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Cryo-EM structure of the AAA+ SPATA5
complex and its role in human cytoplasmic
pre-60S maturation

Yuhao Dai 1,2, Damu Wu 1,2, Ningning Li 1, Chengying Ma1,
Yunyang Zhang1 & Ning Gao 1,3,4

Eukaryotic ribosome biogenesis is an energy-consuming process involving
many ATPase-driven steps. In yeast, AAA+ protein Drg1 releases an assembly
factor Rlp24, a placeholder for Rpl24, from pre-60S particles just exported to
cytosol. The equivalent process in human cells involves SPATA5 (Drg1 homo-
log) and additional factors. However, the mechanistic details remain unclear.
Here we reveal that SPATA5 forms a 4:2:2:2 complex with SPATA5L1, C1orf109,
and CINP. This complex features an N-terminal ring made of C1orf109, CINP
and NTDs of SPATA5/SPATA5L1, and two hexameric AAA+ ATPase rings.
Intriguingly, a conserved cysteine C672 in the P-loop of SPATA5 is sulfinylated,
generating an inactive conformation incompatible with ATP binding. We also
obtained a cryo-EM structure of pre-60S-bound SPATA5 complex. Different
from yeast, the recognition of the pre-60S particle is mediated by human-
specific factor CINP, through two distinct sets of interactions: one with
GTPBP4 and the other with ES27A. Taken together, these data provide struc-
tural basis for understanding the cytoplasmic maturation of the pre-60S, and
reveal human-specific features that might be harnessed for therapeutic
purposes.

Eukaryotic ribosome biogenesis is an intricate and energy-intensive
process involving more than 200 assembly factors and around 80
snoRNAs1–5, including many energy-consuming enzymes, such as
GTPases, RNA helicases, kinases, and ATPases6,7. Mechanical removal
of certain placeholder factors is often employed as a mechanism to
ensure the hierarchy of the assembly process, and to serve as quality
control checkpoint. Such an example is the removal of an assembly
factor Rlp24 from the pre-60S particle by AAA+ ATPase Drg1 in
cytoplasm8–12. Rlp24 serves as a placeholder of ribosomal protein
Rpl24, and this Rlp24-Rpl24 exchange is crucial for thefinalmaturation
of the pre-60S particles in the cytoplasm. Structural and biochemical
studies showed that Drg1 hexamer docks onto the cytoplasmic pre-
60S particles through interactions with Arx1 and ES27, captures the

flexible C-terminus of Rlp24 with its conserved pore-loops, and dis-
sociates Rlp24 from the pre-60S particle by threading the C-terminus
of Rlp24, which is a prerequisite for the release of other associated
assembly factors8–12. While this process is well studied in budding
yeast, its equivalent process in human cells has remained to be eluci-
dated. Although ribosome assembly is generally considered to be
highly conserved from yeast to humans, recent studies indicated that
the human process is more complex13, and an increasing number of
species-specific features have been revealed14–20.

The human homolog of Drg1 is SPATA5 (spermatogenesis-asso-
ciated protein 5), which was first suggested to be associated with
spermatogenesis21. Mutations in SPATA5 have been linked to a neu-
rodevelopmental disorder with hearing loss, seizures, and brain
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abnormalities, underscoring the critical importance of its physiologi-
cal function22–25. In addition,mutations in the SPATA5L1, a paralogue of
SPATA5, also exhibit similar clinical phenotypes26, implying that
SPATA5 and SPATA5L1 may function together. These symptoms
caused by SPATA5/SPATA5L1 mutations closely resemble those
abnormalities in neurodevelopmental ribosomopathies, which are
caused by dysregulated ribosome biogenesis5,27. A recent study
revealed that SPATA5 and C1orf109 function in ribosome biogenesis
through a CRISPR-based screening28. Based on previous proteomic
data that CINP (CDK2-interacting protein), C1orf109, and SPATA5L1
were potential binding partners of SPATA529,30, this study further
showed that these four factors likely function together to dissociate
RLP24 from human pre-60S particles28. It is intriguing that four factors
are necessary for this process in human while the yeast only requires
one. The understanding of this difference requires a detailed
mechanistic dissection of how SPATA5, SPATA5L1, C1orf109, and CINP
work together to dissociate RLP24 from the human pre-60S particle.

In this study, using cryo-electron microscopy, we obtained the
high-resolution structure of the SPATA5 complex and the structure of
the endogenous pre-60S complex bound with the SPATA5 complex.
Our data show that the mechanistic details of the RLP24 dissociation
are sharply different from the equivalent process in yeast, contributing
to the understanding of the increased, greater complexity in human
ribosome biogenesis.

Results
SPATA5, SPATA5L1, C1orf109 and CINP assemble into a stable
complex
Given the potential of SPATA5, SPATA5L1, C1orf109, and CINP in pro-
moting the dissociation of RLP24 from pre-60S ribosome in
cytoplasm28, we tested the expression of these proteins individually in
HEK293T cells. Unexpectedly, wild-type (WT) SPATA5 exhibited a sig-
nificantly compromised expression level, compared with its Walker B

mutant forms (catalytic E to Q, namely SPATA5D1EQ, SPATA5D2EQ, and
double mutant SPATA52EQ) (Supplementary Fig. 1a). These mutations
slow downor abolish ATP hydrolysis inmost AAA+ ATPases but do not
affect ATP binding10,31. Interestingly, different from SPATA5, both the
WT and mutant forms of SPATA5L1 showed comparable expression
levels (Supplementary Fig. 1a). Further co-overexpression tests in dif-
ferent combinations confirmed that the expression level of SPATA5L1
could be improved by co-expression with SPATA52EQ (Supplementary
Fig. 1b), and there is also a mutual expressional promotion between
C1orf109 and CINP (Supplementary Fig. 1b). To test whether these
proteins could form a stable complex either alone or in combination,
all the samples were purified using anti-FLAG affinity beads against the
C-terminal 3 × FLAG tag of SPATA52EQ. Then, these samples were
examined by size-exclusion chromatography (SEC) and negative-
staining electron microscopy (nsEM). Firstly, SPATA52EQ alone
showed no sharp peak, and proteins were distributed in all SEC frac-
tions (Supplementary Fig. 1d, e). The nsEM analysis of peak fractions
collected between 13.0 and 14.0mL showed that these particles lacked
the characteristic AAA+ ATPase hexameric arrangement and appeared
to be aggregates (Supplementary Fig. 1f). Next, we co-expressed
SPATA52EQ and SPATA5L1 and found that they also failed to form
hexameric ring structures (Supplementary Fig. 1g–i). In sharp contrast,
upon co-expression of SPATA52EQ, SPATA5L1, CINP and C1orf109, the
SEC revealed two obviously separated peaks (Fig. 1a). The position of
peak 2 indicates amolecular weight of approximately 650kDa (Fig. 1a).
SDS-PAGE and Coomassie blue staining of the fractions from the peak
2 showed that SPATA5 2EQ, SPATA5L1, C1orf109 andCINP indeed forma
complex (Fig. 1b). The nsEM further demonstrated thatmany particles
did display a hexameric ring structure (Fig. 1d), which is a typical fea-
ture of AAA+ ATPases10,31.

