
Spliceosome nanomachinery 
is coded by more than 100 genes 

Every human cell contains 
〜 100.000 spliceosomes

It takes 20-30 s to transcript 
and excise a short intron (1.3 - 1.4 Kb)

35 % of human genetic disorders 
are caused by splicing alterations

Mutations in spliceosome have been linked to 
retinitis pigmentosa and cancers 

Discovered in 1977 by Philip Sharp and Richard J. Roberts (Nobel 1993)
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Splicing:

what are we talking about?
 



Protein-coding genes in humans contain typically 9-10 introns, but some > 100

Origin & evolution Cryo-EMSplicing reaction



          Step 1. 2’OH (branch-point adenosine) ➛  PO4 (between 5’ exon1 and intron)

         ↬  Formation of lariat harboring a 2’-5’ phosphodiester bond

Step 2.  3’OH (5’ exon1) ➛  PO4  (between intron and 3’ exon2)

SS: splice site 
BP: branch point
  

Origin & evolution Cryo-EMSplicing reaction

 Extracted from: Weaver R.F. Molecular Biology. Boston: McGraw-Hill, 1999.



Origin & evolution Cryo-EMSplicing reaction

Extracted  from: Hang J, Wan R, Yan C, Shi Y. Structural basis of pre-mRNA splicing. Science. 2015;349(6253):1191-8.



       Proto-eukaryotic cell 

DNA DNA

Bacteria 
DNA

Archaea-like 
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eukaryotes

DNA

Group II Introns
(self-splicing ability)

Massive invasion of Group II
 introns into host genome

Evolved as  
spliceosomal introns 

and spliceosome 
components

Proteins
external to 

Group II 

Origin & evolution Cryo-EMSplicing reaction



Origin & evolution Cryo-EMSplicing reaction

Group II introns Spliceosomal introns

 Extracted from: Alberts B. Molecular Biology of the Cell. New York: Garland Science, 2002.



Eukaryote-specific 
RNA-protein complex 

5 snRNPs* with 
over 100 proteins

Major and minor 
spliceosome 

Major spliceosome: 〜 99.5% of 
human intron removal 

 

*snRNP: small nuclear ribonucleoprotein particles

Origin & evolution Cryo-EMSplicing reaction

Extracted  from: Wahl M, Will C, Lührmann R. The Spliceosome: Design Principles of a Dynamic RNP Machine. Cell. 2009; 136(4): 701-718. 



Cryo-EM 
micrograph of the 
yeast spliceosomal 
complex. Scale bar, 

30 nm
2D class averages of the yeast 

spliceosome 

EM density for the yeast 
spliceosome. The resolution 

goes to 2.9-3.2 Ar in the center 
of the spliceosome

Origin & evolution Cryo-EMSplicing reaction

Extracted  from: Yan, C., Hang, J., Wan, R., Huang, M., Wong, C. and Shi, Y. Structure of a yeast 
spliceosome at 3.6-angstrom resolution. Science. 2015; 349: 1182-1191.

Cryo- Electron Microscopy



Origin & evolution Cryo-EMSplicing reaction

Extracted  from:  Song C, Murata K. Cryo-electron Microscopy for Structural Analysis of Dynamic Biological Macromolecules. 
Journal of Computer Chemistry, Japan. 2018; 17(1): 38-45. 



 

H.s pre-B (5,7 Å) B (3,8 Å)
Zhan et al. 2018

Origin & evolution Cryo-EMSplicing reaction

Extracted  from:  Yan C, Wan R, Shi Y. Molecular Mechanisms of pre-mRNA Splicing through Structural Biology of the Spliceosome.  Cold Spring Harb Perspect Biol. 2019:11(1).



The Human

Major Spliceosome
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Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



U1 Sm
70K
A
C

U2 Sm
U2-A’
U2-B’
SF3a 
SF3b

U4 Sm
U6-LSm
Prp31
Prp 3
Prp4
CypH
15.5K

U5 Sm
Prp8
Prp6
Snu114
Brr2
40K
52K
Prp28
Dib 1

Other components: 
NTC, NTR, splicing 
factors, etc. 

