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Abstract

Rvb1 and Rvb2 are conserved AAA+ (ATPases associated with diverse cellular activities) proteins found at
the core of large multicomponent complexes that play key roles in chromatin remodeling, integrity of the
telomeres, ribonucleoprotein complex biogenesis and other essential cellular processes. These proteins
contain an AAA+ domain for ATP binding and hydrolysis and an insertion domain proposed to bind DNA/RNA.
Yeast Rvb1 and Rvb2 proteins oligomerize primarily as heterohexameric rings. The six AAA+ core domains
form the body of the ring and the insertion domains protrude from one face of the ring. Conversely, human
Rvbs form a mixture of hexamers and dodecamers made of two stacked hexamers interacting through the
insertion domains. Human dodecamers adopt either a contracted or a stretched conformation. Here, we found
that yeast Rvb1/Rvb2 complexes when assembled in vivo mainly form hexamers but they also assemble as
dodecamers with a frequency lower than 10%. Yeast dodecamers adopt not only the stretched and contracted
structures that have been described for human Rvb1/Rvb2 dodecamers but also intermediate conformations
in between these two extreme states. The orientation of the insertion domains of Rvb1 and Rvb2 proteins in
these conformers changes as the dodecamer transitions from the stretched structure to a more contracted
structure. Finally, we observed that for the yeast proteins, oligomerization as a dodecamer inhibits the ATPase
activity of the Rvb1/Rvb2 complex. These results indicate that although human and yeast Rvb1 and Rvb2
proteins share high degree of homology, there are significant differences in their oligomeric behavior and
dynamics.

© 2015 Elsevier Ltd. All rights reserved.
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Rvb1 and Rvb2 are highly conserved eukaryotic
AAA+ (ATPases associated with diverse cellular
activities) proteins that are essential in Saccharomy-
ces cerevisiae [1], Drosophila melanogaster [2] and
Caenorhabditis elegans [3]. They are also important
for embryogenesis and early development in animals.
For example, knockdown of Rvb1 in hematopoietic
stem cells results in loss of pluripotency and Rvb1 null
embryos do not pass the blastocyst stage [4].
The Rvbs were first found as part of the large RNA

polymerase II holoenzyme and thought to act as a
er Ltd. All rights reserved.
helicase able to unwind DNA and RNA [1]. However,
they also play key roles in other essential cellular
processes that do not require the helicase activity.
These processes include chromatin remodeling [5–8],
ribonucleoprotein complex biogenesis [9–11], tran-
scription regulation [7,12], integrity of the telomeres
[12], RNA polymerase II assembly [13] and phos-
phatidylinositol 3-kinase-related protein kinase sig-
naling [14]. It has been proposed that the function
the Rvb proteins perform in complexes mediating
these processes is that of a chaperone. In these
cases, the Rvbs constitutively or transiently associate
with the assembling complexes and either assist in
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recruitment of proteins, DNA andRNA components, or
facilitate their interactions [3].
The structure and oligomeric state adopted by the

Rvbs in both the isolated form and as part of larger
multicomponent complexes that mediate these
cellular processes has been a subject of intensive
studies by several groups [15–19]. Initial X-ray
crystallography studies with purified human Rvb1
protein [18] showed that this protein assembles into
hexameric rings (Fig. 1b), which is typical of AAA+
proteins. Each protomer in the hexameric ring
features three regions: DI, DII and DIII. The first
and the last fragments make up the AAA+ core that
includes the conserved sequences of the AAA+
module essential for ATP binding and hydrolysis
(Walker A, Walker B, sensor 1 and sensor 2 motifs).
DII, also known as the insertion domain, is a
170-amino-acid stretch proposed to bind DNA/RNA
and that attaches to DI and DIII by a linker region
folded as two β-strands (Fig. 1a). Subsequently,
other groups have reported X-ray [16] and EM
(electron microscopy) [17] structures of purified
human Rvb1/Rvb2 complexes. A crystal structure
with a DII truncation in both human Rvb1 and Rvb2
[16] (Fig. 1c) showed that the human proteins
assemble into a barrel-shaped dodecamer com-
posed of two stacked hexameric rings made of
alternating Rvb1 and Rvb2 subunits. The interaction
between the two rings occurs through the remaining
part of the DII domain, still present in the Rvb1 and
Rvb2 constructs, which occupies the equatorial part
of the barrel. The AAA+ core domains of the
hexamers are located at the ends of the barrel. A
cryo-EM structure [17] was produced with full-length
human Rvb1 and Rvb2 proteins and this structure
was also consistent with the Rvb1/Rvb2 complex
adopting a double hexameric ring structure. Never-
theless, these double ring structures formed by the
human Rvb1/Rvb2 complex coexist in solution
with single hexameric rings as demonstrated by
size-exclusion chromatography [17] and analytical
centrifugation analysis [20].
In the case of the yeast Rvb proteins, previous

