THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 6, pp. 3617-3624, February 5, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

The Structure of the Mammalian RNase H2 Complex Provides
Insight into RNA-DNA Hybrid Processing to Prevent

Immune Dysfunction™

Received for publication, August 24, 2009, and in revised form, September 21, 2009 Published, JBC Papers in Press, November 18, 2009, DOI 10.1074/jbc.M109.059048

Nadine M. Shaban, Scott Harvey, Fred W. Perrino, and Thomas Hollis'
From the Department of Biochemistry, Center for Structural Biology, Wake Forest University School of Medicine, Winston-Salem,

North Carolina 27157

The mammalian RNase H2 ribonuclease complex has a criti-
cal function in nucleic acid metabolism to prevent immune acti-
vation with likely roles in processing of RNA primers in Okazaki
fragments during DNA replication, in removing ribonucleotides
misinserted by DNA polymerases, and in eliminating RNA-DNA
hybrids during cell death. Mammalian RNase H2 is a heterotri-
meric complex of the RNase H2A, RNase H2B, and RNase H2C
proteins that are all required for proper function and activity.
Mutations in the human RNase H2 genes cause Aicardi-Gout-
ieres syndrome. We have determined the crystal structure of the
three-protein mouse RNase H2 enzyme complex to better
understand the molecular basis of RNase H2 dysfunction in
human autoimmunity. The structure reveals the intimately
interwoven architecture of RNase H2B and RNase H2C that
interface with RNase H2A in a complex ideally suited for nucleic
acid binding and hydrolysis coupled to protein-protein interac-
tion motifs that could allow for efficient participation in multi-
ple cellular functions. We have identified four conserved acidic
residues in the active site that are necessary for activity and sug-
gest a two-metal ion mechanism of catalysis for RNase H2. An
Okazaki fragment has been modeled into the RNase H2 nucleic
acid binding site providing insight into the recognition of
RNA-DNA junctions by the RNase H2. Further structural and
biochemical analyses show that some RNase H2 disease-causing
mutations likely result in aberrant protein-protein interactions
while the RNase H2A subunit-G37S mutation appears to distort
the active site accounting for the demonstrated substrate spec-
ificity modification.

RNA-DNA hybrids play essential roles in biology and are
ubiquitously present in all cells. The RNA primers in Okazaki
fragments are required for lagging strand synthesis during
genomic DNA replication, and R-loops are generated in mito-
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chondrial DNA replication (1-5). RNA'DNA intermediates
are also formed during transcription and are part of class I retro-
transposon element amplification, as well as a necessary
intermediate in retrovirus replication (6 —8). Ribonucleotides
within RNA-DNA hybrids are recognized and hydrolyzed by
the RNase H enzymes, which are divided into two major fami-
lies, Type 1 and Type 2, based on amino acid sequence similar-
ities and distinct biochemical properties (9—11). Enzymes in
the RNase H Type 1 family (RNase H1)? recognize a minimum
of four ribonucleotides within an RNA-DNA duplex with hy-
drolysis occurring near the 5'-end of the RNA sequence. In
contrast, RNase H2 enzymes are able to recognize even a single
ribonucleotide within a DNA duplex as a substrate and cleave
the RNA-containing strand one nucleotide away from the RNA-
DNA junction (for a review see Ref. 12).

The mammalian RNase H2 enzyme complex is composed of
three separate proteins encoded by the RNaseH2A, RNaseH2B,
and RNaseH2C genes, all of which are required for activity.
The RNaseH2A protein has endoribonuclease activity, and the
mammalian RNaseH2A gene has been recognized for several
years by homology with the bacterial enzyme (13, 14). However,
only recently were the genes for the RNase H2B and RNase H2C
proteins identified to establish the components of the RNase
H2 complex (15). In contrast to the mammalian RNase H2, the
prokaryotic RNase H2 enzyme functions as a single protein and
shares ~30% amino acid sequence identity with the human
RNase H2A protein. Previous structural studies of the single
subunit prokaryote RNase H in complex with RNA-DNA have
identified residues involved in two-metal ion coordination and
catalysis, as well as positively charged and polar residues that
are presumably involved in substrate binding and recognition
(16-20). However, it has been unclear if the multisubunit
mammalian RNase H2 would function with a similar mecha-
nism and what role the multiple subunits might have in sub-
strate recognition and catalytic activity.

