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Summary
Eukaryotic RNases H2 consist of one catalytic and two accessory subunits. Several single
mutations in any one of these subunits of human RNase H2 cause Aicardi-Goutières syndrome. To
examine whether these mutations affect complex stability and activity of RNase H2, three mutant
proteins of His-tagged Saccharomyces cerevisiae RNase H2 (Sc-RNase H2*) were constructed.
Sc-G42S*, Sc-L52R*, and Sc-K46W* contain single mutations in Sc-Rnh2Ap*, Sc-Rnh2Bp*, and
Sc-Rnh2Cp*, respectively. The genes encoding three subunits were co-expressed in E. coli and
Sc-RNase H2* and its derivatives were purified in a heterotrimeric form. All of these mutant
proteins exhibited enzymatic activity. However, only the enzymatic activity of Sc-G42S* was
greatly reduced as compared to that of the wild-type protein. Gly42 is conserved as Gly10 in
Thermococcus kodakareansis RNase HII (Tk-RNase HII). To analyze the role of this residue, four
mutant proteins Tk-G10S, Tk-G10A, Tk-G10L, and Tk-G10P were constructed. All mutant
proteins were less stable than the wild-type protein by 2.9–7.6°C in Tm. Comparison of their
enzymatic activities, substrate binding affinities, and CD spectra suggest that introduction of a
bulky side chain into this position induces a local conformational change, which is unfavorable for
both activity and substrate binding. These results indicate that Gly10 is required to make the
protein fully active and stable. The findings that the mutations in the accessory subunits of Sc-
RNase H2* do not seriously affect the enzymatic activity suggest that the mutant forms of the
protein are relatively unstable or interactions with other proteins are perturbed in human cells.
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Introduction
Ribonuclease H (RNase H, E.C. 3.1.26.4) is an enzyme that specifically cleaves the RNA
moieties of RNA/DNA hybrids [1]. RNase H is widely present in prokaryotes, eukaryotes,
and retroviruses. These RNases H are involved in DNA replication, repair, and transcription
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[2–8]. Because RNase H activity is required for proliferation of retroviruses, this activity is
regarded as one of the targets for AIDS chemotherapy [9]. RNases H have been classified
into two major families, Type 1 and Type 2 RNases H, which are evolutionarily unrelated,
based on the difference in their amino acid sequences [10–12]. However, according to the
crystal structures of Type 1 [13–21] and Type 2 [22–25] RNases H, these RNases H share a
common folding motif, termed RNase H-fold, and share a common two-metal-ion catalysis
mechanism. According to this mechanism, metal ion A is required for substrate-assisted
nucleophile formation and product release, and metal ion B is required to destabilize the
enzyme-substrate complex and thereby promote the phosphoryl transfer reaction [18,26,27].

Eukaryotic Type 2 RNases H (RNases H2) are distinguished from prokaryotic ones (RNases
HII and HIII) by the subunit structure. Prokaryotic Type 2 RNases H are functional in a
monomeric form [25,28], like prokaryotic [13,18,20] and eukaryotic [21] Type 1 RNases H.
In contrast, eukaryotic Type 2 RNases H are functional as a complex of three different
proteins [29,30]. One of these proteins (catalytic subunit) is a homologue of prokaryotic
Type 2 RNase H, in which all of the active-site residues are conserved. Nevertheless, this
subunit is active only when it forms a complex with two other accessory proteins. It has
been suggested that two accessory proteins are required for correct folding of the catalytic
subunit of RNase H2 [29].

It has been shown that certain mutations in any subunit of human RNase H2 cause Aicardi-
Goutières syndrome (AGS) [30,31]. AGS is an autosomal recessive genetic disorder, that is
phenotypically similar to in utero viral infection, leading to severe neurological defects.
RNase H2 deficiency may promote the accumulation of RNA/DNA hybrids in cells, which
may induce the innate immunity. Of these mutations, the Gly37→Ser mutation in the
catalytic subunit (RNASEH2A) has been shown to greatly reduce enzymatic activity without
seriously affecting the stability of the complex [30]. However, it remains to be determined
whether other mutations in the accessory proteins (RNASEH2B and RNASEH2C) also
reduce enzymatic activity without seriously affecting complex stability. In addition, the
reason why the Gly37→Ser mutation in RNASEH2A reduces the enzymatic activity
remains to be understood.

Saccharomyces cerevisiae RNase H2 (Sc-RNase H2) consists of one catalytic subunit (Sc-
Rnh2Ap) and two accessory subunits (Sc-Rnh2Bp and Sc-Rnh2Cp) like human RNase H2
[29]. It has been overproduced in E. coli in an active form upon co-expression of the genes
encoding these subunits [29]. Likewise, Thermococcus kodakaraensis RNase HII (Tk-
RNase HII), which represents prokaryotic Type 2 RNases H and shows 30.4% amino acid
sequence identity to the catalytic subunit of human RNase H2, has been overproduced in E.
coli in an amount sufficient for structural and functional studies [32]. Its crystal structure has
been determined [23]. Its stability has been determined thermodynamically [33,34].

In this study, we used Sc-RNase H2 as a model protein to analyze the effect of a disease-
causing mutation on the activity and complex stability of human RNase H2. Information on
the properties of this S. cerevisiae protein, together with the power of yeast genetics, will aid
in both biochemical and functional assays of type 2 RNases H. We also used Tk-RNase HII
as a model protein to analyze the role of Gly37 in the catalytic subunit of human RNase H2,
which is fully conserved in prokaryotic RNases HII and eukaryotic RNases H2. Because Tk-
RNase HII is catalytically active as a single polypeptide, we are able to gain more insight
into the effects of the glycine residue near the active site of the protein. We showed that the
mutation of the conserved glycine residue to Ser in Sc-Rnh2Ap greatly reduces enzymatic
activity without seriously affecting complex stability. In contrast, neither the mutation in Sc-
Rnh2Bp nor that in Sc-Rnh2Cp seriously affects enzymatic activity. The role of the
conserved glycine residue in the catalytic subunit was further analyzed by constructing a
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number of the mutant proteins of Tk-RNase HII. Based on these results, we discuss on the
structural importance of this glycine residue.

