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The gene encoding RNase HIII from the thermophilic
bacterium Bacillus stearothermophilus was cloned and
overexpressed in Escherichia coli, and the recombinant
protein (Bst-RNase HIII) was purified and biochemi-
cally characterized. Bst-RNase HIII is a monomeric
protein with 310 amino acid residues, and shows an
amino acid sequence identity of 47.1% with B. subtilis
RNase HIII (Bsu—RNase HIII). The enzymatic proper-
ties of Bst—-RNase HIIIL, such as pH optimum, metal ion
requirement, and cleavage mode of the substrates, were
similar to those of Bsu—-RNase HIII. However, Bst—
RNase HIII was more stable than Bsu—RNase HIII, and
the temperature (T'y/;) at which the enzyme loses half of
its activity upon incubation for 10 min was 55°C for
Bst—-RNase HIII and 35°C for Bsu—RNase HIII. The
optimum temperature for Bst—-RNase HIII activity was
also shifted upward by roughly 20°C as compared to
that of Bsu—RNase HIII. The availability of such a
thermostable enzyme will facilitate structural studies of
RNase HIII.
Key words: ribonuclease H (RNase H); Bacillus stear-
othermophilus; stability; metal dependence;
DNA/RNA hybrid

Ribonuclease H (RNase H) (EC 3.1.26.4) endonu-
cleolytically cleaves RNA of RNA/DNA hybrids at the
PO-3' bond." The enzyme requires divalent cations,
such as Mg?t and Mn?*, for activity. RNase H is
universally present in various organisms, including
bacteria, archaea, and eukaryotes.z) It is also present in
retroviruses as a C-terminal domain of reverse tran-
scriptase (RT). Based on differences in amino acid
sequences, RNases H are classified into two major

families, type 1 and type 2 RNases H, which are
evolutionarily unrelated.”? The physiological roles of
these RNases H remain to be fully understood. However,
the data accumulated so far indicate that the enzyme is
involved in DNA replication, repair, and/or transcrip-
tion.>*” The RNase H domain of RT is required for
proliferation of HIV-1, and is therefore regarded as one
of the targets for AIDS therapy.'® In antisense therapy,
RNase H plays a critical role in the antisense effects of
deoxyoligonucleotides.'"

Prokaryotic RNases H are divided into three groups,
RNases HI, HII, and HIII, which are encoded by the
rmhA, rmhB, and rmhC genes, respectively.”'? RNases
HI are members of the type 1 RNase H family, while
RNases HII and HIII are members of the type 2 RNase H
family. RNase HIII shows poor amino acid sequence
identity with RNase HII. Nevertheless, RNases HII and
HIII are classified into the same family, because several
sequence motifs are well conserved in these se-
quences.'?

Prokaryotic RNases HI and HII have been extensively
studied for structures and functions. The crystal struc-
tures of RNases HI from E. coli'*'¥ and Thermus
thermophilus," and RNases HII from Methanococcus
jannaschii,m) Thermococcus kodakaraensis,'” and Ar-
chaeoglobus fulgidus'® have been determined. The
crystal structures of bacterial RNases HI, which highly
resemble that of the RNase H domain of HIV-1 RT,!9-2D
represent type 1 RNase H structure, and those of RNases
HII from hyperthermophilic archaea, which highly
resemble with one another, represent type 2 RNase H
structure. Comparison of these structures indicated that
type 1 and type 2 RNases H share a main chain fold
consisting of a five-stranded B-sheet and two a-helices.
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Steric configurations of the four acidic active-site
residues are similar in these proteins, suggesting that
these enzymes share a common catalytic mechanism.
According to a catalytic mechanism currently proposed
for E. coli RNase HL,>** the enzyme exhibits the
activity upon binding of a single metal ion and a water
molecule attacking an RNA phosphate group is activated
by either an amino acid or a metal ion. A similar
mechanism has been proposed for RNases HIL?
However, RNases HI and HII differ in the location of
the substrate binding domain. According to docking
models of the RNA/DNA hybrid on RNase HI?® and
RNase HIL'? which are supported by the crystal
structure of HIV-1 RT in complex with RNA/DNA
hybrid,?” the catalytic and substrate binding domains
contact the substrate in a way such that they are located
either along (RNase HI) or across (RNase HII) the
helical structure of the substrate.

As compared to RNases HI and HII, much Iess is
known about the structures and functions of RNases
HIII. B. subtilis RNase HIII (Bsu—RNase HIII) is the
only RNase HIII enzyme which has so far been analyzed
for biochemical properties.!? This enzyme is evolutio-
narily more distantly related to RNase HI than to RNase
HII. Nevertheless, it is more closely related to RNase HI
than to RNase HII in enzymatic properties, such as metal
ion specificities, specific activities, and cleavage site
specificities. Bsu—RNase HIII, however, is not suitable
for structural studies due to its instability.

