Mutations of neither COL4A5 alone nor
COL4A6 alone have been observed in
AS-DL. It is possible that only the a6(IV)
chain is critical for normal smooth muscle
differentiation. If so, our failure to observe
mutations of COL4A6 alone in AS-DL
might merely reflect the small sample size.
Linkage studies (21) have shown that
X-linked AS mutations are all tightly
linked to markers in the Xq22 region where
both COL4A5 and COL4A6 are located.
COLA4AG6 is the probable site for the ~50%
of X-linked AS mutations that have not
been found in COL4AS. Therefore, the
absence of DL in these patients suggests
that simultaneous mutation of both
COL4AS5 and COL4A6 is required for the
development of DL.

Attention has previously been focused
on the role of type IV collagen in adhesion
and motility of cells during tumor invasion
(22). Here we show that constitutional
mutations in type IV collagen can result in
cell proliferation in benign tumors. Muta-
tions in other BM components, whether
constitutional or acquired, may also partic-
ipate in the pathogenesis of other benign
tumors.
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Identification of a Structural Glycoprotein of an
RNA Virus as a Ribonuclease

Rainer Schneider, Gabriele Unger, Robert Stark,
Elisabeth Schneider-Scherzer, Heinz-durgen Thiel

One of the three structural glycoproteins of classical swine fever virus (CSFV) is EO, a
disulfide-bonded homodimer that induces virus-neutralizing antibodies and occurs in a
virion-bound as well as a secreted form. EO was shown to be similar to a family of fungal
and plant ribonucleases. Purified EO from CSFV-infected cells was a potent ribonuclease
specific for uridine and inhibitable by zinc ions.

Members of the genus Pestivirus, family
Flaviviridae, are causative agents of severe
animal diseases. The positive strand RNA
genome of pestiviruses encodes one large
polypeptide that is processed to the mature
viral proteins (I, 2). The CSFV structural
glycoprotein EO forms a disulfide-bonded
homodimer with an apparent molecular
size of 97 kD (3). Each monomer consists
of 227 amino acids that correspond to
amino acids 268 to 494 of the CSFV
polyprotein (2, 4). Accordingly, about
one-half of the mature viral protein con-
sists of carbohydrate. The amino acid
sequence of EO lacks a transmembrane
anchor, and the glycoprotein is secreted
from infected cells (4). EO is also localized
at the surface of the virion (5); linkage to
the virion occurs by an as yet unknown
mechanism.

Comparative sequence analysis, includ-

ing extensive searches for degenerate func-
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tional motifs in the deduced primary struc-
ture of EO, led to the identification of
sequence features characteristic of a family
of fungal and plant ribonucleases (RNases).
Significant sequence similarity was shared
by two regions in the E0 amino acid
sequence and the most conserved regions
of the extracellular RNases T2 of

Table 1. Hydrolysis of various nucleic acids by
purified EO as measured by perchloric acid
precipitation (22) at 37°C. A value of 100%
corresponds to 0.015 A, units min~" mi~'. The
relative activities determined for two EO prepa-
rations are separated by slashes. Abbreviations:
ds, double-stranded; ss, single-stranded.

Relative
Substrate activity (%)
Yeast RNA 100/100
Escherichia coli ribosomal RNA 51/47
Escherichia coli tRNA 48/53
PolyU 1755/1673
PolyA 2/2
PolyC 0/0
PolyG 0/0
ds DNA 0/0
ss DNA 0/0
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Aspergillus oryzae (6), Rh of Rhizopus
niveus (7), and plant RNases of the self-
incompatibility type, such as the stylar
glycoprotein of winged tobacco (8) (Fig.
1). Although the sequence similarities
were limited to two small regions of EO,
they included all of the proposed catalyti-
cally important residues (6) [residues 28 to
40 and 71 to 89 of CSFV and bovine viral
diarthea virus (BVDV) (Fig. 1) include
His™ and His!?? of T2 RNase]. In addition,
the conserved amino acids showed similar
spacing in EO and the RNase family, respec-
tively. These regions of similarity are also
highly conserved between EQ and the respec-
tive protein of other pestiviruses, that is,
gp48 of BVDV (9). These similarities
prompted us to investigate whether EO ex-
hibits RNase activity.

