SCIENCE ADVANCES | RESEARCH ARTICLE

STRUCTURAL BIOLOGY

Structural mechanism for regulation of the
AAA-ATPases RUVBL1-RUVBL2 in the R2TP
co-chaperone revealed by cryo-EM

Hugo Mufoz-Hernandez', Mohinder Pal®*, Carlos F. Rodriguez’*, Rafael Fernandez-Leiro',
Chrisostomos Prodromou?, Laurence H. Pearl? Oscar Llorca't

Copyright © 2019

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CCBY).

The human R2TP complex (RUVBL1-RUVBL2-RPAP3-PIH1D1) is an HSP90 co-chaperone required for the maturation
of several essential multiprotein complexes, including RNA polymerase Il, small nucleolar ribonucleoproteins, and
PIKK complexes such as mTORC1 and ATR-ATRIP. RUVBL1-RUVBL2 AAA-ATPases are also primary components of
other essential complexes such as INO80 and Tip60 remodelers. Despite recent efforts, the molecular mechanisms
regulating RUVBL1-RUVBL2 in these complexes remain elusive. Here, we report cryo-EM structures of R2TP and
show how access to the nucleotide-binding site of RUVBL2 is coupled to binding of the client recruitment compo-
nent of R2TP (PIH1D1) to its DIl domain. This interaction induces conformational rearrangements that lead to the
destabilization of an N-terminal segment of RUVBL2 that acts as a gatekeeper to nucleotide exchange. This mech-
anism couples protein-induced motions of the DIl domains with accessibility of the nucleotide-binding site in
RUVBL1-RUVBL2, and it is likely a general mechanism shared with other RUVBL1-RUVBL2-containing complexes.

INTRODUCTION
R2TP (named after its components in yeast, Rvb1-Rvb2, Tahl and
Pih1) is an Heat shock protein 90 (HSP90) co-chaperone complex
assembled from RuvB-like protein 1 (RUVBLI1), RuvB-like protein 2
(RUVBL2), RNA polymerase-associated protein 3 (RPAP3), and
PIH1 domain-containing protein 1 (PIH1D1) (I-5). RUVBLI
(Rvblpinyeast) and RUVBL2 (Rvb2p in yeast) are essential and
related AAA adenosine triphosphatases (ATPases) (6), while
PIH1D1 (Pihlp in yeast) is a client recruitment protein recogniz-
ing casein kinase 2 (CK2)-phosphorylated adaptors containing a
consensus DpSDD/E motif (7, 8). RPAP3 contains two tetratrico-
peptide repeat (TPR) domains that recruit the HSP90 and HSP70
chaperone systems (9-11)—this function is fulfilled by the much
smaller Tahlp protein in yeast. These chaperones, together with
R2TP, facilitate the assembly and cellular stability of several macro-
molecular complexes, including complexes of the phosphati-
dylinositol 3-kinase-like family of kinases (PIKKs) such as
mammalian Target of Rapamycin (mTOR) complex 1 (mTORC1),
ATM and RAD3-related (ATR)-ATR-interacting protein (ATRIP),
and Suppressor with morphogenetic effect on genitalia (SMG1)
(2,4, 5, 8); small nucleolar ribonucleoproteins (1); RNA polymerase II
(9, 10); and possibly other multiprotein complexes (3, 12).
R2TP associates with additional proteins in the cell, including
prefoldin and prefoldin-like proteins that assemble the so-called
R2TP/Prefoldin-like complex (3, 10). In addition, RUVBL1 and
RUVBL2 can engage with PIH1D1-like and RPAP3-like proteins to
form several R2TP-like complexes (12, 13). These may have specific
functions or deal with specific clients during HSP90-mediated pro-
tein complex assembly, and/or they might be tissue specific. Evi-
dence suggests a modular model where components of the R2TP/
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PFLD could associate differentially. Because of this complexity, the
term PAQosome (particle for arrangement of quaternary structure)
has been proposed to rename R2TP/PFDL (14). In addition to their
function in R2TP and its variants, RUVBL1/Rvbl and RUVBL2/
Rvb2 are essential components of other complexes, such as the INO80
and SWRI1 chromatin remodelers (15, 16).

AAA ATPases RUVBLI and RUVBL2 are the only common com-
ponents in all the R2TP-like complexes found so far (13, 14, 17, 18).
RUVBLI and RUVBL2 assemble into heterohexameric rings with
domain II (DII) from each subunit protruding from one face of the
ring, while the other is defined by the ATPase domains (Fig. 1A)
(19-23). DII domains are composed of two segments, a flexible
oligonucleotide/oligosaccharide-binding domain (DII external) and
an internal region in proximity to the ATPase ring (DII internal). In
yeast R2TP, the DII face of Rvb1p/Rvb2p interacts with the Pih1p-
Tahlp proteins involved in client and Hsp90 recruitment, respectively
(24, 25). In human R2TP, PIH1D1 and the central and N-terminal
regions of RPAP3 are also located at the DII face of the ring, but with
a RUVBL2-binding domain (RBD) at the C-terminal end of RPAP3
stretching around the edge of the ring, to bind to the ATPase face of
each RUVBL2 subunit. This interaction provides an anchor that
permits substantial flexibility of the N-terminal regions of RPAP3
that mediate HSP90 and HSP70 binding (17). The N-termini of
RUVBL1 and RUVBL2 both contain a long segment that is only
partially resolved in crystal structures (Fig. 1A) (20, 22, 26).

