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Abstract

Borna disease virus (BDV) genetic information is encoded in a highly condensed non-segmented RNA genome of negative polarity.
Replication and transcription of the genome occurs in the nucleus, enabling the virus to employ the cellular splicing machinery to process
primary transcripts and to regulate expression of viral gene products. BDV establishes a non-cytolytic, persistent infection that in animals is
mainly restricted to neurons of the central nervous system. Based on these unique properties, BDV represents the prototype member of the
virus familyBornaviridaein the orderMononegavirales. Analysis of molecular aspects of BDV replication has long been hampered by the
lack of a reverse genetics system. Only recently, artificial BDV minigenomes permitted the reconstitution of the viral polymerase complex,
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allowing finally the recovery of BDV from cDNA. As in other families of theMononegavirales, the active polymerase complex of BDV
composed of the polymerase (L), the nucleoprotein (N) and the phosphoprotein (P). In addition, the viral X protein was identified
negative regulator of polymerase activity. Protein interaction studies combined with minireplicon assays suggested that P is a centra
element of BDV replication that directs the assembly of the polymerase complex. Most intriguingly, BDV obtained from cDNA with
genomic termini suggests a novel strategy for viral replication-control. BDV seems to restrict its propagation efficacy by defined 5′ termina
trimming of genomic and antigenomic RNA molecules. This review will summarize these novel findings and will discuss them in th
of BDV neurotropism and persistence.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Borna disease virus (BDV) is the causative agent of Borna
disease (BD), a usually fatal meningoencephalitis, originally
detected among horses in Germany. The classic hosts of BDV
are horses, sheep and other farm animals and its endemic area
is probably restricted to central Europe. However, serological
evidence indicates an almost worldwide distribution of BDV
and a broad host spectrum in warm-blooded vertebrates rang-
ing from birds to non-human primates (Hornig et al., 2003;
Staeheli et al., 2000). Natural transmission of BDV fol-
lows most likely the olfactory route since experimental in-
tranasal inoculation is efficient and viral antigens are found
in the olfactory bulb early in natural infection (Gosztonyi and
Ludwig, 1984; Morales et al., 1988). Epidemiological data
and the fact that high titers of infectious virus can be detected
in the urine of persistently infected rats suggest that rodents
might serve as natural reservoir and as vector for the transmis-
sion of BDV (Sauder and Staeheli, 2003; Sierra-Honigmann
et al., 1993).

The broad host range of BDV and serological evidence
(Billich et al., 2002) suggest that BDV or a BDV-like virus
also might infect humans. Several reports have suggested a
link between BDV infections and certain neuropsychiatric
syndromes such as affective disorders, chronic fatigue syn-
drome, and schizophrenia (Bode et al., 1993; Rott et al., 1985;
S n
e CNS)
t nor-
m ,
2 tly
i ilar
t r-
t and
m wis
r veral
i in-
c tol-
e is of
p eir as-
s tion
o into
t are re-
q and
c

1
e

s s the
s
i d be-
t et
a h
d n in

Fig. 1. Genomic organization and transcriptional map of BDV. Open reading
frames are represented by grey boxes. The location of transcription initiation
and transcription termination signals are indicated by S and T, respectively.
Below the graph, the three transcription units are defined and primary tran-
scripts as well as spliced RNA species are shown. The location of intron
sequences are indicated by thin dashed lines and the splice donor sites (SD)
and the splice acceptor sites (SA) are shown on the primary RNA transcripts
of transcription units III. For details on the processing of the primary RNA
transcripts see text.

the CNS, but also restricted genetic flexibility. Transcrip-
tion of the genome is believed to occur sequentially starting
at position +44 of the genomic 3′ end resulting in a tran-
scription gradient, which however, is less pronounced than
in most otherMononegavirales. The genome is organized
in three transcription units (I–III) defined by three transcrip-
tion initiation signals (S1–S3) and four transcription termi-
nation signals (T1–T4, seeFig. 1; Schneemann et al., 1994).
BDV has a non-typical organization of the gene boundary re-
gions. Instead of the characteristic T—intergenic region—S
signal configuration of otherMononegavirales, BDV tran-
scription units and transcriptive signals frequently overlap
(Fig. 1; de la Torre, 2002b; Schneemann et al., 1995). Fur-
thermore, transcripts derived from transcription unit III can
undergo posttranscriptional modification by the cellular RNA
splicing machinery, resulting in a complex pattern of viral
RNA molecules in BDV-infected cells (Cubitt et al., 1994b;
Schneider et al., 1994b; Tomonaga et al., 2000).

The genes on the BDV genome are arranged in the typi-
cal order of theMononegaviralesand encode for at least six
viral proteins. Beginning at the genomic 3′ end, transcription
unit I (S1–T1) encodes the nucleoprotein (N). The S2- and
T2-signals define the bi-cistronic transcription unit II, which
contains overlapping open reading frames (ORF) for the X
protein (X) and the phosphoprotein (P). Readthrough at T2
occurs with low frequency, resulting in a messenger RNA
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chwemmle et al., 1999a). In neonate Lewis rats BDV ca
stablish persistence in the central nervous system (

hat results in neuro-developmental and behavioral ab
alities in the absence of inflammation (Pletnikov et al.
002). Infection of adult Lewis rats, in contrast, frequen

nduces an immune-mediated neurological disorder sim
o BD (de la Torre, 2002a), which is characterized by pa
ial ataxia of the hind legs, uncoordinated movement
assive weight loss of the animal. BDV infection of Le

ats thus provides a valuable model system to study se
mportant aspects of viral infection of the CNS. These
lude mechanisms for the induction of immunological
rance and establishment of viral persistence, analys
athogen-induced neuro-developmental damage and th
ociation with neuro-psychiatric disorders, and the induc
f immune-mediated neuropathology. To gain insight

hese complex processes, reverse genetics approaches
uired that allow the detailed analysis of the molecular
ell biology of BDV infection.

