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One of the most un usual fea tures of RNA vi ruses is their enor mous ge netic vari abil
ity. Amongthedifferentprocessescontributingtothecontinuousgenerationofnew
viralvariants RNArecombinationisofspecialimportance. Thisprocesshasbeenob
served for human, animal, plant and bacterial viruses. The collected data reveal a
greatsusceptibil ity of RNAvirusesto recombination. Theyalsoindicate thatge netic
RNArecombination(especiallythenonhomologousone)isamajorfactorresponsible
for the emer gence of new vi ral strains or spe cies.

Althoughthefor mationandaccumulationofviral recombinantswasob servedinnu
mer ous RNA vi ruses, the mo lec u lar ba sis of this phe nom e non was stud ied inonly a
few vi ral spe cies. Among them, brome mo saic vi rus (BMV), a model (+)RNA vi rus of
fersthe bestop portunitiestoinvestigatevariousaspectsofgeneticRNArecombina
tion in vivo. Unlike any other, the BMV-based system enables homologous and
nonhomologous re com bination stud iesatboth the proteinand RNAlevels. Asaconse
quence, BMV is the vi rus for which the struc tural re quire ments for ge netic RNA re-
combinationhave beenmostpreciselyestablished. Nevertheless, thepreviously pro
posed model of ge netic re com bi na tion in BMV still had one weak ness: it could not re
ally ex plain the role of RNA struc ture in nonhomologous re com bi nation. Re centdis
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coveriesconcerningthe latter prob lem give us a chance to fill thisgap. Thatiswhyin
thisreviewwe presentand thor oughly dis cussall re sults con cerning nonhomologous
re com bi nation in BMV that have been ob tained un til now.

RNA viruses and retroviruses are the only
known liv ing spe cies which use RNA to store
their genetic information. Another feature
com mon to both types of vi ruses is their enor-
mous ge netic vari abil ity [1, 2]. Thereisalot of
data suggestingthatanindividual RNAvirus
or retrovirus does not form a homogenous
population but rather a set of different viral
variants. That is why, according to some au-
thors, the term spe cies used to clas sify higher
organisms does not apply to RNA-based vi-
ruses [3-5].

Several processescontributetothecontinu
ous generation of new viral variants. Point
mutations are most frequently introduced
into the viral genome during the replication
pro cess (be cause of the low fi del ity of RNA de
pendent polymerases that lack proofreading
activity) [6—10] while RNA recombination is
re spon si ble for some more pro found changes
within the viral genome (sequence dele-
tion/insertion or strand exchange) [11-14].
The latter process was observed for human,
animal, plant and bacterial viruses [12]. Ex-
change of the genetic material between the
same viruses, between different viral strains
or be tween dif fer ent vi ruses has been dem on
strated. Additionally, it was shown that viral
RNA can re com bine with host RNA [15, 16] as
well as with transgenic mRNA that is formed
in cells expressing viral genes [17]. The data
above revealed that RNA recombination is a
major factor re sponsible for the emer gence of
new, oftendangerousviral strainsorspecies.

Basing on the struc ture and func tion of RNA
molecules, two general types of genetic RNA
recombination were distinguished: homolo-
gous and nonhomologous [12]. Homologous
RNArecombinationinvolvestwoidentical or
similar molecules and is called precise if re-
combinant junction sites are located accu
rately at the cor re spond ing nu cleo tides or im
precise when the junc tion sites oc cupy dif fer-
ent positions within recombining molecules.

Asaresultof pre cise cross overs paren tal mot
eculesareregenerated, whereasimprecisere
combination produces molecules in which
some sequences are duplicated or deleted.
Nonhomologousre combinationcrossoversoc
cur between two different RNA molecules,
and so the resultant recombinants differ sig-
nificantly from the parental molecules.
Despite extensive studies, the molecular
mechanismof RNArecombinationisstill not
well understood. Most of the data collected
with different experimental systems suggest
that recombination crossovers occur accord-
ing to the copy-choice hy pothesis[11, 18—20].
Thishypothesispostulates that recombinants
are formed duringreplication,whentheviral
replicase-nascent strand complex switches
from one RNA tem plate (called RNA do nor) to
another(calledRNAacceptor). Themolecular
basis of template switching events is better
understandable if they involve two homolo-
gous RNA mol e cules, when the nascent strand
syn the sized on the RNA do nor iscom ple men
tary to the RNA acceptor [21, 22]. The prob-
lem becomes more complicated if non-
homologousrecombination is taken into con-
sideration. Accordingtothedefinition,recom
bi na tion of this type oc curs be tween two RNA
molecules of different sequences. The gener
ated recombinants differ distinctly from the
parental molecules, and being dysfunctional,
theyrarelyaccumulatein vivo. Some data sug
gest that viral polymerases use promoter-like
struc tures to switch from the do nor to the ac
ceptortemplate[23]. Other resultsemphasize
therole of local hybridization (for mationoflo
cal heteroduplexes) between recombining
molecules [24, 25], leader sequences [26] or
template breakage [11, 27]. Recently, it was
shown that in some cases RNA can re com bine
according to an alternative mechanism, that
is by template breakage and rejoining [28].
First, cleav age of the vi ral ge nome gen er ates
two RNA fragments. Next the 3’ end of the
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newly formed mol e cule can be joined with an
other RNA in the ligation or transesterifica-
tion process.

