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ABSTRACT

Tetrahymena ribozyme is a group I intron, whose self-
splicing is the result of two sequential ester-transfer
reactions. To understand how it facilitates catalysis
in the first self-splicing reaction, we used cryogenic
electron microscopy (cryo-EM) to resolve the struc-
tures of L-16 Tetrahymena ribozyme complexed with
a 11-nucleotide 5′-splice site analog substrate. Four
conformations were achieved to 4.14, 3.18, 3.09 and
2.98 Å resolutions, respectively, corresponding to
different splicing intermediates during the first en-
zymatic reaction. Comparison of these structures re-
veals structural alterations, including large confor-
mational changes in IGS/IGSext (P1-P1ext duplex)
and J5/4, as well as subtle local rearrangements in
the G-binding site. These structural changes are re-
quired for the enzymatic activity of the Tetrahymena
ribozyme. Our study demonstrates the ability of cryo-
EM to capture dynamic RNA structural changes, ush-
ering in a new era in the analysis of RNA structure-
function by cryo-EM.

INTRODUCTION

RNA research is currently one of the most rapidly devel-
oping hotspots and frontiers of life science research in the
world. Studies on the structures and functional mechanisms
of RNAs play a crucial role in our understanding of the
biochemical principles essential for life and the occurrence
of diseases. RNA primary sequences form relatively stable
secondary structures through base pairing, and then fold
into more complex three-dimensional structures through
long-distance interactions, performing various regulatory
and catalytic functions (1–3). How the structures of RNAs
change dynamically in biological processes and then exert

their regulatory functions is an important scientific prob-
lem to be solved urgently.

Tetrahymena thermophila ribozyme is the first RNA with
enzymatic activity that does not involve protein, discovered
by Thomas Cech (4). It is a group I intron, whose self-
splicing is the result of two sequential transesterification re-
actions (5). The presence of metal ions, especially Mg2+, is
essential for the stability of the RNA structure and catalytic
reaction (6–12). Although structural and functional studies
of Tetrahymena ribozyme have been extensively performed
(13–24), the structural mechanism of the entire self-splicing
reaction is still lacking, which leads to uncertainties explain-
ing the biochemical and functional data of this ribozyme,
limiting its application as a gene regulation tool in molecu-
lar therapy and RNA nanotechnology (3).

Here, taking advantage of single-particle cryogenic elec-
tron microscopy (cryo-EM) to resolve samples of high
heterogeneity or flexibility (25,26), we obtained the high-
resolution three-dimensional (3D) structures of four func-
tional states of Tetrahymena ribozyme during the first-step
self-splicing. These structures allow us to understand how
conformational changes promote catalysis, providing direct
structural insights into the mechanism of this model ri-
bozyme and promote its practical applications.

MATERIALS AND METHODS

RNA sample preparation

The Tetrahymena ribozyme RNA sample was pro-
duced as previously stated (16). The forward primer
5′-TAATACGACTCACTATAGGTTTGGAGG
GAAAAGTTATCA-3′ and the reverse primer
5′-(MeA)(MeC)TCCAAAACTAATCAATATACTTT-3′
were used to amplify the DNA template from the pUC57-
16 plasmid. ‘Me’ stands for the methoxyl modification,
which was added to ensure the integrity and precision of
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the transcribed RNA 3′-end sequence. In vitro transcription
reaction was performed in a mixture comprising 0.315 �M
DNA template, 40 mM Tris, pH 7.9, 20 mM MgCl2, 2 mM
spermidine, 0.01% Triton X-100, 4 mM DTT, 2 mM NTPs,
1 U/�l recombinant ribonuclease inhibitor (TaKaRa), and
7 mg/ml laboratory-purified T7 RNA polymerase for 4 h
at 37◦C. The resultant RNA was loaded and run on an
8% urea–PAGE gel, and target RNA was extracted from
the gel by spinning overnight at 4◦C with a binding buffer
containing 300 mM NaOAc, pH 5.2, 1 mM EDTA. Then
RNA was purified by isopropanol precipitation and finally
dissolved in RNase-free water. The RNA oligonucleotide
substrates (5′-FAM-cccucu*aaacc3′ or 5′cccucu*aaacc3′),
in which * indicates a phosphorothioate bond, were ac-
quired from Accurate Biotechnology (Hunan) Co., Ltd.
FAM refers to 6-Carboxyfluorescein (6-FAM), single
isomer.