RNase H2 is the major RNase H activity in mammalian cells
(14) with possible roles in various aspects of nucleic acid metab-
olism. RNase H2 cooperates with the endonuclease, FEN-1
(human) or RAD27 (yeast) in cell extracts to excise ribonucle-
otide primers from an RNA-DNA duplex, indicating a role in
Okazaki fragment processing during DNA replication (21-23).

2 The abbreviations used are: RNase H1 and H2, RNase H Type 1 and 2 families;
AGS, Aicardi-Goutieres syndrome; TFIIF, transcription factor IIF; PIC, poly-
merase initiation complex; FAM, carboxyfluorescein.
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The RNase H2 forms a complex with proliferating cell nuclear
antigen (24) suggesting it is tethered to the DNA replication
apparatus, perhaps to remove ribonucleotides that might be
misincorporated by DNA polymerases during DNA replica-
tion or repair (25-27). It is also likely that the human RNase
H2 enzyme functions to degrade RNA-DNA hybrids during
cell death to prevent nucleic acid-mediated immune activa-
tion (15).

Mutations in the three genes coding for the human RNase
H2 subunits and in the gene encoding the TREX1 3’-5’
deoxyribonuclease cause the neurological disorder, Aicardi-
Goutieres syndrome (AGS) (15, 28, 29). The underlying
pathogenesis of AGS is thought to involve the accumulation of
non-processed DNA and RNA intermediates leading to activa-
tion of the innate immune response (30-32). TREXI '~ mice
have elevated levels of interferon-a and develop inflammatory
myocarditis (33). Furthermore, cells lacking TREX1 activity
accumulate short single-stranded DNA (34) and DNA derived
from endogenous retroelements (35). The biological mecha-
nism for disease mediated through mutations in the three
human RNase H2 subunit genes remains unclear. We and oth-
ers have demonstrated that RNase H2 complexes containing
the mutations identified in AGS patients retain ribonuclease H
activity (24, 36), highlighting the complex nuclease dysfunction
mechanisms in AGS and pointing toward multiple mecha-
nisms, including catalytic inactivation and alterations in pro-
tein-protein or protein-nucleic acid interactions.

The relevance of RNase H2 to proper nucleic acid mainte-
nance for the prevention of immune activation and disease in
humans prompted our studies to determine the x-ray structure
of the heterotrimeric RNase H2 complex, particularly in light of
the fact that the RNase H2B and H2C proteins have no known
counterparts in prokaryotic organisms. To elucidate the inter-
actions of the individual proteins that bear on nucleic acid sub-
strate recognition and cellular activity regulation, we have
determined the crystal structure of the mouse RNase H2
enzyme complex. Our results reveal an intricately interwoven
complex that is an ideal platform for nucleic acid binding and
hydrolysis coupled with the structural scaffold to accommodate
multiple protein-protein interactions. The structure provides a
framework to model RNA-DNA interactions that provide
insight into RNase H2 recognition of the likely cellular sub-
strates such as Okazaki fragments and singly incorporated
ribonucleotides.

EXPERIMENTAL PROCEDURES

Enzyme Preparation and Purification—Mouse RNase H2
enzyme complex was expressed and purified as described pre-
viously (36). Briefly, the genes encoding a polyhistidine-tagged
RNase H2B protein and RNase H2A and RNase H2C proteins
were co-expressed in Escherichia coli BL21 (DE3) cells. The
RNase H2 complex was isolated intact from cell extracts using
nickel-nitrilotriacetic acid affinity chromatography followed by
ion-exchange chromatography. The purified protein was con-
centrated to 10 mg/ml and flash-frozen at —80 °C until needed.
Mutations in the RNase H2 genes were introduced using the
QuikChange Site-Directed Mutagenesis'™ method (Strat-
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agene) and verified by nucleotide sequencing. All mutant pro-
teins were expressed and purified as the wild-type enzyme.

