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SUMMARY

The hexameric AAA+ ATPases Rvb1 and Rvb2
(Rvbs) are essential for diverse processes ranging
from metabolic signaling to chromatin remodeling,
but their functions are unknown. While originally
thought to act as helicases, recent proposals sug-
gest that Rvbs act as protein assembly chaperones.
However, experimental evidence for chaperone-like
behavior is lacking. Here, we identify a potent protein
activator of the Rvbs, a domain in the Ino80 ATPase
subunit of the INO80 chromatin-remodeling com-
plex, termed Ino80INS. Ino80INS stimulates Rvbs’
ATPase activity by 16-fold while concomitantly pro-
moting their dodecamerization. Using mass spec-
trometry, cryo-EM, and integrative modeling, we
find that Ino80INS binds asymmetrically along the
dodecamerization interface, resulting in a conforma-
tionally flexible dodecamer that collapses into hex-
amers upon ATP addition. Our results demonstrate
the chaperone-like potential of Rvb1/Rvb2 and sug-
gest a model where binding of multiple clients such
as Ino80 stimulates ATP-driven cycling between
hexamers and dodecamers, providing iterative op-
portunities for correct subunit assembly.
INTRODUCTION

AAA+ ATPases are a highly conserved family of molecular

motors that use ATP binding and hydrolysis to drive a diverse

set of structural rearrangements in their substrates (Singleton

et al., 2007; White and Lauring, 2007). Rvb1 and Rvb2 (Rvbs)

are two AAA+ ATPases from S. cerevisiae that are essential

for many cellular processes, including transcription, cellular dif-
Cel
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ferentiation, cell signaling, mitosis, small nucleolar ribonucleo-

protein (snoRNP) assembly, and DNA-damage repair (Matias

et al., 2015; Nano and Houry, 2013). Despite their extensive

involvement in biology, the role of the Rvbs in these processes

is unknown. Even the basic enzymatic function of these motors

is poorly defined. While the Rvbs have ATPase activity (Gribun

et al., 2008), there are competing models for how this activity

contributes to the function of the Rvbs. Based on the structural

similarity of the Rvbs to the bacterial helicase RuvAB, it was

initially hypothesized that the Rvbs are DNA helicases. While a

few groups have been able to detect DNA unwinding activity

(Gribun et al., 2008; Kanemaki et al., 1999; Makino et al.,

1999), other groups have reported a lack of such an activity (Ikura

et al., 2000; Matias et al., 2006; Qiu et al., 1998). Recently, it has

been proposed that the Rvbs act as protein assembly chaper-

ones, based on the observation that the Rvbs co-purify with

several multi-subunit protein complexes, including the R2TP

complex, telomerase, snoRNP complexes, and chromatin re-

modeling complexes (Nano and Houry, 2013). However, no

chaperone-like properties of the Rvbs have been experimentally

demonstrated.

To investigate the possibility that the Rvbs act as assembly

chaperones, we chose the yeast INO80 complex as amodel sys-

tem due to the wealth of biochemical and structural information

available on this remodeling complex. We found that a small

insertion within the Ino80 chromatin remodeling ATPase subunit

of INO80 (Ino80INS) stimulates the ATPase activity of Rvb1/Rvb2

by 16-fold. To study how Ino80INS regulates Rvb structure and

activity, we used a combination of crosslinking-mass spectros-

copy (MS), native MS, cryoelectron microscopy (cryo-EM), and

integrative modeling approaches. Our results suggest a model

in which (1) the activated dodecameric Rvb1/Rvb2/Ino80INS is

poised to bring together several protein clients in close prox-

imity, and (2) nucleotide binding and/or hydrolysis collapses

the activated intermediate, helping assemblemulti-subunit com-

plexes containing a stably associated and less active Rvb1/Rvb2

hexamer.
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Figure 1. The Insertion Domain of Ino80INS Is a Direct Interactor and Activator of Rvb1/Rvb2

(A) Top: Sequence architecture of the Ino80 remodeling ATPase from yeast, with Ino80INS in yellow. Below this, the co-expression system for Rvb1/Rvb2/

Ino80INS in E. coli is shown. Plasmid 1 contains Rvb1 and Rvb2. Plasmid 2 contains the Ino80 insertion (Ino80INS, residues 1,022–1,294) expressed as an MBP

fusion and with a C-terminal His tag. Bottom: SDS-PAGE gel showing results of pull-down with co-expressed MBP-Ino80INS and Rvb1/Rvb2 (lane 3).

(B) Comparison of kcat values for ATP hydrolysis by different Rvb1/Rvb2 and Rvb1/Rvb2/Ino80INS complexes. Stimulation of 5 mM Rvbs with either 25 mM

double-stranded DNA (dsDNA) or MBP-D131D is indicated in yellow and green, respectively. Error bars represent the mean ± SEM of three replicates. ****p <

0.0001.

(C) XL-MS data for the Rvb1/Rvb2/Ino80INS complex. Rvb1 (green) and Rvb2 (blue) are shown with different shades representing DI, DII, and DIII. Crosslinks

found only in our dataset, in only the native INO80 complex (Tosi et al., 2013), or in both datasets are shown in gray, pink, and green, respectively (see Venn

diagram). The confidence of the MS identification (SVM score) is represented by the thickness and transparency of the lines.