PIH1D1 contains an N-terminal phosphopeptide-binding PTH
domain that binds DpSDD/E motifs phosphorylated by CK2, which
are present in a number of clients, such as Meiotic recombination 11
(MREL11), and adaptors, such as Telomere Maintenance 2 (TELO2)
(7, 8, 27, 28). TELO2 itself interacts with the TELO2-interacting
protein 1 (TTI1) and TELO2-interacting protein 2 (TTI2) pro-
teins to form the TTT complex, which bridges R2TP to PIKKs
such as mTOR, SMG1, and ATR (2, 5, 29). PIH1D1 also contains a
C-terminal CS domain consisting of seven B strands that bind to a
long unstructured region in RPAP3 that loops around the CHORD
domain-containing protein and Sgtl (CS) domain (residues 409 to
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Fig. 1. Purification and cryo-EM of R2TP-ANT. (A) Left: Components of R2TP and their domains. TPR, PIH, and CS domains are indicated. Right: Domains of a RUVBL2
subunit (PDB 6H7X, residues 543 to K456) (26), indicating the ATPase and DIl side of the ring. (B) SDS-polyacrylamide gel electrophoresis for the final purification steps of
RUVBL1-RUVBL2 (lane 1), which we mixed with the RPAP3400-665-PIH1D1 (lane 2) subcomplex. We used the sample in lane 2 for vitrification and cryo-EM. MW, molecular
weight markers. (C) Representative side view 2D average of R2TP (77) and the truncated version produced in this work. Flexible regions in R2TP disappear in R2TP-ANT
after the first 399 residues of RPAP3 are removed. RBD domains are labeled with white arrows, and the location of the RUVBL ring and DIl domains is indicated. Images are
at a different scale. (D) In the micrographs, multiple orientations of top, tilted, and side views were found, assuring a good coverage of Euler angles during image processing.

443 of RPAP3 in the crystal structure of RPAP3,5;_445:PTH1D1199_290)
(11). Constructs spanning residues 400 to 420 in RPAP3 are suffi-
cient to pull down RPAP3, showing that this small region in RPAP3
is sufficient to form a stable complex with PTH1D1 (17). The struc-
ture of the RPAP3,5;_445:PTH1D1,99_399 complex showed that a hy-
drophobic patch in the CS domain binds helices of the second TPR
domain in RPAP3 (residues 281 to 396), thus contributing to the
interaction between PIH1D1 and RPAP3 (11). Although RPAP3
and PIH1D1 form a clear 1:1 complex, the stoichiometry of these
proteins in the full R2TP complex is not defined. Cryo-electron
microscopy (cryo-EM) of human R2TP complexes shows the
presence of up to three well-resolved copies of the C-terminal
RPAP3-RBD domain bound to RUVBL2 on the ATPase face of the
ring, suggesting that one, two, or three RPAP3 molecules may be
bound in the R2TP complex (17). However, the stoichiometry of
PIH1D1 could not be unambiguously defined through cryo-EM
image processing owing to the variation in RPAP3 stoichiome-
try and the considerable conformational flexibility of the N-terminal
regions of RPAP3, which map to the same face of the ring as PIH1DI.

The ability of the RUVBL1-RUVBL2 complex to bind and/or
hydrolyze nucleotides is required for its documented cellular func-
tions (16, 30, 31), and isolated RUVBL1-RUVBL2 in vitro displays
amodest ATPase activity (22, 32). However, the biochemical role of
this nucleotide binding and ATPase activity in those functions and
how and/or whether this activity is regulated are largely unknown.
Access to the nucleotide-binding sites of both subunits is substan-
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tially restricted within all of the various heterohexameric RUVBL1-
RUVBL2 ring structures that have been experimentally determined
across multiple species (20, 22, 32). Thus, as with ATPases, such as
HSP70 where the nucleotide-binding site also becomes occluded,
efficient ATPase activity of RUVBL1-RUVBL2 may depend on inter-
action with another protein (or proteins) to switch the conforma-
tion of the ring and facilitate nucleotide exchange.

We have now eliminated the conformational heterogeneity of
the N-terminal region of RPAP3, which confounded the structural
analysis of PIH1D1 in previous cryo-EM studies of human R2TP,
allowing unambiguous identification and localization of a single
PIH1D1 bound to RUVBL2 on the DII face of the RUVBL1-RUVBL2
ring. We show that binding of PIH1D1 breaks the threefold symmetry
of the ring and elicits a change in the conformation of the interacting
RUVBL2-DII domain that is coupled to remodeling of the nucleotide-
binding site to an open and more accessible state. These results iden-
tify PIH1D1 as a nucleotide exchange factor for RUVBL1-RUVBL2
within the R2TP complex and provide a model for the regulation of
the inherent ATPase activity of RUVBL1-RUVBL2 that is likely to
be common to other complexes in which it participates.

RESULTS

Reconstitution and cryo-EM of a truncated R2TP

RPAP3 (isoform 1) comprises segments that interact with HSP90
(residues 133 to 255 for TPR1 and residues 281 to 396 for TPR2),
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PIHI1DI1 (residues 409 to 443), and RUVBL2 (residues 541 to 665
for RBD) (Fig. 1A) (11, 17). As flexibility and consequent confor-
mational heterogeneity in the N-terminal regions adversely affected
cryo-EM image processing in previous studies (17), we sought to
improve structural resolution of the PIH1D1 component of human
R2TP by removing the TPR domain regions from RPAP3 (17). We
purified RUVBL1-RUVBL2 (R2) and RPAP3-PIH1D1 (TP) sub-
complexes independently, using an RPAP3 construct (RPAP340_665)
devoid of the TPR domains and extreme N terminus but retaining
the ability to bind PIH1D1 and RUVBL2 (Fig. 1B). We verified that
the two subcomplexes interacted in pull-down assays (fig. S1A). For
cryo-EM experiments, we reconstituted a truncated R2TP complex
(R2TP-ANT) by mixing both subcomplexes, followed by dialysis in
an adenosine diphosphate (ADP)-containing buffer (Fig. 1A).
The complex was vitrified and observed by cryo-EM, and all
RUVBL1-RUVBL2-containing complexes were selected (fig. S1B).
Typical two-dimensional (2D) class averages of R2ZTP-ANT revealed
asingle-ring RUVBL1-RUVBL2 structure with RPAP3-RBD domains,
decorating the ATPase face of the ring as in the full R2TP complex
(17) but without the poorly resolved conformationally heteroge-
neous density observed for the N-terminal regions of RPAP3 (Fig. 1C).
High-resolution structural details are evident in these class averages,
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and our dataset comprised many orientations corresponding to tilted
top and tilted side views of R2ZTP-ANT (Fig. 1D).

