opposite to that of NSF
(compare with Figure 4B).
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NSF undergoes marked conformational changes upon
ATP hydrolysis. These changes could be observed at low
resolution by comparing images of NSF in the ADP and
ATP bound state (Hanson et al., 1997). Protrusions
extending from the NSF core could only be observed
when ATP was present. This led to the hypothesis that the
NSF-N domains are located on the side of the NSF-D1/D2
core during ATP hydrolysis (Hanson et al., 1997; May
et al., 1999; Yu et al., 1999). In our study, the ¯exibility of
the NSF-N domain is evidenced by the varying position of
the protrusions visible in class averages of NSFm in
negative stain (Figure 1A and B). This ¯exibility is also
evident in the cryo-EM density map of 20Sm described
here (Figure 3A). However, unlike in the previous study,
we do not ®nd a dependence of the position of the NSF-N
domain on the bound nucleotide (Figure 1). It is possible
that the lack of nucleotide-dependent conformational
changes in the N domain is the result of the E329Q
mutation that slows ATP hydrolysis.

Type II AAA ATPases such as NSF contain two ATPase
domains. Structural studies of various type I and type II
AAA ATPases have clearly shown that these ATPase
domains share a common fold, although the sequence
similarity among these proteins can be less than 25%
(Swaf®eld and Purugganan, 1997; Patel and Latterich,
1998; Brunger, 2001b; Ogura and Wilkinson, 2001). For
some AAA ATPases, such as Cdc48p, the amino acid
sequence of the ATPase domains D1 and D2 is highly
conserved. In NSF, sequence similarity between NSF-D1
and NSF-D2 is limited to regions that include the Walker
nucleotide binding motifs (Swaf®eld and Purugganan,
1997). Automated docking of the crystal structure of
NSF-D2 into the 20Sm structure with SITUS 2.0 placed
the NSF-D2 crystal structure into the layer (20Smbot) of
the 20Sm barrel that is opposite to the protrusions that
presumably correspond to the NSF-N domains. The high
correlation of 0.86 and the good agreement of the NSF-D2
crystal structure with the 20Sm density map (Figure 4)
support this result. Therefore the only part of the density
map that could accommodate NSF-D1 is 20Smtop, located
between the density containing NSF-D2 and the protru-
sions. Although NSF-D1 and NSF-D2 are believed to
share the same overall fold, structural differences can be
expected due to the low sequence similarity (Swaf®eld and
Purugganan, 1997), different conformations of structural
elements (DeLaBarre and Brunger, 2003) and the different
function within the NSFm hexamer (Patel and Latterich,
1998): NSF-D2 is responsible for the hexamerization of
NSF, while NSF-D1 is believed to trigger conformational
changes of NSF upon ATP hydrolysis. The correlation
coef®cient between the 20Smbot and 20Smtop densities was
considerably lower than that between 20Smbot and the
NSF-D2 crystal structure, suggesting that there are differ-
ences between the two ATPase rings. The lower correl-
ation may also indicate a loss of structural features in some
parts of the D1 domain that are affected by the ¯exibility
of the adjacent N domain.

A crucial question concerns the relative orientation of
the NSF-D1 and NSF-D2 domains within the hexamer.
The correlation between the 20Smbot and 20Smtop dens-
ities was lower when they faced the same way than when
they faced in opposite directions, suggesting that the NSF
ATPases are arranged in an antiparallel fashion. This

model-free correlation analysis assumes that the conform-
ation of the two ATPase domains is suf®ciently similar to
observe a meaningful correlation. Therefore a parallel
arrangement of NSF-D1 and NSF-D2 would be consistent
with our data only if we assume large conformational
differences between the NSF-D1 and NSF-D2 domains
that would invalidate our correlation analysis. However,
large conformational differences between the two ATPase
domains appear unlikely in light of the good agreement
observed between the two densities in Figure 5B, panels
1±3. An antiparallel arrangement is also indicated by the
difference maps in Figure 6B. The large difference peaks
between the 20Smbot and 20Smtop densities at the D1±D2
interface that are observed with a parallel arrangement of
the two ATPase domains cannot be explained by the
NSF-N domains that are on the other side of the D1
hexamer. These peaks are not observed with an antipar-
allel arrangement, making this the more plausible inter-
pretation of our density map.

