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Abstract
Mutations in the genes encoding the RNaseH2 and TREX1 nucleases have been identified in
patients with Aicardi-Goutieres syndrome (AGS). To determine if the AGS RNaseH2 mutations
result in the loss of nuclease activity, the human wild-type RNaseH2 and four mutant complexes
that constitute the majority of mutations identified in AGS patients have been prepared and tested
for ribonuclease H activity. The heterotrimeric structures of the mutant RNaseH2 complexes are
intact. Furthermore, the ribonuclease H activities of the mutant complexes are indistinguishable
from the wild-type enzyme with the exception of the RNaseH2 subunit A (Gly37Ser) mutant,
which exhibits some evidence of altered nuclease specificity. These data indicate that the
mechanism of RNaseH2 dysfunction in AGS cannot be simply explained by loss of ribonuclease
H activity and points to a more complex mechanism perhaps mediated through altered interactions
with as yet identified nucleic acids or protein partners.
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Introduction
Aicardi-Goutieres syndrome (AGS) is a rare genetic encephalopathy that phenotypically
mimics congenital viral infection characterized by elevated interferon-α levels in
cerebrospinal fluid [1–3]. Specific genetic defects that cause AGS have now been identified
in four genes that encode two nucleic acid metabolizing enzymes [4,5]. The three genes
RNASEH2A, RNASEH2B, and RNASEH2C encode the heterotrimeric RNaseH2 [5,6] and the
fourth gene TREX1 encodes the homodimeric 3′→5′ deoxyribonuclease [7–10]. A
comprehensive molecular analysis of the gene mutations found in AGS, coupled with the
clinical evaluations of these patients, has delineated a genotype-phenotype correlation of
two distinguishable clinical presentations of AGS. An early-onset neonatal form with
clinical features similar to congenital infection is seen mostly with TREX1 mutations, and a
later onset form of presentation after a significant period of normal development is most
frequently due to RNASEH2B mutations. These genetic defects in AGS are mostly inherited
as recessive alleles, but dominant alleles have also been reported [11].

There is clinical and genetic overlap between AGS, familial chilblain lupus (FCL), systemic
lupus erythematosus (SLE), and retinal vasculopathy and cerebral leukodystrophy (RVCL).
Chilblain lesions have been reported in AGS patients [12], and these lesions are associated
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with mutations in the three RNaseH2 genes and in TREX1 [13]. Chilblain lesions have also
been described in patients with dominant TREX1 mutations that cause AGS [11] and in
dominant TREX1 mutations that cause an inherited form of lupus erythematosus called FCL
[11,14,15]. Skin lesions are observed in SLE patients with TREX1 mutations [16], and
diminished vasculature integrity in the retina and cerebral dysfunction has been described in
patients with TREX1 C-terminal frame shift mutations that cause RVCL [17,18]. These skin
and blood vessel lesions characteristic of this spectrum of genetically related disorders point
to a common molecular pathway related to dysfunctional nucleic acid processing leading to
immune activation and interferon-induced inflammatory vasculopathy.

Nucleases process DNA and RNA polynucleotides to prevent these macromolecules from
inappropriately activating the immune system. The connection between TREX1 and immune
activation was first indicated in Trex1 null mice that develop inflammatory myocarditis
consistent with autoimmune disease [19]. TREX1 acts with the NM23-H1 nuclease to
degrade DNA in a cell death pathway [20]. We have proposed that TREX1 degrades DNA
by acting at nicked double-stranded DNA [20,21], and others have proposed that TREX1
degrades single-stranded DNA generated from the processing of aberrant replication
intermediates [22] or derived from endogenous retroelements [23]. The RNase H enzymes
recognize and cleave ribonucleotides present in RNA/DNA duplexes [24], but the precise
RNA/DNA target of the human RNaseH2 has not been identified. The connection between
RNaseH2 and TREX1 mutations and the apparent innate immune activation leading to
autoimmune disease illustrates the importance of these nucleic acid degrading enzymes in
the pathogenesis of inflammatory disease.

