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MECHANISM OF REPLICATIVE “ROLLING-CIRCLE” DNA TRANSPOSITION IN
EUKARYOTES
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Evolution is driven forward by the acquisition of novel
traits which rise as a consequence of changes in the herita-
ble genome. There are many ways how changes in DNA
could occur, including recombination, replication errors,
inaccurate repair or chemical modifications. One of the
most important drivers of such changes is transposition, the
protein-catalyzed transfer of discrete mobile DNA ele-
ments from one site into another. These ,,selfish” DNA ele-
ments (transposons) often comprise a vast amount of
non-coding genome in eukaryotic species and have con-
tributed to their evolution in many ways. Their movement
not only disrupts and reorders DNA but it can also provide
regulatory sequences that enable the establishment of novel
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Figure 1. Cartoon schematic of the reconstituted Helitron
transposon with current model for Helitron transposition. Helitron
is bordered by 150 bp of LTS (left terminal sequence; in blue
throughout) and 150 bp of RTS (right terminal sequence; in yellow
throughout). Red arrows indicate cleavage or strand transfer reac-
tions. Yellow circle marks a covalent linkage.

expression patterns providing an evolutionary framework
for rapid adaptation in unfavorable environment [1].
Helitrons are ancient DNA transposons that have
dramatically reshaped many eukaryotic genomes due to
their large numbers and propensity to capture and mobilize
host gene fragments. They have contributed to genome di-
versity with their unusual replicative transposition mecha-
nism that, unlike the better-characterized cut-and-paste
DNA transposons, relies on ssDNA intermediates. The
current model for the Helitron transposition mechanism
suggests that the initial nicking at the left transposon end
generates free 3’-OH group which primes the DNA repli-
cation displacing the leading transposon DNA strand.
When the other end is reached, a second cleavage reaction
and strand transfer generate an excised circular Helitron in-
termediate. This can then be integrated at a new genomic
location (Figure 1). Here, we describe the cryo-EM struc-
ture of the monomeric transposase from the recently recon-
stituted active Helitron element [2] covalently bound to the
5’-end of the transposon ssDNA (Figure 2). This represents
the first structural view into the molecular architecture and
function of Helitron transposases, the largest transposases
known to date. It reveals how Helitrons have solved the
problem of uncoordinated reactions on its two transposon
ends: the transposase protects the initially cleaved and dis-
placed end by forming a tightly packed assembly that bur-
ies covalently bound ssDNA in the core of HUH nuclease
and Pifl-like helicase domains with a scaffold formed by
other surrounding domains, some with apparently unique
protein folds. Despite the lack of evidence for a direct evo-
lutionary link, the architecture is reminiscent of that seen in
Tral, a prokaryotic relaxase involved in bacterial horizon-
tal gene transfer. Our work also suggests the structural ba-
sis of the interplay between two juxtaposed active site
tyrosines that alternate in the roles of the catalytic
nucleophiles in the HUH active site; this result is likely
generalizable to all proteins that use an HUH Y2 nucleases
to initiate replication [3]. We have combined the structural
work with in vitro biochemical studies that probe the role
of the two active site tyrosines as well as in vivo transposi-
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tion assays that suggested different roles of each tyrosines
during the transposition.

This work presents the first three-dimensional in-
sight into a large and important superfamily of eukaryotic
transposases [4]. The structure breaks the paradigm that
DNA transposases must function as multimers, thus, ex-
panding the conceptual framework for understanding the
mechanisms of transpositional DNA rearrangements. It
also represents the first structural insight into the coupled
actions of an HUH-type nuclease and a helicase — poorly
understood arrangement widespread not only in relation to
the transposition but also viral replication and propagation
of antibiotic resistances. Also, in principle a monomeric
transposase opens up possibilities to novel genome target-
ing strategies simpler than those that have been recently
attempted with multimeric transposase systems.

1.  Wells, J.N., and Feschotte, C. (2020) A field guide to
eukaryotic transposable elements. Annu. Rev. Genet. 54,
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nome shuffling in eukaryotes. Nat. Commun. 7, 10716.