The position of the peak 1 is close to the void volume, and the
nsEM showed that there are mostly ribosome-like particles in the peak
1 fractions (Fig. 1c), which is consistent with our expectation that the
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Fig. 1 | SPATA5, SPATA5L1, C1orf109 and CINP assemble into a stable complex
and bind to the ribosomal particles. a Size-exclusion chromatography of the
affinity-purified SPATA5 complex from cells co-expressing SPATA52EQ(E454Q/E728Q),
C1orf109, SPATA5L1, and CINP, showing two separated peaks labeled as peak 1 and
peak 2.b SDS-PAGE and silver staining analysis of the peak 1 sample, and coomassie
blue staining analysis of the peak 2 samples. Protein bands corresponding to
SPATA52EQ, C1orf109, SPATA5L1, and CINP are labeled. HSP70 is labeled with an

asterisk. Source data are provided as a Source Data file. c, d Negative staining
electron microscopy image of the peak 1 (c) and peak 2 (d) samples. e, f Ribosome
profiling of the cell lysates co-expressing SPATA52EQ-Flag, HisSPATA5L1, StrepCINP, and
HAC1orf109. Western blotting was used to confirm the presence of these proteins in
the ribosomal fractions with Flag, His, Strep, and HA tag antibodies, respectively.
Source data are provided as a Source Data file.
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mutant SPATA5 complex might have been trapped on pre-60S parti-
cles. On the silver-stained SDS-PAGE gel of the fractions from peak 1,
SPATA5 and SPATA5L1 bands could be readily identified (Fig. 1b). The
bands of CINP and C1orf109 might have overlapped with ribosomal
proteins due to the similar molecular weights (Fig. 1b). To confirm that
CINP and C1orf109 are also in the ribosome-like particles, sucrose
density gradient centrifugation was conducted using the cell lysates
expressing these four proteins. As expected, western blotting shows
that these four proteins are all present in the ribosomal fractions
(Fig. 1e, f).

Given the function of SPATA5 in dissociating RLP24 from pre-60S
particles28, we overexpressed themutant SPATA5 complex inHEK293T
cells to assess the impact of the ATP-hydrolysis-deficient mutation of
SPATA5. As expected, SPATA52EQ leads to a strong defect in RLP24
dissociation (Supplementary Fig. 2a), indicative of a possibility that the
mutant SPATA5 complex could be stuck with its substrate on the pre-
60S particle. Furthermore, there was an apparent nucleolar retention
of RPL28 (Supplementary Fig. 2b–f), implying that the sequestration of
RLP24 in the cytoplasm should have further caused defects in the
nucleolar steps of ribosome assembly. These observations have phe-
nocopied the mutant HEK293T cells with genes for individual com-
ponents of the SPATA5 complex knocked out28.

Structural organization of the SPATA5 complex
Cryo-EM analysis of the SPATA5 complex initially generated a density
map for the overall complex at a global resolution of 3.8 Å (Supple-
mentary Figs. 3a, b, 4a and Supplementary Table 1). Due to the flexible
connection between the NTD-ring and the D1-ring of the SPATA5
complex, local refinement was performed, focusing on the NTD-ring
and the D1/D2 rings separately, resulting in improved maps at resolu-
tions of 3.4Å and 3.5 Å, respectively (Supplementary Fig. 4b, c). An

atomic model was built using the AlphaFold-predicted structures of
these four proteins as initial templates (Fig. 2c, d and Supplementary
Fig. 5a–c).

The dimensions of the SPATA5 complex measure about 141 Å in
height and 133Å in width (Fig. 2a). This complex consists of SPATA5,
SPATA5L1, C1orf109, and CINP in a stoichiometric ratio of 4:2:2:2
(Fig. 2a–d). Both SPATA5 and SPATA5L1 contain an N-terminal domain
(NTD, composing of NTD1 and NTD2 subdomains) (Supplementary
Fig. 6a), and a long insertion sequence (residues 215–314) is found in
the NTD2 of SPATA5 (Fig. 2e). Vice versa, an insertion sequence of
residues 604–621 lies in the D2 domain of SPATA5L1, following the
Inter-Subunit Signaling motif (ISS) (Fig. 2e and Supplementary Fig. 7).
These two insertions are flexible and not resolved in the cryo-EM
density map. With regard to CINP and C1orf109, they exhibit similar
secondary structures, both consisting of five α-helices (Fig. 2e).

From the top view, two sets of the “T”-shaped C1orf109-CINP
heterodimer are arranged in an apparent C2-symmetric manner
(Fig. 3a). Within the “T”-shaped heterodimer, the loop between α1-α2
helices ofC1orf109 interactswithCINP throughextensive hydrophobic
interactions (Fig. 3b, c). The NTD of one SPATA5 (named SPATA51)
binds at the “T”-junction of C1orf109-CINP heterodimer in a vertical
orientation, relative to the NTD-ring (Supplementary Fig. 6b), and
interacts with both C1orf109 and CINP within this heterodimer
(Fig. 3a, b). The NTDs of the other SPATA5 (named SPATA52) and
SPATA5L1 adopt vertical and horizontal orientations respectively
(Supplementary Fig. 6b), and they form a subcomplex to bridge
together the two C1orf109-CINP heterodimers (Fig. 3a). Specifically,
the NTD of SPATA52 binds between C1orf109 of one C1orf109-CINP
heterodimer and CINP of the other C1orf109-CINP heterodimer
(Fig. 3a, f, h), whereas the NTD of SPATA5L1 only binds to C1orf109
(Fig. 3a, j). Through this network of inter-domain interactions, the
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Fig. 2 | Overall structure of the mutant SPATA5 complex. a, b Cryo-EM map of
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NTD-ring of the SPATA5 complex forms a funnel-like structure, and the
helical bundles of CINP and C1orf109 constitute the inner wall of the
funnel (Fig. 3a and Supplementary Fig. 6b). This strategic location of
CINP and C1orf109 immediately suggests that they likely function as
adapters to mediate the interaction between the SPATA5/5L1 hexamer
and the substrate.

