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ABSTRACT

Biogenesis of the U5 small nuclear ribonucleoprotein
(snRNP) is an essential and highly regulated process.
In particular, PRPF8, one of U5 shRNP main compo-
nents, requires HSP90 working in concert with R2TP,
a cochaperone complex containing RUVBL1 and RU-
VBL2 AAA-ATPases, and additional factors that are
still poorly characterized. Here, we use biochemistry,
interaction mapping, mass spectrometry and cryoEM
to study the role of ZNHIT2 in the regulation of the
R2TP chaperone during the biogenesis of PRPF8.
ZNHIT2 forms a complex with R2TP which depends
exclusively on the direct interaction of ZNHIT2 with
the RUVBL1-RUVBL2 ATPases. The cryoEM analysis
of this complex reveals that ZNHIT2 alters the con-
formation and nucleotide state of RUVBL1-RUVBL2,
affecting its ATPase activity. We characterized the in-
teractions between R2TP, PRPF8, ZNHIT2, ECD and
AAR2 proteins. Interestingly, PRPF8 makes a direct
interaction with R2TP and this complex can incor-
porate ZNHIT2 and other proteins involved in the
biogenesis of PRPF8 such as ECD and AAR2. To-
gether, these results show that ZNHIT2 participates
in the assembly of the U5 snRNP as part of a network
of contacts between assembly factors required for
PRPF8 biogenesis and the R2TP-HSP90 chaperone,
while concomitantly regulating the structure and nu-
cleotide state of R2TP.

INTRODUCTION

Pre-mRNA splicing factor 8 (PRPFS) is one of the largest
and most conserved proteins in the spliceosome and the
main component of the U5 small nuclear ribonucleoprotein
particle (U5 snRNP) (1). In the nucleus, PRPF8 is forming
a complex with EFTUD2 and SNRNP200 (also known as

BRR2) as part of the spliceosome. The biogenesis of PRPF8
and U5 snRNP is poorly understood, but a number of fac-
tors have been implicated. In the cytoplasm, PRPF8 forms
a complex with AAR?2, a protein required for the assem-
bling of U5 snRNP that is replaced by the SNRNP200 heli-
case after PRPFS is transported from the cytoplasm to the
nucleus (1,2). A crystal structure of the homologous yeast
Prp8 in complex with Aar2 reveals that Aar2 plays a crucial
role in bringing together Prp8 domains that would other-
wise be only connected by disordered linkers (1).

Recent work has established that the biogenesis and as-
sembly of U5 snRNP and PRPFS requires the intervention
of HSP90 and the R2TP complex (3,4). HSP90 is a molec-
ular chaperone required for the maturation and activation
of a number of proteins and protein complexes, including
steroid hormone receptors and several signaling proteins.
HSPI0 is assisted by cochaperones, proteins that regulate
the chaperone and contribute to bring specific clients (5).
The R2TP complex functions as an HSP90 cochaperone
during the biogenesis of several large macromolecular com-
plexes including RNA polymerase II (Pol II), complexes of
the PI3 kinase-like kinases (PIKKs), C/D small nucleolar
RNPs (snoRNPs) and U4 small nuclear ribonucleoprotein
(snRNP) (6,7). The list of complexes that require R2TP for
their maturation and stability is enlarging, and PRPF§ and
the U5 snRNP are recent additions (3,4).

Human R2TP is composed of four subunits, RUVBLI,
RUVBL2, RPAP3 and PIH1DI (Figure 1A) (8-10). RU-
VBLI1 and RUVBL2 are closely related AAA-ATPases that
form an hexameric RUVBLI-RUVBL2 ring of alternat-
ing subunits. Both subunits contain a domain, known as
domain IT (DII), that protrudes from each subunit in the
RUVBLI1-RUVBL2 hexamer and which has been found
to interact with several proteins (8,11,12). The ATPase
activity of RUVBLI1 and RUVBL2, which resides in the
AAA+ ring, is needed for the functions of R2TP (13), but
what is the exact role of ATP hydrolysis and how this is reg-
ulated is mostly unknown. RPAP3 and PIH1D1 form a het-
erodimeric complex that interacts with RUVBL1-RUVBL2
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Figure 1. Purification and assembly of RUVBL1-RUVBL2-ZNHIT2AC.
tetratricopeptide repeats; PBD, PIH1D1 binding domain; RBD, RUVBL2

(A) Left top panels, domain architecture of the components of R2TP (TPRs,
binding domain; PIH, protein interacting with HSP90 domain; CS, CHORD-

containig proteins and SGT1 domain). Domains involved in interactions within R2TP are indicated as links with dashed lines. Left bottom panel, constructs

of human ZNHIT?2 used in this work (H, HIT domain). Right panel, cartoon of the structure of the R2TP complex. (B) Diagram of the network of

interactions described in this work for R2TP, ZNHIT2, ECD, AAR2 and PRPF8. (C) SDS-PAGE of purified ZNHIT2AC, GST-ZNHIT2AC, GST-
ZNHIT2-C and GST-ZNHIT2-N. (D) GST-pull-down experiments to test the interaction of GST-ZNHIT2AC, GST-ZNHIT2-C and GST-ZNHIT2-N

with RUVBLI1, RUVBL2 and RUVBL1-RUVBL2 complexes (RUVBLI1/

2 for simplicity in figure legends hereafter). RUVBL1/2-ADII corresponds to

mutants lacking part of the DI domain. RUVBL1/2-WB corresponds to mutants in the Walker B domains, able to bind ATP but affected in ATP hydrolysis.

Control lanes for these experiments are shown in Supplementary Figure S

1B, C. (E) GST-pull-down experiment to evaluate the effect of the presence or

absence of the nucleotides ATP, ADP or AMP-PNP in the interaction between RUVBL1-RUVBL2 and ZNHIT2AC. Control lanes for these experiments
are shown in Supplementary Figure S1D. (F) Cartoon showing the crosslinks found in RUVBLI-RUVBL2-ZNHIT2 complex detected by XL-MS.
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(14). RPAP3 binds to HSP90 thanks to two N-terminal
tetratricopeptide (TPR) domains (10,15,16).

Up to our knowledge, all the structures for human
RUVBLI1-RUVBL2 hetero-hexamers determined so far
contain nucleotide, most frequently ADP, in the binding
pocket of each AAA-subunit even if nucleotides were not
added during purification (17). The crystal structures re-
vealed that hexamerization blocks the nucleotide binding
pocket, hampering the exchange from ADP to ATP and this
has been used to explain the impossibility to co-crystallize
nonhydrolyzable ATP analogs into these crystals (17,18).
Still, some exchange of nucleotides exits since RUVBL1-
RUVBL2 hydrolyzes ATP although at a low rate. Recent
work has found that it is an N-terminal region of both
RUVBLI1 and RUVBL2 that blocks the exit route for nu-
cleotides (8,13,17,19). DHX34, an RNA helicase that par-
ticipates in nonsense-mediated mRNA decay (NMD) (12)
and PIH1D1, one of the components of R2TP (8) can desta-
bilize these N-terminal regions in RUVBL2 after binding to
the DII domains. These conformational changes promote
the release of the bound ADP from the nucleotide binding
pocket (8,12).

Two factors, Zinc finger HIT domain-containing pro-
tein 2 (ZNHIT2) (4) and ECD (Protein ecdysoneless ho-
molog) (20,21), have recently been found to interact with
the R2TP chaperone system to regulate the biogenesis of
PRPFS8 and U5 snRNP. ZNHIT?2 interacts with RUVBL2
and regulates the composition of U5 snRNP and splic-
ing (4). ZNHIT2 belongs to a family of HIT-finger pro-
teins characterized by the presence of a HIT domain, a
roughly 50-residue zinc-binding domain containing con-
served cysteine (Cys) and histidine (His) residues. This do-
main is found in several nuclear proteins involved in chro-
matin remodeling and the regulation of gene expression
(22,23). Humans contain six HIT domain proteins and sev-
eral of them interact with RUVBLI-RUVBL2 (22). ZN-
HIT1 and ZNHIT4 are part of the RUVBL1-RUVBL2-
containing chromatin remodeling complexes SRCAP and
INOSO respectively. ZNHIT2, ZNHIT3 and ZNHIT6 also
interact with RUVBL1-RUVBL2. ZNHIT3 and ZNHIT6
participate in the assembly of box C/D small nucleolar ri-
bonucleoproteins (snoRNPs) (6) and at least in the case of
ZNHIT®6, the interaction with RUVBL1-RUVBL2 was en-
hanced by the presence of ATP (24). Pull-down experiments
using truncated versions of all ZNHIT proteins suggest that
the HIT domain is involved in the formation of the com-
plex with RUVBLI1-RUVBL2 (4) and in yeast Ino80 com-
plex, Tes2 (the ZNHIT4 yeast orthologue) contains a do-
main that resembles a HIT fold and interacts with both
Rvbl (yeast homolog of RUVBLI1) and H2A in the nu-
cleosome (25). Some experiments suggest that the inter-
action of some ZNHIT proteins with RUVBL1-RUVBL2
could be incompatible with the assembly of the R2TP com-
plex (4,22). PRPFS8-based purifications detect RUVBL1-
RUVBL2 and ZNHIT2 but no other components of the
R2TP complex, which has been interpreted as indication
that ZNHIT2 competes for RPAP3 binding to RUVBLI1-
RUVBL2 (4,22). ECD also interacts with several compo-
nents of R2TP and regulates the stability of PRPF8 and
the assembly of U5 snRNP (20,21). ECD contains CK2
phosphorylation sites at consensus motifs recognized by

PIH1DI1, but the functional relevance of the interaction be-
tween ECD and PIH1D1 is unclear as it seems dispensable
for at least some of the functions assigned to ECD. ECD
also interacts directly with RUVBLI in a phosphorylation
independent manner (26).

The biogenesis and maturation of pre-mRNA splicing
factor 8 (PRPF8) requires the action of HSP90, R2TP and
a list of factors such as ZNHIT?2 that have been poorly char-
acterized. Here we have purified and studied ZNHIT2 and
its interaction with both the R2TP chaperone machinery,
PRPF8 and factors required for PRPF8 biogenesis. Several
regions in ZNHIT2 are involved in the formation of a com-
plex with RUVBL1-RUVBL2, and this interaction can oc-
cur when the ATPases are part of R2TP. Cryoelectron mi-
croscopy (CryoEM) of the RUVBL1-RUVBL2-ZNHIT2
complex revealed that ZNHIT2 regulates the structure and
activity of these ATPases. In addition, ZNHIT?2 interacts
with several factors involved in PRPF8 biogenesis such as
ECD and AAR2 (Figure 1B). Together, our results provide
evidence that ZNHIT?2 can be part of complexes containing
factors involved in PRPFS biogenesis and the R2TP-HSP90
chaperone, and that ZNHIT2 can regulate the nucleotide
state and ATPase activity of the R2TP cochaperone.

