14

Supplementary Text and Tables
Rakesh et al. 
List of Abbreviations:
RRM - RNA Recognition Motif
DOPE - Discrete Optimized Protein Energy
PCA - Principal Component Analysis
HEAT - Huntingtin, elongation factor 3 (EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1
HMM - Hidden Markov Model
DUF - Domain of Unknown Function
QMEAN - Qualitative Model Energy ANalysis
plmDCA  - pseudolikelihood maximization Direct-Coupling Analysis
PSICOV - Protein Sparse Inverse COVariance
MRS - Model Ranking Score
CSS  - Contact Satisfaction Score 
HADDOCK - High Ambiguity Driven protein-protein DOCKing
NMA - Normal Mode Analysis
ANM - Anisotropic Network Model
MDFF - Molecular Dynamics Flexible Fitting

Note: The coordinates, cluster analysis R script and movies can be accessed at https://github.com/BIORAK/IntegrativeStructureModeling

Supplementary Materials and Methods
Structural information used in the Integrative Structural Modeling process
a) Modeling 3-D structures of SF3b components:
p14- This component has both X-ray (PDB ID: 2F9D, 3LQV) 1, 2 and NMR (PDB ID: 2FHO) structures available with a high structural coverage (114/125 amino acids). One of the structures is available in complex with the peptide fragment of SF3b155 (377-415 amino acids) 2, 3. So no additional structural modeling was required.  
SF3b49- The NMR structures (PDB ID: 1X5U and 1X5T) of the two RRM domains of SF3b49 (174/424 amino acids) are known 4. Proteins containing multiple RRM domains are known to have a high degree of conformational flexibility. The RRM domains are generally connected by flexible linkers of varying lengths enabling the RRM domains to adopt varying degrees of orientation relative to each other, essential for binding to other proteins or nucleic acids 5. In order to fix the relative orientation of the RRM domains of SF3b49, we performed structural alignment with the available RNA bound multi-RRM domain containing protein structures in PDB (Table S6) using Match Maker tool of UCSF Chimera 6. This provided us with initial structures for the relative orientation of SF3b49 RRMs. This was subsequently fitted into the SF3b49 location in U11/U12 cryo-EM map 7 using Fit in Map module of UCSF Chimera. The SF3b49 RRM domain orientations fixed using the PDB IDs 2KM8 and 4F02 have the best fits with cross-correlation scores of 0.686 and 0.685 respectively. Thus, we were able to unambiguously fix the relative orientation of SF3b49 RRM domains in SF3b complex both using RNA bound RRM structures and the U11/U12 cryo-EM map. This also provided information on the RNA binding regions of SF3b49 within this structure. Additionally we modeled a six residue inter-RRM domain linker using MODELLER 9v11 8 by fixing the inter-domain orientation (Figure S10). 
SF3b14b- A yeast homolog with known NMR structure, Rds3p (PDB ID: 2K0A) 9 (56% sequence identity) identified using BLAST search against Protein Data Bank 10, served as a template for comparative modeling. The sequence-structure alignment was performed using T-Coffee (Expresso) 11-13. The available template structure was determined using NMR. Multiple homology models were built using MODELLER 9v11 8, 14 and the representative templates obtained from the NMR ensemble. The template structure has three zinc clusters each coordinated by four cysteine residues. The corresponding cysteines are conserved in the alignment between the template and the SF3b14b sequence, hence the models were built along with zinc atoms. Models with the best DOPE scores 15 were used for fitting in the cryo-EM map.
SF3b130- A DNA Damage-Binding protein 1 (PDB ID: 3EI3 Chain A) (24% sequence identity) part of UV-DNA damage binding (UV-DDB) complex 16 was identified using BLAST and used to generate the full-length model of SF3b130. The template recognized was further validated with high confidence using fold recognition methods HHpred (HHpred Probability 100% and E-value 1.1 e-162) 17, 18 and LOMETS (confidence score category high) 19. The template has a complete coverage for SF3b130 sequence with only a few large insertions. As the sequence identity between the template and SF3b130 is below 30%, the following steps were taken to ensure a good sequence-structure alignment. (i) HHblits 20 was used to align homologues picked with an E-value cutoff of 0.001, coverage of 70% and probability > 95% in the local alignment mode, along with MAC (maximum accuracy) realignment threshold of 0.5. (ii) Manual curation of the alignment was pursued with the help of UGENE software 21 to ensure that the identified proteins are homologous and final MSA is of good quality. This is important, as HHblits is an iterative HMM-HMM comparison tool and there is a small probability non-homologous sequences are included in the alignment which can drift the profile. (iii) Curated MSA was used along with the SF3b130 sequence as a query to search for template structures using MODexplorer 22 which employs HHsearch algorithm 17 to detect templates from the PDB. This resulted in identification of above mentioned template as the top hit with HHsearch probability of 100% and QMEAN Z-score 23, 24 of 0.64. The sequence-structure alignment was manually curated using MODALIGN 25. This was done to ensure that there were no secondary structural shifts in the alignment. MODALIGN provides an interface where secondary structure information, solvent accessibility of residues for the template along with the corresponding information predicted for the query as well as five homologous sequences related to both template and query are displayed along with the sequence-structure alignment. This alignment was used to create 10 models using MODELLER 9v11, which were filtered according to DOPE scores and best model was used for fitting in the cryo-EM map. Similarly for the PCA analysis of SF3b130, the same alignment was used to build 10 models for each template structure (Table S4) and the model with the best DOPE score comprised the PCA dataset. 