Many naturally occurring mutations in SPATA5 and SPATA5L1
have been linked to a disease condition, named NEDHSB (neurode-
velopmental disorder with hearing loss, seizures, and brain abnorm-
alities) (Supplementary Data 1)22–26. A previous study revealed that
some of these mutations predominantly affect structural stability or
mediates protein-protein interaction32. Given the potential of the NTD-
ring in the complex assembly, we further analyzed those mutations
located in the NTDs of SPATA5 and SPATA5L in the structural context

and found thatmany of them are located at the subunit interfaces. For
instance, R84 within the NTD1 of SPATA5 interacts with both E147 of
CINP (Fig. 3e) and D199 of C1orf109 (Fig. 3i), contributing to the
interactions with these two factors. The R84Q mutation of SPATA5
would disrupt the polar interactions at both interfaces (Fig. 3e, i). For
another example, the G185E mutation within the NTD2 of SPATA5 is
located at both the SPATA51-C1orf109 (Fig. 3b) and the SPATA52-CINP
interfaces (Fig. 3f), and this mutation may perturb the two interfaces
due to the introduction of a large negatively charged side chain
(Fig. 3d, g). Similarly, disease-relevant mutations of SPATA5L1 are also
located at the subunit interfaces. The NTD of SPATA5L1 and C1orf109
have an extensive interface (Fig. 3j, l, m), and a pathogenic mutation
T26A of SPATA5L1 is located in a polar micro-environment between
theNTD1 of SPATA5L1 and theα3 ofC1orf109 (Fig. 3l). Moreover, three
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mutations, R64W,D66Y and F71L of SPATA5L1, are concentrated at the
interface between the NTDs of SPATA5L1 and SPATA52 (Fig. 3j, k),
underscoring the importance of this NTD subcomplex in bridging the
two CINP-C1orf109 heterodimers. Altogether, the locations of these
above-mentioned NTD mutations firmly demonstrate that the inter-
action network that forges the NTD-ring in the SPATA5 complex are
critically important for its physiological function.

Unique structural features of the SPATA5 complex and func-
tional differentiation between SPATA5 and SPATA5L1
SPATA5 and SPATA5L1 constitute the hexamer in a stoichiometric ratio
of 4:2 (Fig. 2c, d), which has not been reported in other AAA+ ATPase
hexamers. More interestingly, the complex displays different devia-
tions from typical AAA+ hexamers at different axial positions. At the
NTD-ring, the structure is in a square-like shape (Supplementary
Fig. 6b). In sharp contrast, the complex is hexagonal at the D1-ring
(Fig. 4a) and deformed into an elongated hexagon at the D2-ring
(Fig. 4b). As a result, the overall structure displays a two-fold sym-
metry, with the four SPATA5 subunits exhibiting two different

conformations (Supplementary Fig. 8a, b). Notably, the differences
betweenSPATA51 andSPATA52 lie in both theorientations between the
D1 and D2 domains, and between the large and small subdomains of
the D2 domain (Supplementary Fig. 8a, b).

There are three unique interfaces that mediate the formation of
the SPATA5 hexamer. Typically, AAA+ ATPases function primarily by
utilizing their conserved pore loop motifs to bind to their
substrates33–35, and they rely on the sequential hydrolysis of ATP on
different protomers to provide the energy for the substrate translo-
cation through a hand-over-hand mechanism36. As exhibited in the
multiple sequence alignment (Supplementary Fig. 7), the PL-Is (pore
loop I) of SPATA5 D1 and D2 domains possess an aromatic residue,
F427 and Y701, respectively, similar to its yeast homolog Drg1 (Sup-
plementary Fig. 7). In contrast, the D1 PL-I of SPATA5L1 lacks an aro-
matic residue, and a positively charged residue R274 is in this
equivalent position (Supplementary Figs. 7, 8c). Although the D1 PL-Is
of human p97 and yeast Cdc48 also contain a non-aromatic residue,
they are still hydrophobic methionine or leucine (Supplementary
Fig. 7). This difference between SPATA5 and SPATA5L1 implies that
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provided as a Source Data file.
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they might have been functionally differentiated in the substrate
processing.

Next, we examined the ATP binding sites within the SPATA5
complex. In the D1-ring, all six ATPase sites are occupied by ATP
molecules (Fig. 4a). The two-fold symmetry leads to the formation of
three distinct ATPase centers for the D1-ring. In the SPATA52: SPATA51
site, the arginine fingers fromSPATA51 are distant fromATP (Fig. 4c, f),
suggesting that this site is not optimally configured for ATP
hydrolysis37. The sites of SPATA5L1: SPATA52 and SPATA51: SPATA5L1
are similarly arranged in an inactive state (Fig. 4d, e, g, h). In addition,
ATP in the SPATA51: SPATA5L1 center appears to be in a sub-
stoichiometric ratio (Fig. 4d).

We further investigate why the entire SPATA5 complex is in an
inactive configuration for ATP-hydrolysis. The ATPase activity of the
Drg1 complex is triggered by its substrate8. We speculate that the
substrate is also important for the ATPase activity of the SPATA5
complex. The expression level ofWT SPATA5was very low evenwhen
co-expressed with SPATA5L1, CINP, and C1orf109 (Supplementary
Fig. 1c). We found that the fusion of a GFP to the C-terminus of
SPATA5 (SPATA5WT-GFP) could improve its expression. Thus, to mea-
sure the ATPase activities of different ATPase centers on SPATA5 and
SPATA5L1, we purified the WT and various forms of mutant SPATA5
complexes (four components were co-expressed), carrying a muta-
ted Walker B motif (E to Q) in either the D1 or D2 domain of SPATA5
or SPATA5L1 (5D1EQ, 5D2EQ, 5L1D1EQ, 5L1D2EQ). The in vitro ATP hydrolysis
assay using the different SPATA5 complexes showed that the ATPase
activity critically depends on the substrate, the C-terminal fragment
(residues 85–163) of RLP24. In the absence of the substrate, neither
the SPATA5WT-GFP nor these mutant complexes exhibited measur-
able ATPase activity (Fig. 4i). Upon addition of the substrate, ATPase
activity increased significantly for all WT and mutant complexes. As
expected, the four mutant complexes all showed reduced ATPase
activity compared to the SPATA5WT-GFP complex (Fig. 4i), indicating
that the ATPase centers on the SPATA5 complex all contribute to the
overall ATP-hydrolysis activity. Next, we assessed the retention of
RLP24 on the pre-60S particles in HEK293T cells upon expressing
various forms of mutant SPATA5 complexes. The crude ribosomes
(including immature ribosomal subunits) were first obtained by
sucrose cushion centrifugation, and the RLP24 retention was exam-
ined by western blot analysis (RPL28 was used as a control). The
results show that the SPATA5D2EQ complex exhibited the most pro-
nounced retention of RLP24 (Fig. 4j). In contrast, the SPATA5D1EQ, the
SPATA5L1D1EQ, and the SPATA5L1D2EQ complexes only showed minor
inhibitory effects on RLP24 dissociation. These findings suggest that
the D2 ATPase center of SPATA5 might be more important for the
function of the SPATA5 complex in RLP24 dissociation.

