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We identified two human sequences and one mouse
sequence in the database of expressed sequence tags
that are highly homologous to the N-terminal se-
quence of eukaryotic RNases H1. The cDNAs for hu-
man RNASEH1 and mouse Rnasehl were obtained,
their nucleotide sequences determined, and the pro-
teins expressed in Escherichia coli and partially puri-
fied. Both proteins have RNase H activity in vitro and
they bind to dsRNA and RNA-DNA hybrids through
the N-terminal conserved motif present in eukaryotic
RNases H1. The RNASEH1 gene is expressed in all
human tissues at similar levels, indicating that RNase
H1 may be a housekeeping protein. The human
RNASEH1 and mouse Rnasehl cDNAs were used to
isolate BAC genomic clones that were used as probes
for fluorescence in situ hybridization. The human
gene was localized to chromosome 17pl11.2 and the
mouse gene to a nonsyntenic region on chromosome
12A3. The chromosomal location and possible disease
association of the human RNASEH1 gene are dis-
cussed. © 1998 Academic Press

INTRODUCTION

Ribonucleases H (RNases H) are ubiquitously occur-
ring enzymes that recognize an RNA-DNA duplex and
cleave only the RNA strand. Even retroviruses, such as
HIV, contain RNase H as a part of their reverse tran-
scriptase to carry out synthesis of double-stranded
DNA from the RNA genome (Crouch, 1990). It is clear
that at least one type of cellular RNase H is similar in
sequence and structure to the retroviral enzyme
(Katayanagi et al., 1992; Yang et al., 1990; Davies et
al., 1991), and if the RNase H of HIV is to be a useful
target for drug treatment, the properties of the human
and related RNases H need to be determined. Ribonu-
clease H directs degradation of specific mMRNAs, and
this process is mediated by introduction of DNA oligo-

Sequence data from this article have been deposited with the
GenBank Data Library under Accession Nos. AF048993 (mouse
Rnasehl) and AF048994 and AF048995 (human RNASEH1).

1 To whom correspondence should be addressed. Fax: (301) 496-
0243. E-mail: robert__crouch@nih.gov.

nucleotides complementary to the target mRNA
(Nellen and Lichtenstein, 1993). Not all cells respond
equally to this antisense approach, and understanding
the enzyme, its regulation, and its general properties
could provide strategies to enhance the efficacy of drug
design, delivery, and potency.

Although RNases H were first described in extracts
from eukaryotic cells (Stein and Hausen, 1969), and
have been studied extensively in a wide variety of
organisms (Karwan and Wintersberger, 1988; Frank et
al., 1994; Cazenave et al., 1994), only recently have the
genes for several eukaryotic RNases H1 been cloned. In
the absence of cloned genes, and sequence compari-
sons, eukaryotic RNases H were classified by their
biochemical purification characteristics and properties
into Class | and Class Il (Bisen and Hausen, 1975).
Two different RNases H have been cloned and charac-
terized in Escherichia coli: RNase HI (Kanaya and
Crouch, 1983) and RNase HII (Itaya, 1990). Retroviral
RNases H are homologous in sequence and structure to
E. coli RNase HI (Davies et al., 1991). When the first
RNase H clone was obtained from a eukaryote (Itaya et
al., 1991), it was found to be related to RNase HI of E.
coli; hence the gene was called RNH1. Other eukary-
otic homologs of the Saccharomyces cerevisiae RNase
H1 have been found in Schizosaccharomyces pombe
(AF048992), Crithidia fasciculata (Campbell and Ray,
1993), Trypanosoma brucei (Hesslein and Campbell,
1997), and Drosophila melanogaster (Filippov et al.,
1997), and because of sequence similarity they have
been called RNase H1. Based on certain biochemical
properties Campbell and Ray suggested that the en-
zyme from C. fasciculata is biochemically related to
Class Il RNase H (Campbell and Ray, 1993). A recent
report (Frank et al., 1998) suggests that the enzyme
from S. cerevisiae with sequence homology to E. coli
RNase HII is immunologically similar to the Class |
RNase H. Thus, there is some confusion as to how to
correlate the proteins that have been identified by se-
guence similarity to the proteins that have been iden-
tified by biochemical properties. Actually, limiting the
number of RNases H to two groups may be incorrect.
As the number of cloned RNase H genes increases, the
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classification into Class I and Class Il may need to be
expanded and redefined.

