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ABSTRACT

Replicative DNA polymerases require an RNA primer
for leading and lagging strand DNA synthesis, and
primase is responsible for the de novo synthesis of
this RNA primer. However, the archaeal primase
from Pyrococcus furiosus (Pfu) frequently incorpor-
ates mismatched nucleoside monophosphate,
which stops RNA synthesis. Pfu DNA polymerase
(PolB) cannot elongate the resulting 3'-mismatched
RNA primer because it cannot remove the 3'-mis-
matched ribonucleotide. This study demonstrates
the potential role of a Recd-like protein from
P. furiosus (PfRecJ) in proofreading 3'-mismatched
ribonucleotides. PfRecJ hydrolyzes single-stranded
RNA and the RNA strand of RNA/DNA hybrids in the
3'-5' direction, and the kinetic parameters (K,, and
Kcat) of PfRecd during RNA strand digestion are con-
sistent with a role in proofreading 3'-mismatched
RNA primers. Replication protein A, the single-
stranded DNA-binding protein, stimulates the
removal of 3-mismatched ribonucleotides of
the RNA strand in RNA/DNA hybrids, and Pfu DNA
polymerase can extend the 3-mismatched RNA
primer after the 3'-mismatched ribonucleotide is
removed by PfRecd. Finally, we reconstituted the
primer-proofreading reaction of a 3'-mismatched
ribonucleotide RNA/DNA hybrid using PfRecJ, repli-
cation protein A, Proliferating cell nuclear antigen

(PCNA) and PolB. Given that PfRecdJ is associated
with the GINS complex, a central nexus in archaeal
DNA replication fork, we speculate that PfRecJ
proofreads the RNA primer in vivo.

INTRODUCTION

DNA replication is a complex biochemical process that is
catalyzed by numerous proteins; it is characterized by three
stages: initiation, elongation and termination (1-5). After
the replicative helicase melts the DNA duplex, the single-
stranded (ss) DNA-binding protein, SSB or replication
protein A (RPA), binds the ssDNA to prevent reannealing
of the complementary strands (6—8). DNA primase can syn-
thesize short oligoribonucleotides de novo using ssDNA as
a template (9—-11). The replicative DNA polymerase and
other replisome subunits are recruited to these short
RNA primers and start a highly processive DNA polymer-
ization reaction (1,3-5). On the lagging strand of DNA
synthesis, the DNA polymerase core complex disassociates
from the replisome after Okazaki fragment synthesis.
A new replisome is assembled for the next Okazaki
fragment synthesis, which uses a new RINA primer (1-5).
DNA primase is a multifunctional enzyme that can
polymerize diribonucleotides or di(deoxy)ribonucleotides
on ssDNA, and in vitro, can elongate these di(deoxy)ribo-
nucleotides into a long RNA or DNA primer (9-11,12).
Aside from RNA and DNA polymerase activities, primase
also has 3'-terminal nucleotidyl transferase activity and
can add nucleotides to the 3’ terminus of a primer,
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independent of the template (12,13). The function of
primase is highly conserved in three domains of life, but
its subunit component differs in bacteria, archaea and eu-
karyotes. Bacterial primase is a single-subunit enzyme
encoded by the dnaG gene (10). Eukaryotic primase
consists of four subunits: a catalytic subunit, a regulative
subunit, a B subunit and a polymerase o subunit (11).
Archaecal primase is a two-subunit complex, consisting
of homologs of the eukaryotic catalytic and regulative
subunits (9,12,13). Several archaeal primases have been
identified and biochemically characterized (9,12—15); the
primase from Thermococcus kodakaraensis can form
phosphodiester bonds between deoxyribonucleotide
monophosphates and various hydroxyl acceptors (16).

The bacterial nuclease Rec] shows 5-3" exonuclease
activity on ssDNA (17) and deoxyribose phosphatase
activity (18). In bacteria, RecJ mainly participates in
three DNA repair pathways: homologous recombination,
mismatch repair and base excision repair (19-21). Rec]
functions as a 5-3 ssDNA-specific exonuclease to
generate a long 3’ ssDNA for strand exchange with hom-
ologous double-stranded (ds) DNA in recombination, or
to generate a long ssSDNA gap for DNA resynthesis by
DNA polymerase in mismatch repair (19,20). In base ex-
cision repair, the 5-deoxyribose phosphatase activity of
RecJ removes deoxyribose phosphate from an abasic
site, after cleavage of the DNA backbone by a class II
apurinic/apyrimidinic (AP) endonuclease (18,21). Recl
belongs to an exonuclease superfamily with the conserved
diagnostic motif of DHH (22,23); this family also includes
RecJ-like protein and other nucleases (22-24,25). No Recl
homolog exists in eukaryotes, but the eukaryotic Cdc45
protein belongs to the DHH superfamily (25,26).
Structurally, bacterial RecJ features an N-terminal cata-
lytic core consisting of two domains and an oligonucleo-
tide/oligosaccharide-binding (OB) domain located at the
C terminus; the latter is conserved in numerous proteins
with ssDNA/RNA-binding activity (27). Archacal ReclJ-
like or its DHH superfamily member, eukaryotic Cdc45,
interacts with several DNA replication proteins, including
the GINS complex (a central nexus in the archacal DNA
replication fork) and the replicative minichromosome
maintenance (MCM) helicase (23,28-31).

