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ABSTRACT
RNAse H (RNH1 protein) from the trypanosomatid
Crithidia fasciculata has a functionally uncharacterized
N-terminal domain dispensable for the RNAse H
activity. Using computer methods for database search
and multiple alignment, we show that the N-terminal
domains of RNH1 and its homologue encoded by a
cDNA from chicken lens are related to the conserved
domain in caulimovirus ORF VI product that facilitates
translation of polycistronic virus RNA in plant cells. We
hypothesize that the N-terminal domain of eukaryotic
RNAse H performs an as yet uncharacterized regulatory
function, possibly in mRNA translation or turnover.

INTRODUCTION
Ribonuclease H (RNAse H) specifically degrades the RNA strand
of an RNA:DNA heteroduplex. This enzyme has been found in
both prokaryotes and eukaryotes (1-4) and is also encoded by
the genomes of retroviruses, pararetroviruses and some
retroelements where it is a distinct domain in a larger pol
polyprotein (1, 5, 6). RNAse H-mediated degradation of RNA
in RNA:DNA hybrids is an essential stage in the virus life cycle
(1, 3, 6). The bacterial RNAse H has been shown to control the
formation of RNA primer at the origin of DNA replication of
the Escherichia coli plasmid ColE 1 (7). In both prokaryotes and
eukaryotes, RNAse H is thought to play a role in the removal
ofRNA primers from Okazaki fragments to enable their ligation
(8).
Comparative analysis of amino acid sequences has revealed

several conserved motifs in the RNAse H domains of prokaryotic,
eukaryotic and viral origin (4, 7, 9-1 1). RNAse H (RNHI gene
product) from the trypanosomatid Crithiia fasciculata is the only
eukaryotic RNAse H for which complete nucleotide sequence
is available (4). The 53.7 kDa RNH1 protein is much larger than
prokaryotic RNAse H proteins and viral RNAse H domains, and
it has been shown that only the C-terminal half of RNH1 is
required for in vitro RNAse H activity or for rescue of E. coli
RNAse H-deficient mutant (4). Accordingly, sequence

conservation with other RNAses H is confined to the carboxyl
half of the protein (4).
We show here that a domain within the N-terminal half of the

RNH1 is related to a conserved domain in a virus-specific protein
involved in the trans-activation of translation of downstream
cistrons in the polycistronic mRNA of caulimoviruses, a group
of plant pararetroviruses.
Amino acid and nucleotide sequences were from the SWISS-

PROT, PIR and GenBank databases that are combined in the
Non-Redundant sequence DataBase (NRDB) at the National
Center for Biotechnology Information (NIH). Peanut chlorotic
streak caulimovirus sequence was from (12). Amino acid
sequences were compared with the NRDB using BLASTP and
TBLASTN programs based on the BLAST algorithm (13, 14).
Compositionally biased regions of query sequences were excluded
from the analysis using the SEG program (14, 15). Database
screening for amino acid patterns was performed using the PAST
program (R.L.Tatusov, unpublished). Search for conserved
motifs was also done using the MoST method which transforms
ungapped alignment blocks into position-dependent weight
matrices used for database scanning (16). Multiple alignments
were constructed using the MACAW program (17). Protein
secondary structure was predicted using the PHD program that
has been reported to yield an accuracy of over 70% (18).