MATERIALS AND METHODS
Cell culture

HEK?293T cells (kindly provided by Dr Peinado, (CNIO,
Spain)) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Merck Life Sciences), supplemented
with 10% (v/v) fetal bovine serum (Thermo Fisher Scien-
tific, #10270) and Sodium Piruvate (11 mg/l, final concen-
tration) (Merck Life Sciences). Cells were tested for my-
coplasma contamination and were maintained at 37°C in
a humidified 5% CO, atmosphere.

Cloning and mutagenesis

The cDNA of RPAP3 (NM_024604.3) was PCR ampli-
fied from the ORF clone OHul11823 (GenScript) and in-
serted into the pACEmam-TEV-3C-3xFlag vector (kindly
provided by Dr Fernandez-Leiro (CNIO, Spain)), using
the IVA cloning system (27), including homologous se-
quences in N- and C-terminus of the protein. The mu-
tant M626A /F630R in RBD RPAP3 protein (comprised by
residues 535-665 of RPAP3) was generated by site-directed
mutagenesis of pACEmam-TEV-RPAP3-3C-3xFlag, using
the IVA cloning system. Oligonucleotides used for cloning
are shown in Supplementary Table S1.

Transfections and immunoprecipitations

For interaction studies in cell extracts, HEK293T cells were
transiently transfected with pACEmam-TEV-3C-3xFlag,
pACEmam-TEV-RPAP3-3C-3xFlag or pACEmam-TEV-
RPAP3M626A/F630R-3C—3xFlag cDNA using the Lipofec-
tamine 2000 method (Life Technologies), following manu-
facturer’s instructions. Cells were washed 48 h later with 10
ml PBS and lysed in Triton IP Lysis Buffer (50 mM HEPES
pH 7.5, 40 mM NaCl, 2 mM EDTA, 0.1 M NaF, 1% Triton

2202 UoIBN €0 UO Jasn OIND Ad §8GZ8Y9/8Z | 1/Z/0S/3I01ME/1eu/Ww0d"dNo0lWapeoe//:sdjly Wo papeojumod



X-100, 10 mM Na-Pyrophosphate, Complete Protease In-
hibitor Cocktail (Roche), PhosSTOP (Roche)). Cell lysates
were cleared by centrifugation and 5 mg was incubated dur-
ing 2 h with 20 pl of Anti-FLAG-M2 affinity gel (Sigma
Aldrich) in presence of BSA (1 mg/ml). The beads were
washed ten times with PD Buffer (50 mM Tris—HCI pH 7.5,
150 mM NaCl) and bound proteins were eluted with protein
sample buffer and analyzed by western blotting.

Protein purification

Human ZNHIT2 protein purification. ZNHIT2 was
cloned into the pGEX-6P2 vector using the IVA cloning
system (27) and the oligonucleotides described in the
Supplementary Table S1. ZNHIT2 protein was expressed
in BL21 (DE3) E. coli cells using the pGEX-6P2-GST-
3C-ZNHIT?2 construct, lacking the C-terminal 376403
residues of ZNHIT2 (ZNHIT2AC) as the full-length
protein tends to be proteolyzed at this region. Expression
was induced for 16 h at 16°C by addition of 0.5 mM IPTG.
Soluble protein extract was prepared by sonication (37%
amplitude, 3 min on ice) in lysis buffer (PBS supplemented
with 5 mM DTT, I mg/ml lysozyme, 12.5 U/ml Benzonase
and EDTA-free Protease Inhibitor Cocktail (Roche)
and clarified by centrifugation (Beckman rotor JA25.50
(Beckman), 22 000 rpm, 1 h). ZNHIT2AC was purified by
affinity chromatography in a GSTprep FF 10/16 column
(Cytiva) using the binding (PBS supplemented with 1 mM
DTT), washing (50 mM Tris—HCI pH 8.0, 100 mM KCI, 1
mM DTT) and elution (50 mM Tris—HCI pH 8.0, 100 mM
KCI, I mM DTT, 20 mM reduced L-glutathione) buffers,
followed by several rounds of gel filtration chromatography
on a Superdex 200 Increase 10/300 GL column (Cytiva)
using a buffer containing 50 mM Tris—HCI pH 8.0, 100
mM KCl and 1 mM DTT. Protein sample was concentrated
using 30 kDa MWCO Amicon Ultra-4 (Merck). Protein
sample purity was evaluated by SDS-PAGE. When nec-
essary, N-terminal GST tag of ZNHIT2AC was removed
by incubating the protein complex with the GST-3C
protease in the presence of Glutathione Sepharose 4B resin
(Merck) for 6 h at 4°C. Untagged ZNHIT2AC was further
purified by size-exclusion chromatography in a Superdex
75 Increase 10/300 GL column (Cytiva).

Human RUVBLI-RUVBL?2 protein complex purification.
The RUVBL1-RUVBL2 complex was purified as reported
(28). When necessary, N-terminal His tag of RUVBLI1 was
removed by incubating the protein complex with the 6xHis-
TEV protease in the presence of 1| mM DDT. Remain-
ing 6xHis-RUVBL1-RUVBL2 protein complex and 6xHis-
TEV was removed by incubating the sample with Ni-NTA
agarose resin (Qiagen) and collecting the unbound fraction.

Human RUVBLI-RUVBL2 ADII as well as iso-
lated RUVBLI, isolated RUVBL2 and RUVBLIg330—
RUVBL2g300q catalytic mutants were expressed and puri-
fied as reported (12,17,29).

Human ECD and AAR?2 protein purification. ECD was co-
expressed in BL21 (DE3) E. coli cells with the Arabidop-
sis thaliana a-subunit CK2 kinase to assure its phosphory-
lation, using the constructs pCDFduet1-Strep II-SUMO-
TEV-ECD and pGEX 6P1-GST-aCK2 kindly provided by
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Dr V. Band and Dr. L. Pearl respectively. AAR2 cDNA
(IMAGE: 2905315) was cloned into the pRSF-duet1 vector
using the I'VA cloning system (27) and the oligonucleotides
described in Supplementary Table S1. AAR2 protein ex-
pression was induced for 16 h at 16°C, by addition of 0.5
mM ITPG to the BL21 (DE3) E. coli cells transformed with
either the pCDFduetl-AAR2-3C-His or the pCDFduetl-
His-3C-AAR2-Strep II construct. Cellular pellets were re-
suspended in lysis buffer (PBS supplemented with 1 mg/ml
lysozyme, 12.5 U/ml Benzonase and EDTA-free Protease
Inhibitor Cocktail (Roche)) and homogenized by sonica-
tion (37% amplitude, 3 min on ice). Protein extract was
clarified by centrifugation (Beckman rotor JA25.50 (Beck-
man), 22 000 rpm, 45 min), filtered (0.45 pm filter pore)
and loaded onto the corresponding affinity chromatogra-
phy columns using the binding buffer (PBS supplemented
with 1 mM DTT). Either ECD or His-AAR2-Strep 11 pro-
teins were loaded onto a Strep-Tactin XT 4Flow column
(IBA Lifesciences) and AAR2-His onto a HIStrap HP col-
umn (Cytiva). Unbound protein fraction was washed out
with the corresponding washing buffer (ECD and His-
AAR2-Strep IT washing buffer is 50 mM Tris—HCI pH 8.0,
100 mM NaCl, 1 mM DTT; AAR2-His washing buffer is
50 mM Tris—-HCI pH 8.0, 100 mM NaCl, 1 mM DTT, 20
mM Imidazole). Protein was recovered from the column by
addition of the elution buffer (ECD and His-AAR2-Strep
IT elution buffer: 50 mM Tris—HCI pH 8.0, 100 mM Nac(l,
1 mM DTT, 50 mM Biotin; AAR2-His elution buffer: 50
mM Tris-HCI pH 8.0, 100 mM NaCl, 1| mM DTT, 500
mM Imidazole). ECD and both tagged versions of AAR2
proteins were further purified by size-exclusion chromatog-
raphy (ECD in a Superdex 200 Increase 10/300 GL col-
umn (Cytiva) and both tagged versions of AAR2 in a Su-
perdex 75 Increase 10/300 GL (Cytiva) column), using a
running buffer composed by 50 mM Tris—HCI pH 8.0, 100
mM NaCl, | mM DTT. After protein concentration, sam-
ple purity was evaluated by SDS-PAGE.

Human RPAP3-PIHIDI protein complex purification.
RPAP3 and PIHIDI1 were co-expressed in BL21 (DE3)
E. coli cells using the pGEX6P2-GST-3C-RPAP3 and
pRSFduetl-TEV-6xHis-PIH1DI1 constructs. Ready to ex-
press pGEX-RPAP3 plasmid containing human RPAP3
gene with a N-terminal GST tag and PreScission pro-
tease site was purchased from GenScript (ORF clone 1D
OHul1823). ORF for human PIHIDI1 (ORF clone ID
2966990, Horizon Inspired Cell Cultures) was inserted into
the pRSFDuet-1 vector including a N-terminal His-tag and
a TEV protease site (pRSFDuet-1-His-TEV-PIH1D1) us-
ing the Gibson Assembly strategy (New England BioLabs)
and the oligonucleotides described in Supplementary Ta-
ble S1. RPAP3-PIH1D1 protein co-expression was induced
for 16 h at 16°C by addition of 0.5 mM ITPG. Cellular
pellets were homogenized in lysis buffer (25 mM HEPES-
NaOH pH 7.8, 500 mM NaCl, 1 mM DTT, 0.5% Triton X-
100, 1 mg/ml lysozyme, 12.5 U/ml Benzonase and EDTA-
free Protease Inhibitor Cocktail (Roche)) before sonication
(37% amplitude, 3 min on ice). Protein extract was clarified
by centrifugation (Beckman rotor JA25.50 (Beckman), 22
000 rpm, 1 h), filtered (0.45 pm filter pore) and loaded into
the GSTprep FF 10/16 affinity chromatography column
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(Cytiva). After washing out the unbound proteins (washing
buffer is 25 mM HEPES-NaOH pH 7.8, 500 mM NacCl, 1
mM DTT), the protein complex eluted by using the washing
buffer supplemented with 20 mM reduced L-glutathione.
Then, the GST tag in RPAP3 was removed by incubation
with GST-TEV protease during dialysis against the dialy-
sis buffer (25 mM HEPES-NaOH pH 7.8, 100 mM NacCl, 1
mM DTT) for 16 h at 4°C. Subsequently, the sample was
loaded onto a HiTrap Q HP ion exchange chromatogra-
phy column pe-equilibrated in A buffer (25 mM HEPES-
NaOH pH 7.8, 100 mM NaCl, 1 mM DTT). Unbound pro-
tein was removed by washing the column with A buffer. Pro-
tein eluted through a gradient from A to B buffer (25 mM
HEPES-NaOH pH 7.8, 2 M NaCl, ] mM DTT) and, after
dialysis against dialysis buffer, it was concentrated. Protein
sample purity was analyzed by SDS-PAGE.