Although several DNA replication proteins have been
identified and characterized in archaea, numerous aspects
of DNA replication remain unclear. We have chara-
cterized the synthesis fidelity of RNA primers by
Pyrococcus furiosus (Pfu) primase, as well as the effect of
3’-mismatched ribonucleotides on DNA elongation by
DNA polymerase. P. furiosus primase was found to in-
corporate 3’-mismatched ribonucleotides during the exten-
sion of a short RNA primer. This 3’-mismatched RNA
primer cannot be efficiently extended by Pfu DNA poly-
merase, a family B DNA polymerase (PolB). We have
found that P. furiosus Recl-like protein (PfRec))
exhibits intrinsic 3'-5 exonuclease activity on ssRNA
and on the mismatched ribonucleotide of an RNA/DNA
hybrid; the latter activity is stimulated by RPA. After this
proofreading of the 3’-mismatched ribonucleotide by
PfRecJ, Pfu DNA polymerase can efficiently extend
the RNA primer to a full-length RNA-DNA chimeric

strand. This study is the first to report proofreading of a
3’-mismatched RNA primer during DNA replication.

MATERIALS AND METHODS
Materials

The expression vector pDEST17 and expression bacterial
host BL21 (DE3) pLysS and Rosetta were used through-
out this study. Genomic DNA of P. furiosus was
purchased from the American Type Culture Collection.
KOD-plus DNA polymerase was purchased from
Toyobo (Shanghai, China). Nickel-nitrilotriacetic acid
resin was purchased from Bio-Rad. Oligodeoxyribonu-
cleotides and oligoribonucleotides were synthesized by
Invitrogen (Shanghai, China) and Takara (Dalian,
China), respectively. All other chemicals and reagents
were of analytical grade.

Preparation of recombinant P. furiosus proteins

Genes encoding the RecJ-like protein (PF2055), primase
(PF0110 and PFO0111), GINS (PF0483 and PF0982),
Proliferating cell nuclear antigen (PCNA, PF(0983), RPA
(PF2018-2020) and PolB (PF0212) were amplified from
P. furiosus genomic DNA by PCR using their respective
primers (Supplementary Table S1) and then inserted into
pDEST17 as described previously (32). Amino acid sub-
stitutions were introduced into Rec] and PolB with a
QuikChange®  Site-Directed Mutagenesis Kit using
KOD-plus DNA polymerase and the appropriate
primers (Supplementary Table S1). The nucleotide se-
quences were confirmed by DNA sequencing.
Recombinant plasmids were introduced into pLysS or
Rosetta strains of Escherichia coli to express recombinant
proteins. Isopropylthio-p-galactoside (0.5 mM final con-
centration) was added to a bacterial culture of ODgyy =
0.5-0.6 to express the recombinant proteins. Recombinant
proteins were purified via immobilized Ni** affinity chro-
matography as follows: the bacterial pellet was suspended
in lysis buffer 20mM Tris—HCI, pH 8.0, 0.3 M NaCl,
SmM  mercaptoethanol, 5mM imidazole, 1mM
phenylmethylsulfonyl fluoride and 10% glycerol) and
then disrupted by sonication. After incubation for
20 min at 75°C, the cell extract was clarified by centrifu-
gation at 10000 rpm for 30 min. After loading the super-
natant onto a column pre-equilibrated with lysis buffer,
the resin was washed with >25 column volumes of lysis
buffer containing 20 mM imidazole. Finally, the bound
protein was eluted from the column using elution buffer
(20mM Tris-HCI, pH 8.0, 03M NaCl, 5mM
mercaptoethanol, 200mM imidazole and 10% glycerol).
After verifying the purity of the eluate using 15% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, the
preparations were dialyzed against a storage buffer
(20mM Tris-HCI, pH 8.0, 0.3M NaCl and 50%
glycerol) and then stored in small aliquots at —20°C.

Characterization of P. furiosus enzymes

P. furiosus primase was characterized in 40 mM HEPES
(pH 6.4), 30mM NaCl and 10mM MnCl,. Pfu DNA



polymerase (PolB) was characterized in 20 mM Tris—HCI
(pH 8.8), 10mM (NHy4),SOy4, 10mM KCI, 2mM MgSOy,,
0.1% Triton X-100 and 100 ng/pl bovine serum albumin
(BSA) or the same buffer as primase. RecJ-like protein
PF2055 was characterized in 20mM Tris—HCI (pH 7.5),
30mM NaCl, 10mM KCI, 5mM dithiothreitol (DTT),
0.25mM MnCl, and 100ng/ul BSA. Nucleic acid
binding experiments of Rec] were performed using the
same buffer as its enzyme activity assay, but Mn>" was
omitted. The kinetic parameters (K, and K, of
P. furiosus RecJ, primase and PolB were calculated
using double-reciprocal plotting. The oligoribonucleotides
and oligodeoxyribonucleotides used in the activity assays
of primase, PolB and RecJ are listed in Table 1. After
incubation for a specified time at 50°C (Tm of the

Table 1. Oligonucleotides used in activity assays
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RNA/DNA hybrid is 53°C), an equal volume of a
stopping buffer (90% formamide, 100mM EDTA and
0.2% sodium dodecyl sulfate) was added to the reaction.
Subsequently, the reactions were subjected to 15% 8M
urea—denatured polyacrylamide gel electrophoresis. After
electrophoresis, images of the gels were quantitated using
an FL5000 fluorescent scanner (FUJIFILM).