B. stearothermophilus CU21 is a thermophilic bacte-
rium with maximum and minimum growth temperatures
of 70 and 40 °C, respectively.?® This bacterium has been
shown to produce thermostable a-amylase?” and neutral
protease.’? In this study, we cloned the Bst—rnhC gene
encoding RNase HIII (Bst—RNase HIII) from this strain,
overexpressed it in E. coli, purified the recombinant
protein, and characterized its enzymatic properties. The
enzyme was more stable than Bsu—RNase HIII, as
expected, and exhibited similar enzymatic properties.
The availability of such a thermostable RNase HIII
might facilitate structural studies of RNase HIII.

Materials and Methods

Cells and plasmids. The thermophilic bacterium
Bacillus  stearothermophilus CU21 was previously
isolated.”® E. coli MIC3001 [F~, supE44, supF58,
lacYl or A(laclZY)6, trpR5S5, galK2, galT22, metBI,
hst14(rI§m§), rmhA339::cat, recB2701?Y and E. coli
MIC2067 [F~, A~, IN(rrnD-rrmE)1, rnhA339::cat,
rmhB716::kam]*® were kindly donated by M. Itaya.
A ADE3 lysogen of E. coli MIC2067, E. coli
MIC2067(DE3), was previously constructed.*® Plas-
mids pBR322 and pUC18 were obtained from Takara
Shuzo (Kyoto, Japan), and pET-25b was from Novagen
(Madison, WI, U.S.A). E. coli MIC2067(DE3) trans-
formants were grown in NZCYM medium (Novagen)
containing 50 mg/1 ampicillin and 0.1% glucose. Other

E. coli transformants were grown in Luria—Bertani
medium containing 50 mg/1 ampicillin.

Materials. [[y-3*P]JATP (>5000 Ci/mmol) was ob-
tained from Amersham Biosciences (Piscataway, NIJ,
U.S.A). Crotalus durissus phosphodiesterase was from
Boehringer Mannheim (Tokyo, Japan). Recombinant
Bsu—RNase HIII was purified as previously described.'?
All DNA oligomers for PCR were synthesized by
Hokkaido System Science (Sapporo, Japan). Restriction
and modifying enzymes were from Takara Shuzo.

Cloning of the Bst—rnhC gene. The genomic DNA of
B. stearothermophilus CU21 was prepared as described
previously®® and used as a template to amplify the part
of the gene (Bst—rnhC) encoding Bst—-RNase HIII by
polymerase chain reaction (PCR). The sequences of the
PCR primers were 5'-GTTATCGGTTCTGACGAAG-
TCGGA-3' for the 5'-primer and 5'-CGCTTTTTGC-
GTATTGGCGAAATGGAGTTT-3" for the 3'-primer.
PCR was performed with the GeneAmp PCR system
2400 (Perkin-Elmer Japan, Tokyo), using a KOD
polymerase (Toyobo, Kyoto, Japan) according to the
procedures recommended by the supplier. The amplified
DNA fragment (630bp) was used as a probe for
Southern blotting and colony hybridization to clone
the entire Bst—rnhC gene. Southern blotting and colony
hybridization were carried out using the AlkPhos Direct
system (Amersham Biosciences) according to the
procedures recommended by the supplier. The DNA
sequence was determined with a Prism 310 DNA
sequencer (Perkin-Elmer Japan).

Plasmid construction. Plasmid pBR1300st for com-
plementation assay of Bst—-RNase HIII was constructed
by performing PCR twice, as described previously for
the construction of pBR800es.'? The sequences of the
PCR primers were 5-TTCAAGAATTCTCATGTT-
TTGAC-3' for the 5'-primer, 5'-GCGGTCGACGTCC-
CAAGAGAA-3' for the 3'-primer, 5-TCTACCA-
GAGATGITCAAACTATGT-3' for the 5'-fusion primer,
and 5'-AGTTTGACATICTCTGGTAGACTTCCTGTA-
A-3 for the 3'-fusion primer. In these sequences,
underlined bases show the positions of the EcoRI (5'-
primer) and Sall (3’-primer) sites, boxed bases show the
position of the codon for the initial methionine residue,
and italic bases represent those of the Bst—rnhC gene.

Plasmid pET1000st for overproduction of Bst-RNase
HIIT was constructed by ligating the DNA fragment,
which was amplified by PCR using the cloned Bst—rnhC
gene as a template, into the Ndel-Sall sites of pET-25b.
The sequences of the PCR primers were 5'-AGGAG-
CAGATCGACATATGTCAAACTATGT-3' for the 5'-
primer and 5’-CGCGCGGTCGACGTCCCAAGAGA-
ACGGGGCACCCCTT-3' for the 3'-primer, where
underlined bases show the position of the Ndel (5'-
primer) and Sall (3'-primer) sites. Note that the initiation
codon of the Bst—rnhC gene was changed from TTG to
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ATG for construction of plasmids pBR1300st and
pET1000st.