Results and Discussion
Overproduction and purification of Sc-RNase H2

The genes encoding the three subunits of Sc-RNase H2 have previously been co-expressed
in an E. coli strain transformed with two plasmids (one for overproduction of one subunit
and the other for overproduction of other two subunits) [29]. The complex of these subunits
have been partially purified and used to analyze substrate specificity and cleavage-site
specificity using various oligomeric substrates. The possibility that host-derived RNases H
were co-purified with Sc-RNase H2, has not been completely ruled out. To avoid of this
possibility, we used a mutant E. coli strain, MIC2067(DE3), which lacks all functional
RNases H for overproduction of Sc-RNase H2. However, because of the limitation of the
selection markers, it is difficult to use this strain as a host strain in this system. Therefore, in
this study, we constructed plasmid pET-ABC, in which the transcription of the genes
encoding all three subunits in a His-tagged form are controlled by the single T7 promoter, to
facilitate the preparation of Sc-RNase H2 in an amount sufficient for biochemical
characterization. All His-tagged proteins will be marked by asterisks hereafter (for example,
Sc-Rnh2Ap* for His-tagged Sc-Rnh2Ap and Sc-RNase H2* for His-tagged Sc-RNase H2).

Upon overproduction, only Sc-Rnh2Cp* accumulated in the cells in abundance (Fig. 1A).
The production levels of Sc-Rnh2Ap* and Sc-Rnh2Bp* were too low to clearly detect as a
band on SDS-PAGE. Disruption of the cells, followed by centrifugation, indicated that Sc-
Rnh2Cp* accumulated in the cells mostly in an insoluble form (data not shown). When all
His-tagged proteins in a soluble form were purified by a Ni affinity column chromatography
and subsequently applied to gel filtration column, two peaks were obtained (Fig. 1B). SDS-
PAGE analyses indicated that the first peak consists of three subunits, while the second peak
consists of Sc-Rnh2Bp* and Sc-Rnh2Cp* (Fig. 1A). No other peak was detected, suggesting
that these proteins accumulate in the cells in a soluble form, only when they form a
complex. The molecular masses of these peaks estimated from gel filtration column
chromatography are 79 kDa for the first peak, which is slightly lower than but comparable to
the sum of the molecular masses of three subunits in a His-tagged form (89,336), and 53
kDa for the second peak, which is comparable to the sum of the molecular masses of Sc-
Rnh2Bp* and Sc-Rnh2Cp* (53,638). The molecular masses of three subunits estimated from
SDS-PAGE are 36 kDa for Sc-Rnh2Ap*, 41 kDa for Sc-Rnh2Bp*, and 14 kD for Sc-
Rnh2Cp*, which are comparable to the calculated ones (35,698 for Sc-Rnh2Ap*, 40,306 for
Sc-Rnh2Bp*, and 13,332 for Sc-Rnh2Cp*). The intensities of the bands visualized by CBB
staining also support the formation of a heterotrimer and heterodimer. Because only the first
peak exhibited RNase H activity, the heterotrimeric complex of Sc-Rnh2Ap*, Sc-Rnh2Bp*
and Sc-Rnh2Cp* will be simply designated as Sc-RNase H2*. The amount of Sc-RNase
H2* purified from 1 liter culture was roughly 3 mg. The observation that Sc-Rnh2Bp* and
Sc-Rnh2Cp* form a complex in the absence of Sc-Rnh2Ap* may suggest that formation of a
heterotrimeric structure of Sc-RNase H2* is initiated by the formation of this complex.

Enzymatic activity of Sc-RNase H2*
The substrate and cleavage-site specificities of Sc-RNase H2 have previously been analyzed
by using various oligomeric substrates, including RNA20/DNA20, DNA12-RNA4-DNA12/
DNA28, RNA13-DNA27/DNA40, DNA12-RNA1-DNA27/DNA40, and RNA6-DNA38/DNA40
[29]. However, the metal ion preference, pH-dependence, and salt-dependence remain to be
analyzed. In addition, the kinetic parameters for these substrates remain to be determined.
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When the enzymatic activity of Sc-RNase H2* was determined in the presence of various
concentrations of MgCl2, MnCl2, CoCl2, NiCl2, and CaCl2 at pH 8.0 by using DNA15-
RNA1-DNA13/DNA29, which will be designated as [rA]1, as a substrate, Sc-RNase H2*
exhibited maximum activity in the presence of 10 mM MgCl2 (Fig. 2A). It exhibited 92, 58,
and 28% of the maximum activity in the presence of 1 mM CoCl2, 10 mM MnCl2, and 1
mM NiCl2, respectively, but was inactive in the presence of CaCl2. Enzymatic activity was
always greatly reduced when the concentration of the metal ion exceeds the optimum,
suggesting that metal ions are inhibitory at high concentrations. The pH- and salt-
dependencies of the Sc-RNase H2* activity were analyzed in the presence of 10 mM MgCl2.
Like other RNases H, Sc-RNase H2* exhibited enzymatic activity at alkaline pH with
optimum pH of 8 (Fig. 2B). It exhibited maximum activity in the presence of 50 mM NaCl
(Fig. 2C).