Ribonuclease H Assays—The RNase H2 reactions contained
20 mm Tris-HCI, pH 7.5, 5 mm MgCl,, 2 mum dithiothreitol, 50
png/ml bovine serum albumin, 200 nm 5'-FAM-RNA,,-DNA,
or5'-FAM-DNA,,-RNA,-DNA, ; annealed to the complemen-
tary 30-mer DNA, and RNase H2 enzyme as indicated. Samples
were incubated at 25 °C and quenched by addition of 3 volumes
of cold ethanol and dried in vacuo. Pellets were resuspended in
6 pl of formamide, heated to 95 °C for 5 min, and separated
on 23% denaturing polyacrylamide gel. Fluorescently labeled
bands were visualized and quantified using a Typhoon phos-
phorimaging device (Amersham Biosciences) (36, 37).

Protein Crystallization—The RNase H2 enzyme was crys-
tallized using the sitting drop, vapor-diffusion technique.
Purified protein (10 mg/ml) was mixed with equal volumes
of reservoir solution and placed on a bridge above 100 ul
of reservoir containing 20% polyethylene glycol 3350, 400
mM sodium chloride, 200 mm potassium thiocyanate, 5 mm
tris(2-carboxyethyl)phosphine. Crystallization experiments
were carried out at 20 °C, and crystals grew within 7-10 days.
Prior to data collection, crystals were soaked in reservoir solu-
tion containing 15% 2-methyl-2,4-pentanediol for 30 min in
preparation for freezing. Crystals were then mounted on a
nylon loop and flash frozen in liquid nitrogen. Crystals of the
RNase H2 complex belong to space group P2,2,2 with unit cell
dimensions a = 285.7 A, b =446 A, c =676 A,anda = B =
v = 90° (Table 1). One RNase H2 complex occupies the asym-
metric unit (Vy, = 2.5 A3>/Da).

Phasing and Refinement—Multiwavelength anomalous dif-
fraction x-ray data were collected at beamline X25 of the
National Synchrotron Light Source, Brookhaven National Labs.
Intensity data were processed with the program HKL2000 (38).
Selenomethionyl-derivatized protein was purified as wild type
and crystallized in similar conditions (39). We were able to
identify the positions of 8 of 12 possible selenium sites, and after
initial phasing with MLPHARE (40) and density modification
using the program RESOLVE (41) electron density for most of
the RNase H2A subunit could be deciphered. However, only
poor density was present for the rest of the complex. To over-
come this, three additional methionines were introduced into
the complex by site-directed mutagenesis of conserved leucine
residues (L32M and L155M in RNase H2C and L97M in RNase
H2B). Multiwavelength anomalous diffraction phasing using
the crystals of the mutant protein followed by density modifi-
cation allowed for calculation of electron density that showed
the RNase H2B and RNase H2C proteins. The model for each of
the proteins was built manually using the program COOT (42)
and refined with the program REFMACS5 (43) using the exper-
imental phase information. The validity of the refinement was
monitored at each step by change in the free R-factor (44) as
well as the inspection of stereochemical parameters with the
program MOLPROBITY (45). The refinement of the model
converged with a final R-factor of 27.5% (Ry,... = 31.6%) using all
observed x-ray data measurements in the resolution range
30-3.1 A. A Ramachandran plot shows >90% of all residues in
the most favored region. Coordinates for the three subunit
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FIGURE 1. Ribbon structure of the mouse RNase H2 enzyme complex con-
sisting of the RNase H2A (green), RNase H2B (gold), and RNase H2C (blue)
proteins. The elongated complex s stabilized by the weaving together of the
H2B and H2C proteins to form a triple-barrel motif that provides a platform for
binding the H2A protein. The active site of the catalytic H2A protein is located
near one end of the complex with no physical contributions from the H2B or
H2C protein.

mouse RNase H2 complex have been deposited in the Protein
Data Bank (PDB id: 3KIO).

RESULTS AND DISCUSSION

Structure of the RNase H2 Complex—W e have determined
the structure of the mouse RNase H2 consisting of the 301-
amino acid RNase H2A, 308-amino acid RNase H2B, and
166-amino acid RNase H2C proteins to 3.1-A resolution (Fig.
1). The structure was determined using multiwavelength
anomalous diffraction with selenomethionine-substituted pro-
tein (Table 1). A single heterotrimeric complex consisting of
the H2A, H2B, and H2C proteins occupies the asymmetric
unit.