Reconstitution of RNA primer—proofreading reaction

Proofreading of a 3’-mismatched ribonucleotide during
DNA extension by PolB was reconstituted in the
presence of PolB, RecJ, PCNA and RPA. A 3'-recessed
RNA/DNA hybrid carrying a 3’-mismatched ribonucleo-
tide was used as substrate in the proofreading reaction.
Different enzyme combinations were added into the

Base sequences of oligonucleotides DNA cartoon Comments
*kuccgauagccagauaucuugacu
TGGAGCGTCGCAGGCTATCGGTCTATAGAACTGATGTGAAGTGAGTAATGAGTGGA Fig.1
TGGAGCGTCGCAGGCTATCGGTCTATAGAACTGACGTGCTCGTGTCGTCTGTTGTC . Primase
TGGAGCGTCGCAGGCTATCGGTCTATAGAACTGAACTCACATTCTAACTAACTACC fidelity
TGGAGCGTCGCAGGCTATCGGTCTATAGAACTGAGGCGAGGAGCGCAAGGACACGA
kcgagceggagaugacgg
GACGATGCTGCTCGCCTCTACTGCCAGGCTATCGGTCTAT * g
G Fig. 2
GACGATGCTGCTCGCCTCTACTGCGAGGCTATCGGTCTAT EXtengSion of
*kcgagceggagaugacgu RNA/DNA or
GACGATGCTGCTCGCCTCTACTGCAAGGCTATCGGTCTAT * x DNA/DNA by
T
GACGATGCTGCTCGCCTCTACTGCTAGGCTATCGGTCTAT PolB
*CGAGCGGAGAUGACGA . A
GACGATGCTGCTCGCCTCTACTGCTAGGCTATCGGTCTAT T
kcgageggagaugacga
—— C
*kcgagecggagaugacgu :_a
kcgageggagaugacge I g Flg'3
3’exonuclease
kcgagceggagaugacgg on ssRNA
kcggagaugacgg
* g
kcugcuacgacgageggagaugacgg * 4
. Fig.4
cgagcggagaugacgn s
* n 3’exonuclease
GACGATGCTGCTCGCCTCTACTGCNAGGCTATCGGTCTAT on RNA/DNA
*cgageggagaugacgg Fig.5
8 .
GACGATGCTGCTCGCCTCTACTGCCAGGCTATCGGTCTAT - Proofreadmg
) on RNA/DNA

GACGATGCTGCTCGCCTCTACTGCGAGGCTATCGGTCTAT

Asterisks denote the fluorescein (6-FAM) moiety at the 5 end. The fluorescein-labeled strand and the complementary strand are
shown in the 5-3" and 3'-5' directions, respectively. Blue lines and lowercase letters represent RNA. Red lines and uppercase
letters represent DNA. Letters n or N represents any of the four bases. The DNA bases complementary to labeled RNA are
underlined. The complementary DNA strands used to prepare the RNA/DNA hybrids have four successive phosphorothioate
modifications at the 5’ terminal to protect the 5" digestion of ssDNA by PfRec].
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proofreading reaction to determine the function of each
protein. The reactions were stopped and analyzed as
described above.

Results

Primase incorporates mismatched nucleoside
monophosphates

Previous studies have shown that primase can incorporate
several mismatched nucleoside monophosphates (NMPs)
in vitro (33,34). In the present study, we confirmed the
identity of each misincorporated NMP using an artifi-
cially synthesized oligoribonucleotide as an RNA
primer. During the extension of an RNA primer in the
presence of a single NTP, several extended mismatches
were generated (Figure 1). The mismatches detected
were mainly u/T, ¢/T, a/C, u/C, g/A, u/G and g/G; their
frequencies are listed in Table 2. Several mismatches (c/T,
g/A, g/G and u/T) exceeded 10% of the total (perfectly
matched) RNA/DNA hybrid. This result suggests that
P. furiosus primase incorporates several mismatches,
which will stop further extension of the mismatched
RNA primer.

PolB cannot extend a mismatched RNA primer

RNA oligoribonucleotides are used by various DNA poly-
merases as primers for extension (35-39). As a replicative
DNA polymerase, PolB from P. furiosus efficiently elong-
ates an RNA primer with a 3’-matched ribonucleotide
in vitro into a full-length fragment (Figure 2A). The
extension rate is relatively slow at the initial extension
stage, as indicated by the accumulation of immediate
bands elongated by 1-6nt. When 3’-mismatched RNA
was used as a substrate, 3’ exonuclease—deficient PolB
did not generate any product (Figure 2B, lane 3),
indicating that 3’-mismatched ribonucleotides completely

time
NTP A U G

C

block extension. However, wild-type (wt) PolB generated
a small amount of extended product (Figure 2B, lane 2),
indicating that the 3’ exonuclease activity of PolB on
ssDNA can remove the 3’-mismatched RNA ribonucleo-
tide but does so with low efficiency. To exclude the effect
of sequence context, a different RNA primer was used
as a substrate. The perfectly matched RNA primer was ex-
tended efficiently by wt PolB (Figure 2C, lane 4), whereas
the 3’-mismatched primer was not (Figure 2C, lane 5).
Moreover, a DNA primer was extended more efficiently
than an RNA primer (Figure 2C, lanes 4 and 6).