Duringthelastdecadeseveralexperimental
systems for RNA recombinationstudieshave
been developed. However, only that created
with brome mosaic virus (BMV) reached the
level enabling comprehensive investigations
of nonhomologous and homologous recombi-
na tion at both the RNA and pro tein lev els. As
aresult, the BMV-based sys temwas ap plied to
elaborateamodel of ge neticrecombinationin
(+)RNA viruses (described in details in our
ear lier re view [22]). This model pre sumes that
tem plate switch ing events are me di ated by vi
ral replicase and it well ex plains how ho mol o
gous recombination is affected by the RNA
structure. How ever, the data col lected at that
time did not entitle us to make some general
conclusions on the role of RNA structure in
nonhomologous recombination. Recent dis-
coveries concerning the lat ter prob lem let us
significantlyim prove our model by supplying
its miss ing part. That is why in this re view all
the available results concerning the role of
RNA struc ture in tem plate switch ing by BMV
replicase be tween nonhomologous RNA mol e
culesare ex tensively dis cussed, whereas other
aspects of genetic RNA recombination that
were thoroughly described in several earlier
reviews [12, 14, 22, 29] are only shortly pre-
sented.

EXPERIMENTAL SYSTEMS FOR
GENETIC RNA RECOMBINATION
STUDIES

Although genetic RNA recombination has
been well documented in numerous RNA vi-
ruses, its molecular mechanism has been ex-
aminedinonly afewviral species. Suchasit u
ation well il lus trates how dif fi cultitis tocre
ate an efficient system for genetic RNA re-
combination studies. To investigate the mo-
lecular basis of this process we use an espe-

cially well-established experimental system
developed with BMV. But before we present
our recent observations concerning genetic
RNArecombination in BMV we would like to
describe shortly the most important results
ob tained with other vi ruses.

RECOMBINATION IN POLIOVIRUS
AND FOOT-AND-MOUTH DISEASE
VIRUS (FMDV)

Both poliovirus and FMDV belong to
picornaviruses — small, icosahedral, sin-
gle-stranded (+)RNA viruses infecting hu-
mans and animals [30]. Investigations con-
ducted with picornaviruses are of spe cial his
torical importance. They created proper
grounds for fur ther RNA re com bi nation stud
ies, causing recombinationtobecomearecog
nized fact in the RNA world. Already in the
early 1960s it was shown that mixed infec-
tions with two strains of poliovirus, each car-
rying a specific genetic marker, resulted in
progeny exhibiting simultaneously both fea-
tures characteristic to parental viruses [31,
32]. A similar phenomenon was observed for
FMDV [33]. The ob tained data sug gested that
about 10—-20% of viral genomes undergo re-
combinationduring a singlereplication cycle
[29]. Moreover, Kirkegaard and Baltimore
discovered that suppression of poliovirus ge-
nomereplicationinhibitsRNArecombination
[18]. This observation provided the first ex-
perimental evidence supporting the copy-
choice mechanism of RNA recombination.
The proposed model for genetic recombina-
tion in picornaviruses assumesthattem plate
switch ing events oc cur prefer entially but not
ex clusively duringthe () strand syn thesis. If
RNA polymerization is interrupted (because
of RNA secondary structure or nucleotide
misincorporation), incomplete RNA may
leave the do nor tem plate and its syn the siscan
be re sumed on an other tem plate. Recom bina
tion cross overs are roughly ran domly dis trib
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uted along genomic RNA, while recombina-
tion fre quency strongly de pends on the ex tent
ofsimilaritybetweenparental RNAs[34,35].

RECOMBINATION IN MOUSE
HEPATITIS VIRUS (MHV)