.1. Genome organization and regulation of gene
xpression

The negative-stranded RNA genome of BDV (Fig. 1) con-
ists of approximately 8900 nucleotides and represent
mallest genome known amongst theMononegavirales. Cod-
ng as well as regulatory sequences are highly conserve
ween different BDV strains (Kilbourne, 1991; Pleschka
l., 2001; Schneider et al., 1994a), suggesting not only hig
egree of genetic adaptation to non-cytolytic replicatio
mRNA) ranging from S2 to T3 that most likely serves
dditional template for the translation of X and P prote
ll primary transcripts starting from S3 (transcription u

II) contain overlapping ORFs of the matrix (M) and the g
oprotein (G). Transcription from S3 usually terminate
3, but in approximately 5% of all cases readthrough a
ccurs and transcription terminates at T4 yielding a long
ary transcript with the potential to code for the polyme

L). All transcripts of unit III contain two intron sequenc
ocated within the M ORF (Intron 1) and the G ORF (
ron 2), respectively. Although both introns are efficien
emoved from artificially expressed mRNA, splicing e
iency in BDV-infected cells is not complete, suggestin
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regulatory function of the viral polymerase complex in these
splicing events (Jehle et al., 2000). Variable splicing of in-
tron 1 and 2 thus enables BDV to regulate the expression of
M, G and L (Fig. 1). M is translated from all mRNAs con-
taining intron 1. All transcripts maintaining intron 2 encode
G, but efficient translation of the G-ORF occurs only upon
splicing of intron 1. Splicing of intron 2 from the primary
transcript terminated at T4 creates a large ORF encoding L
(p190), which is only translated efficiently if intron 1 is re-
moved. Additional minor splicing products in BDV-infected
cells indicate the existence of a third intron present only in
transcripts terminated at T4, which is formed by the splice
donor site of intron 2 (SD2) and an alternative splice acceptor
site (SA3;Cubitt et al., 2001; Tomonaga et al., 2000). Splic-
ing of intron 3 results in a shortened L ORF (p165) lacking the
sequence coding for the N-terminal 300 amino acids of the L
polymerase. Usage of SA3 in processing of viral transcripts
in BDV-infected cells is downregulated by an exon-splicing
suppressor sequence (Tomonaga et al., 2000). The relevance
of intron 3 splicing in BDV replication has been questioned,
since BDV strain No98 lacks the alternative splice acceptor
site SA3 (Pleschka et al., 2001). In BDV-infected cells an
additional subgenomic RNA species can be detected. Prema-
ture termination of genome replication at T2 results in an un-
capped RNA molecule extending from nucleotides 1 to 1883
(Schneemann et al., 1994). The function of this uncapped
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transcription of a BDV minigenome if expressed in the ab-
sence of the other isoform (Perez et al., 2003; Schneider et al.,
2004b). Close to the N-terminus, N contains two independent
P binding sites (Berg et al., 1998).

The P protein acts as co-transcriptional factor of the L
polymerase, is involved in encapsidation of the viral RNA
and further interacts with the small X protein (Schwemmle
et al., 1998). Similar to N, two isoforms of BDV-P have been
detected in infected cells, resulting from alternative usage
of in-frame AUG-initiation codons (Kobayashi et al., 2000).
The short isoform (P′) lacks the N-terminal 55 aa of P, and
one of two independent NLS (Fig. 2; Schwemmle et al.,
1999b; Shoya et al., 1998). Although P′ harbors all the sites
required for the interaction with X, L, N and itself (Fig. 2)
and is efficiently transported to the nucleus, it is unable to
support reporter gene expression in a viral minireplicon sys-
tem (Schneider et al., 2004a). Like other viral phosphopro-
teins, BDV-P becomes phosphorylated in vivo (Schwemmle
et al., 1997). Since P is an integral component of the viral
polymerase complex, P phosphorylation might be involved
in the regulation of polymerase activity as has been demon-
strated for human parainfluenza virus 3 (HPIV-3;Das et al.,
1995) and vesicular stomatitis virus (VSV;Gao and Lenard,
1995b). However, the effects of BDV-P phosphorylation on
replication and transcription of the BDV genome remain to
be elucidated.
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ub-genomic RNA is unknown. The generally high but v
ble abundance of this molecule in infected cells sugge
ossible role in the regulation of viral replication.

Finally, short non-coding regions of 52 and 43 nucleot
orm the 5′- and the 3′-termini of the BDV genome, respe
ively (Briese et al., 1994). The non-coding regions con
he promoter elements that regulate the synthesis of (+)
ntigenomic RNA from (−) sense genomic RNA and vi
ersa. The terminal 20 nucleotides of the genome repr
nverted terminal repeats with the potential to form a p
andle structure. As in other negative-strand RNA viru

he termini are highly conserved and contain importan
ments for the initiation and regulation of viral replicat
see below).

.2. Components of the viral polymerase complex

The active polymerase complex of non-segme
egative-stranded RNA viruses (NNS), termed ribonuc
rotein complex (RNP;Murphy and Lazzarini, 1974), con-
ists of L, N and P associated with the viral RNA (Pattnaik e
l., 1992). The N protein is the major component of the R
nd encapsidates the viral genome. BDV is unique amo
iruses of theMononegavirales, since two isoforms of N
p39/p38) can be detected in infected cells that are sy
ized by alternative usage of in-frame initiation codons.
acks the N-terminal 13 amino acids (aa) of p39. These

inal aa harbor the only nuclear localization signal (N
dentified in the N ORF (Kobayashi et al., 1998; Pyper a
artner, 1997). p39, but not p38, supports replication a
The X protein interacts with P (Schwemmle et al., 199
olff et al., 2000). Direct interaction of X with N has bee

roposed (Malik et al., 1999), but was later shown to o
ur only indirectly (Wolff et al., 2000). Nuclear import o
is mediated by an unusual importin alpha motif (Wolff

t al., 2002). Co-localization of X with P, N and L in nucle
ots suggests that X might associate with the viral polyme
omplex. Indeed, a negative effect of X on reporter gen
ression from a BDV minigenome has been demonst
see below).