See also Figure S1 and Table S1.
RESULTS

The Insertion Domain of the Ino80 ATPase Is a Potent
Activator of Rvb1/Rvb2
An early study showed that the ATP hydrolysis activity of Rvb2 is

required for the formation of active INO80 complexes in yeast

(Jónsson et al., 2004). Recently, it was shown that a small inser-

tion within the Ino80 ATPase subunit (Ino80INS; Figure 1A, top) is

required for association with the Rvbs and other subunits of the

complex that are critical for activity (Chen et al., 2013). These re-

sults suggested that Ino80INS is used by the Rvbs as a scaffold

for assembling an active INO80 complex. To test this possibility,

we asked whether Ino80INS, on its own, could directly interact
2034 Cell Reports 19, 2033–2044, June 6, 2017
with the Rvb1/Rvb2 complex and whether or not this interaction

influences the ATPase activity of the Rvbs.

We co-expressed untagged Rvb1 and Rvb2 along with a

His-tagged, MBP (maltose-binding protein)-Ino80INS fusion in

Escherichia coli. These three proteins form a stable complex

that purified as a single peak over a size exclusion column (Fig-

ure 1A). Efforts to purify the complex without an MBP tag on

Ino80INS, or MBP-Ino80INS alone, were unsuccessful, suggest-

ing that Ino80INS is inherently unstable but can be stabilized via

interactions with Rvb1 and Rvb2. Next, we tested whether the

activity of the Rvbs is affected by Ino80INS and found that

Rvb1/Rvb2/Ino80INS has a 16-fold greater catalytic rate con-

stant, kcat, for ATP hydrolysis than Rvbs alone. In contrast, an



excess of DNA did not stimulate the Rvbs’ ATPase activity,

consistent with previously published results with human Rvb1/

Rvb2 (Puri et al., 2007). Interestingly, the partially unfolded region

of staphylococcal nuclease D131D, routinely used as a model

substrate for the chaperone Hsp90 (Street et al., 2011), modestly

stimulated the ATPase activity of the Rvbs (2- to 3-fold; Fig-

ure 1B). This result further suggests that protein, not DNA, is

the biologically relevant substrate for yeast Rvb1/Rvb2.

We next used crosslinking MS (XL-MS) (Leitner et al., 2016) to

investigate residue-level interactions between the Rvbs and

Ino80INS. From two separate XL-MS experiments with the

Rvb1/Rvb2/Ino80INS (Figure 1C) and the Rvb1/Rvb2 alone (Fig-

ure S1A), we identified 519 unique crosslinked residue pairs

(‘‘crosslinks’’) at a false discovery rate of 1.7% (Figure S1B;

Table S1). Strikingly, a majority of the high-confidence crosslinks

containing Ino80INS mapped to the DII regions of Rvb1 and

Rvb2 (Figure 1C). The DII domains are of particular interest,

due to their role in regulating the activity and oligomeric state

of the Rvbs (Gorynia et al., 2011; Niewiarowski et al., 2010).

Very few residues from the Rvbs crosslinked to MBP (Figure 1C),

confirming that the complex is predominantly stabilized by

direct interactions between the DII regions of Rvb1/Rvb2 and

Ino80INS. Also, our data recapitulate over 80% of the interac-

tions found in a crosslinking study of the complete yeast

INO80 complex (Tosi et al., 2013), suggesting that the Rvb1/

Rvb2/Ino80INS subcomplex maintains the same interactions

as seen within the native INO80 complex.

The Ino80 Insertion Promotes Dodecamerization of
Rvb1/Rvb2
Rvbs are predominantly hexameric, but a small population of

naturally occurring dodecamers has also been reported (Jega-

nathan et al., 2015). Our observation that Ino80INS binds pre-

dominantly to the DII regions of the Rvbs raised the possibility

that Ino80INS may activate the Rvbs’ ATPase activity by altering

the oligomeric state of Rvb1/Rvb2. To investigate this possibility,

we used size exclusion chromatography-multi-angle light scat-

tering (SEC-MALS) to determine the molecular weight of Rvb1/

Rvb2/Ino80INS. We found that the complex has a molecular

weight that is most consistent with that of a dodecamer of

Rvb1/Rvb2 bound to at least two copies of the Ino80 insertion

(Figure 2A). In contrast, Rvb1/Rvb2 alone gave a molecular

weight most consistent with that of hexamers.

To further analyze the distribution of species in the Rvb1/

Rvb2/Ino80INS sample, we turned to native MS. Using this

technique (Rose et al., 2012), we found two distinct charge

envelopeswithmasses consistent with either two or three copies

of Ino80INS bound to a single Rvb1/Rvb2 dodecamer (Figures

2B, S2A, and S2B; Table S2). Along with the SEC-MALS results,

these data suggest that more than one Ino80INS can bind to a

single dodecamer of Rvb1/Rvb2. In addition to the dodecamer,

we also observed a small population of Rvb1/Rvb2 hexamer

(Species 1 in Figures 2B and S2B; Table S2) and Rvb1/Rvb2

hexamer bound to a single MBP-Ino80INS (Species 2 in Figures

2B and S2B; Table S2). Intriguingly, addition of ATP-Mg2+ to the

Rvb1/Rvb2/Ino80INS complex caused the dodecameric species

to convert to a hexameric species (Figure 2C). We also observed

dissociation into hexamers by negative-stain EM, as barrel-
shaped Rvb1/Rvb2 dodecamers fall apart to ring-shaped hex-

amers upon addition of ATP-Mg2+ (Figure S2C). These results

suggest that destabilization of the Rvb1/Rvb2/Ino80INS do-

decamer is coupled to the nucleotide state of the Rvbs.