The oxidative modification of the P-loop cysteine residue of
SPATA5 inactivates its ATPase activity
With regard to the D2 domains, very surprisingly, only two
SPATA5L1 subunits exhibit ATP-bound states (Fig. 4b and Supple-
mentary Fig. 8d, e). The ATP-binding P-loop/Walker A motif of
SPATA5 is folded completely differently, incompatible with ATP
binding (Fig. 5a–c). Structural comparisons of the SPATA5 with
SPATA5L1 P-loops indicate that a cysteine residue C672 in the P-loop
of SPATA5 is in a distinct orientation and sterically clashes with the
ATP molecule (Fig. 5d–f, h). Consequently, the D2-ring only pos-
sesses two ATPase centers in two SPATA5L1 subunits. Further
examination of the density map revealed that C672 of SPATA5 dis-
plays a much larger side-chain density (Fig. 5b, c), indicative of a
post-translational modification. Notably, the equivalent positions of
C672 on Drg1 and p97 are also cysteines (Fig. 5g), and the P-loop
residue C522 of Drosophila Cdc48 was previously shown to be sub-
jected to oxidative modification, leading to the inactivation of the
ATP hydrolysis38. Therefore, we performed post-translational

modification profiling of the purified SPATA5 complex using mass
spectrometry and found that almost all SPATA5 proteins are sulfi-
nylated (Cys-SO2H) at the C672 position (Supplementary Fig. 9a, c,
Supplementary Data 2 and Supplementary Table 2).

To further validate whether this C672 modification occurs on
endogenous WT SPATA5, we established a CRISPR knock-in cell line
(GFP-strep-SPATA5) and purified the endogenous SPATA5 complex.
Consistent with the data on recombinant proteins, we also detected
the sulfinylation at the C672 site (Supplementary Fig. 9b, c, Supple-
mentary Data 2 and Supplementary Table 2), with an overall mod-
ification level of approximately 70% (Supplementary Table 2). Sincewe
have included 1mM TCEP in all purification buffers, this modification
should not be introduced during purification. Together, these data
unveil an interesting mechanism, which might be universal for many
AAA+ ATPases, that the cysteine oxidation in the P-loop serves as a
regulatory switch to turn off the ATPase activity.

Structure of the pre-60S particles co-purified with the mutant
SPATA5 complex
The ribosome-like particles of the peak 1 fractions were also subjected
to cryo-EM analysis (Supplementary Fig. 10a and Supplementary
Table 1). As expected from the function of SPATA5, these particles
turned out to be large subunit assembly intermediates and two major
states were revealed through 3D classification. The first state was
resolved at the final resolution of 2.7Å (Supplementary Fig. 10b), clo-
sely resembling the previously described humanpre-60S structures, in
which nuclear assembly factor GNL2 has dissociated15. In the structure
of the state 1, the ITS2 has been removed and most of the rRNAs have
assumed theirmature-like conformations. For instance, the 5SRNP has
rotated, and the peptidyl transferase center helices H68-H69 have
been stabilized (Fig. 6a). Regarding the assembly factors, TMA16,
GTPBP4, eIF6, ZNF593, and RLP24 are present (Fig. 6a). The state 2 is,
in general, similar to the state 1, except that ZNF593 is in sub-
stoichiometric occupancy and H68-71 is flexible and not yet in its
mature-like conformation (Supplementary Fig. 10c, d). These struc-
tural observations indicate that they are cytoplasmic pre-60S particles.
Although all four components of the SPATA5 complex are present in
the sample (Fig. 1b, e, f), the SPATA5 complex was not stably resolved
in thefinal densitymap. Nevertheless, the examinationof nsEM images
indeed found many SPATA5 complex-bound pre-60S particles
(Fig. 6b). These data collectively suggest that the SPATA5 complex is
indeed involved in the maturation of the cytoplasmic pre-60S
particles.

PA2G4 stabilizes ES27A and subsequently facilitates the stabili-
zation of the SPATA5 complex on the pre-60S particle
In yeast, Drg1 binds to pre-60S particles through direct interactions
with Arx1 and ribosomal RNA expansion segment ES2712. Given the
role of Arx1 in interacting with Drg1, it is reasonable to speculate that
its human homolog PA2G4may also contribute to the stabilization of
the SPATA5 complex. However, in the density maps of the pre-60S
particles co-purified with the SPATA5 complex, we did not detect the
binding of PA2G4. It is known that the binding of PA2G4 is critical for
maintaining a stable conformation of ES27A15. Similarly, the lack of
PA2G4 in our maps has resulted in smeared densities for ES27A.
Therefore, we sought to increase the stability of the SPATA5 complex
on the pre-60S particle by supplying excessive recombinant PA2G4
proteins before cryo-sample preparation. At first, we expressed and
purified recombinant PA2G4 using E. coli cells (Supplementary
Fig. 11a), and tested its binding to the SPATA5 complex in vitro.
However, PA2G4 did not co-migrate with the SPATA5 complex on the
SEC profile (Supplementary Fig. 11b). Same as Arx1, PA2G4 contains a
similar surface used for interacting with ES27A of human 28S rRNA
(Supplementary Fig. 11c, d)15,39,40. Nevertheless, structural alignment
shows that PA2G4 is considerably different from Arx1 in its Drg1-
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interacting region (Supplementary Fig. 12). Three loops of Arx1 are
responsible for interacting with Drg1 in the yeast pre-60S structure12.
Interestingly, two of them are absent in PA2G4, and the only existing
one shows a totally different secondary structure (Supplementary
Figs. 11e, f and Supplementary Fig. 12). These analyses imply that
PA2G4 and the SPATA5 complex may not have direct interactions.
Given the role of ES27 in the stabilization of Drg139,40, we reasoned
that the introduction of PA2G4 to the peak 1 sample might still be
able to indirectly stabilize the SPATA5 complex on human pre-60S
particle through conformational stabilization of ES27A.

This strategywas proven to be effective, and the subsequent cryo-
EM analysis resolved a pre-60S class with relatively solid density for
both PA2G4 and the SPATA5 complex (Fig. 6c and Supplementary
Fig. 13a). Further 3D classification and refinement could improve the
pre-60S map and the local map of the bound SPATA5 complex to

resolutions of 3.0 Å and 6.9 Å, respectively (Supplementary Fig. 13b, c
and Supplementary Table 1), inwhich the secondary structure features
of the NTD-ring began to appear and could accommodate the atomic
model of the NTD-ring very well (Supplementary Fig. 14g). In contrast,
the densities of the ATPase rings are highly fragmented and the low-
pass filtered version is still feature-less (Fig. 6c). This is in agreement
with the fact that connection between the NTD-ring and D1-ring is
highly flexible.

CINP andC1orf109 are adapter proteins for the SPATA5 complex
Very interestingly, a comparison with the structure of the yeast pre-
60S-Drg1 complex reveals a substantially different orientation of the
SPATA5 complex on the pre-60S particle, compared with Drg1
(Fig. 6d and Supplementary Fig. 14d, e). Drg1 relies on one major site
to interact with the pre-60S particle, directly interacting with Arx1
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and ES2712. In contrast, there are two interfaces between the SPATA5
complex and the pre-60S particle (Fig. 6c). The first interface is
protein only, involving CINP and GTPBP4 (Fig. 6c, e). This binding
interface is consistent with the model of the C1orf109-CINP-GTPBP4
complex predicted by AlphaFold Multimer41, and K22, K36, L122, and
Y125 of CINP show direct interactions with the residues 452–474 of
GTPBP4 (Supplementary Fig. 14f). To further validate this interface,
we carried out immunoprecipitation experiments using GST-tagged
fragment of GTPBP4 (residues 426–500), HA-tagged C1orf109 and
Strep-tagged CINP. In agreement with the structural observations,
GTPBP4 was able to immunoprecipitate CINP, but not C1orf109
(Fig. 6h), confirming a direction interaction between GTPBP4
and CINP.