After 3D classification with a mask enclosing the whole mole-
cule, most R2TP-ANT images could be grouped into one class
containing three copies of the C-terminal RPAP3-RBD domain
decorating the ATPase face of one RUVBL1-RUVBL2 hexamer and
a density located at the DII face of the ring. Since RPAP3400_665
does not contain other globular domains besides the RBD (17), we
assigned the density at the DII face to PIH1D1 (fig. S1C).

Asymmetric stoichiometry of the human R2TP complex

We refined all images to a consensus structure at an average resolution
of 4.0 A (R2TP-ANT_structurel) (Fig. 2A). We identified RUVBLI
and RUVBL2 subunits and the RBD domains based on previous
knowledge (17) and after model building (see below). Higher reso-
lution was found at the core of the RUVBL ring, whereas PIH1D1
and the external region of the DII domains are not well defined,
suggesting significant flexibility and/or heterogeneity.

From this consensus refinement, we classified the dataset based
on the variability of those regions where conformational changes or
heterogeneity had been observed, by the use of a mask (Fig. 2B and
fig. S1D). Three subgroups revealed heterogeneity in the PIH1D1
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Fig. 2. Overall architecture of R2TP-ANT. (A) Consensus 3D structure of R2TP-ANT at 4.0 A resolution (R2TP-ANT _structure1) colored according to local resolution (40).
The structure shows an opening in one end, as well as the location of PIH1D1 at the DIl face of the ring. Color code scale is shown. (B) Classification of the particles based
on the variability of PIH1D1 into three subgroups. The most abundant group shows clear density for PIH1D1 and the displaced DIl domain, and we selected this for further
refinement. A view of the DIl face of the ring reveals density for PIH1D1, which agrees in shape and size with crystal structures of the PIH and CS domains, colored purple
and red, respectively. Scale bar, 5 nm. (C) Structure of R2TP-ANT_structure2 obtained after refinement of the subgroup shown in (B). We estimated local resolutions in
RELION (33), and we filtered and colored the map accordingly, using the same color code used in (A). PIH1D1, the DIl domain interacting with PIH1D1, and the distorted
rim of the ring are indicated. The top view is shown with a slightly higher threshold than the side and tilted views, to highlight the opening of one protomer and the

distorted rim.
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density, with the most abundant class (75.5% of the images) show-
ing an improved density for PIH1D1 (Fig. 2B and fig. S1D). The CS
domain of PIH1D1, which is sufficient to bind RPAP3 (17), is
smaller than the N-terminal PIH domain of PIH1D1, and the resolution
was sufficient to discriminate both domains and allow fitting of their
crystal structures (Fig. 2B) (7, 8, 11). The density shows the presence of
a single PIH1D1 molecule per RUVBL ring occupying most of the
central cavity at the DII face of the ring, although the precise orienta-
tion of these small domains could not be determined at this resolution.

Motions in PIH1D1 induce changes in the RUVBL1-RUVBL2 ring
We refined the images to 4.0 A resolution (R2TP-ANT_structure2)
(Fig. 2C and fig. S1E). The DII domains were visible, with the smaller
region of the density ascribed to PIH1D1, possibly comprising the
C-terminal CS domain in contact with a DII domain of one RUVBL
subunit. This was identified as the DII domain of a RUVBL2 sub-
unit by the presence of a bound RPAP3-RBD on the opposite face of
the ring (12, 13, 17).

Interaction with PIH1D1 induces a large change in the confor-
mation and position of this RUVBL2 DII domain, which becomes
less well defined than the five other DII domains in the ring, which
do not contact the PIH1D1 (Fig. 2C). These changes correlate with a
distortion of the ring symmetry in the vicinity of the affected RUVBL2
subunit and the opening of the ATPase ring (Fig. 2C). These con-
formational changes appear to require concerted interaction of
PIH1D1 and the RPAP3-RBD domain, since RBD binding alone
did not alter the structure of the other RUVBL2 subunits in the ring.

To address the flexibility of PIH1D1 and the interacting DII do-
main, we used a multibody refinement strategy implemented in
RELION 3 (Fig. 3) (33). We defined three regions in R2TP-ANT_
structurel: (i) the RUVBL1-RUVBL2 ring including the RBD do-
mains and the internal part of the DII domains, (ii) the external
segments of all DII domains except the one attached to PIH1D1,
and (iii) the unit formed by PIH1D1 and the external part of the
DII domain that it contacts. Multibody refinement did not improve
the resolution of each of these segments compared to R2TP-
ANT _structure2, but the analysis did reveal large relative motions
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of PIH1D1 and the interacting DII domain (Fig. 3A). After principal
components analysis, we divided the particles into 10 subsets for
each eigenvector to generate 10 maps, each representing the median
orientation of the particles within each specific subset. Motions
along eigenvector 2 revealed a wide range of relative orientations of
PIH1D1 and the associated DII component with respect to the rest
of the RUVBL1-RUVBL2 ring (Fig. 3A and movie S1). This analysis
also suggested that the observed movements were coupled to the
conformation of the more proximal regions of the RUVBL1-RUVBL2
ring (Fig. 3B).