The overall structure reveals an elongated arrangement of
the subunits with the H2C protein in the middle flanked by the
H2A and H2B proteins on the ends. The H2C protein consists
of 11 B-strands and 2 a-helices and appears to be largely a
structural domain that facilitates cohesion of the complex. It
weaves together with the N-terminal region (amino acids 1-92)
of the H2B protein to form three B-barrels in a motif known as
a “triple barrel” (Fig. 2) (46). The triple barrel is formed from a
total of 18 parallel and anti-parallel B-strands and produces a
pseudo-2-fold axis of symmetry along the central barrel. The
intricate interweaving of the B-strands suggests a co-folding of
the H2B and H2C proteins rather than a docking of the two and
may explain the necessity for all three subunits to generate a
stable, active enzyme.

The triple-barrel motif formed by the H2B-H2C subcomplex
interactions creates an interface that securely docks the H2A
protein. The side and end of barrel 1 form a tight interface with
amino acids 197-258 in the C-terminal region of H2A (Fig. 1).
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TABLE 1
Crystallographic data and refinement statistics

Space group: P2,2,2; unit cell dimensions (A): a = 285.7,b = 44.6,c = 67.6,a = B =
v = 90°.

Peak Remote

Wavelength (A 0.9792 0.9780
Resolution (A) 30-3.1 30-3.1
Unique reflections 17,266 17,409
Completeness (%) 99 1(92.6) 99.8(97.4)
Riperge (%) 3(48.1)  7.8(47.6)
Mean I/o 4-1 3 (3.1) 43.6 (3.0)
Average redundancy 10.1 (7.2) 10.1 (7.3)
Phasing power 113

callis 0.89
Initial FOM” 0.34
FOM after density modification 0.59
R factor (%)° 27.5

Reee (%) 31.6
No. of protein atoms 4,150
Average B-factor (A?) 57
Root mean square deviation bond lengths (A) 0.15
Root mean square deviation bond angles (°) 1.74

“Rpnerge = 2|1 — (D|/ZL where I is the observed intensity and (I) is the average
intensity.

2 FOM, figure of merit.

¢ Reactor = SIF,| = |FI/Z|F,|. Rgee is the same as R but calculated with 5% of the

reflections that were never used in crystallographic refinement.

The H2A-H2C protein interface buries a total surface area of
2658 A” that is composed mainly of hydrophobic residues, fur-
ther facilitated by three salt bridges.

The triple-barrel arrangement of the H2B-H2C subcomplex
in the mammalian RNase H2 is structurally similar to that of the
RAP34-RAP70 protein subdomains of the general eukaryotic
transcription factor IIF (TFIIF) complex (Fig. 2) (46). The TFIIF
protein complex affects RNA polymerase II transcription initi-
ation and elongation by stabilizing a short RNA*DNA hybrid in
the RNA polymerase II active site, inducing promoter DNA
wrapping around the polymerase initiation complex (PIC), and
mediating protein-protein interactions within the PIC (47— 49).
The smaller RAP34 (240 amino acids) forms the triple-barrel
interaction with the N-terminal region of the larger RAP70 (517
amino acids) and the mostly a-helical C-terminal domain of
RAP70 functions in protein-protein interactions (50). By anal-
ogy, the smaller mammalian RNase H2C protein interacts with
the N-terminal region of H2B, leaving the mostly a-helical
C-terminal region of H2B available for potential interactions
with other proteins or to facilitate bending of longer polynucle-
otide molecules. Moreover, the structural similarity between
the H2B-H2C proteins and TFIIF coupled with recognition and
cleavage of RNA within an RNA'DNA duplex make it tempting
to speculate on a role for RNase H2 in transcription, perhaps
directly interacting with the RNA polymerase complex through
a mechanism similar to that of TFIIF. Consistent with this
notion is the finding that overexpression of RNase H in E. coli is
required for efficient full-length RNA synthesis in the absence
of topoisomerase I (51, 52).

