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Fig. S1. Human genome editing with SNEAK PEEC. 
(A) Architecture of the repair templates used for biallelic tagging using SNEAK PEEC. 
Each repair template contains a left homology arm, a portion of the last exon of the gene 
(gene), a C-terminal tag (tag), a self-cleaving peptide sequence (P2A), a cell-surface 
display epitope (SS-epitope1/2-TMD) and a right homology arm (B). Transfection of 
human cells with the two DNA repair templates and Cas9+sgRNA can result in six 
different outcomes of cells either containing no edited gene or different monoallelic (-/+) 
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or biallelic (+/+) combinations. Cells harboring both surface displays represent a 
biallelically edited clone. (C, D) Cells are surface stained using epitope-specific dyes and 
sorted for single cell clones expressing both surface displays. (E) Isolated single clones are 
genotyped to confirm the genomic integration of both repair templates. (F) Transfection of 
293-F cells with plasmids containing two repair templates targeting the C-terminus of the 
NOC4L gene, along with a plasmid expressing Cas9+sgRNA. Each repair template 
encodes GFP followed by a unique surface display epitope (btuF or p24). (G) FACS sorting 
of transfected cells pre-stained with fluorescent nanobodies (α-btuF-Alexa647, α-p24-
ApcCy7). Single cell clones were selected for expression of GFP and the two surface 
display epitopes. (H) A biallelically edited clone was identified using two PCR reactions 
that confirm the integration of a different repair template at each NOC4L allele. 
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Fig. S2. Purification of human SSU processomes. 
(A) Fluorescence microscopy image of the NOC4L-GFP 293-F cell line. (B) Northern blot 
analysis of pre-rRNAs species present in the whole cell fraction as well as those extracted 
by sequential lysis. A probe hybridizing within ITS1 was used. (C) Schematic of pre-
rRNAs species detected using the ITS1 probe. The positions of RNA cleavage sites are 
indicated above. (D) Schematic of a one-step purification strategy to isolate human 
NOC4L-GFP tagged pre-ribosomal particles. (E) SYPRO Ruby stained SDS-PAGE 
analysis of purified fraction containing pre-ribosomal particles. Bait protein (NOC4L; 
pink) and molecular weight markers are indicated on the left (MW). (F) A representative 
cryo-EM micrograph. (G) Unsupervised 2D class averages. 
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Fig. S3. Structure determination of human SSU processomes. 
(A) Cryo-EM data processing workflow for the structure determination of human SSU 
processomes. (B) Euler angle distribution of human SSU processomes reconstructions. 
Each cone represents a view, the height being proportional to the number of particles 
contributing to that view. (C) 3D-FSC curve (74) for each reconstruction. 
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Fig. S4. Cryo-EM processing of state pre-A1. 
(A) Cryo-EM structure of the human SSU processome in state pre-A1 shown in different 
views. (B) Multiple focused 3D classifications and refinement strategies used for the 
reconstruction of sub-modules of the SSU processome in state pre-A1. The maps were 
further improved with phenix.resolve_cryo_em (Denmod). Reported resolutions from 
Relion and Denmod are indicated in blue and green, respectively. Masks used for the 
different classifications and refinements are color-coded and shown in (A) or (B). 
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Fig. S5. Cryo-EM processing of state post-A1. 
(A) Cryo-EM structure of the human SSU processome in state post-A1 shown in different 
views. (B) Multiple focused 3D classifications and refinement strategies used for the 
reconstruction of sub-modules of the SSU processome in state post-A1. The maps were 
further improved with phenix.resolve_cryo_em (Denmod). Reported resolutions from 
Relion and Denmod are indicated in blue and green, respectively. Masks used for the 
different classifications and refinements are color-coded and shown in (A) or (B). 
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Fig. S6. Cryo-EM processing of elements present in states pre-A1 and post-A1. 
(A) Cryo-EM structure of the human SSU processome state pre-A1 and post-A1 shown 
from a side view. (B) Focused 3D classification and refinement strategy used for the 
reconstruction of the NOC4L-NOP14, BYST-eS12 and RRP12 modules. Particles from 
pre-A1 and post-A1 states were merged to increase the quality and resolution of the 
reconstruction. The reconstructions were further improved with phenix.resolve_cryo_em 
(Denmod). Reported resolutions from Relion and Denmod are indicated in blue and green, 
respectively. Masks used for the different classifications and refinements are color-coded 
and shown in (A) or (B). 
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Fig. S7. Local resolution analysis of state pre-A1. 
(A) Solvent-corrected FSC curves of the different focused refinements. The resolution is 
indicated for each map and was determined at FSC-0.143 (B) Local resolution estimation 
of the cryo-EM maps from the focused refinements, displayed in their respective location 
within the SSU processome. 
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Fig. S8. Local resolution analysis of state post-A1. 
(A) Solvent-corrected FSC curves of the different focused refinements. The resolution is 
indicated for each map and was determined at FSC-0.143. (B) Local resolution estimation 
of the cryo-EM maps from the focused refinements, displayed in their respective location 
within the SSU processome. 
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Fig. S9. Cryo-EM map analysis of human SSU processome states. 
(A) Comparison of the regular cryo-EM reconstruction of human SSU processome state 
pre-A1 with its composite version. (B) Local resolution estimation of the regular and 