SF3b155- This protein has 22 HEAT repeats corresponding to the ARM repeat SCOP superfamily as assigned by the SUPERFAMILY database 26-28. Using a combination of fragment based flexible fitting procedure we were able to obtain a confident structural model for the HEAT repeat region (469-1204 amino acids), which is presumed to form S-shaped structure in SF3b complex 29. We first fragmented a region of density corresponding to SF3b155 from SF3b cryo-EM map by using the localization information derived from earlier reports 30 as well as from the global sampling procedures. This density was then further segmented into sets of 6, 8 and 10 overlapping fragments (spanning 2, 3 and 4 HEAT repeats guided by the rod shape features of a single HEAT repeat) using the Segger tool 31 of UCSF Chimera 6. A model having high structural coverage for SF3b155 generated using I-TASSER was fragmented into sets of 6, 8 and 10 overlapping fragments and fitted into the segmented cryo-EM densities using “colores” program of SITUS package. Using a six-dimensional search procedure, the final fits were then assessed for N to C-terminal directionality and stitched together by maximizing the overlapping structure. Moreover, the anti-SF3b155 antibody binding to its N-terminus was previously used for localization of SF3b155 in larger U11/U12 cryo-EM 7. This experimental information provided the N to C directionality for the entire HEAT repeat structure in SF3b complex 7. This was followed by a final round of flexible fitting, internally restraining the HEAT repeat regions to obtain the final model.
Additionally, we performed a hybrid fragment based comparative modeling protocol to explore if we could capture the inherent curvature of the HEAT repeats (S-shape). The ARM repeat superfamily has structures which form a superhelical or solenoid arrangement of approximately 40 residue long repeating structural units. These structures have different degrees of curvature ranging from straight rods to highly curved shapes. The extent of curvature is primarily determined by molecules that bind to them 32-34. In order to identify potential templates for SF3b155, a protocol similar to the one used for SF3b130 was employed to generate a curated Multiple Sequence Alignment (MSA) of the homologous sequences related to SF3b155 C-terminal region (459-1304 amino acids). This alignment was queried to search for templates using MODexplorer. The hits (Table S5) belonging to the same superfamily were filtered based on coverage, QMEAN Z-score and resolution. For each template structure, 10 alternative alignments were generated by aligning the template and query HMMs using HHalign with a probability > 95%. Alternative alignments generated using the Waterman-Eggert algorithm explore possible suboptimal alignments between a query and its target exploiting the fact that dynamic programming can trace multiple paths during the alignment process. As SF3b155 sequence harbors multiple repeats, this procedure helped us to obtain alignments for SF3b155 sequence corresponding to different HEAT repeat segments of templates with varying curvature. In order to maximize query coverage and model structures with a range of curvatures, 1000 random hybrid query-template alignments were generated. Each of these hybrid alignments contain a combination of optimal and sub-optimal alignments from the 10 original query-template alignments. For each hybrid alignment 10 structural models were generated using MODELLER 9v11. The model with the best DOPE score for each hybrid alignment was used for further curvature analysis (Figure S17). 
SF3b10- Lack of homologues of known structure, poor confidence scores in fold recognition methods left us to use de novo protein structure prediction for this small protein (86 amino acids). This is primarily alpha helical in nature obtained from the consensus secondary structure prediction implemented in the ROBETTA server 35 (Figure S20). First we used ROBETTA 35 to obtain a structural fragment library of overlapping 3 and 9 residue window size for each position in the sequence. Then using the AbinitioRelax module in the ROSETTA 3.4 software 36-38, a decoy of 100,000 structures were generated. We used a robust scoring scheme which takes into account density based cross-correlation (obtained from fitting the models into density with “colores” program in SITUS package) and shape features apart from the Rosetta energy function to rank the decoys. This scoring scheme ensures that the top ranked models not only have the right secondary structure and shape features corresponding to the available density but are also of sufficiently lower Rosetta energy corresponding to good quality of the models. 