Sc-RNase H2* cleaved [rA]1 and DNA13-RNA4-DNA12/DNA29 ([rA]4) most preferably at
the RNA-DNA junction (a junction between the 3' side of RNA and 5' side of DNA) and at
rA3–rA4 (phosphodiester bond between the third and fourth ribonucleotides), respectively
(Fig. 3). These sites are identical with those reported for other similar substrates [29]. It also
cleaved RNA29/DNA29 ([rA]29) at multiple sites, as reported for RNA20/DNA20 [29] (Fig.
3). Tk-RNase HII cleaved [rA]1 and [rA]4 at the same sites as Sc-RNase H2* (Fig. 3). It also
cleaved [rA]29 at multiple sites, but with a slightly different cleavage-site preference (Fig.
3). The specific activities of Sc-RNase H2* determined at the substrate concentration of 1
µM and 30°C were 0.020 units/mg for [rA]1, 0.021 units/mg for [rA]4, and 0.031 units/mg
for [rA]29, while those of Tk-RNase HII were 12 units/mg for [rA]1 and [rA]4, and 11 units/
mg for [rA]29. These results indicate that Sc-RNase H2* exhibits very weak enzymatic
activity as compared to Tk-RNase HII, but cleaves the substrate containing single
ribobucleotide and RNA/DNA hybrid with comparable efficiencies like Tk-RNase HII.

Kinetic parameters of Sc-RNase H2* and Tk-RNase HII were determined by using [rA]1
and [rA]4 as a substrate. The cleavage of these substrates with Sc-RNase H2* followed
Michaelis-Menten kinetics and the kinetic parameters were determined from a Lineweaver-
Burk plot. The results are summarized in Table 1. The Km values of Sc-RNase H2* for both
substrates, which were similar with each other, were comparable to those of Tk-RNase HII.
In contrast, the kcat values of Sc-RNase H2* for both substrates, which were similar with
each other, were lower than those of Tk-RNase HII by approximately 100 fold. These results
indicate that the binding affinity of Sc-RNase H2* to substrate is comparable to that of Tk-
RNase HII, while the turnover number of Sc-RNase H2* is much lower than that of Tk-
RNase HII.

Construction of mutant proteins of Sc-RNase H2*
The Gly37→Ser mutation is the only disease-causing mutation identified in the catalytic
subunit of human RNase H2 (Hs-RNASEH2A) [30,31]. This residue, which is fully
conserved in various Type 2 RNase H sequences [11], is conserved as Gly42 in Sc-Rnh2Ap
(Fig. 4). To examine whether the mutation of this residue to Ser affects the activity and
stability of Sc-RNase H2*, G42S-Rnh2Ap* was constructed. Likewise, L52R-Rnh2Bp*
with the Leu52→Arg mutation in Sc-Rnh2Bp* and K46W-Rnh2Cp* with the Lys46→Trp
mutation in Sc-Rnh2Cp* were constructed. The corresponding mutations (Leu60→Arg in
Hs-RNASEH2B and Arg69→Trp in Hs-RNASEH2C) are not the only disease-causing
mutations identified in these subunits. Thirteen single disease-causing mutations have so far
been identified in total in Hs-RNASEH2B [30,31]. The parent residues at these mutation
sites are well conserved among mammals. However, of these residues, only Leu60 is
conserved as Leu52 in Sc-Rnh2Bp. Sc-Rnh2Bp shows a low amino acid sequence identity to
Hs-RNASEH2B. However, a sequence motif around this conserved leucine residue is
relatively well conserved in these sequences (Fig. 4). Likewise, of the six residues in Hs-
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RNASEH2C, only Arg69 and Pro76 are conserved as Lys46 and Pro53 in Sc-Rnh2Cp,
respectively. Sc-Rnh2Cp also shows low amino acid sequence identity to Hs-RNASEH2C.
However, a sequence motif around these conserved arginine and proline residues is
relatively well conserved in these sequences (Fig. 4). P53L-Rnh2Cp* with the Pro53→Leu
mutation in Sc-Rnh2Cp* was not constructed in this study, because this mutation has only
recently been identified as a disease-causing mutation [31].

The mutant proteins Sc-G42S*, Sc-L52R*, and Sc-K46W*, in which one of the subunits of
Sc-RNase H2* is replaced by G42S-Rnh2Ap*, L52R-Rnh2Bp*, and K46W-Rnh2Cp*,
respectively, were overproduced in E. coli MIC2067(DE3) using a polycistronic expression
system. The production levels of these subunits in the cells and the amount of the mutant
proteins of Sc-RNase H2* purified from 1 liter culture were not seriously changed
regardless of the loci of the mutations (data not shown). These results indicate that a disease-
causing mutation introduced into any subunit does not seriously affect the complex
formation or stability. The far-UV CD spectra of these mutant proteins were almost identical
to that of Sc-RNase H2* (data not shown), suggesting that these mutations do not seriously
affect protein conformation.

Enzymatic activities of mutant proteins of Sc-RNase H2*
To examine whether the Gly37→Ser mutation in Sc-Rnh2Ap*, Leu52→Arg mutation in Sc-
Rnh2Bp*, or Lys46→Trp mutation in Sc-Rnh2Cp* affects substrate binding and turnover
number of Sc-RNase H2*, the kinetic parameters of Sc-G42S*, Sc-L52R*, and Sc-K46W*
for [rA]1 and [rA]4 were determined. The results are summarized in Table 1. The Km values
of all mutant proteins for both substrates were comparable to those of Sc-RNase H2*. The
kcat values of Sc-L52R* and Sc-K46W* for both substrates were also comparable to those of
Sc-RNase H2*, indicating that neither the Leu52→Arg mutation in Sc-Rnh2Bp* nor the
Lys46→Trp mutation in Sc-Rnh2Cp* seriously affects substrate binding and turnover
number of Sc-RNase H2*. In contrast, the kcat values of Sc-G42S* for both substrates were
greatly reduced as compared to those of Sc-RNase H2*, suggesting that this mutation
greatly reduces the turnover number of the protein without seriously affecting substrate
binding. The specific activity of Sc-G42S* for [rA]29 was also greatly reduced as compared
to that of the wild-type protein (Table 1). Nevertheless, Sc-G42S* could complement the
RNase H-dependent temperature sensitive growth phenotype of MIC2067(DE3) like Sc-
RNase H2* (data not shown), indicating that Sc-G42S* is still functional in vivo. These
results are consistent with the finding that the corresponding mutation does not fully
inactivate Hs-RNase H2, but greatly reduces its activity [30].