The Catalytic H2A Protein—The core of the H2A protein
contains an RNase H-like fold (SCOP data base (53)) and has
significant structural homology to the archaeal RNase HII
enzyme (18-20), as well as to the bacterial endonuclease V
protein (54) (Z scores >6, Dali protein structure data base
search (55)). Additionally, the mammalian H2A protein con-
tains approximate 30-amino acid N-terminal and 45-amino
acid C-terminal extensions that are not found in the bacterial or
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archaeal RNase HII proteins. The
majority of the C-terminal exten-
sion (amino acids 258- 301) is disor-
dered in our structure and appears
to extend into solution. Perhaps it
functions as a protein interaction
motif and becomes ordered upon
binding to its cognate partner. The
N-terminal extension, however, is
completely ordered in the structure
and forms a B-strand (1) that begins
the central B-sheet that extends
through the core of the H2A protein
(Fig. 3). At the C-terminal end of the
strand there is a disulfide bond
formed between Cys-24 and Cys-29

that appears to be rigidly holding it
in place. The result of this architec-
tural arrangement is that the edge of
the central B-sheet is extended away
from the center of the protein and
exposed to solution. Because inter-
actions between the edges of
B-sheets occur widely in the forma-
tion of protein quaternary struc-

tures and protein-protein interac-
tions (56), this exposed B-sheet edge

E Central Barrel :l
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FIGURE 2. Interactions within RNase H2 triple-barrel motif. A, eighteen strands contributed from the H2C (blue) and
N-terminal H2B (gold) proteins interact in parallel and antiparallel fashion to form three perpendicular barrels (humbered).
The end and side of barrel 1 form a platform for the stable interaction with the H2A protein (green). B, a superposition
of the triple-barrel motifs from the H2B and H2C proteins on the eukaryotic transcription factor IIF (TFIIF) (magenta)
reveals a similar architecture. The structural similarity between the two complexes suggests a role for DNA binding
and bending as well as protein interaction for H2B/H2C as seen in TFIIF. C, schematic of triple-barrel topology formed
in the mammalian RNase H2. Strands from the H2C protein are in blue, H2B in gold, and H2A in green.

exposed
B-sheet

disulfide
bond

FIGURE 3. The mammalian RNase H2A protein has N- and C-terminal
domains not present in bacterial RNase H2 proteins. The N-terminal domain
(yellow) of mouse RNase H2A forms the first strand of the central B-sheet that
forms the core of the protein. A disulfide bond (Cys-24 to Cys-29) helps anchor
the strand in place. The resulting exposed edge of the B-sheet strongly suggests
an additional protein-protein interface for the RNase H2 complex.
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strongly suggests an additional pro-
tein-protein interface for the H2A
enzyme with an unknown partner.
The RNase HIII protein from Bacil-
lus stearothermophilus is also struc-
turally similar to the mammalian
RNase H2A protein and contains an
extended N-terminal domain. How-
ever, the Bst-RNase HIII N termi-
nus contains ~90 amino acids that structurally resemble the
TATA-box binding proteins (57). This domain is also posi-
tioned away from the core of the catalytic domain, unlike the N
terminus of the RNase H2A protein.

The mammalian RNase H2 active site geometry suggests a
two-metal ion-dependent catalytic mechanism. A two-metal
ion-mediated catalysis of phosphodiester hydrolysis has been
proposed for many phosphoryl hydrolases, including RNase H
enzymes, and involves two metal ions jointly coordinated by the
nucleic acid substrate and catalytic residues of the enzyme (58).
This mechanism requires four acidic residues for the full coor-
dination of the two divalent metal ions. The active site of the
catalytic H2A protein is located in a cleft near one end of the
complex (Fig. 1) formed by strands B2 and 5, and helices a4
and ab. It is structurally very similar to the archaeal RNase H2
active site (20) and contains four positionally conserved acidic
residues (Asp-34, Glu-35, Asp-142, and Asp-170). Since all four
of these amino acids are strictly conserved in RNase H2
enzymes across all species, we tested the contributions to catal-
ysis of these residues through site-directed mutagenesis using
the mouse RNase H2 and ribonuclease activity assays. The four
acidic residues were mutated individually to asparagines or ala-
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FIGURE 4. Model of RNA-DNA hybrid binding to the RNase H2 complex. A, a model Okazaki fragment was
docked into the active site of the mammalian RNase H2 by a superposition of the bacterial RNase H in complex
with a double strand RNA-DNA duplex (PDB ID: 1ZBlI; see text for details). The three-protein RNase H2 complex
is shown as an electrostatic surface representation. The RNA-DNA duplex was modified to contain an RNA-DNA
junction on the ribonucleotide-containing strand. The minor groove of the double strand oligonucleotide
straddles the B6-a6 loop of the protein, which may play a role in substrate recognition. B, the model is
positioned in the active site to simulate hydrolysis between the last two 3’ ribonucleotides. The four conserved
acidic residues (Asp-35, Glu-35, Asp-142, and Asp-170) likely coordinate two divalent metal ions (blue spheres)
for catalysis. Several positively charged amino acids are positioned to make favorable electrostatic interactions
with the bound oligonucleotide, including Lys-168, which may serve as a sensor of the RNA-DNA junction by
interacting with the 2'-hydroxyl group of the ribonucleotides. To illustrate the position of the RNA-DNA junc-
tion, ribonucleotides are shown in yellow and deoxyribonucleotides are shown in magenta.

