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into how a chaperone involved with
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SUMMARY

R2TP is a highly conserved chaperone complex formed by two AAA+ ATPases, RUVBL1 and RUVBL2, that
associate with PIH1D1 and RPAPS3 proteins. R2TP acts in promoting macromolecular complex formation.
Here, we establish the principles of R2TP assembly. Three distinct RUVBL1/2-based complexes are identi-
fied: R2TP, RUVBL1/2-RPAP3 (R2T), and RUVBL1/2-PIH1D1 (R2P). Interestingly, we find that PIH1D1 does
not bind to RUVBL1/RUVBL2 in R2TP and does not function as a nucleotide exchange factor; instead,
RPAP3 is found to be the central subunit coordinating R2TP architecture and linking PIH1D1 and RUVBL1/
2. We also report that RPAP3 contains an intrinsically disordered N-terminal domain mediating interactions
with substrates whose sequences are primarily enriched for Armadillo repeat domains and other helical-type
domains. Our work provides a clear and consistent model of R2TP complex structure and gives important
insights into how a chaperone machine concerned with assembly of folded proteins into multisubunit com-
plexes might work.

INTRODUCTION The R2TP complex has been shown to stabilize client proteins

belonging to the phosphatidylinositol 3-kinase-related kinase

The R2TP chaperone complex was initially discovered by our
group in a systematic proteome-wide screen for Hsp90-interact-
ing proteins in yeast (Zhao et al., 2005). The complex was then
found to be conserved in all higher eukaryotes. In humans,
R2TP consists of RUVBL1, RUVBL2, PIH1D1, and RPAP3 (Fig-
ure 1). R2TP was found to play critical roles in the assembly of
macromolecular complexes regulating central cellular functions,
such as cell response to nutrients, DNA damage response, ribo-
some biogenesis, and RNA transcription and processing (Houry
et al., 2018).
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(PIKK) family, such as mTOR, ATM, ATR, DNA-PKcs, and
SMG-1, via interaction with the TTT complex (TELO2-TTI1-
TTI2) (Cloutier et al., 2017; Horejsi et al., 2010; Kamano et al.,
2013; Pal et al., 2021). R2TP is also involved in the assembly
of the TSC complex (TSC1-TSC2-TBC1D7), a regulator of
mTORC1, U5 snRNPs and L7Ae RNPs (Cloutier et al., 2017; Ma-
linova et al., 2017; Mir et al., 2015), and RNA polymerase Il (Bou-
lon et al., 2010). More recently, R2TP and R2TP-like complexes
have been associated with dynein assembly (Maurizy et al.,
2018; Zur Lage et al., 2018). Biochemical and cell biological
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Figure 1. Schematics of the R2TP subunits

251-259 %35 %9
’\—/‘ 250,

PRz oR TN Co Tl 55

540-665

(A) Domain arrangement of RUVBL1, RUVBL2, RPAP3 isoforms 1 and 2, and PIH1D1. The indicated domain boundaries are used throughout this work. DI,
domain I; DIl, domain II; Dlli,, internal DII; Dllgy, external DII; ND, N-terminal domain; TPR, tetratricopeptide repeat-containing domain; IDR, intrinsically
disordered region; ND, N-terminal domain; CD, C-terminal domain; PIH1, protein interacting with Hsp90-1 domain; CS, CHORD-containing proteins and SGT1

domain.

(B) Mapping of R2TP interacting interfaces as determined in this work. Solid lines represent interactions observed in the R2TP and R2T complexes. Dashed line

indicates the interaction observed in the R2P complex.

studies led to the hypothesis that R2TP functions as an assembly
platform, bridging interactions between client proteins and
chaperones, such as HSP70 and HSP90, in order to promote
quaternary structure formation (Martino et al., 2018; Rivera-Cal-
zada et al., 2017).

RUVBL1 and RUVBL2 (Figure 1A) belong to the AAA+ super-
family (ATPases Associated with diverse cellular Activities) of
P-loop NTPases, bearing Walker A and Walker B motifs required
for nucleotide binding and hydrolysis (Seraphim and Houry,
2020). These motifs are encompassed within the apo domain |
(DI), while the a-helical domain Il (DIll) contains a trans-acting
Arg (R-finger) (Seraphim and Houry, 2020). DI is divided into
two subdomains by the so-called insertion or domain Il (DIl) (Fig-
ure 1A). DIl was recently proposed to be conformationally
controlled via nucleotide binding (Matias et al., 2006; Silva
et al., 2018). DIl contains an internal part (Dll;,y) located close
to DI and DIl and an external OB-fold region (Dlleyt) protruding
from the RUVBL protomer. Typically, RUVBL1 and RUVBL2
assemble into heterohexameric complexes that can also asso-
ciate via Dllgy to form double-heterohexameric species (Lako-
mek et al., 2015; Lopez-Perrote et al., 2012).

PIH1D1 has a PIH1 domain (Figure 1A) at the N terminus that
binds to peptides containing phosphorylated DSDD/E motifs
present in TELO2 and MRE11 (Horejsi et al., 2014; von Morgen
et al., 2017). PIH1D1 also contains a C-terminal CS domain
(CHORD-containing proteins and SGT1) that binds to RPAP3
(Henri et al., 2018). RPAPS is the largest R2TP subunit, bearing
an uncharacterized N-terminal domain (ND), two TPR domains
(TPR1 and TPR2) that bind to the C-terminal EEVD motif of

HSP90, and an intrinsically disordered region (IDR) connecting
the TPR2 to the C-terminal domain (CD) (Figure 1A) (Henri
et al., 2018; Maurizy et al., 2018). Moreover, RPAP3 has been
shown to have two isoforms in the cell (RPAP3 iso1 and iso2; Fig-
ure 1A), but only isoform 1 interacts with PIH1D1 (Yoshida
et al., 2013).

Recently, cryo-electron microscopy (cryo-EM) studies re-
vealed that, in human R2TP, RUVBL2 DIl binds RPAP3 CD while
DIl binds to PIH1D1 (Martino et al., 2018). Furthermore, PIH1D1
has been proposed to function as a nucleotide exchange factor
(NEF) for R2TP, inducing conformational changes that result in
the opening of the heterohexameric ring, hence modulating the
accessibility of the ATP-binding pocket of RUVBL1/2 (Munoz-
Hernandez et al., 2019).

Here, we report a detailed biophysical and biochemical anal-
ysis of the human R2TP subunits and their binding interfaces.
By using size-exclusion chromatography coupled to static light
scattering (SEC-MALS), small-angle X-ray scattering (SAXS),
and mass photometry, we report low-resolution solution struc-
tures of the RUVBL1/2 heterohexamer, RPAP3, and RPAP3-
PIH1D1, as well as their stoichiometry. Spectroscopic and
mass spectrometry analyses revealed that RPAP3 ND is intrinsi-
cally disordered and mediates protein-protein interaction. Using
pull-down experiments, we revealed that PIH1D1 does not bind
directly to RUVBL1/2 in the R2TP complex. Our work shows that
RPAPS is the only link between RUVBL1/2 and PIH1D1 in R2TP
and that RPAP3 contains two RUVBL-binding regions. RPAP3
and PIH1D1 were found to compete for RUVBL1/2 binding,
hence forming R2T (RUVBL1-RUVBL2-RPAP3) and R2P
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Figure 2. Solution structure of RUVBL1 and RUVBL2
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(A) Molecular mass determination of RUVBL1, RUVBL2, and RUVBL1/2 complex using SEC-MALS. Molecular masses of 50 kDa, 100 kDa, and 300 kDa are
indicated as references (dashed gray lines). See also Table S1 and Figures S2A-S2D.

(B) Molecular mass distribution of the RUVBL1/2 complex by mass photometry. The observed oligomeric species are indicated.

(C) SAXS profiles of RUVBL2 and RUVBL1/2 complexes (empty circles) at 0.85 mg/mL (low) and 1.7 mg/mL (high), and their respective GNOM fits (solids lines).
Guinier approximation analyses are shown in the inset. Data are shown as empty circles and their respective linear fits are displayed as solid lines.

(D) Experimental P(r) function of RUVBL2 and comparison with theoretical P(r) of RUVBL1 hexamer (R1), RUVBL2 hexamer (R2), and RUVBL2 hexamer lacking
Dllgxt (R2ap11ext)- Structures are shown on the left side. On the right side, the CORAL model of RUVBL2 is displayed. The AAA+ core and Dll;,; are colored in blue;

Dlleyt is shown in red. See also Table S2; Figures S2E and S2F.

(E) Experimental P(r) of RUVBL1/2 complex shown in comparison with theoretical P(r) of RUVBL1/2 double hexamer (R1/2 2x6-mer), RUVBL1/2 hexamer in the
INO80-bound conformation (R1/2), and RUVBL1 hexamer (R1). Displayed on the right is the RUVBL1/2 CORAL model. AAA+ cores and Dll;,; of RUVBL1 (yellow)
and RUVBL2 (blue) are shown; RUVBL1 Dlley: and RUVBL2 Dl are colored in green and red, respectively. See also Table S2; Figures S2E and S2F.

(F) Surface representation of RUVBL hexamers with Dllgy in “up” (PDB: 2C90) and “down” (PDB: 50AF) conformations. The AAA+ core and Dll;; are displayed in

green; Dlley is shown in blue.

(RUVBL1-RUVBL2-PIH1D1) complexes, both in vitro and in
cells. We also demonstrate, based on ATPase and nucleotide-
binding affinity assays, that PIH1D1 is not a NEF as reported
by Munoz-Hernandez et al. (2019). Our solution-based charac-
terization allows us to propose detailed models for the assembly
of human R2TP, R2T, and R2P. These models highlight the crit-
ical role played by the DIl domains of the RUVBLs in dictating the
architecture of these complexes and clarify several issues raised
by the recent cryo-EM R2TP structures.

RESULTS

Solution structure of human RUVBL1 and RUVBL2

We purified recombinant untagged human RUVBL1 and
RUVBL2 in their folded state (Figure S1) and initially evalu-
ated their solution behavior by SEC-MALS (Figure 2A and Ta-
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ble S1). RUVBL1 alone behaved as a monomer at concentra-
tions from 1 to 5 mg/mL (19.9-99.5 uM protomer). However,
at similar concentrations (19.5-97.7 uM protomer), RUVBL2
formed monomers and hexamers. Analytical SEC (Figure S2A)
and nanoflow electrospray ionization mass spectrometry ex-
periments (Figure S2B) supported the results of SEC-MALS
experiments showing that monomer is the main species for
RUVBL1, whereas the hexamer is the major species for
RUVBL2. When RUVBL1 and RUVBL2 were mixed at 1:1
molar ratio, hexamers, dimers, and monomers were
observed by SEC-MALS at all tested concentrations (Fig-
ure 2A and Table S1). Interestingly, the appearance of
dimeric species suggested the formation of RUVBL1-
RUVBL2 heterodimers. As noticed for RUVBL2, increasing
the concentration of the RUVBL1/2 complex promoted oligo-
merization (Figure 2A).



Structure

We also used the recently developed mass photometry tech-
nology (Young et al., 2018) to characterize the oligomeric
behavior of RUVBL1/2 in solution (Figure 2B). Even at low con-
centrations of 0.2 uM, RUVBL1/2 displayed primarily hexameric
species and, to a lower extent, dimers, monomers, and double
hexamers. Analytical SEC experiments showed that RUVBL1
readily associates with RUVBL2 to form high molecular mass
species, even at low concentrations (Figure S2A). The addition
of nucleotides did not affect the solution behavior of RUVBLA1,
RUVBL2, or RUVBL1/2 complex (Figure S2A). However, the
presence of a tag at the N terminus of RUVBL1 or RUVBL2
affected the hydrodynamic behavior of the individual proteins
(Figure S2C) and the heterocomplex (Figure S2D). Electron mi-
crographs of RUVBL1/2 (Figure S2D) clearly showed a tendency
to form double hexamers when one of the subunits was N-termi-
nally tagged. This is similar to what we observed with the yeast
proteins (Cheung et al., 2010). Therefore, all of our experiments
were performed using untagged RUVBL1 and RUVBL2.

Next, the solution structure and conformation of RUVBL pro-
teins were studied by SAXS. Shown in Figure 2C are the scat-
tering profiles of RUVBL2 and RUVBL1/2 at two concentrations.
Inspection of the curves by Guinier approximation (Figure 2C,
inset) and dimensionless Kratky analysis (Figure S2E) suggested
that samples were well behaved (Table S2), with RUVBL1/2 com-
plex presenting slightly higher flexibility than RUVBL2, likely due
to DIl dynamics. Using merged scattering profiles, distance dis-
tribution functions P(r) were generated, revealing similar dimen-
sions for RUVBL2 and RUVBL1/2 (Figures 2D and 2E; Table S2).

To obtain further insights into RUVBL conformations in solu-
tion, we calculated theoretical P(r) values from the published
high-resolution three-dimensional (3D) structures and compared
them with the experimental SAXS data (Figures 2D and 2E). It
was intriguing to observe that the DIl domain can adopt either
an “up” or “down” conformation depending on whether DIl is
close or away from the AAA+ core, respectively (Figure 2F).
Comparison between the experimental P() of RUVBL2,
RUVBL1/2, and the theoretically derived P(r) from the different
X-ray structures (Figures 2D and 2E) suggests that, in solution,
hexameric RUVBL2 and hetero-hexameric RUVBL1/2 have DIl
in the up conformation. Furthermore, 3D Complexes with
Random Loops (CORAL) models (Petoukhov et al., 2012) were
constructed for both RUVBL2 (Figure 2D) and RUVBL1/2 (Fig-
ure 2E). All of the ring-like structures displayed DIl adopting the
up conformation. The modeling strategy showed an excellent
fit with experimental data for both proteins (Figure S2F and Table
S2).

Taken together, these experiments unambiguously demon-
strate that RUVBL1 is mainly monomeric, whereas RUVBL2
and RUVBL1/2 are mostly hexamers in solution. Moreover, the
DIl domains in apo RUVBL2 and apo RUVBL1/2 hexamers adopt
the up conformation.

Solution structure and dynamics of RPAP3 and RPAP3-
PIH1D1 complex

Next, we characterized the solution behavior of RPAP3 isol
(Figure 1A; also referred to here as RPAP3), PIH1D1, and the
RPAP3-PIH1D1 complex. We purified recombinant RPAP3 and
RPAP3-PIH1D1 in their folded state (Figure S1) and carried out
SEC-MALS experiments varying protein concentration from 1
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to 3 mg/mL (13.2-39.6 uM protomers of RPAP3 and 9.3 to
27.8 uM protomers of RPAP3-PIH1D1). RPAP3 behaved as a
monomer, while RPAP3-PIH1D1 formed heterodimers in solu-
tion (Figure 3A and Table S1). We also purified PIH1D1 (Fig-
ure S1), though due to solubility issues we were not able to reach
high concentrations, precluding accurate molecular mass deter-
minations. However, the chromatographic profile of PIH1D1
showed three peaks, suggesting a behavior composed of multi-
ple oligomeric species in solution (Figure 3A).

The molecular masses of RPAP3, RPAP3-PIH1D1, and
PIH1D1 were also investigated by mass photometry (Figure 3B).
RPAPS3 displayed molecular mass distribution with two peaks, a
main one corresponding to monomers and a minor one corre-
sponding to dimers. The monomer molecular mass is similar to
that obtained by analytical ultracentrifugation sedimentation ve-
locity experiments (Figure S3A). RPAP3-PIH1D1, on the other
hand, displayed a molecular mass distribution consisting mainly
of heterodimers (Figure 3B). For PIH1D1, although close to the
limit of the detection of the instrument, mass photometry re-
vealed at least three peaks corresponding to monomers, dimers,
and tetramers (Figure 3B).

The structures of the individual domains of RPAP3 have been
solved (Henri et al., 2018; Horejsi et al., 2014; Martino et al., 2018;
Maurizy et al., 2018; Pal et al., 2014); however, the RPAP3 ND re-
mains largely unknown. To gain information about this domain,
we initially performed a predictive analysis using PSIPRED, DIS-
OPRED, and MARCOIL servers (Figure S3B). A region
comprising ~50 residues of RPAP3 ND was found to be a-helix
prone, correlating with a strong likelihood for coiled-coil forma-
tion. A high disorder index was observed for the rest of the
domain (~65-75 residues). We then purified recombinant
RPAP3 ND (Figure 1A) and submitted it to structural analyses.
Far-UV circular dichroism revealed a spectral profile character-
istic of disordered proteins with some a-helical content, with
minima at ~202 nm and ~222 nm (Figure S3C). Addition of
4 M GdnHCI to RPAP3 ND caused loss of signal in the
~222 nm band, leading to the appearance of a ~218 nm peak
(Figure S3C), suggesting that Pll-type helical structures may be
formed under this condition (Chemes et al., 2012). When
exposing RPAP3 ND to increasing temperatures, we observed
a loss of signal in its circular dichroism spectrum (Figure S3D).
Nonetheless, we noticed loss of protein due to aggregation,
and further inspection of its spectra revealed no substantial
changes in the RPAP3 ND profile (Figure S3D, inset). Intrinsic
fluorescence emission using Trp residues as probes revealed
that W31 and W93 are fully exposed to the solvent, confirming
the intrinsically disordered nature of RPAP3 ND (Figure S3E).
Moreover, the hydropathy index of this domain was compatible
with those of intrinsically disordered proteins (Figure S3F).