E. coli RNase HI is involved in DNA replication,
preventing replication from occurring at sites other
than oriC, the normal origin of replication (Crouch,
1990). The role of retroviral RNase H in viral replica-
tion is also well characterized, acting at several crucial
stages of copying the single-stranded RNA into double-
stranded DNA (Powell et al., 1997). However, the func-
tion of the eukaryotic analogs is completely unknown.
Understanding the function of eukaryotic RNases H1
is complicated by the fact that they contain an addi-
tional domain, not present in prokaryotes or retroviral
RNases H, that in vitro binds to duplex RNAs, either
double-stranded RNA or RNA-DNA hybrids (Cerritelli
and Crouch, 1995; Cerritelli et al., 1998). All known
eukaryotic RNases H1 have an N-terminal region with
one or two (only S. cerevisiae) copies of a conserved
sequence of about 40 amino acids (Cerritelli et al.,
1998). A very similar amino acid sequence is present in
caulimovirus ORF VI proteins (Mushegian et al., 1994;
Cerritelli et al., 1998), where it plays a role in transla-
tion reinitiation (De Tapia et al., 1993). The conserved
motif from cauliflower mosaic virus, when in place of
the S. cerevisiae sequence, binds well to dsRNA and
RNA-DNA hybrids (Cerritelli et al., 1998), indicating
that both types of proteins may interact with similar
nucleic acids in vivo.

We identified in the database of expressed sequence
tags (dbEST) (Boguski et al., 1993) two ESTs from
human and one EST from mouse that were highly
homologous to the N-terminal sequence of eukaryotic
RNases H1. In this study, we obtained the cDNAs
encoding human and mouse RNases H1, determined
their nucleotide sequence, and expressed the proteins
in E. coli. We characterized the RNase H and nucleic
acid-binding activity of the recombinant proteins and
determined the chromosomal location of the genes in
mouse and human.?

MATERIALS AND METHODS

Cloning of Human and Mouse RNase H1 cDNAs

Similarity searches employing the BLASTN algorithm (Altschul et
al., 1990), using S. cerevisiae RNase H1 as the query sequence,
detected two ESTs from Jurkat T-cells VI Homo sapiens cDNA (Gen-
Bank Accession Nos. AA312554 and AA356084) and one EST from
mouse embryonic carcinoma (GenBank Accession No. AA163387).
Clones for cDNAs of the three ESTs were obtained from ATCC. DNA
sequence determination showed each clone to contain a complete
cDNA encoding mouse or human RNase H1. The sequences have
been deposited with GenBank (Accession Nos. for human AF048994
and AF048995 and for mouse AF048993).

For overexpression of the proteins in E. coli, the mouse and human
cDNAs were cloned in the pET-15b expression vector (Novagen) by
PCR amplification of the cDNA with primers that joined the vector
cloning site Ndel with the second ATG of the cDNA coding sequence

2 After submission of the manuscript, the paper by Wu et al. (1998)
reporting the nucleotide sequence of a human RNase H cDNA, iden-
tical in sequence to that reported here, and some properties of the
protein expressed in E. coli was brought to our attention.
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at the 5’ end of the gene and the TGA termination sequence with the
BamHlI cloning site. After digestion with Ndel-BamHl|, the vector
and the PCR products were ligated and transformed into E. coli
competent cells. The constructs were confirmed by DNA sequence
determination. The human cDNA gene was also cloned in the same
way in the vector pET-3a (Novagen) using PCR amplification and
Ndel-BamHI cloning sites to produce a protein starting at the sec-
ond ATG of the cDNA coding sequence, without an N-terminal His
tag. The construct was confirmed by DNA sequence determination.
Attempts to clone the cDNA for mouse and human starting at the
first ATG were unsuccessful.