The functional consequences of genetic mutations identified in the RNASEH2A,
RNASEH2B, RNASEH2C, and TREX1 genes of AGS patients is facilitated by biochemical
analyses of the recombinant RNaseH2 and TREX1 mutant enzymes. We recently described
the effects of TREX1 mutations found in autoimmune diseases on the 3′→5′
deoxyribonuclease activities of this enzyme, illustrating the challenges in correlating human
genetic mutations to functional consequences in the encoded enzyme [10,11,15,16,21]. In
order to determine the effects of genetic mutations identified in AGS patients on the
nuclease activities of the RNaseH2 mutant enzymes, we cloned the RNASEH2A,
RNASEH2B, and RNASEH2C genes and established a bacterial expression system to
produce the human RNaseH2 heterotrimeric enzyme in sufficient quantities and purity to
perform biochemical studies on wild-type and mutant RNaseH2 enzymes. Our data show
that RNaseH2 mutant enzymes identified in AGS retain active ribonuclease H activity and
indicate that RNaseH2 dysfunction in AGS is more likely mediated through altered
interactions with unidentified nucleic acids or proteins.

Materials and methods
Materials

The synthetic 5′-FAM-DNA16-RNA4-DNA10,5′-FAM-RNA20-DNA10, and the
complementary DNA 30-mer oligonucleotides were from Operon. The RNASEH2A
(NM006397), RNASEH2B (BC010174), and RNASEH2C (NM032193) genes were
commercially available clones (Open Biosystems). The pCDFDuet-1 and pET26b plasmids
were from Novagen. Plasmid constructs and mutations were prepared by polymerase chain
reaction [25], and constructs were verified by DNA sequencing.

Enzyme preparation
The human RNaseH2 heterotrimeric enzymes were generated in bacteria. Escherichia coli
BL21 (DE3) Rosetta 2 cells (Novagen) were transformed with the pDuet-BC and pET-A
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plasmids (Fig. 1). Cells were grown to an A600=0.5 at 37°C and quickly cooled on ice to
17°C. After induction with 1 mM isopropyl-β-D-thiogalactopyranoside, the cells were
allowed to grow for 15 h at 17°C. The RNaseH2 complex in cell extracts was bound to a
nickel-NTA resin (Qiagen), washed, and eluted. The RNaseH2 was collected and purified to
homogeneity using phosphocellulose and monoQ chromatography. Protein concentrations
were determined by A280 using the molar extinction coefficient for human RNaseH2
complex ε=83,030 M−1 cm−1.

Ribonuclease H assays
The RNaseH2 reactions contained 20 mM Tris-HCl (pH 7.5), 5 mM MgCl2, 2 mM
dithiothreitol, 50 μg/ml bovine serum albumin, 200 nM 5′-FAM-DNA16-RNA4-DNA10/
DNA30 or 5−-FAM-RNA20-DNA10/DNA30 duplex (RNA/DNA target), and RNaseH2 as
indicated in the figures. RNaseH2 enzymes were diluted on ice at ten times the final
concentrations and added to reactions to yield the indicated final concentrations. After
incubation at 25°C, samples were removed, quenched by addition of three volumes of cold
ethanol, and dried in vacuo. Pellets were resuspended in 6 μl of formamide, heated to 95°C
for 5 min, and separated on 23% denaturing polyacrylamide gels. Fluorescent-labeled bands
were visualized and quantified using a Storm PhosphorImager (GE Healthcare) [10,21,26].

Results and discussion
The human RNaseH2 is an active heterotrimeric ribonuclease H