composite EM reconstructions of state pre-A1. (C, D) Solvent-corrected and unmasked 
FSC curves of the regular (C) and composite (D) cryo-EM maps of state pre-A1. (E) Map-
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to-model FSC curve showing the fit of the overall atomic structure in state pre-A1 with 
respect to the composite map used for refinement. (F) Solvent-corrected and unmasked 
FSC curve of the human SSU processome in state pre-A1*. (G) Map-to-model FSC curve 
showing the fit of the overall atomic structure in state pre-A1* with respect to the map used 
for refinement. (H) Local resolution estimation of the EM reconstruction of state pre-A1*. 
(I) Comparison of the regular cryo-EM reconstruction of human SSU processome in state 
pre-A1 with its composite version. (J) Local resolution estimation of the regular and 
composite EM reconstructions of state post-A1. (K, L) Solvent-corrected and unmasked 
FSC curves of the regular (K) and composite (L) cryo-EM maps of state post-A1. (M) 
Map-to-model FSC curve showing the fit of the overall atomic structure in state post-A1 
with respect to the composite map used for refinement. 
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Fig. S10. Representative cryo-EM densities. 
Selection of representative densities for assembly factors and RNAs present in (A) state 
pre-A1 and (B) state post-A1. (C) Modified RNA bases displayed in their respective EM 
densities with C1842 acetylated by NAT10 and A1850-1851 not yet modified by DIM1. 
The arrows indicate that A1850-A1851 are not modified. (D) Nucleotides and co-factors 
bound to assembly factors displayed in their respective EM densities. Densities are 
illustrated as continuous transparent volumes and models are shown as ribbons and sticks. 
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Fig. S11. Nucleolar maturation of human SSU processomes. 
Three states of the human SSU processome in different views with labeled assembly 
factors. (A) pre-A1 (B) pre-A1* and (C) post-A1  
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Fig. S12. Vertebrate adaptations of UtpA and UtpB. 
(A, B) Two views of the human SSU processome in state post-A1 with UtpA, UtpB, and 
the U3 snoRNP colored in shades of blue, red and purple respectively. A tentatively 
assigned protein (MYBBP1A/Pol5) is indicated in yellow. (C) Detailed view of the 
tetramerization module of human UtpA that involves two copies of WDR43 (Utp5 in 
yeast). (D, E) Vertebrate-specific extensions of the C-termini of WDR75 (D) and UTP6, 
which recognizes the HEATR1/WDR75 complex (E). (F) Schematic illustrations of 
WDR75 and UTP6 and their interaction partners. Vertebrate-specific extensions of 
WDR75 and UTP6 are highlighted with darker shaded bars and corresponding multiple 
sequence alignments for these regions. 
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Fig. S13. Evolutionary expansion of the 5’ external transcribed spacer. 
Bar chart representing the length in nucleotides (nt) of the 5’ external transcribed spacer 
(5’ ETS; blue) versus mature 18S rRNA (orange) in different eukaryotic species. The ratio 
for each species (blue/orange) is denoted at the end of its respective bar. 
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Fig. S14. Architecture and truncations of the human 5’ ETS. 
(A, B) Architectural views of human (A; this study) and yeast (B; PDB 5WLC) SSU 
processomes in state pre-A1 with 5’ ETS (shades of yellow) and U3 snoRNA (shades of 
red/pink) shown. (C) Sequence and secondary structure of the built 5’ ETS sequence in the 
human pre-A1 model (black) with base pairing U3 3’ and 5’ hinges (pink). (D) Secondary 
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structure of the full-length human 5’ ETS rRNA with cleavage sites (A’, A0 and A1; red) 
and U3 snoRNA binding regions (pink) shown. Sections (regions 1-3) that are truncated in 
functional studies are indicated by color-coded dashed lines. (E) Architectural view of the 
human SSU processome with a putative 3D model for the entire 5’ ETS. Putative 
secondary structures for flexible regions (D) were obtained using the ViennaRNA 
package (75) and corresponding 3D models (E) were obtained using RNAcomposer (76). 
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Fig. S15. Functional studies of recombinant human rDNA loci. 
(A) Schematic representation of a human ribosomal RNA transcript showing truncations 
(Δ1, Δ2, Δ3) within the 5’ external transcribed spacer (5’ ETS). Unique sequences inserted 
in the 18S and 28S transcripts can be recognized by the 18S probe and 28S probe, 
respectively. (B) Methylene blue staining showing 18S and 28S RNA bands detected from 
a non-transfected control (ctrl), or cells transfected with wild-type (wt, full-length rDNA 
plasmid) or four plasmids harboring truncations (Δ1, Δ3, Δ2,3 and Δ1,2,3). (C) Northern 
blot analysis using the 18S probe showing bands corresponding to the mature 18S rRNA 
and its precursors (black line). (D) Northern blot analysis using the 28S probe showing 
bands corresponding to the mature 28S rRNA and its precursor, the 32S pre-rRNA. (E, F, 
G) Biological replicate of (B, C, D).
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Fig. S16. Mechanisms of licensing for exosome-mediated SSU processome 
maturation. 
(A) The structure of the human post-A1 SSU processome highlighting the exosome-
associated nuclease EXOSC10 and its interaction partners. The “lasso” region of 
EXOSC10 (pink atomic model and density) recognizes the human SSU processome in the 
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post-A1 state via four peptide motifs (I – IV). (B, C) Structures of the exosome-bound 
yeast SSU processomes before (state D; panel B) or after cleavage at site A1 (state post-
A1; panel C) with identified difference density corresponding to Rrp6 shown in pink. (D) 
Multiple sequence alignment of the human EXOSC10 “lasso” region and homologs 
highlighting universal presence of peptide motifs I-III and vertebrate-specific presence of 