studies [15,21] showed that purified and in vitro
assembled Rvb1/Rvb2 complexes exclusively form
hexameric rings. However, the presence of an
N-terminal histidine tag in yeast Rvb1 or Rvb2
induces the formation of double hexameric ring
structures [19,22]. Recently, the structures of the
yeast SWR1 [23] and INO80 [24] chromatin-
Fig. 1. X-ray structures of the hexamer and dodecamer
formed by the human Rvb proteins. (a) The linear diagram
in the top panel indicates the location of the domains of the
human Rvb1 protein. The numbers correspond to the
residues delimiting the domains. The ribbon representa-
tion of the human Rvb1 protein is shown in the bottom
panel with domains colored as in the linear diagram.
(b) Top and side views of the crystal structure of the
hexamer formed by human Rvb1 protein. One of
the protomers shows the protein domains colored as in
the linear diagram. Structures in (a) and (b) were prepared
using PDB ID 2C9O. (c) Side view of the human
dodecameric Rvb1/Rvb2 complex obtained by X-ray
crystallography (PDB ID 2XSZ). The Rvb1 and Rvb2
variants used to produce this structure had a truncation
removing most of the insertion domain.
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remodeling complexes have been obtained by
cryo-EM. These complexes catalyze the swapping
of the H2A.Z histone variant into the canonical H2A/
H2B histone dimers in the nucleosome. This is
an important chromatin remodeling mechanism
through which cells regulate transcription, replica-
tion, cell division and DNA repair [8,25,26]. The
SWR1 and INO80 complexes are composed of 14
[27] and 15 [8] different protein components,
respectively. Several of the polypeptides forming
these complexes, including the Rvb1 and Rvb2, are
shared. However, the structures of the SWR1 and
INO80 complexes are different. The SWR1 complex
has a compact architecture, where Rvb1 and
Rvb2 proteins form a single heterohexameric ring
occupying the base of the complex [23]. The
cryo-EM structure of the INO80 complex shows an
embryo-shaped architecture with multiple domains
(head, neck, body and foot) [24]. In this case, a
Rvb1/Rvb2 heterododecamer of architecture similar
to those described for the human Rvb1/Rvb2
complex occupies the head domain of the complex.
The differences in the assembly of Rvb1/Rvb2 in
these two complexes illustrate that the ability of the
Rvb proteins to assemble as single or double
hexameric rings is shared by both human and
yeast proteins. However, it is possible that the type
of complex in which they are found determines the
oligomeric state adopted by the Rvbs.
In addition to the ability of theRvb1/Rvb2complex to

oligomerize as both a hexamer and as a dodecamer,
the ability to adopt multiple conformations is also an
inherent characteristic of these complexes. Recently,
a cryo-EM study [17] reported that the double ring
structure formed by the purified human Rvb1/Rvb2
complex can adopt either a contracted or a stretched
configuration differing in the orientation of the insertion
domains. Themovement of these domains causes the
Fig. 2. Oligomeric state of the in vivo assembled yeast
Rvb1/Rvb2 complexes. (a) Purified human and in vivo
assembled yeast Rvb1/Rvb2 complexes resolved on a
12% SDS-PAGE gel and stained by Coomassie brilliant
blue. (b) Human and yeast Rvb1/Rvb2 complexes were
diluted in buffer containing 25 mM Tris–HCl (pH 7.5),
80 mM KCl, 10% (vol/vol) glycerol and 1 mM DTT. Total
concentration of protomer was 6 μM and the concentration
of the nucleotide in the indicated reactions was 1.5 mM.
Prior to loading, we incubated the samples at 37 °C for
30 min and then diluted them 4-fold in the same buffer. A
volume of 15 μL of protein sample was mixed with 5 μL of
sample loading dye and resolved in Blue native PAGE
(NativePAGETM Novex® Bis-Tris Gel System; Invitrogen).
(c) A 30-μL reaction with 24 μg of purified yeast Rvb1/Rvb2
complexwas incubated in buffer containing50 mMTris–HCl
(pH 7.5), 150 mM NaCl, 80 mM KCl, 10% glycerol (vol/vol)
and 1 mMDTT for 30 min at 37 °C. In the case of the control
sample containing humanRvb1/Rvb2 complexes, the 30-μL
reaction was obtained by mixing 12 μg of each Rvb
protein in the same buffer and incubating it under the
same conditions. Where indicated, the specified nucleotide
was added to a final concentration of 1.5 mM at the
beginning of the incubation. Reactions mixtures were
centrifuged at 10,000g for 10 min and then injected
(10 μL) into a Superdex 200 PC 3.2/30 on an AKTAmicro
System (GE Healthcare Life Sciences) previously equili-
brated in the same buffer at room temperature.
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complex to have different heights and changes the
exposure of the putative DNA binding regions in the
insertion domain (DII). However, the functional impli-
cations of this conformational variability observed in
the dodecameric form of the human Rvb1/Rvb2 are
not understood.
Here, we found that ~8% of in vivo assembled

