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Correct removal of RNA primers of Okazaki fragments during lagging-strand DNA synthesis is a critical
process for the maintenance of genome integrity. Disturbance of this process has severe mutagenic conse-
quences and could contribute to the development of cancer. The role of the mammalian nucleases RNase HI
and FEN-1 in RNA primer removal has been substantiated by several studies. Recently, RNase H(35), the
Saccharomyces cerevisiae homologue of mammalian RNase HI, was identified and its possible role in DNA
replication was proposed (P. Frank, C. Braunshofer-Reiter, and U. Wintersberger, FEBS Lett. 421:23-26,
1998). This led to the possibility of moving to the genetically powerful yeast system for studying the homologues
of RNase HI and FEN-1, i.e., RNase H(35) and Rad27p, respectively. In this study, we have biochemically
defined the substrate specificities and the cooperative as well as independent cleavage mechanisms of S. cere-
visiae RNase H(35) and Rad27 nuclease by using Okazaki fragment model substrates. We have also determined
the additive and compensatory pathological effects of gene deletion and overexpression of these two enzymes.
Furthermore, the mutagenic consequences of the nuclease deficiencies have been analyzed. Based on our
findings, we suggest that three alternative RNA primer removal pathways of different efficiencies involve RNase

H(35) and Rad27 nucleases in yeast.

Replication of double-stranded DNA is an asymmetric pro-
cess. While leading-strand synthesis proceeds continuously,
lagging-strand synthesis takes place by synthesis, processing,
and ligation of Okazaki fragments (39). These fragments, mea-
suring about 200 nucleotides (nt) in eukaryotes, are primed by
DNA polymerase alpha/primase with a short oligoribonucleo-
tide of 7 to 14 residues. Before the nascent Okazaki fragments
are ligated to form a continuous lagging strand, the short RNA
primers must be removed by an enzyme exhibiting RNase H
activity. Although several such enzymes from eukaryotes are
known, the process of RNA primer hydrolysis is as yet not fully
understood.

An RNase H was first detected in calf thymus extracts (57).
Subsequently, RNase H enzymatic activity was detected in all
prokaryotes and eukaryotes examined as well as in a bacterio-
phage and in retroviruses as a part of reverse transcriptases
(for reviews, see references 12 and 66). Generally, RNases H
are defined as ribonucleotide-specific endonucleases, cleaving
the RNA portion of RNA-DNA/DNA or RNA/DNA du-
plexes. Several RNases H implicated in RNA primer removal
have been purified and/or cloned from diverse organisms rang-
ing from bacteriophages to human cells (see, e.g., references 8,
9, 13, 14, 24, 26, 37, 51, and 52). Nevertheless, conclusive
evidence of the involvement of these enzymes in primer re-
moval is still lacking. In the budding yeast, Saccharomyces
cerevisiae, three different RNases H were identified and par-
tially characterized as RNase H(70), RNase H1, and RNase
H(35) (17, 32, 34). These enzymes are evolutionarily related to
prokaryotic as well as to mammalian counterparts, as summa-
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rized in Table 1. The amino acid sequences are highly con-
served within each RNase H family (18); however, sequence
similarity between families is very low except at acidic residues
of putative active sites. Mammalian RNase HI and HII pro-
teins can be distinguished from each other based on size,
charge, metal cation requirements, and serological properties
(62). Moreover, evidence from the bovine system suggests that
the activity of the large RNase HI correlates with DNA repli-
cation whereas that of the small RNase HII correlates with
transcription (7). RNA-DNA junction-specific RNase activity
of bovine RNase HI was recently demonstrated by using a
model Okazaki fragment as substrate (45), which indicates the
participation of this enzyme in the removal of RNA primers
during lagging-strand DNA synthesis. Upon purification of calf
thymus RNase HI, two polypeptides with molecular masses of
32 and 21 kDa were obtained (8, 18). Recent studies by Frank
et al. (18) demonstrated that (i) a 33.4-kDa human polypep-
tide, the equivalent of the above-mentioned enzymatically ac-
tive protein, is the large subunit of RNase HI, and (ii) this
subunit is evolutionarily conserved in various organisms in-
cluding S. cerevisiae and Escherichia coli.

The flap endonucleases 1 represent another family of nucle-
ases involved in RNA primer removal. This evolutionarily con-
served family includes mammalian FEN-1 nucleases, S. cere-
visiae Rad27p, archaebacterial FEN-1 nucleases, 5'-nuclease
domains of bacterial DNA polymerases I, and viral 5'-exo-
nucleases. Mammalian FEN-1, a Mg®*-dependent metallo-
nuclease, possesses both 5'—3" exonuclease and flap endonu-
clease activities (3, 11, 40, 54). As an exonuclease, the enzyme
recognizes and cleaves the 5" phosphodiester bond within a 3’
overhang of a double-stranded nucleic acid substrate. The ex-
onuclease activity is stimulated by an upstream primer and is
most efficient for nicked duplex substrates. As a flap endonu-
clease, the enzyme recognizes branched nucleic acid structures
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TABLE 1. Evolutionary relationship of RNase H

RNase H in:
References
Retroviruses E. coli S. cerevisiae Mammalian cells (e.g., bovine and human)
Reverse transcriptase (RNase H domain) RNase HI RNase H1 RNase HII 12, 32, 66
— RNase HII RNase H(35) RNase HI (large subunit) 8, 17, 31, 45
— — RNase H(70) GOR antigen 19

¢ —, not detected.

containing a single-stranded 5’ flap. It cleaves at junctions
where the two strands of duplex DNA adjoin a single-stranded
arm without the need for any accessory proteins (23, 25, 30, 41,
44, 47, 67). The enzyme is unable to cleave bubble substrates,
3’ single-stranded flaps, heterologous loops, and Holliday junc-
tions (40). Crystal structures of several FEN-1 nuclease homo-
logues have been determined, facilitating the elucidation of
molecular mechanisms and structure-function relationships of
this structure-specific nuclease family (10, 27, 29, 36, 43).

Rad27p is the yeast homologue of mammalian FEN-1, and
therefore it is reasonable to assume that it might have analo-
gous functions in this lower eukaryote. Several distinct pheno-
types have been identified in the yeast null mutant, includ-
ing conditional lethality, elevated spontaneous recombination
rate, chromosomal instability, and high sensitivity to methyl
methanesulfonate and UV radiation (46, 50). These identified
phenotypes indicate the in vivo functions of Rad27 nuclease in
DNA replication, repair (1, 35, 38), and prevention of trinu-
cleotide repeat expansion and contraction (20, 22). In vitro
reconstitution experiments demonstrated that mammalian
FEN-1 together with RNase HI is required for RNA primer
removal (23, 28, 30, 45, 61, 63, 64). It has been proposed that
in this process FEN-1 participates in RNA primer removal by
either of two pathways: endonucleolytically, by cleaving the 5’
flap structure resulting from a DNA polymerase-displaced 5’
end of the downstream Okazaki fragment, or exonucleolyti-
cally, by cleaving the last ribonucleotide adjacent to the deoxy-
ribonucleotide portion of the Okazaki fragment after RNase H
had degraded the rest of the RNA primer (3).