Overproduction and purification. E. coli
MIC2067(DE3) was transformed with pET1000st, in
which the transcription of the Bst—rnhC gene is
controlled by the T7 promoter, and grown at 30°C.
When the absorbance at 660 nm of the culture reached
about 0.5, 1 mMm of isopropyl B-D-thiogalactopyranoside
(IPTG) was added to the culture medium and cultivation
was continued at 30 °C for 4 h. Cells were harvested by
centrifugation at 6000 g for 10 min, suspended in 10 mM
Tris—HCI (pH 7.5) containing 1 mm EDTA (TE buffer),
disrupted by sonication lysis, and centrifuged at 30,000 g
for 30min. Ammonium sulfate was added to the
supernatant to a concentration of 70%, and the resultant
precipitates were collected by centrifugation at 15,000 g
for 30 min. The precipitates were then dissolved in TE
buffer, dialyzed against TE buffer, and loaded onto a
Hitrap Heparin HP column (Amersham Biosciences)
equilibrated with TE buffer. The protein was eluted from
the column with a linear gradient of 0-0.5M NaCl. The
fractions containing Bst—RNase HIII were collected and
loaded onto a HiLoad 16/60 Superdex 200 pg column
(Amersham Biosciences) equilibrated with 20 mM so-
dium acetate (pH 5.0) containing 1 mMm EDTA and 0.1 M
NaCl. The purity of the protein was confirmed by SDS—
PAGE,* followed by staining with Coomassie Brilliant
Blue R250. The protein concentration was determined
from UV absorption using an Asgy value of 0.73 for
0.1% solution. This value was calculated by using
e = 1576 M~ for Tyr and 5225 M~ for Trp at 280 nm.>®

Circular dichroism (CD) spectra. The far-UV (200-
260nm) CD spectra were measured on a J-725 spec-
tropolarimeter (Japan Spectroscopic, Tokyo, Japan) at
25 °C using a solution containing the protein at 0.1 mg/
ml in 10 mM Tris—HCI (pH 7.5) containing 0.15 M NaCl
in a cell with an optical path length of 2 mm. The mean
residue ellipticity, 6, which has units of degrees per
square centimeter per decamole, was calculated using an
average amino acid molecular weight of 110.

Enzymatic activity. The RNase H activity was
determined at 30 °C for 15 min by measuring the amount
of radioactivity of the acid-soluble digestion product
from the substrate, the H-labeled M13 DNA-RNA
hybrid, as previously described.*” The buffer was 10 mm
Tris—HCI (pH 8.5) containing 50 mm MgCl,, 100 mMm
KCI (Bst—-RNase HIII) or NaCl (Bsu—RNase HIII), 1 mm
2-mercaptoethanol (2-Me), and 50 ng/ml bovine serum
albumin (BSA). One unit was defined as the amount of
enzyme producing 1 umol of acid-soluble material per
min at 30 °C. Specific activity was defined as enzymatic
activity per milligram of protein.

For the determination of kinetic parameters, the
substrate concentration was varied from 0.10 to
1.0 uM. The amount of the enzyme was controlled in

such a way that the fraction of the substrate hydrolyzed
did not exceed 30% of the total. Under this condition,
the amount of the product increased in proportion to
increases in the reaction time. Hydrolysis of the M13
RNA/DNA hybrid by the enzyme followed Michaelis—
Menten kinetics, and the kinetic parameters were
determined from the Lineweaver—Burk plot. For analy-
sis of pH dependence, 10 mm BisTris—HCI (pH 5.7-7.1),
Tris-HCI (pH 7.1-8.8), or glycine-NaOH (pH 8.3—
10.0) was used as a buffer for assay procedures. For
analysis of divalent cation or salt dependence, enzymatic
activity was determined in the presence of various
concentrations of MgCl,, MnCl,, CoCl,, NiCl,, NaCl,
or KCI.

Cleavage of oligomeric substrates. The 29-base pair
DNA-RNA-DNA/DNA and the 12-base pair RNA/
DNA duplexes (1 uM) were prepared by hybridizing the
5’-end-labeled 29-base DNA-RNA-DNA (5'-AATAG-
AGAAAAAGaaaaAAGATGGCAAAG-3') and 12-base
RNA (5'-cggagaugacgg-3’) with 1.5 molar equivalent of
the complementary DNAs, respectively, as previously
described.!? In these sequences, DNA and RNA are
represented by uppercase and lowercase letters, respec-
tively. Hydrolysis of the substrate at 30 °C for 15 min
and separation of the products on a 20% polyacrylamide
gel containing 7M urea were carried out as previously
described.'? The reaction buffer was the same as that for
the hydrolysis of the M13 DNA/RNA hybrid. The
products were identified by comparing their migration
on the gel with those of the oligonucleotides generated
by partial digestion of 29-base DNA-RNA-DNA or 12-
base RNA with snake venom phosphodiesterase.’®

Results

Gene cloning

Comparison of the amino acid sequences of various
bacterial RNases HIII indicated that the sequences
VIGSDEVG and KLHFANTQKA, which correspond
to Val®®~Gly'® and Lys?*>-Ala’** of Bsu—-RNase HIII,
respectively, are highly conserved.” Therefore we
constructed the PCR primers based on these sequences
and used them to amplify the part of the Bst—rnhC gene
that encodes Bst—-RNase HIIIL