MHYV is a member of coronaviruses — sin-
gle-stranded (+)RNA viruses with an ex-
tremely large non-segmented genome (from
27 to 31 kb) comprising 7 to 10 genes [30].
Studiesinvolving MHV dis closed avery in ter-
est ing but, at the same time, com pli cated pic
ture of genetic RNA recombination in
coronaviruses. In spite of some dif fer ences in
genome organization, each coronavirus en-
codes a huge RNA-dependent RNA poly mer-
ase of about 750—800 kDa [30]. In fact, this
protein should be classified as a multi-
enzymatic complexasitdis plays sev eral ac tiv
i ties needed for vi ral ge nome ex pres sion and
rep li cation. In coronaviruses, each gene is ex
pressedfromaseparate mRNA. Interestingly,
MRNA molecules are synthesized in discon-
tinuoustranscriptionresemblingthe RNAre
combination process. First, RNA polymerase
synthesizes a 70-90 nt leader sequence (de-
rived from the 5’-end of genomic RNA). Then
the poly mer ase-leader com plex leaves the tem
plate and restarts RNA synthesis on one of
the intergenic transcription promoters. The
resultant mMRNAs have a leader sequence at
the 5-end and are 3-coterminal. However,
only the first gene located at the 5-end of
MRNA is used as a template for protein syn-
thesis [29]. The above described mechanism
of coronavirus mRNA for mation by dis contin
uous transcription presumes that viral poly-
merase is naturally selected to mediate tem-
plate switch ing events. Indeed, stud iesin volv
ing MHV demonstrated that about 25% of
genomic mol e cules are recombinants [36, 37].
They are most likely formed according to the
copy-choice mechanism [12]. Especially fre-
quentrecombinationcrossoversareobserved
in the MHV hypervariable re gion (within the

envelope protein encoding sequence) [38]. It
was postu lated that recombinationisinduced
by RNA polymerase pausing on the donor
template. The coronavirus polymerase may
pause because of RNA secondary structure,
RNA break age or a pro tein bind ing to the do
nor template. However, the question of the
factor that transfers the polymerase-nascent
strand complex to the acceptor template is
stillopen[12]. Atpresent, several possibilities
are taken into consideration. The poly mer
ase-nascent strand complex may recognize
specific RNA motifs imitating transcription
pro mot ers or it may bind to the RNA—protein
complex on the acceptor template. In the lat-
ter case, recombination can be mediated by
RNA—proteinor protein—proteininteractions
[12].

RECOMBINATION IN TURNIP
CRINKLE VIRUS (TCV)

TCV, a small spherical virus of plants is a
member of carmoviruses. Its genome is com-
posed of asin gle-stranded (+)RNA mol e cule, 4
kb inlength [30]. Inaddi tion, the TCV ge nome
is frequently accompanied by subviral RNA,
i.e. satellite RNA (sat-RNA) and defective in-
terfering RNA (DI-RNA), which require the
genomicmol e culefor replicationand pack ag
ing [39—-41]. Simon and coworkers demon-
strated that all three kinds of RNA (genomic,
sat-and DI-RNA) can par tic i pate in the re com
bination process [42—44]. They also found
thatrecombination crossoversare notdistrib
uted randomly along the TCV genome (as in
picornaviruses) but they are clus tered only in
some re gions [43, 45]. The un der taken anal y
sisof re com bi nant junc tion sites re vealed the
role of spe cific RNA se quences and struc tural
mo tifs in re com bi nation [23, 43,45]. Asare
sult, it was proposed that TCV recombinants
are formed according to the copy-choice hy-
pothesisduring (+)RNAstrand synthesis. Int
tially, the replicase-nascent strand com plex is
released from the donor template. Then it
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binds to one of the promoter-like structures
pres ent on the RNA ac cep tor and re sumes na
scent strand elon gation on the new tem plate.
In addition, local hybridization between the
3'-end of the na scent strand and RNA ac cep
tor may enhance recombination events, al-
though it is not definitely re quired [23, 45].

RECOMBINATION
VIRUSES

IN OTHER RNA

There are several other RNA viruses in
whichgeneticrecombinationwasinvestigated
and some interesting, preliminary observa-
tions were made. Mindich and coworkers
found that in bacteriophage ®6 (dou ble-stran
ded RNA virus with a three-segmented ge-
nome) recombination may occur inside
procapsids, where viral polymerase synthe-
sizes dsRNA using (+)RNA strand as a tem-
plate [46, 47]. Recombination events involve
dif fer ent RNA seg ments since they were clas
sified as nonhomologous, although recombi-
nant junc tion sites are usu ally lo cated within
short re gions of homology be tween re com bin
ing molecules [46, 47]. Similar observations
were made during nodavirus studies [48].
However, in the latter viruses two other fac-
tors, inad di tion to lo cal homology, seemto in
fluence template switching by viral polymer-
ase: tem plate second ary struc ture, which may
bring recombinant junction sites close to-
gether, and promotor-like sequences, which
can directly bind viral polymerase. Different
results were obtained by Raju and coworkers
who found that in Sindbis virus homologous
sequencesarenotrequiredforrecombination
tooccur [49]. Recombi nant junc tion sitesare
randomly distributed along donor and accep-
tor templates in a similar way as in picor-
naviruses.

In gen eral, most of the data col lected sug gest
that RNA recombinationoccurs according to
the copy-choice hy pothesis. Thelocationofre
combinant junction sites and recombination
fre quency de pend onthe spe cific prop er ties of

viral replicases and on the primary and sec-
ondary structure of the recombining mole-
cules.