yeast Rvb1/Rvb2 complexes exist as double hex-
americ ring structures capable of adopting stretched
and contracted conformations similar to the human
Rvb1/Rvb2 complex. However, the yeast dodeca-
mers also showed intermediate conformations, in
which the structures displayed different degrees of
contraction between the stretched and contracted
states. The obtained structures revealed that the
orientations of the insertion domains in the yeast
dodecameric complexes were different from those
observed in the contracted or stretched human
structures. Finally, we show that oligomerization of
the Rvb1 and Rvb2 proteins into a dodecamer
inhibited the ATPase activity of the complex.
Consistent with our previous work [22], these

results confirm that purified yeast Rvb1/Rvb2 com-
plexes mainly exist as hexamers. They also highlight
important differences between the human and yeast
Rvb proteins in spite of their high degree of
homology. Furthermore, this study reveals that the
yeast Rvb1/Rvb2 complex is a very dynamic
assembly capable of adopting oligomeric states
and conformations similar to its counterpart in
humans. The dynamic nature of these complexes
is most likely essential for Rvb1/Rvb2 to carry out the
diverse number of functions that these proteins
perform in cells [28].

A small proportion of in vivo assembled yeast
Rvb1/Rvb2 complexes exist as a dodecamer

The coexpression and purification of the Rvb1/
Rvb2 complex was carried out as previously
described [29]. Briefly, Rvb1 with an N-terminal
Fig. 3. EM of the in vivo assembled yeast Rvb1/Rvb2 dod
complexes observed by negative-staining EM. Particles indicat
views of the Rvb1/Rvb2 dodecamers in the stretched and cont
with numbers 2 and 3, respectively. The specimen was depo
carbon and stained with 2% uranyl acetate. Grids were imaged
Images were collected at a magnification of 50,000× with a dos
images was performed on Kodak SO-163 films that we scanne
and averaged two times to produce micrographs with a samplin
and stretched conformation of the Rvb1/Rvb2 dodecamer obta
(c) 3D structure of the multiple conformations adopted by the
presented by these maps are indicated as i, ii and iii. Particle
[33]. The contrast transfer function of the micrographs was es
package (Scheres et al., 2008) The 3D reconstructions we
implemented in Xmipp [35] after particles in the multiple confo
classification approaches [36,37]. (d) Fourier shell correlation
from two maps obtained for each conformation following the l
particles. The resolution values reported used the FSC = 0.5 c
to these resolution values.
His6 tag followed by the tobacco etch virus cut site
(HV tag) and untagged Rvb2 were coexpressed
using pCOLADuet-1 in BL21 (DE3) pRIL and were
purified using Ni-NTA resin column. The N-terminal
HV tag of Rvb1 was removed by tobacco etch virus
protease. Subsequently, the Rvb1/Rvb2 complex
was further purified on a Superdex 200 10/300 GL
column (GE Healthcare Life Sciences).
The purified complex was visualized using