RPAP3 is a large protein containing extensive intrinsically
disordered regions, e.g., ND and IDR, in addition to well-folded
domains (Figures 1A, S1, S3B, and S3C), which makes it difficult
to determine the structure of the full-length protein by X-ray crys-
tallography or nuclear magnetic resonance. Therefore, we made
use of SAXS to determine the structure and dynamics of the full-
length RPAP3 and RPAP3-PIH1D1. The X-ray scattering curves
of RPAP3 and RPAP3-PIH1D1 are depicted in Figure 3C. Guinier
approximation showed that samples were monodisperse (Fig-
ure 3C, inset), and dimensionless Kratky analysis revealed that
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Figure 3. Solution structure of RPAP3 and RPAP3-PIH1D1 complex
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(A) Molecular mass determination of RPAP3 and RPAP3-PIH1D1 complex by SEC-MALS. As reference, molecular masses are indicated by gray dashed lines.
PIH1D1 chromatographic profiles are also shown. Peaks of molecular mass standards are indicated by gray dashed horizontal lines. See also Figure S3 and

Table S1.

(B) Molecular mass distribution of PIH1D1, RPAP3, and RPAP3-PIH1D1 complex identified by mass photometry. Oligomeric species are indicated by arrows.
(C) SAXS profiles of RPAP3 and RPAP3-PIH1D1 complex (empty circles) and respective GNOM fits (solid lines). Guinier regions are displayed in the inset (data

and linear fit are shown as empty circles and solid lines, respectively).
(D) P(r) functions of RPAP3 and RPAP3-PIH1D1 complex.

(E) DA models of RPAP3 and RPAP3-PIH1D1 complex. Refined DA models are shown as translucent beads while the highest occupancies of DA among 20
models are shown as solid beads. In the RPAP3-PIH1D1 DA model, the region with increased DA occupancy is indicated by a dashed ellipse. See also Table S2.
(F) Ensemble optimization analysis of RPAP3. On the left, average Rg and Dyax distributions of the selected RPAP3 ensembles are shown in comparison with
those of a random pool of RPAP3 conformers. Error bars correspond to SD. Representative RPAP3 conformers are shown on the right. See also Table S2.

(G) CORAL representative models of RPAP3-PIH1D1 complex.

RPAPS is quite flexible in solution, while RPAP3-PIH1D1 tends to
be slightly less flexible (Figure S3G).

P(r) functions were generated for RPAP3 and RPAP3-PIH1D1
(Figure 3D), displaying single peaks smoothly decaying to long
distances, as those for elongated and flexible molecules (Kikh-
ney and Svergun, 2015); RPAP3 displayed smaller size and di-
mensions than RPAP3-PIH1D1 complex (Table S2). Using
dummy atoms (DA), ab initio models were generated (Figure S3H
and Table S2, DAM). RPAP3 and RPAP3-PIH1D1 DA models
have similar elongated shapes in solution (Figure 3E), albeit the
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latter presented extra DA occupancy that can be attributed to
the presence of PIH1D1 (Figure 3E, outlined by a black dashed
ellipse). Since samples are conformationally polydisperse, we
were not able to precisely determine the localization of RPAP3
domains or of PIH1D1 in the DA models. To overcome this issue,
we employed the ensemble optimization method (EOM) to char-
acterize the dynamics of RPAP3 in solution. Using the crystal
structures of TPR1 (Pal et al., 2014), TPR2 (Henri et al., 2018),
and CD (Maurizy et al., 2018) of RPAP3, the ensemble containing
conformers best representing the experimental SAXS curve
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Figure 4. Mapping the interacting interfaces between RPAP3 and PIH1D1, PIH1D1 and RUVBL1/2, and RPAP3 and RUVBL1/2

(A) Schematics of RPAP3 iso1 and PIH1D1 constructs used for the yeast two-hybrid are displayed on the left. Interacting and non-interacting proteins are
connected by green and red arrows, respectively. The panels on the right show the confirmation of yeast two-hybrid results by pull-down assays. In the top panel,
He-PIH1D14_290 Was used to pull down RPAP3 iso1 constructs. In the lower panel, Hg-PIH1D1 constructs were used to pull down RPAP3 iso14_ges. |, input; FT,

flow-through; W, wash; E, elution. See also Figures S4A and S4C.

(B-I) Determination of the interacting regions among the R2TP proteins. Bait and prey are indicated at the top of the gels. Proteins were detected using the

respective antibodies. See text for a detailed explanation. See also Figure S4B.

(J) The sequence logo of two conserved regions identified in the RPAP3 IDR (highlighted in yellow) is shown on top. Hydrophobic, acidic, basic, neutral, and
polar amino acids are shown as black, red, blue, purple, and green letters, respectively. Secondary structures of the sequences are given, as well as the
properties (+, positively charged; —, negatively charged; ®, hydrophobic; ¢, hydrophilic; t, small side chain) of the most conserved residues. Shown on the
bottom are the pull-downs of RUVBL1 or RUVBL2 with H;-RPAP3 iso1442_665/a492-500, i-€., RPAP3 lacking both of the conserved IDR regions. See also

Figure S5.

were selected from a pool of random conformers (Figure 3F and
S3l; Table S2, EOM). The analysis indicates that despite being a
very dynamic protein, RPAP3 adopts more compact conforma-
tions rather than fully stretched ones.

Although the EOM strategy was not applicable to RPAP3-
PIH1D1 complex due to intrinsic limitations of the methodol-
ogy, we explored RPAP3-PIH1D1 SAXS data further using a
combination of rigid-body modeling by CORAL followed by
models clustering based on similarity using DAMCLUST.
RPAP3 domains used for EOM were applied in CORAL, in addi-
tion to PIH1D1 PIH1 (Horejsi et al., 2014) and CS (Henri et al.,
2018) domains. Contacts between PIH1D1 and RPAP3 were
imposed according to interacting interfaces identified in this
work and presented below. After generation of 50 rigid-body
structures, we clustered them to seven final representative
structures (Figure 3G and S3l; Table S2, CORAL) whereby,
much like RPAP3, more compact structures instead of
stretched ones were observed.

In summary, RPAP3 is a monomeric, elongated, and dynamic
protein containing an intrinsically disordered ND and adopts
more compact conformations. PIH1D1 binds to RPAP3 at a 1:1
molar ratio, forming a compact complex, and seems to partially
restrict RPAP3 IDR flexibility.

Mapping the RPAP3- and PIH1D1-interacting interfaces
In our effort to determine the quaternary assembly of R2TP,
we subsequently sought to identify the binding interfaces
among the R2TP subunits. The interaction between RPAP3
and PIH1D1 was initially investigated by yeast two-hybrid
assays (Figures 4A and S4A). Full-length RPAP3 (RPAP3
iso14_eg5) interacted with full-length PIH1D1 (PIH1D14_590),
but not with the PIH1D1 construct lacking the last ten amino
acid residues of its CS domain (PIH1D14_5g0). Pull-down as-
says further confirmed that the deletion of PIH1D1 residues
from 281 to 290 disrupted PIH1D1 binding to RPAP3
(Figure 4A).
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A comparison between RPAP3 isoforms revealed that amino
acid residues from 396 to 429 in iso1 are missing in iso2, which
does not interact with PIH1D1 (Yoshida et al., 2013) (Figure 1A).
In addition, our yeast two-hybrid assays showed that RPAP3
iso11_s65 and RPAP3 iso14_4¢5 interacted with PIH1D14_»g99, but
RPAP3 iso11_415 and RPAP3 iso14_3go failed to do so (Figures 4A
and S4A). Considering these results and differences between
RPAP3 iso1 and iso2 led us to hypothesize that the RPAPS iso1
region spanning residues from 416 to 429 contains the PIH1D1-
binding site. Therefore, pull-down experiments were carried out
with RPAP3 iso14_430 and RPAP3 iso14_415, as well as RPAP3
iso11_3g0 @s a negative control, since it lacks almost the entire
IDR (Figure 1A). We observed that RPAP3 iso14_430 was pulled
down by PIH1D14_599, Whereas RPAP3 iso1i415 and RPAP3
iso14_3gg9 Were not, confirming that the PIH1D1-binding region on
RPAP3 iso1 is contained within residues 416 and 429 of its IDR.
In addition, crosslinking followed by mass spectrometry (XL-MS)
experiments with the R2TP complex identified crosslinked peptides
between RPAP3 IDR and PIH1D1 CS (Figure S4B and Table S3).

Altogether, RPAP3 iso1 IDR residues from 416 to 429 are
required for binding to PIH1D1, and the deletion of the last ten
residues in the B7 strand of PIH1D1 CS disrupts its association
with RPAP3 iso1 (Figure 1B).

Mapping the PIH1D1- and RUVBL1/2-interacting
interfaces

Next, the association between RUVBL1/2 and H,-PIH1D1 was
investigated using pull-down assays. Full-length PIH1D1_59q in-
teracted with full-length RUVBL14_456/21_463 t0 form the R2P
complex (Figure 4B, first panel from top). To identify where
RUVBL1/2 binds on PIH1D1, we made a series of progressive de-
letions of ten residues at the PIH1D1 C terminus. PIH1D14_5gg,
PIH1D14_579, and PIH1D14 550 constructs all interacted with
RUVBL11_456/21_463 in @ similar manner (Figure 4B, second to
fourth panels from top). However, PIH1D14_250 and PIH1D1_240
interacted significantly less with RUVBL11_456/21_463 (Figure 4B,
fifth and sixth panels from top), suggesting that the binding site
consists mainly of PIH1D1 residues from 251 to 259 in the CS
domain (Figure 1B). Controls to rule out unspecific RUVBL1/2
binding to beads are shown in Figure S4C.

To determine which RUVBL protein binds to PIH1D1, we used H,-
PIH1D14_59o tO pU” down either RUVBL14_456 or RUVBL24_443; H7-
PIH1D14_590 only interacted with RUVBL1;_4s5 (Figure 4C). To
determine where PIH1D1 bound on RUVBL1, we made a complex
consisting of an RUVBL1 mutant lacking Dlley (RUVBL1A126-234)
and RUVBL2_4¢3 and pulled it down with H,-PIH1D14_59¢ (Fig-
ure 4D), but no interaction was observed. Controls for unspecific
RUVBL1, RUVBL2, and RUVBL1126-234/RUVBL2_463 binding to
beads are shown in Figure S4C. Curiously, we did not observe
crosslinked peptides between RUVBL proteins and PIH1D1 protein
in XL-MS experiments with R2TP (Figure S4B).

Hence, residues from 251 to 259 in the B5 strand of PIH1D1 CS
domain bind to Dlle,; of RUVBL1 within the RUVBL1/2 complex
(Figure 1B).

Mapping the RPAP3- and RUVBL 1/2-interacting
interfaces

To determine the RPAP3 domain interacting with RUVBL proteins,
we used full-length RPAPS3 iso1, a RPAP3 mutant lacking ND
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(RPAP3 iso1455.665), and a RPAP3 mutant lacking CD (RPAP3
is011_540) to pull down RUVBL1{_456/21463. The deletion of
RPAP3 CD disrupted complex formation with RUVBL1/2 (Fig-
ure 4E). Next, to determine with which RUVBL protein RPAP3 as-
sociates, we used both RPAP3 iso14_gg5 and RPAP3 is024_g31 t0
pull down the individual RUVBL proteins. Both isoforms
pulled down RUVBL14_456 and RUVBL2; 443 (Figures 4F and
S5A). To verify this further, we used the RPAP3 iso1 CD (RPAP3
is01540-665) to pull down individual RUVBL proteins. Unexpectedly,
RPAP3 iso1540-665 Only interacted with RUVBL2 (Figure 4G), sug-
gesting the presence of a second binding site through which
RUVBL1 would interact with RPAP3. There was no unspecific
blndlng observed of RUVBL11_456/RUVBL21_463, RUVBL11_4s56,
and RUVBL24_463 to beads (Figure S4C). Note that XL-MS exper-
iments did not show crosslinked peptides between RPAP3 CD and
RUVBL proteins (Figure S4B), likely due to the lack of appropriate
primary amines within the allotted distance or orientation to allow
for crosslinking.

In the recently published cryo-EM structures of the human
R2TP, RPAP3 CD was seen to interact with the RUVBL2 DllI
domain, whereas RPAP3 ND and TPR domains, together with
PIH1D1, were observed near the DIl domains of the RUVBL pro-
teins (Martino et al., 2018; Munoz-Hernandez et al., 2019).
Indeed, our R2TP XL-MS experiments found RPAP3 ND,
TPR1/2, and IDR peptides crosslinked with both RUVBL1 and
RUVBL2 Dllgy (Figure S4B and Table S3). Therefore, we
wondered whether RPAP3 would bind the DIl of RUVBLs. So,
RPAP3 was used to pull down RUVBL proteins lacking the Dllgy
(RUVBL1 A126-234 and RUVBL2A133_238). RPAP3 iSO11_665 inter-
acted with RUVBL24 133038 but not RUVBL1 5126234 (Figure 4H)
These results suggest that, while the RPAP3 CD binds to
RUVBL2, an additional RPAP3 region interacts with RUVBL1
Dllgyt-

To narrow down the binding regions between RUVBL1 and
RPAP3, we removed ND and TPR domains of RPAP3 iso1
(RPAPS is013g5.665) and iso2 (RPAP3 is02355_631) and pulled
down full-length RUVBL1 and RUVBL2. In the presence of the
RPAP3 iso1 and iso2 IDR, interactions with both RUVBL1 and
RUVBL2 were detected (Figures 41 and S5B), revealing that the
second binding site was located within RPAP3 IDR. Global
sequence alignment with RPAP3 was carried out to determine
conserved amino acids in the IDR, whereby two regions were
identified (Figure 4J). The first one encompasses amino acid res-
idues from 430 to 441 and coincides with the RPAP3 iso1 region
co-crystallized with PIH1D1 (Henri et al., 2018), forming two B
strands. The second one is formed by amino acid residues from
492 to 500 and is predicted to also form a f strand. Not only the
structures of these two regions but also their amino acid compo-
sitions are similar, with both regions containing five hydrophobic,
three positively charged, and one or two negatively charged res-
idues at the end (Figure 4J). We then deleted these regions to
verify whether they corresponded to putative RUVBL1-binding in-
terfaces. Two RPAPS3 constructs, one corresponding to the dele-
tion of the 430-441 region (RPAP3 is0144-_g65) and one to the
492-500 region (RPAP3 iso13g5-665/a492-500), Were tested and
both interacted with RUVBL1_456 and RUVBL24_463 (Figure S5C).
Interestingly, when the deletions of the two regions were com-
bined in the RPAP3 iso1445_665/a492-500 construct, RPAP3 iso1
IDR was no longer observed to bind to RUVBL1_45¢, While the
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Figure 5. Mapping the interaction interfaces
that drive human R2TP complex assembly
(A-F) Pull-down assays with bait and prey as indi-
cated at the top of the gels. Proteins were detected
using the respective antibodies. See text for more
details. See also Figures S4B and S6.
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binding to RUVBL24_463 Was preserved due to the presence of the
CD (Figure 4J). In agreement with these results, XL-MS data re-
vealed that the RPAP3 K495 residue crosslinks with RUVBLA1
and RUVBL2 Dl peptides within the R2TP complex (Figure S4B
and Table S3).

Our results demonstrate that RPAP3 iso1 and iso2 form com-
plexes with RUVBL1/2 via two binding sites. The first is through
RPAP3 CD, which binds to RUVBL2; the second is through two
regions in IDR, 430-441 and 492-500, that bind to RUVBL1 Dllgy;
and are proposed to form B strands (Figure 1B).

The assembly of human R2TP
After mapping the interactions among the R2TP proteins, the as-
sembly mechanism of the entire R2TP complex was investi-
gated. Initially, bacterial cell lysates co-expressing RPAP3
i5014_g65-PIH1D14_590 OF RUVBL11_456/21_463 were mixed and
purified, which allowed us to pull down the R2TP complex (Fig-
ures 5A and SG6A, top panels). When the same approach was
used but employing RPAP3 is024_g31, PIH1D14599 was no
longer part of the complex (Figure 5A, bottom panel). On the
other hand, when PIH1D14_59¢ was used to pull down the com-
plex, RPAP3 is02i_g31 was absent from it (Figure S6A, bot-
tom panel).

We showed that PIH1D1 interacts with RUVBL1/2 (Figure 4B)
and, taking into account the human R2TP structures (Martino
et al.,, 2018; Munoz-Hernandez et al., 2019), we wondered

not detect crosslinked peptides between

PIH1D1and RUVBL1/2in R2TP (Figure S4B
and Table S3). To confirm this, we carried out pull-down experi-
ments using RPAP3 iso1 as bait and RUVBL1, RUVBL2, and
the RPAP3-binding defective mutant of PIH1D1, PIH1D1_2g0,
as prey. RPAP3 iso11_ges pulled down RUVBL11_456/21_463
but not PIH1D14g9 (Figure 5C), thereby confirming that
PIH1D1 cannot directly bind to RUVBL1/2 when RPAP3 is bound
to the ATPases. Deletion of the Dll,; domains of RUVBLs,
RUVBL1 A126-234 and RUVBL2A133_238, did not interfere with the
formation of the R2TP complex (Figure 5D, top panel). However,
the replacement of PIH1D14_599 by PIH1D14_5g9, which cannot
bind RPAPS3 (Figure 4A), showed impairment of the R2TP forma-
tion (Figure 5D, bottom panel). Therefore, instead of establishing
adirect contact with RUVBL1/2, PIH1D1 depends on RPAP3 iso1
to be part of the R2TP complex.