nine (D34N, E35A, D142N, and D170N), and the mutant het-
erotrimeric RNase H2 complexes were purified (supplemental
Fig. S1). The ribonuclease H activity was measured using a
model Okazaki fragment substrate containing an RNA,,-
DNA,, annealed to the complementary DNA, (36). The wild-
type mouse RNase H2 exhibits catalytic activity similar to that
of the human RNase H2, and the four mutant complexes exhibit
no detectible activity indicating a >200-fold loss in catalytic
function. These data confirm the likely role of these four car-
boxylate residues in coordination of divalent metal ion and sup-
port a two-metal ion mediated mechanism for RNase H2 catal-
ysis (supplemental Fig. S1).

Model for Nucleic Acid Interaction—We have created a
model for an Okazaki fragment binding to the mouse RNase H2
complex. Because there are currently no structures of an RNase
H2 enzyme in complex with nucleic acids, we used the Bacillus
halodurans RNase HI'RNA-DNA complex (PDBID: 1ZBL) as a
starting model. Although the two enzymes are structurally sim-
ilar, a superposition of the B#RNase H1 complex onto the
RNase H2A protein based on the overall protein structures
reveals several unique features in the RNase H2 enzyme. First,
the RNA-DNA hybrid makes significant steric clashes with the
RNase H2A protein indicating that substrate binding is consid-
erably different than is observed in the Bh'-RNase H enzyme.
Secondly, the positioning of the four catalytic acidic residues
within the two active sites is not sufficiently well conserved to
support an RNA-DNA binding model in RNase H2 that would
support hydrolysis of any phosphodiester bonds. These issues
are resolved by considering the relative geometry of the acidic
residues in the active site. The precise positioning and separa-
tion of divalent metal ions is essential in two-metal ion catalysis
(58); therefore, we reasoned that the relative positioning of the
coordinating amino acid residues should also be conserved. By
considering the geometric and distance relationship of the four
metal chelating, acidic residues in multiple enzymes that utilize
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a two-metal ion mechanism of
catalysis we identified a conserved
trigonal pyramidal arrangement of
the residues with relatively similar
distances and geometry among all
the enzymes (supplemental Fig. S2).
The Bh-RNase H1‘DNA complex
was superimposed onto the RNase
H2A protein using only the trigonal
pyramidal arrangement of the cata-
lytic residues (Fig. 4). The double-
stranded RNA'DNA oligonucleo-
tide of the Bh-RNase H1 complex
was then modified to contain an
RNA-DNA junction on the sub-
strate strand that mimics an Oka-
zaki fragment.

The model has several appealing
features that help explain the sub-
strate specificity of RNase H2 and
highlights important differences
about how the prokaryotic and
eukaryotic RNase H2 enzymes likely
interact with nucleic acids. The double-stranded RNA-DNA
molecule runs through the active site cleft and is positioned to
make several favorable electrostatic interactions and no signif-
icant steric clashes with the protein. The RNA-DNA hybrid is
situated so that the target phosphodiester bond is in the proper
orientation for nucleophile attack initiated by a two-metal ion
chemistry (Fig. 4). The minor groove of the RNA‘DNA hybrid
straddles the 36 —a6 loop that contains Lys-168, which might
act as a sensor for the RNA-DNA junction by forming an interac-
tion with the 2’-hydroxyl group of the ribose in the 3’ nucleotide of
the RNA primer. The absence of a 2’'-hydroxyl group in DNA
would preclude this interaction insuring that only ribonucleotides
are positioned in the active site.