U1 
snRNP

U2 
snRNP

U4/U6 
snRNP

U5 
snRNP

Sm: small nuclear ribonucleoprotein
LSm:  Sm-like protein
SF: splicing factor
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Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Catalytic core 

Extracted  from: Wahl M, Will C, Lührmann R. The Spliceosome: Design Principles of a Dynamic RNP Machine. Cell. 2009; 136(4): 701-718. 



Recognition

Activation

Disassembly

Catalysis

Branch point

Activate site

Adapted from: Galej WP. Structural studies of the spliceosome: past, present and future perspectives. Biochem Soc Trans. 2018;46(6):1407-1422.

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



Recognition

Activation

Disassembly

Catalysis

Branch point

Activate site

Adapted from: Galej WP. Structural studies of the spliceosome: past, present and future perspectives. Biochem Soc Trans. 2018;46(6):1407-1422.

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



Recognition

Activation

Disassembly

Catalysis

Branch point

Activate site

Adapted from: Galej WP. Structural studies of the spliceosome: past, present and future perspectives. Biochem Soc Trans. 2018;46(6):1407-1422.

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Adapted from: Absmeier E, Santos KF, Whal MC. Functions and regulation of the Brr2 RNA helicase during splicing. Cell Cycle. 201616;15(24):3362-3377.



SF3a

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Adapted from: Absmeier E, Santos KF, Whal MC. Functions and regulation of the Brr2 RNA helicase during splicing. Cell Cycle. 201616;15(24):3362-3377.



A complex

SS: splice site 
BPS: branch point 
sequence  

BPS5’SS 3’SS

U1 U2

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Adapted from: Kuwasako K et al. Solution Structures of the SURP Domains and the Subunit-Assembly Mechanism within the Splicing Factor SF3a Complex in 17S U2 snRNP. 
Structure.  2006;14(11):1677-89.  

U2 conformation: 



U2 snRNP

U1 
snRNP

U6 snRNP

U5 snRNP

U4 snRNP

Resolution: 5,7 Å
PDB ID: 6AH0

U2 snRNA

pre-mRNA

U6 snRNA

U4 snRNA

U5 snRNA

U1   snRNA  

pre-mRNA

Pre-B complex

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

3’

5’



U6 LSm

U5 Sm 

SF3a

pre-mRNA

U4 Sm 

U2 Sm 
Pre-B complex

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Resolution: 5,7 Å
PDB ID: 6AH0



7 subunits
highly conserved Resolution: 3,8 Å

PDB ID: 6AHD 
 Sm complex + snRNA

Sm and LSm complexes

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome



U6 LSm
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pre-mRNA

U4 Sm 

U2 Sm 
Pre-B complex

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Resolution: 5,7 Å
PDB ID: 6AH0



     B complex
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Resolution: 3,8 Å
PDB ID: 6AHD

U6 snRNP

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

5’

3’

U4 snRNA



     B complex

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

U2 snRNP

U5 snRNP
U4 snRNP

pre-mRNA

Resolution: 3,8 Å
PDB ID: 6AHD

U6 snRNP

Zhan X, Yan C, Zhang X, Lei J,  Shi Y. Structures of the 
human pre-catalytic spliceosome and its precursor 
spliceosome. Cell Research. 2018; 28(12): 1129-1140.