The above experiments clearly establish that PIH1D1 cannot
be part of the R2TP if not bound to RPAP3. Subsequently,
we wondered which elements in RPAP3 might be responsible
for disrupting the association between PIH1D1 and RUVBL1/
2. We performed pull-down experiments using RPAP3
iso1 540-665 (CD), P|H1D11_290, and RUVBLA1 1—456/21—463' When
RPAPS3 iso1540-665 Was used as bait, it only pulled down
RUVBL1/2 but not PIH1D1 (Figure 5E). Reverse pull-down, us-
ing PIH1D14_599 as bait, pulled down RUVBL1/2 but not RPAP3
iso1 CD (Figure S6C), hence revealing that the mere binding of
the RPAP3 CD to RUVBL1/2 blocks PIH1D1 binding and
vice versa.
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Figure 6. Stoichiometry of the R2TP complex determined by mass photometry
(A) Titration of RPAP3 iso1 into 0.2 uM RUVBL1/2 hexamers. Molecular mass distributions are shown for each RPAP3 iso1 concentration (solid black lines). The

curves were fit to a sum of Gaussian models. The blue dashed lines show the
each component. Identified macromolecular species and their respective stoi

fit for each experimental curve and the red dashed lines show the contribution of
chiometries are indicated by arrows.

(B) Same as (A), but for titration of the RPAP3 iso1-PIH1D1 complex into 0.2 uM RUVBL1/2 hexamers.

We also tested whether the presence of all other RPAP3 iso1
regions, except CD, could affect PIH1D1 binding to RUVBL1/2.
Figure 5F depicts the result of the experiment with the RPAP3
construct lacking the CD, RPAP3 iso11_s40, being used as a bait
to pull down RUVBL14_456/21_463 and PIH1D14_og0. The reverse
pull-down, using PIH1D14_59¢ as bait instead, is shown in Fig-
ure S6D. Surprisingly, RPAP3 iso1i_550 and PIH1D11_o90
were able to interact with each other, but not with RUVBL14_45¢/
21463, suggesting that the simple binding of RPAP3 iso1 to
PIH1D1 competes with its interaction to RUVBL1/2.

Altogether, these experiments demonstrate that RPAP3 is the
central subunit of the R2TP complex, bridging the interaction be-
tween RUVBL1/2 and PIH1D1. Additionally, the binding of
RPAP3 to RUVBL1/2 blocks the binding of PIH1D1 via two
mechanisms: (1) binding of RPAP3 CD to RUVBL1/2 likely by
changing the conformation of the DIl domain in RUVBL1; and
(2) binding of RPAP3 to PIH1D1 likely by blocking the binding
site of PIH1D1 for RUVBL1 in the RUVBL1/2 complex.

Stoichiometry of the subunits in the R2TP complex

Despite the recent studies on the human R2TP structure (Martino
etal., 2018; Maurizy et al., 2018; Munoz-Hernandez et al., 2019),
the number of RPAP3 and PIH1D1 subunits associated with
RUVBL1/2 remains a matter of debate. To determine the subunit
stoichiometry within R2TP, we made use of mass photometry.
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Increasing concentrations of RPAP3 (0.2-1.6 uM) were titrated
into a fixed amount of RUVBL1/2 (0.2 uM hexamers) as shown
in Figure 6A. RUVBL1/2 complex alone was mostly hexamers
with a small population of double hexamers. However, upon
addition of RPAP3, the double-hexameric species disappeared
and RUVBL1/2 hexamers containing one, two, and three bound
RPAPS3 appeared. Further addition of RPAP3, up to a ratio of
eight RPAP3 monomers per RUVBL1/2 hexamer, revealed a
gradual increase of species containing two and three bound
RPAPS, with almost complete disappearance of the RUVBL1/2
species containing a single associated RPAPS.

Next, 0.2-1.6 uM RPAP3-PIH1D1 complex was titrated into
0.2 uM RUVBL1/2 hexamers (Figure 6B). When RPAP3-PIH1D1
was added at equimolar ratio to RUVBL1/2, the hexamers asso-
ciated mostly with one or two RPAP3-PIH1D1 heterodimers.
Increasing RPAP3-PIH1D1 concentrations allowed for the forma-
tion of RUVBL1/2 bound to three RPAP3-PIH1D1 molecules;
however, in contrast to RPAP3 titration (Figure 6A), RUVBL1/2
hexamers bound to one, two, and three RPAP3-PIH1D1 mole-
cules were equally populated.

The above results clearly indicate that R2TP and R2T are het-
erogeneous complexes containing different stoichiometries of
RPAP3 or RPAP3-PIH1D1 bound to the RUVBL1/2. No usable
results were obtained in a similar analysis with PIH1D1 due to
the experimental limit of detection and instability of PIH1D1.
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A Kinetic parameters measured for the ATPase activity of the RUVBL proteins
Protein
Parameters
RUVBL1 RUVBL2 RUVBL1/2
K,, (mM) 1.29+0.19 0.70+0.11 0.08 £ 0.02
V_..x (PmMol Pi min) 31.53+1.11 123.43+464 191.02+6.71
k., [pmol Pi min' (pmol RUVBLs)"]  0.023 +0.001  0.082+0.003  0.127 +0.004

Experiments were performed in triplicate and standard deviations are shown.
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Figure 7. ATPase activity of RUVBL1/2-related complexes and their nucleotide-binding properties

(A) Kinetic parameters for the ATPase activity of the RUVBL proteins.

(B) Effect of RPAP3 and PIH1D1 on the RUVBL1/2 ATPase activity. The ATP hydrolysis rate of RUVBL1/2 complex (2 uM hexamer) was evaluated at increasing
concentrations (2-12 uM) of RPAP3 CD, full-length RPAP3, and RPAP3-PIH1D1. Data were normalized to the ATPase rate of RUVBL1/2 complex by itself. The
inset shows negligible background ATPase activity for RPAP3 CD, RPAP3 iso1, and PIH1D1. Error bars represent SD.

(C) Binding affinity of RUVBL proteins for adenosine nucleotides and effects of RPAP3, PIH1D1, and RPAP3-PIH1D1 on the RUVBL1/2 complex. Titration ex-
periments are shown in the top panel for ATPyS (left side) and ADP (right side); SD are shown as error bars. The bottom panel displays calculated nucleotide Kp*P

for RUVBLs, R2TP, R2T, and R2P complexes.

(D) Analysis of the environment experienced by mant-ADP in the ATP-binding pocket of RUVBL proteins based on experiments performed in (C). Shown are
comparisons of centers of spectral mass for mant-ADP bound and unbound to protein. Interquartile range (large box), mean (small box), median (horizontal line),
5" and 95" percentile (whiskers) and maximum and minimum values are shown. As reference, the relative degree of solvent exposure is shown on the right.
(E-H) Effect of nucleotides on the assembled R2TP, R2T, and R2P complexes. The complexes were immobilized on Co?* ion-affinity beads via bait proteins and
incubated with nucleotide solution. Prey proteins released after nucleotide addition were collected and visualized by western blots.

The effect of nucleotides on R2TP assembly
Recently, PIH1D1 has been proposed to work as an NEF for
RUVBL1/2 based on structural studies, but with no biochemical
proof (Munoz-Hernandez et al., 2019). Therefore, we investigated
whether RPAP3 and PIH1D1 have an impact on the ATPase ac-
tivity of RUVBL1/2. Initially the ATPase activities of RUVBLA1,
RUVBL2, and RUVBL1/2 were measured, and the kinetic param-
eters are shown in Figure 7A. RUVBL2 has a more robust ATPase
activity than RUVBL1, and RUVBL1/2 complex has the highest
activity (refer also to Nano et al., 2020).

Subsequently, RUVBL1/2 concentration was fixed (2 uM hex-
amer) and RPAP3, RPAP3-PIH1D1, and RPAP3s540665 (CD)
were titrated into it. Only a slight increase in the ATPase activity

was observed upon addition of RPAP3 (Figure 7B). No significant
effect was observed upon addition of the RPAP3 CD or RPAP3-
PIH1D1 complex. Control experiments showed that RPAP3
constructs and RPAP3-PIH1D1 have negligible or little ATPase
activity (Figure 7B) subtracted from RUVBL1/2-containing data.
Since RPAP3 and RPAP3-PIH1D1 did not affect the ATPase
rates of RUVBL1/2, we wondered whether they could affect
the binding affinity of RUVBL1/2 for nucleotides instead. To
address this question, we made use of a fluorescent ADP analog
(mant-ADP) to determine the apparent dissociation constant
(Kp®P) for the interaction of nucleotides ATPyS and ADP with
RUVBLs. The mant-ADP fluorescence emission spectrum un-
dergoes a blue shift when bound to RUVBL1/2; addition of
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Figure 8. The presence of R2T and R2P in cells and the identification of RPAP3 ND-interacting proteins

(A) Pull-down of FLAG-tagged RPAP3 iso1 in RPE1 PIH1D1 knockout cells.
(B) Pull-down of FLAG-tagged PIH1D1 in RPE1 RPAP3 knockout cells.
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non-fluorescent nucleotides induced dissociation of mant-ADP
from RUVBL’s ATP-binding pocket. Subsequently, ATPyS or
ADP were titrated into mant-ADP-bound RUVBL1, RUVBL2,
RUVBL1/2, R2TP, R2T, and R2P samples to determine the Kp#P
of RUVBLs for nucleotides, shown in Figure 7C. All tested
samples did not show significant differences in Kp®* for ADP;
however, for ATPyS, RUVBL1 and RUVBL1/2 samples pre-
sented ~2-fold less affinity in comparison with RUVBL2, R2TP,
R2T, and R2P. These results suggest that RPAP3, RPAP3-
PIH1D1, and PIH1D1 do not significantly affect the affinity of
RUVBL1/2 for nucleotides.

Next, using the sensitivity of mant-ADP to the physical-chem-
ical properties of its surroundings, i.e., the spectral shift
observed when mant-ADP is free (polar environment) versus pro-
tein-bound (hydrophobic environment), we analyzed the solvent
accessibility of the ATP-binding pockets of RUVBLs. Figure 7D
displays <A> values for RUVBL-bound and unbound mant-
ADP. <)> refers to spectral center of mass (see STAR Methods).
R2TP-bound mant-ADP exhibited lowest <A> values, indicating
that the nucleotide-binding pocket is most protected from the
polar environment in these complexes. Importantly, these results
indicate that the binding of RPAP3 and RPAP3-PIH1D1 to
RUVBL1/2 shields the ATP-binding pocket instead of opening
it to the solvent, as proposed in previous work (Munoz-Hernan-
dez et al., 2019).

Subsequently, we examined whether nucleotides affected the
complex composition. To do so, we immobilized R2TP, R2T, and
R2P complexes on Co?* beads through His-tagged RPAP3 or
PIH1D1 and incubated them with buffer containing ATP, ADP,
or no nucleotide. Released proteins were then visualized by
western blot. None of the complexes disassembled upon nucle-
otide addition (Figures 7E-7G) except for the RUVBL1/2-PIH1D1
complex (Figure 7H).

Taken together, these results demonstrate that RPAP3 and
RPAP3-PIH1D1 do not affect RUVBL1/2 ATPase activity or their
binding affinity for nucleotides, and that only the R2P complex
falls apart upon nucleotide binding to RUVBL1/2. In addition,
ATP hydrolysis seems to be the rate-limiting step for RUVBL1/
2 activity, since the Ky, is significantly higher than the Kp® (Fig-
ures 7A and 7C).

In vivo implications for R2TP complex assembly

Our in vitro data indicate the presence of R2T and R2P com-
plexes in addition to the R2TP. Using pull-downs of RPAP3
iso1 in PIH1D1 deleted cells and of PIH1D1 in RPAP3 deleted
cells, we show that R2T and R2P, respectively can also be
observed in vivo (Figures 8A and 8B). Furthermore, the pull-
down of RPAPS3 iso2 only brings down RUVBL1 and RUVBL2
and not PIH1D1 as expected (Figure 8C).

To further explore the role of the intrinsically disordered
RPAP3 ND in substrate recognition, we also performed affinity
purification followed by mass spectrometry (AP-MS). Using re-
combinant purified His{>-SUMO-tagged RPAP3 ND, we pulled

¢ CellP’ress

down proteins from cell extracts that were then analyzed by
mass spectrometry. Enrichment analysis on the identified pro-
teins using the DAVID server (Huang et al., 2009a, 2009b)
showed that RPAP3 ND preferentially binds to proteins contain-
ing Armadillo (ARM) repeats, HSP70 proteins, Calponin homol-
ogy domain, SEA domains, TPR domain-containing proteins,
and REJ-like structures (Figure 8D and Table S4). Of note,
most of the domains present in ~70% of the interacting proteins
are all a-helical.

Comparison of RPAP3 ND interactors with R2TP interactors
retrieved from BioGRID (Figure 8E) shows that TTI2, which has
ARM-type repeats, interacts with all four R2TP subunits and
with RPAP3 ND, suggesting that TTI2 might be an important
component of the R2TP complex.

DISCUSSION

In this work we have combined a series of biophysical and
biochemical methods to comprehensively characterize the solu-
tion structure of human R2TP subunits and how they interact
with one another to assemble the R2TP complex. Our data sug-
gest the presence of three distinct complexes in the cell: R2T
(RUVBL1-RUVBL2-RPAP3), R2P (RUVBL1-RUVBL2-PIH1D1),
and R2TP (RUVBL1-RUVBL2-RPAP3-PIH1D1).

For the formation of the R2T complex (Figure 9, top panel), we
propose that RPAPS3 first interacts with the RUVBL1/2 AAA+ core
via CD, locking RUVBL1/2 in a conformational state where the
Dlls are in the up position. This conformation blocks the binding
of PIH1D1 to RUVBL1/2, and subsequently the RPAP3 IDR inter-
acts with RUVBL1 Dl (Figure 1B) to promote the proper R2T
architecture.

In the R2P complex (Figure 9, middle panel), PIH1D1 binds to
RUVBL1 mainly via the B5 strand of its CS domain but only in
the absence of RPAP3 (Figures 1B, 4B, and S7A). In fact, the
prior binding of PIH1D1 to RUVBL1/2 abolishes the RPAP3-
RUVBL1/2 interaction (Figures S6A-S6C).

Contrary to what was suggested by the published cryo-EM
structures (Martino et al., 2018; Munoz-Hernandez et al.,
2019), here we show that, within the R2TP complex, PIH1D1
does not interact directly with RUVBL1/2 and does not act as
an NEF for RUVBL1/2. We also found that RPAP3 and RPAP3-
PIH1D1 have no significant effect on the ATPase activity of
RUVBL1/2 (Figure 7B). RPAP3 is the link connecting PIH1D1 to
and positioning it in the R2TP complex through (1) the anchoring
of the RPAP3 CD on the apical surface of the RUVBL1/2 and (2)
the interaction of the residues 430-441 and 492-500 in the
RPAP3 IDR with RUVBL1 Dlle, (Figure 1B). This places
PIH1D1 on the lower side of the RUVBL1/2 hexamer (Figure 9,
bottom panel).

The association of PIH1D1 with RPAP3 is dependent on the very
C terminus of PIH1D1 CS domain and residues 416-429 at the
beginning of RPAP3 iso1 IDR (Figures 1B and 4A), which is in par-
tial agreement with previously published data (Henri et al., 2018;

(C) Pull-downs of FLAG-tagged RPAP3 iso1 or RPAP3 iso2 proteins expressed in RPE1 cells.

(D) List of proteins interacting with RPAP3 ND identified by AP-MS. Protein domain enrichment analysis was performed using the DAVID server, and enriched
proteins (p < 0.05) are highlighted by colored boxes. Legend is shown in the bottom panel. See also Table S4.

(E) Venn diagram of RPAP3 ND-interacting proteins identified in this study and R2TP-interacting proteins obtained from BioGRID. Common interactors are shown
below each Venn diagram, and proteins containing enriched domains are colored as in (A). Diagrams were obtained using the InteractiVenn tool.
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Figure 9. Proposed model for the assembly of human R2TP, R2T, and R2P complexes

For visualization purposes, only one RPAP3, RPAP3-PIH1D1, and PIH1D1 are shown bound to RUVBL1/2. See discussion for further details. Representative 3D
structures shown were made using UCSF ChimeraX software (Pettersen et al., 2021). RUVBL1 (PDB: 2C90), RPAP3, and PIH1D1 (hybrid SAXS models from this
work) structures were employed. RUVBL1 DI + DIl are shown in yellow and RUVBL2 DI + DIl are shown in blue. DIl domains of RUVBL1 and RUVBL2 are colored

orange and dark blue, respectively. See also Figure S7.

Martino et al., 2018). Henri et al. (2018) had shown that the binding
of PIH1D1 to RPAP3 involves extensive contacts between the two
proteins, whereby the RPAP3 IDR residues 431-441 loop around
the CS domain of PIH1D1 forming intermolecular § strands (Fig-
ure S7B). In contrast, we show that residues 416-429 of RPAP3
iso1 IDR are, in fact, responsible for binding PIH1D1. In our study,
the RPAP3 IDR region reported to loop around the PIH1D1 CS
domain is completely dispensable for the heterodimer formation.
This region is also present in RPAP3 iso2, which does not bind to
PIH1D1. The difference between our data and those of Henri et al.
(2018) (Figure S7) might be due to spurious interactions induced
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by crystal packing forces stabilizing the IDR of RPAP3 and the
disordered C-terminal end of PIH1D1.

