1duosnuely Joyiny 1duosnuey Joyiny 1duosnuely Joyiny

1duosnuepy Joyiny

Author manuscript
J Mol Biol. Author manuscript; available in PMC 2017 May 08.

Published in final edited form as:
J Mol Biol. 2016 May 8; 428(9 Pt B): 1912-1926. doi:10.1016/j.jmb.2015.10.026.

-, HHS Public Access
£

Recent advances in deciphering the structure and molecular
mechanism of the AAA+ ATPase N-ethylmaleimide Sensitive
Factor (NSF)

Minglei Zzhao and Axel T. Brunger

Departments of Molecular and Cellular Physiology, Neurology and Neurological Sciences, Photon
Science, and Structural Biology, Howard Hughes Medical Institute, Stanford University, Stanford,
California 94305, USA

Abstract

NSF (N-ethylmaleimide Sensitive Factor), first discovered in 1988, is a key factor for eukaryotic
trafficking, including protein and hormone secretion and neurotransmitter release. It is a member
of the AAA+ family (ATPases Associated with diverse cellular Activities). NSF disassembles
SNARE (Soluble N-ethylmaleimide sensitive factor Attachment protein REceptors) complexes in
conjunction with SNAP (Soluble N-ethylmaleimide sensitive factor Attachment Protein) adaptor
proteins. Structural studies of NSF and its complex with SNARE and SNAP (known as 20S
supercomplex) started about twenty years ago. Crystal structures of individual N and D2 domains
of NSF and low-resolution electron microscopy structures of full-length NSF and 20S
supercomplex have been reported over the years. Nevertheless, the molecular architecture of the
20S supercomplex and the molecular mechanism of NSF-mediated SNARE complex disassembly
remained unclear until recently. Here we review recent atomic-resolution or near-atomic resolution
structures of NSF and of the 20S supercomplex, and recent insights into the molecular mechanism
and energy requirements of NSF. We also compare NSF with other known AAA+ family
members.
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1. Introduction

NSF was the first protein found to play a key role in eukaryotic trafficking [1,2]. Itis a
member of the AAA+ family consisting of two ATPase rings (known as Type Il AAA+). In
concert with the adaptor protein, SNAP, NSF disassembles the SNARE complex into
individual proteins upon ATP hydrolysis [3-5]. Although earlier work suggested that
disruption of the SNARE complex by ATP hydrolysis drives fusion [3], subsequent work
clarified that it is actually the SNARE complex formation that drives fusion [4,5]. By
disassembling post-fusion SNARE complexes, NSF is essential for maintaining pools of
fusion-ready individual SNARE proteins that mediate membrane fusion in a variety of
cellular processes, including neurotransmitter release, protein transport, and hormone
secretion [6-9]. Most eukaryotic organisms encode only one NSF gene. The known
exception is fly in which two homologues of NSF have been reported [10,11]. By contrast,
there are three homologues of SNAP proteins in mammals [12,13], and dozens of different
SNARE complexes in a typical eukaryotic cell depending on the specific compartment [14].
Nevertheless, NSF is responsible for recycling all the SNARE complexes. In addition to this
recycling function, NSF may also play a role in establishing fusogenic SNARE complexes,
for example, in conjunction with Munc18 and Munc13 [15]. Prior to ATP hydrolysis, NSF,
SNAP, and SNARE complex form the so-called 20S supercomplex [3]. Other functions of
NSF have also been suggested [16-21].

Phylogenetically, NSF belongs to the “classic clade” of AAA+ proteins [22]. The closest
homologue of NSF is VCP/p97 (Valosin-Containing Protein, also known as Cdc48p in
yeast), which is thought to be involved in translocation of ubiquitylated substrates from the
endoplasmic reticulum to the cytoplasm for proteasome degradation, a process known as
ERAD (Endoplasmic-Reticulum-Associated protein Degradation) [23,24]. NSF also shares
close homology to prokaryotic AAA+ ATPases CIpA/B/C, which also contain tandem AAA
+ domains and act as chaperones that clear protein aggregates upon ATP hydrolysis. NSF
can be regarded as a special and dedicated chaperone for the SNARE complex.