The L protein harbors the RNA-dependent RNA po
erase activity and interacts with the P protein (Schneide

ig. 2. Schematic representation of BDV-P protein. The long (P) an
hort (P′) isoform of P are represented by grey bars. The two indepe
uclear localization signals (NLS) are indicated by dark grey boxes

he heptad repeat motif responsible for multimerization of P is signifie
ve vertical dashed lines. The self, N, L and X boxes indicate the dom
esponsible for the interaction of P with the respective BDV protein. T
ox indicates the domain responsible for interaction with amphoterine/
1. Positions of amino acids defining the boundaries of the NLS, the h

epeat motif and the various interaction domains are indicated.
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et al., 2004a; Walker et al., 2000). Based on conserved
in-frame initiation codons and alternative splicing of in-
tron 3, the existence of two truncated isoforms (p180/p165)
of BDV-L has been proposed (de la Torre, 2002b). How-
ever, no direct evidence for their presence in infected cells
has been provided, nor was their functionality demon-
strated in the BDV minireplicon assay. Interestingly, BDV
polymerase activity is strongly inhibited by Ara-C (1-�-d-
arabinofuranosylcytosine), a nucleoside analogue that specif-
ically inhibits DNA polymerase (Bajramovic et al., 2002).
Available data strongly suggest that Ara-C acts as competi-
tive inhibitor of the viral polymerase (Volmer et al., 2005).

Several lines of evidence suggest that active viral poly-
merase complexes ofMononegaviralescan incorporate cel-
lular proteins. The transcriptase complex of VSV was shown
to contain the cellular elongation factorα, the heat shock
protein 60 and the capping enzyme guanylytransferase (Das
et al., 1998; Qanungo et al., 2004). Viral components of the
BDV polymerase complex were also shown to interact with
cellular proteins. The N protein can bind to the Cdc2-cyclin
B1 complex (Planz et al., 2003) and P interacts with the neu-
rite outgrowth factor amphoterin/HMG-B1 (Kamitani et al.,
2001). Direct incorporation of these cellular factors into the
active BDV polymerase complex has not yet been demon-
strated, but it remains possible that these or other cellular
factors influence the replication of BDV.
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N and P proteins associated with the viral RNA. The presence
of X strongly reduced expression of the CAT reporter gene
and the activity of the BDV polymerase complex strongly
depended on a defined N-to-P ratio. These insights into BDV
replication were finally applied to recover recombinant BDV
from plasmid DNA (Schneider et al., 2005). These novel re-
verse genetics systems have already facilitated the detailed
analysis of the composition and regulation of the BDV poly-
merase complex and will further provide a powerful tool to
study aspects of BDV multiplication. In the following chap-
ters, the most important results will be presented in more
detail.

2. BDV-P as regulator of the viral polymerase
complex

Even before reverse genetics systems were available, sev-
eral reports provided evidence that BDV-P has important reg-
ulatory functions in BDV replication. Analysis of viral pro-
teins in acutely and persistently infected cells showed ma-
jor alterations of the N and P protein contents during dif-
ferent phases of the BDV infection (Watanabe et al., 2000).
A two-fold excess of N over P protein in acutely infected
cells was altered to an up to eight-fold excess of P over N
in persistently infected cells due to enhanced expression of
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.3. Reverse genetics system

Due to the multiplication strategy of negative-strand R
iruses, their naked genomic RNA by itself is not infectio
o reconstitute an active viral polymerase complex, th
ultaneous expression of artificial mini- or full-length

al genomes together with viral protein components of
NP is required. For a variety of viruses of theMononegavi
alessuch systems have been established in the past d
Conzelmann, 2004). In these systems, expression of v
enome analogues is achieved by using either the RNA
erase of bacteriophage T7 (T7pol), or the cellular R
olymerase I (Pol I). Protein components of the viral p
erase complex are expressed from vectors controlle
ither the T7pol- or a strong RNA polymerase II promo
uccessful reconstitution of the viral polymerase com

esults in the expression of a reporter gene, usually the b
ial chloramphenicol transferase (CAT) gene, from an a
ial minigenome, or in the recovery of replication-compe
irus upon transfection of a cDNA encoding a full-len
iral genome.

Two reverse genetics systems for BDV have been e
ished using either T7pol or Pol I to express an artifi
DV minigenomic RNA, allowing for the first time the dire
nalysis of the BDV replication complex (Perez et al., 2003
chneider et al., 2003). Despite the different strategies for
xpression of viral RNA, both systems had the same req
ents for polymerase activity. As in otherMononegavirales,
ctive viral polymerase complex of BDV is composed o
protein. Another study demonstrated that BDV-P med
viral restriction phenomenon called homologous inte

nce that prevents the superinfection of BDV-infected c
ith the same or a closely related strain of BDV (Geib et al.
003). Moreover, stable expression of BDV-P rendered c
on-permissive to BDV infection, and transient expres
f flag-tagged P strongly reduced viral protein expres

n cells persistently infected with BDV (Geib et al., 2003).
hese data indicated that BDV replication and transcripti
xtremely sensitive to alterations in the stoichiometry o
arious components of the polymerase complex. This in
ation proved to be crucial for the establishment of a fu

ional BDV minireplicon system.

.1. The N-to-P stoichiometry regulates BDV
olymerase activity

The first experiments to establish the BDV minireplic
ystem were designed to determine the optimal stoichiom
f viral protein components for the formation of functio
NPs (Schneider et al., 2003). Constant amounts of pla
ids encoding N and L were co-transfected with varia
mounts of P plasmid resulting in 1:1, 10:1 and 100:1

ios of N-to-P plasmid ratios. Expression of the CAT repo
ene was efficient upon transfection of a 10:1 ratio of N
plasmids, strongly reduced at a 100:1 ratio and compl

bolished if N and P plasmids were used at a ratio of
urther titration experiments demonstrated that the N-
nd not the L-to-P ratio was critical for polymerase acti
nd that an approximately 20-fold molar excess of N-
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P- encoding plasmids is optimal for efficient CAT expression
from the BDV minigenome. Using flag-tagged versions of
BDV-N and -P, it was shown that the level of expressed pro-
teins corresponds well with the amount of transfected plas-
mids. The importance of the N–P stoichiometry for BDV
polymerase activity was further underscored by data show-
ing that additional expression of the p38 isoform of BDV-N
restored polymerase activity in cells expressing unfavorably
high amounts of P protein (Schneider et al., 2004b). Since
p38 is unable to directly support transcriptional activity of the
polymerase complex, this finding suggests that additional ex-
pression of p38 positively affected the assembly of the RNP
and/or the processivity of the viral polymerase complex by
shifting the N-to-P ratio, rather than by simply increasing
the number of transcriptionally active RNPs. To the best of
our knowledge, no other virus of theMononegaviralesre-
quires such a high N-to-P ratio for optimal replication and is
completely inhibited by equimolar concentrations of N and P.
The stringent control of the BDV replication through variable
amounts of P might be a prerequisite for BDV persistence in
the CNS.