Recently, RNase H(35), the S. cerevisiae homologue of
mammalian RNase HI, was identified and its possible role in
DNA replication was proposed (17). This led to the possibility
of moving from the mammalian system to the genetically pow-
erful yeast system for studying the homologues of RNase HI
and FEN-1 at the same time. In this study, we have biochem-
ically determined the substrate specificity and the cooperative
as well as independent cleavage mechanisms of S. cerevisiae
RNase H(35) and Rad27 nucleases by using Okazaki fragment
model substrates. We have examined the additive and com-
pensatory pathological effects of these two enzymes by gene
deletion and overexpression. Furthermore, the mutagenic con-
sequences of the nuclease deficiency have been analyzed.
Based on the above findings, we have suggested three alterna-
tive RNA primer removal pathways involving RNase H(35)
and Rad27 nucleases in yeast.

MATERIALS AND METHODS

Biochemical reagents and yeast media. Oligonucleotides used for amplifying
genes and constructing null mutant strains were synthesized in the City of Hope
Cancer Center core facility. The vector pET-28b was from Novagen (Madison,
Wis.), and E. coli XL2-Blue and pCR-Script vector were from Stratagene (La
Jolla, Calif.). Restriction enzymes and T4 polynucleotide kinase were obtained
from New England Biolabs (Beverly, Mass.). [y-*°P]ATP, [a-**P][dGTP, and
cordycepin-5'-[a-*?P]triphosphate were purchased from NEN (Boston, Mass.).
Pre-packed FPLC Ni** chelating columns and desalting columns were pur-
chased from Pharmacia Biotech (Piscataway, N.J.). The protein assay kit was
from Bio-Rad (Hercules, Calif.). Yeast culture media including yeast extract-

peptone-dextrose (YPD), synthetic complete (SC), minimal-sporulation, and
synthetic dextrose minimal (SD) media were prepared by the method of Sher-
man et al. (55). Amino acids and all other medium components and chemicals
were purchased from Sigma (St. Louis, Mo.). PCR reagents were purchased from
Promega (Madison, Wis.).

Plasmids. The marker genes TRPI, HIS3, and URA3 were used to disrupt the
RNH1, RNH35, and RNH70 genes, respectively. pPRUT?7, the plasmid harboring
the marker gene TRP1, was used for deletion of the RNHI gene. It is a hybrid of
the 4,887-bp EcoRI-Sall fragment of YIp5 and the 2,108-bp fragment produced
by partial digestion of YRp7 with EcoRI and Sall (58) and was constructed by E.
Heidenreich (see below for more details). The plasmid used for RNH35 deletion
was pJJ215 (marker HIS3), a gift from L. Prakash’s laboratory (33). RNH70 was
deleted by using pYEUra3 (marker URA3; Clontech).

The yeast expression plasmid for RNase H(35) was constructed with pDB 20,
a URA3- (selection marker) and ADHI (promoter)-based yeast expression vector
(16). The open reading frame (ORF) of the RNH35 gene was PCR amplified
with a pair of primers, RNHF (5'-AGTGAAAGCTTCATATGGTACCCCCC
ACGGTAG-3") and RNHR (5'-CACAGAATTCACTCGAGCCGGTACCAA
TTATCTAGG-3'). The amplified DNA fragment (blunt ended) was then in-
serted into the pCR-Script Amp SK(+) cloning vector (Stratagene). The plasmid
with the insertion of the RNH35 ORF in the forward orientation was digested
with HindIIl. The fragment was then inserted into pDB 20 at the HindIII cloning
site. The orientation of the resulting plasmid, pDB-RNH35, was determined.
The plasmid was sequenced to confirm the integrity of the coding sequence and
transformed into yeast cells. (iii) Plasmids for Hiss-tagged RNase H(35) and
Rad27 protein overexpression in E. coli were constructed as follows. The coding
sequence of the S. cerevisiaee RNH35 gene was cloned into pET-28b vector
(Novagen) with PCR primers RNHF (5'-AGTGAAAGCTTCATATGGTACC
CCCCACGGTAG-3") and RNHR (5'-CACAGAATTCACTCGAGCCGGTA
CCAATTATCTAGG-3") containing Ndel and Xhol sites, respectively (under-
lined); and purified total S. cerevisiae genomic DNA as a template. The resulting
plasmid, pET-RNH35, was sequenced, and no mutation was found. To overex-
press Rad27 protein in E. coli, the RAD27 ORF was PCR amplified with primers
RAD-OV1 (5'-ACAGCAGAAGCTTCCATGGGTATTAAAGGTTTGA-3')
(the Ncol restriction site is underlined) and RAD-OV2 (5'-ACCTAGGAAGC
TTACTCGAGTCTTCTTCCCTTTGTGACT-3') (the Xhol restriction site is
underlined). The amplified DNA fragment was then cloned into pET28b at the
Ncol and Xhol sites and sequenced to confirm its correct nucleotide sequence.
The resulting plasmid was named pET-RAD27.

Overexpression and purification of RNase H(35). To overexpress the RNase
H(35) protein, pET-28b and pET-RNH were transformed into GJ1158, an E. coli
strain harboring a chromosomal T7 RNA polymerase gene inducible by high salt
concentrations (4). Colonies were inoculated into 1 liter of LBON (NaCl omitted
from Luria broth) broth supplemented with 30 pg of kanamycin per ml. Cultures
were grown at 37°C to an optical density (OD) of 0.6 and then subjected to
induction at 30°C with 0.3 M NaCl for 3 h. The cells were harvested and stored
at —80°C until use. RNase H(35) protein was highly expressed, but a major
portion of the protein remained in inclusion bodies.

The protein was purified from inclusion bodies by using a built-in C-terminal
His tag as follows. All of the purification steps were performed at 4°C. The stored
cells were thawed in a mixture of ice and water and resuspended in 80 ml of lysis
solution (100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCI [pH 8.0], 0.5 mg of
lysozyme powder per ml). The solution was incubated at room temperature for
1 h and then was centrifuged at 10,000 X g for 20 min. The pellet was resus-
pended in 40 ml of ice-cold lysis solution (100 mM NaCl, 1 mM EDTA, 0.1%
sodium deoxycholate, 50 mM Tris-HCI [pH 8.0]) and incubated for 10 min on ice
with occasional mixing. The lysate was pushed through an 18-gauge needle 10
times and centrifuged at 23,000 X g for 20 min to reduce the viscosity. The pellet
was washed by being resuspended in 40 ml of wash buffer (1% Nonidet P-40, 100
mM NaCl, 1 mM EDTA, 50 mM Tris-HCI [pH 8.0]) and in 40 ml of wash buffer
without Nonidet P-40. After centrifugation at 23,000 X g for 20 min, the pellet
was dissolved in 25 ml of buffer A (10 mM Tris-HCl, 0.5 N NaCl, 5 mM
imidazole, 6 M urea, [pH 7.9]) and incubated on ice for 1 h to dissolve the
inclusion bodies. Then the sample was centrifuged at 23,000 X g for 45 min to
remove the debris. A 5-ml HiTrap chelating Ni** column (Pharmacia) was
equilibrated with buffer A by fast protein liquid chromatography (FPLC) (Phar-
macia). After loading, the column was washed with 25 ml of buffer A and 25 ml
of buffer A with 30 mM imidazole and eluted with a 50-ml linear gradient from
30 to 300 mM imidazole in buffer A at 2 ml/min. An aliquot of each fraction was
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TABLE 2. S. cerevisiae strains used in this study