First-step self-splicing reaction assay

Three different concentrations (1, 2, 3 �M) of ribozyme
RNA were refolded in a buffer containing 50 mM Na-
HEPES, pH 8 as follows: denaturation at 90◦C for 3 min,
cooling to room temperature (RT) for 10 min, addition of
10 mM MgCl2 and incubation at 50◦C for 30 min, as well
as cooling again to RT for 10 min. Then, 1 mM GTP was
added to the RNA samples for another 5 min. The FAM-
labeled substrate (1 �M final concentration) was added and
incubated at RT for 20 min to form holoenzyme complexes,
followed by incubation on ice for another 2 h. Samples were
loaded onto a 20% urea–PAGE gel and run at 180 V for 80
min, and imaged using the fluorescence imaging system Ty-
phoon FLA 7000 (General Electric).

Cryo-EM sample preparation

To prepare the Tetrahymena ribozyme sample for cryo-
EM analysis, the concentrations of ribozyme and substrate
RNAs were increased. Briefly, ∼20 �M ribozyme was re-
folded, and 1 mM GTP was added and incubated at RT for
5 min. Then, 75 �M of the substrate without the FAM label
was added and incubated at RT for 20 min to form holoen-
zyme complexes, followed by an additional 2 h on ice. Three
microliters of the Tetrahymena ribozyme sample were ap-
plied onto glow-discharged 200-mesh R2/1 Quantifoil cop-
per grids. The grids were blotted for 4 s and rapidly cry-
ocooled in liquid ethane using a Vitrobot Mark IV (Thermo
Fisher Scientific) at 4◦C and ∼100% humidity.

Cryo-EM data collection

The grids were screened using a Talos Glacios cryo-electron
microscope (Thermo Fisher Scientific) operated at 200 kV.
The grids were imaged in a Titan Krios cryo-electron mi-
croscope (Thermo Fisher Scientific) operated at 300 kV at
a magnification of 105 000× (corresponding to a calibrated
sampling of 0.82 Å per pixel). Micrographs were recorded
by EPU software (Thermo Fisher Scientific) with a Gatan
K3 Summit direct electron detector, where each image was
composed of 30 individual frames with an exposure time of

3 s and a dose rate of 17 electrons per second per Å2. Fi-
nally, a total of 18 241 movie stacks were collected with a
defocus range of −0.8 to −2.8 �m.

Image processing

All micrographs were motion-corrected using MotionCor2
(27) and the contrast transfer function (CTF) was deter-
mined using CTFFIND4 (28). All particles were autopicked
using the NeuralNet option in EMAN2 (29) and further
checked manually. The resulting number of boxed parti-
cles was 3 668 247. Then, particle coordinates were im-
ported to Relion (30), where three rounds of 2D classifica-
tion were performed to remove 2D class averages with less
resolved features. The selected 1 644 225 particles were im-
ported to cryoSPARC (31) for generating ab-initio maps,
and two good conformations with a discernible difference in
the 5′-end of the intron were derived. Then starting with the
two conformations, we performed the Non-Uniform Re-
finement together with Local and Global CTF Refinement,
yielding two maps with 3.26-Å resolution from 350 220 par-
ticles and 3.10-Å resolution from 524 508 particles. Further
heterogeneous refinement was performed to classify slightly
different conformations in each of the above two classes,
and totally four conformations were obtained. Final maps
were achieved after another round of Non-uniform Refine-
ment for each of the four classes, with resolutions at 4.14,
3.18, 3.09 and 2.98 Å, respectively. The cited resolutions for
the final maps were estimated by the 0.143 criterion of FSC
curve in cryoSPARC. (See more information in Supplemen-
tary Figure S2 and Supplementary Table S1).

Model building

We applied auto-DRRAFTER (32), an RNA-specific mod-
eling tool, to build the initial models for these maps. The
atomic model of full-length holo Tetrahymena ribozyme
(PDB ID: 7EZ2) was first rigidly fitted into the cryo-
EM densities of Con1–4. Two rounds of modeling were
performed for each conformation. Then the top-scoring
models of Con1–4 were subjected to model optimization
with Coot (33). The resultant models were refined using
phenix.real space refine with secondary structure and ge-
ometry restraints (34). The quality of final models was eval-
uated by MolProbity (35). Statistics of the map reconstruc-
tion and model optimization are summarized in Supple-
mentary Table S1. All figures were made using Chimera (36)
or ChimeraX (37).

RESULTS

Cryo-EM structures of multiple states from the first-step self-
splicing of Tetrahymena ribozyme

To dissect the structural rearrangements in the self-splicing
process, we used the internal guide sequence extension
(IGSext)-containing ribozyme, Tetrahymena L-16 ScaI ri-
bozyme. It has the ability to form dynamic helices in-
volved in substrate recognition during self-splicing, includ-
ing the P1 extension (P1ext) at the 5′-splice site and P10 at
the 3′-splice site (24). To mimic the first-step self-splicing
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Figure 1. Different states (Con1–4) from the first-step self-splicing of Tetrahymena ribozyme resolved by cryo-EM. The percentages and resolutions in the
last two rows refer to the final dataset and final maps.

of the L-16 ScaI ribozyme, 5′-splice site analog substrate
(5′cccucu*aaacc3′) and exogenous G (exoG) were added.
The scissile phosphodiester bond in the substrate was sub-
stituted to the phosphorothioate bond (*) to slow down the
cleavage reaction, giving us the opportunity to capture mul-
tiple conformations for the first step of self-splicing.

