
Lecture 7. 2022
Put it all together:

the Tetrahymena Group I intron



The Tetrahymena Group I intron – a catalytically active RNA

This is the RNA that earned Tom Cech a Nobel Prize in 1989. 
It’s located within the genes for rRNA, and it removes itself after the genes have been 
transcribed. 
It’s autocatalytic but does require two cofactors: Mg2+ and guanosine.

Cech (1987) Science 236:1532-1539.

Define: autocatalytic

This intron removes itself  from flanking 

RNA. This is autocatalytic splicing. 

In contrast, introns in pre-mRNA are not 

autocatalytic, but are spliced out by the 

spliceosome.



The InterVening Sequence (IVS) is the Intron



The autocatalytic reactions are transesterifications. 
They require no exogenous energy source

Exogenous Guanosine

First Splicing step

G-intron



Active cofactors are 
Guanosine, rGMP, rGDP, 
rGTP.
dG and ddG are weak 
inhibitors.

L IVS = Linear InterVening Sequence

Exogenous Guanosine  G

Step 1

Step 2



Things to think about:

The OH groups and phosphodiester bonds of RNA are normally very 
unreactive chemical species (fortunately).
In a group I intron, there are two specific phosphodiester bonds that are 
readily cleaved in the transesterification reactions. How are these sites 
identified as the correct cleavage points?

The intron contains the binding site for the Guanosine cofactor, as well 
as intrinisically containing two cleavage sites. These sites must be 
brought into juxtaposition for the reactions to occur.

Therefore, the structure of the intron must determine the identification 
of the specific phosphodiester binds that are to be cleaved. That is, the 
RNA must fold to create the active site of catalysis, in the same way 
that a protein enzyme folds to forms its catalytic site.



Guo F, Gooding AR, Cech TR. Structure of the Tetrahymena ribozyme: base 
triple sandwich and metal ion at the active site. Mol Cell. 2004 16(3):351-62





Locate the 5’ splice site.
It’s in the P1 helix, and cleavage occurs 
after the U↓ in the U:G pair.

What is the mechanism that identifies the phosphodiester backbone at 
the 5’ and 3’ splice sites as labile sites for cleavage?



A C:A pair will allow cleavage, and a C:G 
pair doesn’t work very well. A G:C pair 
won’t substitute.

The P1 helix is also called the 5’ exon binding site
And
The Internal Guide Sequence,
Its function is to define the 5’ splice site.

What is the mechanism that identifies the phosphodiester backbone at 
the 5’ and 3’ splice sites as labile sites for cleavage?

What does this suggest about the site – geometry 

and/or chemistry?

If  the U:G base pair is the only requirement for  definition of the 

cleavage site, could the intron be used as an RNA ‘restriction 

enzyme’?



The G site
The G-site is the binding site 
first for the exogenous GOH

cofactor for the first step of 
splicing. 
Then, it binds the G414 (also 
known as the ΩG or ωG) for 
the second step of splicing.

Normally there is a 3’ exon sequence that follows the ΩG, and that 
exon is ligated to the 5’ exon after its U*



5’ss

3’ss

G binding site

10% sequence conservation among all group I introns.

The CORE

The U:G pair

How was the G site found?



F. Michel reasoned that since all Group I introns use a G cofactor, it was logical 

that the G binding site was conserved in sequence and position within the 

intron.

Assuming that the intron had only one G-site, this site must be able to 

accommodate first the exogenous G for the first transesterification, then 

subsequently bind the second  G (G414 in Tetrahymena). 

A reasonable hypothesis was therefore that the G-site would be near G414.

P7 was promising: 

Its sequence is conserved.

It is part of the Core.

It is adjacent to P9, the site of G414.



Michel F, Hanna M, Green R, BArtel DP, Szostak, JW (1989) The guanosine binding site of the Tetrahymena ribozyme. Nature 
342:391-395.

Test P7 mutations for splicing

1. G264 → A.  Splicing was blocked. 

2. G264 → A, C311 → U.  Splicing was blocked. 

The critical experiment was to use a different cofactor together with the double mutant, 

based on the idea that the mutant intron could not bind the G. 

They tried 2-aminopurine,  Result: The first step of splicing was rescued, but the second 

step was still blocked. 