Strain® Deleted gene(s) Genotype Sources
W1021-7¢ Wild type a ade2-1 canl-100 his3-11,17 leu2-3 ura3-1 R. Rothstein
W1089-6¢ Wild type a ade2-1 canl-100 his3-11,17 trpl-1 ura3-1 R. Rothstein
*1C2-1 RAD27 o rad27:LEU2 This work
*R27-H35 RAD27 and RNH35 a rad27:LEU2 rnh35::HIS3 This work
AK310 Wild type a ade2-1 canl-100 his3-11,15 leu2-3,112 ura3 ssdl U. Wintersberger
ABFRH35a RNH35 a rnh35::HIS3 P. Frank
ABFRH35b RNH35 o rnh35::HIS3 P. Frank
ABC39a RNH1I a rnhl::TRP1 P. Frank
ABC39b RNH]I o rnhl::TRPI P. Frank
ABC70a RNH70 a rnh70::URA3 P. Frank
ABC70b RNH70 a rmh70::URA3 P. Frank
RKY2672 Wild type a ade2-1 ade8 hom3-10 his3A200,17 leu2Al lys2ABgl trpl A63 ura3-52 R. D. Kolodner

- RKY2608 RAD27 a rad27::hisG-URA3-hisG R. D. Kolodner
- MEXOla EXO1 a exol::LEU2 This work
- MEXO1b EXO1 a exol::URA3 This work
- MRAD27a RAD27 arad27:LEU2 This work
- MRAD27b RAD27 a rad27:URA3 This work
- MMSH2a MSH?2 a msh2::TRPI This work
- MMSH2b MSH2 a msh2::hisG-URA3-hisG This work
- MBFRH35a RNH35 a rnh35::HIS3 This work
- MBFRH35b RNH35 o rnh35:HIS3 This work
- MR27H35 RAD27 and RNH35 — rad27:URA3 mh35::HIS3" This work
- MBC39a RNH1 a rnhl::TRP1 This work
- MBC39b RNHI a rmhl:TRPI This work
- MBC70a RNH70 a rnh70::URA3 This work
- MBC70b RNH70 a rmh70::URA3 This work

@ *, derivatives of W1021-7c and W1089-6c; A, derivatives of AK310; -, derivatives of RK'Y2672. The genotype of all the derivatives from the same parental strains

is indicated only in their differences from the parental strains.
> — mating type not determined.

run on a sodium dodecyl sulfate (SDS)-10%-polyacrylamide gel and stained with
Coomassie brilliant blue R-250 to inspect the purity. Protein from the appropri-
ate pooled fractions was renatured by exchanging the buffer with decreasing
concentrations of urea. Finally the protein fractions were desalted with a desalt-
ing buffer (10 mM Tris-HCI, 150 mM NaCl [pH 8.0]) on a HiTrap desalting
column (Pharmacia). Protein concentrations were determined by the Bio-Rad
protein assay.

An attempt was also made to purify the RNase H(35) from the soluble fraction
of transformed E. coli cell crude extract by following the protocol recommended
by Novagen and using nondenaturing conditions. Multiple proteins were ob-
tained with this preparation, including a dominant band migrating at the same
molecular weight as the purified and denatured RNase H(35). This partially
purified enzyme was used in an RNase H activity assay with substrate 4 and the
conditions described below. The first five amino acid residues at the N- terminus
of the RNase H(35) proteins purified under both conditions and excised from the
SDS-gel were sequenced in the City of Hope Comprehensive Cancer Center core
facility. This was done to confirm that the desired protein was used in all
subsequent experiments. The RNase H activity of the purified and renatured
enzyme has been compared to the partially purified native protein to confirm the
restoration of the enzyme activity. Total intensities of the products produced
within 10 min at 37°C were normalized with the total protein(s) added to the
reaction mixture (see Fig. 1C).

RNA/DNA hybrid substrate preparation. Nine RNA/DNA hybrid substrates
were constructed for the assays described below. These substrates are schemat-
ically depicted in Fig. 2A and were designed to mimic Okazaki fragments in
different dynamic situations. The activities of purified recombinant RNase H(35)
and Rad27 nuclease were tested on these substrates. Substrates were labeled on
the 5’ or 3" end by using T4 polynucleotide kinase (NEB) or terminal transferase
(Gibco-BRL) with [y-*?P]ATP or cordycepin-5'-[a->*P]triphosphate, respec-
tively. The labeled 21-ribonucleotide—30-deoxyribonucleotide junction oligonu-
cleotide (5'-gggaacaaaagcuugcaugccTGCAGGTCGACTCTAGAGGATCCCC
GGGTA-3") was used as a single-stranded RNA-DNA substrate (substrate 1)
(RNA is in lowercase letters, and DNA is in capital letters). This oligonucleotide
was also annealed to the 72-mer DNA template (5'-TACCCGGGGATCCTCT
AGAGTCGACCTGCAGGCATGCAAGCTTTTGTTCCCCATTACGGCTCT
CCGAGTTAT-3") to obtain a 3" overhang (substrate 2); annealing substrate
1 and the oligonucleotide 5'-ATAACTCGGAGAGCCGTAATG-3' produced a
nicked duplex, substrate 3. The 51-mer RNA-DNA oligonucleotide formed a
complete duplex when it was annealed to a complementary DNA strand (sub-
strate 4). The labeled substrate 1 was also annealed to a partially complementary
51-mer oligodeoxynucleotide (5'-TACCCGGGGATCCTCTAGAGTCGACC
TGCAGTAGACGTCTGACACAGCCGT-3') to form a pseudo-Y substrate
(substrate 5) or a flap substrate (substrate 6) when an upstream primer (5'-AC

GGCTGTGTCAGACGTCTA-3") was included. The single-stranded 1-ribonu-
cleotide-30-deoxyribonucleotide junction oligonucleotide (5'-cTGCAGGTCGA
CTCTAGAGGATCCCCGGGTA-3') served as substrate 7. It was annealed to a
51-mer complementary DNA strand to form a 3’ overhang (substrate 8) or a
nicked duplex (substrate 9) when an upstream primer (5'-ACGGCTGTGTCA
GACGTCTA-3") was included. Substrates 10 to 15 are control DNA substrates
analogous to substrates 1 to 6.

RNase activity assays. For RNase H assays, standard reaction mixtures con-
tained 0.8 pmol of y->?P-labeled substrate, 50 mM Tris (pH 8.0), 10 mM MgCl,,
and 100 ng of enzyme in 13 pl and were incubated at 37°C for 10 min. An equal
volume of stop solution (USB) was added to stop the reactions. The samples
were mixed, boiled for 3 min, and cooled in ice. A 3-pl volume of each reaction
product was run on a 15% denaturing polyacrylamide gel and exposed to Kodak
X-ray film.