Expression and Purification of Recombinant Human
and Mouse RNases H1

The human RNASEH1 gene cloned in the pET-3a and pET-15b
vectors (both from Novagen) was expressed in the E. coli strain
BL21(DE3) harboring the plasmid pLysS (Studier et al., 1990). The
mouse Rnasehl gene cloned in the pET-15b vector was expressed in
the E. coli strain BL21(DE3). E. coli transformants were grown and
induced to express recombinant RNases H1 as previously described
(Cerritelli and Crouch, 1995). Crude cell extracts were prepared from
E. coli cells expressing human RNase H1 in the pET-3a vector. After
growth and induction of a 3-ml culture, 1 ml was pelleted and
resuspended in 100 ul SDS cracking buffer (Cerritelli et al., 1993).
Human and mouse RNases H1 expressed in the pET-15b vector were
purified using His-binding resin (Novagen). For purification, a 50-ml
culture was grown, induced, and lysed, as previously described (Cer-
ritelli et al., 1998). After lysis, 1 ul each of soluble and insoluble
fractions were separated in SDS-PAGE. Both proteins were par-
tially insoluble. Purification proceeded from the soluble and the
insoluble fraction, following the same protocol, with the only differ-
ence that purification from the insoluble fraction was performed in
the presence of 6 M urea (Cerritelli et al., 1998).

RNase H Activity after Electrophoresis in SDS-PAGE

Human and mouse His-tagged RNases H1 affinity purified by
Ni?*—NTA resin chromatography and crude protein extracts of cells
induced to express untagged human RNase H1 were electrophoresed
in 15% SDS—polyacrylamide gel containing 2—10 nmol (5 X 107 cpm)
of [*2P]poly(rA)—poly(dT). The bands of RNase H activity were de-
tected as previously described (Carl et al., 1980) with the exception
that the concentration of B-mercaptoethanol was increased to 10
mM.

Nucleic Acid Binding Assays

Northwestern assays using dsRNA and RNA-DNA were per-
formed in the absence of MgCl, as previously described (Cerritelli
and Crouch, 1995). After electrophoresis in SDS-PAGE, the proteins
were transferred to Immobilon P membranes (Millipore) and allowed
to renature. Renatured membrane-bound proteins were incubated
with radiolabeled dsRNA and RNA-DNA hybrids of same size and
sequence as previously described (Cerritelli et al., 1998). Labeled
dsRNA and RNA-DNA hybrids were generated as previously de-
scribed (Cerritelli et al., 1998) and purified in NucTrap push columns
(Stratagene). [*?P]Poly(rA)—poly(dT) was prepared as described (Cer-
ritelli and Crouch, 1995). After 4-h incubations, the unbound nucleic
acid was washed off the membranes, and the filters were exposed to
X-ray film overnight.

Hybridization Screening of Human and Mouse
Bacterial Artificial Chromosome (BAC) Library

An EcoRI fragment containing the entire cDNA of human
RNASEH1 was used to screen a complete human BAC library (Ge-
nome Systems). The screening was performed by Genome Systems,
Inc. Two clones were isolated, which were confirmed by Southern
analysis to hybridize with human RNASEH1 cDNA. A 530-bp Sacl
fragment containing part of the coding region of mouse Rnasehl
cDNA was used to screen a complete mouse BAC library (Genome
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FIG. 1. Alignment of the amino acid sequences of human and mouse RNases H1 reveals 78% identity. The complete human sequence is
shown, for mouse only amino acids that are different from the human sequence are shown, and identical residues are represented by dots.
The nucleic acid-binding motif is included in the shaded box. The arrow points to the extra amino acid present in the human sequence. The
conserved residues of the RNase H domain involved in catalysis are covered by a shaded circle. The alignment was generated using the
BestFit program of the Wisconsin Sequence Analysis Package (Genetics Computer Group).

Systems). The screening was also performed by Genome Systems,
Inc., and three clones were isolated, which were confirmed by South-
ern analysis to hybridize with mouse Rnasehl cDNA.