PIH1D1 induces the opening and nucleotide loss in RUVBL2
To reach the highest resolution possible, we removed the flexibility of
the DII domains and PIH1D1, as well as the RBDs not involved in the
open protomer, from our analysis. For this, we subtracted the density
of the RUVBL1-RUVBL2 ring and the more rigid internal segments of
the DII domains from each single particle, and we refined the sub-
tracted images with a mask including only the RBD in the split
protomer. This masked structure refined to an average resolution of
3.7 A, with improved definition in the core of the RUVBL1-RUVBL2
ring (fig. S2A). In the refined maps, clear density corresponding to
ADP was evident in the nucleotide-binding sites of all subunits, with
the exception of the RUVBL2 subunit contacting PTHID1. This sub-
unit showed a fainter density for the nucleotide, only detected at
lower thresholds, suggesting partial occupancy.

To specifically explore the heterogeneity of the asymmetric
“open” conformation of the RUVBL1-RUVBL2 ring, we reclassified
the images using a mask focused on the open RUVBL2 subunit. 3D
classification in three subgroups (71.8, 11.8, and 16.4% of the particles
in each group) revealed two major conformations, which we then
refined independently. The larger group (R2TP-ANT_structure3,
71.8% of the particles, 3.7 A resolution) displayed an opening and
distortions of the rim of RUVBL2, which were less pronounced
than in the structure obtained from all particles (Fig. 4A and fig. S2B).
All subunits in the ring, including the open conformation, showed
good density for ADP, indicating that despite the conformational
changes, the nucleotide remains bound (Fig. 4B). We prepared

Distorted

Side view

Fig. 3. Motions of PIH1D1. (A) After principal components analysis, we generated 10 maps, each representing the median orientation of the particles within each specific
subset. A bottom view of two of these maps is shown, highlighting the movement of PIH1D1 within the structure. The mobile element, comprising PIH1D1 and the DIl
domain, is enclosed within a red line. (B) Side view of one of the maps generated after multibody refinement. Observed motions are proximal to regions of the RUVBL1-
RUVBL2 ring, suggesting that conformational changes in the DIl domain could be coupled to changes in the ring. A red line is used to highlight the proximity between

the mobile elements and the RUVBL1-RUVBL2 ring.
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Fig. 4. ADP-filled and ADP-empty conformations of the open RUVBL2 subunit. (A) Top and side view of the 3D structure of the ADP-filled open conformation of the
RUVBL1-RUVBL2 ring bound to one RBD domain (R2TP-ANT_structure3). Color code: orange, RUVBL1; blue, RUVBL2; and white, RBD. Scale bar, 5 nm. (B) Close-up of the
nucleotide-binding site of the open RUVBL2 subunit in R2TP-ANT_structure3, showing density for ADP, represented in black. (C) Top view and side view of the 3D structure
of the ADP-empty open conformation of the RUVBL1-RUVBL2 ring bound to one RBD domain (R2TP-ANT_structure4). Color code: orange, RUVBL1; blue, RUVBL2; and
white, RBD. Scale bar, 5 nm. (D) Close-up of the nucleotide-binding site of the open RUVBL2 subunit in R2TP-ANT_structure4, showing the absence of density in the
nucleotide-binding site. ADP in the putative location of the nucleotide-binding site is represented in black to highlight the absence of density. (E) Close-up comparison
between the rim of an unperturbed (transparent density) and a distorted RUVBL2 subunit (orange-yellow) from R2TP-ANT_structure5 represented at identical threshold.
(F) Views of the DIl face of the ring of the R2TP-ANT_structure5 and R2TP-ANT_structure6 structures, obtained from the particles classified as ADP-filled and ADP-empty
but without subtracting the PIH1D1 region. The location of PIH1D1 in the structure is indicated within a dashed black line. Scale bar, 5 nm.

samples in a buffer containing ADP in an attempt to reduce hetero-
geneity and increase stability during protein preparation. Thus, it is
possible that the ADP bound to the open protomer might be the
result of nucleotide exchange with the ADP in the buffer.
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We merged the other two subgroups resulting from the 3D classi-
fication because they displayed similar conformation, and we refined
them together (R2TP-ANT _structure4, 28.1% of the particles, 4.63 A
resolution) (Fig. 4C and fig. S2C). Whereas the overall structure of
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the ring was similar to R2ZTP-ANT _structure3, a much-pronounced
distortion of the open RUVBL2 subunit was evident, accompanied by
complete disappearance of regions corresponding to the N-terminal
segment of RUVBL2 and ADP from the nucleotide-binding site
(Fig. 4, D and E). The rest of the subunits in the ring showed clear
density for ADP.

To test whether the ADP-filled and ADP-empty structures
might correlate with a particular conformation of PIH1D1, and/or
whether the ADP-filled particles might correspond to molecules
that had lost PIH1D1, we re-extracted the particles for each of the
two subgroups without subtraction of the PIH1D1 region, which we
reprocessed (R2TP-ANT _structure5 and R2TP-ANT_structure6)
(Fig. 4F). This analysis showed the presence of a similar PIH1D1
conformation, at the observed resolution, in both structures. Thus,
it appears that we have captured two conformations of a PIH1D1-
bound complex, both inducing changes in the RUVBL2 subunit
where PIH1D1 binds, but differing in the presence or absence of
ADP bound to the open RUVBL2 subunit.

Mechanism for remodeling of the nucleotide-binding site
We built an atomic model for the ADP-filled and ADP-empty conforma-
tion of the RUVBL1-RUVBL2 ring, exploiting the presence of high-
resolution features in the maps (fig. S3A). For model building, we
used the information provided by the crystal structures of RUVBL1-
RUVBL2, the model derived from the cryo-EM structure of the
RUVBL1-RUVBL2 ring bound to the RBD domain (17), and the crystal
structure of RUVBL2 (26). The resolution in the open ADP-empty RUVBL2
subunit is lower than that in the rest of the complex, and we thus
only considered the secondary-structure elements for model building
(see Materials and Methods for details).