PCR using the genomic DNA of B. stearothermophi-
lus CU21 as a template produced a 630-bp DNA
fragment that encodes a part of the Bst—RNase HIII
sequence. Southern blotting and colony hybridization
using this DNA fragment as a probe indicated that a 4-
kbp Sall fragment of the CU21 genome contained the
entire Bst—rnhC gene (data not shown). Determination
of the nucleotide sequence of the Bst—rnhC gene
indicated that Bst-RNase HIII is composed of 310
amino acid residues with a calculated molecular weight
of 33,734 and an isoelectric point (p/) of 8.6. A potential
Shine Dalgarno (SD) sequence (AGGAG), which is
complementary to the 3’-end of the B. stearothermophi-
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Bst 1 SNYVElQ ADQQL-LDAL
Bsu 1 SHSVIIK VELSA-FiDam
Spn 1 ASITLT BISEKD-MQAF
Ctr 1 MPSSFVSQLS [SLFS-HLRE
Aae 1 OPSLKHS [ISEAEKHONY
Bst 47 RYSAVAFER AME0EAAKWI
Bsu 47 QYUVFMEY NEIAAESARWG
Spn 47 TYUIMLEEE GlYakYASFFa
Ctr 49 ONEYIVVIEN GTQEFVEFFL
Aae 46 KTESLLIMEY NSEKVLKEVL

£k
Bst 94 NDEVGIIGDRY F GPIR]VEYIA
Bsu 97 MDEVGIIGDRY F GPHRIVII¢A
Spn 81 HDEVGYGN
Ctr 89
Aae JE I 5 GIEDENGINGD

FIREI4ECTAGY
[[HESEVLCCY

Bst 143 [PAIMETVPH AVTVIDNPO[
Bsu 146 [RNEIKTIPY SLLVEKNERI
Spn 130 EPIAKEKIQH QALLIESEHSAY
ctr 139 [oNIRSLcAC KvITHFEARY
Aae 123 YLAMKPLVKA YCYEIK[ZEEN]

*
Bst 193 PAE[gaANI|Y EiFLKRDSHFR
Bsu 196 GVK[gSANLIE QIFAEPGVSFN
Spn 178  GVQHSKKVI(Y A§TSAKNMDK
Ctr 187 PAGAVFAIS) QFASSERVLL

Aae 170 ECGVSEVVV) KYQPSN-—-- ——--——- PFG [EDVIFETE[NE
Bst 243 EE MEQESSAV[EL
Bsu 245 ME MDK[ESIHAAGNM
Spn 228 EN LENNGRELLEY
Ctr 235 SS THAESQYQI

Aae 208

0S LKEVEREL[I

Bst 293 [(MGIRANMIKIG! [ ATAKRRK
Bsu 295 [WHLBANQIONG QRLADKKRS
Spn 278 [MGIEKIBIEGE] KNA

Ctr 285 [{THIFKTFNEV LGSGNQ

Fig. 1. Alignment of the RNase HIII Sequences.
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———————————— YOAV EQTSGONLPL 80

EPEILG-—-- —-———- TFSS QNVQGDLRER 88

FHTPDQHD-F LRK
ASSPQATEA LYKTSICGIEA

—————————————————— NLLEKKKL 73

LIGDNY TETOOKHRGM 129

LIPWAKHLSL 138

DRPHIA-K TAARGHKDMY QENDEANMKR)Y 142
DKTMLP-L MKEEQKIMY DEKBPOWIEN 145
LG L

CIPEENYL-K VSSIINPROT]S

RISKRVERL 122

ERV---KE 169

RWQRSGMPG T LIGIIR TLVKAVDAIA 192

SMAEKGMSG G LG AWTHELRKLD 195

EVIGDRY[IA VSVISVAIRGIIQ AMYLIML QK-- 177

ALYANFOWIL NSLERWT[JAT IQIDNMAPH-- 186
L

KLYRKFROL NIEIMTHFYKL

YIRSDEDRIIR [SRVHCLP¢}4
HRKGRD-IVK [ERTYFST|€Ad
YMAQETNRFS NPISLEE[(}d
QAVRKK-CSD IEL IQRHR[YA

*

L PKGAGELYI

QESIELYETAS
RIS Gk KQREKE

VASOHLOA YEMQGENFCA 277
LHN KBovvEkve 284

M APARHIIRA REEEMEETCA 202
TIIEIXEPHY DEANAKLILK KEASABRTFT 294
K

KIGISETSKEY KELRKSLKNP ERFIKENFNV 257

310
313
290
300

The amino acid sequences of RNases HIII from B. stearothermophilus (Bst), B. subtilis (Bsu), S. pneumoniae (Spn), C. trachomatis (Ctr), and
A. aeolicus (Aae) are shown. The accession nos. are Z75208 for Bsu—RNase HIII, U93576 for Spn—RNase HIII, AE001275 for Ctr—RNase HIII,
and AE000755 for Aae—RNase HIII. Amino acid residues conserved in at least three different proteins are highlighted in black. Gaps are denoted
by dashes. The conserved residues in various RNase HIII sequences, which are expected to form the active-site (Asp”’, Glu”®, Asp**, and
Glu?%?), are denoted by asterisks (*). Three sequence motifs conserved in type 2 RNase H sequences are shown by a thick line for GXDEXGXG,
a double line for DSKXL, and a broken line for VAAASIIAK below the alignments. The numbers represent the positions of the amino acid

residues relative to the initiator methionine for each protein.

lus 16S rRNA sequence (accession no. M13610), is
located 11 nucleotides upstream of the initiation codon
TTG for translation. The nucleotide sequence of the Bst—
rmhC gene is deposited in DDBJ under accession
no. AB179782.