Fluorescence in Situ Hybridization (FISH)

Human. DNA from a BAC clone obtained from the hybridization
screen was labeled with digoxigenin—dUTP by nick-translation. The
labeled probe was combined with sheared human DNA and hybrid-
ized to normal metaphase chromosomes derived from PHA-stimu-
lated peripheral blood lymphocytes in a solution containing 50%
formamide, 10% dextran sulfate, and 2X SSC. Specific hybridization
signals were detected by incubating the hybridized slides in fluores-
ceinated anti-digoxigenin antibodies followed by counterstaining
with DAPI.

Mouse. DNA from a BAC clone obtained from the hybridization
screen was labeled with digoxigenin—dUTP by nick- translation. The
labeled probe was combined with sheared mouse DNA and hybrid-
ized to normal metaphase chromosomes derived from mouse embryo
fibroblast cells. FISH was performed as above.

RESULTS

Cloning of Human and Mouse cDNAs Encoding
RNases H1

Two ESTs (AA312554 and AA356084) derived from
Jurkat T-cells VI of H. sapiens cDNA were found to
contain a sequence similar to the N-terminal region of
eukaryotic RNases H1 (Cerritelli et al., 1998). The
complete DNA sequence of both cDNAs revealed the
presence of the 3’ end of the human RNASEH1 cDNA,
including a poly(A) tail. Both cDNAs were identical
with the exception of an extra 34 nucleotides in the 5’
end of AA312554. The human RNASEH1 cDNA se-
quence was determined to be 1088 nucleotides in
length and contained an open reading frame of 858
nucleotides with the first AUG at nucleotides 28—-30. A
second AUG in the same frame at nucleotide 79-81

potentially may serve as a translation initiation codon
(Kozak, 1987). The protein, starting at the first AUG,
was predicted to consist of 286 amino acids, with a
calculated molecular mass of 32,245 Da and an isoelec-
tric point of 9.98. The protein starting at the second
AUG would contain 260 residues, with a calculated
molecular mass of 29,195 Da and an isoelectric point of
8.85 (Wisconsin Sequence Analysis Package, Genetics
Computer Group).

An EST (AA163387) from mouse embryonic carci-
noma was also found to have sequence homology to the
N-terminal region of eukaryotic RNases H1. The com-
plete cDNA sequence includes a poly(A) tail, indicating
that it contains the 3’ end of the mouse RNase H1 gene.
The mouse Rnasehl cDNA was determined to be 1407
nucleotides in length with an open reading frame of
855 nucleotides. There is a 3’ untranslated sequence of
510 nucleotides, 302 nucleotides longer than the hu-
man 3'UTR. As with the human RNASEH1 cDNA, two
in-frame AUGS, the first at nucleotide 40-42 and the
second at nucleotide 119-121, could act as a transla-
tion start site. The protein starting at the first AUG
would contain 285 amino acids, with a calculated mo-
lecular mass of 31,804 Da and an isoelectric point of
10.01. The protein starting at the second AUG would
have 259 residues, with a calculated molecular mass of
28,885 and an isoelectric point of 8.85 (Wisconsin Se-
quence Analysis Package, Genetics Computer Group).

RNase H1 amino acid sequences from mouse and
human were 78% identical (Fig. 1). Both proteins have
an RNase H motif at the C-terminal end of the protein,
with all the conserved amino acids that constitute the
hallmark of the RNase H1 family of proteins (Crouch,
1990), and, like all the other eukaryotic RNases H1
described so far (Cerritelli et al., 1998; Filippov et al.,
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1997; Hesslein and Campbell, 1997; Campbell and
Ray, 1993; Wu et al., 1998), mouse and human RNases
H1 have a conserved motif at the N-terminal region of
the protein that in other proteins has been implicated
in dsRNA and RNA-DNA hybrid binding (Cerritelli et
al., 1998). Human and mouse RNase H1 proteins are
remarkably similar; perhaps the main difference be-
tween the two proteins is the presence of an extra
residue (D104) in the connecting region between the
N-terminal conserved domain and the RNase H do-
main of the human RNase H1.

