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p97 (also called VCP), a member of the AAA ATPase family, is involved in several cellular processes, including
membrane fusion and extraction of proteins from the endoplasmic reticulum for cytoplasmic degradation.

We have studied the conformational changes that p97 undergoes during the ATPase cycle by cryo-EM and
single-particle analysis. Three-dimensional maps show that the two AAA domains, D1 and D2, as well as the
N-domains, experience conformational changes during ATP binding, ATP hydrolysis, P; release and ADP release.
The N-domain is flexible in most nucleotide states except after ATP hydrolysis. The rings formed by D1 and D2
rotate with respect to each other, and the size of their axial openings fluctuates. Taken together, our results
depict the movements that this and possibly other AAA ATPases can undergo during an ATPase cycle.

The ubiquitous ATPase p97 (also called vasolin-containing pro-
tein (VCP) in animals; VAT in Archaebacteria and cdc48 in yeast)
is abundant in all cells (comprising [11% of the cell cytosol)' and
participates in several essential cellular functions. p97 has been
implicated in post-mitotic homotypic membrane fusion of the
endoplasmic reticulum and the Golgi apparatus??, assembly and
growth of the nucleus?, apoptosis®>® and DNA replication”?. It is
also involved in the ubiquitin/proteasome-dependent degrada-
tion pathway®-'2, as well as the extraction of misfolded lumenal
and membrane proteins from the endoplasmic reticulum for
cytosolic degradation'-1°.

Several lines of evidence suggest that binding of alternative
cofactors determines the specific role of p97. Thus far, several
cofactors have been identified: p47 (a 47 kDa protein essential in
p97-mediated membrane fusion)'”!¥, DUF (DNA unwinding
factor)®; Ufdl (ref. 10), Ufd2 (ref. 19) and Ufd3 (proteins
involved in the ubiquitin fusion degradation pathway or ufd)?;
and SVIP (small VCP interacting protein; reviewed in ref. 21).
Ufd1 interacts with p97 in a complex with Npl4 (a protein
involved in nuclear protein localization)!®. Moreover, p47 and
Npl4-Ufd1 bind to p97 in a mutually exclusive manner'.

p97 is a member of the AAA family (ATPases associated with
different cellular activities??). AAA proteins contain either one
(type I), such as katanin, RuvB and HslU, or two (type II), such
as p97 and NSF, AAA domains per subunit. The AAA domains
have a conserved structural fold consisting of a nucleotide-
binding N-terminal subdomain and a helical C-terminal sub-
domain?*?. These proteins typically assemble into oligomers
and seem to have the conserved function of converting the ener-
gy from ATP hydrolysis into mechanical force. Several mecha-
nisms have been proposed for how the chemically stored energy
is transformed into action?"?.

Each p97 protomer contains an N-terminal domain followed
by two AAA domains, D1 and D2. The N-domains of p97, VAT

and NSF show a similar fold despite low sequence identity?*2°.
Because the N-domain is thought to be the principal means of
interaction with target molecules, the fold similarity suggests a
conserved mechanism of interaction. There is no atomic struc-
ture for the full-length p97 complex so far. However, a hexamer
of N-D1 domains with ADP bound has been solved by X-ray
crystallography®. No tertiary structural information exists for
the D2 domain, but with [40% sequence identity to D1, it prob-
ably possesses a similar fold. The quaternary structures of p97
and VAT investigated by electron microscopy (EM) show that
the proteins form a barrel-like structure with the two AAA
domains arranged on top of each other, each forming a hexam-
eric ring®*3. The substrate-binding N-domains of p97 have
been difficult to observe by EM, suggesting that they are flexi-
ble’*-33, However, the N-domains were visualized in a recent
study of VAT in the absence of nucleotide?.

By comparing projection maps from cryo-EM images of p97 in
different nucleotide conditions, we have demonstrated that p97
undergoes a large conformational change upon nucleotide bind-
ing®. Zhang and colleagues®® proposed a conformational change
between the ATP- and ADP-bound states of p97 by comparing
their atomic structure of the D1 domain of p97 with the atomic
structure of the D2 domain of the homologous protein NSF35%.