NSF is a homomeric hexamer with a total molecular weight of ~500 kDa. Each protomer
consists of an N-terminal domain (termed N) and two ATPase domains (termed D1 and D2,
respectively) (Fig. 1). The D1 domains are probably responsible for the majority of the
ATPase activity of NSF whereas the D2 domains are primarily responsible for
hexamerization [25]. The N domains are involved in adaptor and substrate binding [26].
Previously, the crystal structures of the D2 and N domains have been determined [27-30],
with the former regarded as a prototype of an AAA+ ATPase domain. The N domain
consists of two subdomains termed N and Ng (Fig. 1 top). D2 domain also consists of two
subdomains termed a/f and a, which is a characteristic feature of all AAA+ domains (Fig. 1
bottom).
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Low-resolution (> 11 A) structural studies of full-length NSF and the 20S supercomplex
have been carried out using quick-freeze/deep-etch (Fig. 2a), negative-staining electron
microscopy (Fig. 2b), and cryo-electron microscopy (Figs. 2c¢,d) (cryo-EM) [5,31-34].
However, these earlier studies did not allow tracing of the unknown D1 domain, and they did
not reveal clearly interpretable density for SNAP proteins and the SNARE complex. Here
we review recent advances in obtaining atomic-resolution or near-atomic resolution
structures of NSF and the 20S supercomplex [35] (Fig. 2e), along with a subsequent cryo-
EM study [36], and progress in obtaining the dynamics of SNARE complex disassembly
[37-40]. We also compare NSF with other known AAA+ family members, in particular,
VCP/p97.

2. Structures of full-length NSF and 20S supercomplex

The first structural study of full-length NSF and 20S supercomplex using cryo-EM was
published 12 years ago at 11 A resolution [31] (Fig. 2c). In retrospect, due to suboptimal
sample quality and limitations in EM technology at that time, the reconstruction did not
reveal detailed structural information, and there was no clear density for the NSF N
domains, the SNARE complex, and aSNAP proteins. Although it was possible to dock the
crystal structure of the D2 ring into the EM density map, the “best” fit of the D2 ring was
actually upside down, and the orientation of the D1 domain was uncertain. This is an
important lesson that fitting low-resolution EM maps that do not show clear secondary
structure details can be misleading.

Many years later, improved cryo-EM maps of full-length NSF in different nucleotide states
were published [34], which revealed the correct orientation of both D1 and D2 rings of NSF
(Fig. 2d). The improvement in EM map quality was achieved by using more homogenous
sample obtained by monomerizing NSF with apyrase, followed by reconstitution of the
hexamer in the desired nucleotide state. The density maps of NSF were symmetrized but
nonetheless suggested large conformational changes of the N domains upon ATP hydrolysis.
Yet, the resolution (at best, 9.2 A) of the density maps of NSF was still insufficient to allow
de novo model building of the unknown D1 domain, and the authors resorted to docking a
homology model of the D1 domain, along with the crystal structures of the D2 and N
domains, into the EM density maps. A low-resolution (~15 A) 3D reconstruction of the 20S
supercomplex was also obtained from negative stained EM micrographs with C3 symmetry
superimposed (Fig. 2d). However, this reconstruction did not reveal clear density for NSF N
domains and the SNARE complex. Features that were interpreted as aSNAP proteins were
arranged in C3 symmetry. Moreover, the symmetry averaging probably produced an
incorrect number of SNAP molecules and lacked the resolution to discern the correctness of
the fitted model (Fig. 2d) (see also the simulated effects of averaging presented in [35] that
showed that averaging can deteriorate map quality and resolution if the underlying structure
is asymmetric).

The limitations and lack of resolution of these earlier studies were alleviated by high-
resolution cryo-EM structures of full-length NSF in both ATP- and ADP-bound states as
well as near atomic-resolution structures the full-length 20S supercomplex (Fig. 3) [35]. The
structure of ATP-bound NSF was determined to a resolution of 4.2 A, which allowed
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building a de novo model of the D1 domain. Compared to the D2 domain, the D1 domain
has two unique bent helices, a0 and a2, and a longer a7 helix (Fig. 1 middle). It also
contains a pore loop with aminoacid sequence YVG that is not present in the D2 domain
(Fig. 1 middle). The quality and resolution of the EM data enabled data analysis and
reconstruction without imposing any symmetry. Two key factors that led to these higher
resolution structure determinations were: (1) further improved sample homogeniety and (2)
advancement in cryo-EM technology over the past three years (reviewed in [41,42]). The
higher sample homogeneity was achieved by a new protocol for NSF purification and
reconstitution in order to ensure a specific nucleotide-bound state [35]. Different from the
method used by Chang et a/. [34], this approach resulted in monomerization of NSF and
complete removal of nucleotide by repeated size-exclusion runs in phosphate buffer. The
reassembly of NSF was subsequently carried out in a buffer containing specific nucleotide
and EDTA instead of Mg2* to prevent hydrolysis.