     B complex

pre-mRNA

U6 Sm

U4 Sm
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SF3a

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Resolution: 3,8 Å
PDB ID: 6AHD



U2 snRNP

U5 snRNP

Aquarius

Prp2

NTC

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

     B-act complex

Resolution: 5,1 Å
PDB ID: 5Z56



     B-act complex
U2 snRNP

SF3a

U2 snRNA

U6 snRNA

pre-mRNA

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

U5 snRNA

Resolution: 5,1 Å
PDB ID: 5Z56
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3’
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pre-mRNA

U2 snRNA

U6 snRNA
U5 snRNA

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Resolution: 5,1 Å
PDB ID: 5Z56
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B-act complex 

5’

3’

U2 Sm



SF3a

U2 snRNA

U6 snRNA

U5 snRNA

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

Resolution: 5,1 Å
PDB ID: 5Z56
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B-act complex 
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3’

pre-mRNA
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Resolution: 3,4 Å
PDB ID: 5ZWM

Resolution: 5,7Å
PDB ID: 6AH0

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

S. cerevisiae pre-B complex H. sapiens pre-B complex



Yeast vs HumanSpliceosome CycleThe Major Spliceosome

S. cerevisiae pre-B complex RNA H. sapiens pre-B complex RNA

Resolution: 3,4 Å
PDB ID: 5ZWM

Resolution: 5,7Å
PDB 6AH0

U2 snRNA

U5 snRNA

U6 snRNA

pre-mRNA

U4 snRNA

U1   
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U1 
snRNP

U1 
snRNP

Spliceosome Cycle Yeast vs HumanThe Major Spliceosome

S. cerevisiae pre-B complex H. sapiens pre-B complex

Resolution: 5,7Å
PDB 6AH0

Resolution: 3,4 Å
PDB ID: 5ZWM

U4 Sm 



Splicing Factor 3a 
 



Adapted from: Kuwasako K et al. Solution Structures of the SURP Domains and the Subunit-Assembly Mechanism within the Splicing Factor SF3a Complex in 17S U2 snRNP. 
Structure.  2006;14(11):1677-89.  

→ Crucial component of functionally active 17S U2 complex

→ Stabilization of U2

→ Its displacement initiates the first step of the splicing reaction



SF3b

SF3a
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Resolution: 3,4 Å
PDB ID: 5ZWM

U2 snRNA

pre-mRNA



SF3b

SF3a

U2 Sm
U2A’/U2B’’

H.sapiens
Resolution: 5,7 Å
PDB ID: 6AH0



PDB ID: 4DGW
Resolution: 3.112 Å
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Prp21 Prp11Prp9



PDB ID: 4DGW
Resolution: 3.112 Å
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Prp21

Prp11

Prp9
13α-helices
+ 2 short β-strands

Prp21 Prp11Prp9
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Prp21 Prp11Prp9

Zn finger

Extracted from: Protein Structures [Internet]. Available from: Peptideweb.com 
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PDB ID: 6AH0
Resolution: 5,7Å



ROUGH STAMP
Sc = 6.95
RMS = 0.29

Prp9

SF3a60

Prp21 Prp11Prp9



ROUGH STAMP
Sc = 6.95
RMS = 0.29

Prp21 Prp11Prp9



prp9     E-NLLETRRSLLEE-EIIENAIAERIQRNPELYYHYIQESSKVFPDTKLPRSSLIAENKI
SF3a60   METILEQQRRYHEEKERLMDVMAKEMLTKKSTLRDQINSDHRTRAMQDRYMEVSGNLRDL

prp9     YKFKKVKRKRKQIILQQHEINIFLRDYQEKQQTFNKINFERKLQQLEKELKNEDENFELD
SF3a60   YDDKDGLRKEELNAISGPNEFAEFYNRLKQIKEFHRKHFEELLKARENPSEEAQNLVEFT

prp9     INSKKDKYALFSSSSDPSRRTNILSDRARDLDLNEIFTRDEQYGEY-ELEQFHSLWLNVI
SF3a60   DEEGYGRYLDL-H-Y-INLKASEKLDYITYLSIFDQLFDIPKERKNAEYKRYLEMLLEYL