Our nucleic acid binding model positions the non-substrate
DNA strand such that there is relatively little interaction with
the protein that would provide the biological flexibility to rec-
ognize multiple nucleic acid duplex conformations (Fig. 4). In
contrast to the Bh-RNase H, the mammalian RNase H2A pro-
tein contains no apparent second groove on the surface for
recognition of the RNA-DNA hybrid substrate. This is consist-
ent with the enzymatic activity of the protein that indicates
recognition of single ribonucleotides as well as longer stretches
of RNA within RNA-DNA hybrids. Duplex DNA containing a
single ribonucleotide retains mainly B-form structure (10),
whereas longer RNA‘DNA hybrids adopt intermediate A/B-
form structure with a minor groove width of ~9.8 A compared
with ~7.5 A for B-form DNA (59, 60). Therefore, the presence
of a fixed surface channel capable of fitting only a single helical
conformation of double-stranded nucleic acid would be coun-
terproductive to the RNase H2 enzyme that apparently needs to
bind both conformations.

Disease-causing Mutations in RNase H2—Recently, muta-
tions in each of the genes encoding the three proteins of the
human RNase H2 enzyme complex have been identified in
patients with Aicardi-Goutiéres syndrome (AGS) (15). AGS
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FIGURE 5. AGS mutations in RNase H2. A, mutation of residue Lys-162 (red) to threonine in the H2B protein or
residue Arg-69 (red) to tryptophan in the H2C protein results in catalytically active enzyme. The structure
indicates mutation of K162T may disrupt packing of the helix against the core of the protein that could desta-
bilize potential protein-protein interactions with the distal end of the complex. Likewise, mutation of R69W
could potentially disrupt protein interactions with any partner binding the exposed 3-sheet of the H2A protein.
Residues Ala-177, Val-185, and Tyr-219 are in disordered region shown at the top of the complex. B, residue
Gly-37 (red) of the H2A protein lies within the active site near the catalytic Asp-34 and Glu-35 amino acids.

is a rare genetic encephalopathy that mimics a congenital
viral infection characterized by elevated interferon-a levels
in cerebrospinal fluid. The underlying pathology is likely
related to the accumulation of non-processed DNA and RNA
intermediates that leads to chronic activation of innate and
adaptive immune responses (31, 32). A single missense muta-
tion (G37S) was identified in RNase H2A, two in RNase H2C
(R69W and K143I), and at least nine mutations within RNase
H2B with K162T, A177T, and V185G as the majority of the
cases (Fig. 5). We have previously shown that these mutant
proteins retain catalytic activity on RNA:DNA hybrid sub-
strates that mimic an Okazaki fragment suggesting that the
functional consequences of the genetic mutations is likely
mediated through altered protein-protein interactions or func-
tion unrelated to ribonuclease catalytic activity (36).

The amino acids corresponding to three of the identified
patient mutations are visible in the structure, and the rest are in
disordered loops (Fig. 5). Residue Lys-162 of the H2B protein is
located near the surface in the middle of a long helix in the
C-terminal region of the protein and seems to play a role in
stabilizing the packing of the helix to the core of the protein.
The K162T mutation would potentially disrupt that interaction
and perhaps allow a conformational change in the helix. In the
H2C protein, residue Arg-69 is near the interface of the H2A
and H2C proteins and exposed to solution. Modeling of the
R69W mutation does not appear to disrupt the protein-protein
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interface or disturb other local
interactions. This residue does
however face the extended central
B-sheet of the H2A protein. If that
edge of the B-sheet is indeed a site
for protein-protein interactions
with another binding partner,
Arg-69 of the H2C protein is in an
ideal position to help facilitate that
interaction. With both of these
mutations a defect in protein-pro-
tein interaction rather than catalytic
activity is consistent with our struc-
tural observations. Finally, residue
Gly-37 of the H2A protein is located
in very close proximity to the active
site (Fig. 5). The flexibility of the gly-
cine residue appears to aid in a turn
at the end of the B2 strand. Muta-
tion of Gly-37 to serine (G37S)
would put strain on the turn due to
the restrained torsion angle
geometry and potentially disrupt
the positioning of the strand that
contains two of the catalytic resi-
dues, Asp-34 and Glu-35. This
model might predict an alteration in
catalytic activity or substrate
specificity.