motif IV. (E) Schematic comparison of yeast Fcf2 and human TDIF2. Darker shades of 
orange indicate built segments of TDIF2. A black box denotes the location of the putative 
human AIM motif. Multiple sequence alignment of a region in human TDIF2 containing a 
putative vertebrate-specific AIM motif. 
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Fig. S17. Structural analysis of Dhr1. 
(A) Comparison of DEAH-box helicases highlights the presence of a Dhr1-specific loop 
in the RecA2 domain between motifs IV and V. (B) Analysis of sequence lengths between 
motifs IV and V in DEAH-box helicases. (C) Multiple sequence alignment of the auto-
inhibitory loop with Dhr1 enzymes. (D) Two views of the yeast Dhr1 core with density 
corresponding to the auto-inhibitory loop shown. 
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Fig. S18. Auto-inhibition of the DEAH-box helicase Dhr1/Dhx37. 
(A-C) Analysis of Dhr1 in the yeast SSU processome state post-A1. (A) Original model 
(yellow) and map (transparent) as well as difference density (map vs model; dark red) are 
shown. (B) Dhr1 core structure (this study) docked in the yeast SSU processome state post-
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A1. (C) Dhr core structure (this study) shown with difference density from panel A. (D-F) 
Analysis of Dhr1 in the yeast SSU processome state DIS-A. (D) Original model (yellow) 
and map (transparent) as well as difference density (map vs model; dark red) are shown. 
(E) Dhr1 core structure (this study) docked in the yeast SSU processome state DIS-A. (F) 
Dhr core structure (this study) shown with difference density from panel D. (G-I) Analysis 
of Dhr1 in the yeast SSU processome state DIS-B. (G) Original model (yellow) and map 
(transparent) as well as difference density (map vs model; dark red) are shown. (H) Dhr1 
core structure (this study) docked in the yeast SSU processome state DIS-B. (I) Dhr core 
structure (this study) shown with difference density from panel G. (J-M) Fitting of Dhr1 
structures into the human SSU processome in state post-A1 (this study) with yeast apo 
Dhr1 core (PDB 6H57, J), RNA-bound mouse DHX37 (K), yeast Dhr1 core (this study, 
L) and human DHX37 (this study, M).
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Fig. S19. Molecular control of UTP14 and DHX37. 
Chronology of structural changes in the maturation of the SSU that control DHX37 activity 
and localization. Left Panels: Models of pre-ribosomal particles displaying factors 
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involved in DHX37 regulation. The DHX37 binding site and the sensor for 5’ ETS 
processing are demarcated with dashed lines in pink and blue respectively. Right panels: 
Simplified schematics showing major structural changes with respect to the DHX37 
binding site (dashed pink line) (A) Human state pre-A1, (B) Human state post-A1, (C) 
yeast DIS-B (PDB: 6ZQF), and (D) yeast DIS-C (PDB: 6ZQG).  
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Fig. S20. Functional architecture of C1orf131. 
(A) Location of C1orf131 and proximal proteins and RNAs within state pre-A1. (B) Two 
views of C1orf131 and the cluster of neighboring proteins and RNA. A schematic of 
C1orf131 (cyan) highlights ordered regions (blue) and their interaction partners. (C) 
Detailed views highlighting the interactions between C1orf131 and KRR1 (left) and 
UTP24 and uS8 (right). Proteins and corresponding densities for all factors are color-
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coded. (D) Multiple sequence alignments and secondary structures of the segments of 
C1orf131 interacting with KRR1 (top) and uS8 (bottom). The sequence of yeast homolog 
Faf1 is shown below. (E) Top: Comparisons of the topology of human C1orf131 (cyan, 
within state pre-A1) and yeast Faf1 (red, PDB: 6ke6). Bottom: Comparison of the interface 
between human KRR1-C1orf131 (left) and yeast Krr1-Faf1 (right). 
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Fig. S21. Interactions of MPP10 and DHX37 with DIM1. 
(A) Two views of the human SSU processome in state post-A1 highlighting DHX37, DIM1 
and MPP10 and their interaction partners. (B) Detailed view of the interactions between 
DHX37-NTD (maroon) with eS6 (grey) on top of 18S rRNA (green surface). (C) Detailed 
views showing the sequestration of Dim1 (light green) by MPP10 (blue) and DHX37-NTD 
(maroon). (D) Left: Two related views of the architecture and interactions of MPP10 within 
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the SSU processome (post-A1). Right inset: Topological changes of MPP10, WDR36 and 
PNO1 from state pre-A1 (top) to post-A1 (bottom). (E) MPP10 (blue, ribbon) residues that 
bind WDR3 (red surface). Cryo-EM density of the WDR3-MPP10 interface is shown in 
the zoomed-in view. (F) Mutually exclusive binding of NOL10 (left) and DHX37-NTD 
(center) with eS6. Superposition of DHX37-NTD and NOL10 highlights clashes denoted 
by red stars (right). 
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Fig. S22. Functional architecture of AROS. 
(A) Two views of the location of AROS and its interaction partners within the human SSU 
processome in state post-A. (B) Two views of AROS and the cluster of neighboring factors. 
A schematic of AROS (light yellow) contains regions built in the post-A1 structure 
(yellow) and binding sites of assembly factors and U3 snoRNA. (C) Detailed views 
showing the C-terminus of AROS binding to eS19 (left) and the N-terminus of AROS 
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binding to HEATR1 and U3 snoRNA (right). (D) Multiple sequence alignments and 
secondary structures of N- and C-terminal regions of AROS visualized in (C). (E) 
Comparison of the trajectories of human AROS (within state post-A1) and yeast Rrt4 
(PDB: 6lqs). 
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Table S1. Focused, overall and composite maps statistics. 
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Subcomplex Chain 
ID SegID Molecule name 