Expression of Recombinant Mouse and Human
RNases H1 in E. coli

To study the functional properties of mouse and hu-
man RNases H1, we cloned them into the pET-15b
expression plasmid (Novagen) to express a fusion pro-
tein with a poly-His tag at the N-terminus followed by
the mouse RNase H1. We were able to obtain only
clones in which the His tag was fused to the gene at the
second AUG codon, generating a protein not containing
the first 26 amino acids of the open reading frame
shown in Fig. 1. The cDNA clone of human RNASEH1
was also subcloned into the pET-15b, and as for the
mouse, we obtained clones expressing a fusion protein
with a poly-His tag attached at the N-terminus of hu-
man RNase H1 starting at the second Met (M-27 in
Fig. 1). However, the human protein could not be ex-
pressed in the host E. coli strain BL21(DE3), the strain
we used for expression of the mouse and other eukary-
otic RNases H1. The presence of the pLysS plasmid,
which increases the tolerance of BL21(DE3) for plas-
mids with toxic inserts (Studier et al., 1990), allowed
the cloning and expression of human RNase H1, sug-
gesting that the protein may be deleterious for growth
in E. coli.

Following induction by IPTG, the fused proteins
were partially insoluble in E. coli cell extracts. We
recovered the insoluble fraction in 6 M urea and puri-
fied the soluble and the insoluble fractions using Ni?"—
NTA resin (Fig. 2A). The purified proteins were used to
characterize the functional properties of human and
mouse RNases H1. For eliminating the possible influ-
ence of the His tag in our assays, we also cloned the
human RNase H1 without the His tag in the vector
pET-3a (Novagen) starting at the second Met, and as
before the protein was expressed in BL21(DE3) cells
containing the pLysS plasmid.

A renaturation gel assay was performed with par-
tially purified human and mouse His-tagged RNase H1
and with total crude extract of cells induced to express
human RNase H1 without a His tag. This permits
specific detection of RNase H proteins in an SDS-
polyacrylamide gel that contains a radiolabeled RNA—-
DNA hybrid. Bands of RNase H1 activity were ob-
served for mouse and human RNase H1, with and
without His tag (data not shown), indicating that the
proteins expressed in E. coli are fully active, without
requiring modifications or additional proteins. The
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FIG. 2. Nucleic acid binding activity of human and mouse RNase
H1. (A) Proteins from total crude extract of E. coli cells expressing
human and mouse His-tagged RNase H1 and partially purified pro-
teins that were electrophoresed in a polyacrylamide gel and stained
with Coomassie blue (Coom. Stain) or transferred to an Immobilon P
membrane, renatured, and incubated with a radiolabeled RNA-DNA
hybrid (middle) or dsRNA (bottom) of identical size (100 bp) and
sequence. (B) Proteins from total crude extract of E. coli cells ex-
pressing human untagged RNase H1 or partially purified His-tagged
mouse and human RNase H1 that were electrophoresed in a poly-
acrylamide gel and stained with Coomassie blue (Coom. Stain) or
transferred to an Immobilon P membrane, renatured, and incubated
with a radiolabeled poly(rA)—poly(dT). Prestained molecular weight
markers (Amersham) are shown (MW), and their masses in kDa are
indicated.

same has been observed for D. melanogaster RNase H1
(Filippov et al., 1997).