Nucleotide State Drives the Switch between Hexameric
and Dodecameric Forms of Rvb1/Rvb2
Our observation that the Rvb1/Rvb2/Ino80INScomplex collapses

in an ATP-dependentmanner raised the possibility that the transi-

tion between dodecamer and hexamer is a core activity of the

Rvbs andmay be related to the Rvbs’ ability to function as a chap-

erone. To further investigate how the oligomeric state of the Rvbs

alone is regulated by ATP state, we used nativeMS to analyze the

relative populations of oligomers of Rvb1/Rvb2 in different nucle-

otide states. The highmass resolution of thismethod also allowed

us to more accurately determine subunit stoichiometry and the

nucleotide-binding state of each oligomer. Untagged yeast

Rvb1/Rvb2 ionized as hexamers with a mass that is most consis-

tent with a 3:3 stoichiometry of Rvb1: Rvb2 (Figures 3A, S3A, and

S3B; Table S3), in contrast to a 4:2 stoichiometry reported for hu-

man Rvbs (Niewiarowski et al., 2010). Intact denatured MS on the

same sample confirmed the 3:3 stoichiometry (Figure S3C).

We next addressed how the Rvb1/Rvb2 dodecamer might

be affected by nucleotide state. This experiment could not be

performed with untagged Rvb1/Rvb2, as the complex is pre-

dominantly a hexamer at concentrations compatible with native

MS (1 mM) with and without nucleotide (Figures 3A and S3D).

Previous work with yeast Rvb1/Rvb2 showed that an N-terminal

His-tag promotes dodecamerization, providing ameans to study

the dodecameric state by native MS (Cheung et al., 2010; Jega-

nathan et al., 2015). As expected, His-tagged Rvbs ionized as

a dodecamer (Figure 3B). When an excess of ATP-Mg2+ was

added, a small proportion (14%) of the dodecamer dissociated

into hexamers (Figure 3C; Table S4), consistent with our obser-

vation for the Rvb1/Rvb2/Ino80INS complex (Figure 2C).

To test which stage(s) of the ATPase cycle affects oligomeriza-

tion, we used the non-hydrolyzable ATP analogs AMP-PNP and

ATP-g-S to mimic the ATP-bound state and ADP to mimic the

post-hydrolysis state. Surprisingly, AMP-PNP, ATP-g-S, and

ADP all substantially increased the proportion of the hexameric

state (Figures 3D–3E and S3E). Importantly, this increase was

greater than what was observed with ATP (Figures 3C versus

3D and 3E; Table S4). The quantitative difference in the effects

we observed with AMP-PNP versus ATP does not appear to be

due to differences in affinity of the nucleotide for Rvb1/Rvb2, as

similar amounts of nucleotide loading were observed for both

ATP-Mg2+ and AMP-PNP-Mg2+ (Table S4). To further investigate

the role of nucleotide binding versus hydrolysis, we mutated the

Walker Bmotifs ofRvb1 andHis-Rvb2,whichdiminishedATPhy-

drolysis by >20-fold (Figure S3F). Compared to wild-type Rvb1/

his-Rvb2, the population of hexamers in the Walker B Rvb1

Walker B/his-Rvb2 Walker B mutants increased dramatically,

from0%to84%, and the addition of ATPgave similar results (Fig-

ures 3F and S3I; Table S4). These results suggest a model in

which nucleotide binding promotes a conformation of the Rvbs

that stabilizes the hexameric state, while a different intermediate

in the ATP hydrolysis reaction stabilizes a conformation that

promotes formation of a metastable dodecamer (Figure 3G).
Cell Reports 19, 2033–2044, June 6, 2017 2035
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Figure 2. The Ino80 Insertion Promotes Dodecamerization of Rvb1/Rvb2

(A) SEC-MALS of Rvb1/Rvb2/Ino80INS complexes. Normalized refractive index (left y axis) and molecular weight of the major peak (right y axis) are plotted

against the volume of elution. For each experiment, either 10 mMRvb1/Rvb2/Ino80INS (orange) or 30 mMRvb1/Rvb2 (black) was injected. The molecular weights

shown in corresponding colors are an average of the calculated molecular-weight values across the main peak.

(B) Left: raw spectrum of Rvb1/Rvb2/Ino80 complexes using native MS. Charge envelopes for the hexameric species are shown in black (1) and red (2). Right: an

expanded view of the charge envelopes representing the two dodecameric species. Cartoons representing the MBP-Ino80INS and Rvb1/Rvb2 illustrate the

predicted stoichiometries represented by the two charge envelopes.

(C) Raw spectrum of 1 mM Rvb1/Rvb2/Ino80INS complexes with 20 mM ATP-Mg added, by native MS.

See also Figure S2 and Table S2.
For these studies, it is important to note that the His-tag is not

present on the Rvbs in vivo, so the biological significance of the

His-tagged dodecameric species is unclear. However, since the

basic observation we derive from the His-tagged construct—

namely, disassembly into hexamers in the presence of ATP—is

recapitulated in the context of untagged Rvbs bound to a native

protein activator (Ino80INS) we suggest that the behavior of the

His-tagged complex captures some of the core features of a

native Rvb complex.

ATPase Activity of the Rvb1/Rvb2 Complex Is Enhanced
by Dodecamerization
Wepreviously observed that the stimulation of Rvbs by Ino80INS

is concurrent with the dodecamerization of Rvb1/Rvb2. We next

asked whether this correlation exists in a context outside of

Ino80INS. Similar to the N-terminal His-tag, replacing the DII

domain with a flexible linker also increases dodecamerization

of Rvbs, but there is conflicting evidence for how these mutants

affect the Rvbs’ ATPase activity in the yeast system (Gorynia
2036 Cell Reports 19, 2033–2044, June 6, 2017
et al., 2011; Jeganathan et al., 2015; Niewiarowski et al., 2010).

