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Trans la tion ini ti a tion is a fun da men tal step in gene ex pres -
sion, en sur ing pre cise start codon rec og ni tion and the for -
ma tion of a ri bo some com pe tent for pro tein syn the sis [1].
Dur ing this event, in bac te ria, ini ti a tion fac tors 1 (IF1) and
3 (IF3) help to dis crim i nate against in cor rectly formed 30S
ini ti a tion com plex (30S IC) [2-4], and the ini ti a tion fac tor 2 
(IF2), a GTPase, fa cil i tates sta ble ini ti a tor fMet-tRNAfMet 
bind ing and pro motes sub unit join ing [5]. How ever, the
safe guard ing role of IF1 in the ri bo somal A site [3] and the
reg u la tory func tion of IF2-me di ated GTP hy dro ly sis [5,6]
re main sub jects of on go ing de bate. Us ing both time-re -
solved cryo-EM and fast-ki net ics, we de scribe an over all
view of the trans la tion ini ti a tion path way in volv ing IF1
and IF2. We dem on strate that IF1 as so ci ates with the 30S
sub unit and de lays the for ma tion of sev eral inter-sub unit
bridges, thereby en sur ing translational ac cu racy by al low -
ing 50S dock ing only for au then tic 30S ini ti a tion com -
plexes. In ad di tion, IF2 ac cel er ates 30S sub unit join ing by
an chor ing its N-ter mi nal re gion to the 30S sub unit, thereby
pro mot ing the for ma tion of an elon ga tion-com pe tent ri bo -
some. Snap shots of these en ergy-driven events re veal that
the ma jor conformational changes in IF2 oc cur af ter GTP
hy dro ly sis and in or ganic phos phate (Pi) re lease, iden ti fy -
ing this step as the key check point that trig gers IF2 re ar -
range ment and dis so ci a tion. These find ings clar ify the

qual ity con trol roles of IF1 and IF2 and es tab lish the en -
ergy-driven re mod el ling event that sets the ri bo some ready
for pro tein pro duc tion. 
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Rift Val ley Fe ver Vi rus (RVFV) is an emerg ing zoonotic
patho gen that threat ens both hu man and an i mal health [1].
RVFV pos sesses a seg mented, neg a tive-sense, sin gle-
 stranded RNA ge nome [1], which is rep li cated and tran -
scribed by a multifunctional RNA-de pend ent RNA poly -
mer ase (RdRp), the L pro tein [2]. Func tion ally, the L
pro tein em ploys a de novo in ter nal rep li ca tion strat egy that
is gov erned by vi ral RNA (vRNA) pro mot ers in co or di na -
tion with the L pro tein [2,3]. Con sis tent with this mech a -
nism, pre vi ous stud ies have dem on strated the struc tural
and func tional con ser va tion of the L pro tein across the or -
der Bunyavirales [3]. Al though the elon ga tion stage of rep -
li ca tion has been well char ac ter ized in re lated bunyaviruses 
[3], the mo lec u lar events gov ern ing the early steps of rep li -
ca tion, par tic u larly how vRNA pro mot ers con trol rep li ca -
tion ini ti a tion, re mains poorly un der stood.

In this study, us ing an en sem ble cryo-elec tron mi cros -
copy (cryo-EM), we cap tured mul ti ple RVFV L pro tein
rep li ca tion in ter me di ates at near-atomic res o lu tion. These