To further investigate the conformational changes of the p97
during the ATPase cycle, we have studied the full-length protein
and an N-terminally truncated mutant containing only the two
AAA domains (AN-p97). We have calculated three-dimensional
(3D) maps of the full-length and the truncated mutant in the
presence of various nucleotides using cryo-EM and single-
particle image analysis.

Hexameric state
The full-length p97 and the AN-p97 mutant (Fig. 1a) were stud-
ied by cryo-EM in the absence of nucleotide (apo) and in the
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Fig. 1 p97 and AN-p97. a, Schematic representation of the different domains and subdomains of the full-length p97 monomer and the N-terminally
truncated mutant, AN—p9Z. b, Cryo-EM showing a field of p97 incubated with ADP-AIF, and examples of side views (boxed) and en-face orientation

(circled). Scale bar =200 A.

presence of AMP-PNP (a non-hydrolyzable ATP analog), ADP-
AlF, (a transition state analog for the hydrolysis step)3” and ADP.
Both p97 and AN-p97 formed hexameric complexes in all of the
above nucleotide conditions. Gel filtration and light-scattering
experiments confirmed the hexameric state of p97 and AN-p97
(data not shown).

Both p97 and AN-p97 complexes adopted several orientations
on the cryo-EM grids. Characteristic side views of the particles’!
were frequently observed (Fig. 1b). Images were analyzed by
standard single particle procedures (see Methods) to generate
3D maps of p97 and AN-p97 in various nucleotide conditions.
Previously, we have demonstrated the six-fold symmetry of p97
in all nucleotide conditions by rotational power spectrum analy-
sis*>. We have extended this result to the present 3D analysis and
have applied the six-fold symmetry to calculate the 3D maps.

General structure of p97 and AN-p97

The surface rendering of the 3D maps of p97 (Fig. 2) and
AN-p97 (Fig. 4a) shows that both complexes are composed of
two stacked hexameric rings forming a barrel-like structure with
(1120-160 A diameter and [80-90 A high. The bottom rings
((130-145 A diameter) are slightly larger than the top rings
(0120-135 A diameter) and, with the exception of p97-
ADP-AIF,, the apparent size of their axial openings are also larg-
er ((45-65 A diameter) than those of the top rings ([25 A diam-
eter). Six additional side protrusions extending out to a radius of
[BO A are associated with the bottom ring near the central plane
of the structure. The p97—-ADP-AIF, structure is unique in that
in addition to the common structural elements, additional den-
sities (accounting for about one-third of the total protein mass)
were observed surrounding the top ring (Fig. 2¢). No such densi-
ties were observed in any of the nucleotide conditions for
AN-p97 (Fig. 4a). This strongly suggests that the extra mass cor-
responds to the N-domains.

The thresholds used to render the AN-p97 and p97-ADP-AIF,
volumes were chosen such that the surface enclosed the expected
molecular mass of the constructs (412 kDa and 558 kDa, respec-
tively) and corresponds to a contouring level in which no uncon-
nected densities were observed. When a threshold corresponding
to 558 kDa was used for the p97-apo, p97-AMP-PNP and
p97-ADP volumes, unconnected densities located above the
hexameric rings were observed. The shape and strength of these
unconnected densities varied among independent 3D maps cal-
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culated in the same nucleotide conditions. These densities disap-
peared when the threshold corresponding to 412 kDa was used.
Therefore, this threshold was used to render the volumes of
p97-apo, p97-AMP-PNP and p97-ADP.

Conformational changes of p97
To investigate the possible conformational changes that may
occur during the ATPase cycle, we studied p97 in defined
nucleotide states using saturating amounts of nucleotides or
nucleotide analogs ([11,000-fold over the number of nucleotide-
binding sites). Although the conformational changes observed
may not correlate with the true functional states of the reaction
cycle in vivo, the conformational changes observed provide
insights into the possible movements and their driving force. To
compare the conformational changes, we aligned the maps so
that features in the top rings were co-incident. This allowed the
size variation of the axial openings and rotation of the different
domains with respect to each other to be seen clearly (Fig. 3;
movie at http://www.scripps.edu/milligan/kubalek/p97.html).