Immunoaffinity purification of EO from
CSFV-infected cells resulted in a homoge-
neous protein preparation (Fig. 2). Incu-
bation of this preparation with yeast total
RNA resulted in a pronounced degradation of
the nucleic acids (Table 1). The determined
specific activity of 353 absorbance units at 260
nm (A, units) min~' mg~! is within the
range reported for the fungal and plant
RNases (170 to 3900 A, 4, units min~' mg~")
(10). To investigate the possibility that a
minor contamination in the EQ preparation
was responsible for the measured RNase ac-
tivity, we applied the same purification pro-
cedure to mock-infected cells. The resulting
preparation contained no detectable protein,
and RNase activity could not be demonstrat-
ed. Further evidence for the RNase activity of
EO was obtained by the development of a
renaturation procedure for the RNase activity
after SDS—polyacrylamide gel electrophoresis
(SDS-PAGE). Under reducing and nonre-
ducing conditions the EQ preparation had
apparent molecular sizes of 44 or 48 kD and 97
kD, respectively; the latter represents the
homodimeric form of the glycoprotein. Rena-
turation of the protein by removal of deter-
gent, and subsequent measurement of RNase
activity in the sliced lanes revealed that the
RNase activity resided only in the slices that
contained reduced or nonreduced EO protein
(Fig. 2). In both cases, residual activity was
additionally detected at the position corre-
sponding to the other molecular forms of EOQ;
this is probably due to incomplete dimeriza-
tion or reduction, respectively. Thus, even
under reducing and nonreducing conditions
RNase activity comigrates exclusively with
EO. The RNase activity predicted from the
amino acid sequence is therefore an intrinsic
property of EQ.

During optimization of the renatura-
tion procedure we noted that pretreatment
of EQ with up to 1 M dithiothreitol did not
affect the RNase activity. Thus, EO RNase
catalysis is apparently not dependent on
the existence of disulfide-bonded dimers.

1170

RNase activity was optimal at pH 6.0 to
6.5 and at 55°C and exhibited 90% activ-
ity at 65°C. It did not degrade single- or
double-stranded DNA, showed a pro-
nounced substrate specificity for uridine,
and reduced activities for RNA substrates
with high amounts of secondary structure
(Table 1). The enzymatic activity was not
affected by Ca?*, Mg?*, or EDTA (1 mM)
and showed a 50% inhibition by Mn?* at
250 uM. A 50% inhibition could also be
achieved by Zn?* concentrations as low as
15 pM. Since this is within the range of
physiological Zn** levels (11), inhibition
of EO RNase activity might be possible in
vivo.

Our results raise several questions.
First, how does the virus avoid degrada-
tion of its own RNA genome while ex-
pressing a potent RNase? Initial specula-
tion may center on specific protective
modifications of the viral RNA. However,
escape from genome destruction could

simply be due to the continuous separation
of RNase and viral RNA. Pestiviruses
probably enter the cell either by fusion
with the plasma membrane or by receptor-
mediated endocytosis. In either case the
viral RNA may not be exposed to the
structural surface glycoprotein EOQ. The
intracellular localization of newly synthe-
sized EO should be limited to the lumen of
endoplasmic reticulum and Golgi appara-
tus because an internal signal sequence
most likely mediates membrane transloca-
tion of the nascent polypeptide chain (4).
It remains to be determined whether viral
RNA is accessible to its own RNase.