Where MRS is the model ranking score;
ZdCC and ZE are Z-scores of density cross-correlation score and Rosetta energy scores respectively. 
Goodman and Kruskal’s gamma rank correlation between density cross–correlation values and Rosetta energy scores for the decoys was 0.001 indicating that both the scores provide independent complementary information towards final ranking. After employing various weights, the values of  = 1 and  were fixed to provide a reasonable ranking of decoys. The top 20 decoys were also assessed for distance restraints using co-evolutionary signals. The accuracy of the residue-residue contacts predicted generally depends on the number of sequences used and for proteins of small size it has shown to be extremely successful 39. Contacts predicted using co-evolutionary information can be used to filter the models obtained from structure prediction methods 40. PConsC 41 a method which combines two most powerful co-evolution based contact prediction methods plmDCA 42 (pseudo likelihood with Potts models) and PSICOV 43 (inverse covariance matrix estimation) was used to obtain coevolving residue pairs and derive contact propensity scores. We used a Contact Satisfaction Score (CSS), which has been used earlier for filtering structures predicted based on structure prediction methods 40. 


Where, Pc and di and L are the contact propensity, di is the distance between the Cβ atoms (Cα for Glycine) of the interacting residues and L is the length of the model. After re-ranking we obtained a model (#97217) earlier ranked 7 using the MRS as the best model. This was used for subsequent fitting into the density map. It was also observed that most of the contacts are inter-helix contacts rather than intra-helix, indicating that the strength of the predicted contacts to filter correctly folded model and of right topology was very high.
SF3b145- The N-terminal fragment containing SAP domain has an NMR structure solved (PDB ID: 2DO5). Filtering homologues of known structure containing the SAP domain obtained using HHpred 18 resulted in the identification of a protein, 3’hExo with an RNase H like fold (PDB ID: 4L8R Chain B) which binds to stem-loop RNA 44. This is analogous with earlier reports on yeast homologue of SF3b145, Cus1 interaction with stem-loop RNA 45. Using FUGUE 46 structure-sequence alignment algorithm it was inferred that the region 361-556 of  SF3b145 sequence corresponds to the 3’hExo template structure. This alignment was used to generate the final model using MODELLER 9v11 8. This region also encompasses the Pfam 47, 48 family DUF382 (Code of this entry in Pfam database: PF04037). The regions corresponding to the SAP domain and the RNase H like fold was later fitted into the map guided by the orientation of these domains with respect to 3’hExo structure. Hence SF3b145 has an RNase H like domain along with the SAP domain and it is quite likely that fold recognition programs are unable to assign this fold to SF3b145 as the RNase H like fold containing proteins are known to be highly divergent 49. Our integrated approach by combining different sources of information including the shape information from the cryo-EM density has enabled us to reliably assign this fold to a region of SF3b145 sequence.
b) Modeling RNA structures and Protein-RNA complexes
For modeling the spatial arrangement of U12 snRNA and pre-mRNA structure, we first modeled the branch point-U12 snRNA duplex structure based on the available crystal structure of branch point-U2 snRNA duplex containing the adenosine bulge (PDB ID: 19IX) using Assemble2 50. The U12 snRNA: pre-mRNA base pairing information was obtained from Meng et al., 2005 51. We then docked this duplex by using restrained docking in HADDOCK 52 with the p14 crystal structure (PDB ID: 3LQV). The residues Tyr22, Tyr61, Tyr91 and Asn93 were used as active (binding site) residues based on their interaction with branch point adenosine (BPA) 1. The 5’ end U12 snRNA fragment regions 1-8 nucleotides and  34-51 nucleotides (stem loop IIa) were modeled based on the RNA from template PDB IDs: 2KM8 and 4L8R respectively using ModeRNA (Figure S26). The U12 snRNA fragments thus obtained along with SF3b49 and SF3b145 structures were superimposed to the homologous protein-RNA structures in the PDB IDs 2KM8 and 4L8R respectively to obtain SF3b49-U12 snRNA and SF3b145-stem loop IIa U12 snRNA complex structures. These RNA complexes along with the p14-branch point duplex (best docked pose which maintained the 5’ – 3’ directionality of U12 snRNA) were aligned to their corresponding spatial positions in U11/U12 di-snRNP cryo-EM map. This arrangement was then frozen and used as structural constraints for subsequent modeling of the linker nucleotides connecting these protein-RNA fragments using ModeRNA. UCSF Chimera was used for energy minimization to relieve the steric clashes.  
