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A Borna Virus cDNA Encoding a Protein Recognized 
by Antibodies in Humans with Behavioral Diseases 

Borna disease virus (BDV) causes a rare neurological disease in horses and sheep. The 
virus has not been classified because neither an infectious particle nor a specific nucleic 
acid had been identiiied. To identify the genome of BDV, a subtractive complementary 
DNA expression library was constructed with polyadenylate-selected RNA from a 
BDV-infected MDCK cell line. A clone (B8) was isolated that specifically hybridized to 
RNA isolated from BDV-infected brain tissue and BDV-infected cell lines. This clone 
hybridized to four BDV-specific positive strand RNAs (10.5, 3.6, 2.1, and 0.85 
kilobases) and one negative strand RNA (10.5 Mobases) in BDV-infected rat brain. 
Nucleotide sequence analysis of the clone suggested that it represented a full-length 
messenger RNA which contained several open reading frames. In vitro transcription 
and translation of the clone resulted in the synthesis of the 14- and 24-kilodalton 
BDV-specific proteins. The 24-Modalton protein, when translated in vitro from the 
clone, was recognized by antibodies in the sera of patients (three of seven) with 
behavioral disorders. This BDV-specific clone will provide the means to isolate the 
other BDV-specific nucleic acids and to identify the virus responsible for Borna 
disease. In addition, the significance of BDV or a BDV-related virus as a human 
pathogen can now be more directly examined. 

ORNA DISEASE IS AN INFECTIOUS 

neurological disease that occurs spo- 
radically in horses and sheep in Cen- 

tral Europe (1). Brain homogenates from 
infected animals can be used to infect a large 
number of animal species, from rodents to 
nonhuman primates (2-4). Studies in rats 
have shown that the agent is highly neuro- 

virulent and invades the brain from periph- 
eral sites by axonal transport (2) .  It repli- 
cates in specific groups of neurons in the 
cerebral cortex and causes biphasic behavior- 
al disease; the short-term effects of Borna 
disease include aggression and hyperactivity, 
and the long-term effects include apathy and 
eating disorders (3). In tree shrews (Tupaia 
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Flg.1.Spcafichybri~onofaCDNAdonctoRNAisoW 1 9 3 4 r; 
h m  BDV-iidkted cells and rat brain. Northan blot analysis of 
RNR (10 w p a  h e )  h m :  uninfated MDCK cells (lane 1); 
BDV-infatcd MDCK cells (lane 2); uninfected rat brain (lane 
3); BDV-infcacd rat bnin (k 4); and BDV-iidkted MDCK 
cells (lane 5). The Northan blot was hybridized with a nick- 
translated probe made fiun DNA from the B8 done ( I  I). The 
rat brain RNA was obtained 6 w& after inoculation of 
l-day-old Lewis rats. Standard molecular techniques were used 
(18). We consaucnd the cDNA libraries using poly(A)-selected 
RNAhmuninfatedandinfatcdMDCKcellsusingreagcnts 
and methods in the Inviwgcn Librarian kit. The modified 
GuMer-Hotban technique (19-22) was used for the synthesis 
of the cDNA; CDNAs were not size-selected. Colonies of the 
subaaEccd library were grown in the prcsa~ce of IPTG and lifted 
onto nylon manbranes. The microwave method was used to fix 
piorrins to the film (Invitr0ge.n). A mix of mondonal anti- 
bodies to the 38139-kD Boma-specific antigen was used to 
detect clones expressing Born-specific proteins. Thc DNA from 

BDV-infectcd and uninfcctcd 
nine positive dona  was nick-translated and used as a probe on Norehem blots of RNA h 

rat brain. Standard techniques wcre used to preparc RNA (23, 24). 
Samples were run on'a formaldehyde denaturing gel and t r a n s k d  to nylon membranes (25). Sizes 
were dctamhed by comparison with a radiolabeled RNA ladder (Bcthesda Research Laboratories). 
Specific hydridization to the RNA h m  infected brain was detected in one of the nine dona (donc B8). 

glis), inf;ccdon is associated with disruption 
in social interactions (4). Recent studies 
demonstrate the presence of antibodies 
against BDV in humans with psychiatric 
illnesses that indude permdity disorders 
and schbphrenia (5, 6). The BDV virus 
replicates in cell cultures and rat brain with 
the synthesis of 38139-, 24, and 14-kD 
proteins (7). However, the virus has not 
been classified because neither a partide nor 
a specific nucleic acid has been identified in 
infectious material. 