During model building, we found that the distorted rim of RUVBL2
corresponded to an N-terminal segment of RUVBL2 (residues 1 to
49), which was completely lost in the ADP-empty conformation. To
help during the modeling of this N-terminal segment in the “closed”
RUVBL2 subunits, we applied a similar image processing strategy
to that previously applied for the RBD domain (17). We rotated the
RUVBL1-RUVBL2 ring of all particles so that all RUVBL2 subunits
were placed in the same position, which were then classified and
refined with a mask. The resulting map is the average of a larger
number of RUVBL2 subunits in a similar conformation, thus improv-
ing structural details. During this classification, a subgroup compris-
ing the open RUVBL2 subunit was discarded since the resolution was
similar to that of the global structure. The structure of RUVBL2
obtained improved the density of the N-terminal segment in the
closed RUVBL2, which approaches and likely contacts the internal
segments of the DII domain of the same subunit (Fig. 5A).

The models obtained explain the molecular mechanism by which
PIH1D1 binding to the DII domain of RUVBL2 is coupled to the
conformational changes of the nucleotide-binding site (Fig. 5, Band C).
Comparison of the conformations of closed and open RUVBL2
subunits from the ADP-empty structure of R2TP-ANT, after align-
ment of their neighboring RUVBLI subunits, reveals the motions in
the context of the RUVBL1-RUVBL2 ring, and several major areas
of change became apparent (Fig. 5, B and C, and movie S2).

First, changes in the position of several a helices suggest that the
torsions of the DII-external domain accompanying its interaction
with PIH1D1 are transmitted to the internal region of the DII do-
main, and this relays the changes to elements essential for nucleotide
binding and nucleotide exchange (Fig. 5B and movie S2). Second, in
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the closed RUVBL2 protomers, an N-terminal segment (residues 1
to 49) that interacts with bound ADP via two histidine residues
(His? and His”’) also contacts the DII domain (Fig. 5C). These two
histidine residues are defined in the cryo-EM density, pointing to-
ward the ribose and the base of the ADP (fig. S3B). Residues 28 to
49 of the N-terminal segment are also visible in the cryo-EM map
(fig. S3C). In the open ADP-empty RUVBL2 subunit, the density
for this N-terminal segment disappears completely, and the contacts
with the DII domain and the nucleotide are lost (fig. S3D). The
open ADP-filled RUVBL2 subunit shows an intermediate level of
order such that density is still evident for the two histidine residues
that contact the ADP but absent for the upstream segment that
interacts with the DII domain in the closed RUVBL2 protomers
(Fig. 5C). Collectively, these results show that structural changes in
the DII domain that accompany binding of PIH1D1 control access
to the nucleotide-binding site (Fig. 5D).

DISCUSSION

The heterohexameric RUVBL1-RUVBL2 ring is the most highly
conserved and the most consistently essential component of all
R2TP and all R2TP-like complexes so far described (12, 13). Despite
this, the biological role and regulatory mechanism of its inherent
ATPase activity are poorly understood. Here, we show that the other
components of the R2TP complex play a direct role in regu-
lating the conformation of the nucleotide-binding sites in the
RUVBLI1-RUVBL2 ring.

Crystal and cryo-EM structures of yeast and mammalian RUVBLI-
RUVBL2 complexes show that the nucleotides bound to both types
of subunit are effectively buried within the heterohexameric ring.
Hexamerization blocks the nucleotide-binding pocket, and ADP
and/or ATP are trapped in the complex during purification (22, 32).
An active ATPase cycle therefore requires passage through an open
conformation to allow exchange of bound ADP for ATP. Our re-
sults define a mechanism whereby binding of PIH1D], the client
recruitment component of the R2TP complex, induces a conforma-
tional change in the external region of the DII domain of a RUVBL2
subunit. This is transmitted to the internal DII region and coupled
to changes in the nucleotide-binding site, resulting in the opening
of the ring and loss of the nucleotide (Fig. 6).

In this mechanism, the N-terminal segment of RUVBL2 functions
as a gatekeeper for the nucleotide-binding site. In the closed state,
this segment is ordered via interaction with the internal part of the
DII domain of the same subunit and blocks access to the nucleotide-
binding site. A similar interaction between the N terminus of RUVBL2
and the DII domain has also been observed in the crystal structure
of an Rvb1/Rvb2 complex from Chaetomium thermophilum (20). In
the closed conformation, two histidine residues (His*® and His*’)
interact with the nucleotide. Several crystal structures of RUVBL1/
Rvb1-RUVBL2/Rvb2 show that these two residues participate in
nucleotide binding but not in hydrolysis (15, 16, 20, 22, 34). Binding
of PIH1D1 to the external part of the DII domain induces large
motions in the RUVBL2 subunit, resulting in an order-disorder
transition in the N-terminal segment, which opens the “gate” to the
nucleotide-binding site to facilitate nucleotide exchange. Although
not previously described in RUVBL1-RUVBL2, asymmetric open-
ing of AAA ATPase rings has been observed in other systems such
as the VAT unfoldase from Thermoplasma acidophilum (35) and
the complex of p31°°™*-C-MAD2 with TRIP13 (36).
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Fig. 5. Mechanism of RUVBL1-RUVBL2 remodeling and nucleotide exchange. (A) A view of the map showing density for the N-terminal loop in RUVBL2 contacting
the DIl domain of the same protomer. (B) The structures of RUVBL2 closed (blue) and ADP-empty conformation (yellow) are superimposed. For alignment of the two
structures, we used the neighboring RUVBL1 subunit as template. Thus, the changes observed represent movements in the context of the RUVBL ring. ADP is shown in
green. (C) Structures of the RUVBL2 subunit in closed, open ADP-filled, and open ADP-empty conformation. ADP is shown in green. The N-terminal segment (residues 8 to
49 in the closed structure and residues 23 to 49 in the open ADP-filled structure) is colored red, indicating the position of His?® and His?. (D) Side view and top view of the
closed and open structure of the RUVBL1-RUVBL2 hexamer, shown in ribbons, and highlighting one RUVBL2 subunit in blue. The RUVBL2 N-terminal segment shown as
spheres and in red blocks the access to the nucleotide-binding site, and this obstruction is removed after PIH1D1 binds the DIl domain and induces conformational changes.
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Fig. 6. Model for remodeling of RUVBL1-RUVBL2 by PIH1D1. Cartoon for the mechanistic model of how PIH1D1 regulates the accessibility to the nucleotide-binding

site of RUVBL1-RUVBL2.