RecJ-like protein has intrinsic 3' exonuclease activity on
ssRNA

Primase is capable of synthesizing 3’-mismatched RNA
primers (33,34). Thus, a proofreading activity should be
present to remove 3’-mismatched ribonucleotides for
efficient RNA primer extension by DNA polymerase.
This proofreading protein might interact with a specific
component of the replisome and should prefer ssRNA.
Previous studies have shown that the archaeal Recl-like
protein specifically hydrolyzes ssDNA in the 5-3" direc-
tion and interacts with the GINS complex (22,23).

Table 2. Frequency of mismatches incorporated by P. furiosus primase

Template base Incorporated NMP

GMP AMP UMP CMP
T 0.023 - 0.166 0.184
C - 0.055 0.030 0.017
G 0.123 0.030 0.056 -
A 0.114 0.015 - 0.035

The frequency of mismatches incorporated by P. furiosus primase was
calculated by dividing the mismatched product by the perfectly
matched product.

A U G C

L

{ ..--i------------'-'-'::-“

Template TG

G

\
\hnilliii-....._-__i;.”’

Template AC

GG

Figure 1. Incorporation fidelity of P. furiosus primase. The extension fidelity of an RNA primer by P. furiosus primase was determined in a buffer
consisting of 40mM HEPES (pH 6.4), 30mM NaCl, 10mM MnCl, and 4 U RNase inhibitor (Rnsin). P. furiosus primase (100 nM) was incubated
with 100 nM recessed RNA primer-DNA template substrate at 50°C for 2, 4 and 8 min. Four types of NTP (50 uM) were added singly to each
reaction to determine the fidelity of the first incorporated ribonucleotide. The corresponding template bases of each primer—template substrate are

listed at the bottom of the image.
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Figure 2. Extension of RNA primer by P. furiosus family B DNA polymerase. The extension of RNA primers annealed to complementary DNA
templates was determined in a buffer consisting of 20mM Tris—HCI, pH 8.8, 10 mM (NH,4),SO,4, 10mM KCI, 2mM MgSOy,, 0.1% Triton X-100,
100 ng/ul BSA, 100 uM dNTPs and 4 U Rnsin. Approximately 50nM of RNA primer-DNA template substrates was incubated with 100nM Pfu
DNA polymerase at 50°C for 0, 1, 2, 4, 8, 15, 30 and 60 min (A) or 30 min (B and C). Different RNA primers and DNA templates were annealed
to form the matched and mismatched RNA/DNA hybrids used in the extension reactions. Lowercase and uppercase denote RNA and DNA,

respectively.
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Figure 3. Biochemical characterization of P. furiosus RecJ on RNA substrates. The 3'-5 exonuclease activity of PfRec] on ssRNA was determined
in a buffer consisting of 20mM Tris-HCI (pH 7.5), 30mM NaCl, 10mM KCl, SmM DTT, 0.25mM MnCl,, 100ng/ul BSA and 4 U Rnsin.
Substrates (50nM) were incubated with 50nM PfRec] at 50°C for 0, 2, 5, 10, 20 and 30min (A and D) or 30min (B and C). Lowercase and
uppercase denote RNA and DNA, respectively. (A) Time course of 16-nt ssRNA digestion by wt PfRec]. (B) Identification of key residues. Three
mutant PfRecJs were used to confirm the conserved amino acid residues essential for exonuclease activity. (C) Effect of 3’ ribonucleotide on ssRNA
digestion by PfRecJ. A 16-nt ssRNA with four 3’ ribonucleotides (a, u, ¢ and g) was digested by PfRec]. (D) Effect of ssRNA length on hydrolysis
efficiency. ssRNAs with different lengths (12, 16 and 25nt) were digested by PfRecl.

Hence, we characterized the activity of PfRecJ on ssRNA
and ssDNA. In contrast to its activity on ssDNA
(Supplementary Figure S1A), PfRec] hydrolyzed ssRNA
in the 3’-5 direction, leaving a hydroxyl group on the
shortened 3’ end (Figure 3A). To investigate the possibility
that this exonuclease activity was due to a contaminant
protein that co-purifies with PfRecJ, we demonstrated that
the 3’ exonuclease activity on ssRNA was intrinsic to
PfRec]. Several genes from P. furiosus (encoding PCNA,

RPA, GINS and primase) were cloned in the pDEST17
expression vector, and recombinant proteins were induced
and purified in an identical method to PfRec]. None of
these recombinant proteins, except RecJ, showed 3’ exo-
nuclease activity on ssRNA (data not shown). Rec]
protein has several conserved motifs, some of which are
also conserved in the DHH superfamily (22,25,27). We
mutated three conserved motifs to verify their effect on
3" and 5 exonuclease activities on ssSRNA and ssDNA,
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respectively. Changing D34, D36 and D83 to alanine and
replacing the 437GGGH440 motif with 437LLLA440
resulted in loss of both 3’ and 5 exonuclease activities
(Figure 3B and Supplementary Figure S1B), indicating
that the three motifs are necessary for a potential proof-
reading function.