We first validated the catalytic ability of the ribozyme us-
ing an in vitro splicing assay (Supplementary Figure S1A).
After sample screening, we collected a large dataset of 18
241 movie stacks to obtain sufficient ribozyme particles to
classify different splicing states. During image processing,
two recognizable conformations with a distinct difference
at the 5′-end were obtained from Ab-initio 3D reconstruc-
tion and refinement in CryoSPARC (Supplementary Fig-
ures S1B, C and S2). Further 3D classification resolved four
distinct conformations, which accounted for 3.4%, 36.7%,
23.1% and 36.8% of the total particles, respectively. These
maps were further refined to 4.14, 3.18, 3.09 and 2.98 Å,
respectively (Supplementary Figure S3). These resolutions
allow us to determine the atomically detailed structures of
Tetrahymena ribozyme, revealing the structural basis for
how it facilitates catalysis. Hereafter, we refer to these four
structures as Con1, Con2, Con3, and Con4, according to
the order in which they may appear during self-splicing
(Figure 1).

Structural features of the apoenzyme and undocked forms of
Tetrahymena ribozyme

Con1 and Con2 have an unbent 5′-end, indicating that they
are in a pre-docking state. In Con1, the single-stranded IGS
can be resolved (Figure 2A, Supplementary Figure S4A,
and Movie S1). In contrast, the P1-P1ext helix formed by
substrate and IGS/IGSext can be observed in Con2 (Fig-
ure 2B) (38–40). Comparisons between Con1 and Con2
show that the main difference is at the 5′-end of the intron,
with negligible change to the catalytic core (Figure 2C). We

therefore conclude that in Con1 and Con2, the oligonu-
cleotide substrate base pairs with the apoenzyme to form
the P1-P1ext duplex. Oligonucleotide substrate binding and
exoG binding have been reported to be independent (17). In
these two pre-docking states, GTP (exoG) can already be re-
solved well (Figure 2A and B). The exoG binding precedes
duplex docking may be due to exoG being necessary for du-
plex docking (20,41) or faster exoG binding (concentration
ratioexoG/oligo > 10-fold in our sample).

Structural features of the pre-catalysis and post-catalysis
states of Tetrahymena ribozyme

Compared with Con2, the 5′-terminal duplex of Con3 con-
taining the substrate undergoes a 53-Å distance movement
to dock into the intron’s active site (Supplementary Fig-
ure S4B and Movie S1). Tertiary interactions between P1
and three single-stranded segments within the catalytic core
(J8/7, J4/5, J5/4) mediate docking of the P1-P1ext duplex
into the active site. These include interactions between the
catalytic core and the substrate at residues a(+1) - u(−3)
and between the catalytic core and the IGS at residues G22–
23, G25–27 (Supplementary Figure S4C). A tertiary inter-
action involving A29 and the first base pair A31–U56 in he-
lix P2 stabilizes the P1-P1ext docked state (Figure 3A) (42).
The last base pair of P1 is the U•G wobble that has been
shown to specify the 5′-splice site (43,44). The U defines the
3′-end of the 5′-exon, and the complementary G is part of
the IGS base-paired to the 5′-exon. The minor groove sur-
face of the U•G wobble is recognized by A207 and A114,
helping to pack the helix against J4/5 (Figure 3A) (45). A
similar recognition scheme is also adopted by the Azoarcus
intron (43). The distance between the 3′-OH group of the
G nucleophile and the scissile phosphorus is 3.11 Å (Figure
3A), therefore, Con3 is the conformation ready for the first
transesterification reaction.
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Figure 2. Structural features of Tetrahymena ribozyme in Con1 and Con2. (A, B) Cryo-EM maps, models, and secondary structures of Con1 (A) and Con2
(B). The oligonucleotide substrate sequence is shown in lowercase and ribozyme sequence is shown in UPPERCASE. (C) Superpositions of Con1 and 2.
Blue and orange boxes illustrate the catalytic core and 5′-end of the intron, respectively. GTP is colored by heteroatom for highlighting.
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Figure 3. Structural features of Tetrahymena ribozyme in Con3 and Con4. (A) Cryo-EM map, model, and secondary structure of Con3. Blue box highlights
a tertiary interaction (A29–A31–U56) stabilizing the docked duplex. Green box shows a helix packing at the 5′-splice site, and hydrogen bonds are indicated
as black dashed lines. Orange box is the zoom-in view of the active site, where the nucleophilic attack will occur. (B) Cryo-EM map, model, and secondary
structure of Con4. Orange box is the zoom-in view of the active site, where the nucleophilic attack has been accomplished.
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Figure 4. Comparison of G-binding sites among different conformations. Different base triples in the active site are shown in different colors. The base
triple interactions are indicated as black dashed lines. The symbol ‘X’ in red color refers to loss of base triple interactions.
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Figure 5. Schematic representation of Tetrahymena ribozyme during the first-step self-splicing. P denotes paired regions, and J denotes junctions connecting
paired regions. The wavy line indicates the oligonucleotide substrate or product.