struc tural snap shots rep re sent both early and late stages of
ge nome rep li ca tion, which elu ci date the struc tural co-or di -
na tion be tween vRNA pro mot ers and L pro tein. To gether,
these find ings fill a fun da men tal gap in our un der stand ing
of vRNA pro moter-me di ated on set of ge nome rep li ca tion.
Given the con served func tions of the L pro tein across the
or der Bunyavirales [3], this work pro vides a broadly im -
por tant frame work for struc ture-based an ti vi ral de sign tar -
get ing bunyaviral polymerases.
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Im ma ture par ti cles of flaviviruses are coated by a mem -
brane dec o rated by spikes, each formed by three hetero -
dimers of pre-mem brane (prM) and en ve lope (E) pro teins.
Mat u ra tion re quires cleav age of prM into pr and M frag -
ments and re ar range ment of the coat pro teins into a smooth
her ring bone pat tern of M-E heterodimers. De spite the
global health im pact of flaviviruses, their as sem bly and
mat u ra tion are poorly un der stood. Here, we show that most 
tick-borne en ceph a li tis vi rus (TBEV) par ti cles are asym -
met ric and lack sub sets of sur face heterodimers. Trans -
membrane and pe riph eral mem brane he li ces of prM and E
in duce mem brane bend ing, which is nec es sary for TBEV

bud ding into the ER mem brane. Im ma ture par ti cles of
TBEV con tain in com plete spikes, pro vid ing ev i dence that
their coats as sem ble di rectly from prM-E hetero dimers.
Ex po sure of TBEV par ti cles to acidic pH in the Golgi com -
plex pro motes mat u ra tion. The spikes and her ring bone pat -
terns in TBEV mat u ra tion in ter me di ates are ar bi trarily
ori ented rel a tive to each other rather than be ing aligned to
one icosahedral sym me try. Fur ther more, the shapes of the
bare mem brane ar eas of TBEV virions and im ma ture par ti -
cles are dif fer ent. There fore, the ma ture her ring bone pat -
tern as sem bles from a ran domly ori ented nu cle ation cen ter
by grad u ally add ing M-E heterodimers to its edges as the
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spikes dis as sem ble and prMs are cleaved. The in com plete -
ness of the pro tein coats ex plains how flaviviruses can be
neu tral ized by an ti bod ies bind ing to parts of E pro teins in -
ac ces si ble at the sur face of the spiky and her ring bone struc -
tures and opens pos si bil i ties for de vel op ing antivirals
tar get ing the vi rus mem brane.
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Copy-out-paste-in trans po si tion is a wide spread path way
used by bac te rial in ser tion se quences to mo bi lize ge netic
el e ments, in clud ing an ti bi otic-re sis tance de ter mi nants.
Un like cut-and-paste or cointegrative mech a nisms, copy-
 out-paste-in pro ceeds through a tem po rally sep a rated re ac -
tion steps: an ini tial asym met ric sin gle-strand trans fer that
gen er ates a branched cir cu lar in ter me di ate, sub se quently
re solved by host rep li ca tion into a cir cu lar transposon, fol -
lowed by a con certed, sym met ric strand- trans fer re ac tion
that in te grates the cir cle into a new genomic site. These
steps im pose mu tu ally ex clu sive geo met ric con straints on
the transpososome. Ex ci sion re quires dis crim i na tion be -
tween the do nor and re cip i ent ends, as well as an asym met -
ric ac tive-site con fig u ra tion. In con trast, in te gra tion
re quires re stored sym me try in or der to co or di nate si mul ta -
neous strand trans fer. How a sin gle au ton o mous trans -
posase ex e cutes both func tions with out aux il iary
reg u la tors has re mained a cen tral mech a nis tic ques -

tion. Us ing the ISCth4 transposase from the IS256 fam ily
as a model, we de ter mined cryo-EM struc tures of two func -
tional as sem blies: an asym met ric cir cu lar iza tion com plex
that en forces a sin gle-strand trans fer be tween transposon
ends, and a sym met ric in te gra tion com plex that co or di nates 
head-to-tail jux ta posed transposon ends with tar get DNA.
To gether, these find ings dem on strate that the transposase
as sem bles dis tinct transpososome ar chi tec tures dic tated by
DNA sub strate con text ex plain ing how a sin gle en zyme co -
or di nates se quen tial and struc tur ally in com pat i ble steps
within the copy-out-paste-in trans po si tion path way.
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