The 3’ exonuclease activity of PfRec] was found to
depend on the divalent metal ion Mn>", with an optimal
concentration range of 0.1-0.5mM (Supplementary
Figure S2A and B). Other divalent metal ions (Ca®",
Cu?", Zn**, Ni*" and Co?") inhibited the 3’ exonuclease
activity even in the presence of Mn>' (Supplementary
Figure S2C). The biochemical properties of PfRec] were
then characterized using a 12-nt ssRNA (Supplementary
Figure S3). PfReclJ exhibited highest activity in the follow-
ing conditions: pH 7.0-7.5 (Supplementary Figure S3A),
low ion strength (Supplementary Figure S3B) and 70°C
reaction temperature (Supplementary Figure S3C).
However, the reaction temperature used subsequently
was 50°C because of the thermal instability of ssSRNA at
high temperatures (data not shown). The relative activities
on ssDNA and ssRNA were comparable (Supplementary
Figures S1A and S3D).

If PfRec] has a proofreading function, then the four
types of ribonucleotides should be removed with a com-
parable efficiency. Hence, four ssRNAs with various 3’
ribonucleotides were used to verify the selectivity of the
3’ exonuclease activity. Our result showed that the four
ssRNAs were digested by PfRec] in almost equal

efficiency (Figure 3C), indicating that PfRec]J has no
clear selectivity on the 3’ ribonucleotide. The RNA
primer synthesized by primase is ~12-20nt long (11,40).
Thus, we investigated the cleavage efficiency of PfRec] on
ssRNAs with different lengths. The results showed that
the cleavage efficiencies on ssRNAs with different
lengths were comparable, with some preference for 16-nt
ssSRNA (Figure 3D). The cleavage of the 12-nt ssRNA
stopped at 10 nt, indicating that binding and cleavage of
ssRNA by PfRec] require a length of at least 10 nt.

RecJ-like protein has preference for 3'-mismatched
RNA/DNA hybrids

During DNA replication, an RNA primer forms a ds
RNA/DNA hybrid with the DNA template (9-11).
Therefore, we characterized the 3’ exonuclease activity of
PfRec] on a ds RNA/DNA hybrid with 3’-end recessed
RNA. Results show that PfRec] preferentially acts on the
3’-mismatched ribonucleotide in the ds RNA/DNA hybrid
(Figure 4A); the removal of a g/G mismatch was approxi-
mately four times more efficient than that of a g/C match.
This preference for the 3’ mismatch suggests that PfRec]
has a potential proofreading activity for mismatched
RNA primers. Previous reports have shown that GINS,
a core subcomplex in archaeal replisome, stimulates 5
exonuclease activity and physically interacts with
archaeal RecJ-like protein (23,31). However, GINS of
P. furiosus did not stimulate the 3’ exonuclease activity

A B C D
60
16-ntssRNA 16-bp g/G |
=50
)
Recd - + - | PR g
RPA B € 40
- - o 8
| — =4
— - ‘9-——-—.; -— e e e e e e a3 30 —
- e - - ————— - /
- - - [
m
Ew ~&-ssRNA
o 0 =&~ RNA/DNA hybrid
g/l6  g/C RecJ RecJ 0 1 2 3 4 5 6
RPA (M)
E PlRecd + + + + = + o+ o+ o+ - + o+ o+ o+ - + O+ o+ o+ -
RNA g c a u
D T c c C A T G G G ¢ A T T G C T A A

NA G A
Serse cemw-

Cleavage/% 35 28 20 14 0 13 8 9 5 0

8 M 7 3 0 1 10 9 3 0

Figure 4. Hydrolysis of the RNA strand of RNA/DNA hybrids by PfRecJ with preference for 3’-mismatches. The 3’5" exonuclease of PfRec] on
RNA/DNA hybrids (A, C-E) and ssRNA (B) was determined in a buffer consisting of 20 mM Tris-HCI (pH 7.5), 30 mM NaCl, 10mM KCI, 5mM
DTT, 0.25mM MnCl,, 100ng/ul BSA and 4U Rnsin. (A) Hydrolysis of the RNA/DNA hybrid. RNA/DNA hybrids (50nM) with 3’-mismatched
and 3’-matched ribonucleotides were incubated with 50nM PfRec] at 50°C for 30min. The 3-5 exonuclease activity on ssRNA (B) and
3’-mismatched (g/G) RNA/DNA hybrid (C) was assayed in the presence of different RPA concentrations (0, 0.1, 0.5, 1, 2 and 5uM). The substrates
(50nM) were incubated with 10 nM PfRecJ at 50°C for 30 min. Panel D is the quantitation of panels B and C. (E) Hydrolysis of the RNA/DNA
hybrid with all possible base matches/mismatches. Sixteen RNA/DNA hybrids (50 nM) with all possible base matches/mismatches were incubated
with 50 nM PfRecJ at 50°C for 10 min in the presence of 1 uM RPA. The cleavage percentages are listed at the bottom of panel E. Lowercase and

uppercase denote RNA and DNA, respectively.