Yeast RNase H1 has been shown to possess nucleic
acid binding activity (predominantly dsRNA and
RNA-DNA hybrids) through an N-terminal region of
the protein, a conserved motif present in all known
eukaryotic RNases H and also in caulimovirus ORF VI
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proteins (Cerritelli et al., 1998). Because mouse and
human RNases H1 also have the N-terminal conserved
motif, we tested the binding activity of proteins par-
tially purified or present in total E. coli extracts ex-
pressing mouse and human RNase H1 with and with-
out an N-terminal His tag. We used Northwestern
assays, in which membrane-bound proteins were incu-
bated with radiolabaled dsRNA and RNA-DNA hy-
brids of equal size and composition. The fusion pro-
teins, partially purified or in crude extracts, bound
both substrates very well (Fig. 2A), indicating that
nucleic acid binding is also a property of higher eukary-
otic RNases H1. E. coli cell lysates from cultures in-
duced to express the untagged human RNase H1 were
tested for binding to RNA-DNA hybrid. Human RNase
H1, and another E. coli protein previously described
(Cerritelli and Crouch, 1995), bound well to the sub-
strate (Fig. 2B). The untagged protein started at the
second Met of the coding sequence, immediately prior
to the first amino acid of the conserved nucleic acid
binding domain, indicating that the first 26 amino ac-
ids are not required for nucleic acid binding.

Hybridization Screening of a Human BAC Library

Two BAC clones were obtained by hybridization with
a fragment of the coding region of the cDNA clone. The
BAC plasmids were confirmed to contain the genomic
sequence of the RNASEH1 gene by partial DNA se-
guence determination and Southern and PCR analyses
(data not shown).

Hybridization Screening of a Mouse BAC Library

Three BAC clones were obtained by hybridization
with an internal fragment of the cDNA clone. All three
BAC plasmids contained mouse Rnasehl genomic se-
guences as confirmed by partial DNA sequence deter-
mination and Southern and PCR analyses (data not
shown).

Fluorescence in Situ Hybridization

Human. Among 80 metaphase chromosomes ana-
lyzed, 71 exhibited specific signals on one pair of chro-
mosomes. DAPI banding (Heng and Tsui, 1993) re-
sulted in specific labeling of the short arm of a group E
chromosome that was believed to be chromosome 17 on
the basis of size, morphology, and banding pattern
(Fig. 3A). A genomic probe that has been previously
mapped to 17924 was cohybridized with the RNASEH1
probe and resulted in the specific labeling of the long
and the short arms of chromosome 17 (Fig. 3B). Mea-
surements of 10 specifically labeled chromosomes 17
demonstrated that the RNASEH1 gene is located at a
position that is 25% of the distance from the centro-
mere to the telomere of chromosome 17p, an area that
corresponds to band 17p11.2 (Fig. 5).

Mouse. A total of 80 metaphase chromosomes were
analyzed with 72 exhibiting specific labeling. The ini-
tial experiment resulted in specific labeling of the prox-
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imal portion of a medium-sized chromosome that was
believed to be chromosome 12 on the basis of banding
pattern (Fig. 4A). A second experiment was conducted
using a probe that is specific for the telomeric region of
chromosome 12 and that was cohybridized with the
Rnasehl probe. This experiment resulted in the spe-
cific labeling of the telomeric region and the proximal
portion of chromosome 12 (Fig. 4B). Measurement of 10
specifically hybridized chromosomes 12 demonstrated
that the Rnasehl gene is located at a position that is
17% of the distance from the heterochromatic—euchro-
matic boundary to the telomere of chromosome 12, an
area that corresponds to band 12A3 (Fig. 5).

Abundance and Tissue Specificity of Human
RNASEH1 mRNA

The abundance and tissue specificity of human
RNASEH1 mRNA was determined by PCR using Mul-
tiple Tissue cDNA Panels (Clontech) and primers spe-
cific for the RNASEH1 gene. We observed PCR bands
in all tissues analyzed with 30 cycles being required to
visualize the PCR product of the RNASEH1, indicating
a medium to low-abundance mRNA (data not shown).
We quantified the intensity of each DNA band and
repeated the experiment several times, obtaining band
intensities with no more than a threefold difference,
within the experimental error reported in the MTC
Panels manual (Clontech). This indicated that the
MRNA of the RNASEH1 gene was expressed at a sim-
ilar level in all tissues, suggesting that RNase H1 is a
housekeeping protein. The results are consistent with
those of Wu et al. (1998).