To explain this result, they proposed an interaction: 



The G-site is more complex than originally imagined. 
This is a structure of the G-site of Tetrahymena before the second 
step of splicing. 
The base triple formed by ΩG with G264:C311 is sandwiched 
above by a second base triple and below by another one. 
Schematic of the Tetrahymena Group I (b) and the Azoarcus G-
site (c)





Conceptually, the intron could be divided into two domains

Experimentally, the intron could be divided into two domains!



P456 has two tertiary interactions that stabilize its fold.

Tetraloop-receptor in P456



Russell et al. ((2000) Nat Str Biol 7:367-370) characterized 

Tetrahymena Group I folding using SAXS.



Many molecules are randomly tumbling in the X-ray beam, giving 

an isotropic scattering profile. It’s equivalent to measuring the 

angular dependence of scattering of a single molecule. 

The angular intensity of the scattering is measured at each , and 

plotted as a function of the momentum transfer, q = 4sin/, 

where  is the X-ray length. For small angles, q sin ~  .

SAXS (small angle X-ray scattering).



From SAXS experiments, the radius of gyration of a molecule is most readily calculated. 

Solution must be sufficiently dilute that intermolecular associations are avoided.

The molecule must be monodisperse (no dimers, aggregates).

Separate problems are conformational changes on the timescale of data collection 

(i.e. there is a conformational ensemble).

The radius of gyration (Rg) is calculated from the 

Guinier formula for small q. 

Plot ln(I(q)) vs q2, and

find the slope and 

intercept.  The intercept 

I(0) is related to the 

molecular weight

The slope is proportional to Rg.



The experiment:

With NO Mg2+, the RNA 

should be extended.

Result: Rg = 74 Å*

Add 15 mM Mg2+, 

incubate 30 min, 50° C, 

(conditions for optimal 

ribozyme activity), and 

remeasure.

Result: Rg = 47 Å* and 

its shape was more 

globular.

*using Guinier approximation

I(q) ≈ I(0)exp(-q2Rg
2/3). 

Plot ln(Iq) vs q2 to get slope.



Plot the calculated Rg as a function 

of added Mg2+ from steady-state 

SAXS measurements.

The transition is sharp and 

cooperative. You might think that 

this is a two-state conformational 

transition.

P(r) is the distance distribution 

function. ....no Mg2+, ----15 mM 

Mg2+. Clearly more than one 

species is present in both the initial 

and final states.

What is the role of the Mg2+ ions?

r (Å)



The transition from unfolded to native in their experiments was not simple;

The authors concluded that 95% of the enzyme was misfolded in its core.

The misfolded conformation was stable for hours, but if the temperature 

was increased, it would rapidly convert to the active conformation.



Overall folding

SAXS 

Now look at the timecourse of folding.

They found that when the intron folds in the presence of Mg2+, it is compact. 

Moreover, the compaction happened fast. This led them to propose 

“electrostatic collapse” for the RNA.



Russell et al., reasoned that if the slow 

folding steps involved a search of 

conformational space by those parts of 

the RNA that had to associate via 

tertiary interactions, then by using 

SAXS to measure the radius of 

gyration as a function of folding, there 

should be a significantly smaller 

structure formed after those folding 

events were complete.

In contrast, if electrostatic 

collapse happened early, then 

the radius of gyration should 

be constant during subsequent 

rearrangements.



Russell et al. ((2000) Nat Str Biol 7:367-370)

They found that when the intron folds in the presence of Mg2+, it is compact. 

Moreover, the compaction happened fast, but the native structure wasn’t 

completely formed until later.



General principles: 

RNA folding often requires Mg2+ ions.

RNA folding is hierarchical.

RNA molecules can misfold.

Concept: An RNA folding funnel. 

M is Misfolded, and N is correct Native fold. 

Intermediates are also shown.

Paths depend on ions, temperature, 

mutations, starting structures. 

How do you think an RNA folds during 

transcription?

Question: Proteins also have folding funnels – how do they differ from the RNA 

funnels?

? Is there really only one native state?



Cryo-EM structures of full-length
Tetrahymena ribozyme at 3.1 Å resolution

Nature (2021) 596:603-610.
Su, Zhang, Kappel, Li, Palo, Pintille, Rangan,  Luo,  Wei, Das & Chiu



P(r) is the distance distribution 

function. ....no Mg2+, ----15 mM 

Mg2+. Clearly more than one 

species is present in both the initial 

and final states.

What is the role of the Mg2+ ions?