Human PRPFS8 protein purification. Expi 293 cells were
transiently transfected with the ready to express pcDNA
3.1(+)-PRPF8-3C-Flag (DYK) construct (ORF clone ID
OHul192527D, GenScript) using polyethylenimine (PEI
max, Polysciences Inc.). After 72 h post-transfection, cells
were harvested by centrifugation and washed with cold
PBS. To purify PRPFS, cells were homogenized in buffer
A (50 mM Tris—HCI pH 8.0, 200 mM NaCl, 5 mM MgCl,)
supplemented with 12.5 U/ml Benzonase, EDTA-free Pro-
tease Inhibitor Cocktail (Roche) and PhosSTOP (Roche)
and sonicated for 1 min (37% amplitude). The soluble pro-
tein extract clarified by centrifugation (1 h, 11 000 x g,
4°C) and filtered (0.45 pm pore size filter) was incubated
with FLAG-affinity gel (Sigma Aldrich) pre-equilibrated in
buffer A for 1 h at 4°C. Unbound protein fraction was re-
moved by subsequent washing steps in A, A2 (50 mM Tris—
HCI pH 8.0, 1 M NaCl, 5 mM MgCl,) and A3 (50 mM
Tris—HCl pH 8.0,200 mM NaCl, 5mM MgCl,, 5 mM ATP)
buffers. PRPFS was finally eluted by incubation with buffer
B (50 mM Tris—HCI pH 8.0, 200 mM NaCl, 5 mM MgCl,,
0.5 mg/ml of FLAG peptide) for 16 h at 4°C. In case of the
PRPFS interactions analysis, the putative PRPF8 partners
(purified RUVBL1-RUVBL2, ZNHIT2AC, ECD, AAR2,
RPAP3-PIH1D1) were incubated with the FLAG-affinity
gel loaded with PRPFS§ after the washing step, at a final
concentration of 3 mM each. A negative control was in-
cluded in the experiments by incubating the putative PRPF§
partners with the FLAG-affinity resin pre-incubated with a
cell extract preparation of Expi cells without overexpressed
PRPFS. Excess of the added proteins was removed by exten-
sive washing using the A washing buffer. Finally, co-elution
of PRPF8 with the potential partners was analyzed by in-
cubation with elution buffer for 16 h at 4°C. PRPFS pro-
tein purity and interaction analysis were visualized by SDS-
PAGE and western blotting.

Design, expression and purification of ZNHIT2 truncated
versions

ZNHIT?2 truncated versions including the N-terminal re-
gion (ZNHIT2-N, residues 1-125) or the C-terminal region
(ZNHIT?2-C, residues 205-375) were design according to
secondary and tertiary structure predictions using the on-
line servers JPred4 (30) and Phyre2 (31) respectively. cDNAs

were cloned into the pGEX-6P2 vector by PCR using the
IVA cloning system (27) and the oligonucleotides described
in Supplementary Table S1. ZNHIT2 truncated versions
were expressed and purified as indicated for ZNHIT2AC
using a Superdex 75 Increase 10/300 GL column (Cytiva)
instead of a Superdex 200 Increase 10/300 GL column in
the size-exclusion chromatography purification step.

In vitro pull-down experiments

In vitro pull-down assays were performed by incubation of
the purified bait protein at a final concentration of 1.5 pM
with the affinity chromatography resin pre-equilibrated in
binding buffer. Excess of the bait protein was removed by
several washing steps in washing buffer. Prey proteins were
added to the resin at a final concentration of 3 wM (mo-
lar excess ration of 1:2). Prey protein excess was removed
by several washing steps in washing buffer. Co-elution was
carried out by incubating the resin with elution buffer for 30
min to 3 h (depending on the experiment) at 4°C. Protein
interactions were analyzed by SDS-PAGE revealed with
Coomassie or Silver staining. In each pull-down experi-
ment, a negative control was included by incubating the
prey proteins with the affinity resin in the absence of the
bait.

GST-ZNHIT2AC in vitro pull-downs. GST-ZNHIT2AC
(bait) was incubated with Glutathione Sepharose 4B resin
(Merck) for 2 h at 4°C with agitation. Binding/washing
buffer was 50 mM Tris—-HCI pH 8.0, 100 mM KCI, | mM
DTT; and elution buffer was 50 mM Tris—HCI pH 8.0, 100
mM KCI, I mM DTT, 20 mM reduced L-glutathione.

Strep II-ECD in vitro pull-downs.  Strep II-ECD (bait) was
incubated with Strep-Tactin XT 4Flow resin (IBA Bio-
sciences) for 2 h at 4°C with agitation. Binding/washing
buffer was 50 mM Tris—HCI pH 8.0, 100 mM NaCl, | mM
DTT; and elution buffer was 50 mM Tris—HCI pH 8.0, 100
mM NaCl, ] mM DTT, 50 mM Biotin.

Strep II-AAR2 in vitro pull-downs. 6xHis-AAR2-Strep
IT (bait) was incubated with Strep-Tactin XT 4Flow
resin (IBA Biosciences) for 2 h at 4°C with agitation.
Binding/washing buffer was 50 mM Tris—HCI pH 8.0, 100
mM NaCl, | mM DTT; and elution buffer was 50 mM Tris—
HCI pH 8.0, 100 mM NaCl, 1 mM DTT, 50 mM Biotin.

6xHis-AAR?2 in vitro pull-downs. 6xHis-AAR2 (bait) was
incubated with Ni-NTA agarose resin (Qiagen) for 20 min.
at 4°C with agitation. Binding buffer was 50 mM Tris—-HCl
pH 8.0, 100 mM NaCl, 1 mM DTT; washing buffer was 50
mM Tris—HCI pH 8.0, 100 mM NaCl, | mM DTT, 50 mM
Imidazole; and elution buffer was 50 mM Tris—HCI pH 8.0,
100 mM NaCl, I mM DTT, 500 mM Imidazole.

SDS-PAGE and immunoblot analysis

Protein concentration was measured using the Protein As-
say Dye Reagent Concentrate (Bio-Rad). Protein lysates
were separated on 10% SDS-PAGE gels, transferred onto
nitrocellulose membrane (Amersham) and blocked for 1 h
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in 5% BSA-TBS. After incubation with primary anti-
bodies (overnight) and secondary antibodies (1h, RT),
the membranes were washed and analyzed using the LI-
COR Odyssey Infra-red Imaging System. Immunoreac-
tivity bands were with Image J software or by the soft-
ware included in the Odyssey Infra-red Imaging System.
Primary antibodies used in western blotting with dilu-
tions were as follows: monoclonal Anti-FLAG M2 an-
tibody (Sigma Aldrich, F1804, 1:2000), PRPF8 (Abcam,
ab87433; 1:300), EFTUD2 (Abcam, ab72456, 1:200), ZN-
HIT2 (Abcam, ab126133; 1:500), RUVBLI1 (Cell signal-
ing #12300; 1:500), RUVBL2 (Cell signaling #8959; 1:500),
PIHIDI (Invitrogen #PA5-61482, 1:1000), RPAP3 (Invit-
rogen #PAS5-58334D; 1:500). Secondary antibodies used
were as follows: Anti-Rabbit IgG (H + L) (DyLightTM
680 Conjugate) (Cell signaling #5366; 1:15000) and Anti-
Mouse IgG (H + L) (DyLightTM 800 4X PEG Conju-
gate) (Cell signaling #5257; 1:15000). Conjugated antibod-
ies used were StrepMAB-Classic HPR (IBA Lifesciences
#2-1509-001; 1:30000) and Anti-polyHistidine-Peroxidase
(Sigma Aldrich #A7058; 1:1000).

Immunoprecipitation of RPAP3 from cells and mass spec-
trometry

Digestion. Immunoprecipitation of overexpressed
RPAP3-WT and RPAP3we26a/r630r Was performed as
explained previously. Proteins were eluted twice, using 8
M urea in 100 mM Tris—=HCI pH 8.0. Then, samples were
digested by means of the standard FASP protocol. Briefly,
proteins were reduced and alkylated (15 mM TCEP, 50 mM
CAA, 30 min in the dark, RT) and sequentially digested
with Lys-C (Wako) (200 ng of Lys-C per sample, o/n at
RT) and trypsin (Promega) (200 ng of trypsin per sample,
6 h at 37°C). Resulting peptides were desalted using C18
stage-tips, speed-vac dried and re-dissolved in 21 pl of
0.5% formic acid.

LC-MS/MS — LC-MS/MS was done by coupling an
UltiMate 3000 RSLCnano LC system to a Q Exactive Plus
mass spectrometer (Thermo Fisher Scientific). Seven micro-
liters of peptides were loaded into a trap column (Acclaim™
PepMap™ 100 C18 LC Columns 5 pm, 20 mm length) for
3 min at a flow rate of 10 wl/min in 0.1% formic acid.
Then, peptides were transferred to an EASY-Spray PepMap
RSLC C18 column (Thermo) (2 pm, 75 pm x 50 cm) op-
erated at 45°C and separated using a 60 min effective gradi-
ent (buffer A: 0.1% FA; buffer B: 100% ACN, 0.1% FA) at
a flow rate of 250 nl/min. The gradient used was, from 4%
to 6% B in 2 min, from 6% to 33% B in 58 min, plus 10 ad-
ditional minutes at 98% B. Peptides were sprayed at 1.5 kV
into the mass spectrometer via the EASY-Spray source. The
capillary temperature was set to 300°C. The mass spectrom-
eter was operated in a data-dependent mode, with an auto-
matic switch between MS and MS/MS scans using a top 15
method (Intensity threshold > 4.5e4, dynamic exclusion of
10 s and excluding charges unassigned, +1 and >+6). MS
spectra were acquired from 350 to 1500 m/z with a resolu-
tion of 70 000 FWHM (200 m/z). Ion peptides were isolated
using a 2.0 Th window and fragmented using higher-energy
collisional dissociation (HCD) with a normalized collision
energy of 27. MS/MS spectra resolution was set to 35 000
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(200 m/z). The ion target values were 3e¢6 for MS (maximum
IT of 25 ms) and 1e5 for MS/MS (maximum IT of 110 ms).