When we deleted the DII domains in Rvb1 and Rvb2, we found

that this Rvb1DDII/Rvb2DDII complex has a molecular weight

(341 kDa) that is in between what is expected for a dodecamer

(474 kDa) and a hexamer (237 kDa) by SEC-MALS (Figure 4A;

Table S5). We reasoned that the intermediate molecular weight

could reflect either a rapidly exchanging mixture of hexamer and

dodecamer or a homogeneous population of an oligomeric state

between a dodecamer and a hexamer (Table S5). Increasing the

concentration of Rvb1DDII/Rvb2DDII from 10 mM to 30 mM re-

sulted in a 437-kDa complex that is approximately the expected

molecular weight of a dodecamer (Figure S4A; Table S5). Native

MS with 1 mM Rvb1DDII/Rvb2DDII indicated predominantly hex-

amers with a small (3%) population of dodecamer (Figure S4C),

consistent with a concentration-dependent oligomerization of

Rvb1DDII/Rvb2DDII. In contrast, wild-type Rvb1/Rvb2 remained

hexameric at 80 mM (Figure S4B).

We next compared the maximal ATPase activity (kcat) of the

different Rvb1/Rvb2 mutants. We found that adding a His-tag
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Figure 3. Nucleotide State Drives the Switch between Hexameric and Dodecameric Forms of the Rvb1/Rvb2 Complex

(A) Raw spectrum of 1 mM untagged Rvb1/Rvb2 by native MS. m/z, mass-to-charge ratio.

(B) Raw spectrum of 1 mM Rvb1/His-Rvb2.

(C) Raw spectrum of 1 mM Rvb1/Rvb2-His tag after addition of 20 mM ATP-Mg.

(D) Raw spectrum of 1 mM Rvb1/Rvb2-His tag after addition of 20 mM AMP-PNP-Mg.

(E) Raw spectrum of 1 mM Rvb1/Rvb2-His tag after addition of 20 mM ADP-Mg.

(F) Raw spectrum of 1 mM His-tagged Walker B mutants of Rvb1 (D311N) and Rvb2 (D296N).

(G) Model for how hexameric and dodecameric states of Rvbs are regulated by nucleotide state.

See also Figure S3 and Tables S3 and S4.
to Rvb2 increased the kcat for ATP hydrolysis only 2-fold, while

deleting the DII domains of Rvb1 and Rvb2 increased the spe-

cific activity by 7-fold (Figure 4B). Taken together with the data

in Figure 2, these data suggest that the ATPase cycle of Rvb1/

Rvb2 drives a constant inter-conversion between hexamers

and dodecamers, resulting in a defined steady-state distribution

of the two oligomeric states with different specific activities (Fig-

ure 4C). The regulation of the Rvbs’ activity by Ino80INS serves

as a natural extension of this model, as binding of Ino80INS to

the DII domains of the Rvbs promotes an activated, metastable

dodecamer that easily dissociates into hexamers upon addition

of ATP.
Cryo-EM Reconstruction of the Rvb1/Rvb2/Ino80INS
Complex Suggests a High Degree of Conformational
Flexibility
Wewere next curious about the structural basis of how Ino80INS

engages the DII domains of Rvb1/Rvb2 to create a metastable

dodecamer. Previous studies of Rvb1/Rvb2 have reported a

high degree of conformational flexibility within the DII regions

(Ewens et al., 2016; Gorynia et al., 2011; Jeganathan et al.,

2015; López-Perrote et al., 2012; Petukhov et al., 2012),

which appear to form the dodecameric interface. A crystal struc-

ture of the Rvb1/Rvb2 complex from the thermophillic fungus

Chaetomium thermophilum (Lakomek et al., 2015) shows one
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Figure 4. The ATPase Activity of the Rvb1/Rvb2 Complex Is Enhanced by Dodecamerization

(A) SEC-MALS of different Rvb1/Rvb2 complexes. Normalized refractive index (left y axis) andmolecular weight of the major peak (right y axis) are plotted against

the volume of elution. 10 mM of Rvb1/Rvb2 (black), Rvb1/Rvb2-his (gray), or Rvb1DDII, Rvb2DDII (purple) was injected. The molecular weights shown in

corresponding colors are an average of the calculated molecular-weight values across the main peak.

(B) kcat for ATP hydrolysis activity for different Rvb1/Rvb2 complexes. Experiments were performed using 10 mM Rvbs and saturating ATP. Error bars represent

the mean ± SEM of three replicates. ****p < 0.0001. WT, wild-type.

(C) Model for how the Rvb1/Rvb2 oligomeric state is coupled to the ATPase cycle. Rvb1/Rvb2 complexes exist at equilibrium between hexamer and dodecamer

(black arrows). In the presence of nucleotide, Rvb1/Rvb2 complexes are constantly interchanging between the two oligomeric states (orange arrows), creating a

steady-state distribution of the hexamer and dodecamer, where hexamers hydrolyze ATP more slowly (kslow) than dodecamers (kfast).

(D) Top: domain architecture of Rvb1 and Rvb2 from S. cerevisiae. Domains of Rvb1 are colored as different shades of green, and domains of Rvb2 are colored as

different shades of blue. Bottom: model of Rvb1 (bound to ATP) and Rvb2 (apo) adapted from the crystal structure of Rvb1/Rvb2 complex from Chaetomium

theramophilum (Lakomek et al., 2015: PDB: 4WVY). Domains I and III contain the catalytic residues, while domain II folds as a separate module in either the ‘‘in’’ or

the ‘‘out’’ state. The location of the N-terminal His tag, which does not appear in the density, is shown in orange, and ATP is shown in yellow.

See also Figure S4 and Table S5.
possible arrangement of the Rvb1 and Rvb2 DII domains: the

Rvb2 DII domains fold back toward the hexameric ring (‘‘in’’

state), and the Rvb1 DII domains extend toward a second

hexamer (‘‘out’’ state) (Figure 4D). Therefore, we imagined two

extreme models for how Ino80INS binding may alter the struc-

ture of the Rvbs: (1) Ino80INS ‘‘locks’’ the conformationally

flexible dodecameric interface into one predominant conforma-

tion, or (2) Ino80INS binds in a way that maintains the natural

conformational flexibility of the DII domains.