A strategy was developed to generate the human RNaseH2 heterotrimeric complex by co-
expressing the RNASEH2A, RNASEH2B, and RNASEH2C genes in bacterial cells. The
RNASEH2B gene, encoding the 312 amino acid subunit B, was cloned upstream of the
RNASEH2C gene, which encodes the 164 amino acid subunit C to generate the pDuet-BC
plasmid. The RNASEH2A gene, encoding the 299 amino acid subunit A, was cloned on a
separate compatible plasmid to generate pET-A (Fig. 1a). A His6 affinity tag was engineered
at the N terminus of only the RNaseH2 subunit B requiring subunits A and C to physically
and stably associate with subunit B throughout the purification. In preliminary expression
studies, the His6-tag was cloned at either the N or C terminus of each of the three RNaseH2
subunit genes, and maximal yields of the RNaseH2 three-subunit enzyme were recovered
using the N-terminal His6-tag RNaseH2 subunit B (data not shown). The RNaseH2 complex
from bacterial cell extracts was bound to a nickel-NTA resin by the His6-affinity tag present
on subunit B in the initial step of purification, resulting in the isolation of the three-subunit
complex. The RNaseH2 was purified further using phosphocellulose and monoQ
chromatography, and a stable three-subunit enzyme complex of approximately 1:1:1 molar
ratio is indicated by the staining intensities of the three RNaseH2 subunits (Fig. 1b). These
data provide direct evidence for the heterotrimeric structure of the bacterially expressed
human RNaseH2 enzyme, similar to that described for the mammalian cell expressed
complex [5].

The human RNaseH2 complex is an active ribonuclease H with the greatest level of
specificity for cleavage of the phosphodiester linkage between the two ribonucleotides
nearest the RNA–DNA junction. The 5′-FAM-DNA16-RNA4-DNA10 substrate, containing
four ribonucleotides flanked on the 5′ side with 16 deoxyribonucleotides and on the 3′ side
by ten deoxyribonucleotides, was hybridized to the complementary DNA30 to generate the
ribonuclease H substrate (Fig. 1c). The 5′-FAM-DNA16-RNA4-DNA10 30-mer migrates to a
unique position in the urea-polyacrylamide gel (Fig. 1c, lane 1). To measure ribonuclease H
activity, the purified RNaseH2 complex (4 nM, data not shown, or 40 nM, Fig. 1c) was
incubated in time course reactions with the DNA16-RNA4-DNA10/DNA30 duplex. Upon
incubation with RNaseH2, the DNA16-RNA4-DNA10 oligomer is cleaved with greater than
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85% of the product migrating to a position 19 nucleotides in length with lesser amounts of
product migrating to positions between 16 and 18 nucleotides in length (Fig. 1c, lanes 2–6).
The major 19 nucleotide product (DNA16-RNA3) corresponds to phosphodiester cleavage of
the DNA16-RNA4-DNA10 between the third and fourth ribonucleotides (rUra-rCyt) near the
RNA-DNA junction. This precise position of cleavage was confirmed by recovering the 19
nucleotide RNaseH2-generated DNA16-RNA3 product, re-hybridizing it to the DNA30
template, and incubating the DNA16-RNA3:DNA30 partial duplex in four separate reactions
with DNA polymerase and a single deoxyribonucleotide triphosphate. Polymerase extension
of the DNA16-RNA3 is detected only in the reaction containing 2′-deoxycytidine 5′-
triphosphate corresponding to elongation of the DNA16-RNA3 by insertion of deoxycytidine
monophosphate opposite the template Gua (data not shown). These data also indicate that
RNaseH2 cleavage generates a 3′-OH and 5′-phosphate. This position of cleavage by the
human RNaseH2 is similar to that reported with the Saccharomyces cerevisiae RNaseH2
using a similar DNA-RNA-DNA oligomer [6,27]. The detection of 16–19 nucleotide length
products indicates that the RNaseH2 acts exclusively within the RNA/DNA duplex region
confirming the ribonuclease H activity of the recombinant human RNaseH2 three-subunit
complex.

The RNaseH2 mutants are active heterotrimeric ribonuclease Hs
Four RNaseH2 mutants were prepared and tested for ribonuclease H activity. The RNaseH2
mutants selected were based on the prevalence of these specific alleles in approximately
70% of AGS patients [13]. Plasmid constructs containing the appropriate nucleotide
mutations to generate amino acid changes in subunit A (Gly37Ser), subunit B (Ala177Thr or
Val185Gly), or subunit C (Arg69Trp) were prepared and transformed into bacteria with the
wild-type genes of the other two RNaseH2 subunits. The mutant RNaseH2 enzymes were
expressed and purified using the same procedure that was used for the preparation of the
wild-type RNaseH2 enzyme resulting in similar yields and polypeptide compositions (Fig.
2a). These results indicate that the RNaseH2 heterotrimeric structures are retained in these
mutant complexes containing these specific amino acid substitutions.