ATP binding. To understand the conformational changes dur-
ing ATP binding, we compared the structure of p97-apo with
that of p97-AMP-PNP. Remarkably, the N-domains are flexible
and not clearly visualized in both nucleotide states. Binding of
AMP-PNP leads to subunit rearrangements in both the top and
bottom rings of p97, resulting in more compact rings that main-
tain the size of their axial openings. The diameters of the two
rings of the p97-AMP-PNP volume are smaller by (110 A than
those of p97-apo (Fig. 3a). The top rings of both structures are
almost identical at the observed resolution (Fig. 3a row ii). The
conformational change is more pronounced in the bottom ring,
which is more compact and less scalloped (Figs 2b, 3a row iv).
Additionally, upon binding of AMP-PNP, the side protrusions
rotate around the six-fold axis clockwise by [B° (curved arrow,
Fig. 3a row iii) and the bottom ring rotates clockwise by [8°
(curved arrow, Fig. 3a row iv). Projection maps calculated from
the 3D maps of p97-apo and p97-AMP-PNP were identical to
the projection maps previously calculated from top views of p97,
indicating that the observed changes in the 3D structure explain
the major conformational change of the full-length p97 upon
nucleotide binding observed in our 2D study®.

Nucleotide hydrolysis. The conformational changes of p97 dur-
ing nucleotide hydrolysis were studied by comparing the struc-
tures of p97-AMP-PNP and p97-ADP-AIF,. The most obvious
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change during nucleotide hydrolysis is that the N-domains of
p97-ADP-AlFy in both complexes become ordered and are
clearly visible (extra densities around the top ring of p97-
ADP-AIF,, N; Figs 2¢, 3b). In addition to this major change,
other differences are apparent. In particular, the height of
p97—ADP-AIF, is slightly smaller than that of p97-AMP-PNP
and the side protrusions have tilted down towards the bottom of
the structure (arrow down, Fig. 3b row i). The side protrusions
have also rotated by [B° clockwise (Fig. 3b row iii) and the bot-
tom ring counter clockwise by [B° (Fig. 3b row iv). The axial
opening of the bottom ring becomes as small as the axial open-
ing of the top ring, resulting in a slight closure of the central
cavity near the bottom of the structure.

Phosphate release. Comparing the p97-ADP-AIF, and
p97-ADP maps reveals changes that occur upon phosphate
release (Fig. 3¢). The most dramatic change at this step in the
ATPase cycle is that the densities corresponding to the
N-domains are once again weak and unconnected to the barrel,
suggesting that the N-domains have become mobile. The axial
opening of the top ring appears to have closed (Fig. 3¢ row ii).
The axial opening of the bottom ring has reopened, compared
with p97-ADP-AIF,, and is similar in size to that of p97-
AMP-PNP (Fig. 3c row iv). The side protrusions have tilted back
to their initial position (arrow up, Fig. 3¢ row i) and have also
rotated counterclockwise by [b° (curved arrow, Fig. 3¢ row iii).
The bottom ring has rotated clockwise by [10° (curved arrow,
Fig. 3c row iv).

ADP release. Finally, to complete the cycle and reveal the con-
formational changes upon ADP release, we compared the struc-
tures of p97—-ADP with p97-apo (Fig. 3d). At this ADP release
step, the top ring becomes slightly larger and its axial opening
reclaims its original size (Fig. 3d row ii), the side protrusions do
not move and the bottom ring rotates counterclockwise by [110°.

Overall, our data suggest that during the ATPase cycle, the
bottom ring rotates around the six-fold axis back and forth with
respect to the top ring by a maximum of 10°, and the side pro-
trusions rotate back and forth by a maximum of 6° The
N-domains are flexible in all conditions except in the presence of
ADP-AIF,, where they become clearly visible. Furthermore, the
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small axial opening at the top of the central cavity is of constant
diameter during ATP binding and hydrolysis but appears to close
completely upon P; release. The larger axial opening of the bot-
tom rings also remains constant except after ATP hydrolysis,
when it appears as closed as that of the top ring. This fluctuation
of the size of the axial openings in the top and bottom rings also
translates into size variation of the central cavity.

Conformational changes of AN-p97

The conformational changes observed in the top and bottom
domains of p97 throughout the ATPase cycle were not observed
in AN-p97. The surface rendering of the AN-p97-apo,
AN-p97-AMP-PNP, AN-p97-ADP-AIF, and AN-p97-ADP maps
were identical with a threshold corresponding of 412 kDa. A
higher threshold revealed slight movements of the centers of mass.
The significance of these movements is unclear at the present
resolution. This result was unexpected because the AN-p97
mutant has an ATPase activity comparable to that of the full-
length protein (S.W. Whiteheart, pers. comm.) and, therefore, can
presumably exist in the different nucleotide states. This result
implies that, although the N-domains are not necessary for
ATPase activity, they operate together with the top and bottom
domains to generate nucleotide-induced conformational changes.