To test these hypotheses, we determined the cryo-EM map

of the Rvb1/Rvb2/Ino80INS complex at�12.0- Å resolution (Fig-

ures 5B and S5B). Both raw images and 2D class averages show

a distinct barrel shape created by the two hexameric rings flank-

ing the DII domains of the Rvbs (Figures 5A and S5A). We also

observed both bent and straight conformations of the Rvb1/

Rvb2/Ino80INS dodecamer in our 2D classes (Figure 5A). These
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features are similar to those reported in a recently published

cryo-EM structure of Rvb1/Rvb2 dodecamers without an acti-

vator bound (Ewens et al., 2016; Silva-Martin et al., 2016), sug-

gesting that Ino80INS binding does not substantially diminish

the natural dynamics of the Rvbs.

To further investigate the extent of the conformational dy-

namics in the Rvb1/Rvb2/Ino80INS complex, all particles

used for 2D classification were also used for 3D refinement

to generate a consensus cryo-EM map (Figure 5B), with no

imposed symmetry. Interestingly, the bent feature observed in

the 2D classes is retained in the consensus map, suggesting

that it is a common feature ofmost of the particles. To find higher

resolution subpopulations of the dataset, we further sub-

classified particles to generate 12 different 3D classes (Fig-

ure 5C). Each class contained a similar number of particles

and had resolutions that were similar to one another and to
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Figure 5. Cryo-EM of the Rvb1/Rvb2/Ino80INS Complex Reveals Conformational Heterogeneity

(A) Left: side views of reference-free 2D class averages of Rvb1/Rvb2/Ino80INS particles. Right: scheme displaying ‘‘bent’’ and straight’’ features of the Rvb1/

Rvb2/Ino80INS dodecamer.

(B) Rvb1/Rvb2/Ino80INS consensus model generated by refinement of all 366,000 particles used for 2D classification in (A).

(C) Twelve 3D classes representing all of the particles used for the consensus structure in (B). The top and bottom rows of each class represent two opposite faces

of the dodecamer. Each class contains approximately 30,000 particles.

See also Figure S5.
that for the consensus map. Despite many rounds of further

subclassification, we were unable to achieve higher resolution,

implying a high degree of conformational heterogeneity in the

system. This conformational heterogeneity is most prominent

in the densities surrounding the DII domains, as well as in

the degree of tilt observed between the two hexameric rings

(Figure 5C). In addition to the conformational heterogeneity,

a second general feature of the Rvb1/Rvb2/Ino80INS system

is its asymmetry at the dodecameric interface. In both the

consensus map and each of the 12 subclasses, one face of

the dodecamer consistently shows bulkier density than the

opposite face of the dodecamer (Figures 5B and 5C, Face A

versus Face B).
Ino80INSs Bind Asymmetrically on the Rvb1/Rvb2
Dodecamer
To obtain more insight into the conformational flexibility and

asymmetry of the Rvb1/Rvb2/Ino80INS complex, we mapped

all unique Rvb-Rvb crosslinks observed in the Rvb1/Rvb2/

Ino80INS complex onto a comparative structural model of the

yeast Rvb1/Rvb2 dodecamer. We created this model based on

sequence identity between the S. cerevisiae Rvb1 and Rvb2

subunits and the S. thermophilus structure of the Rvb1/Rvb2

dodecamer (Lakomek et al., 2015). Strikingly, this mapping

revealed that only 58% of the unique 226 Rvb-Rvb crosslinks

are satisfied (Figure S7A). It is unlikely that the low percentage

of satisfied crosslinks is due to inaccurate spectral assignments,
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Figure 6. Ino80INS Binds to Rvb1/Rvb2 Dodecamer Asymmetrically

(A) Characterization of Clusters 1 (top half, shaded light blue) and 2 (bottom half, shaded light red). The gray bins indicate pairs of proximal beads representing the

model, with the intensity of gray proportional to the fraction of models in the cluster whose distance is closer than the cutoff of 12 Å. The yellow circles correspond

to the crosslinks satisfied by at least onemodel in a cluster, with the size of the circle proportional to the spectral count. The purple circles indicate crosslinks that

are not satisfied by any model in the cluster.

(B) Side and top views of the localization density maps for Rvb1 (green), Rvb2 (blue), andMBP-Ino80INS (orange and yellow) calculated for cluster 1 (thresholded

at 0.15). The gray mesh shows the consensus EM density map.

(C) Top and side views of a representativemodel from cluster 1. The distributions of the two copies of Ino80INS are shown by their localization densities (indicated

in orange and yellow).

See also Figures S6 and S7 and Table S6.
given the low false discovery rate (FDR) of our crosslinking

experiment (less than 2%; Figure S3B). It is also unlikely

that our comparative model of the Rvb1/Rvb2 dodecamer

is insufficiently accurate to explain the XL violations, given

the high sequence similarity between the S. cerevisiae and

S. thermophilus Rvbs (73% for Rvb1 and 72% for Rvb2) and

the high structural conservation in this family (Iyer et al., 2004).

Thus, the high proportion of crosslinks violated by the model is

likely due to the additional conformations that the Rvb1/Rvb2/

Ino80INS complex can adopt beyond the one exhibited in the

comparative model of the Rvb1/Rvb2 dodecamer.