Amino acid sequence
The amino acid sequence of Bst—RNase HIII deduced
from the nucleotide sequence is compared with those of

other bacterial RNases HIII in Fig. 1. Bst—-RNase HIII
shows amino acid sequence identities of 47.1% with
Bsu—RNase HIII, 34.8% with Streptococcus pneumoniae
RNase HIII, 25.3% with Chlamydia trachomatis RNase
HIII, and 22.6% with Agquifex aeolicus RNase HIII.
According to the alignments of various type 2 RNase H
sequences,'? three sequence motifs are conserved. They
are G-X-D-E-X-G-X-G, D-S-K-X-L, and V/I-A-
A-A-S-I-1/L-A-K/R, where X represents any amino
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acid. These sequences are well conserved in the Bst—
RNase HIII sequence (Gly>—-Gly'??, Asp'3°—Leu'3*, and
Val**¥-Arg?*®). In addition, four acidic active-site
residues are conserved in the Bst—-RNase HIII sequence.
These are Asp97, Glu*8, Asp202, and Glu?*2, which
correspond to Asp’, Glu®, Asp'®, and Asp'® of
T. kodakaraensis RNase HII, respectively. Note that
the last residue is conserved as Asp in the RNase HII
sequences, whereas it is conserved as Glu in the RNase
HIII sequences.”

Complementation assay

E. coli mutant strains MIC3001°" and MIC2067°?
show RNase H-dependent temperature-sensitive growth
phenotype. They can form colonies at 30 °C, but not at
42°C. The temperature-sensitive growth phenotype of
E. coli MIC3001 has been found to be complemented by
type 2 RNases H.'23% To examine whether the Bst—rnhC
gene complements the temperature-sensitive growth
phenotype of these strains, E. coli MIC3001 and
MIC2067 cells were transformed with pBR1300st, in
which the transcription and translation of the Bst—rnhC
gene are under the control of the promoter and the SD
sequence of the E. coli RNase HI gene. The resultant
MIC3001 and MIC2067 transformants grew at 42 °C,
suggesting that Bst—RNase HIII exhibits enzymatic
activity in vivo.

Biochemical properties of recombinant protein

We used E. coli mutant strain MIC2067(DE3), which
lacks all functional RNases H (RNases HI and HII), as a
host for overproduction of Bst—RNase HIII to avoid
contamination of host-derived RNases H. Upon induc-
tion for overproduction, the recombinant protein accu-
mulated in a soluble form and was purified to give a
single band on SDS-PAGE (Fig. 2). Its production level

kDa 1 2
97 N
66 —
45 [
30 Te—
20 [
14 .

Fig. 2. SDS-PAGE of the Purified Bst—-RNase HIII.

The samples were subjected to 12% SDS—PAGE and stained with
Coomassie Brilliant Blue. Lane 1, a low molecular weight marker
kit (Amersham Biosciences); lane 2, Bst-RNase HIII. Numbers
along the gel represent the molecular masses of individual standard
proteins.
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Fig. 3. CD Spectra.
The far-UV CD spectra of Bst—RNase HIII (thick line) and Bsu—
RNase HIII (thin line) are shown. These spectra were measured as
described in “Materials and Methods”.

was estimated to be roughly 40 mg/liter culture, and
approximately 10mg of the purified protein was ob-
tained from 1-liter culture. Purified recombinant Bst—
RNase HIII and Bsu—RNase HIII are designated simply
Bst—-RNase HIII and Bsu—RNase HIII in this rport.

The molecular weight of Bst—RNase HIII was
estimated to be 36,000 from both SDS-PAGE and gel
filtration column chromatography (data not shown),
indicating that Bst—-RNase HIII exists in a monomeric
form. The far-UV CD spectrum of Bst—-RNase HIII was
similar to that of Bsu—RNase HIII (Fig. 3), suggesting
that its overall main chain fold is similar to that of Bsu—
RNase HIII.

Enzymatic activity

The enzymatic activity of Bst—-RNase HIII was
determined under various conditions using the M13
DNA/RNA hybrid as a substrate. Like Bsu—RNase HIII,
Bst—RNase III exhibited enzymatic activity only at an
alkaline pH. The optimum pH for its activity was 8.5—
9.0 (data not shown). The dependence of enzymatic
activity on salt concentration was analyzed for NaCl and
KCl. Like Bsu—RNase HIII, Bst—RNase HIII exhibited
the highest activity in the presence of 100200 mM salt
(data not shown). However, unlike Bsu—-RNase HIII,
which exhibits similar activity in the presence of NaCl
and KC1,'? Bst-RNase HIII exhibited higher activity in
the presence of KCl than in that of NaCl by roughly
30%.