Construction of RNVH single null mutants and the RNH35/RAD27 double
mutant. All of the S. cerevisiae strains used in this study are listed in Table 2. The
deletion of RNH35 (strain BFRH35a) is described elsewhere (17). Deletion of
the RNH1 gene (4a) to generate BC39a (AK310a rnhl::TRPI) was done by PCR
with genomic yeast DNA (Promega) as the template and primers rnh1/d5 (5'-
CGTAGAGGTACCAAGCGGTTGAT-CTTGGCTGTAGCACTTATAC),
which contains a Kpnl site, and rnh1/d4 (5'-GATGTCCTGCAGGAAGTACA
AGTAGATGATCTTGCT-GAACGT), which contains a PstI site. The 1,711-bp
product was then inserted in pUCI8. The 1,049-bp Xbal-Clal fragment, including
almost the entire ORF, was replaced by the TRPI gene, amplified by PCR with
pRUT?7 as the template and two trpI-specific primers, trp/1 (5'-GATGTCATC
GATAATTCGGTCGAAAAAAGAAAAGGAGAGGGC) and trp/2 (5'-GAT
GCTACTAGTGAGAAAAGGCTAGCAAGAATCGGGTCATTG), and di-
gested with Clal and Spel. The 1,741-bp EcoRI-Sphl fragment of pUC18 with the
above RNHI-TRPI insert was then ligated into pRUT7. To integrate the plasmid
at the RNH1 locus, the plasmid was linearized with Maml and introduced into
AK310 by pop-in/pop-out replacement (53). Yeast cells were transformed by the
lithium acetate method (21) and plated on selective medium.

To amplify the RNase H(70) coding sequence (yeast ORF YGR276c¢) for the
production of a deletion allele of the RNH70 gene, PCRs were performed with
yeast genomic DNA (Promega) as a template. The following primers were used:
forward primer 5'-TGTGACTGAATTCTAATGTACTTGGAGGAAGGGAG
GAAGACG-3' and reverse primer rh70d4/HindIIl (5'-CGGATGTAAGCTTT
CTACAGAGGGAGAGCTGTGAGGATATATT-3"). The 2,273-bp PCR prod-
uct was cloned into pUC18. An SspBI-Smal fragment of 1,549 bp including
nearly the complete ORF was replaced by an 1,125 bp fragment carrying the
URA3 gene. The isolated and gel-purified deletion allele was used for integrative
transformation (53), and Ura™ transformants were isolated. They were checked
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by specific PCR for successful gene replacement and analyzed for phenotypes
(19).

For construction of the double null mutant, a rad27 null mutant (IC2-1) (16)
was crossed with a rnh35 null mutant (BFRH35a) to produce heterozygous
diploids. The diploid cells were then sporulated and dissected. Spores from
microdissection were incubated at 30°C for 2 days, and colonies were replica
plated onto different SD media with one or two amino acids eliminated to
determine their genotypes. The rad27 single null mutant grows on SD-Leu
medium, and the rnh35 single null mutant grows on SD-His medium. The double
null mutant (R27-H35) can grow on both SD-His and SD-Leu media. Deletions
of the genes were also confirmed by PCR analysis.

Cell proliferation of yeast mutant strains. Different sizes of colonies descend-
ing from wild-type and mutant spores were observed and photographed. To
further determine growth rates, cells were grown in YPD liquid medium. The
initial concentration was standardized. The cells were grown at 30 or 37°C, and
OD values were measured. The experiments were repeated six times, and the
growth curves show mean OD values and standard deviation.

RNH35 overexpression in yeast. To determine a possible suppression effect of
overexpression in different genetic backgrounds, the pDB20 expression vector
with or without insertion of RNH35 was transformed into rnh35 and rad27 single
null mutants, a rad27/rnh35 double null mutant, and a wild-type strain of S.
cerevisiae. For the observation of cell proliferation, the transformants were cul-
tured in SD-Ura liquid medium at 30 or 37°C. OD values were then measured
and growth curves were determined as described above.

Mutation frequency assay. To test the possible role of RNase H(35) and
RNase H(35)/Rad 27p in mutation avoidance, the mutator assays based on the
CANI1, HOM3, and LYS2 genes (42, 48, 60, 65) were used. A single-knockout
RNH35 mutant (BFRH35b) was crossed with RKY2672, which contains three
assay genes, CANI, HOM3, and LYS2, on the chromosome. The diploids were
sporulated, and tetrads were dissected. Colonies with single disruption of the
RNH35 gene were selected for all four genetic markers: HIS3, CANI, HOM3,
and LYS2. The resulting mutant strain was named MBFRH35b. The rad27 null
mutant in an RKY2672 background used in this study was RKY2608 (a gift from
R. Kolodner, University of California, San Diego, Calif.). The rnA35 null mutant
BFRH35b was also crossed with RKY2608 to produce a rnh35/rad27 double-
deletion strain. After sporulation and dissection, the resulting double mutant was
named MR27H35, representing a rnh35/rad27 double null mutant with three
assay genes. The RNHI and RNH70 mutant versions in RKY2672 were con-
structed in a similar way (all S. cerevisiae mutants used in this study are listed in
Table 2). For the mutation assay, cells were grown to saturation. Then 100 .l of
cultured cells was plated onto the corresponding selection medium, i.e., medium
SD with 60 mg of canavanine per liter and all the required amino acids for the
Can" assay, SD medium without threonine for the HOM3 gene assay, and SD
medium without lysine for the LYS2 gene assay. In addition, 10,000-fold dilutions
of each culture were plated onto YPD medium for counting viable cells. Finally,
colonies from selection and YPD plates were counted. The mutation frequency
was calculated by dividing the colony number on the selection medium by that on
YPD medium. For each assay gene, three independent experiments were per-
formed and values from the three experiments were averaged.

RESULTS

Purification of RNase H(35) and Rad27 recombinant pro-
teins. To obtain a highly purified enzyme, we PCR cloned the
RNase H(35) coding region from S. cerevisiae genomic DNA
and expressed it as a His-tagged protein by using the T7 RNA
polymerase system in E. coli. RNase H(35)-His, was expressed
to a high level (~40% of total E. coli cellular proteins). How-
ever, more than 90% of the recombinant protein was found in
insoluble inclusion bodies. The inclusion bodies were purified
from the cell extract, and the recombinant RNase H was pu-
rified by FPLC under denaturing conditions. Figure 1A shows
the FPLC fractions which contained recombinant protein.
These fractions were pooled, and the protein was renatured by
step-gradient dialysis to gradually remove the urea. To confirm
the restoration of the enzyme activity, the relative RNase H
activities were determined by using native (partially purified
from the crude extracts of transformed E. coli), denatured, and
renatured RNase H(35) proteins (Fig. 1B and C). In contrast
to the protein purified from inclusion bodies, multiple protein
bands were observed on the SDS gel with the nondenaturing
protein preparation from the whole-cell extract. This was prob-
ably due to the low concentration of RNase H(35) protein in
the soluble fraction of the E. coli crude extract. Since the
RNase H activities were normalized by the total protein added
to the reaction mixture, the purified and renatured protein had

MoL. CELL. BIOL.

twice the specific activity as the protein purified under nonde-
naturing conditions. The highly purified and renatured enzyme
was used for all subsequent experiments described below.