The other interface is between ES27A and the NTD-ring of the
SPATA5 complex. Specifically, CINP and the NTD of SPATA51 directly
contact ES27A (Fig. 6c, f). In this interface, ES27A is sandwiched by
PA2G4 and the SPATA5 complex, but no direct interaction was
observed between PA2G4 and the SPATA5 complex (Fig. 6f), which is
consistent with our in vitro binding experiment (Supplementary
Fig. 11b). It has to be noted that this pattern of interactions is different
from that of Drg1, which binds to both Arx1 and ES27. These data
indicate that in humancells, the interfaceprovidedbyGTPBP4plays an
essential role in docking the SPATA5 complex onto the pre-60S par-
ticle. Importantly, CINP contributes to both the interfaces between the
SPATA5 complex and the pre-60S particle, while C1orf109 does not
interact with the pre-60S particle directly.

In this arrangement of the SPATA5 complex on the pre-60S
particle, the C-terminal end of RLP24 would be placed above the
funnel entrance of the CINP-C1orf109 tetramer (Supplementary
Fig. 14a). The distance between the last resolved C-terminal residue
(R135) of RLP24 and the PL-I of the D1-ring is about 65 Å (Supple-
mentary Fig. 14b), and the unresolved C-terminal region (residues
136–163) of RLP24 contains another helix (~ 60Å in length) (Sup-
plementary Fig. 14b), indicating that the very C-terminal end of
RLP24 is capable of reaching the PL-I of the D1-ring. To verify whether
the C-terminal region of RLP24 could directly interact with CINP or
C1orf109, we used AlphaFold Multimer to predict the potential
interfaces. The prediction shows that the C-terminal end of RLP24 is
inserted into the funnel, and the last two helices (residues 80–163) of
RLP24 are able to bind to both CINP and C1orf109 (Supplementary
Fig. 14c). Consistently, our immunoprecipitation experiments show
that a fragment (residues 85–163) of RLP24 was indeed able to
immunoprecipitate both CINP and C1orf109 (Fig. 6h).

To further validate our structural model, we performed cross-
linking mass spectrometry. We identified several highly informative
crosslinked peptides involving RLP24, which show that the
C-terminal region of RLP24 is spatially close to CINP, C1orf109, and
the NTD of SPATA5 (Fig. 6g). More importantly, K141 of RLP24 was
detected to be crosslinked with K434, which is located in the α2 helix
of the D1 domain of SPATA5 and close to the PL-I, indicating that the
C terminal tail of RLP24 could indeed be threaded into the central
pore of the SPATA5 complex. Altogether, these data collectively
support that CINP and C1orf109 are adapter proteins to mediate the
interaction between the SPATA5 complex and its substrate RLP24.

Discussion
In this work, we found that SPATA5, SPATA5L1, C1orf109, andCINP can
form a stable AAA+ ATPase complex, the SPATA5 complex. Within this
complex, the ATPase domains of SPATA5 and SPATA5L1 constitute the
hexameric D1-D2 rings in a stoichiometric ratio of 4:2, and the NTDs of
SPATA5 and SPATA5L1 along with two C1orf109-CINP heterodimers
form theNTD-ring. The fact that pre-60S particles could be co-purified
with the mutant SPATA5 complex suggests that the SPATA5 complex
may function in ribosome assembly, which is consistent with pre-
viously reported data28. The structure of the pre-60S particles bound

with the mutant SPATA5 complex further shows that SPATA5, SPA-
TA5L1, C1orf109, and CINP act in concert as bona fide ribosome
assembly factors to facilitate the release of RLP24 in the cytoplasm.
Both GTPBP4 and ES27A contribute to the recruitment of the SPATA5
complexonto thepre-60Sparticle, and the adapterCINP alsomediates
the interactions with the pre-60S particle. Of note, there is no inter-
action observed between PA2G4 and the SPATA5 complex. All these
data demonstrate that the recruitment of the SPATA5 complex is dis-
tinct from the equivalent process in yeast, in which ES27 andArx1 form
a docking platform for Drg1 hexamer, and no adapter proteins are
required12. A comparison of Arx1 and PA2G4 shows that PA2G4 is
considerably smaller (about 200 amino acids shorter) and lacks the
important Drg1-interacting loops on Arx1 (Supplementary Figs. 11, 12).
Sequence alignment of RLP24/Rlp24 acrossmultiple model organisms
revealed that only the yeast version contains a unique highly positively
charged C-terminus (Supplementary Fig. 15a). Furthermore, SPATA5L1
homologs only exist in species where RLP24 lacks this C-terminal tail
(Supplementary Fig. 15b), indicating a possible co-evolution of these
factors. The shortening of this C-terminal tail of RLP24 likely necessi-
tates that the dissociationmachinery has to be positioned closer to the
substrate or operates through alternative mechanisms to approach
and bind to the substrate. According to our IP and cross-linking data
(Fig. 6h and Supplementary Data 3), CINP and C1orf109 should have a
direct role as adapter proteins to initiate substrate recognition. These
observations highlight a few interesting species-specific features of the
SPATA5 complex in the human pre-60S assembly and explain the
molecular role of these extra adapters in the SPATA5 complex.

Based on our high-resolution structure of the SPATA5 complex
(Fig. 2a–d), we analyzed the reported pathogenic mutations of
SPATA5/5L1 in the context of the inter-subunit interactions (Fig. 3). A
majority of mutations are not at the interaction interface, and they
likely impact the protein folding and stability. Several mutations are
found in functional motifs, such as arginine finger and ATP binding
pocket of the ATPase domain (Supplementary Data 1), suggesting an
apparent effect on the ATPase activity of the SPATA5 complex.
Importantly,manymutations of SPATA5/SPATA5L1 are localized in the
subunit interfaces at the NTD-ring (Supplementary Data 1), manifest-
ing an important role of the NTD-ring in the assembly and function of
the SPATA5 complex. In addition, some mutations might affect the
conformational signal transduction within the SPATA5 complex. For
example, M669R of SPATA5L1 is at the hydrophobic interface between
the small subdomainof SPATA5L1 and the large subdomainof SPATA52
(Supplementary Fig. 8f), implying that itmay impair the stabilization of
the hexamer or conformational signal transduction through this
interface.