It is noted that Sc-Rnh2Bp* and Sc-Rnh2Cp* show very low amino acid sequence identities
to the human counterparts. It may be that the lack of similarity in primary sequence will
make studies on the yeast enzyme useful as a model for the human RNase H2 only when the
structure of the ABC complex is known. However, it seems unlikely that the mutations
corresponding to the Leu52→Arg and Lys46→Trp mutations seriously affect the enzymatic
activity of human RNase H2, because the amino acid sequences around these mutation sites
are relatively well conserved in both proteins (Fig. 4). The observation that Sc-L52R* and
Sc-K46W* are as active as the wild-type protein suggests that great reduction of RNase H2
activity is not the only reason why mutations in the RNase H2 subunits cause AGS.

Construction of mutant proteins of Tk-RNase HII
Four mutant proteins Tk-G10S, Tk-G10A, Tk-G10L, and Tk-G10P were constructed to
analyze the role of Gly10 of Tk-RNase HII, which is conserved as Gly37 in Hs-RNASEH2A
and Gly42 in Sc-Rnh2Ap (Fig. 4). Tk-G10S was constructed because the corresponding
mutation in Hs-RNASEH2A has been identified as one of the disease-causing mutations
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[30]. Tk-G10A was constructed because Ala has the smallest side chain among all amino
acid residues, except Gly. Tk-G10L was constructed because Leu has a bulky hydrophobic
side chain. Tk-G10P was constructed because Pro is expected to limit the flexibility of the
loop containing Gly10. Upon overproduction, all mutant proteins accumulated in the E. coli
cells in a soluble form. Their production levels were similar to that of the wild-type protein.
They were purified to give a single band on SDS-PAGE (data not shown). The amount of
the protein purified from 1 liter culture was approximately 10 mg for all mutant proteins.

The CD spectra of all mutant proteins in the far-UV region (200–250 nm) were nearly
identical to that of the wild-type protein (Fig. 5). On the other hand, the CD spectra in the
near-UV region (250–300 nm) varied for different mutant proteins (Fig. 5). The near-UV
CD spectrum of Tk-G10A is similar to that of the wild-type protein, which gives a positive
peak at around 255 nm. The near-UV CD spectrum of Tk-G10S shows similarity to that of
the wild-type protein at <260 nm but is different at >260 nm. The near-UV CD spectra of
Tk-G10L and Tk-G10P are different from that of the wild-type protein in the entire region
and gives a positive peak at around 275 nm. These spectra show a similarity to that of Tk-
G10S at >260 nm. These results suggest that the mutation at Gly10 does not seriously affect
the main chain fold of the protein, but affects a local conformation around the mutation site.
The extent of this local conformational change seems to increase as the size of the side chain
introduced into this position increases (Ala<Ser<pro<Leu).

Enzymatic activities of mutant proteins of Tk-RNase HII
Enzymatic activities of the mutant proteins were determined by using [rA]1, [rA]4, and
[rA]29 as a substrate. Tk-G10A and Tk-G10S cleaved these substrates at the same sites as
the wild-type protein (data not shown). In contrast, Tk-G10L and Tk-G10P did not cleave
these substrates, suggesting that these mutant proteins are inactive. Tk-G10A and Tk-G10S
complemented the RNase H-dependent temperature-sensitive growth phenotype of E. coli
MIC2067(DE3), while Tk-G10L and Tk-G10P did not (data not shown). These results
indicate that Tk-G10A and Tk-G10S are functional both in vivo and in vitro, while Tk-G10L
and Tk-G10P are not functional either in vivo or in vitro.

The kinetic parameters of Tk-G10A and Tk-G10S were determined by using [rA]1 and [rA]4
as a substrate. The results are summarized in Table 1. The Km and kcat values of Tk-G10A
were highly similar to those of the wild-type protein for both substrates, indicating that the
mutation of Gly10 to Ala does not seriously affect the substrate binding affinity and
turnover number of the protein for both substrates. The Km values of Tk-G10S for both
substrates were also comparable to those of the wild-type protein. However, The kcat values
of Tk-G10S for [rA]1 and [rA]4 were 40 and 10% of those of the wild-type protein. Similar
results were obtained for [rA]29. The specific activities of Gly10A and Gly10S for this
substrate were also 100 and 25% of that of the wild-type protein (Table 1). These results
suggest that the mutation of Gly10 to Ser significantly reduces the turnover number of the
protein without seriously affecting the substrate binding affinity.

Binding analyses using BIAcore system
To examine whether the mutation of Gly10 to Leu or Pro affects the substrate binding
affinity of the protein, the interaction between the protein and substrates ([rA]1 and [rA]4)
were analyzed in the absence of the metal cofactor by BIAcore. The dissociation constants
of the proteins estimated from the equilibrium binding level to the substrates are
summarized in Table 2. The KD values of Tk-G10A for both substrates were comparable to
those of the wild-type protein. The KD values of Tk-G10S were higher than those of the
wild-type protein, but only by 5.6 fold for ([rA]1 and 2.5 fold for [rA]4. In contrast, the KD
values of Tk-G10L and Tk-G10P were much higher than those of the wild-type protein. The
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KD values of Tk-G10L, which were slightly higher than those of Tk-G10P for both
substrates, were increased by roughly 1000 fold for [rA]1 and 100 folds for [rA]4 as
compared to those of the wild-type protein. These results indicate that the binding affinity of
the protein to the substrate is not seriously affected or only slightly affected by the mutation
of Gly10 to Ala or Ser, but is greatly decreased by that to Leu or Pro.

It is noted that the Km values of Tk-G10S for these substrates are comparable to those of the
wild-type protein, unlike its KD values (Table 1). This disagreement may be caused by the
difference in the conditions, in which the interactions between the protein and substrate are
analyzed. The Km values were determined in the presence of metal cofactor, while the KD
values were determined in the absence of metal cofactor. However, the difference in the KD
values between Tk-G10S and wild-type protein is negligible as compared to that between
Tk-G10L or Tk-G10P and wild-type protein.