To identify and done a BDV-specific nu- 
deic acid, we c o d  a dmactive 
cDNA library from the mRNA isolated 
from ddec ted  and BDV-idaxed MDCK 
cell lines. We perhmed two rounds of 
selection to enrich the cDNA library for 
BDV-specific cDNAs (Fig. 1). The vector 
used for doning contained a polylinker in 
the lac z gcnc into which inserts were 
doned; this allowed bacterial expression 
of a fusion protein. Colonies were grown 
in the presence of isopropylth&ahosidc 
(IF'TG) to induce expression fiom the lac z 
promoter and were screened with monodo- 
nal antibodies specific for the BDV 38139- 
kD protein (7). Nine antibody-positive 
dona were identified. Thc DNA from these 
dona was nick-translated and hybridized to 
Nohem blots containing RNA from unin- 
fkctexl and BDV-infected rat brain. One 
done specifically hybridized to RNA from 
infected rat brain and showed no hybridiza- 
tion to RNA from uninfe~ed rat brain (Fig. 
1). This done, called B8, contained a 700- 

S. VudcWcdc, Cdondo State Univasi Lab Animal 
Painta C+tcr, FW ~oliim, 8) 80532. 
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bp BDV-specific insert that is an apparently 
fdl-length mRNA. The B8 done hybridized 
to four RNAs of 10.5 or 8.7, 3.6, 2.1, and 
0.85 kb in BDV-infi.tted rat brain and cell 
cultures (Fig. 1). These tbur RNAs were 
enriched by polyadenylate [poly(A)] selec- 
tion and are a p ~ t l y  (+)strand mRNAs. 
Further, it was reproducibly found that the 
largest RNA species in rat brain was 10.5 
kb, whereas in BDV-infected cell cultures 
the largest species was 8.7 kb (Fig. 1, lane 
5). This diflkrence may d e c t  the presence 
of a defective genome in the persistently 
i n f d  cell cultures. 

To determine the polarity of the RNA 
species in the BDV-infeaed cell cultures and 
tissues, we made strand-specific RNA 
probes from the B8 done. The polarity of 
the B8 done was d c t d e d  by sequence 

analysis; at one end of the done a stretch of 
A's was h d  and at the other end several 
ATGs were fbund pmeding open reading 
fiamcs (ORFs). The (-)strand probe 
showed a similar hybridization pattern to 
the nick-translated B8 done and identified 
fbur BDV-specific tramcripts (10.5, 3.6, 
2.1, and 0.85 kb) in BDV-infccad rat brain 
RNA (Fig. 2A). This (-)strand probe also 
hybridized to RNAs of the same size from 
poly(A)-selected RNA (Fig. 2A). The pres- 
ence of apparently subgenomic mRNAs 
(3.6,2.1, and 0.85 kb), all of which hybrid- 
ize with the (-)strand of the B8 done, 
suggest that these &As contain common 
sequences. In contrast, the (+)strand probe 
hybridized only to a 10.5-kb RNA in BDV- 
infected rat brain (Fig. 2B). 

To eliminate the possibility that tht BDV 
agent is a DNA virus or that the B8 done 
*resents a cellular gcnc whose expression 
was increased in BDV-infi.tted cells, we did 
Southern hybridization with DNA isolated 
from and BDV-infemd rat brain 
and MDCK cells. A single-copy gene equiv- 
alent of the B8 done was run in p d e l  and 
was detected under the hybridization condi- 
tions used (8, 9). When the nick-translated 
B8 donc was used as a probe (lo), no 
hybridization was deteaed on Southem 
blots containing 10 pg of DNA from either 
the BDV-inficcted or uninfeaed tissues and 
cells (11). 