Data analysis - Raw files were processed with MaxQuant
(v 1.6.12.0) using the standard settings against a human pro-
tein database (UniProtKB/Swiss-Prot, 20,373 sequences)
supplemented with contaminants. Carbamidomethylation
of cysteines was set as a fixed modification whereas oxida-
tion of methionine and protein N-term acetylation were set
as variable modifications. Minimal peptide length was set to
seven amino acids and a maximum of two tryptic missed-
cleavages were allowed. Results were filtered at 0.01 FDR
(peptide and protein level).

Afterwards, the ‘proteinGroup.txt’ file was loaded in
Perseus (1.6.10.43) for further statistical analysis. Miss-
ing values were imputed from the observed normal dis-
tribution of intensities and two-sample Student’s z-tests
were performed for the RPAP3y6264,F630r Versus IgG and
RPAP3-WT versus IgG comparisons. Only proteins with a
P-value <0.05 and a log; ratio >3 were considered as inter-
actors. For the RPAP3y626a,/F630r versus RPAP3-WT com-
parison, protein intensity values were normalized using the
summed intensity of all RPAP3-WT and RPAP3y626a/F630R
common peptides, missing values were imputed from the
observed normal distribution of intensities and a two-
sample Student’s T-Test was performed. Only interactors
with a P-value <0.05 and a log, ratio <2 were considered
as regulated. For every comparison, the permutation-based
FDR was estimated to be below 5%.

Quantification. Immunoreactivity bands of western blot
were quantified by laser densitometry with the ImagelJ Soft-
ware (NIH) (https://imagej.nih.gov/ij/index.html) or by the
software included in the Odyssey Infra-red Imaging System.

Statistics.  All data are presented as mean values = SEM
of the indicated number of independent experiments stated
in the figure legend. We determined the statistical signifi-
cance in instances of single comparisons by unpaired Stu-
dent’s 7 test. Statistics were obtained using GraphPad Prism
8 software (https://www.graphpad.com/). The differences
were considered significant when **P < 0.01, ***P < 0.001.

Cross-linking coupled to mass spectrometry

The purified RUVBL1-RUVBL2-ZNHIT2 was cross-
linked with the N-hydroxysuccinimide (NHS) esters dis-
uccinimidyl dibutyric urea (DSBU synthesis described in
(32)). The cross-linking reactions were incubated at a final
excess of 200 folds that of protein concentration for 45 min
at 4°C. The reactions were quenched by adding ammonium
hydrogen carbonate to a final concentration of 50 mM in-
cubating for further 15 min.

The cross-linked samples were freeze-dried and resus-
pended in 50mM ammonium hydrogen carbonate, re-
duced with 10 mM DTT and alkylated with 50 mM iodoac-
etamide. Following alkylation, proteins were digested with
trypsin (Promega, UK) at an enzyme-to-substrate ratio of
1:20, overnight at 37°C. The samples were acidified with
formic acid to a final concentration of 2% (v/v) and frac-
tionated by reverse phase C18 high pH chromatography on
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an Acquity UPLC CSH C18 1.7 pm, 1.0 x 100 mm col-
umn (Waters) over a gradient of acetonitrile 2-40% (v/v)
and ammonium hydrogen bicarbonate 100 mM.

All the fractions were lyophilized and resuspended in
2% (v/v) acetonitrile and 2% (v/v) formic acid for LC-
MS/MS analysis. An Ultimate U3000 HPLC (ThermoSci-
entific Dionex, USA) was used to deliver a flow of approxi-
mately 300 nL/min. A C18 Acclaim PepMap100 5 pm, 100
pm x 20 mm nano Viper (ThermoScientific Dionex, USA),
trapped the peptides before separation on a C18 Acclaim
PepMap100 3 wm, 75 pm x 250 mm nano Viper (Thermo-
Scientific Dionex, USA). Peptides were eluted with a gra-
dient of acetonitrile. The analytical column was directly
interfaced via a nano-flow electrospray ionization source,
with a hybrid quadrupole orbitrap mass spectrometer (Q-
Exactive HF-X, ThermoScientific, USA). MS data were ac-
quired in data-dependent mode. High-resolution full scans
(R = 120000, m/z 350-2000) were recorded in the Orbitrap
and after CID activation (stepped collision energy 30 =+ 3)
of the 10 most intense MS peaks, MS/MS scans (R = 45
000) were acquired. lyophilized and resuspended in 2% (v/v)
acetonitrile and 2% (v/v) formic acid.

The fractions were analyzed by nano-scale capillary
LC-MS/MS using an Ultimate U3000 HPLC (Thermo-
Scientific Dionex, USA) to deliver a flow of approxi-
mately 300nl/min. A C18 Acclaim PepMapl00 5 pm,
100 pm x 20mm nanoViper (ThermoScientific Dionex,
USA), trapped the peptides before separation on a CI18
Acclaim PepMapl00 3 pm, 75 um x 250 mm nanoViper
(ThermoScientific Dionex, USA). Peptides were eluted with
a gradient of acetonitrile. The analytical column outlet was
directly interfaced via a nano-flow electrospray ionization
source, with a hybrid quadrupole orbitrap mass spectrome-
ter (Q-Exactive HF-X, ThermoScientific, USA). MS data
were acquired in data-dependent mode. High-resolution
full scans (R = 120 000, m/z 350-2000) were recorded in the
Orbitrap and after CID activation (stepped collision energy
30 + 3) of the five most intense MS peaks, MS/MS scans
(R = 15000) were acquired.

For data analysis, Xcalibur raw files were converted into
the MGF format through MSConvert (Proteowizard) (33)
and used directly as input files for MeroX (34). Searches
were performed against an ad-hoc protein database con-
taining the sequences of the complexes and a set of ran-
domized decoy sequences generated by the software. The
following parameters were set for the searches: maximum
number of missed cleavages 3; targeted residues K, S, Y and
T; minimum peptide length five amino acids; variable mod-
ifications: carbamidomethyl-Cys (mass shift 57.02146 Da),
Met-oxidation (mass shift 15.99491 Da); BuUrBu modifi-
cation fragments: 85.05276 Da and 111.03203 (precision: 5
ppm MS! and 10 ppm MS?); false discovery rate cut-off:
5%. Finally, each fragmentation spectra were manually in-
spected and validated.

Cryo-electron microscopy, image processing and model build-
ing

RUVBLI-RUVBL2-ZNHIT2AC protein purification for
cryoEM.  Purified GST-ZNHIT2AC was incubated with
the RUVBLI-RUVBL2 protein complex with a molar ex-

cess ratio 1:3 of ZNHIT2AC for 20 min at RT. The sam-
ple was then incubated with pre-equilibrated Glutathione
Sepharose 4B resin (Merck) for 2 h at 4°C with agitation.
Unbound protein fraction was subsequently removed by
several washing steps (washing buffer was 50 mM Tris—-HCl
pH 8.0, 100 mM KCI, 1 mM DTT). RUVBLI-RUVBL2-
ZNHIT2AC protein complex was eluted by incubation with
the GST-3C protease for 30 min at 4°C that removed the
GST tag that kept GST-ZNHIT2AC bound to the resin.

Sample vitrification. 2.5 pl of purified RUVBLI-
RUVBL2-ZNHIT2AC protein complex (0.8 mg/ml) was
applied to holey carbon grids Quantifoil R1.2/1.3 Cu 300
mesh (Quantifoil) to which a glow discharge was previ-
ously applied. Buffer excess was blotted away for 3 s and
plunge frozen in liquid ethane cooled at liquid nitrogen
temperature, using the VitroBot Mark 1V (Thermo Fisher
Scientific) set to 4°C and 90% humidity. Vitrified grids were
clipped and stored at liquid nitrogen.

Data collection. Data were collected over four sessions on
a 300 keV Titan Krios G3 electron microscope (Thermo
Fisher Scientific) using a EFTEM energy filter (Gatan) and
a K2 direct electron detector operated in counting mode.
Data acquisition parameters are summarized in Supple-
mentary Table S2.

Image processing. Movies from each dataset were individ-
ually preprocessed. Beam-induced motion was initially cor-
rected using MotionCor2 (35) and contrast transfer func-
tion parameters (CTF) were estimated using Getf (36). Par-
ticles were automatically picked using references created
from manually selected particles in Relion 3.1 (37). Selected
particles were subjected to reference-free alignment and 2D
classification in Relion 3.1 (37). A selection of 173 905 best
quality particles were combined from each data collection
session and the 2D alignment and classification repeated to
extract a more homogeneous data set. Initially unmasked
and then mask 3D refinements were performed in Relion
3.1 and CryoSPARC v2 (38). Several rounds of 3D classi-
fication were performed in order to both analyze data het-
erogeneity and recover a more homogeneous data set to per-
form another run of 3D refinement in Relion 3.1 (37). Per
particle CTF parameters as well as micrographs aberrations
were refined or corrected using the CTF refinement tool in
Relion 3.1 (37). Per-particle beam induced motion was esti-
mated and corrected using the Relion 3.1 particle polishing
program. The final consensus 3D refinement was subjected
to the post-processing tools in Relion 3.1 that includes mod-
ulation transfer function correction and B-factor sharpen-
ing.

In the consensus cryoEM map obtained for the
RUVBL1-RUVBL2-ZNHIT2AC complex, the region
corresponding to ZNHIT2AC was resolved at low resolu-
tion, suggesting flexibility and/or heterogeneity. To address
this, we performed a detailed analysis of the heterogeneity
in the ZNHIT2AC density using cryoDRGN (39). This
allowed us to identify significant flexibility of ZNHIT2AC
with respect to the RUVBL1-RUVBL2 ring. The fitting
of a predicted atomic model of ZNHIT2 obtained using
Alphafold (40) within the cryoEM density for ZNHIT2AC

2202 UoIBN €0 UO Jasn OIND Ad §8GZ8Y9/8Z | 1/Z/0S/3I01ME/1eu/Ww0d"dNo0lWapeoe//:sdjly Wo papeojumod



in the complex was performed by the automatic sequential
fitting tool in Chimera (41).

