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Abstract

Halo-RNase H1 is an acidic type 1 RNase H from extreme halophilic archaecon Halpbacterium sp. NRC-1. Studies
on its folding by CD spectroscopy and determinétion of its crystal structure indicate that suppression of negative
charge repulsion on the protein surface by salt or by binding of divalent metal ions to the bi/quad-aspartate sites
is necessary for its folding. Cleavage of Okazaki fragment-like substrate and double-stranded DNA (dsDNA)
containing a single ribonucleotide by Halo-RNase H1 and E. coli RNase H1 indicates that both enzymes exhibit
8’-junction ribonuclease (3"-JRNase) activity and cleave these substrates at the (5)RNA-DNA(3) junction. This
activity is necessary to completely remove single ribonucleotides misincorporated into DNA during replication in

cooperation with &5'-JRNase activity of type 2 RNase H2.

Chapter 1: General Introduction )

Ribonuclease H (RNase H) cleaves the P-O3’ bond of the RNA strand of RNA/DNA hybrids in the presence of
manganese or magnesium ions. It can also cleave an Okazaki fragment-like substrate and dsDNA containing a
single ribonucleotide at around the (5)RNA-DNA(3") junction. RNases H are divided into two families. While type
1 RNases H {(RNases HI1) are responsible for processing the stretches of more than three ribonucleotides, mainly
formed during DNA replication of the lagging strand and are the constituents of Okazaki fragments, type 2
RNases H (RNases H2) are involved in DNA repair mechanisms for their ability to cleave single ribonucleotides
misincorporated into nascent strands of DNA. RNase H1 from Halobacterium sp. NRC-1 (Halo-RNase H1)
consists of an N-terminal domain with unknown function and a C-terminal RNase H domain. It exhibits
3-JRNase activity. Like other proteins from halophilic organisms, Halo-RNase H1 is an acidic protein with the pJ
value of 4.2, suggesting that it is not folded in a low salt condition due to negative charge repulsion on the protein
surface. However, it remains to be determined whether Halo-RNase H1 requires high concentration of salt for
folding. It also remains to be determined whether Halo-RNase H1 exhibits 3-JRNase activity for dsDNA

containing a single ribonucleotide.

Chapter 2: Role of divalent metal ions in the catalysis and folding of Halo-RNase H1

Halo-RNase H1 is active in a low salt condition in the presence of moderate concentrations of divalent metal ions.
The far- and near-UV CD spectra suggested that Halo-RNase H1 assumes a partially folded state (I) in the
absence of salt and divalent metal ions and a fully folded state (N) in the presence of >2 M NaCl, 25 mM MnCls or
>300 mM MgCle. Determination of the enzymatic activity showed that the op'timum concentration of divalent
metal ions for activity was several folds lower in a high salt condition than in a low salt condition. These results
suggest that divalent metal ions play a dual role in the catalysis and folding of Halo-RNase H1. In a low salt
condition, Halo-RNase H1 requires divalent metal ions not only for activity but also for folding, while in a high
salt condition, Halo-RNase H1 requires them only for activity.

Chapter 3: Crystal structure of Halo-RNase H1
The crystal structure of Halo-RNase H1 was determined at 1.4 A resolution in the presence of 10 mM MnClz. The
refined model consists of two molecules both lacking the N-terminal domain. The main-chain fold of Halo-RNase




H1 and the steric configuration of its four active site residues showed high similarity with other RNases H1. The
surface of the protein is negatively charged due to the abundance of acidic residues. Three bi-aspartate sites were
found to be present on the surface, two of which are located close to each other forming a quad-aspartate site.
Molecule A in the crystal lattice containing two molecules (A and B} contacts the active site of molecule B through
one bi-aspartate site, the active site of molecule A" from another lattice through its quad-aspartate site, and the
quad-aspartate site of molecule A' through its active site. All these contacts are mediated with manganese ions.

Chapter 4: Divalent metal ion-induced folding mechanism of Halo-RNase H1

To understand the mechanism behind the folding of Halo-RNase H1 induced by divalent metal ions, the active
site mutant {2A-RNase H1), the bi/quad-aspartate site mutant (6A-RNase H1), and the mutant at both sites
(8A-RNase H1) were constructed. The far-UV CD spectra of these mutants suggest that 2A-RNase H1 mainly
exists in the I state, 6A-RNase H1 exists in both the I and N states, and 8A-RNase H1 exists in the N state in a
low salt condition. Another RNase H from the same organism (Halo-RNase H2) also exists in thé T and N states in
low and high salt conditions respectively, but does not exist in the N state in the absence of salt and presence of
divalent metal ions. Halo-RNase H1 contains a quad-aspartate site, whereas Halo-RNase H2 does not contain it,
suggesting that binding of divalent metal ion(s) to the quad-aspartate site induces folding of Halo-RNase H1.