c) Modeling of intrinsically disordered region of SF3b49 and density guided filtering
Ensemble structure modeling of SF3b49 intrinsically disordered region (IDR), was carried out using the TraDES software 53, 54. We generated an ensemble of sterically plausible 3D structures of the disordered sequence (region 211-424 in SF3b49) by assigning the Ramachandran angles (φ,ψ) to the backbone. TraDES software has been routinely used to characterize the properties of intrinsically disordered proteins by using an ensemble approach 55. We generated 500,000 structures using "seq2trj" and "trades" module ensuring that the φ,ψ frequencies are in coil conformation during the exploration of backbone conformational space for conformer chain construction. This ensures that the residues of the conformers generated are not biased to α and β secondary structure conformations. Further this population of conformers was fitted using an in-house python script employing the Fit in Map module of UCSF Chimera against a potential SF3b density region for SF3b49 IDR which is located C-terminus to the SF3b49 RRM domains (Figure S30). This was performed to check if there are conformers which matched the shape of the density. Thus, we were able to obtain conformers which best enclosed the volume of the density among the top conformers obtained based on the cross-correlation values (Figure S30). 
Structural flexibility of SF3b complex and its individual components
a) Normal mode analysis of the density map
In order to determine the flexible regions in the SF3b cryo-EM density map, we performed normal mode analysis on the map using 3DEM Loupe server 56. The method involves conversion of the cryo-EM density map into a set of pseudo-atoms to build an elastic interaction network for performing normal mode analysis (NMA). For this analysis first the cryo-EM density map was Gaussian filtered at 1.5 sigma using UCSF Chimera. The filtered map was then converted into a set of 3636 pseudo-atoms using a sigma value of 2 and target error 0.06 approximating the shape of the density map. Twenty low frequency normal modes were then computed with an elastic network interaction cutoff of 20Å. The pseudo-atomic NMA conformers obtained for each mode were then simulated at 9.7Å to their respective volumes using “molmap” in UCSF Chimera. Hence, we were able to determine the highly flexible regions of SF3b map (Figure 2A). 
b) Flexibility of the SF3b components
The multiple template structures available for modeling SF3b130 (Table S4), have identical amino acid sequences and, in order to understand the conformation variability, these structures are subjected to hierarchical clustering (based on RMSD cut-off 5 Å) using the Bio3D 57 package and Hclust module of R statistical package. The Bio3D package was used to calculate the all vs all pairwise RMSD matrix. The Hclust module was used to perform the hierarchical clustering using the complete linkage clustering method on the RMSD matrix. According to the R documentation for Hclust module "The function performs a hierarchical cluster analysis using a set of dissimilarities for the n objects being clustered. Initially, each object is assigned to its own cluster and then the algorithm proceeds iteratively, at each stage joining the two most similar clusters, continuing until there is just a single cluster. At each stage distances between clusters are recomputed by the Lance–Williams dissimilarity update formula according to the particular clustering method being used."