SDS-PAGE (Fig. 2a) and the oligomeric state was
analyzed using Blue native PAGE (Fig. 2b). The
purified in vivo assembled yeast Rvb1/Rvb2
complex showed a prominent band that migrated
similarly to the 480-kDa molecular mass marker
and a thinner band with mobility at ~720-kDa
marker. Our previous work [15,21] established that
even though the theoretical molecular masses of the
hexameric and dodecameric Rvb1/Rvb2 complexes
are ~300 kDa and ~600 kDa, respectively, these
two bands correspond to the single and double ring
complexes. The mobilities of these oligomers were
also similar to the single and double hexameric
complexes formed by the human Rvb1/Rvb2
complex loaded in the same gel as a control. In
addition, in the lanes containing the yeast Rvb1
and Rvb2 proteins, we observed a smear of high-
molecular-weight bands corresponding to a heter-
ogenous mixture of oligomers. Incubation of the
purified Rvb1/Rvb2 complex with ADP, ATP or
ATPγS for 30 min at 37 °C dramatically reduced
the presence of higher-order-mass oligomers above
the 720-kDa marker. However, it did not dramatically
change the relative intensity of the bands represent-
ing the Rvb1/Rvb2 hexamers and dodecamers,
except in the presence of ATPγS. Quantification of
these bands by densitometry (performed with
ImageJ program) showed that ~8% of the Rvb1
and Rvb2 proteins in these samples are present as
dodecamers in the presence of ADP or ATP. This
proportion decreased to ~3% when the buffer
contained ATPγS.
ecamers. (a) Purified in vivo assembled yeast Rvb1/Rvb2
ed with number 1 represent top views of the complex. Side
racted (or partially contracted) conformations are indicated
sited in copper grids covered with a continuous layer of
in a JEOL 2010F electron microscope operated at 200 kV.
e of ~20 electrons per angstrom squared. Recording of the
d on a Nikon Super COOLSCAN 9000 ED at 6.35 μm/pixel
g of 2.54 Å/pixel. (b) Projection structures of the contracted
ined by classification using self-organizing algorithms [31].
yeast Rvb1/Rvb2 dodecamer. The three layers of density
images for the 3D reconstructions were picked with Boxer
timated using CTFFIND3 [34] and corrected using Xmipp
re obtained using the projection-matching approach as
rmations were separated using maximum-likelihood-based
plots for the 3D structures in (c). Each plot was calculated
ast cycle of refinement from the even- and odd-numbered
riterion. The obtained cryo-EM maps were low-pass filtered
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The oligomeric state of the in vivo assembled
yeast Rvb1/Rvb2 complex was also analyzed by
size-exclusion chromatography (Fig. 2c). Injecting
the control specimen, the N-terminal histidine-
tagged human Rvb1/Rvb2 complex, produced a
profile plot consistent with previous studies [17].
There was a major peak centered at an elution
volume of 1.2 mL, which corresponded to the
hexameric complex, as well as two minor broader
peaks at 1.07 mL and 0.89 mL, representing the
dodecameric form and other higher-order oligomers,
respectively. Injecting the yeast Rvb1/Rvb2
complex produced a large peak eluting slightly
earlier (1.16 mL) than the peak representing
hexameric human Rvb1/Rvb2 complex. There was
also a smaller peak centered at 0.94 mL that
corresponded to the high-order oligomers observed
as a smear in the native gel (Fig. 2b). A distinctive
peak centered around 1.07 mL representing the
Rvb1/Rvb2 dodecamer was not observed with the
yeast proteins. However, we found that the merging
point of the peaks representing the multimers and
hexamers was at the expected elution volume for the
Rvb1/Rvb2 dodecamer, and at that elution volume,
the A230 reading was above the baseline consistent
with the small proportion of dodecamers present
in this sample. Incubation of the complex with
nucleotides changed the elution profile resulting in
a decrease in the peak containing the higher-order-
mass oligomers to decrease dramatically. However,
this peak did not disappear completely in the case of
ADP or ATP consistent with the existence of a small
proportion of multimers and dodecamers in these
samples. In the case of the sample containing
ATPγS, the peak representing the multimers de-
creased even further consistent with the lower
proportion of dodecamers in this sample compared
to those in the presence of ADP or ATP. In addition,
in the reaction containing ATPγS, the peak repre-
senting the hexamer also shifted slightly in
agreement with the conformational change that
the complex undergoes in the presence of this
nucleotide [30]. These results indicate that in vivo
assembled yeast Rvb1/Rvb2 complexes mainly
oligomerize as hexamers but a small proportion of
these proteins assemble as dodecamers.