The dependence of Bst—RNase HIII activity on metal
ion concentration was analyzed for Mg>*, Mn?*, Co**,
and Ni** (Fig. 4). Like Bsu-RNase HIII, Bst-RNase
HIIT exhibited the highest activity in the presence of
50 mm MgCl,. However, unlike Bsu—RNase HIII, which
exhibits only 5% of maximal activity in the presence of
Mn?*,'2 Bst-RNase HIII exhibited roughly 60% of
maximal activity in the presence of Mn>*. Likewise,
Bsu—RNase HIII exhibits 4.3 and 0.7% of maximal
activity in the presence of Co** and Ni**, respective-
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Fig. 4. Dependence of Bst—-RNase HIII Activity on Divalent Metal
Ton Concentrations.

The enzymatic activities of Bst—-RNase HIII were determined at
30°C in 10 mM Tris—HCI (pH 8.5) containing 100 mm KCl, I mm 2-
mercaptoethanol, 50 xg/ml bovine serum albumin, and various
concentrations of MgCl, (O), MnCl, (@), CoCl, (A), or NiCl, (x),
using M13 DNA/RNA hybrid as a substrate. Note that Bst-RNase
HIII showed little RNase H activity in the presence of <0.1 mm of
these metal ions.

Table 1. Kinetic Parameters

” . Km Vmax
Enzyme Metal ion (um) (units/mg)
Bst-RNase HIII Mg?+ 0.48 2.6
Mn?* 0.22 1.5
Bsu-RNase HIII Mg**+ 0.25 14
Mn?*+ 0.17 0.7

The kinetic parameters of the enzymes were determined at 30°C in the
presence of 50mM MgCl, or 10mM MnCl, using the M13 RNA/DNA
hybrid as a substrate, as described in “Materials and Methods”. The
substrate concentration was varied from 0.1 to 1.0 uMm. Errors, which
represent the 67% confidence limit, are all at or below + 20% of the values
reported.

ly,'” whereas Bst-RNase HIII exhibited little activity in
the presence of these divalent cations. The kinetic
parameters of Bst—-RNase HIII and Bsu—RNase HIII
were determined at 30°C in the presence of 50 mm
MgCl, or 10 mM MnCl,. The results are summarized in
Table 1. The V. value of Bst—RNase HIII was 5-fold
lower than that of Bsu-RNase HIII when Mg>t was
used as a metal cofactor, whereas it was 2-fold higher
than that of Bsu—RNase HIII when Mn?* was used as
such. The K, values of these enzymes were comparable
with one another, regardless of whether they were
determined in the presence of Mg>* or Mn?>*. These
results suggest that the differences between Bst—RNase
HIIT and Bsu—RNase HIII activities and between their
activities in the presence of Mg?* and Mn?* mainly
reflect the difference in their hydrolysis rates, as
opposed to their substrate binding affinities.

The temperature dependence of enzymatic activity
was analyzed at 10-65°C. It was not analyzed at
>70°C, because the substrate is not stable at high

4

Digestion product (pmol)

0 10 20 30 40 50 60 70
Temperature (°C)

Fig. 5. Temperature Dependence of the Activities of Bst—-RNase HIII
and Bsu-RNase HIII.

The M13 DNA/RNA hybrid (10 pmol) was hydrolyzed by 10 pg
of Bst-RNase HIII (M) or 6pg of Bsu—RNase HIII (OJ) at the
temperatures indicated in 10 ul of the reaction mixture for 15 min,
and the amount of acid-soluble digestion products accumulated upon
enzymatic reaction was plotted against the temperature. The
composition of the reaction mixture for assay is described in
“Materials and Methods”.

Table 2. Specific Activities

Temperature Specific activity
Enzyme 0 (units/mg)

Bst—RNase HIII 30 1.9

40 39

50 8.2

60 18
Bsu—-RNase HIII 30 10

40 25

The specific activities of the enzymes were determined in the presence of
50 mm MgCl, using the M13 RNA/DNA hybrid as a substrate, as described
in “Materials and Methods”. The substrate concentration was 1.0 um. The
reaction was carried out for 15min at the temperatures indicated. Errors,
which represent the 67% confidence limit, are all at or below & 20% of the
values reported.

temperatures. As long as the amounts of acid-soluble
digestion products accumulated upon 15 min incubation
with the enzyme at 10-65°C were compared with one
another, Bst—-RNase HIII most effectively hydrolyzed
the substrate at 65 °C, whereas Bsu—RNase HIII did so at
45°C (Fig. 5). Thus the optimum temperature for Bst—
RNase HIII activity was apparently shifted upward by at
least 20°C as compared to that for Bsu—RNase HIII
activity. The specific activities of Bst—-RNase HIII and
Bsu—RNase HIII at various temperatures are summariz-
ed in Table 2. The specific activities of Bst—RNase HIII
at 60 and 50 °C were comparable to those of Bsu—RNase
HIII at 40 and 30°C, respectively, suggesting that the
specific activities of these enzymes at the optimal
growth temperatures of their host organisms (~65 °C for
B. stearothermophilus and ~45°C for B. subtilis) are
similar. The specific activities of Bst—-RNase HIII and
Bsu—RNase HIII were not determined at temperatures
higher than 60 and 40°C, respectively, because the
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Fig. 6. Autoradiograph of Cleavage Reaction Products by Bst-RNase
HIIL
Hydrolyses of the 5’-end labeled 12-base RNA hybridized to the
12-base DNA (A) and of the 5'-end labeled 29-base DNA-RNA—
DNA hybridized to the 29-base DNA (B) with Bst-RNase HIII were
carried out at 30 °C for 15 min. Products were separated on a 20%
polyacrylamide gel containing 7M™ urea, as described in “Materials
and Methods”. The concentration of the substrate was 1.0 uM. (A)
Lane 1, partial digest of the 12-base RNA with snake venom
phosphodiesterase; lane 2, untreated substrate; lane 3, hydrolysate
with 2.6 ng of the enzyme; lane 4, hydrolysate with 26 ng of the
enzyme; lane 5, hydrolysate with 260 ng of the enzyme. (B) Lane 1,
partial digest of the 29-base DNA-RNA-DNA with snake venom
phosphodiesterase; lane 2, untreated substrate; lane 3, hydrolysate
with 2.6 ng of the enzyme; lane 4, hydrolysate with 26 ng of the
enzyme; lane 5, hydrolysate with 260ng of the enzyme. The 3'-
terminal residue of each oligonucleotide generated by partial
digestion with snake venom phosphodiesterase is shown along the
gel.