To better characterize this conformational heterogeneity, we

applied an integrative structure determination approach based

on all information available for the Rvb1/Rvb2/Ino80INS com-

plex, including the XL-MS dataset (Figure 3C; Table S4), the

consensus cryo-EM map (Figure 5B), the comparative model

of the Rvb1/Rvb2 dodecamer, the crystal structure of MBP

(Kim, 2013), and the predicted secondary structure of Ino80INS

(Figure S6; Table S6). The resulting integrative models are ex-

pected to be more accurate and precise than models based

on a subset of data (Alber et al., 2007; Robinson et al., 2015; Rus-

sel et al., 2012; Shi et al., 2014). We imposed a stoichiometry of

two copies of Ino80INS bound to one Rvb1/Rvb2 dodecamer
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based on the major species found by native MS (Figure 2C).

The ensemble of models, consistent with input information,

was computed by satisfying spatial restraints implied by the

data, allowing us to quantify the structural heterogeneity and

asymmetry observed in the cryo-EM data as well as to predict

the binding site of Ino80INS.

The ensemble contains three clusters of models, each of

which represent possible conformations of the Rvb1/Rvb2/

Ino80INS dodecamer. For cluster 1, the precision (average pair-

wise root-mean-square deviation [RMSD] of the models in the

cluster) is 25 Å, and the precisions of the Rvb1/Rvb2 dodecamer

and Ino80INS in particular are 15.8 and 39.3 Å, respectively.

These values represent the average fluctuations of the individual

residues or beads in 3D space across the ensemble of solutions.

The precisions of the other two clusters are comparable (Table

S6). Each cluster of models satisfies the XLs approximately

within the expected tolerance (>90%) (Figure 6A; Table S6),

and 98% of all crosslinks are satisfied by at least one structure

in the three clusters. The remaining 2% unsatisfied crosslinks

are likely explained by the 2% false-positive rate of crosslinking,

sample heterogeneity, insufficient conformational sampling, and

coarse-grained representation of the modeled components.

Each cluster matches the EM density map, as demonstrated



Figure 7. Model for Activation of Rvb1/Rvb2

by Client Proteins

Binding of client proteins to DII domains of Rvb1/

Rvb2 promotes the dodecameric state by stabilizing

the flexible DII regions that constitute the dodeca-

merization interface. Two clients bind asymmetrically

to the dodecamer, creating an activated intermediate

that is highly competent for ATP hydrolysis. Addition

of ATP causes the dodecamer to fall apart, allowing

the two client proteins to be assembled into a multi-

subunit complex. Meanwhile, Rvb1/Rvb2 hexamers

are recycled and poised to repeat the assembly

reaction.
by the overlaps of the cluster localization density maps with the

consensus cryo-EMdensitymapwhen all maps are contoured to

match their volumes (Figure 6B; Table S6). A localization density

map for a set of models is defined as the probability of observing

a model component at any point in space (Robinson et al.,

2015). Because each cluster satisfies the crosslinks and EM

map comparably well, and each cluster contains a comparable

number of solutions, it is likely that the localization density

maps represent the underlying conformational heterogeneity in

the sample rather than a lack of information used for modeling.

In all clusters, Ino80INS binds to the central region of the

barrel, contacting the DII domains (Figures 6A and S7C). Further-

more, the two Ino80INS domains bind asymmetrically on the

Rvb1/Rvb2 dodecamer, contacting the same side of the barrel.

Examination of the MBP crosslinks shows that some crosslinks

are necessarily inter-molecular (Figure S7B), suggesting that

the two MBP domains are close to each other. Due to the prox-

imity of the Ino80 and MBP domains in the linear sequence, this

observation further supports a model of asymmetric binding of

the two copies of INO80INS to the Rvbs dodecamer.

DISCUSSION

In addition to the INO80 complex, Rvb1 and Rvb2 have been

found to associate with a number of multi-subunit complexes,

including snoRNP complexes (McKeegan et al., 2009), phos-

phatidylinositol 3-kinase-related protein kinase (PIKK) signaling

complexes (Izumi et al., 2010), and telomerase (Venteicher

et al., 2008), leading to the hypothesis that the Rvbs may act

as chaperones for assembling and/or remodeling these com-

plexes (Nano and Houry, 2013). Based on our data and prior

work, we propose the following model for how the Rvbs may

help assemble multi-subunit complexes such as INO80 (Fig-

ure 7). In this model, nucleotide binding is coupled to a confor-

mation of the Rvb that is autoinhibitory for ATP hydrolysis and

incompatible with dodecamerization, while ATP hydrolysis

(either the transition state or the ADP-Pi product state) is coupled

to a conformation of the Rvb that promotes dodecamerization

(Figure 3G). Binding of clients such as Ino80INS then drives the

Rvbs into the more active dodecameric state, yet one that is

metastable and is more likely to dissociate into hexamers (Fig-

ure 2). Thus, a window of opportunity is created for other client
proteins to bind to adjacent DII domains of the Rvb1/Rvb2 com-

plex. We speculate that the Rvb1/Rvb2 dodecamer is able to

‘‘sense’’ co-localization of multiple client proteins by coupling

the association of these proteins to nucleotide-driven dissocia-

tion of the dodecamer into hexamers. This model is consistent

with our observation that two copies of Ino80INS can bind asym-

metrically to one side of the Rvb1/Rvb2 dodecamer (Figure 6),

which, we speculate, reflects the ability of the Rvb1/Rvb2 do-

decamer to bind to multiple different client proteins in vivo.