The most unexpected feature of the cryo-EM structures of NSF and the 20S supercomplex is
their pronounced asymmetry (Fig. 4a) [35]. The unprecedented resolution that was achieved
for both full-length NSF and 20S supercomplex structures yielded new mechanistic insights
as reviewed in more details in the following sections.

2.1. Cryo-EM structures of full-length NSF in ATP- and ADP-bound states

ATP-bound NSF consists of a planar and six-fold symmetric D2 ring (Fig. 4d left) [35]. The
D1 ring is reminiscent of a right-handed “split washer”, with each chain stepping up about 5
A except chain F (purple), which bridges back to Chain A (red) (Fig. 4c left). The N
domains are rather flexible and asymmetrically organized on top of the D1 ring (Fig. 4b
left). In comparison, ADP-bound NSF consists of a D2 ring that exhibits slight deviations
from six-fold symmetry (Fig. 4d right). The D1 ring is more expanded with a large opening
between Chains A and F, resembling an open “flat washer” (Fig. 4c right). Two out of six N
domains are flipped down along the sides of the ATPase rings (Fig. 4b right).

The cryo-EM NSF structures [35] suggest large conformational changes initiated from ATP
hydrolysis in the D1 ring, which then lead to changes in the N domains and the D2 ring.
This is in agreement with previous biochemical data suggesting that the D1 domains have
higher ATPase activity and are responsible for the majority of ATP consumption of NSF
[25]. Superposition of all D1 domains suggests that the translation of a7 helix in the a
subdomain may result in coupling ATP hydrolysis to conformational changes [35]. The
conformational change of the D1 ring from a closed “split washer” to an open “flat washer”
leads to a small gap in the D2 ring and flip of two of the N domains along the sides of the
ATPase rings (Fig. 4b—d). However, it is still unknown if the small gap in the D2 ring has
any functional consequence. The opening of the D1 ring and the flip of the N domains are
probably coupled to the mechanical forces applied through aSNAP to disassemble the
SNARE complex.

2.2. Cryo-EM structures of the 20S supercomplex

The tower-like 20S supercomplex cryo-EM structures are striking examples of broken
symmetry: the assembly is six-fold symmetric at the bottom (D2 ring), and pseudo four-fold
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symmetric at the top (SNARE complex and aSNAP proteins) (Fig. 5) [35]. The D1 and D2
rings are in a similar state as that of the cryo-EM structure of ATP-bound NSF [35].
However, the N domains are much better resolved compared to the NSF-only structures. The
N domains interact only with the aSNAP proteins, but not with the substrate SNARE
complex. The transition of the symmetry is accomplished by two binding modalities of
aSNAP proteins: one aSNAP can bind to either one N domain or two N domains [35].

The stoichiometry of aSNAP in the 20S supercomplex is variable and depends on the
particular SNARE complex. In the 7.6 A resolution cryo-EM structure of the 20S
supercomplex, four aSNAPs bind to the neuronal SNARE complex [35]. This study used a
truncated neuronal SNARE complex without the N-terminal domain of syntaxin-1A [43].
Likewise, four bound aSNAPs were found in a subsequent lower-resolution (13 A) cryo-EM
reconstruction of the 20S supercomplex [36] using a more complete fragment of the
neuronal SNARE complex (including the syntaxin-1A N-terminal Hy, domain), confirming
that the aSNAP stoichiometry is independent of the particular construct of syntaxin-1A used
for the SNARE complex.

For a different SNARE complex involving VAMP-7, syntaxin-1A, and SNAP-25, only two
aSNAPs were bound in the 20S supercomplex (referred to as VV7-20S supercomplex) (Fig.
5b) [35]. The reason for the different aSNAP stoichiometry is not fully understood, but it
may be related to the N-terminal longin domain of VAMP-7 that was included in the
complex (Fig. 5 insets). Despite different stoichiometry, the aSNAP proteins bound to the
SNARE complex in a similar fashion as in the neuronal 20S supercomplex—a right-handed
wrap around the left-handed coiled coil (see further discussions below). The stoichiometries
of both the 20S and the VV7-20S supercomplexes were verified in solution by using
composition-gradient light scattering experiments [35].