R2TP species containing one, two, and three bound RPAP3-
PIH1D1 seem to co-exist in equilibrium (Figure 6). These
observed stoichiometries, added to the RPAP3 flexibility, allow
us to hypothesize that one RPAP3 and PIH1D1 in the R2TP com-
plex may act to interact with R2TP clients, while the other two
PIH1D1 subunits in complex with RPAP3 recruit other clients
to R2TP. This would allow the different clients to interact and
render R2TP a highly dynamic assembly platform for quaternary
structure formation.
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Antibodies

Rabbit polyclonal anti-RUVBL1 Abcam Cat#ab109330; RRID: AB_11144720
Rabbit polyclonal anti-RUVBL1 Invitrogen Cat#PA5-29278; RRID: AB_2546754
Rabbit polyclonal anti-RUVBL2 Abcam Cat#ab36569; RRID: AB_2301439
Rabbit polyclonal anti-RUVBL2 Invitrogen Cat#PA5-29871; RRID: AB_2547345
Rabbit polyclonal anti-RPAP3 Invitrogen Cat#PA5-30816; RRID: AB_2548290
Mouse monoclonal anti-PIH1D1 Santa Cruz Cat#sc-101000; RRID: AB_2164959
Mouse monoclonal anti-FLAG M2 Millipore Cat#F3165; RRID: AB_259529
Mouse monoclonal anti-His tag Millipore Cat#05-949; RRID: AB_492660
Mouse monoclonal anti-His tag Bio-Rad Cat#MCA1396; RRID: AB_322084

Bacterial and virus strains

Escherichia coli LOBSTR BI21(DE3) strain (Andersen et al., 2013) N/A

Chemicals, peptides, and recombinant proteins

Adenosine 5’-triphosphate disodium salt Bioshop Cat#ATP007

hydrate

Adenosine 5’-diphosphate sodium salt Sigma-Aldrich Cat#A2754

Adenosine 5’-(y-thio)-triphosphate Cayman Chemicals Cat#14957

(lithium salt)

3-amino-1,2,4-triazole Sigma-Aldrich Cat#A8056

Phospho(enol)pyruvic acid Sigma-Aldrich Cat#P7127

monopotassium salt

NADH disodium salt, trihydrate, reduced Bio Basic Cat#NB0642

Pyruvate Kinase/Lactic Dehydrogenase Sigma-Aldrich Cat#P0294

2'/3’-0-(N-Methyl-anthraniloyl)-adenosine- Jena Bioscience Cat#JBNU201S

5’-diphosphate, triethylammonium salt

(mant-ADP)

Disuccinimidyl sulfoxide (DSSO) Thermo Fisher Scientific Cat#A33545

Tobacco Etch Virus (TEV) protease Laboratory of Walid Houry, N/A
University of Toronto

Ulp1 protease (Lee et al., 2008) N/A

ProteaseMAX Promega V2071

Trypsin Gold Promega V5280

25 mM Tris-HCI (pH 7.5), 500 mM NaCl N/A Buffer A

25 mM Tris-HCI (pH 7.5), 500 mM NaCl, N/A Buffer B

500 mM imidazole

25 mM Tris-HCI (pH 7.5), 50 mM KCI, 10% N/A Buffer C

glycerol, 1 mM DTT

25 mM Tris-HCI (pH 7.5), 500 mM KClI, 10% N/A Buffer D

glycerol, 1 mM DTT

40 mM Tris-HCI (pH 7.5), 200 mM KClI, 5 mM N/A Buffer E

MgCl,, 1 mM DTT, 10% Glycerol

25 mM Tris-HCI (pH 7.5), 200 mM NaCl, N/A Buffer F

10% glycerol

25 mM Tris-HCI (pH 7.5), 50 mM NaCl N/A Buffer G

25 mM Tris-HCI (pH 7.5), 500 mM NaCl N/A Buffer H

25 mM Tris-HCI (pH 7.5), 200 mM NaCl N/A Buffer |
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25 mM Tris-HCI (pH 7.5), 200 mM NaCl, N/A Buffer J
250 mM imidazole
20 mM Tris-HCI, pH 7.5, 200 mM KClI, 8 mM N/A Buffer K
MgCI2, 10% (v/v) glycerol
25 mM Tris-HCI (pH 7.5), 200 mM NaCl, N/A Buffer L
1 mM DTT, 10% glycerol
25 mM HEPES (pH 7.5), 200 mM NaCl, 5% N/A Buffer M
glycerol
50 mM Tris-HCI (pH 7.4), 150 mM NaCl, N/A Buffer N
1 mM EDTA, 1% Triton X-100
50 mM Tris-HCI (pH 7.4), 150 mM NaCl, N/A Buffer O
0.05% Nonidet P-40
50 mM Tris-HCI (pH 7.4), 150 mM NaCl N/A Buffer P
40 mM Tris-HCI (pH 7.5), 200 mM KCl, N/A Buffer Q
5 mM MgCl,
Deposited data
Human RUVBL1 structure (Matias et al., 2006) PDB: 2C90
Human RUVBL2 structure (Silva et al., 2018) PDB: 6H7X
Human RUVBL1/2 structure (Aramayo et al., 2018) PDB: 50AF
Human RUVBL2ADIle,; structure (Petukhov et al., 2012) PDB: 3UK6
Human RUVBL1ADIley/2ADllgy complex (Gorynia et al., 2011) PDB: 2XSZ
structure
Chaetomium thermophilum Rvb1/2 (Silva-Martin et al., 2016) PDB: 6FM6
complex structure
Human RPAP3 TPR1 domain (Pal et al., 2014) PDB: 4CGV
Human RPAP3 TPR2 domain (Henri et al., 2018) PDB: 6FDT
Human RPAP3 C-domain (Maurizy et al., 2018) PDB: 6EZ4
Human RPAP3 TPR2-PIH1D1 CS complex (Henri et al., 2018) PDB: 6GXZ
structure
Human PIH1D1 PIH1 domain (Horejsi et al., 2014) PDB: 4PSF
Experimental models: Cell lines
HEK293T A gift from Dr. Liliana Attisano, N/A
University of Toronto
RPE-1 A gift from Dr. Peter Kim, N/A
The Hospital for Sick Children
RPE-1 RPAP3 KO This paper N/A
RPE-1 PIH1D1 KO This paper N/A
Experimental models: Organisms/strains
Saccharomyces cerevisiae PJ69-40. strain (James et al., 1996) N/A
Recombinant DNA
PACYC RIL (pRIL) Agilent N/A
pQLink H,-RUVBL14_456 This paper N/A
pQLink H,-RUVBL24_463 This paper N/A
p11 Hg-RUVBL11_456 This paper N/A
p11 Hg-RUVBL2_463 This paper N/A
PETSUMO2 H4,-SUMO-RPAP3 iso14_ges This paper N/A
PCOLA Duet-1 RPAP3 iso11_ggs, He- This paper N/A
PIH1D14_590
pPQM18 He-PIH1D14_290-Hs (Machado-Pinilla et al., 2012) N/A
pPCOLADuet-1 RPAP3 iso14_ges, This paper N/A

He-PIH1D11_z50
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pCOLADuet-1 RPAP3 iso11_430, This paper N/A
Hg-PIH1D14_290

pCOLADuet-1 RPAP3 iso11_41s, This paper N/A
Hg-PIH1D14_590

pCOLADuet-1 RPAP3 iso14_3g0, This paper N/A
Hg-PIH1D14_290

pQLink RUVBL14_456-RUVBL2_463 This paper N/A
pQLink RUVBL14_456, RUVBL2_4¢3, This paper N/A
H7-PIH1D14_90

pQLink RUVBL14_456, RUVBL21 463, This paper N/A
H7-PIH1D14_5g0

pQLink RUVBL14_456, RUVBL2_4¢3, This paper N/A
H7-PIH1D14_57¢

pQLink RUVBL14_456, RUVBL2_4¢3, This paper N/A
H7-PIH1D14_2¢0

pQLink RUVBL14_456, RUVBL24_463, This paper N/A
H7-PIH1D14_550

pQLink RUVBL14_456, RUVBL2_4¢3, This paper N/A
H7-PIH1D14_240

pQLink RUVBL14_456, H7-PIH1D14_590 This paper N/A
pQLink RUVBL24_4¢3, H7-PIH1D14_599 This paper N/A
pQLink RUVBL1 p126-234, RUVBL2, 133238 This paper N/A
pQLink RUVBL1 p126-234, RUVBL2{_463 This paper N/A
pQLink RUVBL1_456, RUVBL2_4¢3, This paper N/A
H,-RPAP3 iso11_egs5

pQLink RUVBL14_456, RUVBL2_4¢3, This paper N/A
H,-RPAP3 iso1125_665

pQLink RUVBL14_456, RUVBL2_4¢3, This paper N/A
H7-RPAP3 iso11_540

pQLink RUVBL14_456, H7-RPAP3 iso14_ggs5 This paper N/A
pQLink RUVBL24_463, H,-RPAP3 is014_gg5 This paper N/A
pQLink RUVBL14_456, H-RPAP3 This paper N/A
is01540-665

pQLink RUVBL24_4¢3, H,-RPAP3 This paper N/A
i801540-665

pQLink RUVBL1 A126-234, RUVBL24 133 238, This paper N/A
H7-RPAP3 iso11_e65

pQLink RUVBL14_4s6, H,-RPAP3 This paper N/A
is013g5-665

pQLink RUVBL24_4¢3, H,-RPAP3 This paper N/A
is01385-665

pQLink RUVBL14_456, H,-RPAP3 This paper N/A
i501442-665

pQLink RUVBL24_4¢3, H,-RPAP3 This paper N/A
i501442-665

pQLink RUVBL1_456, This paper N/A
H7-RPAP3 is01385-665/a492-500

pQLink RUVBL2_4g3, This paper N/A
H7-RPAP3 is01385_665/a492-500

pQLink RUVBL14_456, This paper N/A
H7-RPAP3 i801442-665/a492-500

pQLink RUVBL24_4¢3, H,-TEV-RPAP3 This paper N/A

iS01442-665/ A492-500
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pQLink H,-RPAP3 iso14_ggs5, PIH1D14_290 This paper N/A
pQLink H,-RPAP3 is024_g31, PIH1D14_599 This paper N/A
pQLink H7-RPAP3 is013g5-665, PIH1D14_290 This paper N/A
pQLink H7-RPAP3 is02385 631, PIH1D14_290 This paper N/A
pQLink H,-RPAP3 iso14_gg5, PIH1D14_5g0 This paper N/A
pQLink H;-RPAP3 iso1540-665, PIH1D14_290 This paper N/A
pQLink H7-RPAP3 iso11_540, PIH1D14_290 This paper N/A
p11 Hg-RUVBL1_456 WB This paper N/A
p11 Hg-RUVBL2_463 WB This paper N/A
pPCOLADuet-1 RUVBL14_456-Hg, This paper N/A
eXact tag-RUVBL2_463
PETSUMO2 H1,-SUMO-RPAP3 iso1540-665 This paper N/A
pQLink RUVBL14_456, H7-RPAP3 is024_g31 This paper N/A
pQLink RUVBL24_463, H,-RPAP3 iso14_g31 This paper N/A
pQLink RUVBL14_456, H,-RPAP3 This paper N/A
i802385 631
pQLink RUVBL2_463, H,-RPAP3 This paper N/A
1802385 631
pCOLADuet-1 RPAP3 is021_g31, This paper N/A
He-PIH1D14_290
pQLink RPAP3 iso1 35_665-FLAG, This paper N/A
H7-PIH1D14_590
pQLink RPAP3 is02355_631-FLAG, This paper N/A
H7-PIH1D14_290
pQLink RPAP3 is01540_665-FLAG, This paper N/A
H7-PIH1D14_290
pQLink RPAPS iso14_540, H7-PIH1D11_290 This paper N/A
pOBD2 A gift from Stanley Fields Lab, http://www.fieldslab.org/vector-
University of Washington pobd2.html

pOAD

pOBD2 RPAP3_gg5

pOBD2 RPAP34_s65

pOBD2 RPAP31_465

pOBD2 RPAP3_415

pOBD2 RPAP3;_390

pOAD PIH1D14_590

pPOAD PIH1D14_2g0

pcDNAS5 FLAG-PIH1D1
pcDNA5 RPAP3 iso1-3xFLAG
pcDNA5 RPAP3 iso1-3xFLAG
pcDNAS FLAG-RPAPS iso1
pcDNA5 RPAPS3 iso1-3xFLAG
pcDNAS RPAP3 iso1-3XFLAG
pcDNAS FLAG-RPAPS iso1

A gift from Stanley Fields Lab,
University of Washington

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper

http://www.fieldslab.org/vector-poad.html

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Software and algorithms

ATSAS 2.7.2 package

ASTRA7.1.2

(Franke et al., 2017)

Wyatt Technology

www.embl-hamburg.de/biosaxs/
download.html; RRID: SCR_015648

https://www.wyatt.com/products/
software/astra.html; RRID: SCR_016255

(Continued on next page)
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UCSF ChimeraX 1.1

Clustal Omega

Weblogo 3

PSIPRED and DISOPRED

MARCOIL

PONDR

PDBSum

Sedfit

Origin 7.0
EMAN: Boxer

XCalibur 4.1.31.9

Proteome Discoverer 2.2

(Pettersen et al., 2021)

(Madeira et al., 2019)

(Crooks et al., 2004)

(Buchan and Jones, 2019)

(Delorenzi and Speed, 2002)

Molecular Kinetics Inc.

(Laskowski et al., 2018)

(Schuck, 2000)

OriginLab Corporation
(Ludtke et al., 1999)

Thermo Fisher Scientific

Thermo Fisher Scientific

https://www.cgl.ucsf.edu/chimerax/
download.html; RRID: SCR_015872
https://www.ebi.ac.uk/Tools/msa/clustalo/
; RRID: SCR_001591
http://weblogo.threeplusone.com/; RRID:
SCR_010236
http://bioinf.cs.ucl.ac.uk/psipred/; RRID:
SCR_010246
https://bcf.isb-sib.ch/webmarcoil/
webmarcoillNFOC1.html

http://www.pondr.com/

http://www.ebi.ac.uk/thornton-srv/
databases/cgi-bin/pdbsum/GetPage.pl?
pdbcode=index.html; RRID: SCR_006511

http://www.analyticalultracentrifugation.
com/download.htm; RRID: SCR_018365

www.originlab.com

https://blake.bcm.edu/emanwiki/EMAN1;
RRID: SCR_016867

https://www.thermofisher.com/order/
catalog/product/OPTON-30965#/OPTON-
30965; RRID: SCR_014593
https://www.thermofisher.com/order/
catalog/product/OPTON-30945#/OPTON-
30945; RRID: SCR_014477

xiVIEW (Graham et al., 2019) https://xiview.org/xiNET_website/
index.php

SEQUEST (Eng et al., 1994) http://fields.scripps.edu/yates/wp/?
page_id=17

CRAPome (Mellacheruvu et al., 2013) https://reprint-apms.org/?q=reprint-home

DAVID (Huang et al., 2009b) https://david.ncifcrf.gov/; RRID:
SCR_001881

InteractiVenn (Heberle et al., 2015) http://www.interactivenn.net/

Other

Ni Sepharose 6 Fast Flow

Mono Q 5/50 GL

HiLoad Superdex 200 16/600 pg
Superdex 200 Increase 10/300 GL
Superdex 200 HR10/300 GL
HisPur cobalt resin

Anti-FLAG M2 magnetic beads
MiniDAWN TREOS ||

Optilab T-rEX

EnSpire 2300 multilabel reader

J-810 spectropolarimeter

ProteomelLab XL-A analytical
ultracentrifuge

Fluorolog-3 spectrophotometer
Pilatus 300K detector

Mass photometry instrumentation
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GE Healthcare Life Sciences
GE Healthcare Life Sciences
GE Healthcare Life Sciences
GE Healthcare Life Sciences
GE Healthcare Life Sciences
Thermo Fisher Scientific
Millipore

Wyatt Technology

Wyatt Technology
Perkin-Elmer

Jasco
Beckman Coulter

HORIBA

Dectris, SAXS1 - Brazilian
Synchrotron Light Laboratory

(Young et al., 2018)

Cat#17531802

Cat#17516601

Cat#28989335

Cat#28990944

Cat#54801-U

Cat#89965

Cat#M8823; RRID: AB_2637089
Part#WTS2

Part#WTREX

http://www.perkinelmer.com/product/
enspire-base-unit-2300-0000

Part#0302-0407A
RRID: SCR_019567

Model#FL3-22; RRID: SCR_020061

https://www.Inls.cnpem.br/saxs1-5/

N/A
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https://bcf.isb-sib.ch/webmarcoil/webmarcoilINFOC1.html
http://www.pondr.com/
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html
http://www.ebi.ac.uk/thornton-srv/databases/cgi-bin/pdbsum/GetPage.pl?pdbcode=index.html
http://www.analyticalultracentrifugation.com/download.htm
http://www.analyticalultracentrifugation.com/download.htm
http://www.originlab.com
https://blake.bcm.edu/emanwiki/EMAN1
https://www.thermofisher.com/order/catalog/product/OPTON-30965#/OPTON-30965
https://www.thermofisher.com/order/catalog/product/OPTON-30965#/OPTON-30965
https://www.thermofisher.com/order/catalog/product/OPTON-30965#/OPTON-30965
https://www.thermofisher.com/order/catalog/product/OPTON-30945#/OPTON-30945
https://www.thermofisher.com/order/catalog/product/OPTON-30945#/OPTON-30945
https://www.thermofisher.com/order/catalog/product/OPTON-30945#/OPTON-30945
https://xiview.org/xiNET_website/index.php
https://xiview.org/xiNET_website/index.php
http://fields.scripps.edu/yates/wp/?page_id=17
http://fields.scripps.edu/yates/wp/?page_id=17
https://reprint-apms.org/?q=reprint-home
https://david.ncifcrf.gov/
http://www.interactivenn.net/
http://www.perkinelmer.com/product/enspire-base-unit-2300-0000
http://www.perkinelmer.com/product/enspire-base-unit-2300-0000
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High mass Q-TOF-type instrument adapted (Chernushevich and Thomson, N/A

for a QSTAR CL platform 2004; Sobott et al., 2002)

2010F TEM JEOL N/A

Super COOLSCAN 9000 ED

SO-163 film
Tecnai T12

4k CCD camera
C-18 TopTip

SpeedVac

Luna SCX (50 x 2 mm, 5 um, 100 A)
EASY-nLC 1000

ReprosiI-Plﬂr 120 (75 pm 1.D., 25 cm length,
3 um, 120 A)

1100 HPLC

Orbitrap Fusion Tribrid

Nanospray Flex NG

Nano C18 column (10 cm x 75 um ID, 3 pum,
100 A)

Orbitrap Elite
Akta Pure
Akta FPLC

Nikon

Kodak
FEI
Gatan
Glygen

Savant

Phenomenex

Thermo Fisher Scientific
Dr. Maisch

Agilent
Thermo Fisher Scientific

Thermo Fisher Scientific

Laboratory of Mohan Babu,

University of Regina

Thermo Fisher Scientific

GE Healthcare Life Sciences

Amersham Biosciences

https://www.nikonusa.com/en/nikon-
products/product-archive/film-scanners/
super-coolscan-9000-ed.html

N/A
N/A
N/A

http://www.glysci.com/products/
TopTip.html

Model#SVC-100H
Part#00B-4398-B0

Cat#LC120; RRID: SCR_014993
C-18-AQ

RRID: SCR_019348

Cat#IQLAAEGAAPFADBMBCX; RRID:
SCR_020559

Cat#ES072
N/A

RRID: SCR_020548
Part#29018225; RRID: SCR_019958
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by Walid A. Houry (walid.

houry@utoronto.ca).