(human/yeast)

Total 
residues 
or bases

Domains Modelled (residues range) Modeling 
template Modeling method Maps used for 

building

L0 L0 5'ETS rRNA 3620 atomic (431-447) Manual building UTP-A map

L1 L1 pre-18S rRNA 1880

atomic (2-135, 140-196, 203-240, 246-251, 268-628, 635-655, 660-708, 720-756, 788-

835, 840-868, 901-1237, 1265-1323, 1326-1341, 1345-1359, 1364-1400, 1446-1503, 

1510-1516, 1520-1552, 1560-1575, 1588-1616, 1623-1692, 1696-1826, 1839-1872, 

+62 Mg
2+

)

5WLC/6ZQD/6ZOJ Docked & rebuilt
Core, UTP-C & H44 

maps

L2 L2 U3 snoRNA 217 atomic (3-22,29-40,73-217) 5WLC/6ZQD Docked & rebuilt Core map

L3 L3 S18/S18 (uS13) 152 atomic (3-87), poly-A (88-116) 6ZOJ Docked & adjusted Core map

L4 L4 S4X/S4 (eS4) 263 atomic (2-263) 6ZOJ Docked & adjusted Core map

L5 L5 S5/S5 (uS7) 204 atomic (15-204) 6ZOJ Docked & adjusted Core map

L6 L6 S6/S6 (eS6) 249 atomic (1-230) 6ZOJ Docked & adjusted Core map

L7 L7 S7/S7 (eS7) 194 atomic (8-100, 119-193) 6ZOJ Docked & adjusted Core map

L8 L8 S8/S8 (eS8) 208 atomic (2-125, 151-206) 6ZOJ Docked & adjusted Core map

L9 L9 S9/S9 (uS4) 194 atomic (2-181) 6ZOJ Docked & adjusted Core map

LC LC S16/S16 (uS9) 146 atomic (5-140) 6ZOJ Docked & adjusted Core map

LD LD S11/S11 (uS17) 158 atomic (2-152) 6ZOJ Docked & adjusted Core map

LF LF S24/S24 (eS24) 133 atomic (1-126) 6ZOJ Docked & adjusted Core map

LG LG S28/S28 (eS28) 69 atomic (7-68) 6ZOJ Docked & adjusted Core map

SR SR S23/S23 (uS12) 143 atomic (2-142) 6ZOJ Docked & adjusted Core map

NF NF S13/S13 (uS15) 151 atomic (2-150) 6ZOJ Docked & adjusted Core map

NG NG S14/S14 (uS11) 151 atomic (25-151) 6ZOJ Docked & adjusted Core map

NM NM S3A/S1 (eS1) 264 atomic (10-233) 6ZOJ Docked & adjusted Core map

NO NO S15A/S22 (uS8) 130 atomic (2-130) 6ZOJ Docked & adjusted Core map

NP NP S19/S19 (eS19) 145 atomic (2-145) 6ZOJ Docked & adjusted S19 map

NQ NQ S27/S27 (eS27) 84 atomic (2-83, Zn
2+

) 6ZOJ Docked & adjusted Core map

NT NT S27A/S31 (eS31) 156 atomic (92-149, Zn
2+

) 6ZOJ Docked & adjusted Core map

LA LA S12/S12 (eS12) 132 atomic (11-130) 5AJ0 Docked & adjusted Core map

NU NU S17/S17 (eS17) 135 atomic (5-64) 6ZOJ Docked & adjusted Core map

Tandem WDR40 atomic (7-671)

CTD atomic (692-703, 716-759, 803-827)

atomic (152-161, 165-183, 189-195, 205-234, 242-255, 262-277)

atomic (286-303, 310-322), poly-A (8-48, 59-92, 104-147, 325-346)

CTD atomic (354-360, 396-515, 577-718)

WDR40 atomic (2-13, 21-318)

CTD atomic (343-494)

LK LK WDR43/Utp5 677 CTD atomic (463-580) 5WLC/6ZQD Homology model & manual building UTP-A map

WDR40 atomic (9-69, 93-322, 331-375)

Linker atomic (376-413)

CTD atomic (456-580, 594-604)

LN LN UTP4/Utp4 686 Tandem WDR40 atomic (2-623, 638-686) 5WLC/6ZQD Homology model & manual building UTP-A map

atomic (2-1166, 1202-1361, 1368-1428, 1438-1476, 1495-1653)

atomic (1662-1877, 1889-1924, 1932-2007, 2013-2055, 2059-2144)

Tandem WDR40 atomic (2-227, 271-588, 606-731)

CTD atomic (732-880)

LP LP UTP6/Utp6 597 Helical repeat atomic (1-200, 213-283, 297-339, 346-597) 5WLC/6ZQD Homology model & manual building UTP6 map

Tandem WDR40 atomic (5-223, 261-332, 341-373, 377-395, 403-526, 537-721)

CTD atomic (753-782, 793-940)

Tandem WDR40 atomic (11-457, 464-635)

CTD atomic (636-788)

NTD atoms (62-111, 138-198)

WDR40 atoms (215-556)

Tandem WDR40 atomic (64-425, 439-490, 495-721)

Linker atomic (735-759)

CTD atomic (760-948)

NTD atomic (2-86, 90-161) 

CTD atomic (162-340, 353-412)

NTD atomic (1-154)

CTD atomic (155-409)

CTD extension atomic (418-438)