Compared to otherMononegavirales,BDV propagation
is notoriously slow in tissue culture and in experimentally
infected animals. It has been speculated that slow propaga-
tion of BDV is due to an inefficient polymerase complex that
is unable to provide sufficient amounts of viral proteins and
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The P proteins of theMononegaviralesare multifunc-
tional proteins with the ability to form a variety of hetero-
and homo-oligomeric protein complexes. Most P proteins
are between 400 and 600 aa in size and have a similar organi-
zation of protein interaction domains. The architecture of the
C-terminal part of P is conserved and contains three distinct
domains that mediate self-oligomerization, interaction with
L and interaction with the RNA-associated N protein. The
self-oligomerization domain contains a heptad-repeat motif,
which suggests the formation of a coiled-coil structure be-
tween several P monomers (Choudhary et al., 2002; Curran
et al., 1995a; Schwemmle et al., 1998). P multimerization
is essential, since deletion or mutation of the heptad-repeat
motif abrogated polymerase activity in viral minireplicon
systems (De et al., 2000; Gao and Lenard, 1995a, 1995b).
In all Mononegaviralesexamined so far, the predominant
form of P in infected cells was biochemically shown to be
a trimer (Curran et al., 1995a; De et al., 2000; Gao and
Lenard, 1995b). However, the crystal structure of the self-
oligomerization domain of the Sendai virus (SeV) P protein
indicated a tetrameric coiled-coil (Tarbouriech et al., 2000a,
2000b). The discrepancy between the biochemical and the
structural analysis might reflect the influence of other do-
mains on P multimerization and suggests that several biologi-
cally active multimers of P might exist. The L binding domain
of P is located between the self-oligomerization domain and
t wo
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enomes for faster spreading of the virus. Data obtained
he minireplicon system do not support this view. At opti
-to-P ratios, CAT expression from the BDV minireplic
ystem was comparable to that from the minireplicon o
ast-spreading measles virus (own unpublished data). I
ontext it is important to note that even in the acute pha
DV infection, the N-to-P ratio is roughly 2:1, which appe

o be suboptimal for viral replication (Watanabe et al., 2000).
his suggests that BDV may generally restrict its propaga
fficacy by maintaining a suboptimal high level of P prot
ogether with the observation that the N-to-P ratio in B

nfected cells undergoes major alterations in the cours
nfection, this suggests that BDV may employ variable
ression of P protein to achieve attenuated viral replica
he molecular mechanism(s) involved in the regulatio
DV-P protein levels in infected cells are still not well ch
cterized, but might involve the interaction of P with the v
protein (see also chapter 3).

.2. The role of BDV-P in assembly and transcriptional
ctivity of the viral polymerase complex

The function of P proteins in assembly and activity of
al polymerase complexes has been extensively studie
everal viruses. These studies identified not only struc
nd functional similarities, but also important differences

ween the P proteins of different viruses of theMononegavi
ales. For a better understanding of the structure–func
elationship of BDV-P, I will first try to give a short summa
n the current view on P function in other NNS viruses.
he C-terminal nucleocapsid-binding domain (NBD). T
undamentally different interactions between P and N
ccur. One interaction mediates the association of the
omplex to the nucleocapsid and is essential for assem
he viral polymerase complex. The other interaction med
he binding of P to free N molecules (N0) that presumabl
revents aggregation of N and helps to form the encapsid
omplex (N0–P), which is essential for specific and effici
ackaging of viral RNA. Since unproductive associatio

he rare L protein with the abundant N0 molecule would se
uester viral polymerase activity, viruses must have evo
echanisms that prevent P from simultaneously intera
ith L and N0. In the P proteins of a variety ofMononegavi
ales, additional domains close to the N-terminus have b
dentified which specifically interact with N0 (Curran et al.
995b). The existence of a second interaction domain
ests a possible mechanism to ensure exclusive intera
f the P–L complex with the nucleocapsid. P could und
tructural alterations upon binding to L that prevents th
erminal domain from interacting with N0. In addition, N
ight alter its conformation upon association with the v
NA exposing a previously inaccessible binding site for
–L complex and simultaneously hiding the site respon