3. Chandler, M., de la Cruz, F., Dyda, F., Hickman, A.B.,
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Figure 2. Cartoon view of cryo-EM determined structure of
Helitron transposase in complex with ssDNA of LTS (in blue) with
domains colored as indicated in the schematic below. ND, N-termi-
nal domain; INT1, intermediate domain 1; HUH, catalytic HUH do-
main with insertion (ID); INT2, intermediate domain 2.

large bat Helitron DNA transposase forms a compact
monomeric assembly that buries and protects its covalently
bound 5’-transposon end. Mol Cell. 81, 4271-4286.

HOW VIRUSES AND VIRUS-LIKE NANOPARTICLES CAN RELEASE THEIR
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Viruses and virus-like nanoparticles both aim to deliver
their content into a cell. Unfortunately, the necessary
capsid properties enabling cargo/genome release and the
release mechanism itself remains elusive. We combine in
vitro cryo-EM experiments with coarse-grained simula-
tions to demonstrate that the cargo/genome can be released
in various pathways, including a slow release via small
pores in the capsid and a rapid release when the capsid
cracks open [1,2,3]. The main capsid property determining
the release pathway is the interaction range between capsid
subunits. The release success rate depends on the cargo/ge-
nome properties, but in general, the rapid release is more
successful. These findings indicate how to affect and de-

sign the release of cargo/genome from viruses and
virus-like nanoparticles.

1. D. Buchta, T. Fiizik, D. Hrebik, Y. Levdansky, L. Sukenik,
L. Mukhamedova, J. Moravcova, R. Vacha, P. Plevka, Na-
ture Communications, 10, (2019), 1138.

2. K. Skubnik, L. Sukenik, D. Buchta, T. Fiizik, M.
Prochéazkova, J. Moravcova, L. Smerdova, A. Piidal, R.
Vacha, P. Plevka, Science Advances 7 (1), (2021),
eabd7130.
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Skubnik, P. Plevka, R. Vacha, ACS Nano 15(12), (2021),
19233-19243.
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Figure 1. Two types of genome release from non-enveloped RNA virus: a slow release via small pore in the capsid (left) and a rapid

release when the capsid cracks open (right).
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ported by MEYS CR from the Large Infrastructures for
Research, Experimental Development and Innovations.
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STRUCTURE OF TICK-BORNE ENCEPHALITIS VIRUS IMMATURE PARTICLE
SOLVED BY CRYO-ELECTRON MICROSCOPY AND SUB-TOMOGRAM AVERAGING
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Tick-borne encephalitis virus (TBEV) is an enveloped vi-
rus belonging to the family Flaviviridae. It is mainly trans-
mitted by ticks and causes severe disease of central nervous
system in humans. Virion surface is covered by envelope
proteins (E-protein), that are together with the membrane
proteins (M-protein) anchored in virus lipid bilayer. Dur-
ing the viral life cycle, the immature non-infectious virus
undergoes a maturation process. This process includes
proteolytic cleavage of prM and major reorganization of
the envelope proteins on the viral surface.

To determine the structure of immature TBEV parti-
cles, we purified them from infected tissue culture cells and
used cryo-electron microscopy for visualization. In com-
parison with smooth mature TBEV particles, the immature

particles have “spiky” surface formed by the E-pro-
tein—prM-protein complex. Because of non-icosahedral
arrangement of the immature virus surface, single particle
analysis methods did not lead to high resolution electro-
static potential maps. To improve the quality of the maps,
we employed cryo-electron tomography and sub-
tomogram averaging of single “spikes” from the immature
particle surface, combined with extensive 3D-classifica-
tion of the sub-tomograms.