The yeast Rvb1/Rvb2 dodecamer complex
adopts multiple conformations

To visualize the dodecameric structures formed by
yeast Rvb1/Rvb2 complex, we imaged the purified
assembly by negative-staining EM (Fig. 3a). The
micrograph showed a mixture of ring- and barrel-
shaped particles. Previous studies established that
the ring-shaped particles are single hexameric rings
formed by the Rvb1 and Rvb2 proteins [15,21]. The
barrel-shaped particles showed three parallel
striations similar to those previously seen in the
dodecameric structures formed by the histidine-
tagged versions of the yeast Rvb1 and Rvb2
proteins [19,22].
An initial set of 600 barrel-shaped particles was

selected and subjected to 2D (2-dimensional)
analysis. Particles were first centered and aligned
using reference free methods before classifying
them using self-organizing algorithms as implement-
ed in the Xmipp program [31,32]. We found that the
length of the barrel-shaped particles in the class
averages fell into two categories. The first group
contained longer particles with a length of approx-
imately ~155 Å and the second group included
the shorter particles with a longitudinal dimension
of ~132 Å. Particle images assigned to these two
groups were used to calculate a 2D projection
structure of the two conformations that we called
stretched and contracted, respectively (Fig. 3b), by
analogy to the conformations observed in the human
counterpart complex [17].
Unfortunately, visualizing the in vivo assembled

Rvb1/Rvb2 complexes under non-staining conditions
using cryo-EM failed to show any barrel-shaped
particle (data not shown) indicating that either the
dodecamers orient preferentially in the cryo-EM grids
providing only end on views or that they were unable
to withstand the vitrification process and dissociated
into hexamers.
To further explore the conformational variability of

the Rvb1/Rvb2 dodecamers and to obtain the 3D
(3-dimensional) structure of the observed conforma-
tions, we selected 14,474 barrel-shaped particle
images from the negative-staining electron micro-
graphs and subjected them to maximum-likelihood-
based classification (Scheres et al., 2005b,c). This
classification approach is an “unsupervised” method
that does not require a priori information regarding
the potential differences that may exist between
particle images. Each group of particles obtained in
the classification was used to obtain a 3D structure
using projection-matching approaches [31,32].
Ring-shaped particles from the micrographs were
not included in the data set to ensure that single
hexameric ring Rvb1/Rvb2 complexes are not
included in the 3D reconstruction process.
We found that there were four subpopulations

of Rvb1/Rvb2 dodecamers present in the sample
(Fig. 3c). The estimated resolution for the obtained 3D
reconstructions ranged from 22 Å to 25 Å (Fig. 3d).
Two of the 3D structures had a length of ~155 Å and
~132 Å and corresponded to the stretched and
contracted Rvb1/Rvb2 dodecamers observed in
the 2D analysis. The other two structures had a
length of ~144 Å and ~137 Å and corresponded to
partially contracted dodecamers with an intermediate
length between the two extreme conformations initially
observed. The percentages of particles from
the stretched to the contracted structure were 12%,
28%, 43% and 17%, respectively. Performing
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maximum-likelihood-based classifications assuming
the existence of more than four subpopulations
consistently produced duplication of the 3D structures
displayed in Fig. 3c. Therefore, we concluded that the
Rvb1/Rvb2 dodecamers mainly exist as four confor-
mational subpopulations. It is possible that there were
dodecamers with additional degrees of contraction;
however our analysis suggests that these potential
conformations may represent a very small percentage
of the population. These results establish that the
system has a continuous range of conformational
stretching rather than adopting only two conformations
Fig. 4. Docking of the crystal
tructure of the human Rvb proteins
to the EM maps of the in vivo
ssembled Rvb1/Rvb2 dodeca-
ers in yeast. (a) Docking of the
uman Rvb1/Rvb2 dodecameric
-ray structure (Rvb1 and Rvb2
onstructs lack the linker region
nd insertion domains; PDB ID
XSZ) into two of the conformations
he most contracted (class 4) and
e most stretched (class 1)] of the
east Rvb1/Rvb2 dodecamers.
ain domains of the Rvb proteins
re indicated. The arrows in the side
iews indicate the distance be-
een the remaining parts of the
sertion domains in the X-ray
tructure after the two hexamers
ere fitted into the ends of the EM
aps. (b) This panel shows the
ocking of the X-ray structure of the
uman Rvb1 hexamer (PDB ID
C9O) into the same EM maps.
wo hexamers were docked into
ach one of the EM maps. The
vb1 protein in this structure con-
ins the linker region and insertion
s
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Table 1. ATPase activity of the hexameric and
dodecameric form of the yeast Rvb1/Rvb2 complex.