or the P–N0 interaction. The mechanisms which regulate
ssembly of viral polymerase complexes are still not un
tood in detail and might further involve interaction of
olymerase complex with promoter sequences or seco
tructures of the nucleocapsid such as panhandle form
t might well be that viruses of theMononegaviralesfollow
ifferent strategies to achieve correct and efficient forma
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of active polymerase complexes. In any case, available data
suggest that P is a highly versatile protein with a high de-
gree of structural flexibility to achieve its many functions.
In this context it is of interest to note that the P proteins of
Mononegaviraleshave a high content of intrinsically disor-
dered regions (Karlin et al., 2003, 2002). This indicates that
these proteins can adopt different structural conformations
depending on their interaction partners. Intrinsically disor-
dered regions were also identified at the C-terminus of the N
protein (termed Ntail) of mostMononegavirales(Bourhis et
al., 2004; Karlin et al., 2003), which contain the sites of P
attachment to the nucleocapsid. The crystal structure of the
NBD of measles virus (MV) P was determined (Johansson
et al., 2003). The NBD is a stable 3-helix bundle that forms
a central hydrophobic cleft. This structure suggests a model
for the association of the P–L complex to the nucleocapsid
during assembly and transcription of the RNA. The interac-
tion of MV–P with the nucleocapsid was shown to induce the
structural transition of Ntail, resulting in the formation of a
short amphipathic helix that can accommodate its hydropho-
bic surface in the hydrophobic cleft of the NBD (Kingston
et al., 2004b; Longhi et al., 2003). The resulting hydropho-
bic interaction is rather weak with a dissociation constant of
35�M at 37◦C (Kingston et al., 2004a), which might allow
the successive association and dissociation of NBD and Ntail
domains during RNA synthesis. This process would nicely
fi al
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portion of the protein (Schwemmle et al., 1998). Using a
mammalian-two-hybrid system we recently mapped the L-
binding domain between the self-oligomerization and the N-
binding domain (Schneider et al., 2004a), demonstrating that
BDV-P has the same overall architecture as other viral P pro-
teins (Fig. 2). However, in contrast to other P proteins, the
tight clustering of interaction domains in the C-terminal 70
aa of BDV-P results in a partial overlap of the central L in-
teraction domain with the self-oligomerization domain and
possibly with the N-binding site (Fig. 2). This has important
functional implications for the assembly of the BDV poly-
merase complex. We were able to show that L can interact
with P multimers, indicating that despite an overlap of the in-
teraction domains, L–P and P–P interactions do not interfere
with each other. In contrast, the interaction of L and P was
efficiently blocked in the presence of free N protein. This
represents the first direct demonstration that a particular P
molecule of a member of theMononegaviralescannot simul-
taneously interact with L and N0. Since BDV-P seems to use
the same domain for the interaction with N0 and the nucleo-
capsid, this finding strongly supports the view that structural
alterations either in the C-terminal NBD of BDV-P and/or
in the N protein must occur during assembly of the BDV
polymerase complex. Indeed, a program that predicts intrin-
sically disordered protein regions (PONDR) with high confi-
dence (>99.6%) indicates a high structural flexibility of BDV-
P
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t the “cart wheeling” model for the processivity of vir
olymerase complex proposed for SeV (Curran, 1998). The
odel suggests that the P multimers provide the “legs
hich the polymerase “walks” along the nucleocapsid du
NA synthesis by simultaneous making and breaking of
ontacts. The movement of the polymerase may be guid
he consecutive interaction of L with downstream P multim
ssociated to the nucleocapsid. Such a model could re
xplain the sensitivity of viral polymerase complexes to
ered N-to-P ratios. Limiting as well as excessive amoun

proteins bound to the nucleocapsid would directly a
rocessivity of the polymerase. If the cart wheeling mod
orrect, viral P proteins not only serve structural funct
n assembly of the viral polymerase complex by providin
caffold on which the complex is assembled, but also dir
egulate viral replication.

How does BDV-P fit into this complex picture? The fin
ng that BDV-L, N and P are sufficient to reconstitute
ive BDV polymerase complexes demonstrates that BD
rovides all the auxiliary functions required for viral RN
ynthesis (Perez et al., 2003; Schneider et al., 2003). BDV-
consists of 201 aa and thus is two- to three times sm

han P proteins of most otherMononegavirales. This com-
act structure is reflected in the organization of impor

nteraction domains (Fig. 2). As in other viruses the se
ligomerization domain contains a heptad-repeat motif th
ssential for activity of the viral polymerase complex and
redominant form of BDV-P in infected cells is likely to b

rimer (Schneider et al., 2004a). The self-oligomerization an
he N-binding domains have been mapped to the C-term
(Fig. 3, top). In contrast to otherMononegavirales(Karlin
t al., 2003), the C-terminal part of BDV-P is predicted
e highly unstructured, supporting the view that the N
f BDV-P might adopt different conformations during P–0

nd P–L-nucleocapsid interaction. PONDR further pred
n intrinsically disordered region at the C-terminus of BDV
residues 319–358,Fig. 3, bottom) similarly to the situatio
n otherMononegaviruses, where an intrinsically disordere
-terminal region provides the nucleocapsid-binding site
(Bourhis et al., 2004; Longhi et al., 2003). Interestingly

his region has not yet been implicated in the interactio
DV-N and P. Two domains were identified that mediate

nteraction of N with P, which are both localized in the
erminal half of the N protein (Berg et al., 1998). In analogy
o otherMononegavirales, it is tempting to speculate that t
-terminal interaction domains serve the interaction of0

ith P and the C-terminal unstructured region mediate
ssembly of the viral polymerase complex. Such differe

nteraction of P with N0 and the nucleocapsid would be
ccordance with the cart-wheeling model and could exp

he high sensitivity of BDV replication to high amounts
DV-P.

. BDV-X as regulator of viral polymerase activity

BDV-X acts as strong negative regulator of polymerase
ivity in the minireplicon system (Perez et al., 2003; Schn
er et al., 2003). Using X mutant proteins that lost the ab

ty to interact with BDV-P, we were able to demonstrate
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Fig. 3. PONDR prediction of intrinsically disordered regions. Sequences
were submitted to the PONDR server (http://www.pondr.com/) using the
default integrated predictor VL-XT (Li et al., 1999; Romero et al., 2001).
Access to PONDR was provided by Molecular Kinetics (Pullman, WA, USA)
under license from the WSU Research Foundation. PONDR is copyright ©
1999 by the WSU Research Foundation, all rights reserved. Predictions are
shown for BDV-P (top) and BDV-N (bottom). The thick middle lines indicate
disordered regions of 40 aa or larger for which a very good confidence of
prediction (>99.6%) exists.

the inhibitory activity of X is mediated through its interaction
with P (Poenisch et al., 2004). Previous studies had suggested
that X might exercise its inhibitory activity by sequestration
of BDV-P to the cytoplasm, thereby limiting the number of P
molecules available for nuclear replication (Kobayashi et al.,
2003). However, clear cytoplasmic retention of P was only
observed when a five-fold excess of X over P encoding plas-
mids were co-transfected. Since titration experiments in the
minireplicon system later showed that already very low con-
centrations of X (at an X-to-P ratio of 1:5) strongly inhibit vi-
ral RNA synthesis (Schneider et al., 2003), other mechanisms
might be involved in the regulatory function of X. The recent
observation that X preferentially interacts with a monomeric
form of BDV-P (Schneider et al., 2004a) suggests that the
X–P interaction might limit the number of P molecules avail-
able for multimerization or, alternatively, could interfere with
the correct multimerization of P. Both events would result in
a reduced number of transcriptionally active P trimers. Fur-
thermore, it was shown that X does bind to P–L as well as
to P–N0 complexes (Schneider et al., 2004a). This suggests
that X is able to act directly on the RNP to reduce RNA syn-

thesis either by interference with polymerase activity or by
inhibition of encapsidation of viral RNA.