SC SC FBRL/Nop1 321 atomic (85-126, 132-318) 2IPX Docked & adjusted Core map

SD SD FBRL/Nop1 321 atomic (78-126, 132-318) 2IPX Docked & adjusted Core map

SE SE hSNU13/Snu13 128 atomic (6-128) 2OZB Docked & adjusted Core map

SF SF hSNU13/Snu13 128 atomic (4-128) 2OZB Docked & adjusted Core map

NTD atomic (73-99, 103-125 ) Homology model & manual building

WDR40 atomic (126-189, 194-468) 4JXM Docked & adjusted 

R
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LM LM

LH LH WDR75/Utp17

U
3 

sn
oR

N
P

830

LJ LJ UTP15/Utp15 518

LI LI NOL11/Utp8 719

Homology model & manual building Core map

HEAT repeat

UTP-A map

Deeptracer, homology model & 

manual building

UTP-A map

NOL11 map

UTP-A map

HEATR1 map

Deeptracer, homology model & 

manual building

Deeptracer, homology model & 

manual building

Deeptracer, homology model & 

manual building

Deeptracer & manual building

WDR40

5WLC/6ZQD

5WLC/6ZQD

5WLC/6ZQD

5WLC/6ZQD

5WLC/6ZQD

5WLC/6ZQD

Homology model & manual 

building

Homology model & manual building

Homology model & manual 

building

UTP-C map

Core map

Core map

Deeptracer, homology model & 

manual building
5WLC/6ZQD

5WLC/6ZQD

5WLC/6ZQD

Core map

5WLC/6ZQD

808

943

LS LS UTP18/Utp18 556

U
TP

-B
U

TP
-A

WDR3/Utp12LQLQ

LR LR TBL3/Utp13

LO LO PWP2/Utp1 919

LL LL WDR43/Utp5 677

HEATR1/Utp10 2144

Core & UTP20 mapU3IP2/Rrp9SG SG 475

594

529

Deeptracer, homology model & 

manual building
Core map5WLC/6ZQD

Deeptracer, homology model & 

manual building
5WLC/6ZQD Core map

951WDR36/Utp21LTLT

NOP58/Nop58SBSB

SASA NOP56/Nop56
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Table S2. Summary of model building for the human SSU processome in state post-
A1. 

Subcomplex Chain 
ID SegID Molecule name 

(human/yeast)

Total 
residues 
or bases

Domains Modelled (residues range) Modeling 
template Modeling method Maps used for 

building

NTD atomic (1-55)

WDR40 atomic (56-355)

CTD atomic (356-445)

NTD atomic (142-186)

WDR40 atomic (187-475)

CTD atomic (476-588)

LZ LZ IMP3/Imp3 184 atomic (2-22, 42-182) 5WLC/6ZQD Homology model & manual building Core map

SH SH RCL1/Rcl1 373 atomic (6-373) 5WLC/6ZQD Homology model & manual building Core map

GTPase atomic (5-27, 33-344, 844-1131, GTP, Mg2+)

RCL1 interaction atomic (681-695, 727-760)

CTD atomic (1132-1262)

SJ SJ NEP1/Emg1 244 atomic (41-244, SAH) 5FAI Docked & adjusted NOC4-NOP14 map

SK SK NEP1/Emg1 244 atomic (41-244, SAH) 5FAI Docked & adjusted NOC4-NOP14 map

SL SL FCF1/Utp24 198 atomic (2-16, 39-198, Zn2+, Mg2+) 5WLC/6ZQD Homology model & manual building Core map

SM SM IMP4/Imp4 291 atomic (1-51, 72-290) 5WLC/6ZQD Homology model & manual building Core map

SW SW PNO1/Pno1 252 atomic (58-252) 6G18 Docked & adjusted Core map

atomic (11-474, 492-662, 672-776, 787-871, 906-1282, 1292-1313)

atomic (1325-1435, 1446-1690, 1772-2503, 2513-2570, 2618-2723)

SQ SQ TDIF2/Fcf2 756 atomic (560-582, 593-611, 631-744) 5WLC/6ZQD Homology model & manual building Core map

SS SS UTP14/Utp14 771 atomic (63-162, 170-194, 205-246, 550-586, 590-735) Deeptracer & manual building Core map

NTD atomic (29-86, 274-298), poly-A (186-234, 246-273) 

Helical repeat atomic (463-488, 493-665, 679-745), poly-A (414-462)

CTD atomic (746-772, 787-854)

SU SU NOC4L/Noc4L 516 Helical repeat poly-A (7-25, 27-45, 48-68, 78-124, 158-169), atomic (141-153, 177-513) 5WLC/6ZQD Homology model & manual building NOC4-NOP14 map

SY SY UTP11/Utp11 253 atomic (1-72, 89-253) 5WLC/6ZQD Homology model & manual building Core map

SZ SZ BYST/Enp1 437 Helical repeat poly-A (130-164, 169-178), atomic (179-423) 6G18 Docked, adjusted & manual building BYST map

NA NA MPP10/Mpp10 681 atomic (355-447, 457-600, 611-660, 674-681) Deeptracer & manual building Core map

NB NB SAS10/Sas10 479 atomic (34-63, 407-479) 5WLC/6ZQD Homology model & manual building Core map

NH NH NOL6/Utp22 1146 atomic (76-1141, ATP, Mg2+) 5WLC/6ZQD
Deeptracer, homology model & 

manual building
NOL6-RRP7 map

NI NI RRP7A/Rrp7 280 atomic (18-251) 5WLC/6ZQD Homology model & manual building NOL6-RRP7 map