BMV-BASED RECOMBINATION
SYSTEM

Brome mosaic virusisapositive-sense RNA
vi rus of plants [50]. The BMV ge nome is com
posed of three RNA molecules called RNAL,
RNA2 and RNA3. All three BMV RNAs pos-
sess an almost identical 3'-noncoding region
with a tRNA-like structure at the very end.
RNA1 and RNA2 encode BMV replicase pro-
teins 1la and 2a, re spec tively, while RNA3 en
codes move ment and coat pro teins. BMV was
the first plant RNA virus for which genetic
RNArecombinationwasobserved[51]. Itwas
demonstrated that BMV can support the for-
ma tion of both types of recombinants: ho mot
0 gous [52] and nonhomologous [25]. These ob
servationsal lowed the de vel op ment of an ef fi
cient BMV-based recombination system de-
scribed in de tail in Fig. 1.

ROLE OF BMV-POLYMERASE IN RNA
RECOMBINATION

The models of homologous and non-
homologous recombination (presented in
Fig. 1) pos ited that recombinants are formed
according to the copy-choice hypothesis [25,
52]. Both mech anisms pos tu lated the in volve
ment of viral poly meraseinstrand transfer,
although at that time there was no evidence
confirming this idea.

Tofind some conclusive datasup porting the
mechanisms above, we tested whether muta-
tions within BMV encoded polymerase (2a
protein) might influence the recombination
process. First, basing on the available bio-
chemical and crystallographic data, five mo-
tifs conserved in RNA dependent RNA or
DNA polymerases were recognized in the 2a
protein. To determine which of them partici-
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A.BMV.based recombination system
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Figure 1. BMV-based recombinationsystem.

Particular frag ments of the BMV ge nome are marked as fol lows: 3’, 5" and intercistronic noncoding re gions are
black; cod ing re gions are white; recombinationally ac tive se quences in tro duced into the RNA3 recombinationvec
tor are gray. A. Our stud ies of ge netic RNA re com bi na tion in volve spe cially pre pared BMV mu tant, in which the
3'-noncoding por tion of RNA3 was mod i fied (mod i fied RNA3is called are com bi nation vector). Mu tated vi rus pos
sesses the entire genetic information necessary for BMV development (its genome is composed of wtRNA1,
wtRNA2 and RNA3 in which the cod ing and 5'-uncoding re gions are un changed), but rep li catesand ac cu mu lates to
avis i bly lower level than the wt form. Such a BMV mu tant is sta ble in in fected cells and starts to re com bine if a
recombinationally ac tive se quence (ab bre vi ated RAS) is in serted into the vec tor mol e cule just be tween the cod ing
regionandmodified 3’-end. B.Nonhomologousrecombination. Fre quentnonhomologous re com bination cross
overs were ob served when a 140 nt se quence com ple men tary to the 3'-por tion of RNAL (se quence called RAS-NH)
was intro duced into the re com bi nation vec tor. The pres ence of RAS-NH in the RNA3 de rivative (nhamed PN1(-)
RNA3)allowedlocalRNAL-RNA3hybridization (duplexfor mation) thatefficientlymediatedrecombinationevents.
The proposed mechanism of nonhomologous recombination between genomic BMV RNAs postulates that
recombinants are formed according to the copy choice hypothesis. BMV polymerase cannot unwind the local
RNA1-RNA3 duplex and switches from the do nor to the ac cep tor tem plate. C.Homologousrecombination. Ho-
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pate in RNA recombination, selected regions
of 2a were mutagenized. Modifications were
introduced within the polymerase catalytic
center and the putative fingers domain (in-
volved in RNA-protein interactions). More-
over, the N-terminal domain responsible for
la—2a bind ing within BMV replicase was also
mutagenized [19, 20].

Because recombinants are most likely
formed dur ing RNA rep li cation, only those 2a
pro tein mu tants that did not af fect the lat ter
process were used for further studies. First,
we found a sin gle amino-acid mu ta tion within
the core poly mer ase do main of the 2a pro tein
that inhibited nonhomologous RNA recombi-
nation without affecting the frequency of ho-
mologous crossovers[19]. Thisdemonstrated
that viral polymerase participates in the pro-
cess studied and suggested that different
mechanisms operate in homologous and non-
homologousrecombination.

During further studies, two domains in-
volved in genetic RNA recombination were
identified: the N-terminal and putative “fin
gers”domains. Generally, our dataindi cate
that by introducing specific modifications
into viral polymerase one can influencethe
frequency of homologous and nonhomolo-
gous recombination as well as the location
and precision of homologous crossovers
[19, 20]. We also observedthatthelocation
of nonhomologous crossovers depends
mostly on the struc ture of re com bin ing mol
ecules.