Materials availability

Unique/stable reagents generated in this study will be made available upon request as long as in stock; the University of Toronto may
require a completed Materials Transfer Agreement.

Data and code availability
No novel code was generated during this work. Raw data are available from the authors upon request. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Escherichia coli cell cultures

E. coli LOBSTR BI21(DES3) strain, carrying mutations in arnA and slyD genes (Andersen et al., 2013) and transformed with the pRIL
(Cam®) vector (Agilent), was grown at 37°C in Lysogenic Broth (LB) supplemented with 34 pg/mL of chloramphenicol (LB-Clo).
LOBSTR BI21(DE3) pRIL cells transformed with Kan® or AmpP-containing plasmids were grown in LB-Clo containing 35 pg/mL of
kanamycin or 100 pg/mL of ampicillin, respectively.

Saccharomyces cerevisiae cell cultures

S. cerevisiae cells PJ69-44. strain, genotype MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal44 gal804 LYS2::GAL1-HIS3 GAL2-
ADE2 met2::GAL7-lacZ (James et al., 1996), were cultured in YPD medium at 30°C. When transformed with pOBD2 and pOAD vec-
tors, yeast cells were grown in synthetic defined (SD) medium lacking leucine and tryptophan at 30°C.
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Mammalian cell cultures

HEK293T cells were grown at 37°C with 5% CO, in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100 U/mL penicillin-streptomycin. RPE-1, RPE-1 RPAP3 KO and RPE-1 PIH1D1 KO cells were cultured at 37°C with
5% CO, in DMEM/Nutrient Mixture F-12 containing 10% FBS and 100 U/mL penicillin-streptomycin.

METHOD DETAILS

Protein expression and purification

All recombinant proteins were expressed using the E. coli LOBSTR strain (Andersen et al., 2013) previously transformed with pACYC
RIL (pRIL) (Agilent Technologies), and plasmids used in this work are described in Table S5. Buffer solutions used throughout this
work are given in Table S6. Briefly, bacterial cells transformed with the plasmid of interest were initially grown overnight in LB medium
at 37°C. Next day, cells were transferred to fresh LB medium (1-5% culture, v/v) and incubated at 37°C in an orbital shaker incubator
(200 rpm) until OD600 = 0.6-0.8. Subsequently, temperature was decreased to 18°C and IPTG was added to 1 mM final concentration
to induce protein expression and, after 15 hours, cells were harvested by centrifugation at 3,000 x g for 10 minutes. Cellular extracts
were prepared by resuspending cells in the buffer A (15 mL/liter of culture), followed by sonication on ice. Lysates were spun down at
12,000 x g for 30 min at 4°C for cellular debris removal, and supernatants were further purified by immobilized metal affinity chroma-
tography (IMAC), since all recombinant proteins produced were fused to a His-tag.

IMAC was performed as the first purification step for all proteins using Ni Sepharose 6 Fast Flow beads (GE Healthcare Life Sci-
ences) packed into an Econo-column (Bio-Rad). Buffer A was used for washing, whereas the elution step was done with buffer B.
Proteins expressed from pQLinkH (Scheich et al., 2007) or p11 (Toronto SGC) had their His-tag cleaved off by tobacco etch virus
(TEV), while those expressed from the pET-SUMO plasmid (Invitrogen) had their His-SUMO tag removed by incubation with the
Ulp1 protease (Lee et al., 2008). Hg-PIH1D1-Hg expressed from pRM18 vector (Machado-Pinilla et al., 2012) was kept tagged.

For wild type RUVBL1, RUVBL2 and their mutants, the second and final step of purification consisted of ion exchange chromatog-
raphy using a Mono Q 5/50 GL column (GE Healthcare Life Sciences) connected to an Akta Pure system (GE Healthcare Life Sci-
ences). Proteins purified using IMAC were dialyzed against buffer C for 4 hours and submitted to ion-exchange chromatography.
The elution was done by a linear gradient from 0% to 100% of buffer D. RUVBL proteins were dialyzed and stored in buffer E.

For structural characterization of RPAP3, PIH1D1 and related constructs were submitted to size exclusion chromatography using a
HiLoad Superdex 200 16/600 prep grade (GE Healthcare Life Sciences) equilibrated with buffer F and connected to an Akta Pure
system. For ATPase assays, proteins were dialyzed against buffer G and submitted to an extra purification step of ion exchange
in a Mono Q 5/50 GL column (GE Healthcare Life Sciences). Elution was carried out using a linear gradient of buffer H. Samples
were dialyzed in buffer E prior to performing the ATPase assays.

In vitro pull-down experiments

All plasmids used for pull-downs throughout this work are described in Table S5. For recombinant protein expression or co-expres-
sion, E. coli LOBSTR pRIL cells containing the plasmid of interest were grown in 50 mL LB medium at 37 °C in an orbital shaker incu-
bator (200 rpm) until ODggo = 0.6-0.8. Subsequently, the temperature was changed to 18 °C and protein expression was induced by
1 mM IPTG final concentration. After 15 hrs, cells were harvested by centrifugation (10 min, 3,000 x g, 4 °C), frozen and kept at -20 °C
until use. Bacterial cell lysis was done by sonication after resuspension of the frozen pellets in 2 mL of buffer . Cellular debris was sepa-
rated from the soluble fraction of the lysate by centrifugation at 10,000 x g for 10 min at 4 °C. Using 2 mL Econo-columns (Bio-Rad),
100 pL of 50% slurry HisPur Co?* metal affinity beads (Thermo Fisher Scientific) were pipetted in and then washed with 1 mL of buffer |.

The soluble fraction of the lysates was loaded into columns and flowed-through the beads by gravity. Lysates from co-expression
were loaded directly into the columns, whereas lysates coming from individually expressed proteins were mixed and incubated for
30 min on ice prior to loading. After loading, beads were washed 8 times with 1 mL of buffer | in order to remove contaminants and
unbound proteins. The elution step was performed by adding 100 pL of buffer J. In addition to the eluate, input, flow-through and last
wash fractions were collected and analyzed by SDS-PAGE and Western blot. Polyclonal anti-RUVBL1 (Abcam and Invitrogen), anti-
RUVBL2 (Abcam and Invitrogen), anti-RPAP3 (Invitrogen) antibodies, and monoclonal anti-PIH1D1 (Santa Cruz) and anti-His tag
(Millipore and Bio-Rad) antibodies, were used for immunodetection of proteins.

The dissociation of RUVBL proteins from RPAP3, PIH1D1 and RPAP3-PIH1D1 upon nucleotide binding and/or hydrolysis (Figures
7E-7TH) was performed following the same procedures described for pull-down experiments, except for the elution step. After the
washes, instead of adding elution buffer containing imidazole, 100 pL of buffer | containing either 1 mM ATP or ADP were added
to beads containing immobilized complexes. Samples were incubated at 37 °C for 30 min and supernatants containing released pro-
teins were collected. Detection of proteins was done by Western blot using the antibodies described above. All in vitro pull-down
experiments were performed at least in triplicates.

In vivo pull-down experiments

Plasmids used for in vivo pull-downs are described in Table S5. Retinal pigment epithelial (RPE-1) cells were transfected with plas-
mids, and, after 24 hours, cells were washed with PBS. Cell lysis was done in buffer N supplemented with protease inhibitor cocktail

e7 Structure 30, 156-171.e1-e12, January 6, 2022



Structure ¢? CellPress

(Roche), followed by immunoprecipitation with anti-FLAG M2 magnetic beads (Millipore) according to the manufacturer’s protocol.
Samples were resolved using SDS-PAGE and visualized by western Blot using PVDF membrane. Antibodies are described above in
addition to the monoclonal anti-FLAG M2 antibody (Millipore).

Yeast two-hybrid assay

For the yeast two-hybrid assays, the S. cerevisiae PJ69-44 strain (MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal44 gal804 LYS2::
GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ) (James et al., 1996), pOBD2 (TRP1 plasmid) and pOAD (LEUZ2 plasmid) plasmids were
used (Table S5). Yeast cells containing both pOBD2 and pOAD-derived plasmids were grown overnight at 30 °C in liquid synthetic
defined (SD) medium lacking leucine (-L) and tryptophan (-W). Next day, cells were diluted to ODggo = 0.1 in SD -L -W -H medium and
serial dilutions (from 1 to 1000-fold dilution) were prepared. 5 uL of the dilutions were spotted on SD -L -W and SD -L -W +100 mM
3-amino-1,2,4-triazole (3-AT, Sigma-Aldrich) plates, which were incubated for 56-72 hrs at 30 °C. These experiments were per-
formed in triplicates.

Analytical size exclusion chromatography (SEC)

SEC experiments were performed at 4 °C using a Superdex 200 HR 10/30 column (GE Healthcare Life Sciences) connected to an
Akta FPLC system (Amersham Biosciences) and equilibrated with buffer E. Proteins were prepared at the desired monomer concen-
trations, with ATP added, when required, at 1.5 mM final concentration. In general, 200 L of samples were injected onto the column
and their elution profile monitored by absorbance at 280 nm. Fractions of 1 mL were collected, separated on 12% SDS-PAGE gels,
and visualized by silver-staining. Protein molecular mass standards consisting of thyroglobulin (669 kDa), apoferritin (443 kDa),
B-amylase (200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), and cyto-
chrome C (12.4 kDa) (GE Healthcare Life Sciences) were used for molecular mass estimations.

Size exclusion chromatography coupled to multi-angle light scattering (SEC-MALS)

SEC-MALS experiments were performed using a Superdex 200 Increase 10/300 column (GE Healthcare Life Sciences) connected to
an Akta Pure system (GE Healthcare Life Sciences) in line with a miniDAWN TREOS Il light scattering detector (Wyatt Technology) and
an Optilab T-rEX refractive index detector (Wyatt Technology). In all SEC-MALS experiments, 100 pL of protein solution was injected
into the size exclusion column equilibrated with buffer | at a 0.5 mL/min flow rate and at 4 °C. Data analysis was done using the ASTRA
7.1.2 software (Wyatt Technology).

ATPase assays

ATPase activity measurements were performed using the ATP/NADH coupled ATPase assay (Norby, 1988). The reactions consisted
of 3 mM phosphoenolpyruvate, 0.2 mM NADH, 40 U/mL pyruvate kinase, 58 U/mL lactate dehydrogenase in the buffer K. Proteins of
interest and ATP were added to a final volume of 150 uL and all the reaction components were incubated for 10 min at 37 °C prior to
ATP addition. Samples were placed in a 96-well flat-bottom plate (Greiner Bio-One) and measurements of absorbance at 340 nm
were done at 37°C for 1 hour in an EnSpire 2300 Multilabel Reader (Perkin EImer). Samples containing no proteins were used as con-
trols for background NADH decomposition. ATP hydrolysis rates were calculated from the slope of the change in absorbance at
340 nm over time. All experiments were done at least in triplicate and standard deviations are presented.

End-point measurements in the presence of RPAP3, RPAP3-PIH1D1 and RPAP3 C-domain were performed using 5 mM ATP and
RUVBL1/2 at 2 pM hexamers; complexes were formed by mixing equimolar concentrations of RUVBL1 and RUVBL2, followed by
incubation for at least 1 hour at 4 °C. Controls containing only RPAP3, RPAP3 C-domain and RPAP3-PIH1D1 were subtracted
from their respective samples containing RUVBL1/2.

To obtain kinetic parameters of RUVBL1, RUVBL2, RUVBL1/2 ATPase activities, ATPase assays were performed using protein
concentration of 10 uM (monomers) and ATP concentrations varying from 0.1 mM to 7 mM. Michaelis-Menten constant (Ky),
maximum velocity (Vmax) and turnover number (k.o1) were calculated by fitting experimental initial velocity values of the proteins at
different ATP concentrations using the equation:

_ Vma[S]
- KM + [S]

where V is the initial velocity, Vmax is the maximum velocity, Ky, is the Michaelis-Menten constant and [S] is the molar concentration of
the substrate.

Bioinformatics

Global sequence alignment was done using Clustal Omega (Madeira et al., 2019). Sequence logos were constructed using the We-
blogo 3 program (Crooks et al., 2004). Protein secondary structure and disorder were predicted by PSIPRED and DISOPRED servers
(Buchan and Jones, 2019). The probability of coiled-coil formation was predicted by MARCOIL (Delorenzi and Speed, 2002) and hy-
dropathy index was calculated using PONDR tool. Protein structure diagrams were generated using the PDBsum server (Laskowski
et al., 2018).
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Spectroscopy experiments

Circular dichroism spectra were collected on a J-810 spectropolarimeter (Jasco) using full-length R2TP proteins at 0.10 mg/mL -
0.4 mg/mL in the buffer I. Data were collected from 198 to 260 nm, 0.5 nm data pitch, at scanning speed of 100 nm/min and response
time of 0.5 sec. For RPAP3 ND, samples were used at 0.07 and 0.14 mg/mL and data were collected from 196 nm to 260 nm using the
same spectropolarimeter setup. Thermal unfolding of RPAP3 ND was performed from 20°C to 80°C using 1°C/min heating rate, with
acquisition of spectra every 20°C. All experiments were done using a 1 mm quartz cuvette. Protein spectra were subtracted from the
blank and converted to mean residue ellipticity, [0], using the equation:

0 xMx 100
10 = nxcxl/

Where, @ is the circular dichroism signal in millidegrees, M is the molecular mass in kDa, n is the number of amino acid residues, c is
the concentration in mg/mL and / is the pathlength in cm.

RPAP3 ND fluorescence emission spectra were acquired using a Fluorolog spectrofluorometer (HORIBA) with samples at 5 uM,
excitation wavelength at 280 nm and emission fluorescence collected from 300 nm to 450 nm, using 1 nm data pitch. Spectra from
samples were subtracted from their respective blanks.

Analytical ultracentrifugation

Sedimentation velocity (SV-AUC) experiments were done with a ProteomelLab XL-A analytical ultracentrifuge (Beckman) using the
An60-Ti rotor. RPAP3 samples were prepared at 0.8 mg/mL in buffer | and data from 200 scans were collected at 20 °C,
25,000 rpm, using absorbance at 280 nm. Data analysis was performed using the Sedfit software (Schuck, 2000) with RPAP3 V
of 0.73591 cm®/g, and buffer density and viscosity of 1.0194 g/cm® and 0.010556 P, respectively.

Small angle X-ray scattering (SAXS)

SAXS experiments were carried out at the SAXS1 beamline located at the Brazilian Synchrotron Light Laboratory (LNLS — CNPEM,
Campinas, SP, Brazil). Scattering profiles were recorded using a 1.544 A wavelength electron beam and a Pilatus 300K detector
(Dectris), with a sample-to-detector distance of 898.39 mm, corresponding to the range 0.013 < q < 0.49. RPAP3 and RPAP3-
PIH1D1 samples were prepared in buffer L. RPAP3 samples were used at 0.6 mg/mL, 1 mg/mL, and 1.4 mg/mL; samples of
RPAP3-PIH1D1 complex were used at 0.8 mg/mL, 1.8 mg/mL, and 2.6 mg/mL; RUVBL2 and RUVBL1/2 samples were prepared
at 0.85 mg/mL (16.6 uM protomer for RUVBL2 and 16.8 uM protomer for RUVBL1/2) and 1.7 mg/mL (33.2 uM and 33.5 uM protomer
for RUVBL2 and RUVBL1/2, respectively) in buffer E. To obtain protein scattering profiles, scattering curves of buffers were sub-
tracted from their respective samples. All samples were collected at various time frames (10 sec to 300 sec) in order to inspect
for X-ray damage. Standard deviations are shown for Guinier approximation analyses.