ND ND NOL7/Bud21 257 atomic (168-250) Deeptracer & manual building Core map

NR NR RRP12/Rrp12 1297 Helical repeat poly-A (74-1029) 6G4S Docked & adjusted RRP12 map

NTD atomic (3-14, 27-57, 78-152)

Helicase
side chains trimmed (235-435, 450-493, 586-610, 612-748, 763-818, 823-905, 911-
936)  

yeast Dhr1 core 
(this study)

CTD atomic (1016-1157) / trimmed side chains (937-1015) 6O16

NL NL DIM1/Dim1 313 atomic (36-313) 6W6C Docked & adjusted Core map

LY LY AROS/? 136 atomic (2-17, 45-107, 120-135) Manual building Core & HEATR1 map

Exosome NV NV EXOSC10/Rrp6 885 atomic (815-830, 837-844, 861-871, 879-884) Manual building UTP20 map

SX SX Unassigned peptide 228 poly-A (5 segments) Manual building
Core & HEATR1-

UNK map
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LU LU DCA13/Sof1

SI SI

SP SP UTP20/Utp20

NS NS DHX37/Dhr1

ST ST NOP14/Nop14

LW LW WDR46/Utp7 610 5WLC/6ZQD
Homology model & manual 

building

445

Deeptracer, homology model & 
manual building

Core & DHX37 map1157

Core & NOC4-
NOP14 map

857 5WLC/6ZQD
Deeptracer, homology model & 

manual building

5WLC/6ZQD
Deeptracer, homology model & 

manual building
Core mapBMS1/Bms1 1282

Core map

2785 Helical repeat UTP20 mapDeeptracer & manual building

Core map

5WLC/6ZQD
Homology model & manual 

building
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Subcomplex Chain 
ID SegID Molecule name 

(human/yeast)

Total 
residues 
or bases

Domains Modelled (residues range) Modeling 
template Modeling method Maps used for 

building

L0 L0 5'ETS rRNA 3620 atomic (431-470,597-617,657-695,709-763,795-806,811-844,850-866,1412-1435) Manual building UTP-A & 5'ETS maps
N0 N0 5'ETS rRNA 3620 abasic (871-881, 1396-1416) Manual building UTP-A & 5'ETS maps

L1 L1 pre-18S rRNA 1880

atomic (2-40,45-50,55-135,140-196,203-240,246-251,268-289,295-408,411-471,476-
628,635-655,672-687,916-1035,1090-1148,1169-1179,1186-1237,1265-1323,1345-
1359,1364-1400,1446-1503,1510-1516,1523-1551,1588-1599,1637-1692,1695-
1826,1837-1860 + 19 Mg2+)

Post-A1 state Docked & rebuilt Core & UTP-C maps

L2 L2 U3 snoRNA 217 atomic (3-217) Manual building Core map
L3 L3 S18/S18 (uS13) 152 atomic (3-87), poly-A (88-116) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted Core map
L4 L4 S4X/S4 (eS4) 263 atomic (2-263)† Post-A1 state Docked & adjusted Core map
L5 L5 S5/S5 (uS7) 204 atomic (15-204) Post-A1 state Docked & adjusted Core map
L6 L6 S6/S6 (eS6) 249 atomic (1-78, 91-230) Post-A1 state Docked & adjusted Core map
L7 L7 S7/S7 (eS7) 194 atomic (8-100, 119-193) Post-A1 state Docked & adjusted Core map
L8 L8 S8/S8 (eS8) 208 atomic (2-125, 151-206) Post-A1 state Docked & adjusted Core map
L9 L9 S9/S9 (uS4) 194 atomic (11-181) Post-A1 state Docked & adjusted Core map
LC LC S16/S16 (uS9) 146 atomic (5-143) Post-A1 state Docked & adjusted Core map
LD LD S11/S11 (uS17) 158 atomic (2-148) Post-A1 state Docked & adjusted Core map
LF LF S24/S24 (eS24) 133 atomic (1-104) Post-A1 state Docked & adjusted Core map
LG LG S28/S28 (eS28) 69 atomic (7-68) Post-A1 state Docked & adjusted Core map
SR SR S23/S23 (uS12) 143 atomic (35-142) Post-A1 state Docked & adjusted Core map
NF NF S13/S13 (uS15) 151 atomic (2-150) Post-A1 state Docked & adjusted Core map
NG NG S14/S14 (uS11) 151 atomic (25-140) Post-A1 state Docked & adjusted Core map
NM NM S3A/S1 (eS1) 264 atomic (10-233, 245-253) Post-A1 state Docked & adjusted Core map
NO NO S15A/S22 (uS8) 130 atomic (2-130) Post-A1 state Docked & adjusted Core map
NQ NQ S27/S27 (eS27) 84 atomic (2-83, Zn2+) Post-A1 state Docked & adjusted Core map
NT NT S27A/S31 (eS31) 156 atomic (92-149, Zn2+) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted Core map
LA LA S12/S12 (eS12) 132 atomic (11-130) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted Core map
NU NU S17/S17 (eS17) 135 atomic (5-64) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted Core map

Tandem WDR40 atomic (7-671)
CTD atomic (692-703, 716-759, 803-827)

atomic (152-161, 165-183, 189-195, 205-234, 242-255, 262-277)  
trimmed side chains in pre-A1*

atomic (286-303, 310-322), poly-A (8-48, 59-92, 104-147, 325-346)
CTD atomic (354-360, 396-515, 577-718)

WDR40 atomic (2-318)
CTD atomic (343-494)

LK LK WDR43/Utp5 677 CTD atomic (463-580) Post-A1 state Docked & adjusted UTP-A map