Complex Initial rate
(pmol Pix min−1 × pmol Rvb−1)

Standard
deviation

Rvb1/Rvb2 1.978 ±0.197
Rvb1/H-Rvb2 1.469 ±0.094
H-Rvb1/Rvb2 1.205 ±0.088
H-Rvb1/H-Rvb2 0.768 ±0.019
WB-Rvb1/WB-Rvb2 0.039 ±0.009

Hydrolysis of ATP by 5 μM Rvb proteins (monomer) was
monitored as a function of time by measuring the release of Pi
by the malachite green assay. Assembly reactions were preincu-
bated for 4 h at 4 °C prior to addition of 5 mM ATP. The reaction
buffer contained 25 mM Tris–HCl (pH 7.5), 200 mM KCl, 5 mM
MgCl2, 1 mMDTT and 10% (vol/vol) glycerol. The reaction volume
was 200 μL and samples were incubated at 37 °C. At the
indicated time points, 10-μL samples were taken and added to
200 μL of reagent containing 1 mM malachite green, 8.5 mM
ammoniummolybdate and 1 MHCl to develop color. This reaction
was stopped after 1 min by the addition of 25 μL of 37% citric acid
and absorbance was measured at 660 nm. This reading was
converted to picomoles of phosphate produced using a KH2PO4

standard curve. The initial rates were calculated from data
collected in the first 10 min of the reactions. The prefix “H”
indicates the protein containing a histidine tag. The prefix “WB”
indicates that a Walker B variant of the Rvb1 and Rvb2 proteins
was used in that reaction.
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as it has been described for the human Rvb1/Rvb2
dodecamers [17].
The obtained 3D structures (Fig. 3c) had the

overall shape of a cylinder. In all cases, the cylinder
consisted of two solid disks of density occupying the
ends of the complex (Fig. 3c; indicated as i and iii)
from where six densities projected meeting at the
equator (Fig. 3c; indicated as ii). An interesting
feature of the two 3D structures was that they did not
show 2-fold symmetry with respect to an equatorial
plane orthogonal to the longitudinal axis of the
cylindrical structures. Consequently, in these struc-
tures, the top half was not identical to the bottom half
and the densities projecting from the rings showed
protrusions that were more prominent in the top than
in the bottom part of the complex.
To ensure that the reconstructions were not

affected by model bias, we refined each map twice
using two reference structures that were aggres-
sively low-pass filtered to 60 Å resolution. The two
references used for the projection-matching refine-
ments were the stretched 3D reconstruction of the
human Rvb1/Rvb2 dodecameric complex (EMDB ID
2164) and the structure of the yeast dodecamer
induced by the presence of N-terminal histidine tags
in the Rvb1 and Rvb2 proteins (EMDB ID 5230). The
two 3D structures obtained for each class were very
similar, ruling out any model bias imposed by the
references. The 6-fold symmetry around the longi-
tudinal axis of the dodecamers was imposed during
the 3D reconstruction procedures.

The Rvb1/Rvb2 dodecameric structures feature
conformational variability in the insertion
domain

To understand the conformational changes
that the yeast Rvb1/Rvb2 dodecameric complex
undergoes when it transitions between the different
observed conformations, we fit the X-ray structures
of the human Rvb1 hexamer and Rvb1/Rvb2
dodecamer into the most stretched and the most
contracted of the obtained EM structures.
We first fit the X-ray structure of the human

Rvb1/Rvb2 dodecamer (Fig. 4a). These fittings
showed that the AAA+ core domains of the structure
unambiguously fit in the outer rings of densities in the
EM structures allowing us to assign the densities
projecting from the rings to the insertion domains and
linker regions of the Rvb1 and Rvb2 protomers. The
length of EM structures was longer than the X-ray
structure of the dodecamer. Therefore, optimal fitting
of the X-ray structure of the dodecamer required
pulling away the hexamers in the X-ray structure by
different degrees. The X-ray structure of the human
Rvb1/Rvb2 dodecamer was obtained with constructs
of Rvb1 and Rvb2 lacking the linker region and
insertion domains. Consequently, the EM density in
the equatorial part of theEMmapswas not filled by the
X-ray structure. This slab of empty densitywasof 25 Å
in the most contracted structure and up to 43 Å in the
most stretched structure (Fig. 4a).
The X-ray structure of the human Rvb1 hexamer