DISCUSSION

Human and mouse RNases H1 share a high degree of
homology and are also very similar to other known
eukaryotic RNases H1 (Fig. 1). They have, in addition
to the RNase H domain, an N-terminal region with a
conserved motif that in vitro binds to dsRNA and
RNA-DNA hybrids (Fig. 2). The nucleic acid-binding
domain is approximately 40 amino acids in length and
is highly similar to a region of caulimovirus ORF VI
family of proteins. This family of proteins is very dif-
ferent and is involved in translation reinitation (De
Tapia et al., 1993), possibly by interaction with ribo-
somes or mMRNA through the dsRNA-binding motif. By
analogy, the nucleic acid-binding domain of RNase H1
may also interact with ribosomal RNA, perhaps in the
nucleus during the synthesis/processing of ribosomal
RNA.

There is small, but significant sequence similarity
between the nucleic acid-binding motif of eukaryotic
RNases H1 (Cerritelli and Crouch, 1995; Cerritelli et
al., 1998) and a larger, less conserved dsRNA-binding
domain (Green and Mathews, 1992; St Johnston et al.,
1992). The dsRNA-binding motif is about 70 amino
acids long, while the RNase H1 conserved domain is
only around 40 residues. The extra 30 amino acids at
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FIG. 3. FISH of the human RNASEH1 BAC to metaphase chromosomes. (A) The location of the hybridization signal from the BAC
RNASEH1 labeled probe. (B) The cohybridization of the BAC RNASEHL1 labeled probe (in red and marked by arrows) and a genomic probe
that has been previously mapped to 17924 (in yellow). Measurement of 10 specifically labeled chromosomes 17 demonstrates that RNASEH1
is located in band 17p11.2. Photographs represent computer-enhanced images.

FIG. 4. FISH of the mouse Rnasehl BAC to metaphase chromosomes. (A) The location of the hybridization signal from the BAC Rnasehl
labeled probe. (B) The cohybridization of the BAC Rnasehl labeled probe (in red and marked by arrows) and a genomic probe specific for the
telomeric region of chromosome 12 (in yellow). Measurement of 10 specifically labeled chromosomes 12 demonstrates that Rnasehl is located
in an area that corresponds to band 12A3. Photographs represent computer-enhanced images.

the N-terminus of the dsRNA-binding domain con-
stitute «-1, a part of the structure that is directly
involved in contacting the dsRNA substrate (S.
Schultz, Boulder, CO, pers. comm., Nov. 1997). Human
RNASEH1 and mouse Rnasehl mRNAs have two in-
frame AUGSs that could be used as translation initia-

tion signals. The nucleic acid-binding motif starts im-
mediately after the second AUG codon. Proteins
starting at the first AUG would have an additional
26-amino acid sequence that is absent from some eu-
karyotic RNases H1. Interestingly, we were unable to
obtain clones for which the proteins would start at the
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FIG. 5. Idiograms of the results showed in Figs. 3 and 4. Based
on 10 metaphase spreads, the human RNASEH1 gene was shown to
localize to chromosome 17p11.2, indicated by an arrow. Based on 10
metaphase spreads, the mouse Rnasehl gene was shown to localize
to a nonsyntenic region on chromosome 12A3, indicated by an arrow.
The images are not to scale.

first AUG in the E. coli expression system used to
overproduce RNase H1, whereas Wu et al. (1998) re-
port no such problems. The plasmid pET15b used as
expression vector in most of our experiments includes
an N-terminal His tag absent in pET17 employed by
Wu et al. (1998). We made numerous attempts to use
other pET vectors without obtaining clones starting at
the first ATG. The D. melanogaster proteins also start
at the second ATG of the cDNA (Filippov et al., 1997).
The 26 amino acids at the N-termini of human and
mouse RNase H1 may be playing a role similar to that
of the a-1 region of the dsRNA-binding motif, interact-
ing with the substrate and enhancing the affinity of the
protein for nucleic acids, making it a stronger binder
than proteins lacking this region and potentially more
deleterious for E. coli growth.