An important question that needs to be solved to under-
stand the function of X in BDV replication is how the ex-
pression of X and P is regulated in BDV-infected cells. X and
P are encoded by overlapping ORFs in transcription unit II
(Fig. 1). The X initiation codon is localized 48 nucleotides
downstream of the 5′ cap of the mRNA and 49 nucleotides
upstream of the P initiation codon. Furthermore, the X initi-
ation codon is embedded in a better Kozak context than the P
initiation codon. Thus, standard ribosomal scanning for ini-
tiation codons would result in a predominant translation of
the X ORF. Since even equimolar concentrations of X and
P completely block viral RNA synthesis in the minireplicon
system (Schneider et al., 2003), it seems likely that BDV em-
ploys unknown regulatory mechanisms to reduce expression
of X or to enhance expression of P. Downregulation of X
protein levels could be achieved by enhanced degradation of
X compared to P. Our observation that transient expression
of X protein from plasmid DNA results in long-lasting ex-
pression of high levels of X protein argues against enhanced
X protein degradation. However, the half-lives of X and P
proteins in BDV-infected cells remain to be determined. Al-
ternative mechanisms might include ribosomal shunting or
internal ribosomal entry which both result in preferential us-
age of internal initiation codons.
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Finally, it should be mentioned that the regulatory fu
ion of X in BDV-infected cells might differ from its functio
n the minireplicon system. The minireplicon system is o

ized for maximal activity of the viral polymerase compl
nder these conditions it is well conceivable that the a

ion of a factor that interferes with optimal P activity resu
n decreased RNA synthesis and lower reporter gene ex
ion. As described before, in BDV-infected cells, espec
n the persistent phase of infection, an excess of P pr
ompared to N protein is present that most likely rest
DV replication (Watanabe et al., 2000). In such an environ
ent, X–P interaction might no longer result in inhibition

he polymerase complex. On the contrary, X might neutr
xcessive amounts of P protein at the site of replication,
reventing BDV replication from ending in a deadlock fr
hich it can no longer escape. If true this would suggest
is involved in the reactivation of RNA synthesis dur

ersistence.

. Regulation of BDV replication through terminal
odification of the viral genome

Genome and antigenome synthesis of negative-s
NA viruses are initiated at promoter sequences of a
0 nucleotides that are located at the very 5′ and 3′ ends o

he viral genome and antigenome, respectively. These
oters represent inverted terminal repeats (ITR) with a
egree of sequence complementarity, which have the p

ial to form a panhandle structure with matching 5′ and 3′
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Fig. 4. Terminal genomic and antigenomic sequences of BDV strain He/80 determined by 5′ and 3′ RACE experiments. Electropherograms show the bulk
sequence of amplified PCR-fragments from near the 3′ termini (including part of the C tail) and from near the 5′ termini (including part of the synthetic RNA
oligo). The deduced panhandle structures and the alignment of genome and antigenome as well as the complete BDV genome sequence and the panhandle with
complete 5′ and 3′ ITR are shown schematically. Terminal nucleotides, which are most likely added by the BDV polymerase during the termination process,
are presented in brackets. The C nucleotides located in position 2 and position 5 from the 3′ end of the genome and the antigenome are underlined.

termini (Fig. 4). Such panhandle structures were found to
be important regulatory elements of replication for mem-
bers of theOrthomyxoviridae(Brownlee and Sharps, 2002;
Cheong et al., 1999; Flick and Hobom, 1999; Hsu et al.,
1987) andBunyaviridae(Barr and Wertz, 2004; Kohl et al.,
2004; Ronnholm and Pettersson, 1987) families. In case of the
Mononegavirales, it is unclear whether a panhandle structure
is indeed formed during viral replication (Wertz et al., 1994),
or whether the terminal complementarity of the genome sim-
ply reflects similar sequence requirements of the genomic
and antigenomic promoters (Tapparel and Roux, 1996).

Sequence analysis of the BDV genome indicated that the
ITRs of BDV are unusual amongst theMononegavirales,
since they appeared to be non-complete (Briese et al., 1994;
Cubitt et al., 1994a; Pleschka et al., 2001). The 5′ terminus
of the viral genome lacks four terminal nucleotides required
for perfect complementarity with the 3′ terminus. Since the
terminal nucleotides of the genomes are of utmost impor-
tance for the replication of negative-strand RNA viruses, the
unusual structure of the published BDV ITRs had to be con-
firmed before a full-length rescue system was established. In
contrast to previous attempts where analysis was restricted to
the BDV genome, this time the genomic and the antigenomic
terminal sequences were determined by 5′ and 3′ RACE ex-
periments. The outcome of this analysis was most surprising.
As shown inFig. 4, both the BDV genome and the BDV
a g
i ned
g an-