ROLE OF RNA STRUCTURE IN
NONHOMOLOGOUS RECOMBINATION
BETWEEN BMV RNAs

The model of nonhomologous re combination
in BMV pre sumes that lo cal hy brid iza tion be
tween recombining molecules (RNA1/RNA3
heteroduplex formation) efficiently mediates
template switching by the viral replication
complex [25]. To increase our knowledge on
the mechanism of nonhomologous RNA re-
combination large numbers of BMV recom-
binants were thoroughly examined [53]. All
analyzed recombinants raised as a result of
crossovers between wt RNA1 and modified
RNA3[19, 20, 25]. Toob tain them ten var i ous
RNA3 derivatives were used: the previously
described PN1(—-) RNA3 (constructed by
RAS-NH insertionintothe recombinationvec
tor) and its nine derivatives serially named
PN2(—) to PN10(—) RNA3 [25]. We observed
that in most RNA1/RNA3 duplexes recombi-
nantjunction siteswere dis trib uted ran domly
within local double stranded regions. How-
ever,someduplexessupportedrecombination
in a site-specific man ner (Fig. 2) [25, 53]. For
example, eachinfectionwith PN3(—) RNA3re
sulted in re combinant A or B for mation. They
have the same length and differ from each
other by a single nucleotide (GUCUCC and
GUCCCC, respectively) at the junc tion sites.

In or der to iden tify the struc tural mo tifs in
volved in nonhomologous recombination be-
tween BMV RNAs, the nucleotide sequences

Legendto Fig. 1. Con tinued

mologous BMV recombinants were gen er ated when a 60 nt se quence from the 3'-por tion of RNA2 (se quence called
RAS-H) was in serted into the re com bi na tion vec tor. The pres ence of ho mol o gous se quencesin RNA2 and RNA3
does not lead to their in ter ac tion, how ever, the na scent strand syn the sized on the do nor tem plate can be com ple
men tary to the ac cep tor. The pos tu lated mech a nism of ho mol o gous re com bi nation in BMVas sumes that ho mol o
gous recombinants are formed when vi ral replicase is paused within the re gion of lo cal homologybe tween RNA2
and RNA3 and the 3'-end of the newly syn the sized RNA is re leased. Dur ing the next step, the 3'-end of the na scent
strand hy brid izes to the ac cep tor tem plate and BMV replicase usesitasaprimer tore sume RNAsynthesis.D. BMV
recombinants. Both nonhomologous and homologous recombination repairs mutated virus. In the RNA3
recombinantsgeneratedthe highlymodified 3'-end is re placed by the 3 '-noncoding frag ment, con served in all BMV
RNAs, comingfromRNA1 (nonhomologous recombination)or RNA2 (homol ogous recombination).Recombinants
rep licate and ac cu mu late better than pa ren tal RNA3 mol e cules so that the lat ter are out com peted from the in fected
cells.
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of the parental and recombinant molecules
within and at the vi cin ity of the junc tion sites
were as sessed care fully. Re sults of the un der-
taken anal y sis sug gested that nonhomologous
recombination occurs in a site-specific man-
ner if the lo cal RNA—RNA heteroduplex is ac
companiedbyspecificallypositionedshortho
mologous sequences (regions h in Fig. 3B)

MR PN3CIRNAZ

To de ter mine whether the same RNA struc
tural motifs were involved in other recombi
nant formation the remaining recombination
hot-spots found for wt RNAL1 and PN1(-) to
PN10(—) RNA3 were analyzed (Fig. 3C) [25,
53]. They were located within local dou-
ble-stranded re gions, and gen er ated al most or
completely symmetrical recombinants (re-
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Figure 2. Distribution of the nonhomologous crossovers occurring in vivo between BMV RNA1 and
PN3(-) or PN8(-) RNA3.

In both heteroduplexes the up per se quence rep re sents the (+) strand of PN3(—) or PN8(—) RNA3 (the re gion where
RAS islo cated) while the lower se quence rep re sents the cor re spond ing (com ple men tary) frag ment of the (+)RNA1
strand. The junction sites of each re com bi nant are marked with ar rows (pointing to the last nucleotidecomingfrom
wtRNAZL and the first nucle o tide from the RNA3 de riv a tive) and with the same let ter. Num bersaccompanyingthe

letters indi cate how of ten the given re com bi nant was iden ti fied.