Focused 3D refinements of the AAA-ring of RUVBLI1-
RUVBL2 in the complex was performed to improve the
resolution. For this, the map was segmented using UCSF
Chimera (41) and then the region of interest was masked
to remove densities not corresponding to the RUVBLI1-
RUVBL2 ring (density subtracted particles) in Relion 3.1.
Extensive 3D classifications coupled to particle selection
and masked 3D refinement allowed selection of more ho-
mogeneous datasets that were used, in each case, in a final
3D refinement and post-processing jobs using both Relion
3.1 (37) and CryoSPARC v2 (38). The reconstructed AAA-
ring RUVBL1-RUVBL2 map, obtained at 4.1 A resolution,
was used for model building.

Global resolution was estimated in the cryoEM maps us-
ing the gold-standard criterion and a cutoff of 0.143. Local
resolution was estimated in Relion 3.1 (37) and used to local
sharpen the map using the same Relion 3.1 tool.

Model building. Density subtracted cryoEM map of the
AAA ring of the RUVBL1-RUVBL2 complex was used to
build an atomic model of this complex region. The human
RUVBLI1-RUVBL2 atomic structure reported in Martino
etal.(PDBID: 6FOL1) (10) was used as starting model refer-
ence. The initial model was fitted into the cryoEM map us-
ing the rigid body fitting tool in Coot (42). Real space refine-
ment was done iteratively in Coot (42) and Refmac5 (43).
Close analysis and refinement were performed at the RU-
VBLI1 and RUVBL2 nucleotide binding pocket using Coot
(42). Atoms whose density was not accounted for in the cry-
oEM map were removed in Coot (e.g. RUVBL2 N-terminal
region). CryoEM maps and atomic models were visualized
in UCSF Chimera (41) and Coot (42).

ATPase assays

ATP hydrolysis of the untagged RUVBL1-RUVBL2 pro-
tein complex was measured in a continuous spectropho-
tometric enzymatic assay. Pyruvate kinase (PK) and lac-
tate dehydrogenase (LDH) enzymes couple the ATP con-
sumption to the oxidation of NADH, which strongly ab-
sorbs to 340 nm. Thus, decrease in absorbance at 340 nm is
directly correlated to ATP hydrolysis (44). The RUVBLI1-
RUVBL2 ATPase activity was measured at a final concen-
tration of 3 WM (being considered monomers) in the pres-
ence or absence of 3 uM ZNHIT2AC. ATPase assays of
ZNHIT2AC alone and without both RUVBL1-RUVBL2
and ZNHIT2AC were included as controls. Assays were
performed in 100 pl reactions in a buffer containing 50 mM
Tris—-HCI pH 7.4, 150 mM NacCl, 20 mM MgCl,, 2 mM
phosphoenolpyruvate (PEP), 0.5 mM NADH, 0.04 U/l
PK (Sigma Aldrich), 0.05 U/ul LDH (Sigma Aldrich) and
5 mM ATP. Absorbance was measured at 37°C in a Victor
plate reader (Perkin Elmer) for 1h. Linear decrease in the
absorbance at 340 nm was used to estimate ATP turnover
and relative RUVBL1-RUVBL2 ATPase activity. Paired
Student’s #-tests were performed to compare the RUVBLI1-
RUVBL2 ATPase activity in the absence versus the presence
of ZNHIT2AC.
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RESULTS

RUVBLI1-RUVBL2 binds strongly to ZNHIT2 C-terminal
domain

We purified human ZNHIT?2 as well as two truncated ver-
sions to analyze their interaction with RUVBL1-RUVBL2,
R2TP and other proteins implicated in the biogenesis of
PRPFS (see later) (Figure 1A). ZNHIT?2 generated a degra-
dation product during our expression and purification strat-
egy which lacked residues 376403, as revealed by mass
spectrometry, and which we were unable to remove from
preparations containing a mixture of the full-length pro-
tein and the C-terminally truncated product. To facili-
tate subsequent analysis and interpretations, we cloned
and expressed ZNHIT?2 lacking this small C-terminal re-
gion (ZNHIT2AC from now on), which did not degrade
any further. ZNHIT2AC was purified using a GST-tag at
the N-terminus that could be removed without affecting
the solubility of the protein (Figure 1C). In addition, we
cloned and expressed an N-terminal fragment (ZNHIT2-
N; residues 1-123) (Figure 1A—C) that included the zinc
finger HIT domain (residues 12-48) whose structure has
been determined by NMR (23), and a C-terminal frag-
ment (ZNHIT2-C; residues 205-375) (Figure 1A-C) that
accumulates a large number of mutations associated to sev-
eral types of cancer (Supplementary Figure S1A). We also
purified several versions of the RUVBLI and RUVBL2
ATPases: the individual RUVBL1 and RUVBL2 subunits,
the preassembled RUVBL1-RUVBL?2 complex, RUVBL1-
RUVBL2 where the OB-fold region of each DIl domain
in both subunits was removed (RUVBL1-RUVBL2ADII),
and the RUVBLI1F33Q_RUVBL2E3!8Q ATPase deficient
mutant, all of these following methods described before
(12).

The interaction between ZNHIT2 and RUVBLI1-
RUVBL2 was then studied by pull-down experiments,
using the GST tag in ZNHIT2AC and analyzing the
eluted material by SDS-PAGE (Figure 1D, top panel;
Supplementary Figure S1B, C). ZNHIT2AC interacted
with the RUVBL1-RUVBL2 complex even in the case
of the ATPase deficient Walker B mutant (labeled as
RUVBL1/2-WB hereafter) and independently of the
nucleotide added to the sample (Figure 1E), suggesting
that ATP binding or hydrolysis is not required for the
formation of the RUVBL1-RUVBL2-ZNHIT2 complex.
The interaction involved both RUVBL1 and RUVBL2,
as each individual subunit could bind ZNHIT2AC on
their own. Interestingly, truncation of part of the DII
domain in the RUVBLI-RUVBL2 complex (residues
127-233 in RUVBLI1, and 134-237 in RUVBL2, labeled
as RUVBLI1/2-ADII hereafter) abolished the interac-
tion, indicating that these domains are necessary for
the assembly of a complex between ZNHIT2AC and
RUVBLI1-RUVBL2 (Figure 1D, top panel). Although it
has been proposed that the HIT domain is required for the
interaction between ZNHIT2 and RUVBL1-RUVBL2 (4),
our findings suggest that the C-terminal of ZNHIT2AC is
sufficient to form a complex with the ATPases (Figure 1D,
middle and bottom panels). Curiously, ZNHIT2-N seemed
to interact more efficiently with RUVBL2 than RUVBLI.
Whereas published experiments were performed using
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a mix of individually purifitd RUVBLI and RUVBL2
in the presence of ATP (4), here we used pre-assembled
RUVBLI1-RUVBL2 complexes, and this might account for
some of the differences observed.

Regardless of this, our results clearly showed that the HIT
domain is dispensable for the binding of ZNHIT2 to pre-
formed RUVBL1-RUVBL2 complexes (Figure 1D, bottom
panel). The C-terminal domain of ZNHIT2AC binds RU-
VBLI1 and RUVBL2 subunits and the interaction was af-
fected by the truncation of the DII domains, thus reproduc-
ing the results obtained for ZNHIT2AC. Crosslinked mass
spectrometry (XL-MS) performed on a purified RUVBL1-
RUVBL2-ZNHIT2AC complex identified several internal
crosslinks in ZNHIT2, RUVBL1 and RUVBL2 but also
a crosslink between residue 325 at the C-terminal domain
of ZNHIT2AC and residue 277 of RUVBLI located in
the vicinity of the DII domains (using PDB 6FO1) and a
crosslink between this same residue and residue 203 within
RUVBL2 DII domain (Figure 1F, Supplementary Table
S3).

Together, these results show that ZNHIT?2 interacts with
RUVBLI1 and RUVBL2 through the DII domains, and that,
contrary to expectation, the HIT domain is dispensable for
the interaction and the C-terminal end of the protein con-
tributes significantly to the interaction between ZNHIT2
and preformed RUVBL1-RUVBL2 complexes.

CryoEM of the RUVBL1-RUVBL2-ZNHIT2AC complex

To determine how ZNHIT2 interacts with RUVBLI-
RUVBL2, the complex was purified in amount and ho-
mogeneity compatible with structural studies by saturating
GST-ZNHIT2AC with RUVBL1-RUVBL2 on the beads
and eluting the complex by cleavage of the GST tag (Fig-
ure 2A). Stability of the eluted complex was probed by size-
exclusion chromatography (SEC), before loading on holey
carbon film for their observation using cryoEM (Supple-
mentary Figure S2, Supplementary Table S3). 2D averaging
of the cryoEM images obtained for RUVBLI-RUVBL2-
ZNHIT2AC revealed side views corresponding to an hex-
americ complex with density attributed to ZNHIT2AC at
the DII-side of the RUVBL ring, being the DII region flex-
ible and less well defined (Figure 2B). When RUVBLI and
RUVBL2 are co-expressed and purified, a mixture of hex-
americ single-ring and dodecameric double-ring complexes
with very distinctive side views can be observed in the elec-
tron microscope (28). Therefore, similarly to what has been
described before for INO80, R2TP and other RUVBLI-
RUVBL2-containing complexes (14), ZNHIT2 engages at
the DII-face of hexameric rings, disrupting dodecameric
complexes.

Structure of the RUVBL1-RUVBL2-ZNHIT2A C complex

The structure of the complex formed by RUVBLI-
RUVBL2 and ZNHIT2AC was determined after 3D pro-
cessing and classification of the cryoEM images to select
homogenous subsets of particles. 173 940 particles (40% of
the initial dataset) converged to a structure at 4.4 A average
resolution, with local resolutions ranging from 3.5 to 8.0 A
(Supplementary Figure S2C). As anticipated by the map-
ping experiments, ZNHIT2AC interacted with the side of

the RUVBL1-RUVBL2 ring where the DII domains locate
(Figure 2C).

Local resolution estimates revealed that, whereas
the RUVBLI-RUVBL2 ring reached high resolution,
ZNHIT2AC was less well defined, with an estimated
resolution value around 8 A (Supplementary Figure S2C).
We hypothesized that the lack of structural features for
ZNHIT2AC was due conformational heterogeneity. To
test this, we used new methods for the reconstruction of
heterogeneous cryoEM structures using neural networks
(39), which revealed the flexibility of the DII domains,
conformational heterogeneity in ZNHIT2AC, and inter-
estingly also the flexible attachment of ZNHIT2AC to
the RUVBLI-RUVBL2 hexameric ring (Supplementary
Figure S3). Such degree of heterogeneity and flexibil-
ity hindered our attempts to improve the resolution of
ZNHIT2AC to a level compatible with atomic modelling.
However, the analysis allowed us to classify images into
more homogeneous subgroups, each with improved fea-
tures for ZNHIT2AC. These structures revealed that the
density for ZNHIT2AC consisted of two regions, and in at
least in some of the volumes a small and a large domain
were clearly defined (Figure 2D, Supplementary Figure
S30).