For the homologous AAA ATPase p97/VCP, a parallel
arrangement of the ATPase rings has been found in the
crystal structure of the entire protein (DeLaBarre and
Brunger, 2003) where the helical subdomain of the p97/
VCP D2 domain points away from the interface between
the two rings (Figure 7). Our data thus support a signi®cant
difference between NSF and p97/VCP where the D2
domain is found in opposing orientations. This difference
in the D2 domain might be related to the low sequence
identity of NSF-D2 with NSF-D1 (23%) and p97/VCP-D2
(21%). By comparison, the sequence identity is 38%
between NSF-D1 and p97/VCP-D1, and between p97/
VCP-D1 and p97/VCP-D2. It is unlikely that the reso-
lution of our density map of 20Sm obscures a different
orientation of the D2 domain, considering the detailed
agreement found, for example, for two of the helices of the
helical subdomain. Rather, we believe that the different
orientation of the D2 domain points to a mechanistically
very different role of this domain in NSF versus p97/VCP.
Indeed, the D2 domain is catalytically inactive in NSF,
whereas in p97/VCP it is the D1 domain that is inactive
and the D2 domain that is active (Whiteheart et al., 1994;
DeLaBarre and Brunger, 2003; Song et al., 2003). Thus in
p97/VCP the nucleotide state of the D2 domain needs to be
transmitted to the N-terminal domain, whereas in NSF the
transmission likely occurs within the D1 domain itself.

Materials and methods

Protein puri®cation
His6-tagged E329Q mutant (Chinese hamster, CHO) NSF (NSFm) was
expressed in Escherichia coli and puri®ed by immobilized metal af®nity
chromatography (IMAC). The His6 tag was removed by digestion with
tobacco etch virus (TEV) protease followed by heparin±Sepharose
chromatography. Hexameric NSFm was then size selected on a Superdex
200 (16/60) column. This NSFm preparation consistently yielded low-
contrast images in ice, which could not be used for image processing. To
further increase the purity of NSFm for electron microscopy and to ensure
that the resulting NSFm preparation is indeed functional, NSFm was
mixed in a 1:1 molar ratio with a fusion complex consisting of C-terminal
maltose-binding protein (MBP) tagged SNAP25 (SNAP-25[1±83],
SNAP-25[120±206]-MBP), syntaxin[188±262] and synaptobrevin[1-
96]), followed by incubation overnight with a vast excess of bovine
a-SNAP to promote assembly of NSFm´a-SNAP´SNARE complexes
(20Sm). 20Sm was separated from free NSFm and unbound a-SNAP and
MBP-SNARE by heparin±Sepharose and gel permeation chromatography
(GPC) [Sephadex 200 (16/60) (Amersham Biosciences), equilibrated
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with NSF buffer (20 mM HEPES pH 7.4, 300 mM NaCl, 2 mM MgCl2,
5 mM b-mercaptoethanol, 0.01/0.1 mM ADP/ATP nucleotide or 0.1 mM
ATPgS nucleotide)]. Nucleotide exchange was performed during GPC.
The 20Sm complexes had a molecular weight of about 680 kDa as
estimated by GPC and multiangle laser light scattering, which was in
close agreement with the expected molecular weight of 610±680 kDa (the
range of expected molecular weights is due to the unknown number of
a-SNAPs per NSF hexamer which lies between one and three). Fractions
containing 20Sm particles consisting of NSF, a-SNAP and SNARE in
NSF buffer were combined and frozen in liquid nitrogen (see below).

Electron microscopy
Negative stain. Five microliters of NSFm (15 mg/ml) or 20Sm complexes
(15 mg/ml) in NSF buffer were applied to glow-discharged carbon support
®lm on copper grids. Excess protein was blotted off, and the grids were
washed three times with NSF buffer, followed by three washes in
negative stain (1% uranyl acetate or 2% methylamine tungstate pH 7.2).
Grids were then examined on a Philips CM12 electron microscope
equipped with an LaB6 ®lament under low-dose conditions. Images were
taken at 60 0003 magni®cation and 1.5 mm underfocus.