Our data show that PIH1D1 promotes and stabilizes the tran-
sient open state of the nucleotide-binding domain. RUVBL1-RUVBL2
binds to nucleotides for its known cellular functions (16, 30, 31, 34),
but the exact role of nucleotide-binding exchange and/or hydrolysis
in R2TP is unknown. The conformational changes in RUVBLI1-
RUVBL2 induced by PIH1D1 could help in the coupling of client
recruitment to the regulation of nucleotide exchange. It cannot be
discarded that it could be a preformed PIH1D1-client complex that
interacts and regulates RUVBL1-RUVBL2. The open conforma-
tion induced by PIH1DI1 would facilitate the release of bound
nucleotides and the access or exchange of nucleotides. It is likely
that subsequent binding of ATP to the PIH1D1-promoted open
nucleotide-binding site could trigger ring closure. Whether this is
accompanied by direct reversal of the conformational change in the
DII domain elicited by binding of PIH1D1, which could then affect
the conformation of the clients, or by full disengagement of PIH1D1
from the complex is currently unknown.

Besides interacting with RPAP3 and the RUVBL2 through its CS
domain, PIH1D1 also interacts with factors such as TELO2 and
MREI11 through its PIH domain (7, 8, 27). The presence of addi-
tional components bound to PIH1D1 is likely to affect its function
as a nucleotide exchange factor and may provide a route by which
substrates and substrate adaptors can modulate the RUVBL ATPase
activity within R2TP complexes. However, the requirement for a
nucleotide exchange factor for RUVBL1-RUVBL2 is not absolute,
and R2T complexes containing RPAP3 isoform 2, which lacks the
PIH1D1-binding segment, have been identified in cell extracts (13),
although their biological function has not been defined. R2TP-like
complexes containing PIH1D1-related proteins (PIH1D2, PIH1D3,
and DNAAF2) have also been identified (13). Our structure suggests
that it is the CS domain of PIH1D1 that binds RUVBL2. This
domain is highly conserved between the PIH1D1-related proteins,
and thus, it is possible that these could also induce conformational
changes in RUVBL1-RUVBL2.

We and others previously determined the cryo-EM structure
of the yeast R2TP complex, in which a single copy of a Tah1p-Pihlp
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heterodimer was bound to the DII domain face of the Rvb1-Rvb2
ring (24, 25). Previous cryo-EM analysis of the human R2TP com-
plex, in which Tahlp is replaced by the much larger TPR-domain
protein RPAP3, was unable to define the number of PIH1D1
subunits bound per complex due to interference of the flexible
N-terminal parts of RPAP3 in image analysis. Human R2TP contains
up to three RPAP3 molecules, one for each RUVBL2 in the complex
(17). Since each RPAP3 can potentially interact with one PIH1D1,
whether the human R2TP complex comprises one copy or several
copies of PIH1D1 remains undefined. Using a truncated RPAP3
that retains the ability to bind RUVBL1-RUVBL2 and PIH1D1,
we now determine unambiguously that as in yeast, only a single
copy of PIH1DI is bound to the DII face of the human RUVBLI1-
RUVBL2 ring.

Unlike the yeast R2TP system, where interaction of Pih1p with the
Rvb1-Rvb2 proteins mediates recruitment of Tahlp (24), stable re-
tention of PIH1D1 within the human R2TP complex is dependent on
its constitutive interaction with a central segment of RPAP3 (11, 17).
Recruitment of RPAP3 itself depends on the interaction of its C-
terminal RBD domain with the ATPase face of the RUVBL1-RUVBL2
ring (17). While our structural data (see above) show that only a sin-
gle asymmetrically bound PIH1D1 molecule can be accommodated
on the DII face of the ring, there is no such steric restriction on the
opposite face of the ring, where the RPAP3-RBD binds to the ATPase
domain of RUVBL2. We commonly observe well-ordered density for
up to three RPAP3-RBD domains in human R2TP complexes, sug-
gesting that three RPAP3 molecules are present in the complex. Given
their tight physical association, it is reasonable to assume that all three
RPAP3 molecules carry a PIH1D1 molecule, but only one at a time is
able to take up the conformation in which they wrap around the edge
of the ring with their associated PIH1D1 binding to a RUVBL2 DII
domain. How these multiple bound copies of RPAP3-PIH1D1 func-
tion in the presence of collaborating proteins such as HSP90 and/or
the TTT complex and how this contributes to the assembly of the
various multiprotein complexes that depend on the extended HSP90-
R2TP chaperone system remain to be determined.
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Our results show that protein interactions in the DII face of the
ring relay “information” to the ATPase domain to regulate nucleo-
tide access, and this information could potentially flow in both
directions. While this is an important advance in understanding
RUVBLI1-RUVBL2 regulation within the R2TP co-chaperone, con-
formational changes induced in the DII domains by the interaction
of client proteins can propagate to the nucleotide-binding sites in
other RUVBL1-RUVBL2-containing complexes. An insertion of
the INO80 chromatin remodeling ATPase subunit of the yeast
INO80 complex interacts with Rvb1-Rvb2 and induces confor-
mational changes in the DII and AAA domains (I15). Similarly,
structures of human INOS8O0 also reveal conformational changes in
the DII domains and the loss of a perfect symmetry in the hex-
americ ring (34, 37). Collectively, these structures support the idea
that client proteins interact and regulate the conformation of the
DII domains and that these changes affect the AAA ring.