of PfRec] on ssRNAs of various lengths (Supplementary
Figure S4A), and on the RNA/DNA hybrid
(Supplementary Figure S4B); however, we did confirm
the stimulation by GINS of 5 exonuclease activity on
ssDNA (Supplementary Figure S4C). Given that the
ssDNA template is bound by RPA during DNA replica-
tion, the effects of RPA on the activity of PfRec] were
characterized. RPA exhibited differential effects on the 3’
exonuclease of RecJ on the ssRNA and the RNA/DNA
hybrid. The activity on the ssRNA was not affected by
RPA (Figure 4B), whereas the activity on the RNA/DNA
hybrid was markedly stimulated by RPA (Figure 4C),
which elevated cleavage of the RNA strand of the RNA/
DNA hybrid by ~3.5 times (Figure 4D). We then
characterized 16 RNA/DNA hybrids with all possible
base matches/mismatches in the presence of 1 M RPA.
All 3’-mismatched RNA/DNA hybrids were hydrolyzed
with a higher efficiency than the 3’-matched hybrids
(Figure 4E). These results indicate that PfRecJ can
remove mismatched ribonucleotides incorporated by
primase (Figure 1), and that RPA stimulates the ability
of RecJ to proofread 3’-mismatched ribonucleotides by
binding to the ssDNA template.

Kinetic parameters of PfRecJ support proofreading
of 3'-mismatched RNA primers

Considering that PfRecJ hydrolyzed RNA at relative low
rate, we confirmed its potential to proofread the 3’-mis-
matched RNA primer by comparing its kinetic parameters
with those of primase and PolB. The kinetics of P. furiosus
primase, PolB and Rec] were calculated by double-recip-
rocal plotting (Table 3). The K.,/K,, of the mismatched
RNA/DNA hybrid (in the presence/absence of RPA) was
~3-fold higher than that of the matched hybrid. However,
the lower K, /K, of the matched RNA/DNA hybrid was
comparable with that of primase and PolB. For primase
and PolB, the K., /K,, of the mismatched RNA/DNA
hybrid cannot be determined accurately because of the
very low reaction rate (Supplementary Figure S5). These
results indicate that PfRec] can efficiently remove the
3’-mismatched ribonucleotide, but would not block the
incorporation of a matched NMP and dNMP by
primase and PolB, respectively. Moreover, the presence
of a 3’-mismatched ribonucleotide completely blocks the
incorporation of the next nucleoside phosphate by PolB
(Supplementary Figure S5), indicating that the removal of
the 3’-mismatched ribonucleotide is essential for efficient
DNA synthesis. Our findings that Thermus thermophilus
RecJ preferably binds ssDNA (Supplementary Figure
S6A), and that PfRec] preferentially binds ssRNA
compared with RNA/DNA hybrids (Supplementary
Figure S6B and C), are consistent with the higher 3’ exo-
nuclease activity of PfRec] on ssRNA.

RecJ proofreads 3'-mismatched ribonucleotides in the
DNA elongation reaction of PolB

Neither wt nor 3’-exonuclease—deficient PolB can effi-
ciently extend an RNA primer if the 3’ ribonucleotide is
mismatched (Figure 5A, lanes 2 and 3). On incubation
with PfRec], the two forms of PolB can extend the
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Table 3. Comparison of K, and K, of P. furiosus Recl, primase
and PolB

Enzymes Substrates Kinetic parameter
K Keat Kea/Kim
(uM) (min™"  (min~'epMh
) 3’-matched RNA/DNA*® 0.0080 0.00034  0.042
Pol B 3-mismatched RNA/DNA  ND°  ND ND
. 3’-matched RNA/DNA 0.14 0.017 0.12
Primase 3 nismatched RNA/DNA  ND ND ND
ssRNA 0.48 0.24 0.50
RecJ¢ 3’-mismatched RNA/DNA 0.62 0.040 0.065
3’-matched RNA/DNA 0.70 0.015 0.022
ssRNA 0.73 0.34 0.47
RecJd¢ 3’-mismatched RNA/DNA 0.29 0.12 0.42
3’-matched RNA/DNA 0.27 0.037 0.14

K., and K, were calculated by double-reciprocal plotting using the
initial reaction rates of ssRNA as well as matched (g/C) and mis-
matched (g/G) RNA/DNA hybrids at various substrate concentrations
(0.1, 0.2, 0.5, 1, 2.5 and 10 uM).

“To compare the catalytic efficiency of each enzyme for different sub-
strates, various substrates (including ssRNA, 3’-matched RNA/DNA
hybrids, or mismatched RNA/DNA hybrids) were used to calculate
the kinetic parameter of each enzyme.

"The kinetic parameters cannot be calculated accurately because the
extension efficiency is too low to produce a clear product
(Supplementary Figure S5).

“The kinetic parameters were determined in the absence of RPA.
9The kinetic parameters were determined in the presence of 1 M RPA.
ND, not determined.