The results show more detailed insight in the viral mat-
uration process which may be targeted by specific antiviral
drugs.
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The RNase III called Dicer generates small RNAs that
post-transcriptionally silence the expression of certain
genes, and this regulation is essential for development and
normal physiology. Models for small interfering RNA
(siRNA) and microRNA (miRNA) processing by verte-
brate Dicer have emerged from structural and biochemical
studies, yet the active dicing state in Dicer-RNA structures
has not been observed and characterized. We used
cryo-electron microscopy to determine the structures of
mouse Dicer and Dicer”, an oocyte isoform lacking the
HELI1 module, alone and in complex with pre-miR-15a
RNA. The apo-structure of Dicer showed that HEL1 stabi-
lizes a closed conformation, and its absence promotes
helicase opening for substrate engagement into a dicing
state. Consequently, Dicer® with pre-miR-15a exclusively
forms an active dicing-competent conformation, whereas
the structure of Dicer—pre-miR-15a complex captures
Dicer in a pre-dicing state. We show that the absence of
HELT1 not only activates Dicer but also alters substrate se-
lectivity by facilitating direct substrate loading into the cat-

alytic site and curtailing pre-dicing state, which serves as a
selectivity filter for the microRNA precursor architecture.

This work was supported by the Czech Science Foundation
(GA22-19896S to RS). At the initial stage, it also received
funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innova-
tion programme (grant agreement No. 649030 to R.S.),
Operational Programme Research, Development and Edu-
cation-project ,, Internal Grant Agency of Masaryk Univer-
sity” (No.CZ.02.2.69/0.0/0.0/19_073/0016943) to D.Z.
Institutional funding was provided by the Ministry of Edu-
cation, Youth and Sports (MEYS) of the Czech Republic
(CEITEC 2020 project (LO1601)). Research in the lab of
P.S. was supported by the Czech Science Foundation
EXPRO grant (20-03950X). We gratefully acknowledge
the cryo-EM Core Facility and Proteomics Core Facility
supported by the CIISB research infrastructure, an In-
struct-CZ Centre of Instruct-ERIC EU consortium (funded
by MEYS CR infrastructure project LM2018127) for their
support with obtaining the scientific data presented in this

paper.
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CRYO-EM ENSEMBLE REVEALS THE MECHANISM OF +1 RIBOSOMAL FRAME
SHIFTING
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To accurately synthesize a protein, the ribosome maintains
the mRNA reading frame by decoding and translocating
one codon at a time [1]. Change of the reading frame of
mRNA during translation, termed frame shifting, provides
a strategy to expand the coding repertoire of cells and vi-
ruses [2]. The translating ribosome switches to an alterna-
tive reading frame, either in the forward (+) or reverse (-)
direction, i.e., skipping or re-reading one or more mRNA
nucleotides, respectively. For example, +1 frame shifting
(+1FS) controls the expression of the essential release fac-
tor 2 in bacteria [3] and leads to pathological expression of
huntingtin in eukaryotes [4]. How and where in the elonga-
tion cycle +1FS occurs remains poorly understood.

Here we address this challenge by using cryo-EM to vi-
sualize +1FS on +1FS-prone mRNA sequences. We pres-
ent cryo-EM structures of 70S complexes, allowing
visualization of elongation and translocation by the
GTPase elongation factor G (EF-G). Four structures with
a?+1FS-prone mRNA reveal that frame shifting takes
place during translocation of tRNA and mRNA. The
+1FS-prone pre-translocation complex maintains the
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0-frame anticodon—codon pairing resembling that in ca-
nonical elongation complexes. In the mid-translocation
complex with EF-G, the tRNA shifts to the +1-frame near
the P site, with bulged nucleotide between the E and P-site
codons stabilized by G926 on the 16S rRNA. The ribosome
remains frame shifted in the nearly post-translocation state.
Our findings reveal that the ribosome is pre-disposed for
+1FS before translocation, and that frame shifting is ac-
complished at an intermediate stage of EF-G catalysed
translocation (Fig. 1).
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Figure 1. Schematic of ribosomal translocation by EF-G resulting in +1 frame shifting. The second row shows local rearrangements of
mRNA-tRNA and positions of the decoding-center nucleotide G530 and P-site nucleotide G926 of the 30S subunit.
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