Stabilities of mutant proteins of Tk-RNase HII
To examine whether the mutation at Gly10 affects the stability of Tk-RNase HII, thermal
stabilities of the mutant proteins were determined by monitoring changes of the CD values
at 220 nm. At pH 9, all mutant and wild-type proteins unfolded in a single cooperative
fashion in a reversible manner. The thermal denaturation curves of the mutant proteins are
compared with that of the wild-type protein in Fig. 6. The parameters characterizing the
thermal denaturation of the wild-type and mutant proteins are summarized in Table 3.
Comparison of these parameters indicate that all mutant proteins are less stable than the
wild-type protein by 2.9–7.6°C in Tm and 1.0–2.6 kcal/mol in ΔG. No clear correlation is
observed between the size or hydrophobicity of the residue at position 10 and stability,
although Tk-G10L with the largest and most hydrophobic side chain at position 10 is most
unstable among four mutant proteins.

Role of Gly10 of Tk-RNase HII
According to the crystal structure of Tk-RNase HII [23], Gly10 is located at the turn region
just behind the β1-strand (Fig. 7). The (ϕ, ψ) values of this residue are (80.8°, 43.8°).
According to the statistical analysis of the backbone conformational angles by Nicholson et
al. [35] and designation by Efimov [36], the backbone conformation of Gly10 in Tk-RNase
HII is defined as the left-handed αL conformation. It has been reported that non-glycine
residues are energetically unfavorable for left-handed helical conformation because of the
local steric interaction of the backbone atoms and the side-chain Cβ atom [35,37–40]. This
may be the reason why the mutation at Gly10 destabilizes the protein. Thus, Gly10
contributes to the stabilization of Tk-RNase HII by assuming a left-handed helical structure.

Gly10 is also important to make Tk-RNase HII fully active. Tyr170 is located in the vicinity
of this residue (Fig. 7). Therefore, it is likely that introduction of a bulky residues into this
position forcibly shifts the position of Tyr170 to overcome steric hindrance between these
residues. Significant changes in the near-UV CD spectrum of Tk-RNase HII by the mutation
of Gly10 to Ser, Leu, and pro supports this possibility. This conformational change may
reduce both the substrate binding affinity and turnover number of the protein, because Gly10
is located near the active site and Tyr170 is located at the putative substrate binding site. In
fact, Tyr164 of Archaeoglobus fulgidus RNase HII, which corresponds to Tyr170 of Tk-
RNase HII, has been reported to be important for substrate binding [24]. Tk-G10A is almost
fully active, but is less stable than the wild-type protein, probably because the mutation of
Gly10 to Ala neither seriously affects the left-handed backbone structure of this residue nor
the local conformation around this residue, as revealed by CD spectra.
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Conclusion
In this report, we used Sc-RNase H2* and Tk-RNase HII as model proteins to analyze the
effect of a disease-causing mutation on the activity, stability, and structure of human RNase
H2 and the role of the glycine residue fully conserved in prokaryotic RNases HII and
eukaryotic RNases H2. We showed that Gly10 is required to make Tk-RNase HII fully
stable and active. Introduction of the bulky side chains of Pro and Leu in this position causes
a significant conformational change around the substrate binding site and active site and
thereby inactivates the protein. However, the side chain of Ser seems to be too small to
induce a conformational change that is sufficient to inactivate the protein but does result in a
great reduction in enzymatic activity. These results suggest that replacement of Gly37 with a
bulky amino acid in Hs-RNASEH2A also inactivates human RNase H2. It has been
proposed that an individual carrying an inactive mutant protein will exhibit more severe
AGS phenotype or is lethal at the early stage of embryonic development [31]. Our results
that all mutant proteins of Sc-RNase H2 exhibit at least partial enzymatic activity support
the latter possibility. The reason the mutations in the accessory proteins do not seriously
affect the activity of Sc-RNase H2 but cause AGS remains to be clarified. The mutant forms
of the protein may be relatively unstable or interactions with other proteins are perturbed in
human cells.

In this report, we also showed that Sc-RNase H2 is overproduced in E. coli in a
heterotrimeric form upon co-expression of the genes encoding three subunit proteins and
purified by two column chromatographic procedures. Availability of this overproduction
system will facilitate not only the crystallographic studies of Sc-RNase H2 but also its
physicochemical studies. These studies will facilitate understanding of the role of the
accessory proteins for folding of the catalytic domain.

Experimental procedures
Cells and plasmids

E. coli MIC2067 [F−, λ−, IN(rrnD–rrnE)1, rnhA339::cat, rnhB716::kam] [4] was kindly
donated by M. Itaya. E. coli MIC2067(DE3) was constructed by lysogenizing E. coli
MIC2067 with λDE3 using a λDE3 Lysogenization Kit (Novagen, Madison, WI, USA).
Plasmid pJAL700K containing the Tk-RNase HII gene was previously constructed [32].
Plasmid pVANPH2 containing the Sc-Rnh2Ap gene [5] and plasmids pET279 and
pAC154-2 containing the Sc-Rnh2Bp and Sc-Rnh2Cp genes, respectively [29], were
previously constructed. Plasmid pET25b was obtained from Novagen. E. coli
MIC2067(DE3) transformants were grown in NZCYM medium (Novagen) containing 50
mg/l ampicillin and 0.1 % (w/v) glucose.