The ATSAS 2.7.2 package (Franke et al., 2017) was used for SAXS data processing. Scattering curves were compared and merged
into a single curve by PRIMUS and DATMERGE programs, respectively. The generation of pair distance distribution functions, P(r),
was done using the GNOM software (Svergun, 1992). Ab initio dummy atoms (DA) models were generated using a simulated-anneal-
ing methodology implemented in DAMMIN and DAMMIF software (Franke and Svergun, 2009; Svergun, 1999). Using DAMMIF,
twenty models were generated for each protein and P1 symmetry axis was imposed for RPAP3 and RPAP3-PIH1D1. Alignment, aver-
aging and selection of the most probable DA models were done by the DAMAVER software package (Volkov and Svergun, 2003). DA
model refinement was done by DAMMIN.

Ensemble optimization method was performed using the EOM 2.0 package (Tria et al., 2015). Crystal structures of RPAP3 TPR1
(Pal et al., 2014) and TPR2 (Henri et al., 2018) domains and C-domain (Maurizy et al., 2018) were used in this approach. The high-
resolution structures were connected by flexible linkers using Ca. distribution compatible to those from natively disordered structures.
Ten thousand RPAP3 conformers were generated, and their respective size and dimension computed by the RANCH (Random
Chains) program. The best ensemble of conformers describing the experimental RPAP3 scattering profile was selected by the ge-
netic algorithm implemented in the GAJOE (Genetic Algorithm Judging Optimization of Ensembles) program. This selection was done
10 times and the curves represent the average of the results.

Rigid-body modeling simulations of complexes were done with the CORAL (Complexes with Random Loops) program (Petoukhov
et al., 2012). In the RUVBLs simulations, the crystal structures of RUVBL1 (Matias et al., 2006) and RUVBL2 (Silva et al., 2018) were
used. The regions of RUVBL1 comprising amino acid residues 1-42, 122-132, 202-239 and 450-456 were filled with dummy residues
in order to obtain the full-length structure and to account for Dl flexibility. Similarly, amino acid residues from 1-48, 127-137, 212-
243 and 457-463 were modeled by dummy residues in the RUVBL2 rigid-body models. RUVBL1 and RUVBL2 were positioned in the
RUVBL1/2 heterodimer based on the crystal structure of RUVBL1/2 lacking their DIl (Gorynia et al., 2011). P6 symmetry axis was
applied for RUVBL2, whereas P32 symmetry axis was used for RUVBL1/2. Generation of rigid-body models was done 5 times for
each protein complex and structures displaying the best fit to the experimental SAXS curves are shown. Centering of structures
to the origin and alignment of PDB chains to coordinate axis were done by the ALPRAXIN software (Kozin and Svergun, 2001).

RPAP3-PIH1D1 rigid-body modelling was performed using a combination of CORAL and DAMCLUST (Petoukhov et al., 2012) pro-
grams. Fifty RPAP3-PIH1D1 models were generated using RPAPS3 crystal structures as described for EOM, and PIH1D1 PIH1 (Hor-
ejsietal., 2014)and CS (Henri et al., 2018) domains structures applying P1 symmetry axis. DAMCLUST was employed to cluster all 50
RPAP3-PIH1D1 models based on their normalized spatial discrepancy.
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Mant-ADP fluorescence assays

Experiments with the fluorescent ADP analogue mant-ADP (Jena Bioscience) were performed using a Fluorolog spectrofluorometer
(HORIBA). Samples were prepared in buffer Q as follows: (7) RUVBL1 = 1 uM as hexamers, (2) RUVBL2 = 1 uM as hexamers, (3)
RUVBL1/2 = 1 uM as heterohexamers, (4) R2TP = 1 uM RUVBL1/2 as heterohexamers + 3 uM RPAP3-PIH1D1 as heterodimers,
(5) R2T = 1 uM RUVBL1/2 as heterohexamers + 3 uM RPAP3 as monomers, and (6) R2P = 1 uM RUVBL1/2 as hexamers + 3 uM
PIH1D1 as monomers. Samples were incubated for 15 min on ice followed by 30 min with 6 pM mant-ADP. Titration of ATPyS
and ADP were performed by adding increasing concentrations of the non-fluorescent nucleotides (0 to 60 M) to samples followed
by incubation for at least 60 min on ice. Mant-ADP was excited at 355 nm (2 nm slit) and its fluorescence emission was collected from
400 nm to 600 nm (5 nm slit), using data pitch of 1 nm. Blank and control samples were submitted to the same procedures. Fluores-
cence spectra were analyzed by means of spectral center of mass <A>, using the equation:

<A> = m
> Fi

Where, Fi is the fluorescence intensity at each wavelength and i is the wavelength.
Calculation of apparent dissociation constants (K4*°°) was done by fitting the normalized difference between initial and final <A>
(A<r>) as function of ADP or ATPyS concentration to a OneSiteBind function using Origin 7 software.

Mass photometry

Mass photometry measurements were performed as described in reference (Young et al., 2018). Briefly, the output of a 520 nm laser
diode (Lasertack) was collimated and sent through a pair of acousto-optic deflectors (AODs, AA Optoelectronic DTSXY-400). A 4f
telecentric lens system imaged the deflection by the AODs into the back focal plane of the microscope objective (Olympus UApo
N, 100x, 1.49 NA). The objective collected light reflected at the interface between a glass coverslip and some of the light scattered
by the sample, with efficient separation of illumination and detection achieved through the combination of a polarizing beam splitter
and quarter-wave plate (Thorlabs). The same telecentric lens system imaged the back focal plane of the objective onto a partial
reflector made from a thin layer of silver of 2.5 mm diameter deposited onto a window, which selectively attenuates the reflected light
compared to light from point scatters at the surface. A final lens imaged the sample onto a CMOS camera (Ximea, MC023MG-SY)
with 277.8x magnification, resulting in a final pixel size of 21.1 nm/pixel. Borosilicate microscope coverslips (24x50 mm?, #1.5H from
Thorlabs, and 24x24 mm?, No. 1.5 from VWR) used in these experiments were cleaned by ultra-sonication for 10 min in ultrapure
water, followed by isopropanol and again ultrapure water, before being dried under a clean stream of nitrogen. Cleaned coverslips
were assembled into flow chambers (Yildiz et al., 2003). After introduction of ~15 pL of sample to the flow chamber, images of a 3.5 x
12.2 um? region of the glass coverslip surface as proteins bind non-specifically from solution were acquired at 1000 frames/s. The
illuminating power density was 800 kW cm2. Prior to saving each movie file, areas of 4x4 pixels were binned for an effective pixel size
of 84.4 nm/pixel, and frames were averaged 5-fold in time. Ratiometric frames were calculated, and mass distributions extracted as
described previously (Cole et al., 2017; Young et al., 2018).

The contrast-to-mass conversion of the instrument was calibrated using the molecular weight standard proteins alcohol dehydro-
genase and B-amylase, purchased from Sigma-Aldrich. Each protein was measured twice, and the measured contrasts of the dimer
and tetramer peaks of each taken for calibration.

For the titration experiments, solutions of RUVBL1/2 at 0.2 uM (heterohexamer concentration) were incubated on ice for ~30 mins
together with the other component (RPAP3 iso1-PIH1D1, RPAP3 iso1, or PIH1D1) in concentrations of 0, 0.2, 0.4, 0.8 and 1.6 pM.
Solutions were diluted a further 10-fold immediately (<10 s) before adding to the flow chamber, to ensure sufficient separation in the
images between the diffraction-limited features of single protein binding events. Two measurements were performed for each con-
dition, and the data reported here are the combined results of the two. To characterize each component individually, the same pro-
cedure was carried for RPAP3-PIH1D1, RPAP3 and PIH1D1 at an incubation concentration of 0.4 uM. The distribution shown for
RUVBL1/2 was taken from 6 measurements of RUVBL1/2 without any other protein component present. Mass distributions were
plotted as kernel density estimates (KDEs). A kernel bandwidth of 5 kDa was used to generate the KDEs for the individual protein
components, while a bandwidth of 10 kDa was used for the titration experiments. In the latter case, the number of lower mass species
can increase simply through the increasing concentration of the non-RUVBL1/2 component, potentially influencing the probability
density estimate of the complexes containing at least one RUVBL1/2 unit even if no binding were to occur. To minimize this effect,
therefore, only species of a mass greater than 240 kDa were considered in generating the KDE. The value of 240 kDa was chosen
since it does not truncate the RUVBL1/2 peak around 300 kDa but does exclude most of the species arising from any of RPAP3,
PIH1D1 or RPAP3-PIH1D1.

Nanoflow electron spray ionization mass spectrometry (NanoESI)

NanoESI mass spectrometry experiments were done in on a high mass Q-TOF-type instrument (Sobott et al., 2002) adapted for a
QSTAR CL platform (MDS Sciex) (Chernushevich and Thomson, 2004). Proteins samples were prepared in 100-500 mM ammonium
acetate (pH 7.5) to a final concentration of 3.5-16 M, and 2 ulL of solutions were electrosprayed from gold-plated borosilicate glass
capillaries made in-house as described elsewhere (Hernandez and Robinson, 2007). For mass spectrometry experiments, typical
conditions employed capillary voltage at 1.3 kV, declustering potential of 90-100 V, focusing potential of 150V, declustering potential
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two of 15V, focusing rod offset varied from 60 to 100V, and MCP of 2550 V. External calibration was done by using a 100 mg/mL
aqueous solution of cesium iodide (Sigma-Aldrich) (Park et al., 2010).

Negative-stain electron microscopy

Untagged RUVBL1/2 samples were used at 0.05 mg/mL, and 10 uL were applied to a carbon-plated grid previously glow-discharged
and, subsequently, negatively stained with 0.8% (w/v) uranyl formate or 1% (w/v) uranyl acetate. Samples were imaged in a JEOL
2010F transmission electron microscope operated at 200 kV. Images were collected at 50,000x magnification with an electron
dose of 10 e’/,&z, recorded on SO-163 films (Kodak), scanned on a Super COOLSCAN 9000 ED (Nikon) at 6.35 um/pixel and averaged
2x to produce data at 2.54 A/pixel. Particles were extracted interactively from digitalized fields using the “Boxer” program (EMAN)
(Ludtke et al., 1999). For eXact tag RUVBL1/2 complexes, proteins were expressed and purified as previously reported by our group
(Nano et al., 2020). Briefly, bacterial cells transformed with the plasmid for co-expression of RUVBL1-Hg and eXact tag-RUVBL2 (Ta-
ble S5) were grown at 37 °C until OD600 = 0.6. The temperature was then decreased to 18 °C and protein expression was induced
overnight by 1 mM IPTG. Cells were harvested by centrifugation at 3,000 x g for 10 minutes, resuspended in buffer A and disrupted
by sonication on ice. The lysate was spun down at 12,000 x g for 30 min at 4 °C, the supernatant collected and submitted to IMAC,
His-tag removal and ion exchange chromatography as described in the second and third paragraphs of the “Protein expression and
purification” section of Method Details. Negative staining was done by deposition of eXact tag RUVBL1/2 on a glow-discharged car-
bon-coated copper grid, followed by washing with two drops of ultrapure water and staining with two drops of 0.75% (w/v) uranyl
formate (Ohi et al., 2004). Images were collected in a T12 (FEI) at 1-2 mm defocus and recorded using a 4k CCD camera (Gatan)
(Ewens et al., 2016).

Cross-linking followed by mass spectrometry (XL-MS)

Cross-linking of human R2TP was done with 4.4 uM of the complex consisting of one RUVBL1/2 hexamer bound to three RPAP3-
PIH1D1 in buffer M. Proteins were crosslinked with a 250-fold molar excess MS-cleavable membrane-permeable crosslinker,
disuccinimidyl sulfoxide (DSSO, Thermo Scientific). Briefly, proteins were reduced with 10 mM (DTT), alkylated with 50 mM iodoa-
cetamide, denatured with 2 M Urea and 0.01 % ProteaseMAX surfactant (Promega) and digested with Trypsin Gold 1:20 (w/w) (Prom-
ega) at 37 °C for two hours. Peptides were desalted using C-18 packed TopTip (Glygen) and dried using a SpeedVac Concentrator
(SVC 100H, Savant). After resuspension in 10% formic acid, peptides were subjected to strong cation exchange chromatography in a
Luna SCX column (50 x 2 mm, 5 um, 100 A, Phenomenex) connected to an Agilent 1100 HPLC system following the method previ-
ously described (Liu et al., 2015). Fractions (96 in total) were compiled into 5 pools based on the elution profile. Peptides were de-
salted using C-18 packed TopTip (Glygen) and dried.

After 100-fold dilution, 5 pL of the DSSO cross-linked peptides were separated by reverse phase chromatography using an EASY-
nLC 1000 (Thermo Fisher Scientific) with an in-house prepared reverse phase nano-analytical column Reprosil-Pur 120 C-18-AQ
(75 um 1.D., 25 cm length, 3 um, 120 A, Dr. Maisch GmbH), at a flow rate of 400 nL/min. The chromatography system was coupled
to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) equipped with a Nanospray Flex NG source (Thermo
Fisher Scientific). The Orbitrap Fusion 3.0 instrument parameters were as follows for the Orbitrap (OT-MS) with MS2 OT-CID and
DSSO mass doublet triggered MS3 IT-CID analysis: Nano-electrospray ion source with spray voltage 2.55 kV, capillary temperature
275 °C. Survey MS1 scan m/z range 400-1800 profile mode, resolution 60,000 FWHM@200m/z one microscan with maximum inject
time 50 msec. Data-dependent acquisition Orbitrap survey spectra were scheduled at least every 5 sec, with the software deter-
mining ‘Top-speed’ number of MS/MS acquisitions during this period. The automatic gain control (AGC) target values for FTMS
and MSn were 400,000 and 50,000 (MS2) and 10,000 (MS3) respectively. The most intense ions charge state 4-10 exceeding
50,000 counts were selected for CID MSMS fragmentation with orbitrap detection in centroid mode. Monoisotopic Precursor Selec-
tion (MIPS) was enabled, and Dynamic exclusion settings were as follows: repeat count 1; exclusion duration 18 sec with a 5 ppm
mass window. The ddMS2 OT CID scan used a quadrupole isolation window of 1.6 Da; 15,000 Orbitrap resolution normal scan range,
centroid detection, first mass 120 m/z, 1 microscan, 120 msec maximum injection time and normalized collision energy setting 25%.
When a mass difference of 31.9721 m/z corresponding to a DSSO crosslink signature was observed in the CID-MS2 scan, an
additional ddMS? IT CID was triggered on both ions for the top 4 most intense signals, charge state 2-6 using an MS isolation window
2 m/z, MS2 isolation window 2 m/z, lonTrap rapid scan rate centroid detection, 1 microscan, 100 msec maximum injection time, CID
activation time 10 msec injection time, AGC target 10,000 and collision energy 30%.

Raw files were created by XCalibur 4.1.31.9 (Thermo Fisher Scientific) software and analyzed with the Proteome Discoverer soft-
ware suite 2.2 (Thermo Fisher Scientific) with incorporated XlinkX nodes. Spectra were matched against the H. sapiens database
from SwissProt (version 2018_06, 20 349 sequences, downloaded from UniProt). The protease was set to ‘Trypsin’, and the
maximum number of missed cleavages was defined as 2. Carbamidomethylation of cysteines was set as a fixed modification and
oxidation of methionine as variable modification. For the linear peptide search, precursor mass tolerance was defined as 10 ppm,
and fragment mass tolerance was defined as 0.6 Da. Cross-linked peptides were matched against a protein sequence database
of RT2P complex subunits, with crosslink modification set to DSSO/ +158.004 Da (K), the minimum peptide length to 5, minimum
peptide mass to 300, and the maximum peptide mass to 7000. The precursor mass tolerance was set to 10 ppm, FTMS fragment
mass tolerance was set at 20 ppm and ITMS fragment mass was set at 0.5 Da. FDR threshold was set to 0.01 (1%), and FDR strategy
was set as ‘Percolator’. Visualization of cross-linked peptides was done using the xiVIEW tool (Graham et al., 2019).
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Affinity purification followed by mass spectrometry (AP-MS)

HEK293T extracts were produced by lysing cells using buffer O, followed by sonication. After removal of cellular debris by centrifu-
gation (10,000 x g, 10 min, 4°C), cell lysates were incubated for 30 min on ice with recombinant purified His;>-SUMO-RPAP3 ND
previously immobilized on HisPur Co?* beads (Thermo Fisher Scientific). Control experiments were performed incubating cell ex-
tracts with immobilized His{,-SUMO on Co?* beads. Beads were washed four times with buffer P and elution of His;,-SUMO-
RPAP3 ND-interacting proteins was performed using Ulp1 protease. All control samples were submitted to the same treatment.
Mass spectrometry analysis was performed based on previously described (Wu et al., 2019). Samples were reduced with 5 mM
TCEP for 30 min, alkylated with 15 mM iodoacetamide for 30 min in the dark, followed by denaturation with 2M Urea and subsequent
digestion by overnight incubation with Trypsin Gold 1:20 (w/w) (Promega) at 37 °C. C18 packed TopTip (Glygen) was used to
desalt tryptic peptides, that were subsequently dried in a SpeedVac vacuum concentrator (SVC 100H, Savant) and resuspended
in 0.1% (v/v) formic acid. Peptides were separated by chromatography using an in-house packed nano C18 column (10 cm x
75 um ID, 3 um, 100 ,&) connected to a Proxeon EASY-nCL 1000 (Thermo Fisher Scientific). A water/acetonitrile/0.1% (v/v) formic
acid 100 min gradient at flow rate of 300 nL/min, consisting of 1% to 3% acetonitrile increase in the first 2 min, followed by a linear
gradient from 3% to 24% acetonitrile for 74 min, a linear gradient from 24% to 100% for 14 min, and a 10 min wash with 100% aceto-
nitrile, was employed. Eluted peptides were directly sprayed into the Orbitrap Elite Mass Spectrometer (Thermo Fisher Scientific) by
positive electrospray ionization at an ion source temperature of 250 °C and ion spray voltage of 2.1 kV. Full-scan mass spectrometry
spectra (m/z 350-2,000) were collected in the Orbitrap at 60,000 (m/z 400) resolution. Automatic gain control was set to 1e6 for full
FTMS scans and 5e4 for MS/MS scans. The 15 most intense ions with charge state > 2 were isolated and fragmented in the linear ion
trap by low-energy CID. lons intensity exceeding 1,500 counts were submitted to CID with normalized collision energy set at 35%,
activation Q at 0.250 and an activation time of 10 ms. MS raw files were converted into mzXML format and identification of peptides
was performed using SEQUEST (Eng et al., 1994) against human proteins sequences. Only identified peptides with probability higher
than 80% were used for further analysis. Filtering of identified proteins was performed using CRAPome server (Mellacheruvu et al.,
2013). DAVID server (Huang et al., 2009b) was used for functional enrichment analysis and InteractiVenn (Heberle et al., 2015) was
employed for generation of Venn diagrams.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are described in figures and tables. Data in Table S1 represents mean + SD for each experiment calculated by
ASTRA 7.1 software. In Table S2, Guinier data represents mean + SD calculated by PRIMUS software for individual merged curves. In
Figure 3F and Table S2, EOM data for RPAP3 are described as mean + SD from 10 simulations calculated in Origin 7 software. In
Table S2, RPAP3-PIH1D1 CORAL data represents mean + SD from the 7 representative models calculated using Origin 7 software.
In Figures 7A-7C and S3F, values representing mean + SD were calculated in Origin 7 software from at least 3 experiments. Data in
Figure 7D are described as box charts, where interquartile range (large box), mean (small box), median (horizontal line), 5" and 95™
percentile (whiskers) and maximum and minimum values (asterisks), were calculated in Origin 7 software from at least 3 experiments.
Statistical p-values in Figure 8 and Table S3 were determined by a modified Fisher Exact p-value, EASE score, by DAVID server.
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Figure S1. Far-UV circular dichroism spectra of R2TP proteins, Related to Figures 2 and 3.