Using 3D classification algorithm for single-particle cryo-EM [44,45], the mode of
interaction between six N domains and four aSNAPs (from the 20S supercomplex with the
truncated neuronal SNARE complex) was classified into three different states, out of 9
possible asymmetric configurations (Fig. 6a) [35]. These states represent snapshots of a
working NSF, and suggest rotational motions of the N domains prior to the flip along the
sides of the ATPase rings caused by ATP hydrolysis. Such motions may play a role in NSF-
mediated SNARE complex disassembly by unwinding and loosening the SNARE complex
before pulling apart individual components. The opposite twist observed for the aSNAP
proteins (right handed) and the SNARE complex helical bundle (left-handed) supports this
idea. Further studies on the 20S supercomplex will be needed to test this hypothesis. Note
that in the subsequent cryo-EM study [36], the number of particles was substantially smaller
(12,500 compared to 116,000 in the study by [35]), resulting in lower resolution and the
apparently inability to observe substates in the 3D reconstructions.

Electrostatic interactions dominate the binding interfaces between the N domains and the
aSNAPs, and between the aSNAPs and the SNARE complex [35]. Four positively charged
residues of the N domain (R10, R67, K68, K104) interact with either one of the two groups
of negatively charged residues at the C-terminus of aSNAP (D217, E249, E252, E253 as one
group; D290, E291, E292, D293 as the other group). The importance of the four residues on
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the N domains is in agreement with a previous mutagenesis study [46]. Note that there is a
mismatch between the six N domains and eight (in the case of four aSNAPS) or four (in the
case of two aSNAPS) potential binding sites on aSNAP. A potential switch between the
binding sites may lead to the rotational motions as mentioned above.

Positively charged residues of aSNAP (K122, K163, K203, R239) interact with the
negatively charged surface areas of the SNARE complex. In particular, the two residues
close to the ionic layer of the SNARE complex (K122, K163) are critical for the disassembly
reaction. Earlier mutagenesis studies had suggested a critical role of these two residues [47].
Due to the resolution limit (7.6 A) of the cryo-EM structure, specific side chain
conformations are not well resolved. Nevertheless, these observations provide an
explanation of the promiscuity that one NSF can disassemble many different species of
SNARE complex along with just a few SNAP homologues /n vivo: Electrostatic interactions
are not as specific as hydrogen bonding interactions and only require conserved electrostatic
charge patterns for recognition. Indeed, all SNARE complexes and SNAP proteins with
known structures have conserved electrostatic charge patterns [37,48,49]. Therefore, one
NSF may use its N domains to recognize multiple SNAP species, and one SNAP protein
may bind to multiple species of the SNARE complex.

3. Mechanism of NSF mediated SNARE complex disassembly

The estimated number of ATP molecules required for SNARE complex disassembly ranges
from 10 to 50 [38,39]. A recent study demonstrated that a set of initially bound ATP
molecules are sufficient for complete SNARE complex disassembly, /.e., replacement with
fresh ATP molecules is not required for the disassembly reaction [40]. They achieved this
measurement by preassembling surface-immobilized single 20S supercomplexes under non-
hydrolyzing conditions, followed by removing free ATP molecules in the solution, and then
monitoring disassembly by disappearance of fluorescent dye labeled synaptobrevin, a
component of the SNARE complex. Since the maximum number of initially bound ATP
molecules is twelve, this sets an upper limit on the number of ATP hydrolysis events
required for SNARE complex disassembly. This observation is in agreement with the model
(7.e., single ATP turn-over) that was proposed based on the cryo-EM structures and
biochemical assays by [35]. However, we note that extra ATP may be consumed for any
failed disassembly events. Therefore, such failed disassembly events may explain the
apparent differences between previous experiments and the single molecule experiment by
[40] since the failed events would be counted towards ATP consumption in an ensemble
experiment.

After a membrane fusion event, SNAP proteins recognize and bind to the resulting cis-
SNARE complex. For the neuronal SNARE complex, previous studies suggested 1:1 or 1:3
stoichiometries for SNAP/SNARE binding [50]. These earlier studies deduced the
stoichiometry by cross-linking the complex or measuring the light scattering, which may be
sensitive to the experimental conditions. Recently, a 3:1 stoichiometry was also reported by
kinetic analysis, and synergistic effects were observed for an engineered trimeric aSNAP
[39]. It is therefore likely that the 3:1 stoichiometry represents the number of SNAP proteins
that are functionally required by NSF for one neuronal SNARE complex disassembly, which
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may be different than the number of SNAP proteins bound'to the neuronal SNARE complex
in the initial ATP-bound state (four as observed in the cryo-EM structures of the 20S
supercomplex involving the neuronal SNARE complex [35,36]). The structures also suggest
that more than four bound SNAP proteins would be unlikely due to steric hindrance. ATP-
loaded NSF binds to the SNAP/SNARE complex to form a 20S supercomplex. In the cell,
the 20S supercomplex is probably a transient entity since ATPase activity is greatly
enhanced once NSF binds to SNAP and SNARE complex [38].