Although we lack structural information at atomic level
for most of ZNHIT2 with the exception of the HIT do-
main (23), we used ZNHIT?2 alphafold atomic structure pre-
diction (40) to analyze these reconstructions (Supplemen-
tary Figure S3A). According to the prediction, ZNHIT2
consists of two domains, but only the larger C-terminal
domain was predicted with high confidence. We fitted the
model for ZNHIT2AC, after removing large loops, into the
two bodies of density for ZNHIT2AC (Figure 2D, Supple-
mentary Figure S3). Using the automatic sequential fitting
application in Chimera (41) and allowing for some flexi-
bility between the two domains, the larger region of the
ZNHIT2AC cryoEM density was assigned to the large C-
terminal domain predicted for ZNHIT2. Interestingly, this
fitting agrees with the XL-MS data (Figure 1F), since it
places Lys 325 at the ZNHIT2 C-terminal domain in close
proximity of the residues in RUVBL1 and RUVBL2 DII
domains detected by XL-MS (Figure 2E). Taken together,
our results argue in favor of a model where the C-terminal
of ZNHIT?2 provides important contacts between ZNHIT2
and RUVBL1-RUVBL2.

ZNHIT?2 regulates the conformation and ATPase activity of
RUVBL2

We improved the resolution of the RUVBL1-RUVBL2 ring
in the complex to study the consequences of ZNHIT2AC
binding to the ATPase ring (Figure 3A). For this, the
density corresponding to the hexameric ring was sub-
tracted from every image and processed without the in-
fluence of ZNHIT2AC (Supplementary Figure S2). Us-
ing this strategy, the cryoEM map reached a resolution of
4.1 A and the structure was then modelled (Figure 3B-
C). Every subunit of human RUVBLI-RUVBL2 is bound
to a nucleotide in the majority, if not all, of the struc-
tures determined so far for the hetero-hexameric com-
plex in the absence of a binding partner (PDB ID 2XSZ
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Figure 2. CryoEM of the RUVBL1-RUVBL2-ZNHIT2AC complex. (A) SDS-PAGE of the purified RUVBL1-RUVBL2-ZNHIT2AC complex used for
structural studies. (B) Representative 2D averages obtained from the cryoEM images of RUVBL1-RUVBL2- ZNHIT2AC. Grey arrowheads label some of
the RUVBLI-RUVBL2 DII domains, while yellow arrowheads indicate the position of ZNHIT2AC. (C) Two views of the consensus cryoEM map of the
RUVBLI-RUVBL2-ZNHIT2AC complex at 4.4 A resolution. Density for ZNHIT2AC (yellow color) locates at the DII-face of the ring (grey color). (D)
A view of one of the cryoEM maps obtained after classification using cryoDRGN (39), showing the DII-side of the RUVBL1-RUVBL2 ring. The density
for ZNHIT2AC complex is divided in two lobules that correlate with the two domains predicted for ZNHIT2AC by AlphaFold (40). (E) Left panel, a
tilted view of the cryoEM map in D showing the interaction of the large ZNHIT2AC domain. Both the atomic model of the RUVBL1-RUVBL2 complex
and the ZNHIT2AC C-terminal domain are fitted within the map. Linked residues, identified by XL-MS, are shown as green dots. Each RUVBL subunit
is labelled from 1 to 3 (subscript). Right panel, close-up view to highlight the proximity between the cross-linked residues in ZNHIT2 and the adjacent DII

domains in the RUVBL1-RUVBL2 model.

used in the figure), with nucleotides trapped inside their
binding pockets by a short N-terminal region in RU-
VBLI and RUVBL2 (8,14,19) (Figure 3B, right panel).
The structure of the RUVBL1-RUVBL2 ring after bind-
ing to ZNHIT2AC revealed that these N-terminal regions
are still visible in all RUVBLI1 subunits, but it is lost, pos-
sibly disordered, in each RUVBL2 subunit (Figure 3B, left
panel). In accordance, ADP was present in the nucleotide-
binding pocket of every RUVBLI subunit but absent in
all RUVBL2 subunits (Figure 3C). We verified that all 3
RUVBL2 subunits in each RUVBL1I-RUVBL2 hexamer
were affected by these conformational changes by per-
forming several analyzes that discarded an artefact of im-
age processing (Supplementary Figure S4). Curiously, and
as in the case previously described for DHX34 helicase
in complex with RUVBL1-RUVBL2 (12), all RUVBLI
subunits were unaffected by these large changes and still
bound to nucleotide, suggesting that RUVBLI1 probably
does not perform the same function than RUVBL2 in the
complex.

We tested the effect of ZNHIT2AC on the intrinsically
weak ATPase activity of the RUVBL1-RUVBL2 (Figure
3D, Supplementary Figure S5, Table S4). For this, we
used purified RUVBLI-RUVBL2 where the His-tag ini-
tially present in RUVBLI for purification of the complex
was removed by cleavage with protease, to discard any influ-
ence of the tag in the experiments. The effect of ZNHIT2AC
addition was analyzed in the wild type complexes, but also
in complexes containing Walker B mutations in RUVBL1
and/or RUVBL2, which can bind but not hydrolyze ATP
(Figure 3D). Control experiments were made to determine
that the ZNHIT2AC preparation used had only a residual
ATPase activity (Supplementary Figure S5). No ATPase
activity was measured when both RUVBLI1 and RUVBL2
were mutated, regardless of the addition of ZNHIT2AC,
indicating that our measurements correspond to the ac-
tivity of RUVBLI1 and RUVBL2. The ATPase activity of
wild type RUVBL1-RUVBL2 and of mutants with only one
of the subunits mutated were stimulated after addition of
ZNHIT2AC (Figure 3D). This suggests that the interaction
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Figure 3. ZNHIT2AC alters the conformation and ATPase activity of RUVBL2. (A) CryoEM density of the AAA-ring in RUVBL1-RUVBL2 after being
processed independently of the flexible density for ZNHIT2AC and the DII domains. Density for nucleotides is only present in the RUVBLI1 subunits (green
density with ADP fitted inside). ADP molecules, without density accounting for them, are fitted in the described nucleotide binding sites of RUVBL2 only
to highlight the lack of density in the region where nucleotide is present in human RUVBL1-RUVBL2 crystal structures (PDB ID 2XSZ). (B) Right
panel, crystal structure of RUVBL1-RUVBL2 (PDB ID 2XSZ). Grey and pink arrowheads indicate the N-terminal regions of RUVBL1 and RUVBL2
respectively. These were absent in the atomic structure of RUVBLI-RUVBL2-ZNHIT2AC (indicated as pink empty arrowheads). Nucleotides are shown
in green colour. (C) Close-up of nucleotide-binding sites for every RUVBL subunit after the interaction with ZNHIT2AC. Nucleotide molecules are show
in green and nucleotide densities are displayed in semi-transparent green density. In RUVBL2, density for nucleotide is not observed, and this is indicated
by placing ADP in the binding-site. (D) ATPase activity of RUVBL1-RUVBL2, wild type and mutants (RUVBLIwp and RUVBL2wp stand for the
mutants whose Walker B motif has been altered to impair ATPase activity), in the presence and absence of ZNHIT2AC using the value of RUVBLI1-
RUVBL2 alone as 100%. Significance value of the paired Student’s T-Test is shown for the RUVBL1-RUVBL2-ZNHIT2AC complex in comparison with
the RUVBL1-RUVBL2 complex alone.

of ZNHIT2AC with RUVBL1-RUVBL2 affects the activ-
ity of both RUVBL1 and RUVBL2 subunits.

Together, these results show that the interaction of
ZNHIT2AC with the RUVBL1-RUVBL2 complex induces
significant conformational changes which disrupt the in-
teraction with nucleotides in all three RUVBL2 subunits
and affect to the ATPase activity of the RUVBL1-RUVBL2
complex.

ZNHIT2 forms a direct complex with the R2TP-HSP90
chaperon system

The R2TP co-chaperone system is formed after the inter-
action between RUVBL1-RUVBL2 and RPAP3, a pro-
tein that recruits HSP90 to R2TP (Figure 1B). ZNHIT2
associates with R2TP in affinity purifications, however

some data suggest that the interaction of ZNHIT2 with
RUVBL1-RUVBL2 excludes the binding of the RPAP3 (4).
To definitely solve this question, we used purified proteins to
determine if a complex where RUVBL1-RUVBL2 interacts
simultaneously with RPAP3 and ZNHIT2 can form. For
this, we performed a double pull-down experiment using a
His tag in RUVBLI1 and a GST tag in ZNHIT2AC (Fig-
ure 4A). Pull-down of RUVBLI1 from a mix of RUVBLI1-
RUVBL2, RPAP3 and ZNHIT2AC eluted all the compo-
nents of the complex, suggesting the assembly of R2TP-
ZNHIT2AC although we could not discard from this ex-
periment that some RUVBLI-RUVBL2 molecules could
interact with RPAP3 and others with ZNHIT2AC with-
out forming a tetrameric complex. Then, the material eluted
from this first pull-down was subjected to a second pull-
down experiment using the tag in ZNHIT2AC (Figure 4A).
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Figure4. ZNHIT?2 forms a complex with R2TP in vitro and in cells. (A) Consecutive pull-down experiments to analyze the formation of R2TP-ZNHIT2AC
complexes. His-RUVBLI1 was used in a first pulldown step, and then the eluted material was the input of a second pulldown experiment using the GST
tag in ZNHIT2AC. (B) Volcano plot comparing interactors of RPAP3yg6a/F630r Versus RPAP3-WT is shown. Two-sample Student’s 7-test was per-
formed. Only interactors with a P-value <0.05 and a log; ratio < 2 were considered downregulated in the mutant condition. The permutation-based FDR
was estimated to be below 5%. (C) The 22 interactors significantly down-represented in RPAP3 6264 /F630r Versus RPAP3-WT are indicated in the table.
Those linked with U5 snRNP or its maturation are in bold. (D) Immunoprecipitation (IP) of transiently transfected HEK293T cells with RPAP3-WT
RPAP3\626A/F630R - Anti-FLAG-IPs, whole-cell extracts (WCE, 1%) and flow through (FT) were subjected to western analysis using the indicated anti-
bodies. Blots are representative of 5 independent experiments. Data (mean = SEM of five independent experiments) were normalized by total FLAG and
expressed as fold-change of the different proteins indicated association with FLAG with respect to the RPAP3-WT condition. Statistical significance was
analyzed using unpaired #-test. **P < 0.01, ***P < 0.001.
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This showed the co-purification of all four proteins, RU-
VBLI1, RUVBL2, RPAP3 and ZNHIT2AC, thus confirm-
ing that ZNHIT2AC can form a complex with RUVBLI1-
RUVBL2 when these ATPases are forming part of the
R2TP chaperone.