Nudeaide sequence analysis of the B8 
done revealed two overlapping ORFs (Fig. 
3). The larger ORF contained 218 amino 
acids coding for a protein of 24 kD. Amino 
acid sequence analysis of peptides fiom the 
24-kD protein of BDV confirms that the 
amino acid sequence of this ORF com- 
sponds to the 24-kD protein (12). The small 

Flg. 2. Dcmmhdon ofpolvityofBDV-spccific 3 8 1  2 3 
RNAs. (A) N@e strand [a?JUIT (uridiae 5' 
miphosphate)-labeled RNA uanscripts of done 
B8 hybridized to N- Mots conmbhg: 7.5 
pg of RNA from uninf;ected rat brain (lane 1); 

-105- 

7.5 pg of RNA from BDV-iidkted rat brain 
(lane 2); and 2.0 pg of poly(A)-selected RNA 
h m  BDV-infarrd rat brain (lane 3). (6) Posi- 

@ 3 6 

tive strand [32PlUI'P-labckd RNA uanscripts of 11 US - 
done P4 hybridid to Northcm blots contain- 
ing: 7.5 pg of RNA from uninfated rat brain & I -2.1 
(lane 1) and 7.5 pg of RNA from BDV-iidkted -0.8 
rat brain (lane 2). RNA h m  BDV-infcacd rat 
brainwasheatedat90"Cfw2minandchroma~ b 

graphed on oligo(m dulose and RNA was 
usedinNoxthcmblots: 5 ~ o f t o a l R N A ~ B D V - ~ n t b n i n ( l u l c 3 ) ; 3 p g o f R N A h  
oligo(dT) column Wasp (lane 4); and 3 p g  of poh/(A)-cwtaining RNA ( h e  5). Close P4 was 
consfilctcd by subdolllng amre B8 dlNA insat into the PGEM3 vector to d k  uanscription 
ofthe B8 donc m both dmctmns yiag T7 polymcme (Pnnncga). Sequence adyiw revealed that T7 
plymeme would direct trp?+pm of the (+)strand ofdK P4 dlNA donc and the (-)strand of the 
B8 CDNA done. Afta h v  the plasm& with d c t i o n  eazymc digestion, we uscd T7 
plymemetodirect RNAsynthesisinvmOforboth~. [32PlUTPwasusedinche~onto  
label the transaipts. RNA was isolated from tissues, and cells and Northan blots were prrparcd as 
described in Fig. 1. Poly(A) RNA was sdectcd by c h m m q q h y  on oligo(m cehdosc. Standard 
conditions were used for hybridization to Northan Mots. S n i q p t  washes were performed using 0.1 x 
standard saline atrate at 65°C for 2 hours. 
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Flg. 3. Amino acid sequence of two ORFs in the 
B8 cDNA done. (A) The large ORF contains 218 
amino acids and the methionine residue is at base 
pair 39 in the B8 done. (B) The small ORF 
contains 78 amino acids and overlaps the first 
ORF. The methionine residue is at base pair 88 in 
the B8 done (26, 27). 

ORF contained 78 amino acids coding for a 
protein of 9 kD. The nucleotide sequence 
and the amino acid sequence of both ORFs 
were searched against the GenBank and 
European Molecular Biology Laboratory 
(EMBL) databases, and no sigdcant sirni- 
larities were detected between the B8 done 
and any viral or cellular gene. 

To determine whether the B8 clone en- 
coded BDV-specific proteins, we tran- 
scribed the clone in viuo in both orienta- 
tions. The RNAs were translated in a rabbit 
reticulocyte lysate with 35S-labeled methio- 
nine, and the proteins were analyzed by 
immunoprecipitation with polyclonal and 
monoclonal antibodies to BDV (Fig. 4). In 
parallel, poly(A)-selected RNA from BDV- 
infected rat brain was translated and ana- 
lyzed by immunoprecipitation with the 
same BDV-specific antibodies (Fig. 4). 
RNA corresponding to the (+)strand of the 
B8 clone directed the synthesis of four pro- 
teins (24, 15.5, 14.5, and 13 kD) that were 
recognized by BDV-specific polyclonal anti- 
bodies. In addition, some monoclonal anti- 
bodies to both the 38139-kD and the 24-kD 
BDV proteins immunoprecipitated the 
same bands. The recognition of the 24kD 
protein by monoclonal antibodies against 
the 38139-kD protein has been observed 
previously (12). The mRNA from rat brain 
directed the synthesis of the 38139-, 24 ,  
15.5, 14.5, and 1 3 - 0  proteins that were 
immunoprecipitated by the BDV-specific 
polyclonal and monoclonal antibodies. 
These data provide further evidence that the 
B8 clone is a BDV-specific nucleic acid and 
encodes BDV-specific proteins. 