Similarly Anisotropic Network Model (ANM) 58, 59 based normal mode analysis was performed using ProDy 60 for the SF3b130 model built based on template 3EI3 Chain A. Further this model acted as reference during Principal Component Analysis performed using ProDy for the models (refer SF3b130 structure modeling) built on various templates (Table S4). This enabled recognition of the flexible regions of SF3b130 protein and also aided in fragmenting the structure into individual domains essential for fitting. ANM based normal mode analysis was also performed on the SF3b155 templates (Table S5) to assess their conformational flexibility. 
NMR models provide multiple low energy conformers which accounts for the dynamics in the structure and hence can be used for fitting into the map. The OLDERADO database 61 was used to obtain representative NMR conformers for SF3b49 and the template structure of SF3b14b. For SF3b10, multiple conformers were obtained from the de novo protein structure prediction method 36, 37. 
Localization of individual components into the cryoEM 3-D map
a) Density segmentation and discretization of the density map for global fitting 
The contour level of the EMD-1043 map obtained from EMDB 62 was set to a threshold of 0.01576 keeping in view the level of extraneous density visible in the map during visualization and also to reproduce the published structural features as reported by Golas et al 30. Discretization of the density map was performed as follows. Initially segmentation was performed using Segger 31, 63 plug-in implemented in UCSF Chimera 6, 64 which employs an immersive watershed algorithm to segment the density maps. The segmentation was performed with a smoothing value of 1 and step size of 1.6 voxels yielding 166 fine density segments. Further the center of mass of each density segment was calculated using UCSF Chimera to yield a set of 166 points for the SF3b map, which was then used for global fitting. A similar procedure was followed for the discretization of the U11/U12 cryo-EM map yielding 114 reference points. In global fitting the center of mass of the SF3b components – SF3b49, SF3b14b, SF3b130, SF3b155 and SF3b145 were aligned with that of the density segments using the “match” command and the cross-correlation values were calculated using Fit in Map module in UCSF Chimera. The refined density segmentation shown in Figure 1E was performed interactively using the Segger tool based on the shape information obtained from the structural folds, the localization information from fitting process and PPI interaction data. 
b) Protein - Protein Interaction network of SF3b complex for neighborhood information
A reliable consensus protein – protein interaction network was obtained for the SF3b complex by first querying each component against the BIOGRID 65, 66 database and this provided us with the initial list of interactions. The network of interactions was then computed (Figure 1D) and visualized using Cytoscape version 3.4 67. This was further pruned to depict experimentally derived interactions within the components of SF3b complex. Each interaction between two proteins is considered only if it has been reported at least three times in the literature (Table S2). This provided good confidence on individual interactions and the neighborhood information for the SF3b complex. 
c) Additional fitting methods for localization of the components
In the global search strategy, the individual domains of SF3b130, SF3b145 and SF3b14b were searched with a fine angular sampling of 3° using the colores program in SITUS package 68, 69 within part of the SF3b density region which is unoccupied. The unoccupied density region has been obtained by removing the densities for p14, SF3b49 and SF3b155 using Segger 31, 63 plug-in implemented in UCSF Chimera 6, 64. The density maps used for SF3b130 and SF3b14b domain searches additionally lacked SF3b145 density. The global search was also performed  in low pass filtered unoccupied SF3b density maps at 12, 15 and 18 Å resolutions generated using e2proc3d.py script in EMAN2 70. Clustering of the top 10 solutions based on cross-correlation values in the SF3b density and using additional information from SF3b protein-protein interaction network map resolved the finer placement of these components into the map. This reinforced our localization information as the shape features responsible for accurate placement of components were preserved even in 18Å resolution map. This allowed us to unambiguously localize the proteins within the density map.