Chapter 5: Role of type 1 RNase H in DNA repair

An Okazaki fragment-like substrate and dsDNA containing a single ribonucleotide were cleaved by Halo-RNase
H1 and another type 1 RNase H, E. colf RNase H1. Interestingly, both enzymes cleaved this duplex at the
(5 RNA-DNA(3) junction in the presence of MnCls. Stepwise cleavage of this duplex with E. coli RNases H1 and
H2 in this order or in the inversed order allowed to excise the ribonucleotide from this duplex. These results
suggest that type 1 and type 2 RNases H are able to completely remove a single rINMP misincorporated into

dsDNA in an unordered yet cooperative manner.

Chapter 6: General Discusaion _

For several years, ribonucleotide excision repair (RER) pathway has captured the attention of many researchers
for its critical role in maintaining the integrity of the genome and the fidelity of the transferred hereditary
material. Structural and functional characterization of Halo-RENase H1 from Halobacterium sp. NRC-1 has led me
to further investigate and understand the possible role of type 1 RNase H in this repair pathway. Structurally,
this thesis elaborates the unique folding behavior of Halo-RNase H1 catalyzed by divalent metal ions and
explains this folding mechanism using site-directed mutagenesis approach following the structure determination,
Functionally, this thesis proposes a new role for type 1 RNase H in the removal of single rNMPs misincorporated
into the genome in a cooperative manner with type 2 RNase H.
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Figorit, BERIER Halobacteriumsp. NRC-1 132 ;R 7 7 —¥ H1 (Halo-RNase Hl) D 2EERA 4
KT AR I R T F— AT 4 4 L 1B RNase H (RNase H1) @ DNA {EI34F 5 BBz oW CHF
FHLELOTHY, UTIRT LI, Fi, AR4AE, BIURBELBHEREIN TS, B 18 (F3H) T, RNase
H D4R, AERHEE, MG, AhUhnl RN It T A T ETOER E L BB L L bz, ABISEDR
H&EBEEEZETN D, B 2ETH, Halo-RNase HLIHEREORE (NaCl) FET TSI T A —NTF 4 7
Lz TRIEOME R BRTHZ &, BRE (2MLALE) @ NaCl &3V 5 oM B4 MnCl, <2 300 mM BL_ED MgCl,
ETTHERIZ 7+ —NT 1 7 L NRIBOWEEBRET D Z E2HA LML TS, B3 ETIE, 10 oM MaCl,
FETTC742—/AF 4 ¥ LicHaloRNase Hl OFEREEEWEST S 2 L1210 Halo-RNase H1 D&MD RNase
HI g L E<EITO 35, HFREITIE bi-Asp BRI quad-Asp BRI 2 HERET 5 Asp 213 UHEMERENR L TF
FET B, MOABHEHFUTWAZEEHLMCLTWS, ik, Halo-RNase Hl j3E /= —CHEETBHIZHH
DoF, FRP TR 2L DL FA 2E0 WP & 4t U THREER L THEY . 70 T M IE— 2045 T OEER
fLEBIOFD bi-Asp ZRfERe quad-Asp B & BT LCWvWA 2 P FHLMZLTWA, EB4E T, BH-ESRER
bi/quad-Asp MDA ERMRBLAE LA LREEEEHEETHZ LIZL Y, bi/quad-Asp FHL~D Mn* DFEEHR
Halo-RNase Hl D7 A+ — N5 4 W FEFETDH L ERBMIZ LTS, E7-, quad-Asp EML % b 7-720 > Halo-RNase
H2 D74 —N7 4 7 IEEREOREC L > THEIN M, 20eRA AV TRFERENZNI LD D, Halo-
RNase HI1 D7+ —AF 1 > 711, quad-Asp #{E~D M OESIC LY BB I h, %i&ﬂw_/\o) M2 OESIc L Ve
FlEEh3Z LEHLRPIZLTVD, ESETE, V<25® RNase Hl 23%7% 3-junction ribonuclease (3'-
JRNase) &% . KIBE RVase Hl LiFx 2 GpEEEAVTEITT5Z LIz LY, 3-JRNas 7EHEE, RNA #1
FBREST A DNA % RNA @ 3{UTEIE 35 Z &, RNase H2 @ 5-JRNase fE#: L AT HEAZ EICEV IO
RNA £#Z2ICRETHLEEZHLAIILTVD, F6FE (BB T, AFRTHRLNEERICESE, 264R
A FVAEIFT D HaloRNase HL D=7 BT 4 —AF 4 ¥ FHEE | DN OBERFIZHEE > T L D TEhis RVA
DEREEEIZBIT S type 1 Rase HOFRENZSWTHEETH E L LIZ, SEOEBZEIZOWTHERTHE,
koL 5z, FERICH Halo-RNase H1 O 7 4 —/F 1 o ZHHE L INAEEIZBIT S type 1 RNase H O&FC
BLTHERMRZRWELARTERE,, Lo THRBLIEIRLE L CHELS LD EED S,