Antibodies to BDV have been identified 
in the serum of psychiatric patients by indi- 
rect immunofluorescence (5, 6). To examine 
whether antibodies to BDV in human sera 
would recognize the virus-specific proteins 
encoded by the B8 clone, we tested sera 
fiom normal controls (5) and from psychi- 
amc patients (5) with behavioral disorders 
from areas in Germany endemic for BDV. 
The serum from two of the patients had 
been shown by indirect immunofluores- 
cence to have antibodies to BDV antigens in 
infected MDCK cells. One serum recog- 
nized the 24kD BDV protein and one the 

38-kD BDV protein on protein immuno- 
blots of homogenates of BDV-infected rat 
brain (13). To determine if antibodies in 
these human sera would recognize the 24- 
kD protein encoded by the B8 clone, we 
analyzed 35S-labeled protein translated in 
vitro (Fig. 4) by immunoprecipitation. In 
three of the patients' sera, including the 
serum previously shown by protein immu- 
noblot to recognize the 24-kD protein, an- 
tibodies recognized the 24kD protein (Fig. 
5). It has been observed by protein immu- 
noblot analysis of human sera that either the 
24-kD or the 38139-kD protein, but not 
both, is recognized. ~eco~n i t i on  of both 
proteins is characteristic of immune serum 
from animals infected with BDV. There was 
little or no antigenic response to the BDV 
protein in seven normal controls. These 
results suggest the presence of BDV or a 
BDV-related virus in humans; a role for 
such an agent in human disease remains to 
be determined. However, this cross-reactiv- 
ity may allow the use of cloned BDV pro- 
teins and nucleic acid to identify and isolate 
a BDV-related human virus. 

The B8 cDNA clone characterized in this 
report represents a highly specific nucleic 
acid probe for the BDV agent. In situ 
hybridization using the B8 clone on sections 
of uninfected and BDV-infected rat brain 
showed hybridization only to RNA in in- 
fected brain. Hybridization was localized to 
neurons in the cerebral cortex, thalamus, the 
dentate gyrus, and the CA4 and CA3 re- 
gions of the pyramidal gyrus of the hippo- 
campus. This pattern of hybridization is 
remarkably similar to the localization of 
BDV antigen established by classical histo- 
pathological and immunocytochemical tech- 

niques (14). The B8 done most likely rep- 
resents a cDNA copy of the 0.85-kb mRNA 
species. Nucleotide sequence analysis 
showed that the cDNA contained two 
ORFs, one of which most likely corresponds 
to the 24-kD protein observed in BDV- 
infected cells. The fact that this done strong- 
ly hybridizes to the two other small mRNAs 
(3.6 and 2.1 kb) suggests that these mRNAs 
share common sequences. They could repre- 
sent a nested set of partially overlapping 
mRNAs or mRNAs with common 5' leader 
or 3' specific sequences. The antigenic cross- 
reaction between the 38139- and 24-kD 
proteins suggests that the coding regions for 

Fig. 5. Analyses of antibodies in human serum by 
immunoprecipitation of the BDV-specific pro- 
teins translated from the B8 done. RNA tran- 
scribed in v i m  from the P4 clone [(+)-and 
RNA] was translated in v i m  as described in Fig. 4. 
The lanes contain 1 x lo5 cpm of [35S]medi0- 
nine-labeled proteins immunoprecipitated with the 
following sera: BDV-infected rat (lane 1); normal 
rat (lane 2); human anti-BDV-p24 (lane 3); human 
anti-BDV-~38139 (lane 4); patient 112 (lane 5); 
patient 114 (lane 6); patient 115 (lane 7); and 
normal human sera (lanes 8 to 11). Lane M 
contains molecular weight markers ('%2-labeled), 
from top to bottom: 200-, 92.5, 69-, 6, 30-, 
21.5, and 14.3-kD proteins. 