A major feature of our model is that binding of a client protein

such as Ino80INS promotes the formation of a metastable do-

decamer that is prone to collapsing into hexamers upon nucleo-

tide binding. Our cryo-EM and integrative modeling data provide

structural insight into how such a metastable dodecamer is

created, as the dodecameric interface is highly flexible and dy-

namic (Figures 5 and 6). The ability of ATP to further destabilize

this interface is consistent with recently published cryo-EM

structures of the Rvb1/Rvb2 dodecamers alone, which suggest

that the addition of nucleotide causes a significant reconfigura-

tion of the DII domains, resulting in a shift in the relative orienta-

tions of the two hexameric rings (Ewens et al., 2016). Therefore,

we speculate that creation of a metastable dodecamer through

reconfiguration of the DII domains is important for both the

ATP-driven cycling between hexamers and dodecamers and

the chaperone-like activity of the Rvbs.

Based our model, we would most simply expect that a hex-

americ Rvb1/Rvb2 bound to Ino80INS would be created during

the ATPase cycle of the Rvbs. While we do observe a small

amount of this species upon addition of ATP, we mainly observe

Rvb1/Rvb2 hexamers without Ino80INS bound by native MS

(Figure 2C). We speculate that the different steps in ATP hydro-

lysis cause the Rvbs to cycle between strong and weak binding

for their client proteins, analogous to other chaperones such as

Hsp90 (Street et al., 2011; Verba et al., 2016). In the context of

full-length Ino80, additional interactions may keep it bound

to the Rvbs during the ATPase cycle, whereas in the context of

the Ino80 insert, these additional binding interactions could be

missing, causing it to dissociate.

Ourmodel also addresses the potentially separate functions of

the hexameric and dodecameric forms of the Rvbs.While both of

these oligomeric states been observed in native Rvb1/Rvb2 sys-

tems (Ewens et al., 2016; Jeganathan et al., 2015), mechanistic
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roles for either oligomeric state have not yet been proposed. We

speculate that the dodecameric Rvb1/Rvb2/Ino80INS complex

is representative of an intermediate that is on a pathway toward

assembling a multi-subunit INO80 complex. Completion of

assembly would then result in the stable binding of the less

active, hexameric state of Rvb1/Rvb2 to the rest of the INO80

complex. In this model, the transition from dodecamer to hex-

amer is governed by both the presence of bound client proteins

and the ATPase cycle, ultimately resulting in an equilibrium

among dodecameric assembly intermediates and fully assem-

bled complexes containing a hexamer of Rvb1/Rvb2. Impor-

tantly, the predominant stoichiometry of the components within

the Rvb1/Rvb2/Ino80INS complex (6:6:2) is consistent with

recently published EM data of the full INO80 complex, where a

large number of the INO80 complexes contain a single Ino80

ATPase bound to a hexamer of Rvb1/Rvb2 (Watanabe et al.,

2015).

We favor the model described earlier to explain our results,

because previous work has suggested that the Rvbs are

required for assembly of active INO80 complexes (Chen et al.,

2013; Jónsson et al., 2004). However, we propose two alterna-

tive models that are also compatible with our results. In the first

alternative model, the ATPase stimulation caused by Ino80INS

serves to limit the number of Ino80 proteins bound, as increasing

the number of bound Ino80 proteins would further destabilize the

already metastable dodecamer. In this model, the Rvbs would

primarily play a role in regulating subunit stoichiometry. In the

second alternative model, the ATPase stimulation caused by

Ino80INSmay reflect the Rvbs’ potential role for remodeling pro-

tein complexes, as Rvb1 and Rvb2 have been hypothesized to

be involved in disaggregation of amyloid fibrils (Zaarur et al.,

2015) and chromosome decondensation (Magalska et al.,

2014). Importantly, our observation that protein, not nucleic

acid, is a robust activator of Rvb1/Rvb2 helps exclude models

involving a helicase-like role of the Rvbs in vivo.

While we believe we have identified the first client of Rvb1/

Rvb2, further studies are required to fully demonstrate the

chaperone-like potential of the yeast Rvbs. In the future, an

ability to reconstitute all the steps in the reaction catalyzed by

the Rvbs would be invaluable for obtaining insights into the

mechanism of the process. We propose that the yeast INO80

complex can serve as a powerful model system for future

mechanistic studies of the Rvbs for the following reasons:

(1) the organization and stoichiometry of the INO80 subunits

within the native complex, down to residue-level interactions,

has been fully characterized (Tosi et al., 2013); and (2) the

proper assembly of INO80 is required for in vitro nucleosome

remodeling activity (Chen et al., 2013; Jónsson et al., 2001).

Thus, the INO80 complex provides an ideal opportunity for a

complete in vitro reconstitution of the steps required in assem-

bling an active multi-subunit complex. These experiments,

while technically challenging, would provide unprecedented

mechanistic insight into this class of essential yet poorly under-

stood AAA+ ATPases.
EXPERIMENTAL PROCEDURES

Also see Supplemental Experimental Procedures for additional information.
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Protein Expression and Purification

Rvb1 and Rvb2 were co-expressed in Rosetta (DE3) E. coli on a pet28a

plasmid (a kind gift from the Hopfner lab). Rvb2 had a TEV (tobacco etch

virus)-cleavable N-terminal His8-tag, which was cleaved unless otherwise

noted. Rvb1/Rvb2 was purified using cobalt affinity resin followed by SEC.

SEC-MALS

Molecular weight was determined through SEC (using a Wyatt Technology

050S5 SEC column) with an Ettan LC system (GE Healthcare) and in-line

DAWN HELEOS MALS system and Optilab T-rEX differential refractive

index detectors (Wyatt Technology). SEC was performed in 80 mM PIPES

(pH 6.9), 150 mM KCl, 5 mMMgCl2. Data were analyzed by the ASTRA VI soft-

ware package (Wyatt Technology).