Discussion

In the present study, we have calculated 3D maps of p97 and
AN-p97 in different nucleotide conditions mimicking the four
major steps of the ATPase cycle. Unlike other AAA ATPases, such
as katanin and NSF?*, p97 assembles into a hexamer in all
nucleotide conditions. Likewise, AN-p97 forms hexamers in all
nucleotide conditions, demonstrating that the N-domains are
not required for hexamerization, similar to the behavior of
VAT, So far, only two atomic structures of type I AAA ATPases
have been solved in different nucleotide states: RuvB has been
solved in both the ADP and ATP states®® and HslU has been
studied in several nucleotide conditions, although some contro-
versy exists about the exact identity of the bound nucleotide in
these structures*-42. Detailed kinetics of ligand binding to the 12
nucleotide binding sites in p97 are not known, and relative occu-

d

ADP
Fig. 2 Structure of p97 in different
nucleotide conditions. Isosurface repre-
sentations of the 3D EM maps of a, p97-
apo; b, p97-AMP-PNP; ¢, p97-ADP-AIF,;
and d, p97-ADP obtained by cryo-EM
and single particle processing, after low-
pass filtering to 24 A. Rows i, ii and iii
show the 3D maps in the side, top and
bottom view orientations, respectively.
These orientations emphasize the main
features: top ring (T), side protrusions
(C), bottom ring (B) and the additional
densities (N) seen in p97-ADP-AIF, (c).
Varying the threshold used to contour
the p97-AMP-PNP, p97-ADP and p97-
apo (at least from that corresponding to
molecular weight of [B50-600 kDa)
always resulted in the diameter of the
hole in the bottom ring (B) being larger
than that of the top ring (T). Identical
variation of the threshold used to con-
tour the p97-ADP-AIF, always resulted
in the holes of top and bottom rings
being of equal size. This indicates that
the differences in the size of the holes
observed is not an artifact of the thresh-
old used. Scale bar = 40 A.

nature structural biology * volume 9 number 12 « december 2002



@ © 2002 Nature Publishing Group http://www.nature.com/naturestructuralbiology

articles

a b

No Nucleotide
AMP-PNP

AMP-PNP
ADP-AIFx

i) Side view

iii) Side protrusions ii) Top rings

iv) Bottom rings

ADP-AIFx
No nucleotide

Fig. 3 Conformational changes of p97. Comparison of the isosurface representations of p97-apo (green), p97-AMP-PNP (blue), p97-ADP-AIF, (red)
and p97-ADP (yellow) representing the conformational changes that the molecule undergoes upon a, ATP binding; b, nucleotide hydrolysis;
¢, phosphate release; and d, ADP release. The top rings of the different volumes were aligned and two volumes, as viewed in 0%, are shown facing
up and superimposed in each image. The superimposed volumes are shown in a side view orientation (row /). Representative sections of the
volumes, taken perpendicular to the six-fold axis, were selected such as to show independently the top rings (row ii), the side protrusions (row jii)
and the bottom rings (row iv). The planes of sectioning are indicated as dotted lines in the side view representations (row /). Domain movement and
relative rotation of the side protrusions and the bottom rings are indicated (arrows). Scale bar = 40 A.

pancy may play a functional role in vivo, as was suggested for the
HslU AAA ATPase*2. Indeed, there is no reason to believe that all
the 12 AAA domains contain the same nucleotide in vivo, and
there may be allosteric regulation between the 12 nucleotide-
binding sites. However, we have taken the simple approach of
examining p97 in the presence of a large excess of defined
nucleotides or nucleotide analogs. Such studies are important
because they provide a first glimpse of the possible nucleotide-
mediated conformational changes.