Database search with the Crithidia RNH1 amino acid sequence
revealed highly significant similarities to RNAses H from bacteria
and yeast in the C-terminal part of the protein. In addition, an
uncharacterized protein encoded by a cDNA from chicken lens
(accession number D26340) showed high similarity to RNH 1 in
both the C-terminal RNAse H domain and in the N-terminal
domain (probability of matching by chance, P < 10-8). This
protein is likely to be the chicken homologue of RNH1. Moderate
but also statistically significant similarity (P < 10-3) was
observed between the N-terminal domains of the trypanosomatid
and chicken RNH1 proteins and the ORF VI products of
caulimoviruses. The most conserved sequence spanned about 40
amino acid residues within the domain that shows highest
conservation among ORF VI products of different
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Figure 1. Conserved motifs in the eukaryotic RNH1 proteins and in caulimovirus translational trans-activator proteins. The alignment was constructed using the
MACAW program, with the boundaries of conserved blocks adjusted to achieve maximum statistical significance. The number of amino acid residues separating
the blocks and the number of residues between the blocks and the protein ends is indicated; the putative chicken RNAse H sequence is apparently incomplete at
the N-terminus. Asterisks show identities and colons show conservative substitutions between the Crithidia RNHl sequence and the CaMV ORF VI product. The
consensus shows the conserved amino acid residues, with a possible exception of one virus sequence. 0 designates an aromatic residue (F, Y, or W); U designates
a hydrophobic residue (I, L, V, M, F, or A); $ designates serine or threonine; and dot designates any residue. Amino acid residues that conform to the consensus
are shown by bold type. The predicted secondary structure is the consensus of the predictions for individual sequences (a designates ca-helix; b designates ,8-strand;
1 designates loop; and ? indicates that the prediction was uncertain). The sequences were from the PIR database: S16288-putative protein encoded by a Haemophilus
influenzae (H.i) insertion sequence; A48683-Crithidia fasciculata (C.f.) RNAse H; GenBank database: D26340-putative chicken RNAse H; X15828-soybean
chlorotic mottle virus (SoCMV) ORF VI; SWISS-PROT database: P03558-cauliflower mosaic virus (CaMV), strain CM-1841 ORF VI; P05401-carnation etched
ring virus (CERV) ORF VI; P09524-figwort mosaic virus (FMV) ORF VI; and ref. 12-peanut chlorotic streak virus (PCLSV) ORF VI. In the SoCMV sequence,
an apparent frameshift error is corrected, as in (24).

caulimoviruses. Notably, between the two RNHl proteins, this
region was even more highly conserved than the RNAse H
domain (data not shown). Subsequent multiple alignment analysis
revealed three motifs, with the strongest conservation in motif
II (Fig. 1). It has been shown that RNAses H from baker's and
fission yeast also contain, in their N-terminal part, at least two
of these motifs (Cerritelli, S., Shin, D. Y., and Crouch, R. J.
Abstracts of the INSERM/NIH Conference on Antisense
Oligonucleotides and Ribonucleases H, Arcachon, 1992; R. J.
Crouch, personal communication). The fact the similarity to
caulimovirus ORF VI product is shared by the RNHl proteins
from the trypanosomatid, yeast, and chicken suggests that this
conserved domain is characteristic of eukaryotic RNAses H in
general.
Amino acid sequence pattern OUUx2Gx4UOx2Wxl3_15-

KxOx5A, where 0 designates an aromatic residue (F, Y, or W),
U designates a hydrophobic residue (I, L, V, M, F, or A), and
x designates any residue, is unique for the RNH1 proteins and
caulimovirus ORF VI products. Secondary structure prediction
suggested a mixed ct/(3 structure for the conserved domain, with
the most highly conserved motif II apparently forming a f-hairpin
with the two glycines in the loop (Fig. 1).
Database screening with an alignment block including motif

II and m using the MoST program revealed a related segment
in an uncharacterized protein encoded by a Haemophilus
influenzae insertion sequence (19), with the probability of
detecting by chance of about 0.04. Further analysis using the
MACAW program showed that in a three-way comparison of
the sequences of Crithidia RNAse H, CaMV ORF VI product,
and the Haemophilus protein, the probability of finding the
alignment of motifs II and HI by chance was about 10-5; in
addition, a counterpart to motif I was identified in the same
position relative to the N-terminus and motif II as in the RNAse
H (Fig. 1). Thus it is likely that this bacterial protein is a
homologue of the N-terminal domains of the eukaryotic RNAse
H and caulimovirus ORF VI product.
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Figure 2. Relative positions of the RNAse H and trans-activator domains in the
proteins encoded by Haemophilus insertion sequence, by eukaryotic RNHJ genes,
and by the caulimovirus genomes. Homologous domains are shown by identical
shading. TA, trans-activator domain (mini-TAV); RH, RNAse H; RT, reverse
transcriptase; IG, intergenic region between ORFs V and VI in CaMV. The ca.
8 kbp circular genome of CaMV is drawn not to scale.

Caulimoviruses replicate their DNA genome via reverse
transcription of a genome-length RNA transcript that also serves
as a polycistronic mRNA for expression of several virus genes.
ORF VI is expressed from a subgenomic RNA. Its protein
product has been first recognized as the major constituent of virus
inclusion bodies in infected cells (20). Importantly, the ORF VI
proteins from various caulimoviruses also serve as positive
regulators of the expression of multiple virus genes from the
genome-length polycistronic RNAs (21, 22). Moreover,
bicistronic reporter constructs efficiently express both reporter
genes in plant cells in the presence of cauliflower mosaic virus
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ORF VI product provided in trans (23). Thus ORF VI protein,
also called TAV, for Trans-Activator of Virus gene expression
(23) ensures efficient translation of the downstream genes from
almost any polycistronic mRNA. Caulimovirus ORF VI product
is the only known protein with such activity.