Very intriguingly, we found that there is a high-level modification
at the C672 residue within the P-loop of SPATA5. This oxidative mod-
ification (sulfinylation) not only occurs on overexpressed mutant
SPATA52EQ but is also present in the majority of WT endogenous
SPATA5 proteins. This modification results in a completely different
conformation for the P-loop, incompatible with ATP binding. Addi-
tionally, it also induces dramatic structural changes on the D2 domain
of SPATA51, leading to an inward rotation of the small subdomain
toward the large subdomain (Supplementary Fig.8h, i). Consequently,
this rotation causes theD2-ringof theSPATA5 complex todeviate from
the typical hexameric arrangement and becomeanelongated hexagon
(C2 symmetry). Very recently, a cryo-EM structure of the WT SPATA5
complex was reported32. This structure, named 55LCC complex by the
authors, is nearly identical to ours in the NTD region (Supplementary
Fig. 8j). But there are significant differences in the D1 and D2 rings
(Fig. 4a, b and Supplementary Fig. 8g–i). In our structure, the D1-ring
adopts amore relaxed conformation compared to the 55LCC complex
(Fig. 4a and Supplementary Fig. 8g). The most prominent difference
lies in the arrangement of the D2-ring. Sharply different from ours, the
55LCC complex exhibits a six-fold configuration (Supplementary
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Fig. 8h). Because the 55LCC complex was obtained by heterologous
expression in insect system and may lack native post-translational
modification, which we believe is the reason for the observed struc-
tural differences.

Although sulfinylation (Cys-SO2H) on proteins was historically
considered to be irreversible under physiological conditions42, sulfir-
edoxin enzymes that reduce sulfinic acid to sulfenic acid have been
identified in both yeast and human cells43–45, and an increasing number
of protein substrates for sulfiredoxin enzymes have been reported. In
addition, there was also experimental evidence showing the presence
of yet-to-be-discovered cysteine sulfinic acid reductases in the cells46.
Therefore, the high-level sulfinylation at the C672 site on the endo-
genous SPATA5 proteins raises the possibility of a reversible mod-
ification, suggesting an under-recognized regulatory mode for the
SPATA5 complex through cellular redox signaling pathways.

During eukaryotic ribosome assembly, shuttling assembly factors,
such as Nmd347, eIF648, Bud2049, Rlp2411, and Nog150 incorporate into
thepre-60Sparticles in the nucleus,which are necessary for early steps
of subunit construction. After nuclear export of the pre-60S particles,
they are released in the cytoplasm and recycled back to the nucleus4.
The failure in their release and recycling causes immediate disruption
to the following cytoplasmicmaturation steps of the pre-60S particles,
and because of their cytoplasmic sequestration, the next rounds of
subunit assembly in the nucleus is also hampered. In the present work,
the mutations of the SPATA5 impaired the dissociation of RLP24
(Supplementary Fig. 2a). The compromised recycling ofRLP24 leads to
abnormal ribosome assembly and nucleolar stress51,52, indicated by the
nucleolar retention of RPL28 upon the introduction of Walker B
mutations on the SPATA5 complex (Supplementary Fig. 2b–f). These
observations have phenocopied many yeast shuttling assembly fac-
tors. Given the role of the SPATA5 complex in RLP24 dissociation, the
NEDHSB may be considered an under-characterized neurodevelop-
mental ribosomopathy5,27.

In addition to its role in ribosome biogenesis, CINP was also
reported to participate in theDNA replication process53 andmight play
a role in response to DNA damage for genome stability maintenance54.
During the manuscript preparation, a recent work proposed that
SPATA5, together with SPATA5L1, CINP, and C1orf109, functions in
genome integrity maintenance during DNA replication through
responding to replication fork damage32. Although the DNA/RNA
binding properties and the DNA/RNA-enhanced ATPase activity of the
SPATA5 complex have been assayed in vitro, no directed biochemical
link has been established between the SPATA5 complex and the
components of the replisome and related factors32. It has been well
documented that the defects in ribosome assembly, such as the failed
incorporation of RPL11, RPL5, 5S RNA into pre-60S particles, could
cause nucleolar stress and activate the p53 pathway (RP-MDM2-p53
axis),whichwould elicit subsequent events suchas cell cycle arrest and
apoptosis55–57. It is plausible that the replication stress and severe
chromosome instability reported upon dysfunction of the SPATA5
complex may be secondary effects of ribosome assembly defects. In
the presentwork, wedetermined the structure of the SPATA5 complex
bound with the endogenous pre-60S particle, providing a solid and
direct functional connection of this complex to ribosome assembly.

Methods
Purification of the SPATA5 complex
For the purification of WT or mutant SPATA5 complexes, HEK293F cells
were co-transfected with plasmids encoding the WT or mutant SPATA5
complexes using polyethylenimine (PEI) as the transfection agent. After
transfection, the cells were cultured for 48h to allow for protein
expression, followed by cell harvesting. The harvested cell pellets were
resuspended in buffer A, consisting of 40mM HEPES, pH 7.5, 150mM
NaCl, 1mM DTT, 10% glycerol, 10mM MgCl2, and a protease inhibitor
cocktail (Mei5 Biotech, MF182-plus-01). To promote cell lysis, 0.1%

IGEPAL was added to the cell suspension, and the mixture was incu-
bated at 4 °C for 30min. The lysates were then subjected to cen-
trifugation to separate the supernatant. The supernatant was incubated
with Flag affinity beads (Smart-Lifesciences SA042025) for 2.5 h at 4 °C
to selectively capture the SPATA5 complex through the Flag tag on
various forms of SPATA5. After incubation, the beads were washed
multiple times with buffer A to remove non-specifically bound proteins.
The proteins bound to the beads were eluted using buffer B, which is
buffer A supplemented with 0.5mg/mL 3× Flag peptides. Further pur-
ification was conducted using size-exclusion chromatography with a
Superose 6 Increase 10/300GLColumn (Cytiva), whichwas equilibrated
with buffer C (40mM HEPES, pH 7.5, 150mM NaCl, 1mM DTT, 5% gly-
cerol and 10mM MgCl2).

Purification of PA2G4 and substrate RLP24
The expression of His-tagged PA2G4 and His-MBP-tagged RLP24
(residue 85–163) in E. coli Transetta (DE3) cells (TransGen Biotech) was
induced by the addition of 1mM IPTGwhen theOD600 reached 0.6 to
0.8. The induction was carried out at 18 °C overnight. After induction,
bacterial cells were harvested via centrifugation and resuspended in
lysis buffer containing 40mM HEPES, pH 7.5, 500mM NaCl, 10% gly-
cerol, 1mM DTT, 1mM PMSF, and 20mM imidazole. The cells were
then lysed using sonication, and the lysate was clarified by cen-
trifugation at 34,960 g for 40min at 4 °C. The clear supernatant was
collected, and the Ni-NTA beads were added and incubated for 1.5 h at
4 °C. After incubation, the beads were harvested by centrifugation and
washed four times with the lysis buffer to remove non-specifically
bound proteins. The protein was eluted from the beads using a lysis
buffer containing 500mM imidazole. The eluted proteins were then
concentrated and further purified using a Superdex 200 Increase gel
filtration column, and peak fractions were collected and concentrated.