Movement of the N-domains

Densities corresponding to the N-domains of p97 were observed
only in the presence of ADP-AIF,, suggesting that they have a
fixed location and conformation with respect to the top and bot-
tom rings in this state. In the other nucleotide conditions, no
densities could be confidently attributed to the N-domains.
Flexibility of the N-domains has been observed by EM in
p97-ADP3* and may be allowed by the linker between the N and
D1 domains. This observation is also reminiscent of the p97-p47
complex, where the N-domains of p97 become locked into a
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rigid position only in the presence of AMP-PNP or ATP3. In
contrast to these solution results, the crystal structure of the
N-D1 hexamer in the presence of ADP* (p97-ND1-ADP)
showed ordered N-domains that obey hexameric symmetry.
This difference may be a consequence of crystal lattice packing
restrictions or perhaps is due to the absence of the D2 domain in
the crystal structure.

We attempted to fit the atomic structure of the p97-ND1
—ADP hexamer® into EM densities of p97-ADP-AIF, (data not
shown). When the D1 domains were fit into the central EM den-
sities, the surrounding N-domains did not fit well into the
peripheral EM densities. This indicates that the molecular
arrangement of the N-domains in p97-ADP-AIF, differs from
the crystal packing arrangement of p97-ND1-ADP*. The sim-
plest explanation for this is the difference in nucleotide,
although an influence by D2 is also possible.

Movement of the top and bottom rings

We have shown that the top and bottom rings rotate with respect
to each other during the ATPase cycle (Fig. 3). We have also
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Fig. 4 Stucture of AN-p97. a, Isosurface representations of AN-p97-AMP-PNP map obtained by cryo-EM and single particle analysis, after low-pass fil-
tering to 24 A. b, Isosurface representation of the D1 domain of p97 as it appears in the p97-ND 1-ADP X-ray structure. The D1 domains from the PDB
file (PDB entry 1E32)3° were imported to SPIDER%, converted into density and low-pass filtered at 24 A resolution. ¢, Fitting of the D1 atomic struc-
ture3 into the EM map density (cyan). The four-helix bundle C subdomains (qark blue) are located at the corner of the hexameric ring while the
wedge shaped N subdomains (red) are located more centrally. d, Sections (4.1 A thick) of the AN-p97-AMP-PNP map taken perpendicular to the axis
of symmetry shown in a gray scale representation with superposed contour plots, selected from the top (i), middle (i) and bottom (iii) of the top
ring, and from the top (iv), middle (v) and bottom (vi) of the bottom ring. The protein densities are shown as white with a dark background.
Densities near the centers (asterisk) are similar in shape but are more diffuse in the bottom ring compared the equivalent densities in the top ring.

Scale bar =40 A.

shown that both rings of the p97 complex become slightly small-
er and more compact upon addition of AMP-PNP, suggesting a
packing rearrangement within each D1 and D2 hexamer.
Because the C subdomains of the AAA modules are located at
the periphery of the hexamers (Fig. 4¢), the reduction in size of
the D1 and D2 hexamers could be due to the movement of the C
subdomain with respect to the N subdomain of the AAA mod-
ule, in a manner similar to that described for HslU* and RuvB?.

We have also shown that the sizes of the axial opening of the
top and bottom rings vary during the ATPase cycle (Fig. 3). The
apparent size variation could be due to the mobility and/or
rearrangement of the structural domains located near the cen-
ters, namely the N subdomains of the D1 and D2 AAA domains.
In VAT*, the N-domains are visible, and the sizes of the axial
openings of the top and bottom rings of VAT are identical in the
absence of nucleotide. This conformation is most similar to
p97-ADP-AIF,, suggesting that these two proteins behave differ-
ently upon addition of nucleotide.

In vivo genetic studies have shown that both AAA domains of
the trypanosome p97 do not need to be active**. Mutations
impairing the D1 ATPase activity were still viable, whereas muta-
tions impairing D2 ATPase activity were lethal. This suggests that
conformational changes can be transmitted through the impaired
D1 to the distant N-domains, implying long-range allostery.

Assigning N, D1 and D2 to the EM maps

The additional densities surrounding the top ring of p97-
ADP-AIF, were not observed in any AN-p97 maps, indicating
that they correspond to the [BO kDa N-domains of p97. The
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absence of the well-defined densities surrounding the top ring of
p97-apo, p97-AMP-PNP and p97-ADP suggests that the
N-domains are mobile at these steps in the ATPase cycle.