handle structures (Schneider et al., 2005). Maintenance of ge-
netic information requires perfect complementarity between
the genome and the antigenome. The unusual terminal struc-
ture of BDV thus implies that the majority of viral genomes
and antigenomes represent 5′ terminal truncated subgenomic
RNA species and furthermore suggests the existence of only
a very small population of full-length RNA molecules. To test
this hypothesis two full-length cDNA clones were created dif-
fering only in four nucleotides. One encoded a genome with a
non-complete 5′ ITR (rBDVnc), as previously published, and
the other encoded the theoretical full-length BDV genome
with complete 5′ and 3′ ITRs (rBDVc). Using a newly estab-
lished BDV rescue system both recombinant viruses were
recovered from cDNA (Schneider et al., 2005). Although
successful recovery of rBDVnc suggested that a complete
5′ ITR is not essential for BDV replication, spreading effi-
ciency and production of infectious particles of rBDVnc were
strongly impaired. In contrast, growth kinetics and infectivity
of rBDVc were indistinguishable from those of parental BDV,
demonstrating that the full-length molecule with matching
terminal ends represents the complete BDV genome. Analy-
sis of the terminal sequences of rBDVc showed that the ma-
jority of RNA genomes and antigenomes were again trimmed
at their 5′ ends (Schneider et al., 2005), resulting in the same
terminal sequences as shown for parental BDV inFig. 4.
Since the rBDVc genome originated from a cDNA encoding
t NA
m ing
d

ntigenome carried a defined 5′ terminal deletion resultin
n 3′ overhangs of four nucleotides at both sides of alig
enomic and antigenomic RNA molecules or in potential p
he full-length molecule, it seems that the subgenomic R
olecules are produced by programmed terminal trimm
uring BDV replication (see model presented inFig. 5A).
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Fig. 5. Regulation of BDV replication through 5′ terminal trimming of ge-
nomic and antigenomic RNA molecules. (A) Model for the replication and
transcription of parental BDV and rBDVc. Schematic drawing depicting pro-
posed preferential replication of full-length BDV genomes and preferential
production of trimmed subgenomic RNA molecules. The initiation sites of
the replicase complex (Rep, yellow octagon) and the transcriptase complex
(Trx, blue hexagon) are indicated. Our model predicts that genomes with 5′
terminal truncations are inefficiently replicated, but efficiently transcribed.
(B) Model for the replication of rBDVnc. Schematic drawing showing three
rounds of replication starting with the antigenome derived from cDNA. Our
model proposes that full-length genomes and antigenomes are not being
produced explaining the reduced replication capacity of rBDVnc. The ad-
dition of up to five non-template-encoded A nucleotides at the 3′ ends of
genomes and antigenomes derived from the replication of subgenomic RNA
molecules are indicated by a 3′ terminal stretch of three A nucleotides in
the panhandle presentation. Note that the existence of panhandles in BDV
replication has not been formally proven yet.

The terminal sequences of rBDVnc were almost identi-
cal to those of rBDVc and parental BDV, except that the
antigenome of rBDVnc lacked a correct 3′ terminus (as ex-
pected from the sequence of the full-length cDNA clone).
Unexpectedly, the four 3′ terminal nucleotides were not sim-
ply missing in the antigenomic RNA molecule, but rather
were replaced by a stretch of up to five non-template-encoded
A nucleotides (Schneider et al., 2005). This indicates that
the BDV polymerase, like other RNA polymerases, prefer-
entially terminates RNA synthesis by addition of an A nu-

cleotide. Thus, the 3′ terminal A nucleotides of the BDV
genome and antigenome (Fig. 4) are most likely not encoded
by the viral genome but rather are added by the BDV poly-
merase during the termination process. The fact that rBDVnc
was unable to produce a correct antigenomic 3′ end supports
the view that rare full-length RNA molecules serve as tem-
plate for antigenome and probably also genome synthesis
(Fig. 5A). If alternative mechanisms other than replication of
a full-length template strand were responsible for the produc-
tion of the 3′ overhangs, rBDVnc should have been able to
produce a correct 3′ terminus of the antigenome, because the
truncated genomic 5′ termini of rBDVnc, rBDVc and parental
BDV were identical. The frequency of these full-length RNA
molecules in infected cells as well as in virus particles seems
too low for detection by analysis of PCR fragments. In fact,
when more than 150 individual plasmid clones derived from
PCR fragments representing the genomic 5′ end of rBDVc
were analyzed, no sequence corresponding to a complete 5′
ITR was found. The majority of viral RNA molecules nev-
ertheless seem to have complete 3′ termini, which can only
occur by replication of the full-length template molecule.
This indicates that initiation of replication occurs preferen-
tially at full-length RNA genomes and antigenomes, suggest-
ing that efficient initiation of BDV replication requires com-
plementarity of the 5′ and 3′ termini (Fig. 5A). Since it is
difficult to apprehend how the 5′ end should influence the
e e
R two
I TRs
o iate
r

m lu-
c NA
d trim-
m tivity
t
o ould
n and
f ase
a irus
o ty
p he
B at
t -
p les
w DV
p e 3
e tion
o on
m h the
t BD-
V mic
R NA
m
f NA
fficiency of replication initiation at the 3′ end of the sam
NA molecule other than by direct interaction of the
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eplication.

The mechanism responsible for the generation of 5′ ter-
inally trimmed RNA molecules has not yet been fully e

idated. Specificity of the truncation argues against R
egradation, although it is conceivable that genome
ing involves a replication-associated endonuclease ac

hat specifically removes four nucleotides from the 5′ end
f the nascent transcripts. However, this mechanism c
ot fully explain the attenuated phenotype of rBDVnc

urthermore would involve the first description of a nucle
ctivity associated with the polymerase complex of a v
f theMononegavirales. We favor the alternative possibili
resented in the model inFig. 5A. The model suggests that t
DV replication complex usually initiates RNA synthesis

he internal C residue in position 5 from the 3′ end of the tem
late strand (Fig. 4) generating subgenomic RNA molecu
ith restricted replication competence. Only rarely, the B
olymerase initiates at the C residue in position 2 from th′
nd (Fig. 4) of the template strand resulting in the produc
f full-length RNA molecules. The frequency of initiati
ight depend on the different sequence context in whic

wo C nucleotides are embedded. In contrast to rBDVc, r
nc is lacking the C residue in position 2 of the antigeno
NA and therefore is unable to produce full-length R
olecules as indicated in the model presented inFig. 5B. The