The 20S supercomplex resembles a loaded spring and the disassembly occurs upon ATP
hydrolysis [35,40]. The overall dynamics of the disassembly reaction has been studied in
solution by ensemble methods [37-39], and by single-molecule fluorescence spectroscopy
and magnetic tweezers [40]. Upon ATP hydrolysis, there is a latency period of tens of
seconds with accumulating tension in the SNARE complex, followed by a release of tension
within 20 milliseconds that leads to the disassembly of the SNARE complex [40]. In this
work it was also speculated that the binding of the SNAP molecules alone may partially
disassemble the SNARE complex based on single-molecule FRET measurements [40].
However, partial disassembly of the SNARE complex by SNAP molecules has not been
observed in any of the cryo-EM structures of the 20S supercomplex [35,36]. Moreover,
SNAP is likely to associate with membranes /n vivo (consistent with the location of the
membrane-binding loops for the aSNAP proteins observed in the cryo-EM structures), and
this membrane association makes SNARE complex disassembly more efficient [51], arguing
against partial unfolding of the SNARE complex by SNAP molecules alone.

There may be multiple intermediate steps that lead to disassembly, for example, unwinding
of the SNARE complex as evidenced by the presence of four 20S supercomplex states [35].
Since single-round ATP turnover is sufficient for disassembly, some of these intermediate
steps could be associated with certain subsets of hydrolysis states of the 20S supercomplex.
After the disassembly of the SNARE complex, NSF is recharged with ATP for the next
round of SNARE complex binding and disassembly, along with closure of the D1 ring, and
reverse movement of the N domains.

The kinetics of the disassembly is conserved across different SNARE complexes, /.¢.,
independent of the N terminal domains of the SNARE complex [37], suggesting a conserved
mechanism to disassemble all the species of SNARE complexes. The disassembly rate
decreased when using an “extended” SNARE complex (essentially fusing two SNARE
complexes together) [38]. This decrease in disassembly rate was initially interpreted as a
processive mechanism occurring during the translocation of the substrate through the center
of both NSF ATPase rings. However, the cryo-EM structures of the 20S complex [35] argues
against this translocation model since an opening of the D2 ATPase ring is not observed.
Thus, the effect may be related to impaired formation of an effective SNAP-SNARE
subcomplex to initiate the disassembly (see further discussion of the pore loop below).

4. More questions about NSF

Although significant progress has been made in elucidating the mechanism of NSF, there are
many remaining questions. For example, the relation between SNAP homologues and their
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stoichiometry in 20S supercomplex is unknown, and different SNAP homologues may
participate in the formation of one 20S supercomplex. It is also unknown if different SNAP
homologues target different SNARE complexes, although the surface charge distributions of
both SNAPs and SNAREs is highly conserved [47-49].

The details of the SNAP/SNARE interaction that directly leads to SNARE complex
disassembly are unknown, e.g., on which part(s) of the SNARE complex do SNAPs apply
force? As mentioned above, basic residues on the surface of the SNAP proteins are critical
for disassembly, especially the two lysine residues close to the ionic layer of the SNARE
complex [35]. Therefore, one would expect that the ionic layer may be critical for force
transmission between SNAPs to the SNARE complex, although there are contradictory
results in the literature about the importance of the ionic layer [52,53]. Other mechanisms
are also possible. For example, a conserved hydrophaobic patch connecting helices 9 and 10
of aSNAP may form a “chock” protruding into the groove of the SNARE four-helix bundle,
akin a “sliding” mechanism [36], although this particular study used a lower resolution cryo-
EM reconstruction along with masking and averaging of the SNARE/aSNAP subcomplex to
reveal this detail. Thus, due to the limited resolution and static nature of the current single-
particle cryo-EM reconstructions of the 20S supercomplex, these and other possible models
remain to be verified.