We verified that ZNHIT2 is part of R2TP in cells by
making use of RPAP3, the protein that defines R2TP ver-
sus other complexes participated by RUVBLI-RUVBL2.
RPAP3 interactors in HEK293T cells were analyzed by
affinity purification followed by mass spectrometry (Sup-
plementary Figure S6A). Constituents of R2TP (RUVBLI,
RUVBL2 and PIHIDI) and PFDL (URI1, UXT, PDRGI,
PFDN2, PFDN6) were among the most abundant inter-
actors of RPAP3, but also ZNHIT?2, indicating ZNHIT2
forms a complex with R2TP in cells. We also identified
HSP90 as one the abundant interactors of RPAP3, as ex-
pected since RPAP3 contains two TPR domains that can
bind HSP90 to recruit it to R2TP.

Together, these results clarify that the interaction of
ZNHIT2 with RUVBL1-RUVBL2 is compatible with the
binding of RUVBL1-RUVBL2 to RPAP3 and the forma-
tion of R2TP, and that this way, ZNHIT2 can associate with
HSPY0.

RUVBL1-RUVBL2 and ZNHIT2 associate with US5-
specific proteins

Mass spectrometry revealed the association of PRPFS§
and other US5-specific proteins, such as SNRNP200,
SNRNP40 and EFTUD2 with RPAP3, suggesting that
R2TP forms a complex not only with ZNHIT2 but also
with components of the U5 snRNP (Supplementary Fig-
ure S6A). To determine the role of RUVBL1I-RUVBL2
and RPAP3 in these interactions, we made use of muta-
tions in RPAP3 (RPAP3ye6a-F630r) that disrupt the in-
teraction with RUVBL1-RUVBL2 (9). We compared the
interactome of RPAP3mesa-Fezor With that of RPAP3,
discriminating those interactions mediated by RUVBLI1-
RUVBL2 from those involving RPAP3 (Figure 4B, Sup-
plementary Figure S6B). Interestingly, this comparison re-
vealed 22 interactors significantly down-represented in the
RPAP3Mme26a-Fs30r mutant, 8 of which have been linked be-
fore to US snRNP and its biogenesis (Figure 4B, C). The
mutation completely disrupted the interaction of RPAP3
with RUVBL1, RUVBL2 and ZNHIT2, confirming that
ZNHIT2 engages R2TP thanks to the AAA-ATPases. In-
terestingly, the mutation also affected the interaction be-
tween RPAP3 and some of the components of US snRNP
(PRPF8, SNRNP40, SNRNP200 and EFTUD?2), but to a
lesser extent. PRPFS still showed some association after the
mutation (Supplementary Figure S6B), suggesting that al-
though RUVBL1-RUVBL2 provides the main scaffold be-
tween PRPF8 and the R2TP complex, RPAP3 or complexes
formed by RPAP3 such as RPAP3-PIH1D1 could also con-
tribute to bring PRPF8 to R2TP.

These results were confirmed by immunoprecipitating
overexpressed RPAP3 or RPAP3M626A-F630R in cells (Flg—
ure 4D). Whereas RPAP3 immunoprecipitated the R2TP
complex (RUVBLI-RUVBL2 and PIHIDI), ZNHIT?2,
EFTUD2 and PRPF8, the mutation version of RPAP3
affected the interaction with all these proteins except

PIH1DI. Curiously, after quantification of the experiments,
although PRPF8 was also greatly affected, it seemed to still
interact with RPAP3p626a-Fe30r although significantly less
efficiently than with RPAP3. Together, these results indi-
cate that R2TP associates with ZNHIT2, PRPFS8 and other
components of U5 snRNP, and that RUVBL1-RUVBL2
provides the main scaffold for all these interactions.

ZNHIT2, ECD, AAR2 and PRPFS8 can form complexes with
R2TP

How R2TP deals with a diversity of clients is still not well
understood, but it has been suggested that ‘adaptor’ pro-
teins contribute to put together the chaperone with specific
clients. This model is best characterized for the assembly
of mTOR complexes where a TELO2-TTI1-TTI2 (TTT)
complex serves to bring mTOR to R2TP (11,45). For U5
snRNP, both ZNHIT2 and ECD have been proposed to
function as linker between PRPF8 and R2TP (3,4,20,26).
To analyze this possibility and delineate the interactions
between RUVBL1-RUVBL2, PRPFS8 and several factors
proposed to contribute to its biogenesis, we purified Strep
II-ECD as well as a His- and/or Strep II-tagged version
of AAR2, an assembly factor that forms a complex with
PRPFS in the cytoplasm (46,47). ECD was co-expressed
with CK2, the kinase that mediates ECD phosphorylation
at the consensus motif that is recognized by PIH1D1 (26).
This phosphorylation was confirmed in the recombinant
ECD protein by mass spectrometry.

We analyzed the interactions between all these compo-
nents using several pull-down strategies (Figure 5 and 6).
First, we determined direct interactions using a mix of only
two partners and a different protein as bait. ZNHIT2AC
interacted with RUVBLI-RUVBL2 as expected but also
with ECD (Figure 5A, B). RUVBL1-RUVBL?2 interacted
weakly with ECD (Figure 5B), which agrees with previ-
ous findings (26). When this experiment was repeated but
RPAP3-PIHID1 was added to the mix to allow for the
assembly of R2TP, we recovered a stronger interaction
of ECD with RUVBL1-RUVBL2, possibly thanks to the
binding of PIH1D1 with the consensus phosphorylation-
site present in ECD (Supplementary Figure S7A).

In the experiments using either GST- ZNHIT2AC or
StrepIlI-ECD, we had difficulties to detect the presence of
AAR?2 in the elution. Thus, we addressed the analysis of
direct interactions involving AAR2 using two tagged ver-
sions of this protein (Figure 5C, D). In these experiments,
AAR2 formed direct interactions with ZNHIT2AC, ECD
and RUVBL1-RUVBL2, and AAR?2 was able to pull-down
both ZNHIT2AC and RUVBL1-RUVBL2 when the pro-
teins were mixed together (Figure 5D).

These results indicate that ECD, AAR2 and ZNHIT2AC
can form binary complexes involving any of these pro-
teins. RUVBL1-RUVBL2 interacts directly with all three
proteins, but the interaction with ZNHIT2AC seems the
strongest. We completed this analysis by considering the
formation of complexes involving more than two proteins.
For this, we mixed RUVBL1I-RUVBL2, ECD, AAR2 and
ZNHIT2AC and analyzed the complexes formed after
pull-down of ZNHIT2, ECD and AAR2 (Supplemen-
tary Figure S7B). As seen before when analyzing pairwise
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(A) Pull-down experiments using the GST tag in ZNHIT2AC showing that

ZNHIT2AC interacts with RUVBL1-RUVBL2 and ECD. ZNHIT2AC contaminants (*) coelute with AAR2 so the interaction between ZNHIT2AC and
AAR2 could not be determined in this experiment. Electrophoretic protein mobility is shown with coloured arrowheads according to the protein labels.
Main results are highlighted within rectangles. (B) Pull-down experiments using the Strep II tag in ECD confirmed its interaction with ZNHIT2AC and
RUVBLI-RUVBL2. Electrophoretic protein mobility is shown with coloured arrowheads according to the protein labels. Main results are highlighted
within rectangles. (C) Pull-downs using the His-tag in AAR2 confirmed its interaction with ECD and ZNHIT2AC. Albeit the His-tag been removed from
RUVBLI-RUVBL2 some unspecific interaction was detected in the RUVBL1-RUVBL2 control lane (**). Electrophoretic protein mobility is shown with
coloured arrowheads according to the protein labels. Main results are highlighted within rectangles. (D) Pull-down experiments using the Strep 1I tag in
AAR?2 probed that AAR2 interacts with RUVBL1-RUVBL2 both in the absence and in the presence of ZNHIT2AC. Main results are highlighted within

rectangles.

interactions, AAR2 was only visible in experiments pulling-
down from this protein. These experiments suggested the
formation of several complexes or associations: RUVBL1-
RUVBL2/ECD/ZNHIT2AC; RUVBLI1-RUVBL2/

RUVBL2 (Figure 6B, top panels, Supplementary Figure
S8B) and this was confirmed when pulling down from GST-
RPAP3 pull-down (Figure 6B, bottom panels). This agrees
with the results found by mass spectrometry (Figure 4)

ECD/AAR2; RUVBLI-RUVBL2/ECD/AAR2/ZNHIT2AC where disruption of the interaction between RPAP3 and

and ECD/ZNHIT2AC/AAR2. Figure 1B summarizes all
these interactions.

We then explored the complexes formed by RUVBLI1-
RUVBL2 and PRPFS, in the absence or presence of ECD,
ZNHIT2AC, AAR2 and RPAP3-PIHIDI1. PRPF8 was
produced in mammalian cells as a C-terminal Flag tagged
recombinant protein and the lysates bound to affinity beads.
After extensive washes, different proteins were added to
the beads. Once the excess of proteins added was washed
out, bound proteins were eluted using flag peptide (Fig-
ure 6). As a control to discard unspecific bindings, we per-
formed exactly the same experiment for each of the pro-
teins tested, but using a lysate from mammalian cells pro-
ducing the C-terminal Flag but not PRPF8 (Supplementary
Figure S8A). These control experiments showed that none
of the proteins were eluting when PRPF8 was not present.
However, when Flag-PRPF8 was present in the lysates,
RUVBLI1-RUVBL2 formed a direct complex with PRPF8,
and this interaction was still detected when ATP was added
to the reaction (Figure 6A). We then analyzed if PRPFS
could also interact with the other components of R2TP us-
ing the same methodology PRPFS interacted directly with
RPAP3-PIH1DI in the presence and absence of RUVBLI1-

RUVBLI1-RUVBL2 affected strongly but not completely to
the binding to PRPFS.

Interestingly, when RUVBL1-RUVBL2, AAR2, ECD,
RPAP3-PIHIDI and ZNHIT2AC were added to the Flag-
affinity resin loaded with Flag-PRPF8, all these proteins
eluted with PRPF8 (Figure 6C, Supplementary Figure
S8C). Although we cannot discard that some of the eluted
material could contain a mix of different complexes with
PRPFS, the results strongly suggest that several of these
proteins can be simultaneously part of the same complex.