Recombinant Rad27 nuclease was cloned and overexpressed
by a method similar to that for the human FEN-1 protein (47).
It was purified from the E. coli crude extract by using the
built-in His tag and FPLC under nondenaturing conditions
(Fig. 1D). When assayed with DNA substrates, the enzyme
showed structure-specific flap endonuclease and nick-specific
exonuclease activities resembling those of the human FEN-1
enzyme (see below).

Biochemical properties of the purified RNase H(35) enzyme.
Analysis of the effects of salt concentration, pH, and divalent-
metal-ion concentration on the RNase H activity were per-
formed under standard conditions as described in Materials
and Methods. RNase H(35) was found to be optimally active at
pH 7.7, although it tolerated a wide range of pH (from 5.5 to
10.3). Maximal activity required the presence of divalent cat-
ions (Mg®" or Mn?"), although some activity was observed in
their absence. Stimulation by Mg?* displayed an optimum at
4 mM, while the activity was completely inhibited at 80 mM.
With Mn>", optimal activity was found at 40 mM. Both metal
ions were able to activate the enzyme to a similar extent. Salt
(KCl) stimulated RNase H(35) activity approximately 1.5-fold,
with a broad optimum around 80 mM.

Substrate specificity. To obtain information about a possible
role of RNase H(35) in RNA primer removal, it is critical to
characterize its substrate specificity. Experiments with RNase
H(35) were conducted in parallel with Rad27p, using a set of
nine RNA/DNA hybrid substrates and six DNA substrates as
controls. These substrates were designed to mimic Okazaki
fragments in different dynamic situations. Essentially, four
groups of substrates were made as outlined in Fig. 2A. The first
group was derived from a 21-RNA-30-DNA oligonucleotide
which was annealed to a DNA oligonucleotide to form a 3’
overhang, a nicked double-stranded duplex, or a blunt-ended
duplex. The second group was constructed to form the pseu-
do-Y and the flap structure by annealing the same oligonucle-
otide to a DNA oligonucleotide. However, in this group the
DNA oligonucleotide was only complementary to the DNA
portion of the 21-RNA-30-DNA oligonucleotide. The third
group was similar to the first except that the RNA-DNA hybrid
had only one ribonucleotide attached to the DNA portion; it
tested whether the enzyme was able to remove the last ribo-
nucleotide of an Okazaki fragment. The last group of sub-
strates, serving as control, had the same configurations as the
other groups but contained only DNA.

Figure 2B shows that RNase H(35) is highly specific in its
substrate requirement. The nuclease removed only RNA por-
tions (7, 8, and 11 ribonucleotides in length) from the RNA-
DNA/DNA duplexes and did not discriminate between sub-
strates with a single-stranded 3’ overhang (Fig. 2B, lane 2), an
upstream DNA double strand (lane 3), or a blunt-ended du-
plex (lane 4). Moreover, the enzyme did not recognize the
single-stranded RNA-DNA substrate (lane 1), in contrast to
the previously published result obtained with calf enzyme (45).
It had very low activity on a flap or a pseudo-Y substrate
containing single-stranded RNA (lanes 5 and 6) and on the last
ribonucleotide adjacent to the DNA (lane 8 and 9). When the
Rad27 nuclease was subjected to the same set of substrates, a
different cleavage pattern was obtained (Fig. 3). Rad27p
cleaved dinucleotides from the RNA and DNA of both 3’
overhang and nicked duplex substrates in a processive manner,
but its activity was very much reduced when the substrate was
a blunt-ended duplex (Fig. 3, lanes 2 to 4 and 11 to 13). It
digested both RNA and DNA single-stranded portions from
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FIG. 1. Purification of recombinant S. cerevisiae RNase H(35) and Rad27p.
(A) The ORF of the RNH35 gene was subcloned into the pET28b vector for
addition of a Hisq tag and expression in E. coli GJ1153 with a salt-inducible
promoter for T7 RNA polymerase (4). As described in detail in Materials and
Methods, inclusion bodies were isolated from the transformed cells and dissolved
with 6 M urea. RNase H(35) protein was purified on a Ni>* column with an
FPLC system, and fractions were analyzed by SDS-polyacrylamide gel electro-
phoresis. Indicated is the Coomassie brilliant blue staining of FPLC gradient
fractions 10, 12, 14, 16, 18, 20, and 22 and the molecular weight markers (in
thousands) (MW). The arrow on the right indicates the desired band of RNase
H(35). (B) The RNase H substrate used to quantify the relative activities in panel
C. The asterisk indicates the radioactively labeled site. The vertical arrowheads
indicate the major cleavage sites. Lowercase letters indicate the RNA portion of
the substrate. (C) RNase H activity restoration by renaturation of the RNase
H(35) protein purified under denaturing conditions. Bar 1, Activity of partially
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pseudo-Y and flap substrates as a flap endonuclease (lanes 5
and 6 and lanes 14 and 15). In contrast to the RNase H(35),
Rad27p had strong hydrolytic activity against the last ribonu-
cleotide attached to a DNA strand of double-stranded DNA or
of a nicked DNA - RNA-DNA/DNA duplex ( - indicates the
nick, - indicates the RNA-DNA junction, and / indicates the
complementary nucleic acid strand) (lanes 8 and 9). Rad27
nuclease also cleaved longer single-stranded RNA-DNA or
DNA substrates (lanes 1 and 10), in contrast to previous ob-
servations with other FEN-1 family members (3, 40, 54).

Cooperative removal of RNA primers by RNase H(35) and
Rad27 nucleases. To evaluate the fate of the 3" portion of the
segment after RNase H(35) cleavage and release of 7 to 11
nucleotides, we labeled the RNA-DNA junction strand of sub-
strate 3 at the 3’ terminus. When the reaction was solely driven
by RNase H(35), the products separated on the gel were
smeared, probably due to cleavage at multiple sites. The
smeared product pattern changed depending on the incubation
time. When the incubation time reached 20 min, the major
product observed was 31 nt, with very little product of 30 nt
(Fig. 4, lane 5). This indicates that RNase H(35) made a first
cut at the 7th, 8th, or 11th phosphodiester bond from the 5’
end and then a second cut at 1, 4, and 5 nt upstream of the
RNA-DNA junction, as shown in Fig. 1B, when substrate 4 was
used in the experiment. Furthermore, a possible cooperative
RNA primer removal mechanism involving RNase H(35) and
Rad27p was explored. When the two enzymes were mixed and
added to the above reaction, more than 50% of the 31-nt and
longer products were converted to a 30-nt product within 10
min (Fig. 4, lane 6). This probably indicates the complete
removal of the RNA primer by cooperative action of the two
enzymes.

