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Evo lu tion is driven for ward by the ac qui si tion of novel
traits which rise as a con se quence of changes in the her i ta -
ble ge nome. There are many ways how changes in DNA
could oc cur, in clud ing re com bi na tion, rep li ca tion er rors,
in ac cu rate re pair or chem i cal mod i fi ca tions. One of the
most im por tant driv ers of such changes is trans po si tion, the 
pro tein-cat a lyzed trans fer of dis crete mo bile DNA el e -
ments from one site into an other. These „self ish” DNA el e -
ments (transposons) of ten com prise a vast amount of
non-cod ing ge nome in eukaryotic spe cies and have con -
trib uted to their evo lu tion in many ways. Their move ment
not only dis rupts and re or ders DNA but it can also pro vide
reg u la tory se quences that en able the es tab lish ment of novel 

ex pres sion pat terns pro vid ing an evo lu tion ary frame work
for rapid ad ap ta tion in un fa vor able en vi ron ment [1].

Helitrons are an cient DNA transposons that have
dra mat i cally re shaped many eukaryotic genomes due to
their large num bers and pro pen sity to cap ture and mo bi lize
host gene frag ments. They have con trib uted to ge nome di -
ver sity with their un usual replicative trans po si tion mech a -
nism that, un like the better-char ac ter ized cut-and-paste
DNA transposons, re lies on ssDNA in ter me di ates. The
cur rent model for the Helitron trans po si tion mech a nism
sug gests that the ini tial nick ing at the left transposon end
gen er ates free 3’-OH group which primes the DNA rep li -
ca tion dis plac ing the lead ing transposon DNA strand.
When the other end is reached, a sec ond cleav age re ac tion
and strand trans fer gen er ate an ex cised cir cu lar Helitron in -
ter me di ate. This can then be in te grated at a new genomic
lo ca tion (Fig ure 1). Here, we de scribe the cryo-EM struc -
ture of the monomeric transposase from the re cently re con -
sti tuted ac tive Helitron el e ment [2] co va lently bound to the
5’-end of the transposon ssDNA (Fig ure 2). This rep re sents 
the first struc tural view into the mo lec u lar ar chi tec ture and
func tion of Helitron transposases, the larg est transposases
known to date. It re veals how Helitrons have solved the
prob lem of un co or di nated re ac tions on its two transposon
ends: the transposase pro tects the ini tially cleaved and dis -
placed end by form ing a tightly packed as sem bly that bur -
ies co va lently bound ssDNA in the core of HUH nuclease
and Pif1-like helicase do mains with a scaf fold formed by
other sur round ing do mains, some with ap par ently unique
pro tein folds. De spite the lack of ev i dence for a di rect evo -
lu tion ary link, the ar chi tec ture is rem i nis cent of that seen in 
TraI, a prokaryotic relaxase in volved in bac te rial hor i zon -
tal gene trans fer. Our work also sug gests the struc tural ba -
sis of the in ter play be tween two jux ta posed ac tive site
tyrosines that al ter nate in the roles of the cat a lytic
nucleophiles in the HUH ac tive site; this re sult is likely
generalizable to all pro teins that use an HUH Y2 nu cleases
to ini ti ate rep li ca tion [3]. We have com bined the struc tural
work with in vi tro bio chem i cal stud ies that probe the role
of the two ac tive site tyrosines as well as in vivo trans po si -
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Fig ure 1. Car toon sche matic of the re con sti tuted Helitron
transposon with cur rent model for Helitron trans po si tion. Helitron
is bor dered by 150 bp of LTS (left ter mi nal se quence; in blue
through out) and 150 bp of RTS (right ter mi nal se quence; in yel low
through out). Red ar rows in di cate cleav age or strand trans fer re ac -
tions. Yel low cir cle marks a covalent linkage.



tion as says that sug gested dif fer ent roles of each tyrosines
dur ing the trans po si tion.