A second question concerns the possi-
ble function of an RNase residing in a
structural protein of an RNA virus. The
function of RNases likely involves a mod-
ulatory or cytotoxic action mediated by
the specific degradation of cellular RNA
components. In the case of EO, an effect
on distant noninfected cells seems proba-

Fig. 1. Sequence similarities between EO of CSFV and fungal
and plant RNases. Alignments of the most conserved regions
(homology boxes A and B) within the family of known RNases
and corresponding regions in EO are shown. These similari-
ties were found by visual inspection and by application of the
program FIND of the GCG program package (19) with highly
degenerate sets of consensus sequences (20, 21) of various
protein families, using the NBRF database. Residues identi-
cal to all RNases of this type are shown in uppercase bold
letters; similar residues or residues not conserved in all these
RNases are shown in uppercase letters. Dashes indicate
gaps inserted to maximize the homology. CS, CSFV EOQ; BV,
BVDV gp48; RH, RNase Rh of Rhizopus niveus; T2, RNase T2
of Aspergillus oryzae; St, stylar glycoprotein of winged to-
bacco. Asterisks indicate residues reported to be involved in
catalysis (6). Single-letter abbreviations for the amino acid

Box A

Cs 28 SLHGIWPEkiCkG

BV 28 SLHGIWPEkKiCtG

RH 60 TLHGLWPDk-CsG

T2 68 TIHGLWPDn-CdG

St 51 TIHGLWPDn----

*
Box B
CS 71 LQrHEWNKHGwWCnwynIDP
BV 71 LQrHEWNKHGWCnwynIEP
RH 117 FwsHEWsKHGtC-vstyDP
T2 124 FweHEWNKHGtC-intIEP
St 105 FwkdEYVKHGtC-------
*

residues are as follows: C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; N, Asn;

P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Fig. 2. Identification of EO RNase
activity after SDS-PAGE. Immu-
noaffinity-purified EO was separat-
ed by electrophoresis in reduced

Absorbance

0.5
0.25

(+SH) or nonreduced (—SH)
form. After SDS-PAGE, lanes were
either stained with Coomassie
blue or sliced and renatured by
removal of SDS through several
washing steps with renaturing

0

L
JO,ES
0

buffer [40 mM tris-acetate (pH
6.5), 5 mM DTT, 0.5 mM EDTA].
RNase activities were measured
by a modification of the perchloric
acid precipitation method (22).
The gel slices were homogenized
and incubated with 80 p.g of polyU

+SH

T ‘s
97 kD 68 kD

46 kD

L 4

29 kD !

) ) ) Start
in renaturing buffer (final volume,

* Front

100 pl) with shaking for 2 hours at 55°C. The incubation mixtures were then centrifuged to remove the
homogenized gel, and an equal volume of ice-cold 1.2 M perchloric acid containing 20 mM
lanthanum sulfate was added to the supernatant. After 15 min on ice, the reaction mixture was
centrifuged at 15000g for 15 min at 4°C. The supernatant was then diluted threefold and its
absorbance measured at 260 nm. The absorbance values (given in A, units per slice per 2 hours)
are shown in histograms above the respective Coomassie-stained lanes. Background levels of RNase
activity (<0.01 A4, units per slice per 2 hours) are not indicated.
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ble, because it is secreted in significant
amounts from the infected cells (4) and
can also easily be demonstrated in the sera
of infected animals (12). Secreted mem-
bers of the RNase superfamily are the focus
of growing attention as a result of their
involvement in diverse biological pro-
cesses, including organogenesis, cancer,
and immunomodulation (13-15). Cyto-
toxic action of EQ against the host im-
mune system would be in agreement with
known properties of other RNases, such as
pancreatic-type bovine seminal RNase
(13, 16, 17) and the S-RNases of plants
(10). In vivo studies on the biological
functions of EQ will require either defined
EO mutants of CSFV or large amounts of
active protein from heterologous expres-
sion systems.