Fig. 4. Identification of BDV-specific proteins 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
encoded by the B8 clone. Poly(A)-selected RNA 
from uninfected rat brain (lane 1) and BDV- 
infected rat brain (lanes 2,3,8,9, and 10) were 
translated in v i m  and immunoprecipitated with 
polyclonal anti-BDV sera fiom rat (lanes 2,3, and 
8), rabbit (lanes 1 and 5), or monoclonal antibod- 38\39> 
ies to the 38139-kD protein (lane 9) and the -- 
24kD protein (lane 10). In vitro transcription 24> 

with T7 polymerase synthesized the (-)strand 14 > - - - -  
RNA from the B8 done and (+)-and RNA 
from the P4 clone (B8 subcloned in reverse orientation). RNA transcribed in vitro from done B8 (lanes 
4 and 5) and clone P4 (lanes 6, 7, 11, and 12) was translated in v i m  and immunoprecipitated with 
polyclonal anti-BDV sera from rat (lanes 4 and 8), rabbit (lanes 5 and 7), or monoclonal antibodies to 
the 38139-kD protein (lane 11) and 24kD protein (lane 12). Controls were in v i m  translation 
reactions without RNA, which were immunoprecipitated with polydonal anti-BDV sera fiom rats, 
rabbit, 38139-kD monoclonal antibodies, and 24kD monoclonal antibodies. There was no protein 
detected in any of these controls. Rat brain RNA was isolated and poly(A)-selected (15, 20, 21). 
Poly(A)-selected RNA (0.5 pg) was translated in v i m  using staphylococcal nudeasetreated rabbit 
reticulocyte lysate (Promega) and [35S]methionine as a label. In vitro transcription of dones B8 and P4 
was carried out with 1 pg of l i n e d  DNA template in a standard reaction with T4 polymerase and 
m'G (5') pppG (cap analog) (Stratagene). This RNA (0.1 kg) was used in the in v i m  translation 
system described above. Imrnunoprecipitation (using 1 x lo5 cpm per sample) was carried out at 37°C 
for 1 hour (polydonal sera) or 4 hours (monoclonal sera), protein G-Sepharose beads were added, and 
the mixture was incubated overnight at 4'C (14). Samples were run on 5 to 20% gradient 
SDS-polyactylamide gels, and fluorography was performed (Entensify, New England Nudear). Gels 
were dried and exposed at -700C. 
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the proteins overlap. The (+)strand and 
(-)strand probes hybridize with equal in- 
tensity to 10.5-kb RNA species in BDV- 
infected rat brain RNA, strongly suggesting 
that the 10.5-kb RNA species represents the 
viral genome. Isolation of the BDV agent 
will be necessary to determine whether the 
virus contains a (+)strand, (-)-strand, or 
double-stranded RNA genome. The biology 
of the BDV agent resembles rabies virus in 
that both viruxs are extremely neurotropic 
(2). Lymphocytic choriomeningitis virus 
(LCM) and BDV have similar immuno- 
pathological mechanisms that contribute to 
disease (15). Both rabies virus and LCM 
viruses have (-)strand genomes. However, 
the production of small cross-hybridizing 
mRNAs by the BDV agent is similar to the 
organization and gene expression observed 
for coronaviruses ( 16). Thus, the isolation of 
cDNAs for the other BDV mRNAs and the 
genomic BDV RNA will be required to 
resolve the question of the genetic organiza- 
tion of the BDV. 

While this paper was in preparation, an- 
other cDNA clone for BDV was reported 
that has a similar but not identical hybrid- 
ization pattern to RNA in BDV-infected rat 
brain (17). The conclusion of Lipkin and 
co-workers was that BDV is a (-)strand 

virus. However, our data do not support 
that conclusion because equal quantities of 
positive- and negative-polarity 10.5-kD 
RNA were detected in BDV-infected rat 
brain. Further, the nucleotide sequence of 
the B8 clone contains a normal amount of 
the dinucleotide CG, which is more charac- 
teristic of (+)strand RNA than (-)strand 
RNA viruses. The molecular clone described 
in this report will allow further studies on 
the pathogenesis of Borna disease and the 
extension of such studies to human disease. 
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