This work pres ents the first three-di men sional in -
sight into a large and im por tant superfamily of eukaryotic
transposases [4]. The struc ture breaks the par a digm that
DNA transposases must func tion as multimers, thus, ex -
pand ing the con cep tual frame work for un der stand ing the
mech a nisms of transpositional DNA re ar range ments. It
also rep re sents the first struc tural in sight into the cou pled
ac tions of an HUH-type nuclease and a helicase – poorly
un der stood ar range ment wide spread not only in re la tion to
the trans po si tion but also vi ral rep li ca tion and prop a ga tion
of an ti bi otic resistances. Also, in prin ci ple a monomeric
transposase opens up pos si bil i ties to novel ge nome tar get -
ing strat e gies sim pler than those that have been recently
attempted with multimeric transposase systems.
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Vi ruses and vi rus-like nanoparticles both aim to de liver
their con tent into a cell. Un for tu nately, the nec es sary
capsid prop er ties en abling cargo/ge nome re lease and the
re lease mech a nism it self re mains elu sive. We com bine in
vi tro cryo-EM ex per i ments with coarse-grained sim u la -
tions to dem on strate that the cargo/ge nome can be re leased
in var i ous path ways, in clud ing a slow re lease via small
pores in the capsid and a rapid re lease when the capsid
cracks open [1,2,3]. The main capsid prop erty de ter min ing
the re lease path way is the in ter ac tion range be tween capsid
sub units. The re lease suc cess rate de pends on the cargo/ge -
nome prop er ties, but in gen eral, the rapid re lease is more
suc cess ful. These find ings in di cate how to af fect and de -

sign the re lease of cargo/ge nome from vi ruses and
vi rus-like nanoparticles.
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Fig ure 2. Car toon view of cryo-EM de ter mined struc ture of
Helitron transposase in com plex with ssDNA of LTS (in blue) with
do mains col ored as in di cated in the sche matic be low. ND, N-ter mi -
nal do main; INT1, in ter me di ate do main 1; HUH, cat a lytic HUH do -
main with in ser tion (ID); INT2, in ter me di ate do main 2.
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Tick-borne en ceph a li tis vi rus (TBEV) is an en vel oped vi -
rus be long ing to the fam ily Flaviviridae. It is mainly trans -
mit ted by ticks and causes se vere dis ease of cen tral ner vous 
sys tem in hu mans. Virion sur face is cov ered by en ve lope
pro teins (E-pro tein), that are to gether with the mem brane
pro teins (M-pro tein) an chored in vi rus lipid bilayer. Dur -
ing the vi ral life cy cle, the im ma ture non-in fec tious vi rus
un der goes a mat u ra tion pro cess. This pro cess in cludes
proteolytic cleav age of prM and ma jor re or ga ni za tion of
the en ve lope pro teins on the vi ral sur face.

To de ter mine the struc ture of im ma ture TBEV par ti -
cles, we pu ri fied them from in fected tis sue cul ture cells and 
used cryo-elec tron mi cros copy for vi su al iza tion. In com -
par i son with smooth ma ture TBEV par ti cles, the im ma ture

par ti cles have “spiky” sur face formed by the E-pro -
tein—prM-pro tein com plex. Be cause of non-icosahedral
ar range ment of the im ma ture vi rus sur face, sin gle par ti cle
anal y sis meth ods did not lead to high res o lu tion elec tro -
static po ten tial maps. To im prove the qual ity of the maps,
we em ployed cryo-elec tron to mog ra phy and sub-
 tomogram av er ag ing of sin gle “spikes” from the im ma ture
par ti cle sur face, com bined with ex ten sive 3D-clas si fi ca -
tion of the sub-tomo grams. 