Identification of the top and bottom rings as the D1 and D2
domains, respectively, is based on two lines of evidence. First, the
X-ray structure of N-D1 shows that the N-domains have exten-
sive interactions at the periphery of the D1 hexamer, similar to
the situation visualized in our p97—-ADP-AIF, map. Second, the
atomic structure of the D1 hexamer fits snugly within the top
ring (Fig. 4c) and not so well within the bottom ring and, when
smoothed to 24 A resolution, shows the same surface features as
the top ring (Figs 2 row i1, 4a panel iv and 4b).

The differences observed between the D1 and D2 rings of
AN-p97 and full-length p97 volumes were surprising given the
high sequence identity ([(40%) between these two domains. To
further illustrate the similarities and differences of the top and
bottom rings, sections of the AN-p97 map were taken perpen-
dicular to the six-fold symmetry axis through the top, middle
and bottom of each ring (Fig. 4d). The side view of the volume
(Figs 2 row 1, 4a panel i) and the sections (Fig. 4d) show densities
with similar shape and orientation, indicating that the top and
bottom rings have the same handedness, suggesting a head-to-
tail arrangement of D1 and D2 domains. The top view of the vol-
ume (Fig. 2 row i) and the depicted sections show that the two
rings are not in register one on top of the other, but that the bot-
tom ring is rotated counterclockwise around the axis of symme-
try with respect to the top ring (viewed from the top of the
structure). The densities near the center of the bottom ring are
more diffuse than the equivalent densities in the top ring (aster-
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Table 1 Summary of the data acquired and used for the reconstructions

3D EM map Data acquired on Total number of

film or CCD particles selected
AN-p97- AMP-PNP Film3 11,340
AN-p97-AMP-PNP CCD3 6,378
AN-p97-ADP-AIF, Film 5,525
AN-p97-ADP Film 9,160
AN-p97-apo Film 4,570
p97-AMP-PNP CccD 11,690
p97-ADP-AIF, CccD 12,586
p97-ADP CccD 6,537
p97-apo CCD 8,189

Total number of
particles used in
final refinement’

Defocus (um) and number of  Final resolution
particles included in final after CTF
refinement (in brackets) correction (A)2
1.5 (995), 1.6 (1,060), 24
1.7 (948)
1.2 (250), 1.3 (1,418), 25
1.4 (400), 1.5 (120)
1.4 (524), 1.7 (1,418), 24
1.8 (581)
1.65 (2,978) 19
1.75(2,702) 19
1.1 (135), 1.2 (216), 24
1.3(519), 1.4 (805),
1.5 (852), 1.6 (230),
1.7 (136), 1.8 (81), 1.9 (34)
1.2 (181), 1.3 (429), 24
)
)

3,003
2,188
2,523

2,978
2,702
3,008

3,134
1.4 (957), 1.5 (1,052),
1.6 (391), 1.7 (91), 1.8 (33)
1.1(38), 1.2 (66), 24
1.3(679), 1.4 (553),
1.5 (424), 1.6 (371),
1.7 (338), 1.8 (93), 1.9 (201)
)
),

2,763

2,760 1.1(333), 1.2 (1,340), 22

1.3(908), 1.4 (100), 1.8 (79)

The 3D maps calculated including all the particles selected were identical to the maps calculated reducing the number of particles per view.

2The resolution of the final map, estimated by the Fourier shell correlation of 0.5, is indicated. A comparison with the X-ray structure of D1 (ref. 30),
low-pass filtered at various resolutions, confirmed that all the maps were [24 A resolution (Fig. 3b). The higher resolution values obtainﬁed for
AN-p97-ADP, AN-p97-apo and p97-apo are likely overestimated because no features were lost when these maps were low-pass filtered to 24 A reso-
lution. Therefore, all volumes shown in this study were low-pass filtered to 24 A resolution.

3The AN-p97-AMP-PNP volumes calculated from data recorded on films and on the CCD were identical.

isks, Fig. 4d). These observations suggest that the structural ele-
ments close to the center of the bottom ring are mobile.