WDR40 atomic (9-69, 93-322, 331-375)
Linker atomic (376-413)
CTD atomic (456-580, 594-604)

LN LN UTP4/Utp4 686 Tandem WDR40 atomic (2-623, 638-686) Post-A1 state Docked & adjusted UTP-A map

Tandem WDR40 atomic (2-239, 269-731)
CTD atomic (732-880)

LP LP UTP6/Utp6 597 Helical repeat atomic (1-200, 213-283, 297-339, 346-597) Post-A1 state Docked & adjusted Core map

Tandem WDR40 atomic (5-223, 261-332, 341-373, 377-395, 403-526, 537-721)
CTD atomic (753-782, 793-917, 923-943)

Tandem WDR40 atomic (11-457, 464-635) / trimmed side chains in pre-A1*

CTD atomic (636-788)
NTD atoms (57-112, 138-198)

WDR40 atoms (215-556)
Tandem WDR40 atomic (64-721)

Linker atomic (735-759)
CTD atomic (760-806, 810-948)
NTD atomic (2-86, 90-161) 
CTD atomic (162-340, 353-412)
NTD atomic (1-154)
CTD atomic (155-400)

SC SC FBRL/Nop1 321 atomic (85-126, 131-317) Post-A1 state Docked & adjusted Core map
SD SD FBRL/Nop1 321 atomic (78-126, 131-318) Post-A1 state Docked & adjusted Core map
SE SE SNU13/Snu13 128 atomic (6-128) Post-A1 state Docked & adjusted Core map
SF SF SNU13/Snu13 128 atomic (4-128) Post-A1 state Docked & adjusted Core map

NTD atomic (73-99, 103-125 ) / trimmed side chains

WDR40 atomic (126-189, 194-468)
Core & NGDN mapsPost-A1 state Docked & adjusted 

Docked & adjusted Core map

SB SB NOP58/Nop58 529 Post-A1 state Docked & adjusted Core map

U
3 

sn
oR

N
P

SA SA NOP56/Nop56 594 Post-A1 state

SG SG U3IP2/Rrp9 475

LT WDR36/Utp21 951 Post-A1 state Docked & adjusted Core map

LS LS UTP18/Utp18 556 Post-A1 state Docked & adjusted

U
TP

-B

LO LO PWP2/Utp1 919 Post-A1 state Docked, adjusted & manual building Core map

Core map

LR LR TBL3/Utp13 808 Post-A1 state Docked & adjusted TBL3 map

LQ LQ WDR3/Utp12 943 Post-A1 state Docked & adjusted

Core map

LT

518 Post-A1 state Docked, adjusted & manual building UTP-A map

677 Post-A1 state Docked & adjusted UTP-A map

LM LM HEATR1/Utp10 2144 HEAT repeat Post-A1 state Docked & adjusted HEATR1 map
atomic (2-1166, 1202-1361, 1368-1428, 1438-1454, 1457-1472, 1507-1537, 1545-1595, 
1598-1653, 1662-1876, 1889-1924, 1932-1970, 1979-2007, 2013-2055, 2059-2144) 
trimmed side chains in pre-A1* (2-1119)

R
N

A

830 Post-A1 state Docked & adjusted UTP-A map

LI LI NOL11/Utp8 719
WDR40

Post-A1 state Docked & adjusted UTP-A map

R
ib
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om

al
 p
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in
s

U
TP

-A

LH LH WDR75/Utp17

LL LL WDR43/Utp5

LJ LJ UTP15/Utp15
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† Fragment 241-263 not visible in state pre-A1*. 
†† NGDN not present in state pre-A1*. 

Table S3. Summary of model building for the human SSU processome in state pre-
A1 and pre-A1*. 

Subcomplex Chain 
ID SegID Molecule name 

(human/yeast)

Total 
residues 
or bases

Domains Modelled (residues range) Modeling 
template Modeling method Maps used for 

building

NTD atomic (1-55)

WDR40 atomic (56-355)

CTD atomic (356-445)

NTD atomic (95-186)

WDR40 atomic (187-475)

CTD atomic (476-588)

LZ LZ IMP3/Imp3 184 atomic (2-184) Post-A1 state Docked, adjusted & manual building Core map

SH SH RCL1/Rcl1 373 atomic (6-373) Post-A1 state Docked & adjusted Core map

GTPase atomic (49-355, 844-1131, GTP, Mg2+)

RCL1 interaction atomic (687-695, 727-760)

NAT10 interaction atomic (369-402, 664-681), poly-A (625-631)

CTD atomic (1132-1276)

SJ SJ NEP1/Emg1 244 atomic (41-244, SAH) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted NEP1 map

SK SK NEP1/Emg1 244 atomic (41-244, SAH) Post-A1 state Docked & adjusted NEP1 map

SL SL UTP24/Utp24 198 atomic (7-198, Zn2+, Mg2+) Post-A1 state Docked, adjusted & manual building Core map

SM SM IMP4/Imp4 291 atomic (1-290) Post-A1 state Docked, adjusted & manual building Core map

SW SW PNO1/Pno1 252 atomic (58-252) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted PNO1 map

atomic (2-474, 492-662, 672-776, 787-871, 906-1282, 1292-1313, 1325-1435)

atomic (1446-1690, 1772-1797, 1815-1938, 1958-2032, 2050-2066, 2077-2238)  
trimmed side chains in pre-A1* (201-642, 1048-2238)

SQ SQ TDIF2/Fcf2 756 atomic (548-582, 593-744) Post-A1 state Docked, adjusted & manual building Core map