Polysome profiling and fractionation
Cultured cells were harvested andwashed twicewith ice-cold PBS. The
cell pellets were then resuspended and lysed in buffer containing
40mM HEPES, pH 7.5, 150mM NaCl, 1mM DTT, 10mM MgCl2, pro-
tease inhibitor cocktail (Mei5 Biotech, MF182-plus-01), RNase inhibitor
and 0.1% IGEPAL for 30min. The resulting lysates were clarified by
centrifugation. The clarified lysateswere carefully layered onto a linear
sucrose gradient ranging from 5% to 50%. Centrifugation was per-
formed at 260,800× g for 2.5 h at 4 °Cusing a SW41 rotor in a Beckman
ultracentrifuge. After centrifugation, fractions were collected, and
their absorbance at 260nm was measured. Subsequently, these frac-
tions were analyzed by SDS-PAGE and Western blot to identify and
quantify the target proteins.

Cryo-EM sample preparation
The affinity-purifiedmutant SPATA52EQ complexes were first incubated
with 5mMATPon ice for 30min, followedby SEC (Superose6 Increase
10/300 GL) with 5% glycerol. The SEC fractions corresponding to the
mutant SPATA5 complex were then supplemented with 1mM BS3 for
cross-linking, which was stopped by adding 1M Tris-HCl (pH 7.5) to
achieve a final Tris-HCl concentration of 20mM.

In the chamber of an FEI Vitrobot, which was maintained at 4 °C
and 100% humidity, 4μl (~ 1.2mg/mL) aliquot of the SPATA52EQ com-
plexes was applied to Quantifoil R1.2/1.3 Au grids, which had been
subjected to glow discharge for 60 s in a hydrogen and oxygen gas
mixture in advance. After waiting for 5 s, the grids were blotted for
1 second using a blot force of – 1.

For cryo-EM sample preparation of the ribosomal particles, the
peak 1 fractions in Fig. 1a were firstly assessed using negative staining
electron microscopy. With or without the addition of recombinant
PA2G4 proteins, these samples were subjected to cryo-EM sample
preparation using the identical procedures as for the SPATA5 com-
plex, except that the Quantifoil R1.2/1.3 Cu grids (+ 2 nm carbon film)

Article https://doi.org/10.1038/s41467-025-58894-0

Nature Communications |         (2025) 16:3806 10

www.nature.com/naturecommunications


were used to increase the binding of the ribosomal particles to
the girds.

Initial screening of all cryo-EM grids was conducted using an FEI
Talos Arcticamicroscope equipped with an FEI Ceta camera, operated
at 200 kV.

Data collection and image processing
For the SPATA5 complex, movies were captured using a Titan Krios G4
microscope operated at 300 kV, with a Gatan K3 Summit camera and a
GIF Quantum energy filter. Data collection was performed using Seri-
alEM software58 at amagnification of 81,000×, achieving a pixel size of
1.092Å. The defocus ranges from − 1.2 to − 2.0μm. Each recorded
movie consists of 32 frames in a total exposure time of 2.98 seconds.
Three batches of movies were collected and subjected to similar pro-
cessing procedures in RELION 4.059. Initial processing steps included
motion correctionwithMotionCorr260 andContrast Transfer Function
(CTF) estimation with CTFind461. Particle picking was performed using
a model trained with Topaz software62. Subsequent 2D classification
was carried out to eliminate low-quality and noisy particles. Through
multiple rounds of 3D classification, 542,141 high-quality particles were
selected and subjected to further processing in CryoSPARC63. Ab initio
reconstruction and heterogeneous refinement were used with
C1 symmetry applied, and the final dataset contains 194,789 particles.
Owing to the inherent flexibility of the SPATA5 complex, non-uniform
refinement with C1 symmetry was employed to improve the density
map, achieving an overall resolution of 3.80 Å. Due to the flexible
connections between the NTD-ring and ATPase rings, local refine-
ments with C1 symmetry were carried out separately on these two
regions. As a result, the final resolution of the NTD ring reached 3.39 Å,
and the resolution of the ATPase rings reached 3.51 Å.

Data collection for the peak 1 sample was performed using the
same set of equipment and parameters. In total, 2211 movie stacks
were collected and subjected tomotion correction andCTF estimation
using MotionCorr2 and CTFind4, respectively. Subsequent particle
picking generated a dataset of 289,998 particles. Through several
rounds of 3D classification, 110,778 pre-60S particles were selected.
Further refinement and additional rounds of classification revealed
two main conformations for the pre-60S particles.

Data collection for the peak 1 sample supplemented with PA2G4
was carried out on a 300 kV Titan Krios G2microscope, equipped with
a Gatan K3 camera and a Quantum energy filter. The microscope was
set to a magnification of 81,000×, achieving a pixel size of 1.1 Å. The
defocus range wasmaintained consistently from − 1.2 to − 2.0μm, and
eachmovie contains 32 frames, with an exposure time of 2.57 seconds.
The initial 382,686 particles were subjected to rounds of 2D and 3D
classification, generating a final set of 56,844 pre-60S particles for
further processing. These particles were recentered to extra densities
between ES27A and RLP24 and reextracted. Subsequent 3D classifica-
tion utilized a mask diameter of 150Å without angular alignment,
focusing on these extra densities, revealing a class with solid densities
for the SPATA5 complex.

Atomic model building and refinement
For the modeling of the SPATA5 complex, the resolution of the
obtained map was sufficient to clearly distinguish the individual pro-
tein components of the complex. The initial templates for the NTD-
ring were derived from the AlphaFold protein structure database64.
The predicted 3D models of CINP, C1orf109, SPATA5-NTD, and
SPATA5L1-NTD (obtained by truncating the N-terminal domains
(NTDs) from the full-length predicted structures of SPATA5 and SPA-
TA5L1, respectively) were fitted into the maps using rigid-body fitting
in UCSF Chimera65, and adjusted manually in COOT66. For the model
building of the ATPase rings of the SPATA5 complex, the same pro-
cedures were applied. In addition, ATP molecules were modeled into
the D1 domain of SPATA5/5L1 and the D2 domain of SPATA5L1.

For each part of the SPATA5 complex, multiple rounds of model
refinement were conducted using real-space refinement in PHENIX67,
with secondary structure and geometry constraints applied. The final
refined models were evaluated using MolProbity68. The maps and
models were visualized using UCSF Chimera and ChimeraX69 for
analysis.