The re sults show more de tailed in sight in the vi ral mat -
u ra tion pro cess which may be tar geted by spe cific an ti vi ral
drugs.
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Fig ure 1. Two types of ge nome re lease from non-en vel oped RNA vi rus: a slow re lease via small pore in the capsid (left) and a rapid
re lease when the capsid cracks open (right).
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The RNase III called Dicer gen er ates small RNAs that
post-transcriptionally si lence the ex pres sion of cer tain
genes, and this reg u la tion is es sen tial for de vel op ment and
nor mal phys i ol ogy. Mod els for small in ter fer ing RNA
(siRNA) and microRNA (miRNA) pro cess ing by ver te -
brate Dicer have emerged from struc tural and bio chem i cal
stud ies, yet the ac tive dic ing state in Dicer-RNA struc tures
has not been ob served and char ac ter ized. We used
cryo-elec tron mi cros copy to de ter mine the struc tures of
mouse Dicer and DicerO, an oocyte isoform lack ing the
HEL1 mod ule, alone and in com plex with pre-miR-15a
RNA. The apo-struc ture of Dicer showed that HEL1 sta bi -
lizes a closed con for ma tion, and its ab sence pro motes
helicase open ing for sub strate en gage ment into a dic ing
state. Con se quently, DicerO with pre-miR-15a ex clu sively
forms an ac tive dic ing-com pe tent con for ma tion, whereas
the struc ture of Dicer–pre-miR-15a com plex cap tures
Dicer in a pre-dic ing state. We show that the ab sence of
HEL1 not only ac ti vates Dicer but also al ters sub strate se -
lec tiv ity by fa cil i tat ing di rect sub strate load ing into the cat -

a lytic site and cur tail ing pre-dic ing state, which serves as a
se lec tiv ity fil ter for the microRNA pre cur sor ar chi tec ture.
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To ac cu rately syn the size a pro tein, the ri bo some main tains
the mRNA read ing frame by de cod ing and translocating
one codon at a time [1]. Change of the read ing frame of
mRNA dur ing trans la tion, termed frame shift ing, pro vides
a strat egy to ex pand the cod ing rep er toire of cells and vi -
ruses [2]. The trans lat ing ri bo some switches to an al ter na -
tive read ing frame, ei ther in the for ward (+) or re verse (–)
di rec tion, i.e., skip ping or re-read ing one or more mRNA
nu cleo tides, re spec tively. For ex am ple, +1 frame shift ing
(+1FS) con trols the ex pres sion of the es sen tial re lease fac -
tor 2 in bac te ria [3] and leads to patho log i cal ex pres sion of
huntingtin in eukaryotes [4]. How and where in the elon ga -
tion cy cle +1FS oc curs re mains poorly un der stood.

Here we ad dress this chal lenge by us ing cryo-EM to vi -
su al ize +1FS on +1FS-prone mRNA se quences. We pres -
ent cryo-EM struc tures of 70S com plexes, al low ing
vi su al iza tion of elon ga tion and translocation by the
GTPase elon ga tion fac tor G (EF-G). Four struc tures with
a?+1FS-prone mRNA re veal that frame shift ing takes
place dur ing translocation of tRNA and mRNA. The
+1FS-prone pre-translocation com plex main tains the

0-frame anticodon–codon pair ing re sem bling that in ca -
non i cal elon ga tion com plexes. In the mid-translocation
com plex with EF-G, the tRNA shifts to the +1-frame near
the P site, with bulged nu cle o tide be tween the E and P-site
codons sta bi lized by G926 on the 16S rRNA. The ri bo some 
re mains frame shifted in the nearly post-translocation state. 
Our find ings re veal that the ri bo some is pre-dis posed for
+1FS be fore translocation, and that frame shift ing is ac -
com plished at an in ter me di ate stage of EF-G catalysed
translocation (Fig. 1).
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Fig ure 1. Sche matic of ri bo somal translocation by EF-G re sult ing in +1 frame shift ing. The sec ond row shows lo cal re ar range ments of
mRNA-tRNA and po si tions of the de cod ing-cen ter nu cle o tide G530 and P-site nu cle o tide G926 of the 30S subunit.