amounts of acid-soluble digestion products did not
increase in proportion to increases in reaction time for
15min at these temperatures. These enzymes probably
are not fully stable for 15 min at these temperatures.

Cleavage of oligomeric substrates

Two different oligomeric substrates have been exam-
ined for cleavage by Bsu—RNase HIIL'? One is a 12-
base pair RNA/DNA hybrid that is cleaved at multiple
sites, but most preferably at a4—g5 and less preferably at
a9—10 and cl-g2. The second is a 29-base pair DNA—
RNA-DNA/DNA substrate that is cleaved mainly in the
middle of the tetraribonucleotide. We used these
substrates, labeled at their 5’-ends, to examine whether

A

3'-ggcaguagaggc-5"'
5'"~CCGTCATCTCCG-3"

B

3'-GAAACGGTAGARAaaaaGAAAAAGAGATAA-S'
5'"-CTTTGCCATCTTTTTTCTTTTTCTCTATT-3"

Fig. 7. Sites and Extent of Cleavages by Bst—-RNase HIII.

Cleavage sites of the 12-base pair RNA/DNA hybrid (A) and
those of the 29-base pair DNA-RNA-DNA/DNA substrate (B) with
Bst-RNase HIII are shown by arrows. The differences in the lengths
of the arrows reflect relative cleavage intensities at positions
indicated. Deoxyribonucleotides are shown by capital letters and
ribonucleotides by small letters.

and how Bst—RNase HIII hydrolyzes them. The results
are shown in Fig. 6 and summarized in Fig. 7. When the
12-base pair RNA/DNA hybrid was used as a substrate,
the enzyme cleaved it at multiple sites, as did Bsu—
RNase HIII, but with a slightly different preference. It
cleaved this substrate preferentially at a9—c10, with
minor products resulting from cleavages at a4—g5 and
u7-g8. When the 29-base pair DNA-RNA-DNA/DNA
substrate was used as a substrate, Bst—RNase HIII
preferentially cleaved it at the middle of the tetra-
adenosine region (al5-al6), like Bsu—RNase HIII. It
cleaved this substrate at al4—al5 and al6-al7 as well,
but with much lower frequencies.

Stability

In order to compare the thermal stability of Bst—
RNase HIII and Bsu—RNase HIII, they were incubated in
20mmM Tris—HCI (pH 7.5) containing 0.1 M NaCl, 1 mm
EDTA, 10% glycerol, and 0.1 mg/ml BSA at various
temperatures for 10 min, and the residual activities were
determined at 30 °C. Under this condition, both enzymes
were irreversible in thermal denaturation. The protein
concentrations were 5-8ng/ml. Under this condition,
the temperature (7 /,) at which the enzyme loses half of
its activity was roughly 55 °C for Bst-RNase HIII and
35°C for Bsu—RNase HIII (Fig. 8). Thus Bst—RNase
HIII was more stable than Bsu—RNase HIII by roughly
20°C in T] /2-

Note that Bsu—RNase HIII was not fully stable at
30°C under the condition mentioned above and that it
loses roughly 20% of its activity upon incubation at
30°C for 10min (Fig. 8). However, when its activity
was measured at 30°C, the amount of the product
increased in proportion to the reaction time for up to
30min (data not shown). The enzyme is probably
stabilized in the presence of divalent metal ions and/or
substrate, such that it is fully stable at 30 °C.
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Fig. 8. Thermal Stability of Bst-RNase HIII and Bsu—-RNase HIII.
The enzyme (5-8ng/ml) was incubated in 20mMm Tris—HCI
(pH 7.5) containing 0.1 M NaCl, I mm EDTA, 10% glycerol, and
0.Img/ml BSA for 10min at the temperatures indicated and
examined for residual activity at 30°C. The residual activities of
Bst—RNase HIII (W) and Bsu—RNase HIII (OJ) are plotted against the
temperature.