Deletion analysis of CaMV ORF VI has shown that an N-
terminal fragment of ca. 120 amino acids ('mini-TAV') retains
substantial translation activation capacity (24). It has been noticed
that this segment contains the most conserved block in the
otherwise divergent sequences of ORF VI proteins (24). As
shown in Fig. 1, it is this block that is also conserved in RNHl
proteins.
The mechanism of the ORF VI-mediated translation of

downstream cistrons from the polycistronic mRNAs is unknown.
Binding of ORF VI products ofCaMV and figwort mosaic virus
to RNA in vitro is weak, whereas mini-TAV does not bind to
RNA at all (24, and H.K.E, unpublished observations). On the
other hand, TAV has been found in complexes with polysomes
(6). Specific protein-protein interactions may be involved in the
ORF VI protein activity as has been demonstrated, for example,
for another unusual mechanism of viral RNA translation, the
internal initiation of translation in picornaviruses (25). It remains
to be determined whether the conserved motifs identified here
belong to a protein-binding domain or, for example, to an RNA-
binding domain whose function may be facilitated by other
domains.

In eukaryotes and eukaryotic viruses, RNAse H typically is
a C-terminal portion of a larger protein. In retroviruses,
pararetroviruses, and retroelements, it is fused to the C-terminus
of the reverse transcriptase (RT; 2, 5, 11). In caulimoviruses,
RT and RNAse H domains are domains of the polyprotein
encoded by the ORFV, which is located upstream if the ORFVI
(Fig. 2). The retrovirus RT domain is required for the full activity
of RNAse H , apparently through mediating interactions of
RNAse H with its substrate (26, 27). By analogy, it may be
speculated that the N-terminal, TAV-related domain of the
eukaryotic RNAse H targets it to a specific substrate, distinct
from the RNA primers in Okazaki fragments. It is even possible
that RNH1 has a cytoplasmic function, given the high levels of
RNAse H activity observed in some eukaryotic cell- and nuclear-
free RNA translation systems (28, 29). The similarity to the
caulimovirus trans-activator of gene expression suggests that
eukaryotic RNAse H may perform yet unidentified, regulatory
role in mRNA translation or turnover. Interestingly, the
identification of the putative mini-TAV homologue in
Haemophilus suggests that this domain may exist also as a stand-
alone protein (Fig. 2).
The RNHJ gene and the caulimovirus genome each encode both

the RNAse H domain and the mini-TAV domain. The
arrangement of the two domains is, however, different. While
in RNH1 they are expressed as a single protein, in caulimoviruses
they belong to two different proteins. Moreover, the coding
sequences for the two domains are swapped in caulimoviruses
as compared to the RNH1 genes (Fig. 2).
The combination of the RNAse H and the mini-TAV domains

in the caulimovirus genome could result from the capture of a
cellular RNAse H gene that already contained both domains,
followed by a rearrangement. Alternatively, the two domains
could be captured by an ancestor virus independently.
Comparative analysis of genome organization and amino acid
sequences favors the latter possibility. Two groups of plant

pararetroviruses, caulimoviruses and badnaviruses, are currently
known. Badnaviruses lack a recognizable equivalent of ORF VI
and appear to use distinct strategies for translation of their mRNA
(6, 30). In contrast, the essential RNAse H domain is shared by
all retroviruses, pararetroviruses and many retroelements. The
overall conservation among the amino acid sequences of RNAses
H is limited to only a few functionally important motifs (4, 11),
precluding construction of a reliable phylogenetic tree.
Nevertheless, we observed that the caulimovirus RNAse H
domain showed significant similarity to the homologous domains
of badnaviruses and animal pararetroviruses from the
hepadnavirus group, but not to non-viral RNAses H (data not
shown). Therefore it is likely that the common ancestor of
pararetroviruses encoded RNAse H domain but not the mini-TAV
domain which was acquired by the caulimovirus lineage after
caulimovirus -badnavirus divergence. Thus, a cellular gene and
a viral genome might have evolved independently towards
possessing the same pair of related domains.
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