The RNase H2 mutant complexes are active ribonuclease Hs. The purified RNaseH2 mutant
complexes were incubated in time course reactions with the DNA16-RNA4-DNA10/DNA30
duplex, and products similar to those generated using wild-type RNaseH2 were observed
(Fig. 2b). The products generated upon incubation with wild-type and mutant RNaseH2
enzymes are 16–19 nucleotides in length (Figs. 1c and 2b). However, the RNaseH2 subunit
A (Gly37Ser) complex generates almost exclusively the 19 nucleotide product (Fig. 2b,
lanes 2–6). These data confirm the presence of ribonuclease H activity in all of the human
RNaseH2 mutant three-subunit complexes that were tested. Furthermore, cleavage
specificity near the RNA–DNA junction is apparent for both wild-type and mutant RNaseH2
enzymes. The RNaseH2 subunit A (Gly37Ser) enzyme appears to exhibit a greater level of
cleavage specificity near the RNA/DNA junction with little cleavage detected at other
positions within the RNA/DNA target region (Fig. 2b, lanes 2–6).

Altered specificity in the RNaseH2 subunit A Gly37Ser mutant
The RNaseH2 subunit A Gly37Ser mutant exhibits a greater level of preference for cleavage
near a RNA–DNA junction within a polynucleotide that is not observed with wild-type
RNaseH2 or with the other mutants tested. It has been proposed that RNaseH2 processes
Okazaki fragments in a RNA primer removal pathway [6,28]. The association of RNaseH2
with AGS might be explained if mutant enzymes failed to process these DNA replication
intermediates. To test this hypothesis, the RNaseH2 mutants were incubated with a model
Okazaki fragment substrate. A 5′-FAM-RNA20-DNA10 oligomer was hybridized to the
complementary DNA30 oligomer to generate the RNA–DNA junction of an Okazaki
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fragment DNA replication intermediate (Fig. 3). The RNaseH2 enzymes at 4 nM (Fig. 3a)
and 40 nM (Fig. 3b) concentrations were incubated in time-course reactions with the
RNA20-DNA10/DNA30 duplex. The products generated by the wild-type RNaseH2 (Figs.
3a,b, lanes 2–6), subunit B Ala177Thr mutant (Figs. 3a,b, lanes 14–18), subunit B
Val185Gly mutant (Figs. 3a,b, lanes 20–24), and subunit C Arg69Trp mutant (Figs. 3a,b,
lanes 26–30) are nearly identical at both enzyme concentrations tested. In contrast, the
subunit A Gly37Ser mutant (Figs. 3a,b, lanes 8–12) generates almost exclusively the 19
nucleotide product, demonstrating altered specificity in the ribonuclease H activity. The
product banding pattern detected in this ribonuclease H analysis indicates that the wild-type
RNaseH2, subunit B Ala177Thr mutant, subunit B Val185Gly mutant, and subunit C
Arg69Trp mutant cleave the model Okazaki fragment substrate with the greatest specificity
near the RNA–DNA junction and also cleave at additional RNA/DNA duplex regions less
efficiently, but at measurable rates. The subunit A Gly37Ser mutant retains full cleavage
activity near the RNA–DNA junction but exhibits drastically reduced activity within the
RNA/DNA duplex regions. The mechanism for the observed altered specificity in the
RNaseH2 subunit A Gly37Ser mutant enzyme will require further investigation.