[53]. Re gions h are placed in such a way that
the heteroduplex formed by re com bin ing mot
ecules can adopt two alternative structures,
ei ther a full-length du plex or a shorter du plex
followed by a hairpin on RNA3. As shown in
Fig. 3B, the formation of the hairpin brings
both junction sites close to each other. This
may not, how ever, be the only fac tor al low ing
viral replicase to switch from one RNA tem-
plate to an other. The hair pin formed when vi-
ral replicase begins to penetrate the
RNA1-RNAS3 heteroduplex may pause the
BMV replicase, while short homologous se-
quences (10-11 nt region h) generate the
complementarity be tween the na scent strand
(syn the sized on the RNA1 do nor) and the ac
ceptor template.

com binants for which both re com bi nant junc
tion sites were lo cated ex actly at the base-par-
ing nucleotides or were close to each other).
However, only one recombinant (E) contained
ashortcomple mentary se quence be tweenthe
(+) nascent strand of RNA3 and (-)RNA1. The
remaining most frequently observed recom-
binants had junction sites located close to
each other within the A-U rich regions of the
heteroduplex [19, 20, 25, 53].

Inaddition, the preference of BMV replicase
toswitchafter cer tainnucleo tideswereinves
tigated [53]. It was found that in 42% of
recombinants a U was the last nu cle o tide com
ing from the do nor tem plate, in 30% it was an
A while only in 18% and 10% itwasa C or a G,
respectively. Apparently, template switching
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Figure 3. RNA struc tural el e ments sup port ing site-specific and heteroduplex-mediated nonhomologous

recombination.
A. A schematic description of the RNA1-RNA3 heteroduplex that mediates recombination crossovers.
B. Site-specificnonhomologous re combination. Se quencesinvolvedinsite-specific recombination are high lighted,
while the re main ing frag ment of the heteroduplex is rep re sented by lines (the to tal lengthof the RNA1/RNAS3 du-
plexmay vary from 30 to 140 nt). Hy bridization be tween RNA mol e culesisde picted by short lines. It was ob served
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by BMV replicase most frequently occurs af-
ter nucleotides forming the weaker A-U
base-pairs (72% of crossovers). An analogous
de pend ence was not ob served for the first nu-
cleotide coming from the acceptor template:
in 48% of recombinants it was an A or a U
while in 52% of recombinants a G or a C [53].

In general, the undertaken analysis sug-
gested that there are two different types of
nonhomologous recombination: site-specific,
which generates asymmetrical recombinants
A and B, and heteroduplex-mediated, produc-
ing almost or completely symmetrical
recombinants. The former occurs if the local
RNA—-RNA heteroduplex is accompanied by
specifically positioned short homologous se-
guences, while the latter depends on local
RNA-RNA hybridizationonly[53].

In order to obtain experimental evidence
supporting the observations above, a new
RNA3 derivative named Magl-RNA3 was
made [53]. Itwas pre pared by in serting a 137
nt por tion of RAS-NH into the RNA3 re com bi
nation vector. As a result, Mag1l-RNA3 and
RNAL1 were able to form a local double-
stranded structure possessingall the putative
elements supporting both heteroduplex-me-
diated and site-specific nonhomologous re -
combination (Fig. 4). Introducing specific
modifications into Magl-RNA3 we demon-
strated that all three elements, i.e. the
heteroduplex struc ture, short ho mol o gous se
quences and a hair pin on RNA3 (which forms
when BMV replicase unwinds a few first
base-pairs of the heteroduplex) are re quired to

target nonhomologous crossovers in a
site-specific manner [53]. The data obtained
with the Mag1-RNA3 de riv a tives also showed
that the primary and/or secondarystructure
of the se quences in volved in heteroduplex for-
mation rather than the length of the dou-
ble-stranded re gion plays the most im por tant
role in heteroduplex-mediated recombination
[53]. In addition, our results suggested that
sequences at the vicinity of the heteroduplex
also influence the process studied.

NONHOMOLOGOUS RNA RECOM-
BINATION MEDIATED BY HUMAN
IMMUNODEFICIENCY VIRUS REVERSE
TRANSCRIPTASE

To determine how universal our observa-
tions are we de cided to test if the iden ti fied el
ements of RNA structure are able to induce
template switching by other viral poly-
merases. To this end, we cre ated a suit ablein
vitro system in which recombinationally ac-
tive re gions of BMV RNAs were ap plied as do
nor and ac cep tor tem plates (Fig. 5) [54].

Among different viral polymerases that
could potentially be used in our system, hu-
man immunodeficiency virus reverse tran-
scriptase (HIV RT) was chosen. This enzyme
is naturally selected to mediate recombina-
tion events, because HIV RT has to switch
from one genomic RNA to an other to pro duce
double-stranded DNA that is integrated into
the host genome. Additionally, the molecular