Co-IP (Immunoprecipitation) assay
GST co-IP was performed by co-expressing GST-RLP24 (85–163) or
GST-GTPBP4 (426–500) with Strep-CINP or HA-C1orf109. GST alone
was co-expressed with Strep-CINP or HA-C1orf109 as a negative con-
trol. After 48h of transfection, the cells were harvested and washed
using PBS. The cell pellets were lysed in lysis buffer (40mMHEPES, pH
7.5, 150mMNaCl, 1mMDTT, 10% glycerol, 10mMMgCl2, 0.1% IGEPAL,
and 1 × protease inhibitor cocktail) for 30min at 4 °C. Cell lysates were
then centrifuged at 21,130 × g for 30min at 4 °C. The supernatant was
collected and incubated with GST beads for 2.5 h at 4 °C. The GST
beadswerewashed four timeswith lysis buffer (without IGEPAL). Then,
the collected GST beads were boiled in 2×SDS-PAGE loading buffer at
100 °C for 10min. The samples were subjected to SDS-PAGE and
western blot using GST, Strep, or HA antibodies, respectively.

Generation of RPL28-Flag-GFP and GFP-Strep-SPATA5 CRISPR
knock-in cell lines
HEK293T cells were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and cultured
at 37 °C in a humidified atmosphere containing 5.5% CO2. To achieve
genomic insertion of C-terminal RPL28-Flag-GFP and N-terminal GFP-
Strep-SPATA5 fusion, we employed standard CRISPR/Cas9 techniques70.
GuideRNAswere designedusing the crisporwebsite. Specific guideRNA
sequences (5’-CTCCCCAGAGCGTTTCAAAA-3’ and 5’-TTGAAGCGCGCA-
CATTGAGT-3’) for RPL28 and SPATA5 were cloned into the pX330
vector, respectively. Two donor DNA fragments were designed to con-
tain the RPL28-Flag-GFP/GFP-Strep-SPATA5 sequences, flanked by
approximately 800bp homology arms.

HEK293T cells were seeded in 6-well plates at 80% confluency and
co-transfected with the guide RNA vector and the donor vector at a 1:1
mass ratio using polyethylenimine (PEI) as the transfection agent. After
transfection, the cells were cultured for one week. GFP-positive cells
were identified using flow cytometry (Astrios EQ) and seeded into 96-
well plates to develop clonal populations, which were routinely
inspected under a fluorescencemicroscope to remove anymulticlonal
or false-positive clones. Genomic integration of the RPL28-Flag-GFP/
GFP-Strep-SPATA5 insert was verified by PCR analysis of the extracted
genomicDNA. The positive cloneswere further validated throughDNA
sequencing and assessed by western blotting to confirm protein
expression and ensure accurate tagging.

Cross-linking mass spectrometry (XL-MS)
Approximately 35 µL of ribosomal samples co-purified with the
SPATA5 complex (0.18 µM), 10 µL of the SPATA5 complex (2.4 µM), and
4 µL of PA2G4 proteins (42 µM) were mixed and divided into three
equal portions. These portions were cross-linked with BS3 at final
concentrations of 0.5mM, 1mM, and 3mM, respectively, in the pre-
sence of 1mM ATP. The cross-linking reaction was conducted at room
temperature for 1 h. To terminate the reaction, 100mMNH₄HCO₃was
added, and themixturewas incubated at room temperature for 15min.
Subsequently, 10 µLof 2 × SDS-PAGE loading bufferwas added, and the
samples were boiled at 100 °C for 8min. Finally, 8 µL of each sample
was subjected to SDS-PAGE.

After SDS-PAGE and Coomassie blue staining, the desired pro-
tein band was excised, and the gel was dehydrated with acetonitrile.
The proteins were then reduced and alkylated before undergoing
tryptic digestion at 37 °C overnight. The resulting peptides were
analyzed using a Thermo Fusion Lumos mass spectrometer coupled
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with the EASY-nLC 1200 system. Peptidemixtures were loaded onto a
C18 trap columnwith Buffer A (0.1% formic acid) and separated using
a gradient of Buffer B (0.1% formic acid, 80% acetonitrile) at a flow
rate of 280 nL/min (2min: 4% to 8% B; 68min: 8% to 32% B; 5min: 32%
to 90% B; 15min: 90% B). Data were acquired in data-dependent
acquisition (DDA) mode. For MS1 scanning, the Orbitrap resolution
was set to 60,000, with a mass range of 350–1,500m/z. The AGC
(Automatic Gain Control) target was set to 400,000, with a max-
imum injection time of 50ms. For MS2 scanning, fragmentation was
performed using higher-energy collision-induced dissociation (HCD)
at stepped energy levels of 25%, 30%, and 35%. The Orbitrap resolu-
tion for MS2 was set to 30,000, with an AGC target of 100,000 and a
maximum injection time of 150ms. The precursor ion isolation
window was set to 1.6m/z.

The combined LC-MS/MS data (0.5mM, 1mM, and 3mM BS3
cross-linked samples) were processed using pLink software with the
following parameters: analysis was performed against the UniProt
Homo sapiens custom protein sequence database. BS3 was used as the
cross-linker, and trypsin was selected as the protease for enzymatic
digestion. A maximum of 3 missed cleavages was allowed. The fixed
modification included carbamidomethylation of cysteine residues.
Variable modifications considered were the oxidation of methionine
and acetylation of the protein N-terminus. The precursor ion mass
tolerance and fragment ion mass tolerance were both set to 20 ppm.
Theminimumpeptide length for analysis was set to 6 amino acids, and
the PSM-level false discovery rate (FDR) was set to 5%.

In vitro ATPase activity assay
Approximately 0.2μM of wild-type (WT) or mutant complex samples
were incubated with 1mM ATP at 37 °C for 30min in enzyme activity
buffer (40mMHEPES, pH 7.5, 150mMNaCl, 10mMMgCl₂, 5% glycerol,
1mM TCEP), in the presence or absence of RLP24 (residues 85–163).
Following incubation, 120μL of enzyme activity buffer was added to
dilute the reaction mixture, reducing the final ATP concentration to
below0.25mM. For activitymeasurement, 80μL of the diluted sample
wasmixed with 20μL ofmalachite green dye buffer (Sigma, MAK307).
The mixture was incubated at room temperature for 30min, and
absorbance was measured at 620nm. Each sample was analyzed with
three biological replicates, each containing three independent tech-
nical replicates, ensuring the accuracy and reproducibility of the
results.

Statistics and Reproducibility
All experiments were performed with appropriate replicates to ensure
statistical validity. Data presented in Fig. 1b–d, f are based on three
independent experiments. Data in Fig. 6h are based on two indepen-
dent experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM map and atomic coordinate of the SPATA5 complex
generated in this study have been deposited in the EMDB and PDB
databases under accession codes EMD-63069 and PDB-9LGO [https://
doi.org/10.2210/pdb9LGO/pdb], respectively. The cryo-EM maps of
the pre-60S ribosomal subunit (state1/state2) have been deposited in
the EMDB under accession codes EMD-63085 and EMD-63087. The
cryo-EM map of the pre-60S-SPATA5 complex has been deposited in
the EMDB under accession code EMD-63206. The AP-MS/MS pro-
teomics data generated in this study have been deposited in the Pro-
teomeXchange database under accession code [PXD054917]. Source
data generated in this study are provided in the Source Data file
associated with this paper. Source data are provided in this paper.
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