Discussion

Metal ion dependence of activity

Bst-RNase HIII prefers Mg?* to Mn”* for activity,
like Bsu-RNase HII!'? and E. coli RNase HI2Y
although it shows much weaker preference for Mg+
than the other two enzymes. The dependence of its
activity on metal ion concentration is similar to that of
Bsu—RNase HIIL'? however, but is different from that
of E. coli RNase HL.?>?% Bst-RNase HIII and Bsu—
RNase HIII exhibit maximal Mg?*- and Mn?*-depend-
ent activities in the presence of 50 mm MgCl, and 10 mm
MnCl,, respectively, while E. coli RNase HI exhibits
maximal Mg?>T- and Mn?>*-dependent activities at
~5mMm and 0.5 uM, respectively. It has been reported
that the binding affinity of Mn?* to E. coli RNase HI is
higher than that of Mg?>* by ~100-fold, and that this
difference accounts for the difference in the concen-
trations of these metal ions required for maximal
activity.”” Therefore Mg?>* and Mn’* bind to Bst—
RNase HIII with similar binding affinities, comparable
to that of Mg?* to E. coli RNase HI.

Crystallographic studies of E. coli RNase HI*? and
the RNase H domain of HIV-1 RT!? in complex with
Mn?* indicated that two Mn”* ions bind to the active
site of the enzyme, which is formed by four acidic
active-site residues. Site 1 is formed by three of them
(Asp'?, Glu*®, and Asp’® for E. coli RNase HI), and site
2 is formed by two of them (Asp'® and Asp'3* for E. coli
RNase HI). These sites are located 4 A apart. It has been
proposed that E. coli RNase HI is activated upon
binding of the first metal ion at site 1 and that this
activity is attenuated upon binding of the second metal
ion at site 2.2> However, only a single Mg>* ion binds to
E. coli RNase HI at a site close to site 1 even in the
presence of 50mM MgCl,,*" suggesting that this
concentration is not sufficient to allow Mg?* to bind

site 2. The dissociation constant of the first Mg>* ion has
been found to be 200 um*? or 710 um.*» The dissoci-
ation constant of the second Mg?* ion might increase
dramatically due to a dramatic decrease in the negative
charge density at the active site upon binding of the first
Mg+ ion.

The similarity in the configurations of the four acidic
active-site residues, which are fully conserved in the
RNase H sequences, in type 1 and type 2 RNase H
structures'®'® might suggest that the two metal binding
sites identified in the E. coli RNase HI structure are
conserved in all RNase H structures. In fact, the
activities of E. coli RNase HIL>® A. fulgidus RNase
HIL*" and Bsu—RNase HII'? are also strongly attenu-
ated at high metal ion concentrations. However, attenu-
ation of activity at high metal ion concentrations was
not clearly detected for the Mg>*- or Mn?*-dependent
activity of Bst-RNase HIII either (Fig. 4). Mg?>* has a
high concentration inhibition profile similar to that of
E. coli RNase HI (Fig. 4). However, it is unclear
whether this is caused by binding of the second Mg+
ion at site 2, because Mg?* interacts strongly with the
substrate and thereby inhibits activity at high concen-
trations. It has also been reported with respect to
Bsu-RNase HIIL'? M. jannaschii RNase HIL>> and T.
kodakaraensis RNase HII*® that neither Mg?* nor Mn?+
has a high concentration inhibition profile. The second
Mg>* or Mn?* ion might not be able to bind site 2 of
these enzymes due to their weak binding affinities.
Alternatively, these enzymes contain only a single metal
binding site.

Multiplicity of the RNase H genes

Single bacterial and eukaryotic genomes usually
contain two different genes encoding type 1 and type 2
RNases H.2 For example, the E. coli genome contains
the RNase HI and RNase HII genes, and the human
genome contains the RNase H1 and RNase H2 genes.
The B. subtilis genome also contains two RNase H
genes, but is unique in the combination of the types of
RNases H. It contains two type 2 RNase H genes, viz.,
the RNase HII and RNase HIII genes. Previously we
found that the B. stearothermophilus genome contains
the RNase HII gene,* indicating that this genome also
contains the RNase HII and RNase HIII genes.

The physiological significance of the multiplicity of
the RNase H genes in single cells remains to be
understood. However, a B. subtilis mutant lacking both
the RNase HII gene and the RNase HIII gene exhibits a
lethal growth phenotype, whereas a B. subtilis mutant
lacking either one of these genes grows normally.*? This
result suggests that these RNases H are involved in
important cellular processes in a complementary man-
ner. The combination of types of RNases H varies for
different organisms.” However, no genome with the
combination of the RNase HI and RNase HIII genes has
so far been identified. The enzymatic properties of Bst—
RNase HIII and Bsu—RNase HIII resemble those of
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E. coli RNase HI, as opposed to those of Bst—RNase HII
or Bu-RNase HII, in the metal-ion preference and
cleavage site specificity of the 29-base pair DNA-RNA—
DNA/DNA substrate. Hence, it is plausible to speculate
that the cells require both RNase HI-like and RNase HII-
like activities for normal growth. To answer the question
whether RNase HIII acquires RNase HI-like activity by
assuming a structure different from that of RNase HII,
structural studies of RNase HIII are necessary. The
availability of a thermostable B. stearothermophilus
RNase HIII should facilitate these structural studies.
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