act that rBDVnc is viable in the absence of full-length R
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molecules suggests that replication of trimmed genomic and
antigenomic RNA molecules can occur (Fig. 5B), although
with strongly reduced efficacy resulting in the observed at-
tenuation of rBDVnc propagation and infectivity (Schneider
et al., 2005). This view is further supported by a sequence
polymorphism found in both strands at the position of the
penultimate C nucleotide by 3′ RACE experiments (Fig. 4;
Schneider et al., 2005). All electropherograms indicated a
dominant C nucleotide and a less frequent A nucleotide in
this position. The C/A polymorphism was found in all three
viruses examined (Schneider et al., 2005). This finding sug-
gests that most RNA molecules encoded a C residue in po-
sition 2 and thus originated from replication of full-length
templates. A minority of the RNA molecules seems to en-
code an A instead of a C residue in this position, which is
best explained by replication of subgenomic RNA molecules
in which RNA synthesis is frequently terminated by addition
of non-template encoded 3′ terminal A nucleotides as demon-
strated for the antigenome synthesis of rBDVnc (Schneider
et al., 2005). This situation is predicted by the models pre-
sented inFig. 5A and B and provides direct evidence for
the existence of full-length and subgenomic RNA molecules
with different replication competence.

How might BDV benefit from restricting the number of
fully replication competent genomes and antigenomes? De-
spite the pronounced differences in infectivity and spreading
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5. Perspectives

The ability to recover recombinant BDV from cDNA rep-
resents a technical break-through in several aspects. It is the
first rescue system for a non-segmented RNA virus with nu-
clear replication and the first rescue system for an RNA virus
with predominant persistent replication. Insights gained from
analysis of the BDV replication cycle might not only improve
our understanding of the replication ofMononegavirales,but
also provide essential information for the establishment of
reverse genetics systems for severe human pathogens with
predominant persistent replication such as Hantaanvirus.

Nuclear replication and persistent propagation of BDV
in the CNS of infected animals suggested the existence of
exclusive and stringent mechanisms for the regulation of
BDV replication. Analysis of BDV polymerase complex us-
ing novel reverse genetics approaches has highlighted the
unique position of theBornaviridaeamongst theMonone-
gavirales. In vivo reconstitution assays demonstrated an ex-
traordinary sensitivity of the BDV polymerase complex to
altered P protein expression and identified the small viral
X protein as negative regulator. To elucidate the molecular
basis for the regulatory functions of P and X, further stud-
ies involving recombinant viruses with different X-to-P stoi-
chiometry will be essential. The function of the viral N pro-
tein also deserves further attention. Based on the recently
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ells (Schneider et al., 2005). This surprising result suggest
hat absence of complementary ITRs does not so much
ranscription of the BDV genome (Fig. 5A), but heavily de
ays replication (Fig. 5B) and thus the production of templa
or the transcription of mRNA. Late in infection, rBDVn
eems to overcome the restriction of delayed genome
ation. However, early in infection, the inability of rBDV
o produce sufficient amounts of primary transcripts du
nefficient genome amplification might result in an increa
umber of abortive infections. Such a scenario may r

ly explain the low number of infectious particles detec
nd the reduced spreading capacity of rBDVnc (Schneider e
l., 2005). Although this provides only indirect evidence
trongly suggests that restriction of the number of fully re
ation competent genomes in rBDVc and parental BDV
similar function. The low percentage of viral genomes

o efficiently transmit infectivity to neighboring cells mig
ontrol virus propagation. Attenuation of viral propaga
ight be a prerequisite for non-cytolytic replication and

istence of BDV.
Efficient transcription of mRNA from truncated BD

enomes suggests that replication and transcription ar
erentially regulated. This supports a two-entry site mode
he initiation of BDV transcription and replication (Fig. 5A)
s has been shown for VSV (Whelan and Wertz, 2002). It

s thus well conceivable that similar to VSV (Qanungo e
l., 2004), BDV replicase and transcriptase complexes
epresent distinct entities with different subunit composit
ublished crystal structure of BDV-N (Rudolph et al., 2003)
t might be possible to insert structure-guided mutations
he N protein, which specifically target specific function
. Analysis of the effects of these mutations will improve
nowledge of the formation of functional RNP structure
egative-strand RNA viruses. The ability to generate pr

ermined mutations within the protein coding regions of
DV genome further offers a powerful tool to analyze ot

mportant aspects of the viral replication cycle, including
embly, budding and entry of BDV.

Recombinant BDV created by the reverse genetics
roach provided strong evidence that genome replicati
ot only regulated at the level of protein–protein inte

ion, but also by direct modification of the genetic inform
ion. Although similar phenomenon have been describe
eoul virus (Meyer and Schmaljohn, 2000), a member o

he Hantavirus genus, the specific truncation of exactly
ucleotides from the 5′ termini of viral RNA molecules i
nprecedented among the negative-strand RNA viruse
etailed analysis of underlying mechanisms involving

ermination of sequence requirements for promoter func
ight enable the production of a recombinant BDV that i

onger able to modify its genome. Such a virus might o
ovel insights into the establishment of viral persistenc

he CNS.
Recombinant BDV containing an additional transcrip

nit might represent a valuable vector system for the l
erm expression of foreign genes in the CNS of infected
mals. Viruses expressing certain neurotrophines might
o elucidate the mechanism(s) involved in BDV interfere
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with neuronal plasticity (Gonzalez-Dunia et al., 2005). Such
viruses might further provide novel experimental models to
study the effect of cellular factors on various aspects of brain
development and CNS architecture as well as for the experi-
mental therapy of neurodegenerative disease.

Although BDV has not yet been fully recognized as hu-
man pathogen, the unique genome structure, the unusual reg-
ulation of transcription and replication and the highly neu-
rotropic propagation of BDV resulting in CNS persistence
justify the intensive analysis of the replication cycle of this in-
triguing virus. Insights into the molecular and cellular biology
of BDV replication obtained by reverse genetics approaches
will not only improve our understanding of the replication of
negative-strand RNA viruses in general, but also offer novel
insights into virus-induced CNS pathology and associated
diseases.
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