3-mismatched RNA primer into long fragments
(Figure 5A, lanes 11 and 12). The wt PolB also has 3'-5
exonuclease activity on ssSRNA (<5% of the activity of
RecJ, Supplementary Figure S7). However, it could not
efficiently proofread the 3’-mismatched RNA primer
(Figure 5A, lane 2). After the 3’-mismatched RNA/DNA
hybrid was incubated with PfRecl, the yield of fragments
extended by primase also increased (Figure 5A, lanes 2
and 10). Incubation with Recl] decreased the extension
yield of the 3’-mismatched RNA primer compared with
the matched primer (Figure 5A, lanes 7-9 and 10-12).
This result indicates that more than one ribonucleotide
of 3-mismatched RNA primer was removed, and that
the shortened RNA primer possibly separated from the
DNA template, and was therefore not extended by PolB
and primase.

The primer extension reaction by the multiprotein system
was also characterized using a 3’-mismatched RNA/DNA
hybrid as a substrate. PolB alone extended the 3’-mis-
matched RNA primer by only a small degree (Figure 5B,
lane 4), whereas the collaboration of Rec] and PolB
increased the extension yield significantly (Figure 5B,
lane 7). After the inclusion of RPA in the reaction, the
yield of extended fragments increased further. This
finding indicates that RPA promotes the removal of the
3’-mismatched ribonucleotide (Figure 4C). However,
RPA did not promote the proofreading activity of PolB
on the 3’-mismatched ribonucleotide (data not shown).
PCNA strongly inhibited the extension of a 16-bp RNA/
DNA hybrid by PolB (Figure 5B, lanes 6, 8, 10 and 11), and
this inhibition was not relieved by the presence of RecJ and
RPA (Figure 5B, lanes 8, 10 and 11). The RNA primer used
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Figure 5. Proofreading of PfRecJ on 3’-mismatched ribonucleotides
during RNA primer extension by Pfu DNA polymerase.
(A) Proofreading of 3’-mismatched ribonucleotides by PfRec] during
primer extension catalyzed by primase and Pfu DNA polymerase.
A pair of recessed RNA/DNA hybrids (3'-matched/mismatched
recess) was used to confirm the proofreading function of PfRecJ in a
polymerization reaction catalyzed by P. furiosus PolB and primase. The
substrates (50 nM) were incubated with 50nM of PolB and primase in
the presence/absence of PfRec] (400 nM) at 50°C for 30 min in a buffer
consisting of 20mM HEPES (pH 7.5), 30mM NaCl, 10mM KCl,
SmM MnCl,, 100pM dNTPs, 4U Rnsin and 100ng/ul BSA.
(B) Effect of RPA and PCNA on the proofreading of 3’-mismatched
ribonucleotides by PfRec]J. Proofreading of the 3’-mismatched
ribonucleotide during extension by PolB was performed in the
presence of RPA and PCNA using a RNA/DNA hybrid carrying a
3-mismatched ribonucleotide as a substrate. The RNA/DNA hybrid
(50nM) was incubated with PfRec] (100nM), PolB (50nM), RPA
(1uM), PCNA (1 uM) or enzyme mixtures for 30min at 50°C in a
buffer consisting of 20mM HEPES (pH 7.5), 30mM NaCl, 10mM
KCl, 2mM MnCl,, 100ng/ul BSA, 4U Rnsin and 100 uM dNTPs.
Lowercase and uppercase denote RNA and DNA, respectively.

may be too short to be bound by both PCNA and PolB, and
this spatial hindrance might result in the inhibition by
PCNA of RNA primer extension by PolB. Therefore, the
effect of PCNA on the extension of a longer RNA primer by
PolB was characterized. When a 25-nt RNA primer was
used as substrate, the inhibition by PCNA disappeared
(Supplementary Figure S8).

Discussion

As an essential enzyme for the initiation of DNA replica-
tion, primase has the capability to synthesize short RNA
primers de novo. However, its fidelity is not 100%. When a
mismatched NMP is incorporated into the RNA by
primase, the 3’-mismatched ribonucleotide generally
blocks further extension of RNA primer and fixes the
mismatch on the 3’ terminus of the RNA primer
(Figure 5A, lane 1). For efficient extension of the 3'-
mismatched RNA primer by DNA polymerase PolB, the
3’-mismatched NMP must be removed by specific
protein(s) with ribonuclease activity. Although archaeal
replicative DNA polymerases have a strong 3’ exonucle-
ase activity on 3'-mismatched deoxyribonucleotides
(35-39), the 3-mismatched ribonucleotide of RNA
primer is not an efficient substrate for PolB
(Supplementary Figure S7).

The PfRec] protein has an intrinsic 3'-5 exonuclease
activity that is specific to ssRNA and 3’-mismatched
RNA/DNA hybrids. We speculate that the RNA-specific
3’-5" exonuclease of PfRecl is responsible for removing the
3’-mismatched ribonucleotides from RNA primers in
chromosomal DNA replication. Based on our results and
a previous report on interactions between archaeal GINS
and MCM helicase, primase and Recl-like protein
(23,29-31), we propose a model for the proofreading
function of PfRec] protein on 3’-mismatched RNA
primers. RecJ, GINS and PolB function as a three-part
complex in DNA replication. When PolB encounters a
3’-mismatched RNA primer, the complex arrests on the
RNA primer. Then, the RecJ subunit removes the mis-
matched NMP and eliminates the hindrance to strand
extension by PolB. Finally, PolB resumes DNA synthesis
by extending the proofread RNA primer. Whether other
DNA polymerases, such as DNA polymerase D (36-38),
require archaeal ReclJ-like protein to remove 3'-
mismatched ribonucleotides needs to be experimentally
verified. RNA primer proofreading is only necessary
when the majority of RNA primers are mismatched.
If both matched and mismatched RNA primers exist in a
ssDNA template, the replicative DNA polymerases can use
the matched primers to assemble the replisome. Moreover,
considering that PfRec] exhibits higher specific activity on
ssSRNA than RNA/DNA hybrids in vitro, this enzyme
might be involved in the degradation of diverse ssRNAs
(such as mRNA), as observed with other members of the
DHH phosphoesterase superfamily (24).