Cells lacking both RNH35 and RAD27 are viable but prolif-
erate very slowly. Up to now, three yeast RNases H have been
described: RNase H(70), RNase H1, and RNase H(35). Since
RNase H(35) is the yeast homologue of mammalian RNase HI
enzyme and since it was able to cooperate in vitro with Rad27p
in hydrolyzing the RNA part of a model Okazaki fragment, we
wanted to observe the in vivo effects of deleting the genes for
both of these enzymes in one cell. Deletion of the gene for
RNase H(35) alone is known to reduce the RNase H activity
considerably, as measured in vitro with cell extracts but has
only a very small effect on viability and proliferation rate of the
deletion mutant (17). On the other hand, deletion of the
RAD?27 gene has severe consequences, one of which is temper-
ature-sensitive lethality (50, 56). The previously reported mu-
tant strain had been shown to grow slowly at 30°C whereas
it was unable to form colonies at 37°C. However, the rad27
mutant strain derived from parental strains W1021-7c¢ and
W1089-6¢ in our laboratory showed very small and heteroge-
neous colonies on plates and delayed proliferation in liquid

purified protein from the supernatant of E. coli crude extract overexpressing
RNase H(35). The protein was eluted from a chelating Ni** column under
nondenaturing conditions. Multiple bands were observed on a SDS gel of eluates
due to low concentration of the desired protein in the soluble fraction. Bar 2,
Activity of RNase H(35) purified by FPLC under denaturing conditions. Bar 3,
Activity of renatured RNase H(35). Approximately 100 ng of protein was used
for each reaction with the substrate illustrated in panel B under standard con-
ditions described in Materials and Methods. The reaction time is 10 min. (D) The
coding sequence of Rad27p was subcloned into the vector pET28b and trans-
formed into E. coli BI21(DE3). After induction for 3 h with 0.5 mM isopropyl-
B-p-thiogalactopyranoside (IPTG), cells were harvested and Rad27p was again
purified on a Ni** column with an FPLC system. The pooled fractions containing
Rad27p (lane 2) were, together with protein size markers (lane 1), subjected to
SDS-polyacrylamide gel electrophoresis and stained with Coomassie brilliant
blue.
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FIG. 2. Substrate specificity of RNase H(35) nuclease as determined with
Okazaki fragment-mimicking substrates and DNA substrates as controls. (A)
Schematic representation of the substrates, with a stretch of circles indicating the
RNA portion and lines representing the DNA portion of the RNA-DNA junc-
tion-containing substrates (substrates 1 to 9). An asterisk marks the positions of
the 3P label. Substrates 10 to 15 are “DNA-only” substrates with similar con-
figurations corresponding to substrates 1 to 9 as controls. (B) Products obtained
from incubation with RNase H(35) were separated on a sequencing gel. Size
markers (lane M) are shown as numbers of nucleotides on the left, while the sizes
of the substrates and products are given on the right as number of nucleotides
(nt) or ribonucleotides (rnt).

medium at 37°C. The arrested cells were twice as big as the
wild-type cells, which indicates a deficiency in progression of
DNA replication (data not shown).

When we crossed an mh35 deletion mutant with a rad27
deletion mutant, we were surprised that after sporulation we
obtained tetrads comprising four viable spore colonies. How-
ever, as shown in Fig. 5A, these colonies grown at 30°C differed
in their sizes (top panel) in a pattern reflecting their genotypes
(lower panels): spores possessing both wild-type genes formed
the largest colonies, whereas those carrying a single deletion
were slightly smaller in the case of the rnh35 mutant and much
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FIG. 3. Substrate specificity of Rad27 nuclease as determined with Okazaki
fragment-mimicking substrates and DNA substrates as a control. The same set of
substrates as in Fig. 2A was used in this experiment. The size markers and
labeling designations of the lanes are the same as in Fig. 2B. The product
spectrum produced by Rad27 nuclease is indicated on the right.

smaller in that of the rad27 mutant. The double-deletion mu-
tants formed the smallest colonies. Figure 5B shows growth
curves of haploid strains from one of the tetrads depicted in
Fig. 5SA. The data indicate that the double mutant grew even
slower than the rad27 single mutant at 30°C (Fig. 5B) and 37°C
(data not shown). The finding that the double mutant survived
at all (probably only under laboratory conditions) indicates
that another nuclease might partially replace the functions of
RNase H(35) and Rad27 nucleases (see Discussion).
Overexpression of RNH35 in RNH35/RAD27-proficient cells
and in rnh35, rad27, and rnh35/rad27 mutant backgrounds. If
there actually exists an additional pathway for removing the
RNA parts of Okazaki fragments, which requires only RNase

S1nt » .

31nt »
30nt » t'

123456

FIG. 4. Combined action of RNase H(35) and Rad27p. Substrate 3 in Fig. 2A
was labeled at the 3" end of the DNA part of the RNA-DNA junction-containing
strand (lane 4). The reaction mixture was incubated with RNase H(35) (lane 5)
or with RNase H(35) plus Rad27p (lane 6) for 10 min under the standard
conditions described in Materials and Methods. The sizes of the reaction prod-
ucts in nucleotides are indicated on the left. Lanes 1 to 3 are size markers (30 and
31 nt).



VoL. 19, 1999
A B
o 09000
. [ ] €@ .
e o @O [ I ] @]
o
® e« o o © S
(s A — -
<
= + = - = = g
+ - + + - + '§
- + - + + + a
+ - + - + - o
+ - + - - -
- + + + + +
+ - - + - -
- + - - + +

NUCLEASES IN RNA PRIMER REMOVAL 8367

2.5
—{F— wt
~—o0—— mh35
2—
—O— rad27

—aA—— mh35-rad27
1.5

0.5

T T T T
5 10 15 20 25 30

Culture time (hrs)

FIG. 5. Double-deletion mutants of RNH35 and RAD27 are extremely retarded in growth. (A) Genetic analysis of spore clones of tetrads descending from a cross
of an rnh35 deletion mutant with a rad27 deletion mutant. (Top) Sizes of haploid colonies (incubated at 30°C). (Middle and bottom) Genotypes of the spore clones

as determined by growth on selective media lacking either histidine (middle) or

leucine (bottom). Growth on His dropout medium (+) indicates deletion of RNH35,

and growth on Leu dropout medium (+) indicates deletion of RAD27. Double-deletion mutants grow on both selective media. (B) Growth curves of the four isogenic

strains (fifth column from the left of the top panel in panel A) at 30°C.

H(35) but not Rad27p, one would expect that overexpression
of RNH35 in the rad27 background might partially rescue the
rad27 growth defect. Therefore, the RNH35 coding region was
subcloned into pDB20, a URA3 and ADHI promoter-based
yeast expression vector. Plasmids with or without the RNH35
insert were transformed into four different S. cerevisiae strains:
a RNH35/RAD27-proficient strain, a RNH35 deletion mutant,
a RAD27 deletion mutant, and a RNH35/RAD27 double-dele-
tion mutant. Growth curves of the above eight strains were
measured at both 30°C (Fig. 6A) and 37°C (Fig. 6B). Based on
their growth rates, the eight strains can be divided into three
groups: (i) strains not affected by transformation with the plas-
mid, regardless of whether it carried the RNH35 gene or not,
were the RNH35/RAD27 proficient strain and the rnh35 single-
deletion mutant; (ii) the poor growth of deletion mutants rad27
and rmh35/rad27 was not influenced by their transformation
with the plasmid alone; however, (iii) the poor growth was
ameliorated by their transformation with the plasmid overex-
pressing the RNH35 gene. Northern analysis confirmed that
expression of the plasmid-borne RNH35 gene was elevated
15-fold in all strains relative to endogenous RNase H(35)
mRNA in the RNH35/RAD?27 strain (data not shown).
Mutagenic consequences in rnh35 and rnh35/rad27 mutants.
Defects in the removal of RNA primers lead to mutations
(mainly duplications [60]) in the genome. We therefore deter-
mined the reversion frequencies of nuclease single-deletion
and double-deletion mutants containing the frameshift muta-
tions hom3-10, a +1 insertion in a stretch of 6 T’s of the HOM3
gene, or lys2-Bgl, a 4-base insertion in the LYS2 gene. In
addition, we used the forward-mutation assay, which measures
the frequency of canavanine-resistant (Can’) mutants. The re-
sults are summarized in Table 3. Both mmh35 and rmhl single
deletions caused increased frequencies of mutations leading to
canavanine resistance, a phenotype which can arise by many
different changes affecting the CAN gene (see Discussion for
further considerations). Deletion of the RNH35 gene also led
to an increase of Lys™ but not of Hom™ revertants. Reversions
of the frameshift in the HOM3 gene occur by single-nucleotide