SS SS UTP14A/Utp14 771 atomic (121-209, 217-250, 663-737) Post-A1 state Docked, adjusted & manual building Core map

NTD atomic (29-86, 274-298), poly-A (186-234, 246-273) / trimmed side chains in pre-A1*
Helical repeat atomic (463-488, 493-665, 679-745), poly-A (414-462) / trimmed side chains in pre-A1*

CTD atomic (746-772, 787-854)

SU SU NOC4L/Noc4L 516 Helical repeat
poly-A (7-25, 27-45, 48-68, 78-124, 158-169), atomic (141-153, 177-513) 
trimmed side chains in pre-A1*

Post-A1 state Docked & adjusted NOC4-NOP14 map

SY SY UTP11/Utp11 253 atomic (1-126, 133-175, 185-253) Post-A1 state Docked, adjusted & manual building Core map

SZ SZ BYST/Enp1 437 Helical repeat poly-A (130-164, 169-178), atomic (179-423) / trimmed side chains in pre-A1* Post-A1 state Docked BYST map

NA NA MPP10/Mpp10 681 atomic (355-463, 468-599, 674-681) Post-A1 state Docked, adjusted & manual building Core map

NB NB SAS10/Sas10 479 atomic (407-479) Post-A1 state Docked & adjusted Core map

NH NH NOL6/Utp22 1146 atomic (76-1141, ATP, Mg2+) / trimmed side chains in pre-A1* Post-A1 state Docked & adjusted NOL6-RRP7 map

NI NI RRP7A/Rrp7 280 atomic (18-251) / trimmed side chains in pre-A1* (18-164) Post-A1 state Docked & adjusted NOL6-RRP7 map

ND ND NOL7/Bud21 257 atomic (169-252) Deeptracer & manual building Core map

NR NR RRP12/Rrp12 1297 Helical repeat poly-A (74-1029) Post-A1 state Docked RRP12 map

KH domain atomic (39-246)

CTD atomic (264-329)

NTD atomic (1-77, 89-174, 178-221)

Helicase atomic ( 228-414, 423-434, 457-470)

N-acetyltransferase atomic (471-585, 602-658, 669-751)

CTD atomic (762-913)

NTD atomic (1-61, 91-221)  / trimmed side chains in pre-A1*

Helicase atomic ( 231-434, 457-470, ATP)  / trimmed side chains in pre-A1*

N-acetyltransferase atomic (471-596, 602-657, 689-752)  / trimmed side chains in pre-A1*

CTD atomic (762-913)  / trimmed side chains in pre-A1*

NW NW NOL10/Enp2 688 WDR40 atomic (7-14, 43-216, 230-358)
Deeptracer, de novo homology model 

(TrRosetta) & manual building
NAT10-NOL10 map

NN NN AATF 560 atomic (509-550) Manual building NAT10-NOL10 map

NC NC NGDN/Lcp5†† 315 atomic (189-282) Manual building NGDN map

NE NE C1ORF131/Faf1 293
atomic (166-236, 253-261, 269-288)

BackPhyre using Faf1 sequence & 
Manual building

Core map

SX SX Unassigned peptide poly-A (2 segments) Post-A1 state Docked
Core & HEATR1 

map

NK NK NAT10/Kre33 1025
Deeptracer, de novo homology model 

(TrRosetta) & manual building
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NJ NJ NAT10/Kre33 1025

5WLC Homology model & manual building Core map

SI BMS1/Bms1 1282 Post-A1 state Docked, adjusted & manual building

LW WDR46/Utp7 610 Post-A1 state Docked, adjusted & manual building Core map

Docked, adjusted & manual building

NAT10-NOL10 map

Deeptracer, de novo homology model 
(TrRosetta) & manual building

NAT10-NOL10 map

Core map

SP SP UTP20/Utp20 2785 Helical repeat Post-A1 state Docked & adjusted 
UTP20-Nterm & 

UTP20-Cterm maps

SI

NY NY KRR1/Krr1 381

Core & NOC4-
NOP14 maps

ST ST NOP14/Nop14 857 Post-A1 state

LU LU DCA13/Sof1 445 Post-A1 state Core map

LW
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Table S4. Cryo-EM data collection and refinement statistics. 
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Dhr1 core 
PDB entry 7MQJ 

Crystal form P21 
Unit cell dimensions 
    a, b, c (Å) 41.77, 130.94, 86.08 
 a, b, g  (°) 90.00, 106.483, 90.00 

Data collection 
Wavelength (Å) 0.97919 
Resolution (Å) 38.58-2.23 (2.31-2.23)* 
Unique reflections 42918 (4275) 
Rmeas (%) 
CC1/2 

9.7 (61.9) 
99.7 (78.4) 

Completeness (%) 99.34 (98.68) 
I / sI 11.89 (2.11) 
Multiplicity  3.4 (3.3) 

Model statistics 
Model composition 

No. atoms 
    Protein 6303 
    Ligand/ion 28 
    Water 284 

Refinement 
Resolution (Å) 38.58-2.23 
No. reflections 42910 
Rwork / Rfree 0.1794/0.2275 

B-factors 
    Protein 51.2 
    Ligand/ion 50.1 
    Water 43.5 
R.m.s. deviations: 
    Bond lengths (Å) 0.0082 
    Bond angles (°) 0.96 
Ramachandran plot: 

favored (%) 96.35 
allowed (%) 3.52 
outliers (%) 0.28 
Clashscore 6 

Number of TLS group 5 

*Values in parentheses are for highest-resolution shell.

Table S5. X-ray data collection and refinement statistics. 
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