Another interesting question concerns the mode of interactions between the N domains and
the SNAPs. Assuming four SNAPs are bound, in theory there would be nine possible
asymmetric configurations (Fig. 6a). However, only three of them were observed in the cryo-
EM reconstructions of the 20S supercomplex by [35]. Multiple patterns of configurations are
also possible in the case of only two SNAPs interaction with the VAMP-7 containing 20S
supercomplex, but only one was observed in the cryo-EM reconstruction (Fig. 6b). The
limited number of states may be due to the EM data, /.e., there were not enough good
particles to allow classification into more states. Moreover, it is unclear why only two N
domains are flipped along the sides of the ATPase rings as observed in the ADP-bound NSF
structure (Fig. 4).

Although the N domains of NSF do not directly interact with the SNARE complex in the
cryo-EM structures, it is possible that NSF may interact with the SNARE complex through
the pore loops of the D1 domains. However, the local densities of the cryo-EM maps were
not well-resolved enough to confirm such interactions [35]. Pore loops are present in many
AAA+ members that can translocate peptides through their central pore for degradation [54],
and such a mechanism has also been proposed for NSF [38,55]. However, since the D2 ring
of NSF does not contain such pore loops, and there is no opening of the D2 ring in the ADP-
and ATP-bound states (Fig. 4d), a translocation through both rings is unlikely. Nevertheless,
the pore loops may interact with individual SNARE proteins and act as anchor points for the
N domains and SNAPs to apply a torque or shear force to the SNARE complex [35].
Moreover, it is possible that the parts of the SNARE complex that are unfolded “snorkel”
through openings between the NSF N-domains and the D1 ring.
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In addition to its role as a SNARE-complex disassembly machine, NSF also interacts with
other cellular proteins besides the SNARE complexes [18-21]. However, the possible
function and mechanisms involving these interactions are unclear.

5. Comparison of NSF with other AAA+ family members

AAA+ constitute a large family of ATPases found in both prokaryotes and eukaryotes. They
are involved in many essential cellular processes and have remarkable functional
heterogeneity [22]. A common feature of all AAA+ ATPases is converting chemical energy
from ATP hydrolysis to mechanical forces that perform a wide range of tasks, such as DNA
unwinding, protein unfolding, and protein complex disassembly [55]. The closest related
member to NSF is VCP/p97 [22,56] which also contains three domains, termed N, D1, and
D2. Interestingly, the activity of the ATPase domains D1 and D2 are opposite to those of
NSF: D2 domain is the primary domain hydrolyzing ATP, whereas D1 domain has minimal
ATPase activity in vitro [56]. The reason for the opposite ATPase activity is not fully
understood — it may be related to the different functional roles of NSF and VCP/p97. The
major function of VCP/p97 is to extract ubiquitylated proteins from ER (Endoplasmic
Reticulum) membranes to cytosol for proteasome degradation [57], but the molecular
mechanism remains to be elucidated. Crystal structures of full-length VCP/p97 in different
nucleotide-bound states are available [58-60], as well as the structure of the complex
between the N/D1 domain of VCP/p97 and one of its adaptor proteins, p47 [61,62]. In
contrast to previous models of NSF [56,60], it is now known that the ATPase rings are
arranged in the same direction. Thus, structurally, NSF and VCP/p97 are more similar than
previously thought. Comparing the ATPase domains D1 and D2 of NSF (cryo-EM
structures) and VCP/p97 (ADP-bound crystal structure), the two rings of the latter are more
compact (Fig. 7a), possibly due to the crystal packing. Although the D1 and D2 rings are in
the same orientation, there is a relative rotation between the two rings in the NSF structure.
By contrast, the two rings are stacked right on top of each other without rotation in VCP/p97
(Fig. 7a). The difference in overall appearance also manifests itself in the relative orientation
of each AAA+ domain, which can be visualized by the positions of individual a2 helices
(Fig. 7b). The a2 helices of the D2 ring of NSF are nearly parallel to the plane of the
ATPase ring in both ATP- and ADP-bound states as compared to that of VCP/p97, which are
more tilted. The a2 helices of the D1 ring of NSF are rather tilted and are arranged in a
“split washer” fashion in the ATP-bound state and in an “open washer” fashion in ADP-
bound state, whereas in the D1 ring of VCP/p97, all a2 helices are parallel to the plane of
the ATPase ring. For individual AAA+ domains, both D1 and D2 of VCP/p97 superimpose
better to the D1 domain of NSF with a smaller root mean square deviation (RMSD) for the
main chain atoms (Fig. 7c and €). The major difference is that NSF D1 domain has a
characteristic bent a2 helix (Fig. 7e and f). Structurally, the NSF D2 domain is more similar
to the VCP/p97 D1 domain, and the NSF D1 domain is more similar to the VCP/p97 D2
domain (Fig. 7c—f), which correlates with their opposite ATPase activities.