Con4 shares the same overall architecture with Con3,
except the absence of the P1ext helix (Figure 3B and
Movie S1), suggesting that Con4 has accomplished the first
transesterification reaction. Previous kinetic studies of the
Tetrahymena ribozyme showed that the release of the prod-
uct oligonucleotide in the first step of self-splicing is very
slow (17,18). This rate-limiting step allows us to capture
Con4, occupying the majority of total particles (Figure 1).
Notably, we observed the docking of another exoG at the G-
binding site (Figure 3B and Movie S1), consistent with the
ability of Tetrahymena ribozyme to undergo multi-turnover
reactions (46–48).

Comparisons of G-binding sites between different splicing
states

Previous studies demonstrated that Tetrahymena ribozyme
has a pre-organized active site (14,16). However, although
the overall structure of the active site is close to its ac-
tive conformation, local rearrangements of the active site
may be still needed during enzyme reaction. Superimposing
atomic models of the active site from different conforma-
tions reveals differences in the IGS/IGSext (P1-P1ext du-
plex) and J5/4, which are most pronounced between Con2
and Con3 (Supplementary Figure S5). Specifically, the P1-
P1ext duplex docks into the active site after base pairing;
the movement of J5/4 close to the active site could create

a compact environment that may promote catalysis. The
exoG forms a major-groove base triple with the G264–
C311 pair, as does the 3′-terminal G (�G) (15,16). As re-
ported, the �G–G264–C311 triple could be sandwiched by
three other layers of base triples (A263–C262–G312, A261–
A265–U310, A306–C266–G309). However, A261–A265–
U310 and A306–C266–G309 base triples are not formed in
Con1-2, but in Con3–4 (Figure 4). This finding indicates
that ribozyme binds tightly to the G to facilitate the first
ester-transfer reaction and is expected to loosen the active
site for the next enzymatic reaction, which is also indicated
by previous biochemical studies (49,50). Therefore, large
conformational changes as well as subtle local rearrange-
ments are required for the enzymatic activity of Tetrahy-
mena ribozyme.

DISCUSSION

The biological functions of RNA molecules often require
conformational changes. During the self-splicing process
of Tetrahymena ribozyme, conformational changes occur
upon binding of the substrate or nucleophile (51). In our
study, following the addition of the G nucleophile, the first-
step self-splicing was observed in three steps (Figure 5):
substrate base pairing with the ribozyme to form the P1-
P1ext helix, subsequent docking of the P1-P1ext helix into
the catalytic core, and the post-docking chemical step. Our
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structures explain previous biochemical findings predict-
ing that upon addition of exoG, 5′-exon binding will oc-
cur in two steps (38–41). During the above process, large
conformational changes involving IGS/IGSext (P1-P1ext
duplex) and J5/4 were observed. Subtle local rearrange-
ments were also found, forming a base triple sandwich.
These structural alterations create a compact environment
conducive to catalysis. As a metalloenzyme, the group I in-
tron requires metal ions (MA–ME, M2) for its folding and
catalysis (6–12,16). MA, ME and M2 were found in our
high-resolution maps (Con2–4). However, as there were no
noticeable changes in metal ions when comparing differ-
ent conformations, metal ions were not emphasized in this
study.

Su et al. (16) recently reported cryo-EM structures of the
apo L-21 and holo L-16 Tetrahymena ribozyme. Notably, a
single holo state at the pre-catalysis state during the second
self-splicing reaction was captured using the 5′-exon analog
(5′cccucu3′) and 3′-splice site analog (5′ucg*uaacc3′) as sub-
strates. Our continuous four structures well complete this
previous study and clearly show a detailed structural and
mechanistic view of Tetrahymena ribozyme undergoing the
first self-splicing reaction (Supplementary Figure S6).

In addition to the conformational changes captured in
this work and previous study (16), structural changes re-
lated to two aspects of the self-splicing process are still un-
der investigation, namely how the ribozyme reorganizes it-
self from the first to the second transesterification reaction
and how the ligated substrate is released (Supplementary
Figure S6). Our study highlights the ability of cryo-EM to
capture dynamic RNA structural changes, opening a new
era of RNA structure–function analysis by cryo-EM.
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