Plasmid construction
Plasmid pET-ABC for polycistronic expression of the genes encoding Sc-Rnh2Ap*, Sc-
Rnh2Bp*, and Sc-Rnh2Cp* was constructed as described below. The DNA fragments
containing the genes encoding Sc-Rnh2Ap*, Sc-Rnh2Bp*, and Sc-Rnh2Cp* were amplified
by PCR using the combinations of the primers RNH2A-F and RNH2A-R, RNH2B-F and
RNH2B-R, and RNH2C-F and RNH2C-R, respectively. Plasmids pVANPH2, pET279, and
pAC154-2 were used as a template. The sequences of these primers are 5’-
ATTATCATATGGGTACCCCCACGG-3’ f o r R N H 2 A-F, 5’-
TGTGGAATTCAGTGGTGGTGGTGGTGGTGCCGGTACCAATTATCTAGGG-3’ f o r
R N H 2 A-R, 5’-
ATATGAATTCTCTCTAAGGAGATATACTTATGACCGTTTCCAACATTGGG-3’ f o r
R N H 2 B-F, 5’-
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GGGGAAGCTTCTAGTGGTGGTGGTGGTGGTGCTTACGTTTAAAAAATCCATC-3’ f
o r R N H 2 B-R, 5’-
ATATAAGCTTCTCTCAAGGAGATATACTTATGACCAAAGATGCCGTG-3’ for
RNH2C-F, and 5’-
GGAGCTCGAGTTAGTGGTGGTGGTGGTGGTGCTGATTTATGACATCGATGAGG-3
’ for RNH2C-R. In these sequences, underlined bases show the positions of the NdeI (for
RNH2A-F), EcoRI (for RNH2A-R and RNH2B-F), HindIII (for RNH2B-R and RNH2C-F),
and XhoI (for RNH2C-R) sites, double underlined bases show the region of the gene
encoding a histidine tag, italic bases show the position of the ribosome binding site, and
bold-faced bases show the initiation codon for translation. The resultant DNA fragments
containing the Sc-Rnh2Ap*, Sc-Rnh2Bp*, and Sc-Rnh2Cp* genes were sequentially ligated
into the NdeI-EcoRI, EcoRI-HindIII, and HindIII-XhoI sites of pET25b and its derivatives,
respectively, one by one in this order, to generate pET-ABC. In pET-ABC, the Sc-
Rnh2Ap*, Sc-Rnh2Bp*, and Sc-Rnh2Cp* genes are located between the NdeI and EcoRI
sites, between the EcoRI and HindIII site, and between the HindIII and XhoI sites,
respectively.

Plasmid pET700K for overproduction of Tk-RNase HII was constructed by ligating the 700
bp DNA fragment into the NdeI-EcoRI sites of pET25b. This DNA fragment was amplified
by PCR using pJAL700K as a template. The sequences of the PCR primers are 5’-
ATATTCATATGAAGATAGCGGGCATTGACGAGGC-3’for 5’ primer and 5’-
ATTATAGAATTCTCACTTTTTCTCGCTCTCAACTTTTTC-3’ for 3’ primer, where
underlined bases show the positions of the NdeI (5’-primer) and EcoRI (3’-primer) sites.

PCR was performed with a GeneAmp PCR system 2400 (PerkinElmer, Tokyo, Japan) using
a KOD DNA polymerase (Toyobo, Kyoto, Japan) according to the producers recommended
by the supplier. All DNA oligomers for PCR were synthesized by Hokkaido System Science
(Sapporo, Japan). The DNA sequence was confirmed with a Prism 310 DNA sequencer (GE
Healthcare, Tokyo, Japan).

Site-directed mutagenesis
Site-directed mutagenesis was carried out by the PCR overlap extension method [41] for the
mutations of the Sc-RNase H2 genes or by PCR using a long 5'- mutagenic primer, instead
of 5'-primer, for the mutations of the Tk-RNase HII gene. Plasmids pET-ABC and
pET-700K were used as a template. The mutagenic primers were designed such that the
GGC codon for Gly42 of Sc-Rnh2Ap is changed to AGT for Ser, CTT codon for Leu52 of
Sc-Rnh2Bp is changed to CGC for Arg, AAG codon for Lys46 of Sc-Rnh2Cp is changed to
TGG for Trp, and GGG codon for Gly10 of Tk-RNase HII is changed to GCG for Ala, TCG
for Ser, CTC for Leu, and CCG for Pro. PCR was carried out as mentioned above and the
nucleotide sequences were confirmed by a Prism 310 DNA sequencer (Perkin-Elmer). All
oligonucleotides were synthesized by Hokkaido System Science.

Overproduction and purification
For overproduction of Sc-RNase H2* and its derivatives, E. coli MIC2067(DE3) was
transformed with pET-ABC and its derivatives and grown at 32°C. When the absorbance at
600 nm reached around 0.5, 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) was added
to the culture medium and cultivation was continued for an additional 3 hours. Cells were
harvested by centrifugation at 8000 rpm for 10 min, suspended in 10 mM sodium phosphate
(pH 7.4) containing 30 mM imidazol and 0.5 M NaCl, disrupted by French press, and
centrifuged at 30,000 g for 30 min. The supernatant was collected and applied to a HiTrap
Chelating HP column (5 ml, GE Healthcare) equilibrated with the same buffer. The protein
was eluted from the column with a linear gradient from 30 to 500 mM imidazole in 10 mM
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sodium phosphate (pH 7.4) containing 0.5 M NaCl. The fractions containing the protein
were collected, dialyzed against 20 mM Tris-HCl (pH 8), and applied to a HiLoad 16/60
Superdex 200pg column (GE Healthcare) equilibrated with the same buffer. The flow rate
was 0.5 ml/min. The fractions containing the protein were collected and used for further
analyses. The molecular mass of the protein was estimated by this gel filtration column
chromatography using bovine serum albumin (BSA) (67 kDa), ovalbumin (44 kDa),
chymotrypsinogen A (25 kDa), and RNase A (14 kDa) as standard proteins. All the
purification procedures were carried out at 4°C.

For overproduction of Tk-RNase HII and its derivatives, E. coli MIC2067(DE3) was
transformed with pET700K and its derivatives. Overproduction was carried out as described
above for Sc-RNase H2* and its derivatives. Sonication lysis of the cells and purification of
the protein were carried out as described previously [32].