For SF3b145 we observe that the top 10 solutions consistently clustered around a region near SF3b49 and SF3b155 (whose positions were already known; Figure S5) in searches spanning different resolutions. SF3b145 is also known to interact with both SF3b49 and SF3b155 based on the SF3b protein-protein interaction network (Figure1D and Table S2) validating our localization. 

The three β propeller domains and the helical domain of SF3b130 were used for searches in the SF3b density region which additionally lacked the protein density for SF3b145. We note that for SF3b130-β propeller1 and SF3b130-β propeller2 domains all the top 10 solutions clustered around a flat density region (Figure S6A and B) in searches using a 9.7 and 12 Å filtered map. At low resolutions (15 and 18 Å) searches, most of the solutions clustered near the flat density region. For SF3b130-β propeller3 at increasingly low resolution maps, most of the top 10 solutions clustered at a region close to the flat density region (Figure S6C). For SF3b130-helical domain most of the top 10 solutions clustered around a density segment which is also near the flat density region where the other two β propeller domains clustered (Figure S7). Only the number of solutions clustered around this region changed at lower resolutions. SF3b130 is known to interact with both SF3b145 and SF3b155 (Figure 1D and Table S2), hence the density region around the top solution clusters could be reliably assigned to SF3b130.

Searches for the location to fit SF3b14b resulted in most of the top 10 solutions clustering in locations proximal to both SF3b130 helical domain and SF3b155. Again only the number of solutions clustered around these two regions varied across the different resolutions (Figure S7). The solutions for this protein in the SF3b130 helical region density segment can be treated as a false positive as it is known from the SF3b interaction network that  SF3b155 and SF3b14b interact (Figure1D and Table S2). Therefore although there are more than one location obtained by fitting, only one of them was identified to be correct based on available experimental information.

Thus we could unambiguously assign and resolve the four remaining components to distinct locations in the SF3b density map compatible with protein-protein interaction data and previous annotation of locations for the rest of the SF3b components.

Fitting of individual components in the cryo-EM map
Localized fitting of the components was performed into their corresponding density segments using rigid body fitting methods described below. A six dimensional lattice search of an atomic model in the electron density map was performed using the “colores” program in SITUS package 68, 69 with an angular step of 3°. In addition the manipulation and local optimization of atomic models placed in regions of well defined density were performed using various modules in UCSF Chimera. The final density cross-correlation scores reported are from the ‘Fit in Map’ module in UCSF Chimera. 
Density guided flexible fitting
Flexible fitting was performed using MDFF 71, 72 to improve the fit at the local regions in the density. Flexible fitting improves the fit of the structural models into the density. This was achieved using a restrained molecular dynamics based fitting protocol, which improved the density cross-correlation scores of SF3b155, SF3130, SF3b49, SF3b145 and SF3b10 (Table S1). The default MDFF protocol with appropriate domain restraints were imposed to allow motion of only highly flexible segments in the proteins and also prevent over fitting. 



Table S1: Summary of modeling information for the components of SF3b complex
	Protein Name
	
Structural Information
	
PDB Ids
	Fold /domain information
	Structural Coverage
	Density CC in closed (open) cryo-EM map
	Information known before the current work
	References for columns 3 and 7 

	p14
	X-ray and NMR
	3LQV
2F9D
2FHO
	1RRM
	12-125 (91.2%)
	0.68 (0.74)
	Interacts with branch point adensoine and SF3b155
	1-3

	SF3b49
	NMR
	1X5U
1X5T
	2 RRMs
	4-183 (42.4%)
	0.88 (0.89)
	Interacts with pre- mRNA and U2 snRNA,
	73, 74

	SF3b14b
	Comparative modeling (seq. id. 56%)
	2K0A
	Triquetra
	1-110 (100%)
	0.79 (0.75)
	Yeast homologue (Rds3p) is a Knotted zinc finger protein
	9

	SF3b130
	Comparative modeling
(seq. id. 24%)

	3EI3_A
	3 β propeller domains with WD repeats;
1 C-terminal Helical domain
	1-1217
(100%)
	0.63 (0.66)
	No data
	-

	SF3b155
	Fragment based fitting followed by domain restrained flexible fitting
	1B3U_A
1IBR_B
1JDH_A
1QGR_A
1U6G_C
1WA5_C
2BPT_A
2VGL_A
2X19_B
4FDD_A
	N-terminal unstructured with RWDETP and TPGH repeats and C-ter 22 HEAT Repeats
	469-1204 (64.8%)
	0.78 (0.69)
	22 HEAT repeats identified at the C-terminus; Harbours many Cancer causing mutations
Interacts with all the proteins in SF3b and also pre-mRNA
	74-76

	SF3b10
	De novo Structure Prediction using shape features from density and residue co-evolution
	-
	DnaD like domain;
RNA binding domain

	1-86
(100%)
	0.71 (0.72)
	No data
	-

	SF3b145
	Comparative modeling (seq. id. 16%)
	4L8R
2DO5
	SAP domain;
Ribonulcease H like
	24-68, 361-556
(26.7%)
	0.61 (0.66)
	Interacts with pre-mRNA and known to bind to stem loop IIa
	45, 74





Table S2: Interaction data for the components in SF3b complex

	Interaction
	Experimental method used for defining physical interactions
	References

	SF3b155-p14
	X-ray, NMR, Reconstituted Complex, Affinity Capture-MS,  Co-fractionation, 
Yeast two hybrid
	1-3, 77-81

	SF3b155-SF3b130
	Affinity Capture-MS, 
Affinity Capture-Western, 
Co-fractionation
	79-82