The structures of yeast and human INOS8O0 (15, 34, 37) and yeast
SWRI (16) show that the nucleotide remains trapped in all subunits.
In these structures, the N-terminal regions of RUVBL1(Rvb1)/
RUVBL2(Rvb2) are ordered, and the N-terminal histidine residues
interact with the nucleotide, as in the closed conformation of RUVBL2
we describe. These structures show that clients induce changes in
the DII domain and the AAA region, but they do not explain how a
small insertion of the IN080 chromatin remodeling ATPase subunit
of yeast INO80 stimulates the ATPase activity of Rvb1-Rvb2 (30).
It is possible that after all the correct set of interactions has taken
place, as in the cryo-EM structure, the INO80 complex assembles
a stable form with ADP bound. Also, the specific regulatory function
of the N-terminal segment of RUVBL1-RUVBL2 that we find for
R2TP might not operate for INO80 complexes. Despite the spec-
ificities of each complex, the coupling of protein-induced motions
of the DII domains with the conformation of the nucleotide-binding
site appears as a general mechanism shared by many RUVBL1-
RUVBL2-containing complexes.

MATERIALS AND METHODS

Cloning

We cloned human RPAP3499-¢s5» RUVBL1, RUVBL2, and PIHIDI
as indicated in Martino et al. (17). RPAP3 and PIH1D1 were cloned
containing an N-terminal GST and 6xHis-tag, respectively. We
purchased RPAP3 from GenScript, and we cloned N-terminal trun-
cations into a pGex6p-modified plasmid named p3E (University of
Sussex, UK) using infusion cloning (Clontech Laboratories Inc.)
(table S1).

We produced RUVBL1-RUVBL2 complexes using RUVBL1
cloned together with RUVBL2. RUVBLI1 contained an N-terminal
6xHis-tag whereas the RUVBL2 subunit was untagged. There is no
evidence that the His-tag at the N terminus of RUVBLI affects the
structure or functions of RUVBL1-RUVBL2 (17, 21).

Protein expression and purification

For cryo-EM, we produced the human RUVBL1-RUVBL2 protein
complex, as described previously (17, 21). Affinity purification
using a nickel column (His-tag purification) was followed by Sephacryl
$300 (GE Healthcare) size-exclusion chromatography in a buffer
containing 50 mM tris, 300 mM NaCl, and 1 mM dithiothreitol.
The purified RUVBL1-RUVBL2 complexes used for cryo-EM con-
tain a His-tag at the N terminus of RUVBLI, but the RUVBL2 subunit,
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with which PIH1D1 interacts, does not have a tag. For pull-down
experiments, we cloned a RUVBL1-RUVBL2 complex without tag
in RUVBLLI and a C-terminal strep-tag in RUVBL2 and purified it
by affinity purification, followed by gel filtration.

We purified the RPAP3409_g65-PIH1D1 complex, as described
previously (17). Briefly, we used glutathione S-transferase (GST)-tag
affinity chromatography to bind GST-RPAP34y_665, and we eluted
the protein using 50 mM glutathione. We incubated the elution with
PreScission protease (3C protease) at 4°C overnight to remove the
tag, followed by a subsequent gel filtration chromatography using
an 5200 26/60 column. We reconstituted R2TP-ANT by mixing
RUVBLI-RUVBL2 and RPAP34p9_6s5-PIH1D1 subcomplexes in a
1:4 molar ratio, followed by dialysis in 25 mM Hepes (pH 7.8),
130 mM NaCl, and 10 mM 2-mercaptoethanol-containing buffer
containing 0.5 mM ADP (pH 7.0) at 4°C for 4 hours.

Pull-down experiments

We mixed 42 UM RPAP349_es5-PIH1D1 subcomplex containing an
N-terminal His-tag in PIH1D1 and 25 uM RUVBL1-RUVBL2 con-
taining a C-terminal strep-tag in RUVBL2 with 100 ul of StrepTactin
Sepharose (General Electric) equilibrated in 25 mM Hepes (pH 7.8),
130 mM NaCl, and 0.5 mM tris(2-carboxyethyl)phosphine (TCEP).
We incubated this reaction mixture for 2 hours at 4°C, followed
by two washes with buffer and an elution using the same buffer but
complemented with 2.5 mM desthiobiotin.

Cryo-EM of human R2TP-ANT

Crystal structures have shown that nucleotides bind RUVBLI-
RUVBL2 (and the homologous proteins Rvb1-Rvb2) without the
need of magnesium and that nucleotides can be trapped within the
structure of RUVBL1-RUVBL2 during purification (22, 32). After
dialysis, we incubated R2TP-ANT with 0.5 mM ADP (pH 7.0) for
2 hours to ensure that the presence of ADP is not limiting for the
available nucleotide-binding sites in the complex. Then, we applied
3.7 ul of the complex to Quantifoil 300 mesh R1.2/1.3 grids after
glow discharge, and the complex was flash frozen in liquid ethane
using FEI Vitrobot MAG IV (Thermo Fisher Scientific). We collected
4077 movies using a GATAN K2 Summit detector, counting mode,
and a slit width of 20 eV on a GIF Quantum energy filter in a Titan
Krios at the Astbury Centre for Structural Molecular Biology
(Leeds, UK). Microscope calibrations and automatic data acquisition
were performed with EPU software (Thermo Fisher Scientific).
The acquisition conditions were as follows: nominal magnification
of x130,000, 70-mm C2 aperture, spot size of 7, illuminated area of
1.35 um, zero-loss imaging with 20-eV slit, physical pixel size
of 1.07 A, a total dose of 47.5 ¢ /A%, 4.75 ¢"/A%/s, a total exposure
time of 10 s, and 40 fractions. Autofocus was performed every
10 um using an objective defocus range between —1.5 and —2.5 um
(table S2).