The purity of the protein was analyzed by SDS-PAGE on a 15 % polyacrylamide gel [42],
followed by staining with Coomassie Brilliant Blue. The protein concentration was
determined from UV absorption using an A280 value of 0.1% solution of 0.56 cm−1 for Tk-
RNase HII and its variants, 0.94 for Sc-RNase H2*, Sc-G42S*, and Sc-L52R*, and 1.01 for
Sc-K46W*. These values were calculated by using ε of 1576 M−1cm−1 for Tyr and 5225
M−1cm−1 for Trp at 280 nm [43].

Enzymatic activity
The RNase H activity was determined by using 29 bp RNA29/DNA29 ([rA]29), DNA13-
RNA4-DNA12/DNA29 ([rA]4), and DNA15-RNA1-DNA13/DNA29 ([rA]1) as a substrate.
These oligomeric substrates were prepared by hybridizing 1 µM of the 5’-FAM-l abeled 29
base DNA13-RNA4-DNA12 (5’-AATAGAGAAAAAGaaaaAAGATGGCAAAG-3’) and
DNA15-RNA1-DNA13 (5’-AATAGAGAAAAAGAAaAAAGATGGCAAAG-3’) with 1.5
molar equivalent of the complementary DNA, respectively, as described previously [10]. In
these sequences, DNA and RNA are represented by uppercase and lowercase letters,
respectively. FAM represents 6-carboxyfluorescein. All oligonucleotides were synthesized
by Hokkaido System Science. Hydrolysis of the substrate at 30°C for 15 min and separation
of the products on a 20% polyacrylamide gel containing 7 M urea were carried out as
described previously [10]. The reaction buffer was 50 mM Tris-HCl (pH 8) containing 10
mM MgCl2, 1 mM DTT, 0.01% BSA, and 50 mM NaCl, and substrate concentration was 1
µM. The products were detected by Typhoon 9240 Imager (GE Healthcare) and identified
by comparing their migration on the gel with those of the oligonucleotides generated by
partial digestion of 5’-FAM-labeled 29 base D13-R4-D12 or D15-R1-D13 with Crotalus
atrox phosphodiesterase (Sigma, Tokyo, Japan) [44]. One unit is defined as the amount of
enzyme degrading 1 µmol of the substrate per min at 30°C. The specific activity was defined
as the enzymatic activity per milligram of protein. For determination of the kinetic
parameters, the substrate concentration was varied from 0.25 to 2.0 µM. The protein
concentration was 6.1 nM for Sc-RNase H2*, Sc-L52R*, and Sc-K46W*, 50 nM for Sc-
G42S*, 0.08 nM for Tk-RNase HII and Tk-G10A, and 0.8 nM for Tk-G10S.

Binding analysis of proteins to RNA/DNA hybrid
Binding of the proteins to the substrate was analyzed using the Biacore X instrument
(Biacore, Uppsala, Sweden). Twenty-nine bp [rA]1 and [rA]4 were prepared so that the RNA
strand was biotinylated at the 5'-end. These substrates were immobilized on the SA sensor
chip (BIAcore), on which streptavidin is covalently linked, by injecting 20 µl of TBS buffer
(10 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA, 1 mM β-mercaptoethanol, 0.005% Tween
P20, pH 8.0) containing 100 nM of biotinylated [rA]1 and [rA]4. The proteins were
dissolved in TBS buffer and injected at 25°C at a flow rate of 50 µl/min onto the sensor chip
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surface on which [rA]1 or [rA]4 has been immobilized. Binding surfaces were regenerated
by washing with 2 M NaCl.

To determine the dissociation constant, KD, the concentration of the protein injected onto the
sensor chip was varied from 20 to 100 nM for Tk-RNase HII and Tk-G10A, 30–150 nM for
Tk-G10S, and 20–100 µM for Tk-G10L and Tk-G10P. From the plot of the equilibrium
binding responses as a function of the concentrations of the proteins, the KD value was
determined using steady state affinity program of BIAevaluation Software (Biacore).

Circular dichroism (CD) spectra
The CD spectra were measured on a J-725 spectropolarimeter (Japan Spectroscopic, Tokyo,
Japan) at 20°C. The far-UV CD spectra were obtained using solutions containing protein at
0.1 mg/ml in 20 mM Tris-HCl (pH 8.0) in a cell with an optical path length of 2 mm. For
near-UV CD spectra, the protein concentration and optical path length were increased to 0.5
mg/ml and 10 mm, respectively. The mean residue ellipticity, θ, which has the units of deg
cm2 dmol−1, was calculated by using an average amino acid molecular weight of 110.

Thermal denaturation
Thermal denaturation curves Tk-RNases HII and its derivatives were obtained by
monitoring the change in CD values at 220 nm as the temperature was increased. The
proteins were dissolved in 20 mM Tris-HCl (pH 9.0). The protein concentration and optical
path length were 0.1 mg/ml and 2 mm, respectively. The temperature of the protein solution
was linearly increased by approximately 1.0°C/min. The thermal denaturation of these
proteins was reversible under this condition. The temperature of the midpoint of the
transition, Tm, was calculated from curve fitting of the resultant CD values versus
temperature data on the basis of a least squares analysis. The enthalpy (ΔHm) and entropy
(ΔSm) changes for thermal denaturation at Tm were calculated by van’t Hoff analysis. The
difference in the free energy change of unfolding between the wild-type and mutant proteins
at the Tm of the wild-type protein (ΔΔGm) was estimated by the relationship, ΔΔGm = ΔTm
ΔSm [45], where ΔTm is the change in ΔTm of a mutant protein relative to that of the wild-
type protein and ΔSm is the entropy change of the wild-type protein at the Tm.