deletions which are typical for mismatch repair defects, as
shown by our result with the mismatch repair mutant msh2 and
by previously published data (42, 60). Cells lacking RNH70
did not exhibit enhanced mutation frequencies to Can" or to
Hom™. A strain harboring a deletion of another recently iden-
tified nuclease gene, EXOI, produced around sixfold-higher
frequencies of Can* mutants and Hom " revertants. In accor-
dance with earlier studies (60), disruption of the RAD27 gene
increased the mutation frequencies in all three tested genes to
a larger extent than did the single disruptions of the other
nucleases (Can’, 58-fold; frameshifts to HOM3, 21-fold; and
Lys™, 48-fold). The mutation frequencies occurring in the dou-
ble-deletion mutant rnh35/rad27 were higher than those calcu-
lated from addition but lower than expected from multiplica-
tion of the single-deletion frequencies, indicating that the two
gene products may participate in two different pathways to the
same end product.

DISCUSSION

Fidelity of DNA polymerases, proofreading of 3’ exonucle-
ases, and postreplication repair represent mechanisms for
maintenance of genome stability. Proper and prompt removal
of RNA primers, particularly during lagging-strand DNA syn-
thesis, is another vital process, which has not yet been inten-
sively studied in eukaryotic cells. Here we took advantage of
the availability of highly purified recombinant enzymes and
budding yeast as a powerful genetic tool to study this mecha-
nism and the mutagenic consequences of failing to remove
RNA primers. S. cerevisiae RNase H(35) was identified re-
cently by Frank et al. (17). For in vitro biochemical studies, we
exploited the feasibility of its purification from inclusion bodies
and subsequent renaturation and successfully attained the ac-
tive recombinant enzyme of RNase H(35). The purification of
active recombinant Rad27 enzyme has also been described in
this work. The budding yeast, S. cerevisiae, was chosen because
it serves as an ideal model organism for studying biological
processes of eukaryotes. Frequently, the yeast system allows
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FIG. 6. Overexpression of RNH35 with the pDB 20 yeast expression vector
partially suppresses the growth defect of rad27 and rnh35/rad27 mutants. (A) The
growth curves of four different S. cerevisiae strains with or without RNH35
expression were determined at 30°C each with six independent cell cultures, and
mean values were plotted. (B) Growth curves were determined at 37°C.

more efficient analysis of the properties and functions of genes
and proteins homologous to those originally discovered in a
multicellular organism. Thus, establishment of the evolution-
ary and functional relationship between S. cerevisiae RNase
H(35) and mammalian RNase HI made it possible to do bio-
chemical and genetic experiments with the simple microbe
(18).

Here we have reported a series of in vitro experiments to
elucidate the mechanism of action of RNase H(35), as well as
genetic tests examining the in vivo consequences of deletion or
overexpression of the RNH35 gene. Furthermore, we studied
possible cooperative actions of RNase H(35) and Rad27 nucle-
ases in the context of their possible involvement in RNA
primer removal from Okazaki fragments during lagging-strand
DNA synthesis and in mutation avoidance.

Substrate specificities and cooperative action of recombi-
nant RNase H(35) and Rad27 nucleases. By using 15 sub-
strates mimicking Okazaki fragments in different dynamic sit-
uations, the specificities of RNase H(35) and Rad27 nuclease
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were determined and compared. As expected from its close
evolutionary relationship to the FEN-1 family of nucleases,
Rad27p was found to cleave single-stranded RNA and DNA
flaps protruding from nucleic acid double strands. In addition,
Rad27p hydrolyzed single-stranded nucleic acids per se. This
stands in marked contrast to RNase H(35), whose activity was
absolutely restricted to RNA/DNA hybrid duplex substrates.
The yeast RNase H(35) readily removed the RNA portion
from these substrates, except for the last ribonucleotide adja-
cent to the DNA part of an RNA-DNA/DNA duplex. RNase
H(35) may be inefficient in hydrolysis of the final ribonucle-
otide adjoining the DNA, since it has difficulty in recognizing
the phosphodiester bond between a ribonucleotide and deoxy-
ribonucleotide. However, from time to time, we did observe
monoribonucleotide products after incubating RNase H(35)
with substrates 8 and 9 and exposing the gel to the film for an
extended time. In contrast, our in vitro results indicate that
Rad27p is predisposed for this reaction. We considered it very
likely that the two enzymes might cooperate in RNA primer
removal from Okazaki fragments in an in vivo process (shown
as major pathway II in Fig. 7. An additional in vitro experiment
corroborated this idea of cooperation: when substrate 4 (mim-
icking an Okazaki fragment with its RNA primer still attached)
was incubated with both enzymes, the RNA primer was per-
fectly removed. These results are consistent with in vitro re-
constitution studies involving the simian virus 40 replication
system in mammalian cells (61, 63, 64). However, a recent
paper by Murante et al. (45) indicates that the calf RNase HI
is able to make a junction-specific cleavage on a single strand-
ed RNA-DNA substrate. Failure of RNase H(35) to recognize
and cleave the single stranded RNA-DNA substrate in vitro
may be due to the absence of an interacting polypeptide(s).
Deletion of both RNH35 and RAD27 genes severely impairs
vitality of yeast cells. Earlier it was observed that cells survive
quite well without RNH35 under laboratory conditions, where-
as the absence of Rad27p results in death at elevated temper-
ature. The arrest of rad27 mutant cells in S phase at high
temperature indicates failure of an essential step in DNA rep-
lication. It has been suggested that this step is probably RNA
primer removal from Okazaki fragments (50, 56). Molecular
mechanisms and roles of nucleases in RNA primer removal
were previously proposed but based solely on studies involving
in vitro reconstitution of DNA replication (3, 61, 63, 64) (il-
lustrated as major [II] and alternative major [III] pathways in
Fig. 7). Since RNase H(35) has recently been identified as the
homolog of the large subunit of mammalian RNase HI and was
recognized as the main RNase H activity in cell extracts, we
were in a position to perform direct genetic studies to deter-
mine if RNase H and Rad27p might both be involved in RNA

TABLE 3. Mutation frequencies of S. cerevisiae strains with
deletions of the nuclease genes

Mutation frequency (fold)