Our previous results using an
RNA-DNA substrate mimicking
an Okazaki fragment showed that
the RNase H2 complex containing the H2A G37S protein
exhibits catalytic activity similar to the wild-type enzyme at
the preferred enzyme cleavage site near the RNA-DNA junc-
tion (36). An additional potential biological role for the
RNase H2 complex is to remove single ribonucleotides from
double-stranded DNA that might be introduced by DNA
polymerases during DNA replication or repair. To investi-
gate the impact of this specific mutation on this process, we
tested the RNase H2 G37S mutant catalytic activity using a
single ribonucleotide-containing oligonucleotide hybridized
to the complementary DNA to generate the double-stranded
polynucleotide substrate (Fig. 6). The RNase H2 G37S
mutant protein exhibits about a 30-fold lower catalytic activ-
ity using the single ribonucleotide substrate relative to the wild-
type RNase H2. Two issues have been considered to account for
this dramatic reduction in catalytic efficiency. First, the mam-
malian RNase H2-preferred site of polynucleotide cleavage
using a multiple ribonucleotide-containing RNA-DNA duplex
is between the penultimate and junction ribonucleotides posi-
tioned at the RNA-DNA junction (24, 36). The single ribonu-
cleotide substrate does not contain a ribonucleotide-ribonucle-
otide phosphodiester bond, and the wild-type RNase H2
cleaves the 5'-deoxyribonucleotide—ribonucleotide bond at the
RNA'DNA junction with similar efficiency to that of the
ribonucleotide—ribonucleotide phosphodiester bond. Thus, it
is apparent that the G37S mutation differentially affects RNase
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A
ACCTGTCTGACAACACTGCACCGTCGTAT
TGGACAGACTGTTGTGACGTGGCAGCATA
B wt G37S
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FIGURE 6. Activity of RNase H2 on substrate containing a single ribonu-
cleotide. A, sequence of oligonucleotide substrate with ribonucleotide indi-
cated in lowercase and deoxyribonucleotides in uppercase. B, RNase H2 WT
(lane 2, 0.4 nm; lane 3, 4 nv; and lane 4, 40 nm) or G37S mutant (lane 6, 0.4 nv;
lane 7,4 nm; and lane 8, 40 nm) enzyme complex was incubated with oligonu-
cleotide. Lanes 1 and 5 contain no RNase H2. Quantification of the RNase H2A
activity indicates that RNase H2 WT generates the products at 67 nm/nmol
enzyme compared with 2.2 nm/nmol for the RNase H2 G37S mutant enzyme
indicating a 30-fold reduction in activity.

H2 activity using multiple ribonucleotide and single ribonucle-
otide substrates that might be attributed to the nature of the
specific sugar (ribose or deoxyribose) contained at the position
of the site of polynucleotide cleavage. Second, the dramatic
reduction in catalytic activity of the G37S mutation observed
using the substrate containing a single ribonucleotide relative
to the substrate containing multiple ribonucleotides might
be explained by considering the different conformations of the
RNA-DNA and DNA-DNA nucleic acid helices present in the
two different substrates. Our data suggest that the G37S muta-
tion of the H2A protein distorts the active site in a way that only
allows the binding of the wider minor groove present in an
RNA-DNA hybrid with a longer stretch of ribonucleotides and
not the smaller minor groove expected in a DNA*DNA duplex
with only a single ribonucleotide. These data imply that one
important biological role for the RNase H2 complex is to
remove single ribonucleotides from double-stranded DNA and
that failure to do so might be linked to activation of the immune
response.

Conclusions—Our structural and biochemical analysis of the
mammalian RNase H2 enzyme reveals the three-domain struc-
ture of the complex and the protein-protein interactions that
stabilize its formation. The structure provides clues to how
additional protein interactions might form that would facilitate
multiple cellular functions. Four conserved acidic residues are
identified that likely contribute to a two-metal ion mechanism
of ribonucleotide hydrolysis and provide the basis for a model
for double-stranded RNA-DNA polynucleotide substrate bind-
ing to the complex. The model offers insight into the mecha-
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nism for substrate specificity by the catalytic H2A protein,
including recognition of the RNA‘DNA junction. Finally, we
can begin to understand the structural basis of biological dys-
function for some of the disease-causing mutations associated
with RNase H2. The unique structural and functional aspects of
the mammalian RNase H2 enzyme will provide continued ave-
nues of biological investigation for this complex and predict
new and exciting aspects of nucleic acid metabolism.
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