Image processing

We used MotionCorr2 (38) for whole-frame motion correction,
GCTF (39) for estimation of the contrast transfer function parameters,
and Gautomatch [Jack (Kai) Zhang at www.mrc-Imb.cam.ac.uk/
kzhang/] and CTF refinement for beam tilt estimation for particle
selection. Particles were then processed using RELION 3.0 (33). We
first classified a total dataset of 408,781 particles to discard images
that did not correspond to molecule images (fig. S1C). Then, we
processed the particles in rounds of 3D classification and refinement
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following standard methodologies, as well as CTF refinement with
beam tilt estimation. After a consensus refinement, image process-
ing followed two separate strategies (fig. S1C). On the one hand, we
classified the particles based on the heterogeneity of the PIHID1
region, and we refined the selected subgroups (fig. S1, Cand D). We
processed these particles using a multibody refinement strategy, as
defined in RELION 3 (33). We selected user-defined region boundaries
as indicated in the main text, and we analyzed and interpreted the
results as described by Nakane et al. (33). Details for the resolution
and number of particles for each structure are provided in table S3.

On the other hand, we subtracted the RUVBL ring including the
RBD in the open protomer and the internal DII domains, and we
refined these particles independently to an estimated resolution of
3.7A [using a cutoff of FSC (Fourier shell correlation) = 0.143 and
gold standard FSC] (fig. S2A). The structure was split into an
ADP-empty and an ADP-filled conformation, after a 3D classifica-
tion focused in the conformation of the open RUVBL2 subunit.

We obtained an improved density for the N-terminal loop of
RUVBL2 by applying the processing strategy used in the RBD do-
main in previous work for the R2TP complex (17). After rotation of
the RUVBL ring in every particle by 120° and 240°, all DII domains
converge to the same location, thus increasing the number of images
to process and average. After 3D classification, we selected the best
images and we refined them, showing improved density for the
N-terminal end of RUVBL2. Similar densities can be traced in the
closed RUVBL2 subunits in the other structures solved, but their
observation was more dependent in the threshold level used and
degree of sharpening. We classified some particles as DII domains
corresponded to the open RUVBL2 subunit, but we did not refine
these further, as the number of images was the same than in the
whole structure, and the resolution did not improve. Sharpening
was performed using automatic procedures in RELION 2. We used
ResMap (40) and RELION (33) to estimate local resolutions. For
interpretation of PIH1D1, we used the structure of the CS domain
of human PIH1D1 from the RPAP3(TPR2)-PIH1D1(CS) complex
[Protein Data Bank (PDB) 6GXZ] (11) and the PIH N-terminal do-
main from mouse (PDB 4CKT) (7).

Model building

We built a model using the following information: the structure of the
RBD domain bound to RUVBL1-RUVBL2 (PDB 6FO1), the crystal
structure of RUVBL1 (PDB 2C90), and the crystal structure of RUVBL2
(PDB 6H7X). For the model of the open ring, we fitted the structure of
the RUVBL1-RUVBL2 in the R2TP complex (PDB 6FO1) into the
cryo-EM map, and model building was performed using Coot (41) and
Phenix (42). We used rigid fitting of the RUVBL1-RUVBL2 ring from
PDB model 6FO1 as input for real space refinement in R2TP-ANT_
structure3 (ADP-filled) in Phenix, using a minimization for 10 macro
cycles as the default protocol for all the real space refinements per-
formed, and the resolution limit for R2ZTP-ANT _structure3 (ADP-
filled) is 4 A. The output model was suitable for manual refinement in
Coot for all the six chains present in the model using the same R2TP-
ANT_structure3 map. Another round of Phenix real space refinement
led to a correct model in terms of statistics (table S4) and overall good
fitting in R2TP-ANT_structure3 (ADP-filled). We modeled the N ter-
minus of RUVBL2 in its closed conformation from residues 8 to 49 and
from residues 23 to 49 in the ADP-filled open conformation, with the
help of the cryo-EM map of the averaged DII domains (Fig. 5A), as well
as the unsharpened version of R2TP-ANT_structure3 (ADP-filled).
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The resolution of the R2ZTP-ANT_structure4 (ADP-empty) struc-
ture was lower than that of the ADP-filled structure. To build the
R2TP-ANT_structure4 (ADP-empty) model, we used the R2TP-ANT_
structure3 (ADP-filled) model as a starting point for a new real space
refinement in Phenix against the R2TP-ANT_structure4 (ADP-empty)
map and set the resolution limit to 6 A, excluding the ADP molecule
and the N-terminal loop for the RUVBL2 (which is not observed in
this structure) in the model. The statistics of this model are also shown
in table S4.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaaw1616/DC1

Table S1. Primers used for cloning in this work.

Table S2. Conditions used for cryo-EM data collection for all the cryo-EM maps in this work.
Table S3. Cryo-EM data refinement and validation statistics for all the cryo-EM maps in this
work.

Table S4. Validation statistics for the atomic models for R2TP-ANT_structure3 and R2TP-ANT_
structure4.

Fig. S1. Cryo-EM of truncated human R2TP (R2TP-ANT).

Fig. S2. Resolution estimation for cryo-EM structures obtained from the subtracted particles.
Fig. S3. High-resolution details in the cryo-EM maps.

Movie S1. Several views of the multibody refinement strategy, showing the motions of the
PIH1D1 region bound to a DIl domain of RUVBL2, with respect to the rest of the molecule.
Movie S2. Conformational changes in the RUVBL2 subunit, from a closed conformation to an
open ADP-filled conformation to an open ADP-empty conformation.
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