The RNaseH2 mutants tested in this study do not support exclusively a mechanism for
ribonuclease H loss of activity in AGS when measured using synthetic hybrid
oligonucleotide substrates containing multiple ribonucleotides. The RNaseH2 subunits B
and C mutants that were examined exhibit ribonuclease H activities indistinguishable from
wild-type RNaseH2. The RNaseH2 subunit A Gly37Ser mutant retains the major catalytic
activity exhibited near RNA–DNA junctions with some apparent altered nuclease
specificity. Previous studies of the human RNaseH2 subunit A Gly37Ser using an
oligonucleotide substrate containing a single ribonucleotide report greatly reduced catalytic
activity [5]. Similarly, the equivalent S. cerevisiae RNaseH2 subunit A Gly42Ser mutant
exhibits greatly reduced activities using oligonucleotide substrates containing single or
multiple ribonucleotides [27]. The spectrum of possible RNaseH2 in vivo substrates is not
known. Further experiments with additional quantification of potential RNaseH2 substrates
that might reveal mutation causing alterations is clearly warranted. It is also possible that
expression of these specific RNaseH2 mutations in vivo results in diminished activity in
human cells that would not be revealed by these in vitro studies. Approximately 90% of the
reported RNaseH2 mutants associated with AGS are located in subunits B and C, with the
vast majority being the specific alleles tested in this paper [13]. Thus, our results indicate
that the common AGS mutations are not likely to directly affect catalytic activity of the
RNaseH2 complex. The subunit A is the catalytic component and the tightly associated
subunits B and C likely affect the stability and/or cellular action of the catalytic subunit by
some as yet determined mechanism.
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Fig. 1.
The human RNaseH2 is an active heterotrimeric ribonuclease H. A His6-tag was engineered
at the N terminus (hatched marks)of the RNASEH2B gene and cloned upstream of the
untagged RNASEH2C gene to yield the pDuet-BC plasmid (a). The untagged RNASEH2A
gene was cloned on a separate plasmid to yield pET-A (a). Expression of each gene is
controlled by a T7 promoter (arrows). The purified recombinant RNaseH2 three-subunit
complex (6 μg) was subjected to 15% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and the gel was stained with Coomassie Brilliant Blue (b,
lane 2). The positions of migration of the molecular weight standards (b, lane 1) and
RNaseH2 subunits are indicated. An RNaseH2 (40 nM) reaction was prepared with the
DNA16-RNA4-DNA10/DNA30 duplex, and samples were removed at the indicated times
after incubation at 25°C. Reaction products were subjected to electrophoresis on a 23%
urea-polyacrylamide gel (c). The positions of migration of the 30-mer and products (RNA/
DNA Target) are indicated. The product sizes were determined by comparison to a ladder of
fragments generated by TREX1 exonuclease digestion of the same oligomer and run in
adjacent lanes (not shown)
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Fig. 2.
The RNaseH2 mutants are active heterotrimeric ribonuclease Hs. Site-directed mutations
were introduced into the RNASEH2A, RNASEH2B, and RNASEH2C expression constructs,
and the RNaseH2 mutant complexes were purified as described in “Materials and methods.”
Approximately 6 μg of each RNaseH2 complex was subjected to 15% SDS-PAGE, and the
gel was stained with Coomassie Brilliant Blue (a, lanes 2–6). The positions of migration of
the molecular weight standards (a, lane 1) and RNaseH2 subunits are indicated. RNaseH2
(40 nM) reactions containing the indicated mutant enzyme were prepared with the DNA16-
RNA4-DNA10/DNA30 duplex, and samples were removed at the indicated times after
incubation at 25°C. Reaction products were subjected to electrophoresis on a 23% urea-
polyacrylamide gel (b). The positions of migration of the 30-mer and products (RNA/DNA
Target) are indicated. The product sizes were determined by comparison to a ladder of
fragments generated by TREX1 exonuclease digestion of the same oligomer and run in
adjacent lanes (not shown)
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Fig. 3.
Altered specificity in the RNaseH2 subunit A Gly37Ser mutant. RNaseH2 reactions
containing the indicated mutant enzyme (a, 4 nM) and (b, 40 nM) were prepared with the
RNA20-DNA10/DNA30 duplex and samples were removed at the indicated times after
incubation at 25°C. Reaction products were subjected to electrophoresis on 23% urea-
polyacrylamide gels. The positions of migration of the 30-mer and products (RNA/DNA
Target) are indicated. The product sizes were determined by comparison to a ladder of
fragments generated by TREX1 exonuclease digestion of the same oligomer and run in
adjacent lanes (not shown)
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