was produced with the full-length protein, and
thus, we used this crystal structure to study the
conformational differences in the insertion domain
between the EM maps obtained for the Rvb1/Rvb2
dodecamer. Rigid-body fitting of two Rvb1 hexamers
into the most stretched and the most contracted of
the obtained EM structures (Fig. 4b) showed that the
conformation of the linker region and insertion
domain of the Rvb1 and Rvb2 protomers in the
EM structures was different from that of the crystal
structure. A large part of these two motifs extended
outside the density of the EM maps, especially in
the bottom part of the complexes that had smaller
protrusions in the equatorial region. Consequently,
part of the equatorial density of the EMmaps remained
unfilled upon docking of the X-ray structures. These
results suggested that, in the EM structures, the
insertion domains occupy a more inward position
than that observed in the X-ray structure of the Rvb1
hexamer. In addition, they also indicated that the
interaction between opposite hexamers in the EM
dodecameric structures ismediated by protein/protein
interactions involving the intermediate domains
that contact each other at the equatorial part of
the complex. Transition of the dodecamer from the
stretched to any of the contracted structures most
likely requires a conformational change of both the
linker region and intermediate domains of the Rvb1
and Rvb2 protomer. Unfortunately, the limited



Fig. 5. Conformational variability of the
human and yeast Rvb1/Rvb2 dodecamer.
The EM structures of two of the confor-
mations [the most contracted (class 4) and
the most stretched (class 1)] conformations
of the in vivo assembled Rvb1/Rvb2
complex from yeast described here are
compared with previously obtained EM
structures of the yeast and human dodeca-
meric complex. The length of the complexes
is indicated and each structure is labeled
with the publication where the structure was
described and their EMDB ID.
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resolution of the EM structures prevented us from
obtaining a detailed description of this conformational
change.

Yeast Rvb1/Rvb2 dodecamers have decreased
ATPase activity compared to hexamers

Yeast Rvb1 and Rvb2 are members of the AAA+
family of proteins and are active ATPases [19,30].
Here, we compared the ATPase activity of the
dodecameric form of the complex with respect to that
exhibited by the hexameric form. The small proportion
of dodecamers present in our purified in vivo assem-
bledRvb1/Rvb2 complex prevented us from being able
to biochemically separate the hexameric and dodeca-
meric form before measuring their respective ATPase
activities. We showed previously that N-terminal
histidine tags on either Rvb1 or Rvb2 increased
dodecamerization of the Rvb1/Rvb2 complex. This
change in the oligomeric state is possibly caused by
allosteric conformational changes within the inser-
tion domain that favor ring/ring interactions. There-
fore, we usedN-terminal histidine variants of the Rvb1
and Rvb2 proteins to prepare samples with different
proportions of hexamers and dodecamers [22] from
which we measured the ATPase activity.
Initially, we assembled Rvb1/Rvb2 complexes

in vitro by mixing equimolar amounts of Rvb1 and
Rvb2 proteins. This assembly condition produced a
sample mainly containing hexamers and only a small
proportion of dodecamers [22], similar to the in vivo
assembled yeast Rvb1/Rvb2 complexes analyzed
here (Fig. 2). Subsequently, single histidine-tagged
(H-Rvb1/Rvb2, Rvb1/H-Rvb2) and double histidine-
tagged H-Rvb1/H-Rvb2 complexes were produced
by substituting either one or the two proteins with the
N-terminal histidine variant into the mixture. Mixtures
containing the double histidine-tagged proteins
produce a sample consisting mostly of dodecamers
[22]. Replacing Rvb1 or Rvb2 with the histidine-
tagged variant (H-Rvb1/Rvb2 and Rvb1/H-Rvb2
complexes) generated samples containing a mixture
of hexamers and dodecamers [22].
Measuring the initial rates for ATP hydrolysis

of these reactions showed that the activity was
negatively correlated to the proportion of dodecamers
present in the reaction (Table 1). The highest initial
rates were obtained with the reaction containing the
untaggedRvbproteinsmainly composedof hexamers.
Conversely, the mixture constituted mainly by dode-
camers (H-Rvb1/H-Rvb2) gave the lowest initial rates.
Reactions containing the single tagged complexes
contained amixture of hexamers and dodecamers and
consequently exhibited initial rate values in between
the samples made exclusively from hexamers and
dodecamers. A reaction containing Walker B variants
ofRvb1 (WB-Rvb1) andRvb2 (WB-Rvb2)wasusedas
anegative control andexhibited no significantATPase.
These results indicate that oligomerization of the Rvb1
and Rvb2 proteins into dodecameric complexes
decreases their ATPase activity.