There is no structure available of full-length VCP/p97 with its adaptor proteins and
substrates. NSF undergoes large conformational changes upon ATP hydrolysis as revealed
by cryo-EM structures [35]. By contrast, VCP/p97 undergoes very small conformational
changes judging from the crystal structures [60], but larger changes were seen based on

J Mol Biol. Author manuscript; available in PMC 2017 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao and Brunger

Page 10

SAXS experiments [63]. Cryo-EM has also been used to study the conformational changes
of VCP/p97 upon ATP hydrolysis [64,65], however, due to the limited resolution and the
application of symmetry, these earlier studies provided limited information. It is possible
that VCP/p97 also undergoes large conformational changes upon ATP hydrolysis, which was
not revealed by the crystal structures due to lattice restraints.

Crystal structures of other closely related Type Il AAA+ members CIpA, ClpB and ClpC are
available [66—68]. They do not show the asymmetric features observed for NSF. However,
we note that CIpA and ClpB were not determined in a native oligomeric state, and six-fold
symmetry was assumed in obtaining models of the assembly. In comparison, the well-
characterized prokaryotic unfoldase ClpX, a Type | AAA+ consisting of a single ATPase
ring, shows asymmetric arrangements in the crystal structures [69]. A similar argument as
the VCP/p97 case can be applied here: It is likely that these Type Il AAA+ also undergo
large conformational changes upon ATP hydrolysis, which have yet been captured by the
currently available structural studies. Besides NSF and ClpX, homomeric but asymmetric
AAA+ ATPase ring has been observed for transcriptional activator NtrC1 [70,71], and more
recently, the peroxisomal Pex1/Pex6 complex [72—74]. The relation between asymmetry and
function has not been fully understood in these two cases. Nevertheless, this kind of
asymmetry may be more prevalent than generally thought and may play key roles in the
function of homomeric AAA+.

6. Concluding remarks

Recent progress in understanding the structure and molecular mechanism of NSF has made
it one of the best characterized Type Il AAA+ ATPases. In general, Type Il AAA+ ATPases
are difficult to study due to the complexity introduced by their double ATPase rings. The
resulting larger molecule may make crystallization difficult since slight differences in a total
of twelve ATPase domains may prevent crystal lattice formation. Most of Type Il AAA+
ATPases also have a broad spectrum of substrates that are not as well characterized as that
for NSF, and reconstituted systems to study the mechanism are often not yet available.
Nevertheless, with the advancement of cryo-EM technologies, large protein structures can be
determined to atomic resolutions without forming crystals, which will certainly benefit
studying Type Il AAA+ ATPases. In closing, there is an important caveat for structure
determination of Type Il AAA+ ATPases: imposing symmetry should be avoided during
cryo-EM reconstruction whenever possible [35]. Although similar cautionary notes have
been published previously [75,76], many previous EM studies of NSF and 20S
supercomplex had imposed either C3 or C6 point group symmetry, obscuring asymmetric
features that later turned out to be critical.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Arthur Lyubimov and William Weis for discussions and critical reading the manuscript, and the National
Institutes of Health for support (R37MH63105 to A.T.B).

J Mol Biol. Author manuscript; available in PMC 2017 May 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao and Brunger Page 11
Abbreviations
NSF N-ethylmaleimide Sensitive Factor
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Highlights
Recent progress in understanding the structure and molecular mechanism of
NSF has made it one of the best characterized Type || AAA+ ATPases.

Cryo-electron microscopy is a powerful method for structural characterization of
Type Il AAA+ ATPases. However, imposing symmetry should be avoided
during cryo-EM reconstruction whenever possible.