The pfRec] and its archaeal homologs are defined as
RecJ-like proteins based on sequence similarity to bacter-
ial Recl (22,23). The T.thermophilus Recl structure can
be divided into four domains (27). Domains I (residues
47-291) and II (residues 323-425) are interconnected by
a long helix (residues 292-322), forming an active center.
Domain III comprises the N-terminal region (residues
1-46) and the internal region of ~110 residues (residues
426-535). Domain IV comprises the C-terminal region of
~120 residues (residues 536—658). The majority of bacter-
ial ReclJs, such as those of E.coli and Chlamydophila
pneumoniae, only feature domains I, II and III
(Supplementary Figure S9A). A sequence alignment



(Supplementary Figure S9B) shows that archaeal Recl-
like proteins only have the two domains corresponding
to the bacterial catalytic core domain, which includes
residues 40-425 of the T.thermophilus Recl (27,41).
Hence, we propose that archaeal Recl-like proteins, such
as PfRecJ, TkoRecJ (23) and MjRec] (22), should be clas-
sified into a domain-truncated RecJ subfamily (OB-fold
domain-deleted Rec] subfamily). Moreover, archaeal
RecJ-like proteins are longer by ~100 amino acid
residues than the bacterial RecJ core domain (owing to
a longer domain I, Supplementary Figure S9C and D).
The full-length protein and N-terminal catalytic core
domain of T.thermophilus Rec] have 5-3' exonuclease
activity on ssDNA, which is dependent on Mn>" and
Mg>* (27). The K, value of the catalytic core domain
is approximately the same as that of full-length Recl],
whereas the K., value of the catalytic core domain is
~500 times higher than that of full-length RecJ (27).
Hence, the OB-fold domain mainly functions in improving
the ssDNA-binding capability of bacterial Recl
(Supplementary Figure S6A). Several members of the
DHH phosphoesterase superfamily efficiently digest
ssDNA and ssRNA shorter than 5nt in the 53’ direction
(24). This activity of DHH phosphoesterase is proposed to
play a role in RNA and DNA recycling. The differences in
conserved residues and motifs between the DHH
phosphoesterase superfamily and PfRecJ possibly result
in the differing hydrolysis polarities on ssRNA.

The crystal structure of full-length T.thermophilus Recl
shows that the OB-fold domain functions mainly in
binding to ssDNA (27,41). Archaeal Rec] cleaves both
ssDNA and ssRNA, but their digestion polarities are dif-
ferent. The only difference between RNA and DNA is the
2’-OH group; therefore, it would appear that the 2 OH
directs binding and hydrolysis of the phosphodiester
bond in the 3'-5 direction. Given that PfRecJ preferen-
tially hydrolyzes ssDNA/ssRNA hybrids, the DNA-
binding region must be relatively narrow and select for ss
nucleic acids over ds nucleic acids. The specific removal of
3’-mismatched ribonucleotides from RNA/DNA hybrids
(Figure 4A and E) also supports the binding specificity of
the enzyme to ssSRNA (Supplementary Figure S6C). The
ReclJs from E.coli and T.thermophilus did not exhibit 3'-5
exonuclease activity on ssSRNA (data not shown). The
sequence differences in the RecJ core domain (the longer
domain I for archaeal RecJ-like protein) and the addition
of OB-fold domain into bacterial RecJ could result in their
different substrate specificities.

Despite the high sequence conservation of Recl-like
protein in bacteria and archaea, no homolog of Recl
exists in eukaryotes. Bioinformatic analysis has shown
that Cdc45, an essential replication initiation protein,
has significant sequence similarity to the N-terminal—
conserved DHH domain of RecJ family proteins (25,26).
In addition, biochemical results have shown that Cdc45
and RecJ specifically bind ssDNA and ssRNA, but the
exonuclease activity of Cdc45 has not been confirmed
(26). Cdc45 stably interacts with MCM2-7 and GINS to
form a complex of Cdc45/Mcm2-7/GINS (CMG) that is
believed to act as the DNA helicase at the replication fork
(28,42.,43). Aside from forming a complex with MCM2-7
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and GINS, Cdc45 also interacts with other replication
factors, including MCM10, RPA and DNA polymerases
(44). Cdc45 lacks most of the conserved motifs that are
essential for bacterial and archaeal enzyme activities (20),
and is therefore unlikely to have a similar exonuclease
activity. Perhaps the loss of exonuclease activity has
allowed Cdc45 to evolve into a protein with specialized
functions.
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Figures 1-9.
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