Abbreviations

RNase H ribonuclease H

Sc-RNase H2 RNase H2 from S. cerevisiae

Tk-RNase HII RNase HII from T. kodakareansis

[rA]29 RNA29/DNA29

[rA]4 DNA13-RNA4-DNA12/DNA29

[rA]1 DNA15-RNA1-DNA13/DNA29

CD circular dichroism

bp base pair

proteins marked by asterisk (*), proteins with a His-tag
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Fig. 1.
Purification of Sc-RNase H2*. (A) SDS-PAGE of Sc-RNase H2* overproduced in E. coli
cells. The genes encoding three subunits of Sc-RNase H2* were co-expressed using a
polycistronic expression system. Samples were subjected to 15% SDS-PAGE and stained
with Coomassie Brilliant Blue. Whole cell extracts before (lane 2) and after (lane 3)
induction for overproduction, and purified complexes eluted from the gel filtration column
as the first (lane 4) and second (lane 5) peaks were analyzed. Lane1, a low molecular weight
marker kit (GE Healthcare). Numbers along the gel represent the molecular masses of
individual marker proteins. (B) Gel filtration column chromatography of Sc-RNase H2*.
The protein eluted from a HiTrap Chelating HP column was applied to a HiLoad 16/60
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Superdex 200pg column equilibrated with 20 mM Tris-HCl (pH 8). The flow rate was 0.5
ml/min and fractions of 1 ml were collected.
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Fig. 2.
Metal ion preference, optimum pH, and optimum salt concentration of RNase H2*. (A)
Dependence of Sc-RNase H2* activity on metal ion. The enzymatic activity of Sc-RNase
H2* was determined at 30°C in 50 mM Tris-HCl (pH 8) containing 1 mM DTT, 0.01%
BSA, and 50 mM NaCl, and various concentrations of MgCl2 (filled circle), CoCl2 (open
circle), MnCl2 (filled triangle), NiCl2 (open triangle), and CaCl2 (filled square) using [rA]1
as a substrate. (B) pH-dependence of Sc-RNase H2* activity. The enzymatic activity of Sc-
RNase H2* was determined in the presence of 10 mM MgCl2 as described above, except
that the buffer was changed to MES (2-molpholinoethanesulfonic acid) (cross), PIPES
[piperazine-1,4-bis(ethanesulfonic acid)] (open circle), and Tris-HCl (filled circle). (C)
Dependence of Sc-RNase H2* activity on salt concentration. The enzymatic activity of Sc-
RNase H2* was determined in the presence of 10 mM MgCl2 as described above, except
that the NaCl concentration was changed to 10–200 mM.
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Fig. 3.
Cleavage of 29 bp substrates with Sc-RNase H2* and Tk-RNase HII. The 5’-end labeled
[rA]1, [rA]4, and [rA]29 were hydrolyzed by the enzyme at 30°C for 15 min and the
hydrolysates were separated on a 20 % polyacrylamide gel containing 7 M urea as described
in Experimental procedures. The reaction volume was 10 µl and the substrate concentration
was 1.0 µM. Lane 1, no enzyme; lane 2, 10 ng of Sc-RNase H2*; lane 3, 100 ng of Sc-
RNase H2*; lane 4, 18 pg of Tk-RNase HII; lane 5, 180 pg of Tk-RNase HII. The sequences
of DNA15-RNA1-DNA13 of [rA]1, DNA13-RNA4-DNA12 of [rA]4, and RNA29 of [rA]29
around the cleavage sites are indicated along the gel. The major cleavage sites of [rA]1 and
[rA]4 by both enzymes are shown by an arrow. The cleavage sites of [rA]29 are not shown,
because this substrate is cleaved by these enzymes at all possible sites between g5 and a14.
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Fig. 4.
Alignment of the amino acid sequences around the mutation sites. The accession numbers
for these sequences are P53942 for Sc-Rnh2Ap, Q05635 for Sc-Rnh2Bp, Q12338 for Sc-
Rnh2Cp, O75792 for Hs-RNASEH2A, Q5TBB1 for Hs-RNASEH2B, Q8TDP1 for Hs-
RNASEH2C, and AB012613 for Tk-RNase HII. The identical and similar amino acid
residues among these sequences are highlighted by black and gray, respectively. The amino
acid residues that are mutated in this study are denoted by open inverted triangles. Two of
the four active site residues are denoted by filled inverted triangles. The numbers represent
the positions of the amino acid residues relative to the initiator methionine for each protein.
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Fig. 5.
CD spectra. The far-UV (left) and near-UV (right) CD spectra of Tk-RNase HII (thin solid
dark line), Tk-G10S (thick solid dark line), Tk-G10A (thin solid gray line), Tk-G10L (thick
solid gray line), and Tk-G10P (dashed dark line) are shown. These spectra were measured at
pH 8.0 and 20°C as described in Experimental procedures.
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Fig. 6.
Thermal denaturation curves. Thermal denaturation curves of Tk-RNase HII (filled circle),
Tk-G10A (open circle), Tk-G10S (cross), Tk-G10L (open square), and Tk-G10P (filled
triangle) are shown. These curves were obtained at pH 9.0 by monitoring the change in the
CD value at 220 nm as described in Experimental procedures.

Rohman et al. Page 22

FEBS J. Author manuscript; available in PMC 2011 September 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
Stereoview of the crystal structure of Tk-RNase HII. The side chains of the four acidic
active site residues (Asp7, Glu8, Asp105, and Asp135) are shown as stick models, in which
the oxygen atoms are shown in red. The side chain of Tyr170 is also shown by blue stick
model. The main chain of Gly10 is shown in red. N represents the N terminus. The PDB
code for this structure is 1IO2.
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Table 2

The KD values for binding of Tk-RNase HII and its derivatives to [rA]1 and [rA]4. Each experiment was
carried out in duplicate, and the average value and the error from the average value are shown.

Protein KD (µM)

[rA]1 [rA]4

Tk-RNase HII 0.055±0.0085 0.039±0.0037

Tk-G10A 0.079±0.0065 0.038±0.0053

Tk-G10S 0.31±0.014 0.10±0.007

Tk-G10L 55±1.4 3.7±0.37

Tk-G10P 41±7.2 1.4±0.18
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