Leg end to Fig. 3. Con tinued

that all RNA1-RNA3 heteroduplexes me di at ing site-specific re com bi nation in BMV have acom mon left-hand por-
tion that can adopt two dif fer ent con for ma tions. Re com bining mol e cules can form a full-length du plex (the up per
struc ture) or ashorter du plex with a hair pin on the RNA3 tem plate (the struc ture be low). Suchstructuralflexibility
results from the presence of short homologous sequences specifically positionedinrecombining molecules(the
shad owed se quences marked with an “h”). The re gion h is placed at the left-hand end of the heteroduplex in RNA1
and just be fore the heteroduplex in RNA3. The por tion of RNA3 in volved ei ther in the heteroduplex or the hair pin
stem formation is shadowed and marked with a “c”. The arrows with letters indicate the junction sites of
recombinants (A and B) gen er ated as a re sult of site-specific cross overs. C. Heteroduplex-mediatedrecombination.
Lo ca tion of the junc tion sites (marked with ar rows and with let ters) found in recombinants that, be side A and B,
were the most fre quently iden ti fied during BMV in fec tions in volving the PN1(—) to PN10(—) RNA3derivatives. Lo
cal RNA1/RNAS3 heteroduplexes are rep re sented by lines and the se quences near the re com bi na tion hot-spots are
highlighted.
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Figure 4. Con struc tion of the uni ver sal recombinationally ac tive Mag1-RNA3 deriv ative.

A.Magl-RNA3waspreparedbyinsertingal37ntRAS com plementary toRNAL (be tween positions 2856 and 2992)
into the re com bi na tion vec tor. As a re sult, Mag1-RNA3 and RNA1 were able to form a lo cal dou ble-stranded struc
ture pos sess ing all the pu ta tive el e ments sup port ing both heteroduplex-mediated and site-specific nonhomologous
recombination. B. The left-hand portion of the RNA1/Magl-RNA3 heteroduplex is iden ti cal to that of shown in
Fig. 3B. Thatis why the heteroduplex can ex ist in two dif fer ent con for ma tions (as a full-length du plex or as a shorter
du plex fol lowed by a hair pin on the ac cep tor tem plate).

struc ture of HIV RT has been solved by X-ray
diffraction and that can be especially useful
for fur ther stud ies on the mech a nism of RNA
recombination.

The tem plate switchingabil i tiesof HIV-RT
wereexaminedinprimerextensionreactions
involving RNA donor (RNA1-NH) and accep-
tor (Marl-RNA3 or its modified derivative)
templates, and the donor template-specific
primer A (see Fig. 5) [54]. An analysis of the
reverse transcription products demonstrated

that local hybridization between the donor
and acceptor molecules (the heteroduplex
structure supporting nonhomologous recom-
bination in BMV [25]) pauses the primer ex-
tension reaction very effectively. However,
the heteroduplex itself was not able to effi-
ciently mediate in vitro recombination cross-
overs with HIV=RT. We observed that only
those donor and acceptor templates which
support site-specific crossovers in BMV en-
sured template switch ing by HIV-RT [54].
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Figure5.Nonhomologousrecombinationsystem in vi tro.

The previously identified recombinationally ac tive frag ments of BMV RNAs were used in our system as donor
(RNAL1-NH)andacceptor (Marl-RNA3) molecules.A. The RNA1-NH do nor tem plate cor re sponds to the 403 nt frag
ment of BMV RNAL1 (be tween 3’ po si tions 1 and 403).B. The basic Mar1-RNA3 ac cep tor tem plate is de rived from
Mag1-RNA3 (a 446 nt frag ment of Magl RNA3).C. RNA1-NH do nor and Mar1-RNA3 ac cep tor tem plates are ca pa
ble of form ing alo cal dou ble-stranded re gion where, ac cord ing to ear lier data, site-specific and hetero duplex-me di
ated crossoversoccur. The tem plate switch ing abil ity of HIV—-RT was tested in primer ex ten sionreactionsinvolving
the do norandac cep tor mol e cules and the do nor spe cific primer A (marked with an ar row). Theaccep toranddo nor
tem plates were con structed in such a way that the recombinants gen er ated (dot ted line) shouldbe lon ger than each
of the pa ren tal mol e cules (if formed ac cord ing to the mech a nism ob served for BMV they should be at least 500 nt
long). Toexam ine the mech anism of tem plate switch ing by HIV RT spe cificmod i ficationswere in tro duced into the
Mar1l-RNA3ac cep tor molecule[54].

MECHANISM OF NONHOMOLOGOUS
RNA RECOMBINATION

quired to generate recombinants (Fig. 6).
RNA/DNA synthesis begins at the 3"-end of
the donor template. BMV replicase/HIV-RT

The data pre sented above sug gest that BMV
replicase and HIV—RT use an iden ti cal or sim
ilar mechanism to produce nonhomologous
recombinants in a site-specific manner. The
followingsce narioof BMV replicase/HIV-RT
tem plate switchingispro posed to ex plain why
both the presence and proper positioning of
theidentified RNAstructuralelementsarere

encounters the heteroduplex and unwinds a
few first base-pairs, inducing hairpin forma-
tionontheacceptor tem plate. Homol ogous se
quences h are positioned in such a way that
both hetero duplex unwind ing and hair pin for-
mation may occur simultaneously, allowing
BMV replicase/HIV-RT to continue RNA/
DNAstrand elon gation. How ever, theenzyme
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Fig ure 6. Pu ta tive mech a nism of site-specific tem plate switch ing by BMV replicase and HIV-RT.