Electron cryomicroscopy. 20Sm samples were frozen in vitreous ice by
applying 5 ml of protein solution (200 mg/ml 20Sm in NSF buffer) to
Quantifoil holey carbon grids (SPI Supplies, West Chester, PA, USA),
blotting off excess protein in a humidi®ed chamber (~80% relative
humidity) and plunging into liquid ethane. Frozen grids were then
transferred to liquid nitrogen and examined on a Philips CM12 or FEI
Tecnai F20 FEG electron microscope under low-dose conditions and 2.0±
4.0 mm underfocus.

Image processing. Micrographs were digitized on a SCAI scanner (Zeiss)
with a pixel size of 7 mm. Groups of 3 3 3 pixels were averaged to give a
pixel size of 21 mm on the micrograph or 3.5 AÊ on the specimen. Single-
particle images were selected manually and image processing was
performed as implemented in IMAGIC (van Heel et al., 1996). The ®rst
stages of the processing were the same for images of negatively stained
protein and protein embedded in ice. Brie¯y, particle images were ®rst
bandpass ®ltered, normalized and then centered and rotationally aligned
against an average of all non-aligned images. A new reference was
calculated using the aligned images, and iterations of alignment and
averaging were repeated another four times. Aligned images were then
subjected to multivariate statistical analysis (MSA) and classi®ed using
their Eigenimage components. Class averages, showing different views of
the particles, were calculated and the averages of the best classes were
used as new references for multi-reference alignment (MRA). The cycle
of MRA, MSA and classi®cation was repeated until the classes were
stable. For the cryodata, the relative orientations of the ®nal class
averages were determined by angular reconstitution and a 3D recon-
struction with imposed 6-fold symmetry, calculated using the exact ®lter
back-projection algorithm. Projections of 3D reconstructions were
subsequently used in further cycles of MRA, MSA, classi®cation and
angular reconstitution until no further improvement of classes could be
obtained. Particle orientations were then further re®ned and the 3D
reconstruction corrected for the contrast transfer function of the electron
microscope using FREALIGN (Grigorieff, 1998). The parameters used in
FREALIGN were as follows: MODE 4 (randomized search and
re®nement with DANG = 100° and ITMAX = 100); PBC weighting
factor, 4; symmetry, C6; amplitude contrast, 0.07; resolution cut-offs for
the re®nement, 22 AÊ (®rst three iterations) and 10 AÊ (next nine iterations).
Defocus values for each image were determined using CTFFIND3
(Mindell and Grigorieff, 2003). FREALIGN applies a weighting scheme
that reduces the weight of images contributing to the ®nal 3D structure
according to their phase residual or cross-correlation coef®cient with
respect to the reference structure. Twenty percent of a total of 31 592
particles with the highest phase residuals or lowest cross-correlation
coef®cients with respect to the reference structure were excluded from the
reconstruction, thereby removing particles that did not agree well with the
majority of the data. The resolution of the reconstruction was estimated
by Fourier shell correlation (FSC), indicating a resolution of 15 AÊ after
this initial re®nement. At this stage, any local specimen tilt due to sample
bending or cryo-wrinkling (Vonck, 2000) was determined using
CTFTILT (Mindell and Grigorieff, 2003). The tilt information allowed
us to use re®ned values for the local defocus for each particle. These new
defocus values were used in two additional re®nement iterations with
FREALIGN (MODE 1; PBC weighting factor, 10; symmetry, C6;
amplitude contrast, 0.07; resolution cut-off for the re®nement, 10 AÊ ).
Although the resolution (as measured by the FSC) of the resulting 20Sm

structure did not improve dramatically (Figure 3B), individual well-
separated a-helices (Figure 4) could be resolved after a temperature
factor (Havelka et al., 1995) of ±1500 AÊ 2 was applied. The distance
between two well-separated a-helices suggests a resolution of this ®nal
20Sm structure of about 11 AÊ , corresponding to an FSC of 0.39. The ®nal
reconstruction was ®ltered to 10.56 AÊ using a cosine edge ®lter. Docking
of crystal structures into density maps was performed manually using the
CHIMERA package (Computer Graphics Laboratory, University of
California, San Francisco, CA) and by automated docking using SITUS
2.0 (Wriggers et al., 1999).
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