Strain

Can® Hom™ Lys*
Wild type  3.1x1077(1) 1.0 X 10°%(1) 1.3 X 1078(1)
mh35 1.9 X 107°(6.1) 9.0 X 107°(0.9) 6.6 X 1075 (5.07)
rmhl 1.0 X 107°(3.2) 3.0 x 1077 (0.3) ND*
rmh70 32x1077(1)  3.8x107°(0.38) ND
rad27 1.8X107°(58) 21x1077(21) 6.1 x 107 (48)
rad27-rh35 3.2 X 107° (103) 4.6 X 1077 (46) 1.5 X 107°(115)

exol 2.2 X 107°(6.5)

5.6 X 1078 (5.6)
msh2 2.9 X107°(9.3)

5.0 X 107° (500)

35 x107°%(2.7)
8.1 X 1077 (58)

“ ND, not determined.
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FIG. 7. A working model of RNA primer removal during S. cerevisiace DNA
replication involving RNase H(35) and Rad27 nucleases and three possible
pathways. (I) A minor pathway. RNase H(35) alone removes 7 to 11 nt endo-
nucleotically as well as the last ribonucleotide adjacent to the DNA. (I) A major
pathway. The combined action of RNase H and Rad27 nucleases completely
removes the RNA primer. The RNase H(35) removes the main part of the RNA
primer, while the last ribonucleotide is removed by Rad27 nuclease. (IIT) A
major alternative pathway. In the absence of RNase H(35), Rad27p as a FEN
removes the displaced single-stranded RNA primer adjacent to the newly syn-
thesized DNA.

primer removal. We found that the double-deletion mutant
was further impaired in its growth relative to the rad27 single-
deletion mutant and that overexpression of RNase H(35) par-
tially rescued growth of the double-deletion mutant. Taken
together, these results are consistent with RNase H(35) con-
tributing to a minor pathway (I in Fig. 7) of Okazaki fragment
processing and being partially responsible for the survival of
rad27 deletion mutants. Unexpectedly, we found that spores
lacking both functions of Rad27p and RNase H(35) were still
able to germinate and to form small colonies at 30°C. This
observation leads us to conclude that another RNase H, one
that may or may not be already identified, could act as an
inefficient substitute of RNase H(35). Experimental evidence
also suggests that exonuclease 1, an enzyme recently identified
in several eukaryotic organisms (15, 59), is involved in RNA
primer removal (49).

Mutagenic consequences of deficiencies for various nucle-
ases. Our main interest was to determine the roles of RAD27
and RNH35 and their cooperation in mutation avoidance. For
comparison, we also analyzed the roles of the two other known
RNH genes as well as of EXO1I and the mismatch repair gene
MSH?2 (Table 3). For all single-nuclease mutants except the
msh2 mutant, the enhancement of the frequency of forward
mutation to Can" was greater than the enhancement of the
reversion frequency of the hom3-10 and lys2-Bgl frameshift
mutations. The enhanced forward mutation to Can" is not
unexpected, since any sequence change that knocks out the
function of arginine permease coded for by the 1.8-kb CANI
gene will lead to canavanine resistance. Such changes can even
include large insertions or duplications and other drastic se-
quence alterations. Remarkably, deletion of the RNH70 gene
did not enhance any of the observed mutation frequencies,
including that of the Can" marker. Hence, RNase H(70) might
not play a role in mutation avoidance. In contrast, both rmh35
and rnhl single-deletion mutants generated slightly enhanced
numbers of Can" progeny and the rmh35 deletion mutant also
exhibited a somewhat higher reversion frequency of the lys2-
Bgl frameshift mutation. Such reversions can only arise from
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frameshift mutations within a 134-bp region bounded by the
upstream and downstream termination codons flanking the
lys2-Bgl 4-base insertion. The assay using the hom3-10 marker
is specific for a deletion of a single T in a stretch of 6 T’s;
hence, it is most suitable for detecting mismatch repair gene
deficiencies, as verified by our experiment with the msh2 strain.
Given our findings, we can assert that the absence of active
RNase H(35) leads to a weak mutator phenotype, caused most
probably by a slight defect in RNA primer removal. Our data
with the rad27 single-deletion mutant are consistent with those
obtained earlier by Tishkoff et al. (60). Determination of the
exact sequence changes generated by each of the gene dele-
tions is one of our future aims.

In this study, we focused mainly on the effects caused by loss
of both RNase H(35) and Rad27 nuclease functions. The mu-
tation frequencies of such a double mutant were found to be
more enhanced than would be expected if one of the two
functions were strictly epistatic to the other. However, the
observed frequencies are lower than expected if the two pro-
teins were participants in two completely distinct pathways.
Therefore, we believe that the additional mutations in the
rad27/rnh35 strain, compared with those already caused by the
absence of Rad27p alone (and thus erasing pathways II and
III) result from the failure of pathway I.

Working hypothesis for RNA primer removal from Okazaki
fragments in S. cerevisiae. As indicated above, two major (II
and III) pathways of RNA primer removal involving nucleases
have been proposed previously, based mainly on in vitro re-
constitution experiments (references 3, 61, 63, and 64 and
references therein). Our in vivo data further corroborate the
previous proposal. In addition, we propose a minor pathway (I)
as well as a very inefficient compensatory fourth mechanism for
RNA primer hydrolysis. The most efficient pathway, pathway
IL, requires RNase H(35) to endonucleolytically cleave the
initiator RNA as an intact fragment up to 1 nt upstream of the
RNA-DNA junction; the remaining ribonucleotide is then
eliminated by Rad27p. In pathway III, which is as efficient as
pathway II under laboratory conditions, the FEN activity of
Rad27 nuclease is capable of bypassing the need for RNase
H(35) in Okazaki fragment processing and of cleaving the
entire RNA primer. However, the FEN activity of Rad27p
requires separation of strands, which can be achieved by two
alternative ways. In one, the RNA primer might be displaced
by upstream DNA synthesis during DNA replication. Alterna-
tively, strand separation could be performed by a DNA/RNA
helicase. In S. cerevisiae, the Dna2 helicase is a good candidate
for this process. The enzyme was found to interact physically
with Rad27 nuclease, and high expression of Rad27p comple-
ments a temperature-sensitive dna2 mutation and vice versa (5,
6). More recently, it was shown that the Dna2p has a flap
endonuclease activity (2). Further experiments are needed to
test whether Dna2p is involved in RNA primer removal (de-
scribed above). If damaged cells must resort to pathway I as
the sole mechanism of RNA primer removal, RNase H(35) will
slowly hydrolyze the remaining ribonucleotide after removing
the main body of the primer as in pathway II. Remarkably, this
mechanism is unable to work at an elevated temperature, and
cells dependent exclusively on RNase H(35) exhibit a hyper-
recombination phenotype. Such a phenotype is symptomatic of
a defect in Okazaki fragment processing that produces long-
lived single-stranded DNA regions in the chromosomes of
affected cells. In such a scenario, when all three pathways fail,
a fourth and extremely inefficient mechanism must be postu-
lated. We propose that exonuclease 1 may represent the last
alternative for avoiding the life-threatening circumstance of
RNA primer persistence during DNA replication (49).
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