Concluding remarks

Previous work from our laboratory [22] showed
that the presence of N-terminal histidine tags in the
yeast Rvb1 and Rvb2 proteins promotes assembly
as dodecamers instead of hexamers. We found that
the height of these dodecamers (137 Å) induced by
the presence of N-terminal histidine tags matches
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one of the conformations (class 3) described here
and it lies between that observed for the contracted
conformation (132 Å) and that observed for the
stretched conformation (155 Å) (Figs. 3 and 5). In
addition, the structural features of the equatorial
region containing the insertion and linker domains of
the histidine-tagged Rvb variants are similar to the
dodecameric structures described here, suggesting
that they are in a similar conformation.
The contracted conformation obtained in this

study was close in length to a previously described
EM structure generated by coexpressing yeast
Rvb1 and N-terminal histidine tag Rvb2 in insect
cells [19]. However, comparison of the structures
suggests some conformational differences in the
insertion domains (Fig. 5).
Furthermore, the stretched and contracted

structures that have been described for the human
Rvb1/Rvb2 dodecameric complex [17] have 2-fold
symmetry with respect to an equatorial plane
orthogonal to the longitudinal axis of the cylindrical
structures, which was not observed for the yeast
complex. In addition, the insertion domains seem to
be in a different conformation than the structure
described in this study (Fig. 5).
Overall, the structures described in this study and

their comparison with other published structures of
dodecameric Rvb1/Rvb2 complexes suggest that
this complex is extremely dynamic, especially in the
linker region and insertion domains. This is likely a
necessary requirement for this complex to partici-
pate in the assembly and functionality of a large
number of macromolecular enzymes performing
diverse essential activities in the cell. For example,
recent cryo-EM work has provided the structure of
the INO80 and SWR1 complexes and suggests
that the Rvb1 and Rvb2 proteins oligomerize in these
complexes as dodecamers and as hexamers,
respectively. Our work presented here and previously
published work [22,30] supports these two stoichiom-
etries, as it shows that the dodecamers and as
hexamers described for the Rvb1/Rvb2 module in the
INO80 and SWR1 complexes can be adopted by the
purified yeast Rvb1 and Rvb2 proteins.
In conclusion, this study reveals that the yeast

Rvb1 and Rvb2 proteins assemble not only mainly
as hexamers but also with low frequency as
dodecamers that coexist in multiple conformations
that differ in the orientation of their linker region and
insertion domains. This work also indicates im-
portant differences between the yeast and human
Rvb1 and Rvb2 proteins. Mainly that the dodeca-
meric form in yeast is substantially less prevalent
and that in addition to the stretched and contracted
structures that have been described for human
Rvb1/Rvb2 dodecamers, the yeast dodecamers
also adopt intermediate conformations in between
these two extreme states. It is possible that the
human dodecamers also adopt intermediate con-
formations; however, those conformations have not
been described. Nevertheless, any differences
between the oligomeric behavior of the human and
yeast Rvb1/Rvb2 complexes are surprising con-
sidering that the sequence identities between the
insertion domains of yeast Rvb1 and Rvb2 and their
human counterparts are N80%. This high level of
identity implies that small differences in the amino
acid sequence of this domain that mediates the
interaction between the two hexamers in the
dodecameric structure are sufficient to change the
oligomeric behavior of the Rvb1 and Rvb2 proteins.
Finally, we found that oligomerization as a dodeca-
mer decreases the ATP hydrolysis rate of the
complex. It is possible that the dodecameric form
of the Rvb1/Rvb2 complex in yeast might be an
inactive “storage” state that subsequently switches
to an active hexameric state.
Accession numbers

The EM map for the multiple conformations of the
yeast Rvb1/Rvb2 dodecamers have been deposited
in the Electron Microscopy Data Bank and their ID
numbers are EMDB IDs 6215, 6216, 6217 and 6218
for class 1, 2, 3 and 4, respectively.
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