Although significant progress has been made in elucidating the mechanism of
NSF, there are still many remaining questions.
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Fig. 1. Domain architecture of NSF
Crystal structures of the N domain (PDB accession code: 1qcs), and the D2 domain (PDB

accession code: 1nsf) are shown. The structure of the D1 domain is from the cryo-EM
structure of NSF in the ATP state (PDB accession code: 3j94). The structures are shown in
scale, with subdomains marked. D1 and D2 domains are aligned in a similar orientation with
all the conserved secondary structure elements of the AAA+ domain (defined in [22])
labeled. Compared to the D2 domain, the D1 domain has a characteristic bent a2 helix.
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1997 1998 2003 2012 2015
Hanson et al. Hohl et al. Furst et al. Chang et al. Zhao et al.
quick-freeze/deep-etch  negative-staining cryo negative-staining cryo

single-particle image 2D class average 3D reconstruction 3D reconstruction 3D reconstruction

Fig. 2. A history of EM studies on 20S supercomplex
Representative images or reconstructions are shown on the time axis. They are adapted from

Figure 6 of Hanson et a/,, 1997 (panel a), Figure 2 of Hohl et al., 1998 (panel b), and Figure
6 of Chang ef a/, 2012 (panel d), respectively. In addition, the maps of Furst et a/., 2003
(panel ¢) and Zhao et al., 2015 (EMD-6206, state I, panel e) are recolored in the same
scheme as in Figures 3 and 4.
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v . il
: X crystal structure of the N domain of NSF
oy (Yu et al., 1999, May et al., 1999)

crystal structure of SNAP/sec17p
(Rice et al., 1999)

"'0 ., @D

S A

EM structure of the D1 domain of NSF
(Zhao et al., 2015)

OAZ

crystal structure of the D2 domain of NSF
(Yu et al., 1998, Lenzen et al., 1998)

EM structure of the 20S supercomplex
(Zhao et al., 2015)

crystal structure of the SNARE complex
(Sutton et al., 1998)

Fig. 3. EM structure of the 20S supercomplex (state 1) at 7.6 A resolution in the presence of
AMPPNP

Structures of individual proteins domains had been previously determined by X-ray
crystallography or cryo-EM at higher resolution as indicated by references in the figure, and
were fit to the EM density map of the 20S supercomplex.
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(a) ATP-bound NSF ADP-bound NSF

~ e e ¢
3 X
2 Q

slightly open

Fig. 4. Cryo-EM structures of ATP- and ADP-bound full-length NSF
The cryo-EM structures are derived from PDB entries 3j94 and 3j95 with the N domains

docked into the density of unsharpened maps of ATP- and ADP-bound NSF respectively as
rigid bodies, using the crystal structure of the N domain (PDB accession code: 1qcs). (a),
Side views. The six chains are colored red, orange, yellow, green, blue, and purple counter-
clockwise as viewed from the top. The red chain is always the one with the lowest a2 helix
in the D1 domain. (b), Top views of the N domains. The D1 rings are colored white. (c), Top
views of the D1 domains. (d), Top views of the D2 domains. Conformational changes upon
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ATP hydrolysis are highlighted in the ATP-bound structures on the left in panels (b—d). All
structures are shown in scale.
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20S supercomplex
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Fig. 5. Cryo-EM structures of the 20S supercomplex
NSF is colored the same as in Fig. 2. aSNAP is colored white and black. SNARE complex is

colored dark red. (a) 20S supercomplex with truncated neuronal SNARE complex (state I,
PDB accession code: 3j96). (b) VV7-20S supercomplex that involves the Vamp-7 SNARE
complex. The particular construct of the SNARE complex is shown at the bottom right of
each panel. The dark red shades correspond to the actual segments included in the structure.
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Fig. 6. Different states of the 20S supercomplex
Cartoon representations of the top views are shown. (a) There are nine asymmetric

configurations with four SNAP proteins. (b) The actual pattern observed for the V7-20S
supercomplex that involves the Vamp-7 SNARE complex. There are two SNAP proteins, and
four resolved N domains in the structure (see Fig. 3b). The black circles indicate the
configurations that have been observed [35].
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Fig. 7. Comparison of NSF and VCP/p97 structures
(a) Overall structures of ATP-bound NSF (PDB accession code 3j94), ADP-bound NSF

(PDB accession code 3j95), and ADP-bound VVCP/p97 (PDB accession code 3cf3). Only
ATPase rings are shown. The structures have been aligned and are on the same scale. (b)
Same view as in (a) but only showing the a2 helices. Dashed lines are in the same positions
as the top two lines in () to help visualization. (c)-(f) Superposition of AAA+ domains of
NSF and VCP/p97. Root mean square deviations (RMSD) of the main chains are provided.
a2 helices are highlighted in dashed boxes. The following PDB models are used: NSF D1
(accession code 3j94), NSF D2 (accession code 1nsf), VCP/p97 D1 (accession code 1e32),
and VCP/p97 D2 (accession code 3cf0).
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