The connecting region between the N-terminal nu-
cleic acid-binding domain and the C-terminal RNase H
region is variable in length and sequence among eu-
karyotic RNase H1. The only common feature is the
presence of a large number of S, T, and P residues. The
connecting region is important for binding to nucleic
acids (Cerritelli et al., 1998) and may play a role in
switching between the two activities of the protein. The
human and mouse RNase H1 amino acid sequences are
78% identical (Fig. 1), with the connecting domain
being the most dissimilar region. One significant dif-
ference is the presence of an extra residue (D104) in
the human protein (Fig. 1). Although both proteins are
remarkably similar, in our experiments, the human
RNase H1 seems to be more harmful for E. coli, requir-
ing pLysS, a plasmid that increases the tolerance for
toxic inserts (Studier et al., 1990). The presence of the
extra D residue may affect the binding ability of the
human protein, switching the equilibrium between the
two activities toward a strong binding and a lower
RNase H activity that could be potentially deleterious
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for E. coli. We have been unable to obtain catalytic-site
mutants in the RNase H domain of S. cerevisiae RNase
H1 (unpublished), suggesting that altering the equilib-
rium between nucleic acid binding and RNase H activ-
ity is harmful for E. coli.

The mouse Rnasehl cDNA has a long 3’ untrans-
lated region. The presence of this sequence is not a
cloning artifact, because PCR amplification of the BAC
plasmids containing the mouse genomic DNA with
primers specific for the 3’'UTR region present in the
cDNA demonstrated that the 3'UTR sequence is also
present in the chromosomal gene (data not shown).
Also, a second EST sequence of mouse (AA217317) has
the same 3’ sequence as the clone we report. Perhaps,
the long mouse 3'UTR contains regulatory elements
that modulate the expression or localization of the
RNase H1 gene. In contrast, the human RNASEH1
cDNA we describe has a much shorter 3'UTR. Inter-
estingly, Wu et al. (1998) report one human RNASEH1
c¢DNA clone that is 530 nucleotides longer than an-
other; most of the size difference being attributed to
the 3'UTR. At present we are in the process of deter-
mining the sequence of and characterizing human and
mouse genomic DNAs corresponding to the cDNAs.

The RNASEH1 gene is located on human chromo-
some 17p11.2 and mouse chromosome 12A3 (Fig. 5),
defining a new region of synteny. Another gene that is
found on mouse chromosome 12 and human chromo-
some 17p is the Ryk-2/RYK-2 receptor-like tyrosine
kinase-like 1 (Gough et al., 1995). The juxtacentro-
meric region of the human chromosome 17 short arm
(17p11.2—p12), the site of the RNASEHL1 gene, is a very
interesting and active chromosomal location. It con-
tains genes involved in the Charcot—Marie—Tooth type
1A disease (CMT1A) and the Smith—Magenis syn-
drome (SMS) (Chevillard et al., 1993). CMT1A is asso-
ciated with a duplication of a short segment, whereas
SMS is linked to microdeletions, extending toward the
centromere. A repeated-gene cluster has been mapped
to the ends and the middle of the common deletion
interval found in SMS patients, suggesting that recom-
bination between flanking repeated-gene clusters is a
frequent cause of the SMS common deletion (Chen et
al., 1997).

There are some other DNA markers with several
low-copy-number repeats localized in this region, in-
cluding the human genes encoding U3 snRNA (Chen et
al., 1997). The human U3 genes are also clustered on
chromosome 17p11.2, with evidence for large inverted
duplications within the cluster (Gao et al., 1997). The
gene duplications within the RNU3 locus appear to be
of recent evolutionary origin, indicating that this re-
gion of chromosome 17 is highly recombinagenic, as is
also evident in the SMS and CMT1A syndromes. The
presence of tandem repetition in the SMS region and
the CMT1A segment and inverted repeat in the RNU3
locus can facilitate homologous recombination and
DNA rearrangement on this region of the human chro-
mosome 17p, which could have led to the insertion of
the RNASEH1 gene at this location. Current experi-
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ments are under way to determine if the human
RNASEH1 gene falls within the SMS deletion and if
the deletion of RNASEH1 contributes to the SMS phe-
notype.
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