At first glance, the side protrusions near the central plane of
the p97 and AN-p97 structures look similar in shape to the “fin-
shaped densities emanating from the upper ring” of VAT attrib-
uted to the N-domains®*. However, because these side
protrusions were observed in both AN-p97 and full-length p97
maps, they cannot be the N-domains of p97. Interestingly, no
side protrusions have been observed near the central plane of
VAT?3234, Notably, there are an extra [50 amino acids at the C-ter-
minus of p97 not present in VAT*, suggesting that the side pro-
trusions observed in our EM maps could be the C-terminal
extensions of p97. Another possibility is that these side exten-
sions are the linker between D1 and D2 or an as yet unknown
structural element within the D2 domain. Taken together, the
above observations support the following domain assignments
in the 3D maps: the N-domains, seen only in the ADP-AIF, state,
are bound to the D1 hexamer (top ring), and D2 (bottom ring) is
positioned slightly out of register below D1.

The 3D maps of full-length p97 and the deletion mutant
AN-p97 are consistent with previous observations**323. Qur
p97—-ADP structure is similar to the previous published structure
from Zhang and colleagues®. In particular, the top ring appears
closed in both studies (‘closed ring’)*, and the bottom ring (‘open
ring’)* has a large central opening and six additional side protru-
sions. However, our assignment based on the AN-p97 dataand the
fit to the N-D1 crystal structure (PDB entry 1E32)% led us to the
opposite assignment of the D1 and D2 domains. We have assigned
the closed (top) ring as the D1 domains and the ring with the
larger axial opening (bottom ring) as the D2 domains. The con-
served handedness between the D1 and D2 rings and the similari-
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ty of sections taken from both rings is suggestive of a head-to-tail
arrangement of the D1 and D2 domains. However, this proposed
head-to-tail arrangement and the tail-to-tail arrangement pro-
posed by Zhang and colleagues® both remain tentative’ because
of the lack of high-resolution information for the D2 domain.

Conclusion

The work presented here brings new insight into how p97 trans-
forms the energy from ATP binding and hydrolysis into mechan-
ical movements, some of which likely extend to other related
proteins within the AAA family. Future biochemical and struc-
tural studies with co-factors and substrates should provide valu-
able information to understand which of the observed
conformational changes impose forces on substrates directly or
via such adaptors.

Methods
Sample preparation. Full-length p97 (residues 2-806, generous
gift of G. Warren) and AN-p97 (residues 197-805, generous gift of
S.W. Whiteheart) fused to an N-terminal Hiss-tag were expressed in
Escherichia coli M15 cells containing the pREP4 selection plasmid
(Qiagen). The proteins were purified by successive passage over a
Ni2*-NTA agarose column (Qiagen) and a gel filtration column
(Amersham Biosciences). The buffer used for the final elution con-
tained 25 mM Tris, pH 7.5, 300 mM KCl, 5 mM B-mercaptoethanol,
1 mM EDTA, 10% (v/v) glycerol and 1 mM ATP for AN-p97, and
10 mM Tris, pH 8.9, 100 mM NaCl, 1 mM ADP-MgCl, or 1 mM
ATP-MgCl, and 5 mM B-mercaptoethanol for p97. Fractions con-
taining pure protein were pooled and concentrated using Millipore
concentrators. Protein concentrations were estimated using the
Bradford method.

The ATPase activity of the pooled protein fractions was deter-
mined by adding ATP in [(110-fold molar excess to the p97 hexamer
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and measuring evolved P; over a 2 h period at 22 °C with the
Enzchek Phosphate Assay kit (Molecular Probes). The ATPase activi-
ty of p97 was 012 pmol ATP mg-" h-!, in agreement with values pub-
lished elsewhere’.

For AN-p97, bound nucleotides were exchanged using a desalt-
ing column (Amersham Biosciences) equilibrated in 25 mM HEPES,
pH 7.4, 400 mM KCl, 10% (v/v) glycerol and 5 mM B-mercap-
toethanol or the same buffer containing either 2 mM
AMP-PNP-MgCl, or 2 mM ADP-MgCl,. For the full-length protein,
the nucleotide exchange was performed identically except that the
buffer contained 25 mM HEPES, pH 7.4, 100 mM KCl, 2 mM B-mer-
captoethanol, 2 mM MgCl, and 2 mM AMP-PNP or ADP or no
nucleotide. For the nucleotide-free states, the proteins were fur-
ther incubated with apyrase (10 units ml-'; Sigma) for at least 2 h
on ice. For the ADP-AIF, state, the protein in the ADP buffer was
first diluted to 100 ug ml-' and then incubated for (6 h at 4 °C with
2 mM ADP, 8 mM NaF and 2 mM AICl;, in imidazole, pH 7. Proteins
were diluted to 100 pg ml-' in the above buffers and then applied
to glow-discharged Quantifoil grids (Quantifoil Micro Tools
GmbH), blotted and frozen in liquid ethane slush.