	SF3b155-SF3b145
	Affinity Capture-MS,
Affinity Capture-Western,
Co-fractionation
	79-82

	SF3b155-SF3b49
	Affinity Capture-MS,
Co-fractionation
	79-81

	SF3b155-SF3b10
	Affinity Capture-MS,
Co-fractionation
	79-81

	SF3b155-SF3b14b
	Affinity Capture-MS,
Co-fractionation
	79-81

	SF3b145-SF3b130
	Affinity Capture-Western,
Co-fractionation
	79, 81, 82

	SF3b145-SF3b49
	Affinity Capture-Luminescence,
Far Western,
Two Hybrid,
Co-fractionation
	77, 81, 83-85















Table S3: Localization and fitted position information in the SF3b cryo-EM density map 
	Protein Name
	Fold /domain information
	Location and fitted position of the protein in SF3b cryo-EM density map as in Figure 2B

	p14
	1RRM
	For p14 we have used the location provided by Golas et al.30 The fitted orientation was based on the RNA binding surface poised to interact with the branch point adenosine in the U11/U12 di-snRNP map.

	SF3b49
	2 RRMs
	We have used the location provided by Golas et al. to fit the RRMs. In addition, the orientation of the RRM domain orientation was fixed according to the homologous structure PDB: 2KM8 and PDB: 4F02, based on their fits in the U11/U12 cryo-EM map. Since SF3b49 binds to snRNA in the U11/U12 di-snRNP, this orientation of SF3b49 RRM domains in the SF3b closed form enables RNA binding. The N-terminal RRM domain was assigned to the region near SF3b145 density region based on the earlier interaction data showing N-terminal RRM of Hsh49 (SF3b49 yeast homolog) is required for interaction with Cus1 (SF3b145 yeast homolog) 86. Hence, we could unambiguously assign the corresponding densities for the two SF3b49 RRMs.

	SF3b14b
	Triquetra
	This protein was located to a region proximal to SF3b130 β-propeller1 and also SF3b155 based on the global search as well as SF3b interaction data. The orientation of this domain was based on the best-fitted solution. Moreover the alternative solutions clustered around the best-fitted solution.

	SF3b130
	3 β propeller domains with WD repeats;
1 C-terminal Helical domain
	Based on the global search, this protein has been assigned to a density region near SF3b145 and SF3b155. Additionally, the features shown in SF3b130 structure allowed us to unambiguously assign densities for the three seven bladed WD40 β-propeller domains of the protein. Additionally, flexibility analysis based on the normal mode analysis of the density map and the SF3b130 model indicates the location of β-propeller 2 in the flat density region where most of the solutions were clustered in the global search. Thus, this provided the right configuration for placement of similarly shaped β-propeller structures.

	/SF3b155
	N-terminal unstructured with RWDETP and TPGH repeats and C-ter 22 HEAT Repeats
	The location of this protein was determined by Golas et al. 30 using the characteristic S-shaped curve in the SF3b density. The experimental information of the anti-SF3b155 antibody binding to the N-terminus to localize SF3b155 in larger U11/U12 cryo-EM 7 provided the information for N-to-C directionality for the entire HEAT repeat structure in the SF3b complex

	SF3b10
	DnaD-like domain;
RNA binding domain

	The orientation of this domain was that based on the best fitted solution. Moreover the alternative solutions clustered around the best fitted solution.

	SF3b145
	SAP domain;
Ribonulcease H like
	This protein was localized to a region near SF3b49 and SF3b155 density based on global search. The orientation of the RNaseH-like domain within the density was fixed to enable it to bind to RNA as its yeast homolog, Cus1 is known to bind to stem-loop IIa 45. Moreover, the orientation of the SAP domain with respect to RNaseH-like domain was governed by the  orientation of these domains within the template structure (PDB ID: 4L8R Chain B) 44.