prp9     KRGDCSLLQFLDILELFLDDEKYLLTPP-DRKNDRY-AFLLKLSKYVETFFFKSYALLDA
SF3a60   QDYTDRVKPLQDQNEL-F-E-KKWENGTFPGWPKETSSALTHAGAHLDLSAFSSWEELAS

prp9     AAVENLIKSDFEHSYCR-GSLRSEAKGIYCP-FCSRWFKTSSVFESHLVGKIHKKNESKR
SF3a60   LGLDRLKSALLALGLKCGGTLEERAQRLFSTKGKSLESLDTSLFAKNPKSKGTKRDTERN

prp9     RNFVYSEYKLHRYLKYLNDEFSRTRSFVERKLAFTANER-AE-DILTQKYEAPAYDSTEK
SF3a60   KDIAFLEAQIYEYVEILGEQRHLTHENVQRKQARTGEEREEEEEEQISESESEDEENIPY

prp9     EGAEQVD-----------------------------------------------------
SF3a60   WLYKLHGLNINYNCEICGNYTYRGPKAFQRHFAEWRHAHGMRCLGIPNTAHFANVTQIED

prp9     -----------------------------
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Prp21 Prp11Prp9

Structural alignment (STAMP)



Prp21 Prp11Prp9

Multiple Sequence Alignment (ClustalW)



Prp21 Prp11Prp9

Multiple Sequence Alignment (ClustalW)



Prp21 Prp11Prp9

Multiple Sequence Alignment (ClustalW)



PDB ID: 4DGW
Resolution: 3.112 Å
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Prp21 Prp11Prp9



Prp21 Prp11Prp9
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Prp21 Prp11Prp9

2.946 Å
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Prp21 Prp11Prp9



Asn80

Lys157

Asp162

Tyr32

Arg167
Asn19

Glu172
Gln26

α1

α4

αD

hairpin
α3-α4

Prp21 Prp11Prp9

2.789 Å
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αD
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Prp21 Prp11Prp9
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Prp21 Prp11Prp9
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Prp21 Prp11Prp9

2.788 Å



ROUGH STAMP
Sc = 8.39
RMS = 0.55
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Prp21 Prp11Prp9



prp21     SRRD-EVIKLTARYYAKDK-SIVEQ-ISKDGEARL-NF-NSSHPLHKTFTDFVAQYKRVY
SF3a120   SAFDLDVVKLTAQFVARNGRQFLTQLMQKEQRNYQFDFLRPQHSLFNYFTKLVEQYTKIL

prp21     SFTGQEIKKSKRTILDNCFERTQYWEFEKDKDREHDKLVELCKIQFAAIPWDKFTQVAKF
SF3a120   IPPKGLFS-K---L-DQVCYRVEWAKFQERERKKEEEEKEKERVAYAQIDWHDFVVVETV

prp21     DLEQ-RLRR
SF3a120   NFPPPTTPE

𝛼A 𝛼B 𝛼C

𝛼D
SURP domain

Prp21 Prp11Prp9

Structural alignment (STAMP)



Prp21 Prp11Prp9

PFAM HMM search 



Prp21 Prp11Prp9

PFAM HMM search 



Prp21 Prp11Prp9

Sequence alignment (ClustalW)



Prp21 Prp11Prp9



Prp21 Prp11Prp9

Conserved 
Prp21 residues 
involved in 
interactions 
between
Prp21 - Prp9

* hydrophobic
* ionic
* Hbond*   * *

*  * *



Prp21 Prp11Prp9

Sequence 
alignment 
(HMM fetched 
from PFAM)



Prp21 Prp11Prp9

Conserved 
Prp21 residues 
involved in 
interactions 
between
Prp21 - Prp9 / 11

* hydrophobic
* ionic
* Hbond
*solvent exposed

 * * * ***************************      *



PDB ID: 4DGW
Resolution: 3.112 Å
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Prp11Prp9 Prp21
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Prp11Prp9 Prp21
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Val200
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Prp11Prp9 Prp21



Prp11Prp9 Prp21
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Prp11Prp9 Prp21