The folded state of the recombinant proteins used in this work are shown as monitored by CD.



Figure S1

[6] x 10°® (deg.cm?.dmol")

-10

-15 7

~ RUVBL1 - RPAP3
~ RUVBL2 ~ RPAP3-PIH1D1
~ RUVBL1/2 H,-PIH1D1-H,

200

210 220 230 240 250 260

Wavelength (nm)



Figure S2. Characterization of RUVBL1 and RUVBL2 assembly and structure, Related to
Figure 2.

(A) The oligomeric states of RUVBL1, RUVBL2 and RUVBL1/2 at several concentrations
(concentrations refer to monomers) in the absence or presence of 1.5 mM ATP were analyzed by
SEC. 1 mL fractions were collected and inspected by silver-stained 12% SDS-PAGE gels.
Molecular masses of protein standards are indicated on top.

(B) NanoESI mass spectrometry analysis of RUVBLL1 (top graph) and RUVBL2 (bottom graph).
Identified species and their respective molecular masses are indicated in the graphs.

(C) Effect of the N-terminal His-tag on the RUVBL1 and RUVBL2 oligomeric states as
determined by SEC. 1 mL fractions were evaluated by silver-stained 12% SDS-PAGE gels.

(D) Negative-stain transmission electron microscopy of the RUVBL1/2 complex. On the left side,
single heterohexamers of untagged RUVBL1/2 are shown, whereas untagged RUVBL1/eXact-
tag-RUVBL2 heterododecamers are displayed on the right.

(E) Dimensionless Kratky analysis of the RUVBL2 (red) and RUVBL1/2 complex (black).
Experimental data are shown as circles and GNOM fits are represented by solid lines.

(F) Comparison between experimental (circles) and simulated (CORAL fit, solid lines) SAXS
profiles of RUVBL2 (red) and RUVBL1/2 (black) obtained after the generation of high-resolution

CORAL models.
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Figure S3. Characterization of RPAP3 isol and RPAP3 isol-PIH1D1 complex structures,
Related to Figure 3.

(A) Analytical ultracentrifugation sedimentation velocity of RPAP3 isol. Sedimentation
coefficient, frictional ratio (f/fo) and molecular mass are shown in the graph.

(B) RPAP3 isol secondary structure (performed by PSIPRED server), disorder (performed using
DISOPRED server) and coiled-coil potential (performed by MARCOIL server) predictions.
Amino acid residues containing disorder index above 0.5 (black dashed line) are considered as part
of disordered regions; the closer to 1.0 the red line is, the higher is the probability of coiled-coil
formation.

(C) Far-UV circular dichroism spectrum of RPAP3 N-terminal domain (RPAP3 ND, amino acids
1-125) showing its intrinsic disordered state. The spectrum of GdnHCI-denatured RPAP3 ND is
shown for comparison.

(D) Far-UV circular dichroism spectra of RPAP3 ND at increasing temperatures (20°C to 80°C).
Inset shows the spectra normalized by the MRE-values at 222 nm.

(E) Tryptophan fluorescence emission spectrum of RPAP3 ND. The two tryptophan residues (W31
and W93) within the ND were found to be solvent-exposed (Amax = 356.8 + 2.8 nm).

(F) Hydropathy index calculated for RPAP3 ND (green solid circle) by PONDR server. Typical
hydropathy indices for ordered (black empty circles) and disordered proteins (red empty circles)
are shown as references.

(G) Dimensionless Kratky analysis of RPAP3 isol (black) and RPAP3 isol-PIH1D1 complex
(red). Experimental data are shown as circles and GNOM curves are displayed as solid lines.

(H) RPAP3 isol (black) and RPAP3 isol-PIH1D1 (red) experimental SAXS curves (circles)

compared to simulated SAXS curves of the ab initio DA models (solid lines).



(1) Colored in black is the comparison between RPAP3 isol experimental SAXS profile (circles)
and the averaged simulated SAXS curve obtained for the selected ensemble of RPAP3 isol
conformers (EOM fit, solid line) generated by EOM analysis. Shown in red are the comparisons
between RPAP3 isol-PIH1D1 experimental SAXS curve (circles) and cluster representative

CORAL structures curves (solid line).



Figure S3

A

c(S) (arb. units)

MRE x 10° (deg cm? dmol™)

(aRg)*1(a)/1(0)

0.6

o
~
1

0.2 1

0.0

S,,, =3.34 S

20w

ff,=2.053S

MM = 86.2 kDa

20

15

25 30 35 40 45
Sedimentation coefficient (S)

RPAP3 ND
—— 20°C
—— 40°C
—— 60°C
—— 80°C

Normalized by
MRE at 222 nm

200 210 220 230 240 250 260
Wavelength (nm)

200 210 220 230 240 250 260

1.5

1.0

0.5+

0.0

Wavelength (nm)

RPAP3
— GNOM fit

RPAP3-PIH1D1
— GNOM fit

Disorder index /
cc-probability index

a-helix prediction
—— DISOPRED —— MARCOIL -

o o I o o =
o N £ » (o] o
L I | | I |

o

& o (o]
1 1 1

N
1

Fluorescence intensity (arb. units)

400 200 300 400 500 600

Amino acid residue number

Ao = 356.8 2.8 nm

—— RPAP3 ND

1(q) x g2 (arb. units)

0 T
300 320

340 360 380 400 420 440
Wavelength (nm)

RPAP3
— DAMMIN fit

RPAP3-PIH1D1
— DAMMIN fit

0.00

34

£ 0]

g i

S -3

NE ]

S 64

()]

% 4

> 91

o 4

124 —— RPAP3 ND (Native)

'&J 1 —— RPAP3 ND (4M GdnHCI)

S -154

'18 T T T T T T T T T T T T 1
200 210 220 230 240 250 260
Wavelength (nm)
) o Ordered proteins ;
064 o o Disordered proteins J

o
a
-

N
~
1
¢}

Absolute mean net charge
o
w
1

* RPAP3 ND /

0.2 +

0.1 4 ©

0.0 ' ' ' ' °

0.2 0.3 04 0.5 0.6 0.7
Mean scaled hydropathy
RPAP3 > RPAP3-PIH1D1
—— EOM fit (average) —— Coral fit
(cluster representative)
0
c
]
<)
< &= Cluster 5
G
= < Cluster 4
D
3 “== Cluster 3
 Cluster 2
< Cluster 1
0.00 0.05 0.10 0.15



Figure S4. Mapping interactions among the R2TP subunits, Related to Figures 4 and 5.

(A) Identification of interacting interfaces between RPAP3 isol and PIH1D1 by yeast 2-hybrid
assay. On the left, PIH1D11.290 and PIH1D11.280 were used as preys, and full-length RPAP3 isol
was used as bait. On the right, PIH1D11.290 Was used as prey, whereas full-length RPAP3 isol and
its C-terminal truncation mutants were used as baits. Yeast cells transformed with both RPAP3
and PIH1D1-containing plasmids were grown in SD -L -W and SD -L -W -H +100 mM 3-AT
plates. Cells transformed with empty plasmids were used as negative controls (empty pOBD2 or
pOAD).

(B) Analysis of R2TP complex assembly by cross-linking mass spectrometry analysis (XL-MS).
RPAP3 isol, PIH1D1, RUVBL1 and RUVBL2 are colored in green, red, yellow, and blue,
respectively. Domain boundaries are indicated. Crosslinked peptides between two of the R2TP
subunits are shown as black solid lines; intra-crosslinked peptides are depicted by solid gray lines.
(C) Pull-down experiments were carried out with untagged RUVBL proteins constructs to test for

unspecific protein binding to Co?* beads.
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Figure S5. Pull-down assays to identify regions required for interactions among R2TP
subunits, Related to Figure 4.

(A-B) The interactions between RPAP3 iso2 constructs and RUVBL proteins using pull-down
assays are shown.

(C) On the left panel, the RPAP3 truncation lacking the region 430-441 (H7-RPAP3 iS01442-665)
was used to pull-down RUVBL11.456 or RUVBL21.463. Shown on the right is the pull-down using
the RPAP3 isol truncation with the 492-500 region deleted (H7-RPAP3 is013ss.665/a492-500) as bait
and RUVBL11.45 or RUVBL21.463 as preys. Deleted amino acid sequences are highlighted in

yellow in the sequence logos.
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Figure S6. Pull-down assays to identify regions required for interactions among R2TP
subunits, Related to Figure 5.

(A-D) Pull-down assays were carried out with baits and preys as indicated at the top of each panel.
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Figure S7. Comparison of R2TP-binding interfaces identified in this work and in previously
published studies, Related to Figure 9.

(A) Co-crystal structure of RPAP3 isol TPR2 + IDR in complex with PIH1D1 CS domain (top,
PDB ID: 6GXZ) and structure diagrams (bottom) displaying binding interfaces identified in this
work. The RPAP3 isol region that binds PIH1D1 (gray), the PIH1D1 region that binds RPAP3
isol (green), the PIH1D1 region that binds RUVBL1 (orange), and the RPAP3 region that binds
RUVBL1 (blue) are shown.

(B) Co-crystal structure of RPAP3 isol TPR2 + IDR in complex with PIH1D1 CS domain (top,
PDB ID: 6GXZ) and structure diagrams (bottom) displaying binding interfaces identified by Henri
et al. (Henri et al., 2018). Shown in green are the PIH1D1 regions that bind to RPAP3 isol. The

RPAP3 isol regions that bind to PIH1D1 are colored in gray.
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Table S1. Molecular masses measured by SEC-MALS, Related to Figures 2 and 3.

Sample Concentration (mg/mL) Molecular weight (kDa) Oligomeric state
1 451+£05 Monomer
RUVBL1 2 542+0.2 Monomer
57.8+1.4 Monomer
> 959+ 15.7 Dimer
61.4+1.6 Monomer
1 317.2x15 Homohexamer
57014 Monomer
RUVBL2 2
323.5+£0.7 Homohexamer
56.4+1.1 Monomer
> 316.1+£1.3 Homohexamer
60.0 + 3.8 Monomer
1 93.1+11.1 Heterodimer
3745+ 27 Heterohexamer
52.6 + 0.6 Monomer
RUVBL1/22 2 1104 +£4.3 Heterodimer
315.9+21 Heterohexamer
514124 Monomer
5 102.3+7.0 Heterodimer
339.5+21 Heterohexamer
1 740+ 8.3 Monomer
RPAP3 2 70.3x7.0 Monomer
3 78.8+ 3.0 Monomer
1 1145+43 Heterodimer
RPAP3-PIH1D1? 2 108.9+5.5 Heterodimer
3 108.6 +4.9 Heterodimer

aTotal concentration considering 1:1 stoichiometry.
Standard deviations are shown for each molecular weight determination.
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Table S2. Size and dimension parameters determined by SAXS, Related to Figures 2 and 3.

Sample Rg (A) Dmax (A)
Guinier 51.3+0.8 N.A.
RUVBL2 P(r) 51.0 158
CORAL? 48.4 166
Guinier 529+1.4 N/A
RUVBL1/2 P(r) 51.3 162
CORAL? 47.2 168
Guinier 53.1+1.0 N.A.
P(r) 60.3 220
RPAP3
DAMP 62.5 222
EOM 60.0x1.2 194 +7
Guinier 65.0+2.2 N.A.
P(r) 67.5 240
RPAP3-PIH1D1
DAMP 66.1 245
CORAL® 64.8 £ 3.9 252 £ 31

Hydrodynamic parameters estimated from the CORAL?and refined DA models by the Hydropro 10 software.
CAveraged parameters estimated by the Hydropro 10 software from the 7 CORAL representative models.
Standard deviations are shown.
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Table S3. DSSO inter-cross-linked peptides identified by mass spectrometry, Related to STAR Methods and Figure S4B.

Protein A Peptide A? Position | Protein B Peptide B? Position XLinkX score
PIH1D1 AAFHR[K]RK 275 RPAP3 A[K]VLK 495 20.16
PIH1D1 MANP[K]LLGMGLSEAEAIGADSAR 5 RPAP3 EADIVI[K]STEGER 264 12.15
RPAP3 EENT[K]NR 82 RUVBL2 VG[K]LTLK 160 146.94

RUVBL1 IASHSHV[K]GLGLDESGLAK 22 RPAP3 [K]IQIEAQQNK 271 235.57

RUVBL1 IASHSHV[K]GLGLDESGLAK 22 RPAP3 EENT[K]NR 82 22.2

RUVBL1 TISHVIIGLIK]TAK 162 RPAP3 A[KIVLK 495 165.58

RUVBL1 IASHSHV[K]GLGLDESGLAK 22 RPAP3 A[K]VLK 495 145.83

RUVBL1 QL[K]LDPSIFESLQK 171 RPAP3 A[K]VLK 495 40.98

RUVBL1 QL[K]LDPSIFESLQK 171 RPAP3 EENT[KINR 82 112.96

RUVBL1 | GLGLDESGLA[K]QAASGLVGQENAR 33 RPAP3 A[K]VLK 495 32.12

RUVBL1 | GLGLDESGLA[K]QAASGLVGQENAR 33 RPAP3 LEEA[K]KDYER 221 211.64

RUVBL1 ING[K]DSIEK 422 RPAP3 ALVL[K]EK 137 124.33

RUVBL1 QL[K]LDPSIFESLQK 171 RPAP3 [K]ISQALASK 243 197.86

RUVBL1 YSVQLLTPANLLA[K]INGKDSIEK 418 RUVBL2 EGIK]IAGR 67 212.02

RUVBL2 TQGFLALFSGDTGEI[K]SEVR 269 RUVBL1 KTEITDI[K]LR 274 285.43

RUVBL2 DKVQAGDVITID[K]ATGK 197 RPAP3 [KIQIEAQQNK 271 289.49

RUVBL2 [KIGTEVQVDDIKR 417 RPAP3 EENTI[K]NR 82 295.2

RUVBL2 KGTEVQVDDI[K]R 427 RPAP3 EENTI[K]NR 82 207.3

RUVBL2 LLIVSTTPYSE[K]DTK 365 RPAP3 [KIQIEAQQNK 271 206.43

RUVBL2 LLIVSTTPYSE[K]DTK 365 RPAP3 SYT[K]JAYSR 202 131.66

RUVBL2 DKVQAGDVITID[K]ATGK 197 RPAP3 EENT[KINR 82 229.02

RUVBL2 [K]JGTEVQVDDIKR 417 RPAP3 A[K]VLK 495 11.15

RUVBL2 D[K]VQAGDVITIDK 186 RPAP3 A[K]VLK 495 122.34

RUVBL2 [K]JGTEVQVDDIKR 417 RPAP3 [KIQIEAQQNK 271 19.79

aCross-linked lysine residues are shown within brackets.
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Table S4. DAVID enrichment analysis for RPAP3 N-terminal domain interactors, Related

to Figure 8D.
- <
Type ID / Description Proteins P \gagg =
IPRO16024 USP24, NBAS, FHOD1, TBCD, UBR4, TTI2, CAND1,
Armadillo-tvoe fold ARMCS6, VEPH1, CFAP69, ELMO2, MROH?7, 0.000060167
P CLASP1, UNCT9
IPR0131.26 . HSPAS8, HSPALL, HSPA7, HSPA6 0.000418929
- Heat shock protein 70 family
'S
1S . IPRO0L715 . SPECC1, EHBP1L1, SYNEL, SPTBN2, PLEC 0.0072854
3 Calponin homology domain
c
2 IPROOOOS.Z MUC1, MUC16, TMPRSS11F 0.024099331
o SEA domain
e IPR013026
Tetratricopeptide repeat- IFT88, NASP, CDC27, IFIT5, TONSL 0.044658965
containing domain
IPR014010
Egg jelly receptor, REJ-like RNPS1, PKD1L2 0.04938001
G0:0016324 CNTFR, SLC9A3R1, MUC1, FZD3, CDH2, STK26, 0.002116704
Apical plasma membrane ATP6VOA4, GNATL, DLL1, SPTBN2 '
G0:0097546
Ciliary base CEP126, DISCL1, GLI3, GLI2 0.002184026
G0:0005814
Centriole IFT88, CROCC, HSPA6, CAPG, DZIP1, SDCCAG8 0.004813626
GO:0005813 SLC9A3R1, CEP126, CROCC, STK26, CDC27,
Cer.1trosome AKAP9, UBR4, DISC1, RAB11FIP3, CLASP1, 0.00856292
SDCCAGS
G0:0097060
Synaptic membrane PRKCG, AKAPY9, LRP4 0.012819103
= G0:0045111
L Intermediate filament 0.013841878
é. cytoskeleton ZNF175, PCDHB4, NFATC4, PLEC
S G0:0072562
ks Blood microparticle HSPAS, ITIH4, HSPALL, IGLL1, HSPA7, HSPAG 0.016100695
= NBAS, GOSR1, GLI3, CENPC, TTN, GLI2, ZMYM2,
S NUF2, CDC27, AOX1, PHGDH, GNAT1, BUB1,
o GO:0005829 RAB11FIP3, CLASP1, SNX6, SPTBN2, PRKCG,
© C 1050l HSPAS8, EIF2B3, HSPALL, VPS13C, HSPA6, ARAP2, | 0.034454162
y CTPS2, NEB, ANK3, NFATC4, AIMP2, MYH?2,
RRAGA, STK26, AKAP9, ACOT1, ELMO2, RNPS1,
EIF3F, PLIN1, PLCD3, TKT, OPTN, PLEC, SDCCAGS
G0:0043231
Intracellular membrane- SLC9A3R1, SQLE, RRAGA, PARG, AKAPY, IFITS5, 0.04470826
bounded organelle UGT2A3, WBP11, SEC23B, RAB11FIP3, SNX6
G0:0008180
COP9 signalosome HSPA1L, HSPA7, HSPA6 0.044813767
G0:0019898
Extrinsic component of 0.045047616
membrane CNTFR, MUC16, VPS13C, SNX6
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G0:0016020
Membrane