Together, our results reveal that RUVBLI-RUVBL2,
RPAP3-PIHIDI1, ZNHIT2, AAR2, ECD and PRPF8 can
assemble large complexes containing several of these pro-
teins. ZNHIT2 and PRPF8 seem to make some of the
stronger interactions with the RUVBL1I-RUVBL2 AT-
Pases.

DISCUSSION

The biogenesis of PRPF8 and U5 snRNP is a complex
pathway requiring the intervention of several factors, in-
cluding the HSP90 chaperone and the R2TP co-chaperone
(3,4). R2TP contributes to the stability and assembly of sev-
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the GST tag in RPAP3 within the RPAP3-PIHIDI1 complex, analyzed by western blot. MW, molecular weight markers. (C) In the presence of ECD,
ZNHIT2AC, RUVBLI-RUVBL2, RPAP3-PIHID1 and AAR?2 (preys), PRPFS (bait) interacted with RUVBL1-RUVBL2, RPAP3-PIHID1, AAR2 and
ECD as show in the Flag-pull-down assay. Control experiments using a cell extract lacking the overexpressed PRPFS, but overexpressing the Flag-tag were
run in parallel SDS-PAGE for the experiments and they are shown in Supplementary Figure S8. Stained SDS-PAGE gels can be found in Supplementary
Figure S8C.The presence of PRPF8, RUVBLI-RUVBL2, ECD, AAR2, RPAP3, PIHIDI and ZNHIT?2 in the Flag-pull-down assays was analyzed by

western blot.
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eral macromolecular complexes, but the mechanisms are
not well understood. It is believed that one of the func-
tions of R2TP is to facilitate the interaction between specific
clients, such as PRPFS, with HSP90, acting as a scaffold be-
tween the chaperones and the clients. In addition, ATPase
hydrolysis by RUVBLI-RUVBL2, the two ATPases in the
complex, is required for some activities of R2TP in cells
(13). This picture gets further complicated because R2TP
requires additional factors to perform its functions, most of
which are client dependent. All this suggests that the R2TP-
HSP90 chaperone and its clients will transit though several
stages containing different ancillary factors and displaying
different conformations capable of recruiting and manipu-
lating the clients.

ZNHIT?2 participates in the biogenesis of PRPF8 and
U5 snRNPs and interacts with RUVBL1-RUVBL2 (4), but
how ZNHIT2 works and how it affects R2TP is not under-
stood in detail. Here we have characterized the interactions
of ZNHIT2 with R2TP, RUVBL1-RUVBL2, ECD, PRPF8
and AAR2. We find that ZNHIT?2 performs at least two dis-
tinct functions, regulating the conformation and nucleotide
state of RUVBL1-RUVBL2, and been part of a network of
interactions with other factors involved in the maturation
of PRPF8 and the R2TP-HSP90 chaperone system.

A nucleotide is bound in the ADP/ATP binding pocket
of every RUVBLI1 and RUVBL2 subunit of all the struc-
tures determined so far for human RUVBL1-RUVBL2
hetero-hexamers (17). It has been proposed that hexamer-
ization obstructs the exchange from ADP to ATP, explain-
ing in part the low ATPase activity of the complex (17—
19). Recently, several proteins have been found to promote
the release of the nucleotides trapped within the RUVBL1-
RUVBL2 oligomers (8,12). DHX34, an RNA helicase in-
volved in NMD, and PIHIDI, one of the components
of the R2TP complex, interact with the DII domains of
RUVBLI1-RUVBL2 inducing conformational changes in a
N-terminal region of RUVBL2 and the release of the bound
nucleotides (8,12,19). Interestingly, we now find that ZN-
HIT?2 interacts with the DII domains of several subunits
of the RUVBL1-RUVBL2 complex, and this also induces
changes in the N-terminal regions of RUVBL2, which are
no longer visible in the cryoEM map of the RUVBLI1-
RUVBL2-ZNHIT2AC complex, and nucleotides are lost in
all RUVBL2 subunits. ZNHIT2 modestly affects the rate
of ATP hydrolysis by RUVBL1-RUVBL2 in vitro and we
hypothesize that ZNHIT2 could function as a regulator
of RUVBLI-RUVBL2 ATPase activity of during the bio-
genesis of PRPFS. What could be the functional relevance
of such regulation of RUVBL1-RUVBL2 ATPase activity?
Clients need to be first loaded to the R2TP-HSP90 chap-
erone, then manipulated and finally released once the as-
sembly process has been completed and they are fully as-
sembled and functional. Thus, ATP hydrolysis might be in-
volved in the regulation of all these interactions as well as
of the conformational transitions required to transform a
series of components and assembly factors into a finally
assembled and matured product to be released from the
chaperone. Although very little is known about the con-
formational cycle of R2TP-HSP90 during the activation of
clients, some evidence links ATP hydrolysis with the forma-
tion of interactions between R2TP and the clients. The com-
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ponents of the PFDL and TTT complexes as well as the
PIKK clients significantly increase their association with
RUVBLI1-RUVBL2 when cells are incubated with an in-
hibitor of their ATPase activity (13).

Previous studies have shown that, at least in the presence
of nucleotides and using a mix of purified RUVBLI1 and
RUVBL2, removal of the HIT domain greatly reduced the
binding of ZNHIT2 to RUVBL1-RUVBL2 (4), providing
a rational to why several members of the HIT-containing
family of proteins form a complex with RUVBL1 and RU-
VBL2 (22). When using preassembled RUVBL1-RUVBL2
complexes, we detect binding between the HIT-containing
region and RUVBL1-RUVBL2 but in contrast to the pub-
lished results, the C-terminal region of ZNHIT2 was also
sufficient for binding to RUVBL1-RUVBL2. This was sup-
ported by XL-MS that detects a crosslink between this C-
terminal domain and the DII domain of both RUVBL1 and
RUVBL2. CryoEM shows that ZNHIT2 interacts exten-
sively with several DII domains of the RUVBL1-RUVBL2
ring in a rather flexible way, and therefore it would be ex-
pected that multiple regions of ZNHIT2 participate in the
formation of the RUVBLI-RUVBL2-ZNHIT2 complex.
In the cryoEM map, ZNHIT?2 is resolved as a small and
a large domain that can be interpreted as the N- and C-
terminal domains of ZNHIT2 with the help of the pre-
dicted atomic structures. The large ZNHIT2 C-terminal do-
main contacts several subunits of the RUVBL1-RUVBL2
complex, and some of the contacts were identified by XL-
MS. In particular, a serine residue in the OB-fold of RU-
VBL2 and a lysine residue in the DII domain of RUVBLI1
crosslink with ZNHIT2 C-terminal domain. This interac-
tion co-exists with other contacts between ZNHIT2 and
the RUVBL1-RUVBL2 complex, which agrees with struc-
tures of the INO80 complex showing that Ies2/ZNHIT4
and Ies6 use several regions, not only the HIT domain, to in-
teract with Rvbl /RUVBLI1-Rvb2/RUVBL2 (25,48). There-
fore, discrepancies between our work and that of Cloutier
et al. (4) might reflect the dynamics of the R2TP chaper-
one system and be due in part to the use of preassembled
RUVBLI1-RUVBL2 complexes and no added nucleotides
in our case.

In addition to its role as regulator of RUVBL1-RUVBL2
conformation, we find that ZNHIT2 forms part of a com-
plex network of interactions with PRPF8 and with ECD
and AAR2, factors involved in the biogenesis of PRPFS,
and that in cells, the RUVBL1-RUVBL2-ZNHIT2 com-
plex assembles with R2TP and HSP90. It is believed that
R2TP and the RUVBL1-RUVBL2 complex assist the as-
sembly of several unrelated complexes thanks to the help
of other factors specific for each client. Some of these fac-
tors could function as adaptor proteins or scaffolds con-
necting specific clients to the chaperone, while others could
perform other, yet unknown, regulatory functions specific
to each client. For example, the TTT complex acts as a scaf-
fold between R2TP and clients during the biogenesis of the
kinases of the PIKK family, but it also regulates the ATP
hydrolysis and some of the interactions taking place within
the R2TP complex (11). Our results suggest that ZNHIT2
could be part of a larger complex containing other regu-
latory subunits together with PRPF8 and R2TP. ZNHIT2
and ECD could work as part of the same complex as they
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interact together and they can coexist when in complex with
RUVBLI1-RUVBL2. PRPFS can interact with R2TP with-
out the help of any additional factor, at least in vitro. Hence,
ZNHIT2 and possibly ECD might be part of a list of factors
that could be required to regulate the activity and confor-
mational state of the R2TP-HSP90 chaperone during the
several steps needed for the assembly of a matured PRPFS.
ZNHIT? for instance could modulate R2TP activity while
PRPF8 and AAR?2 are being brought together and remod-
eled.

Some evidence suggested that RPAP3 and ZNHIT2
could compete for the binding to RUVBL1-RUVBL2 and
therefore that ZNHIT2 could not be part of R2TP (4,22).
Here, we demonstrate that ZNHIT?2 does assemble a com-
plex with R2TP, using purified proteins and a double affin-
ity purification in vitro, and analyzing the RPAP3 interac-
tome in cells, and that the interaction between ZNHIT2
and RUVBL1-RUVBL2 can possibly coexist with the bind-
ing of PRPF8 to R2TP and HSP90. PRPF8, ZNHIT2 and
RUVBLI1-RUVBL?2 interact with RPAP3 in cells, and also
with HSP90, which binds the TPR domains in RPAP3. But
when the binding of RPAP3 to RUVBL1-RUVBL2 is com-
promised using an RPAP3 mutant, the association of ZN-
HIT2 with R2TP is lost, indicating that ZNHIT?2 binds to
R2TP by RUVBL1-RUVBL2. PRPF8 also associates with
R2TP mostly by the direct interaction with the RUVBL1-
RUVBL2 complex, but the in vitro pull-down experiments
and the mass spectrometry in cells suggest that RPAP3-
PIH1D1 also contributes to bring PRPF8 to the R2TP com-
plex.

Taken together, here we have characterized the interac-
tion of ZNHIT2 with the R2TP chaperone system involved
in the biogenesis of PRPFS. ZNHIT2 is part of a complex
network of interactions between factors that participate in
PRPFS biogenesis while concurrently regulating the con-
formation of the RUVBL1-RUVBL2 ATPases, their nu-
cleotide state, and their capacity to hydrolyze ATP. The bio-
genesis of PRPF8 is a complex pathway, and further work
will be required to elucidate the mechanistic details of how
R2TP-HSP90 contributes to U5 snRNP assembly.
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