2.705 Å
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ALIGNFIT STAMP
Sc = 6.47
RMS = 0.38

Prp11
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Prp11Prp9 Prp21



prp11    GSVGAIQVNYSSEVKENSVDSDDKAK-VPPLIRIVSGLELSDT-KQKGKKFLVIAYEPFE
SF3a66   VKIGKVTKQRDSE--M---Y-PEIAEGIMPRHRFMSAYEQRIEPPDRRWQYLLMAAEPYE

prp11    NIAIELPPNEILFSENNDDNNNDGVDELNKKCTFWDAISKLYYVQ
SF3a66   TIAFKVPSREIDKAEGKFTHWNRETKQFFLQFHFKMEKPPAPPSL

𝛽6𝛼2𝛽5

𝛽4𝛽3

𝛽7

𝛽2

Prp11Prp9 Prp21

Structural alignment (STAMP)



Prp11Prp9 Prp21

Conserved Prp11 
residues involved in 
interactions 
between
Prp21 - Prp11

* hydrophobic 
* Hbond

* * *

Sequence 
alignment 
(ClustalW)



Conclusions
 Spliceosome has evolved from the Group II introns found in bacteria  

Cryo-EM has contributed to understand spliceosome 3D structure and its 
dynamics

This cell machinery is a dynamic multi-subunit RNA-protein complex

Major Spliceosome is composed by 5 snRNPs: U1, U2, U4, U5 and U6

SF3a is a crucial component of U2 and its displacement enables the first 
catalytic reaction

A deep and clear global understanding of the spliceosome is still lacking
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Questions
 

1. How many snRNP does the spliceosome have?                     
a) <  5
b) > 5
c) 5 
d) Major spliceosome has 5 and minor 3
e) None of the above

2. Which is the best technique to obtain a representation of the whole spliceosome?
a) X-ray diffraction
b) NMR
c) a and b
d) Cryo - Electron Microscopy
e) All of the above

3. Regarding Major Spliceosome, 
a) U2 snRNA interacts with pre-mRNA and U6 snRNA
b) U6 snRNA interacts with pre-mRNA and U4 snRNA
c) U1 interacts with pre-mRNA 
d) All of the above 
e) None of the above

4. snRNP has: 
a) snRNA, 1 Sm/LSm complex and other splicing factors 
b) snRNA, 2 Sm/LSm complexes and  other splicing factors 
c) snDNA, 1 Sm/LSm complex and other splicing factors 
d) snDNA, 2 Sm/LSm complexes and other splicing factors
e) snRNA, snDNA, 2 Sm/LSm complexes and other splicing factors

5. Regarding the Sm complex,
a) It is present only in U2, U5 and U6
a) It has eight subunits
b) It is not well conserved amongst species
c) Mutations in this proteins can be lethal 
d) Doesn’t play any crucial role in splicing 

6. Which protein-complex does SF3a belong to?
a) U1
b) U2
c) a and b
d) U6
e) none of the above

7. Regarding SF3a, select the correct answer:
a) Its displacement allows the first splicing reaction to happen
b) It is a protein that stabilizes the U2 complex 
c) a and b
d) It is located in the catalytic core of the spliceosome
e) All of the above

8. Regarding SF3a, select the correct answer:
a) Not a lot of crystal structures are available, due to the complexity of the spliceosome
b) It is very conserved, due to its essential role in splicing
c) a and b
d) It is formed by three subunits
e) All of the above

9.  The zinc finger domain of Prp9:
a) Is also found in SF3a60
b) Typically binds DNA
c) Is a beta/beta/alpha structure
d) Is highly conserved amongst other species

10.  The SURP domain of Prp21:
a) Forms the lariat
b) Interacts with the alpha 5 helix of Prp9
c) Interacts with the beta 5 helix of Prp9
d) Contains only one alpha helix
e) Doesn’t have a crucial role in U2
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