The structural EO protein is apparently
important for virus growth for several rea-
sons: (i) EO represents a well-conserved
structural glycoprotein within the Pestivi-
rus genus; (ii) immunization with EQ alone
mediates a protective immune response
against lethal CSF (18); and (iii) EO has
retained its intrinsic catalytic activity dur-
ing evolution despite its large divergence
from classical RNases. Because RNases are
among the best studied proteins with re-
spect to their structure and catalytic
mechanistics, the EO RNase activity
should serve as a convenient target for the
development of antiviral drugs. The unex-
pected finding that a viral glycoprotein is a
potent RNase will thus not only further
our understanding on the pathogenesis of
diseases caused by mammalian viruses but
may also provide us with the means to
combat them.
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Lack of N Regions in Antigen Receptor Variable
Region Genes of TdT-Deficient Lymphocytes

Toshihisa Komori, Ami Okada, Valerie Stewart, Frederick W. Alt

During the assembly of immunoglobulin and T cell receptor variable region genes from
variable (V), diversity (D), and joining (J) segments, the germline-encoded repertoire is
further diversified by processes that include the template-independent addition of nucle-
otides (N regions) at gene segment junctions. Terminal deoxynucleotidyl transferase
(TdT)-deficient lymphocytes had no N regions in their variable region genes, which shows
that TdT is responsible for N region addition. In addition, certain variable region genes
appeared at increased frequency in TdT-deficient thymocytes, which indicates that N
region addition also influences repertoire development by alleviating sequence-specific
constraints imposed on the joining of particular V, D, and J segments.

Immunoglobulin (Ig) and T cell receptor
(TCR) variable region genes are created by
the assembly of V, D, and ] segments
[V(D)] recombination] in developing lym-
phocytes. V(D)] recombinase activity is
targeted by conserved recognition se-
quences (RS’s) that flank each germline
gene segment. The reaction involves recog-
nition of RS’s, introduction of double-strand
breaks at RS-coding junctions; potential
loss, addition, or both of nucleotides at
coding junctions; and polymerization-liga-
tion activities to complete joining (I, 2).
The initiation of the reaction is probably
mediated by one or two tissue-specific com-
ponents, whereas most other events are car-
ried out by more generally expressed activi-
ties (2).

Variable region diversity is created both
by combinatorial assortment of V, D, and ]
segments as well as by the loss or addition of
nucleotides at their junctions. Additions
fall into two categories: template-depen-
dent (P nucleotides) (3, 4) and template-
independent (N regions) (5). N region
addition has been hypothesized to be effect-
ed by TdT (5), which can add deoxynucle-
otides to available 3’ ends (6). In support of
this notion, TdT is found in immature
lymphocytes (7) and leukemic cells (8), but
not in nonlymphoid cells. Likewise, the
abundance of N regions in V(D)] junctions
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in adult as compared to fetal lymphocytes
also correlates with substantial TdT expres-
sion in precursors of the former but not the
latter populations (4, 9-11). N region ad-
dition to V(D)] junctions in cell lines also
has been correlated with TdT expression
(12-14). However, some cell lines that
lacked readily detectable TdT activity were
found to add N regions (13, 14), leading to
speculation that N regions also may be
added by other mechanisms (15).

To unequivocally evaluate the role of
TdT in V(D)] recombination and reper-
toire development, we used gene-targeted
mutation to generate chimeric mice in
which all mature lymphocytes develop from
precursors lacking TdT expression. We pre-
pared a targeting vector that eliminated the
TdT promoter and first exon and allowed
for both positive and negative selection
(16) (Fig. 1A). We generated 43 indepen-
dent TdT knockout (TdT*/7) clones of the
CCE line of embryonic stem (ES) cells (Fig.
1B; representative data are shown). We
then selected with increased G418 (17) and
obtained independent homozygous TdT
knockout clones (TdT~/~) from four differ-
ent TdT*+/~ clones (Fig. 1B; representative
clones are shown).

All mature lymphocytes in chimeras
formed by injection of ES cells into RAG-
2—deficient blastocysts derive from the in-
jected ES cells [RAG-2—deficient blastocyst
complementation (18)]. Complementation
of RAG-2—deficient blastocysts with either
TdT~/~ ES cells or TdT*/~ ES cells gener-
ated chimeras with substantial numbers of
ES cell-derived B and T cells in primary
and peripheral lymphoid organs (Fig. 1, B
and C). However, we did not detect either
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