Table S4: SF3b130 template, DNA Damage binding protein 1 dataset used for PCA

	PDB ID
	Chain ID
	Resolution
	Oligomeric form
	Rotational Angle#

	3EI3
	A
	2.30
	Heteromer
	0.0

	2B5L
	A, B
	2.85
	Heteromer
	53.5, 53.0

	2B5M
	A
	2.92
	Monomer
	22.6

	2HYE
	A
	3.10
	Heteromer
	129.8

	3E0C
	A
	2.41
	Monomer
	17.9

	3EI1
	A
	2.80
	Heteromer
	18.4

	3EI2
	A
	2.60
	Heteromer
	17.4

	3EI4
	A, C, E
	3.30
	Heteromer
	69.7, 70.6, 68.8

	3I7H
	A
	2.90
	Monomer
	21.6

	3I7K
	A
	2.80
	Monomer
	22.1

	3I7L
	A
	2.80
	Monomer
	21.0

	3I7N
	A
	2.80
	Monomer
	21.7

	3I7O
	A
	2.80
	Monomer
	22.6

	3I7P
	A
	3.00
	Monomer
	21.2

	3I8C
	A
	2.80
	Monomer
	20.7

	3I8E
	A, B
	3.40
	Homomer
	21.0, 19.9

	4A0B
	A, C
	3.80
	Heteromer
	22.3, 23.4

	4A0K
	C
	5.93
	Heteromer
	75.4

	4A0L
	A, C
	7.40
	Heteromer
	54.6, 130.3

	4A08
	A
	3.00
	Heteromer
	35.4

	4A09
	A
	3.10
	Heteromer
	15.7

	4A11
	A
	3.31
	Heteromer
	131.9

	4E5Z
	A
	3.22
	Heteromer
	14.3

	4E54
	A
	2.85
	Heteromer
	14.1



#The rotational angle (the angle of rotation between the fixed domain (3EI3_A) and the moving domain around a  hinge axis)  has been obtained by comparing 3EI3 structure with every other structure in the Table using DynDom 87, 88. The reported values are for domain 2. 


Table S5: The templates used in modeling SF3b155 C-terminal region (459-1304)

	PDB ID
	Chain
	Protein Name
	Resolution
	QMEAN
Z-Score

	1B3U
	A
	Protein Phosphatase 2A
	2.30
	0.54

	1IBR
	B
	Importin β – 1 subunit
	2.30
	0.46

	1JDH
	A
	β – Catenin
	1.90
	0.51

	1QGR
	A
	Importin β – 1 subunit
	2.30
	0.50

	1U6G
	C
	TATA binding protein interacting 120
	3.10
	0.47

	1WA5
	C
	Importin α re-exporter
	2.00
	0.52

	2BPT
	A
	Importin β – 1 subunit
	1.99
	0.54

	2VGL
	A
	Adaptor Protein – 2, α 2 subunit
	2.60
	0.55

	2X19
	B
	Importin – 13
	2.80
	0.52

	4FDD
	A
	Transportin – 1
	2.30
	0.55





Table S6:  Protein-RNA structures used in the analysis for fixing SF3b49 RRM domain orientation 

	PDB ID
	Protein Name

	Position of RRM in the protein sequence
(Number of RRMs in the PDB)
	Matches to number of RRM#

	2KM8
	mRNA 3'-end-processing protein RNA15 (1) / Nuclear polyadenylated RNA-binding protein 4 (2)
	1 (1) / 1 and 2 (2)
	2

	4F02
	Polyadenylate-binding protein (2)
	1 and 2 (2)
	2

	4N0T
	U4/U6 snRNA-associated-splicing factor PRP24
	1, 2, 3 and 4 (4)
	2

	4BS2
	TAR DNA-binding Protein 43
	1 and 2 (2)
	2

	3NMR
	CUG-binding protein 1
	1 and 2 (2)
	2

	2YH1
	Splicing Factor U2AF 65
	1 and 2 (2)
	1

	4ED5
	Human RNA-binding protein
	1 and 2 (2)
	1

	2G4B
	Splicing Factor U2AF 65
	1 and 2 (2)
	1

	2CJK
	Nuclear polyadenylated RNA-binding protein 4
	1 and 2 (2)
	1

	2ADC
	Polypyrimidine tract-binding protein 1
	3 and 4 (2)
	1

	1RKJ
	Nucleolin RNA binding domain
	1 and 2 (2)
	1

	1FNX
	HuC RNA-binding domain
	1 and 2 (2)
	1

	1FXL
	HuD RNA-binding domain
	1 and 2 (2)
	1

	1FJE
	Nucleolin RNA binding domain
	1 and 2 (2)
	1

	1CVJ
	Polyadenylate Binding protein 1
	1 and 2 (2)
	1

	1B7F
	Sex-lethal (Sxl) protein
	1 and 2 (2)
	1



# - The number of unique RRM domains to which both the SF3b49 RRMs aligned during structural alignment in the corresponding PDB structures
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