EM data acquisition. Frozen hydrated grids of p97 or AN-p97
were observed on a Philips CM200FEG microscope at 120 kV. Images
were either recorded on films or on a Teitz 2K x 2K x 16 bit CCD
camera (Table 1) under low dose conditions (10 e A-2). Images
recorded on films were taken at a nominal magnification of
50,000x%. The quality of micrographs was assessed by optical diffrac-
tion, and micrographs were digitized on a Zeiss scanner with a 7 um
pixel size. Groups of 3 x 3 pixels were averaged, giving a pixel size of
21 um on the micrographs or 4.1 A on the specimen. Images record-
ed on the CCD were taken at a nominal magnification of 66,000x,
with a pixel size of 3.7 A. To facilitate the selection of particles,
defocus pairs were taken so that the second image was 1 um more
defocused than the first. Only particles from the first image were
included in the reconstruction.

Image analysis — starting model. For the AN-p97-AMP-PNP
map, two starting models were initially used. The first model was a
map of p97 obtained from negative stain and conical tilt method
(I.R., unpub. data). The second model was a volume calculated from
the PDB file of NSF D2 (PDB entry 1NSF)2°. Two NSF D2 rings were
staggered on top of each other and filtered to 50 A resolution to
obtain the ‘rough’ shape of the molecule. Two maps were calculat-
ed as described below using the two different starting models.
Refinements were done using a starting angular increment of 15°,
which was then reduced to 10° and 5°. The known six-fold symmetry
of the complex3°33 was imposed. Because no densities were lost by
applying six-fold symmetry to the projection maps33, the absence of
defined densities in the 3D maps is unlikely a consequence of
enforcing the symmetry but is most likely due to the flexibility of
the corresponding domains. After refinement at 5° angular incre-
ment, the two maps converged to the same structure, suggesting
that the starting models did not introduce a bias into the recon-
struction. This volume was then used throughout as the starting
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model to calculate 3D EM maps of p97 and AN-p97 in all of the
nucleotide conditions.

Image analysis — refinement procedure. Images were analyzed
using the SPIDER package?’, and 3D maps were calculated following
the projection matching methodology. The angular increments
used were 15°, 10° and then 5° for p97 and AN-p97, followed by 2°
and 1° for p97. For each angular increment, the raw data were
aligned first with the projections of the model (the number of pro-
jections reflecting the six-fold symmetry). Because the orientation
distribution of the particles varied between grids and to be able to
compare several 3D maps, we were careful not to introduce arti-
facts resulting from overrepresentation of preferred views?.
Therefore, we limited the number of particles included in the recon-
struction to that of the smallest view-group. A new volume was cal-
culated from the aligned images using the iterative back projection
method. The new volume was used for a new round of alignment
with reference matching. This step was repeated until <5% of the
particles varied in orientation from half the initial refinement
angles (15°, 10° and 5°) and <1% for the smaller angles. The total
number of particles and the number of particles used per view are
indicated in Table 1. After the final refinement, the particles were
put into different defocus groups (Table 1, the defocus was deter-
mined from the full micrographs or CCD images) and intermediate
volumes were calculated by the iterative back projection method
and merged by Wiener filtering. The volumes obtained changed
greatly during refinement with the 15°, 10° and 5° increment steps
and little during refinement with the smaller increment steps. The
handedness of the AN-p97 was determined by comparison with
the D1 crystal structure (Fig. 4c). The handedness of p97 was deter-
mined so that it was the same as AN-p97. Thresholds used for the
surface representation of the 3D maps were estimated using the
constant of 0.866 Da A-3.The resolution was estimated by Fourier
shell correlation using two 3D maps, each one calculated from half
of the total data set and a cut-off value of 0.5.

Fitting of the EM data and the X-ray structures. Fitting of the
D1 atomic structure in AN-p97-AMP-PNP was done with Situs*’.
Fitting the N and D1 atomic structures in the p97 maps was not as
straightforward because these domains are in a different conforma-
tion and will require further investigation.
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