Solid lines rep re sent do nor and ac cep tor RNA tem plates and the na scent strand (RNA or ssDNA). Short ver ti cal
lines symbol ize strand hy brid iza tion. Ho mol o gous se quences h pres ent in the do nor and acceptor templates are
boxed. Arrowsindicatethelocationofrecombinantjunctionsites.A. Viral poly merase (symbolized by thegrayoval)
starts RNA or DNA syn the sis at the 3'-end of the do nor tem plate. B. The en zyme en coun ters the heteroduplex struc
ture and un winds a few first base-pairs, in duc ing hair pin for mation on the ac cep tor tem plate. This al lows the poly
mer ase tocon tinue nascentstrand ex tension.C. The en zyme pauses within the dou ble-stranded re gion (at the 5’-end
of se quence hin the do nor mol e cule). The gen er ated hair pin brings re com bi nant junc tion sites close to gether. D.
Poly mer ase paus ing causes the en zyme to dis so ci ate from the do nor tem plate (left-hand figire) or moves back ward
(right-hand fig ure). At the same time the heteroduplex be gins to re con struct (si mul ta neously the hair pin stem un
winds) while the re leased 3'-end of the na scent strand hy brid izes to the 5’-end of se quence h lo cated in the ac cep tor
template. E. Viral poly mer ase hy brid izes to the nascent strand-acceptor com plex or moves for ward and switches to
the ac cep tor. Finally, na scent strand syn the sis is re-initiated.
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is paused after a while within the stable por-
tion of the duplex (at the 3'-end of the se-
quence h). This may cause BMV
replicase/HIV-RT and the 3'-end of the ex-
tended primer to be released from the donor
(separately or as a complex) or BMV
replicase/HIV—RT may move back ward along
the template releasing the 3-end of the na-
scent strand (as it was proposed for the tran-
scription complex [55]). While BMV
replicase/HIV-RT and the 3-end of the na-
scent strand leave the pausing site, a
full-length du plex can be re stored. At the same
time, the 3'-end of the newly synthesized
RNA/DNA may hybridize with the acceptor,
since hair pin for mation brings a suit able por-
tion of acceptor sequence h very close to the
pausing site. During the next step, BMV
replicase/HIV—-RT may hybridize to the na-
scent strand-acceptor complex (if the enzyme
was re leased from the do nor) or move for ward
and switch to the acceptor during a continu
ous pro cess (if BMV replicase/HIV—-RT back-
ward sliding occurred earlier) and resume
primer extension on Magl- or Mar1-RNA3.
However, the re sults pre sented here can not
precisely explain the formation of recom-
binants with both junc tion sites lo cated within
the heteroduplex (heteroduplex-mediated
crossovers generated in the BMV-based sys-
tem). One may assume that they are also
formed according to the copy-choice mecha-
nism. During the first stage, the replication
complex could pause because of strong do-
nor-acceptor hybridization. But it still re-
mains un clear how the vi ral replicase and the
na scent strand are trans ferred from one tem
plate to another, and which elements in RNA
and/or protein structure can mediate such a
process (especially for recombinants whose
junc tion sites are lo cated far from each other
within the heteroduplex structure). The pre-
sented data strongly suggest that do-
nor-acceptor hybridization itself does not al-
ways ensure template switching by viral
replicase. Nonhomologous RNA recombina-
tion also de pends on the pri mary and sec ond

ary structure of the hybridized sequences as
well as sequences proximal to the hetero-
duplex.

Moreover, the clustering of recombination
crossovers within AU-rich regions, which are
especially susceptible to breakage [56, 57],
suggests that template-switching events may
be additionally enhanced by RNA cleavage.
Local unwinding of the RNA1-RNA3 duplex
(so called breathing of the double-stranded
structure) preferentially occurs within
AU-rich regions and generates short, sin-
gle-stranded RNA fragments. At the same
time, it was shown that an A-U phospho -
diester bond is about 50 times less sta ble than
a C-G and 100 times less stable than a G-G
when within a sin gle-stranded re gion [58, 59].
RNA cleav age may serve as a strong paus ing
signal for viral replicase. In addition, the
break age of RNA con ti nu ity may help the rep
licationcomplextoleave thedonortem plate.

On the other hand, it can not be ex cluded that
heteroduplex-mediated recombination occurs
by RNA breakageandrejoining. Thisopinion
is supported by the fact that similar to splic-
ing, heteroduplex-mediated re com bination de
pends on RNA secondary structure. There-
fore, further studies are required to demon-
strate whether the same or different mecha-
nisms operate in heteroduplex-mediated and
site-specific nonhomologous RNA recombina-
tion.
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