CNTFR, NBAS, DDX24, FHOD1, CPNE6G, GOSR1,

UBR4, PKD1L2, GLI2, SLC9A3R1, CAND1, CDH2,

NUF2, GNAT1, SEC23B, BUBL1, CLASP1, SPECC1,
HSPAS8, FMO2, KRT10, IL17RB, SMARCA4, HCFC1,
AIMP2, IGLL1, EHBP1L1, SLCO2A1, ELMO?2, EIF3F

0.050326167
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Table S5. Plasmids used in this work, Related to STAR Methods.

Plasmid Purpose®? Source
pQLink H7-RUVBL11.456 His-tagged full-length RUVBL1 expression This study
pQLink H-RUVBL21.463 His-tagged full-length RUVBL2 expression This study

pll Hs-RUVBL11.456

His-tagged full-length RUVBL1 expression

Nano et al., 2020

pll Hs-RUVBL21.463

His-tagged full-length RUVBL2 expression

Nano et al., 2020

PETSUMO2 Hi,-SUMO-RPAP3 is011.665

His and SUMO-tagged full-length RPAP3 isol expression

This study

pCOLA Duet-1 RPAP3 i5011.665, Hs-PIH1D11-290

Co-expression of untagged full-length RPAP3 isol and His-tagged
full-length PIH1D1

This study

pQMl8 He-P|HlD11.290-H6

N and C-terminal His-tagged full-length PIH1D1 expression

Machado-Pinilla et al., 2012

Co-expression of untagged full-length RPAP3 isol and His-tagged

PCOLADUet-1 RPAP3 is011.665, Ho-PIH1D11.260 oy e o This study
PCOLADuUet-1 RPAP3 is0l1.430, He-PIH1D11.20 ;Z'gee’;p;ﬁfls_il‘ggot‘; L;::ﬁg%ef RPAPS isol residues 1-430 and His- This study
PCOLADuet-1 RPAP isoLy.s1s, Hs-PIH1D 11260 ;dee’;p;ﬁfls'lzagotp (120060 RPAPS 1501 residues 1-415 and His- This study
pCOLADuUet-1 RPAP3 is011.350, He-PIH1D11.560 ;deeﬁp;ﬁff'lzr;gﬁ; L;,':ﬁg%ef RPAPS isol residues 1-390 and His- This study
pQLink RUVBL11.456-RUVBL 21463 Untagged full-length RUVBL1 and RUVBL?2 co-expression This study
pOLink RUVBL 11455, RUVBL 241463, H7-PIH1D 11.260 acrfdeﬁgi;;'g:d(;Llfrl‘;?%%ﬁdpm'l'éingth RUVBLL and RUVBL2, This study
pQLink RUVBL L1455, RUVBL21.465, Hr-PIH1D 1260 gr?degrsri:l;';: | O untagged ull-length RUVBLL and RUVBL2 This study
pOLink RUVBL 11455, RUVBL 241463, Hr-PIH1D 11276 acrfdeﬁiri:l;'g:dflﬂgtgggri‘;gﬂgs'i“gg RUVBLL and RUVBL2, This study
PQLink RUVBL 14455, RUVBL 21463, H7-PIH1D11.260 fffHstriZZi;: dflmgggreezigld!:i?gég RUVBL1 and RUVBL2, This study
pQLink RUVBL 11455, RUVBL 21465, Hr-PIH1D 11350 f:deﬁirizggg O pagged full-longih RUVBLL and RUVBL2 This study
pOLink RUVBL 11455, RUVBL 21463, Hr-PIH1D 11500 Co-expression of untagged full-length RUVBL1 and RUVBL2, This study

and His-tagged PIH1D1 residues 1-240
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Co-expression of untagged full-length RUVBL1 and His-tagged

pQLink RUVBL11.456, H7-PIH1D11.290 full-length PIH1D1 This study
PQLink RUVBL23 43, H7-PIH1D11.200 ; ?{j’;ﬁ;ﬁsi,ol';i’gimagged full-fength RUVBL2 and His-tagged This study
0QLink RUVBL 1Lx126 26, RUVBL 2155238 ;(;-giferf;;:%l :)f untagged RUVBL1 and RUVBL2, both lacking This study
PQLink RUVBL 14126234, RUVBL 24463 ;‘I’I'j’;ﬁ;iis;’ﬂs;‘t”;agged RUVBLL lacking the external DIl and This study
pQLiNk RUVBL11.455, RUVBL21 465, Hi-RPAP3 i50L1.665 gr?degf’s”::l;'gf’: d‘;zlf';;%?ﬁdREﬂP??g? RUVBLL and RUVBL2, This study
DOLink RUVBL 11455, RUVBL 21.485, Hr-RPAP3 is01 125.665 ;?deﬁf’sri:l;'g:d(gpfgg?sﬂ :‘;l'i'd'ﬁzgtlhzgggf"l and RUVBL2, This study
PQLink RUVBL 11456, RUVBL 21463, H7-RPAP3 is011.50 ;?(;e;(?sﬁ;i;: d(:pﬁagg%ii ::l:;ﬁggf_;gw"l and RUVBL2, This study
pQLink RUVBL11.4s6, Hr-RPAP3 is0L.6s &?ﬁ’éﬁ;?ﬁ; :;;ir;ffg‘ad full-length RUVBLL and His-tagged This study
pQLink RUVBL 24463, H7-RPAP3 5011665 %?Iﬁzﬁgiissg A(’Ffs“i:toafged full-length RUVBL2 and His-tagged This study
0OLink RUVBL 11456, Hi-RPAP3 is0Ls40.665 ggf\égr;&:;io; S?g uuer;tz%%e_gfsfgll—length RUVBL1 and His-tagged This study
PQLink RUVBL21.43, H-RPAP3 is0150-665 ggﬁ;grfssjilor”e;;Egszagoe_%g;'"'ength RUVBL2, and His-tagged This study
pQLink RUVBL1a126-234, RUVBL 24133238, H-RPAP3 Co-expression of untag_ged RUVBL1 and RUVBLZ,_ both lacking This study
15011-665 the external DII, and His-tagged full-length RPAP3 isol

DOLink RUVBL 11455, Hi-RPAP3 is0lsg5.665 gg:;gr;assosilorr:as?guuer;tasgé%eigesf:II-Iength RUVBL1 and His-tagged This study
DOLink RUVBL 21 465, Hi-RPAP3 is0Lass 665 ggﬁégrfsssiorr; s?(fj uuer;tag%g;gfsfgll—length RUVBL2 and His-tagged This study
DOLink RUVBL 11455, Hi-RPAP3 is0las2.65 gg:;gr;assosilorr:as?guuer;tig‘lg;gesf:II-Iength RUVBL1 and His-tagged This study
PQLink RUVBL 21453, H7-RPAP3 i50Lasz-665 ggﬁ;grfssgilofes‘;gu“ensti%%‘fggg'"'ength RUVBL2 and His-tagged This study

Co-expression of untagged full-length RUVBL1 and His-tagged
pQLink RUVBL1;.456, H7-RPAP3 i501385-665/4492-500 RPAP3 isol residues 385-665, with the deletion of residues 492- This study

500
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Co-expression of untagged full-length RUVBL2 and His-tagged

pQLink RUVBL21.463, H7-RPAP3 i301385-665/A492—500 RPAP3 isol residues 385-665, with the deletion of residues 492- This study
500
. . Co-expression of untagged full-length RUVBL1 and His-tagged .
PQLInk RUVBLLi-sss, Hr-RPAPS 1501 sssinas2s0 RPAP3 isol 442-665, with the deletion of residues 492-500 This study
. i i . Co-expression of untagged full-length RUVBL2 and His-tagged .
PQLink RUVBL 21465, Hy- TEV-RPAPS 1s0Luz 55452500 | pp ap3 iso1 442-665, with the deletion of residues 492-500 This study
. . Co-expression of His-tagged full-length RPAP3 isol and untagged .
pQLlnk H;-RPAP3 I3011.665, PIH1D11.090 fuII-Iength PIH1D1 This study
. i . Co-expression of His-tagged full-length RPAP3 iso2 and untagged .
pQLIﬂk H,-RPAP3 I8021.531, PIH1D11.290 fuII-Iength PIH1D1 This study
. . Co-expression of His-tagged RPAP3 isol residues 385-665 and .
pQLlnk H-RPAP3 |301385-665, PIH1D11-290 untagged fuII-Iength PIH1D1 This study
. . Co-expression of His-tagged RPAP3 iso2 residues 385-631 and .
pQLIﬂk H,-RPAP3 ISOZ385.531, PIH1D11.290 untagged fuII-Iength PIH1D1 This study
. ) . Co-expression of His-tagged full-length RPAP3 isoform 1 and .
pQLink H7-RPAP3 is011.665, PIH1D11.280 untagged PIH1D1 residues 1-280 This study
. . Co-expression of His-tagged RPAP3 isol residues 540-665, and .
pQLIﬂk H,-RPAP3 ISO].540.565, PIH1D11.290 untagged fuII-Iength PIH1D1 This study
. . Co-expression of His-tagged RPAP3 isol residues 1-540, and .
pQLink Hr-RPAPS is0l1-540, PIH1D 11200 untagged full-length PIH1D1 This study
pll He-RUVBL11.456 WB His-tagged full-length RUVBL1 D302N expression This study
pll He-RUVBL21-463 WB His-tagged full-length RUVBL2 D299N expression This study
Co-expression of His-tagged full-length RUVBL1 and eXact- .
pCOLADuet-1 RUVBL11.456-Hg, €Xact tag-RUVBL 21463 tagged full-length RUVBL2 This study
pll He-RUVBL11.456 ND His-tagged full-length RUVBL1 D353N expression This study
pll He-RUVBL1;.456 DN His-tagged full-length RUVBL1 D356N expression This study
pll He-RUVBL11.456 NN His-tagged full-length RUVBL1 D353N/D356N expression This study

pll He-RUVBL21.4e3 ND

His-tagged full-length RUVBL2 D349N expression

Nano et al., 2020

pll He-RUVBL21.4e3 DN

His-tagged full-length RUVBL2 D352N expression

Nano et al., 2020

pll He-RUVBL21.4e3 NN

His-tagged full-length RUVBL2 D349N/D352N expression

Nano et al., 2020

pETSU MO2 H1,-SUMO-RPAP3 i801540.555

His and SUMO-tagged full-length RPAP3 isol C-terminal domain
expression

This study
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Co-expression of untagged full-length RUVBL1 and His-tagged

PQLink RUVBLLy.4s6, Hr-RPAP3 i8021.631 full-longth RPAPS fs02 This study
PQLink RUVBL21 43, H7-RPAP3 isol1631 ;‘I’Iﬁzﬁ;ﬁsgg :;;{;fgge‘j full-length RUVBL2 and His-tagged This study
pQLink RUVBL L 456, H-RPAP3 iS02585.651 ggﬁégrfssgffeggu“enstas%%e_gsff 'I-length RUVBLL and His-tagged This study
PQLink RUVBL21 43, H7-RPAP3 i502385.631 ggﬁégrf:io:e s‘;g{}“;;%%%‘fg;f'"'e”gth RUVBL2 and His-tagged This study
pCOLADUet-1 RPAP3 i5021.621, Ho-PIH1D1 1260 ;?Ielzﬁgiisg';‘igjftagged full-length RPAP3 iso2 and His-tagged This study
PQLink RPAP3 iS0L sss.ses-FLAG, Hr-PIH1D L1 250 ﬁ?s?;g;?;mloreigtﬁlﬁi%ef RPAPS isol residues 385-665 and This study
pQLink RPAPS i023g5-631-FLAG, H7-PIH1D1.260 ﬁ?s_izg;?;if%r;|?IeE;£Hp]ﬁ?%ef RPAP3 is02 residues 385-631 and This study
pQLink RPAP3 is0Lsun.ss5-FLAG, Hy-PIH1D L1200 ;?deﬁf’srizgggd o :;’:;:i%gHefDTPA% 'sol residues 540-665 This study
PQLink RPAP3 i5011.540, H7-PIH1DL1.200 gzgee);p;ﬁfls'l‘gﬁgotmmﬂ%ef RPAP3 isol residues 1-540, and His- This study
S o g 0l G 0 AL O
el I i LG0T |
S of 1050 e LS 0 G|
e ST e L 0 B |
S o AL o el LW 0 |1
DOAD PIH1D 1160 Egrﬁ)]raeisnsifc;r; ;;‘aZl:IZIf;S:::j le;;[s)cl fused to the GAL4 activation This study
Sy P i C0 G @ 0 G|
pcDNA5 FLAG-PIH1D1 Expression of full-length N-terminally FLAG-tagged PIH1D1¢ This study
0cDNAS RPAP3 is01-3xFLAG Expression of full-length C-terminally 3xFLAG-tagged RPAP3 This study

iso1d
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0cDNAS RPAP3 is01-3xFLAG :Eszg(rjessmn of full-length C-terminally 3xFLAG-tagged RPAP3 This study
0CDNAS FLAG-RPAP3 isol E);;izessmn of full-length N-terminally FLAG-tagged RPAP3 This study

aAll constructs were expressed in E.coli LOBSTR pRIL strain, unless stated otherwise.

PHis-tagged proteins expressed from pQLink, p11 and pCOLADuet-1 contained a TEV cut site between the tag and the protein; proteins expressed from
PETSUMO2 had their His-SUMO tag removed by Ulp1l digestion.

¢Constructs were expressed in S. cerevisiae PJ69-4a strain.

dConstructs were expressed transiently in RPE-1 cells.
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Table S6. Buffer solutions used in this work, Related to STAR Methods.

Buffer Composition

>

25 mM Tris-HCI (pH 7.5), 500 mM NaCl

25 mM Tris-HCI (pH 7.5), 500 mM NaCl, 500 mM imidazole

25 mM Tris-HCI (pH 7.5), 50 mM KCl, 10% glycerol, 1 mM DTT

25 mM Tris-HCI (pH 7.5), 500 mM KCI, 10% glycerol, 1 mM DTT

40 mM Tris-HCI (pH 7.5), 200 mM KCI, 5 mM MgCl,, 1 mM DTT, 10% Glycerol

25 mM Tris-HCI (pH 7.5), 200 mM NaCl, 10% glycerol

25 mM Tris-HCI (pH 7.5), 50 mM NaCl

25 mM Tris-HCI (pH 7.5), 500 mM NaCl

25 mM Tris-HCI (pH 7.5), 200 mM NaCl

25 mM Tris-HCI (pH 7.5), 200 mM NaCl, 250 mM imidazole

20 mM Tris-HCI, pH 7.5, 200 mM KCI, 8 mM MgCI2, 10% (v/v) glycerol

25 mM Tris-HCI (pH 7.5), 200 mM NaCl, 1 mM DTT, 10% glycerol

25 mM HEPES (pH 7.5), 200 mM NaCl, 5% glycerol

50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100

50 mM Tris-HCI (pH 7.4), 150 mM NaCl, 0.05% Nonidet P-40

50 mM Tris-HCI (pH 7.4), 150 mM NaCl

O|lo|o|Z|IZ|r XN|e|—|T|O|MmMO|O|m

40 mM Tris-HCI (pH 7.5), 200 mM KCI, 5 mM MgCl,
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