XL-MS

Preparations of Rvb1/Rvb2 and Rvb1/Rvb2/Ino80INS were crosslinked with

BS3, digested with trypsin, fractionated by SEC, and analyzed by liquid chro-

matography (LC)-MS using a QExactive Plus mass spectrometer. Spectra

were searched for crosslinked peptides using Protein Prospector and were

further classified using a support vector machine (SVM) model (Robinson

et al., 2015; Trnka et al., 2014).

Native MS

Native MS was performed on the Rvb1/Rvb2 protein complexes using the

Exactive Plus EMR instrument (Thermo Scientific). Samples were buffer

exchanged into 150 mM ammonium acetate, pH 7.5, and then sprayed from

Au/Pd-coated borosilicate emitters into a mass spectrometer using static

infusion.

Negative-Stain EM

Rvb1/Rvb2/Ino80INS complexes were prepared as described earlier and

dialyzed into 25 mM HEPES (pH 7.5), 150 mM KCl. 2.5 mL 5–10 mM of Rvbs

were adsorbed onto 30-s glow-discharged copper grids coated with carbon.

Samples were blotted and stained with 3 mL 0.75% uranyl formate solution for

five applications, with blotting in between each application. Images were

collected on a Tecnai T12 microscope (FEI) equipped with a LaB6 filament and

operated at 120 kV. Images were recorded with an Ultrascan 4,096 pixel 3

4,096 pixel charge-coupled device (CCD) camera (Gatan) at a nominal magnifi-

cation of 52,0003.

ATPases

ATP hydrolysis rates weremeasured using an NADH enzyme-coupled reaction

assay (Lindsley, 2001). The final reaction included 10 U/mL pyruvate kinase

(Sigma) and 10 U/mL lactate dehydrogenase (LDH; Sigma), 2 mM phosphoe-

nylpyruvate (PEP; Sigma), between 2 and 10 mM Rvb1/2 complex, 0.18 mM

NADH, 4 mM ATP, 4.5 mM MgCl2, 150 mM KCl, and 25 mM HEPES

(pH 7.5). ATP concentration was empirically determined to be saturating for

all constructs tested. All components other than Rvb1/2 were assembled

and incubated at 30�C in a 384-well plate (clear bottom; Corning) for 10 min.

Enzyme was mixed in, and absorbance at 340 nm was monitored using a

SpectraMax M5e plate reader. After background subtraction, the data were

fit to a linear regression, with the slope being the rate of hydrolysis (micromolar

per minute).

Cryo-EM Image Acquisition

Rvb1/Rvb2/Ino80INS complexes were prepared as described earlier for nega-

tive stain. For cryo-EM grid preparation, 2.5 mL samples of 10 mM Rvb mono-

mer were applied to Quantifoil holey carbon film grids (1.2/1.3 spacing) that

had been glow discharged for 30 s. Using a Mark I Vitrobot (FEI), grids were

blotted for 5.5 or 6 s with �3 mm offset at 100% humidity and were plunge

frozen into liquid ethane cooled by liquid nitrogen.

Images were collected on a Titan Krios microscope (FEI Company),

operated at 300 kV under low-dose conditions at the Janelia Research

Campus. All images were recorded with a K2 Summit direct electron detector

camera (Gatan) using super-resolution counting mode, with a pixel size of

1.31 Å per pixel after 2 3 2 binning for motion correction and subsequent

processing. The camera dose rate was set to �1.4 e� per pixel per frame.



Dose-fractionated stacks were collected over an exposure time of 8 s with a

sub-frame exposure of 200 ms, for a total of 40 subframes, resulting in a total

dose of �32.6 e�/Å2 for the entire stack and 0.8 e�/Å for each subframe.

Cryo-EM Image Processing

All dose-fractionated image stacks were motion corrected using MotionCor2,

and the sum of all subframes was used for subsequent image processing

(Zheng et al., 2017). Estimation of the contrast transfer function (CTF) and de-

focus was conducted using Gctf, a GPU (graphic processing unit)-accelerated

CTF estimation program (Zhang, 2016). A set of �1,400 particles were manu-

ally picked and extracted from corrected micrographs using RELION 1.4.

Manually picked particles were subjected to 2D classification in RELION 1.4,

and good classes were selected as a template for reference-based automatic

particle picking. Multiple rounds of 2D classification yielded a particle stack

of �366,000 particles that was used to generate a consensus model with

the RELION 3D auto-refine function, using C1 symmetry. The structure of

the T. acidophilum 20S proteasome (EMDB: 5623) filtered to 50 Å was used

as an initial model. All subsequent 3D classificationwas performed using either

the consensus model, a model generated by prior 3D classification, or the

C. thermophilum Rvb1/Rvb2 crystal structure (PDB: 4WVY), all filtered to at

least 40 Å, as an initial model. Classes of interest were subjected to further

3D classification with C1 symmetry and refined using gold-standard proced-

ures within RELION 1.4 (Scheres, 2012).

Integrative Modeling of the Rvb1/Rvb2/Ino80INS Complex

We computed a structural model of the yeast Rvb1/Rvb2/Ino80INS complex

using an integrative approach based on data from X-ray crystallography,

crosslinkingMS, and cryo-EM. Themodeling protocol (Figure S6) was scripted

using the PythonModeling Interface (PMI), a library for modeling macromolec-

ular complexes based on our open-source Integrative Modeling Platform (IMP)

package, v.2.5 (http://integrativemodeling.org) (Russel et al., 2012). Complete

details of the integrative modeling procedure are in the Supplemental Informa-

tion. Files containing the input data, scripts, and output structures are available

online (https://github.com/integrativemodeling/Rvbs).

ACCESSION NUMBERS

The accession number for the cryo-EMmap of the Rvb1/Rvb2/Ino80INS com-

plex reported in this paper is EMDB: 8696.
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