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ABSTRACT: The humanISG20/HEM45gene was identified independently on the basis of its increased
level of expression in response to either interferon or estrogen hormone. Notably, the encoded protein is
homologous with members of the 3′ to 5′ exonuclease superfamily that includes RNases T and D, and the
proofreading domain ofEscherichia coliDNA polymerase I. We provide here direct biochemical evidence
that Isg20 acts as a 3′ to 5′ exonuclease in vitro. This protein displays a pH optimum of∼7.0, prefers
Mn2+ as a metal cofactor, and degrades RNA at a rate that is∼35-fold higher than its rate for single-
stranded DNA. Along with RNase L, Isg20 is the second known RNase regulated by interferon. Previous
data showed that Isg20 is located in promyelocytic leukemia (PML) nuclear bodies, known sites of hormone-
dependent RNA polymerase II transcription and oncogenic DNA viral transcription and replication. The
combined data suggest a potential role for Isg20 in degrading viral RNAs as part of the interferon-regulated
antiviral response and/or cellular mRNAs as a regulatory component of interferon and estrogen signaling.

Interferons (IFNs)1 make up a family of secreted cellular
proteins involved in regulating cell proliferation, cellular
differentiation, immune response, and the general antiviral
response (reviewed in refs1-3). Estrogen is a hormone that
promotes mitogenic responses in a number of cell types,
particularly female reproductive tissue (4). The ISG20
(interferon-stimulated gene product of 20 kDa) gene, also
called HEM45 (HeLa estrogen-modulated, band 45), was
identified on the basis of transcript induction following
exposure to either IFN or estrogen (4, 5). These observations
suggested a role for Isg20 in mediating the regulatory and/
or developmental activities of such agents.

Isg20, like some other IFN-induced proteins, is located in
spherical nuclear particles termed promyelocytic leukemia
protein oncogenic domains (PODs) (also known as nuclear
domain 10 or the Kr body; reviewed in refs6 and7). PODs
are large multiprotein complexes associated with the nuclear
matrix (6). Although the precise function of these substruc-
tures is unknown, certain observations suggest that they may
be preferential targets for viral infection and thus could play
a mechanistic role in the antiviral action of IFNs (reviewed

in ref 7). In addition, PODs have been implicated in
transcriptional regulation (8), apoptosis (9), maintenance of
genomic stability (10) and telomere length by a telomerase-
independent process (11), p53 acetylation, and p53-dependent
cellular senescence upon oncogene expression (12). Notably,
the number and morphology of PODs vary through the cell
cycle and in some pathological contexts, including leukemia
and viral infections (reviewed in ref7).

Recently, Isg20 was placed into the 3′ to 5′ exonuclease
superfamily (13). This superfamily includes RNases (such
as RNase T and D), the proofreading domains of the Pol I
family of DNA polymerases, and DNases that exist as
independent proteins (such asEscherichia coliExo I) or as
domains within larger polypeptides (such as a region within
the Werner’s syndrome helicase) (13-15). Homology within
the superfamily is concentrated at three conserved exonu-
clease motifs termedExoI, ExoII, and ExoIII ( 13, 14). In
this report, we present the first biochemical evidence that
Isg20 is a 3′ to 5′ exonuclease with a preference for RNA
over single-stranded DNA.

EXPERIMENTAL PROCEDURES

Buffers and Reagents.All reagents were purchased from
Sigma unless otherwise indicated. Restriction enzymes were
purchased from New England Biolabs. Labeled nucleotides
were from Amersham. Spectrophotometric-grade glycerol
was obtained from Fisher. pET vectors were from Novagen
(Madison, WI). DNA oligos were obtained from Operon
Biotechnologies (Alameda, CA). Synthetic RNA was ob-
tained from Dharmacon Research (Boulder, CO). L buffer
(lysis buffer) contains 50 mM Tris-HCl (pH 7.0), 50 mM
NaCl, 20% glycerol, 20 mMâ-mercaptoethanol, and 1 mM
phenylmethanesulfonyl fluoride (PMSF). W5 buffer is 50
mM Tris-HCl (pH 7.9), 500 mM NaCl, 20% glycerol, 5 mM
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imidazole, 10 mMâ-mercaptoethanol, and 1 mM PMSF.
W20 is identical to W5, but with 20 mM imidazole. E250
buffer is identical to W5 except it contains 250 mM NaCl
and 250 mM imidazole. All pH values were determined at
21 °C.

Purification of Recombinant Isg20 Proteins. To generate
pIsg20-His, theISG20 coding region was PCR amplified
using primers NCO5′ (5′-GCATGCCATGGCTGGGAGC-
CGTGAG-3′) and 3′XHO (3′-CGAGTCTCGAGGTCTGA-
CACAGCCAGG-5′), partially digested withNcoI andXhoI,
and subcloned into these sites of pET28a (Novagen). This
construct allows for expression of a carboxyl-terminal six-
histidine-tagged Isg20 fusion protein under the control of
the T7 RNA polymerase promoter. To generate a pIsg20D94G
plasmid that expresses a D94G (located within theExoII
exonuclease motif;13) histidine-tagged mutant protein, a 145
bp PstI fragment containing this mutation was gel isolated
from thePstI-digested pGST-Isg20ExoII plasmid (see below)
and subcloned into the internalPstI sites of pIsg20-His.

The pGST-Isg20 was generated by first PCR amplifying
the ISG20cDNA coding region with GST 5′ (5′-GTC GGA
ATT CAA CTC GAG ATG GCT GGG AGC CGT-3′) and
GST 3′ (5′-ACG GTC GAA TTC TAG AGA AAA TAT
AGA GCC-3′). The PCR product was then subcloned into
theEcoRI site (underlined above) of pGEX2T (Amersham/
Pharmacia) in the same open reading frame as the GST
domain. Site-specific mutants were created using the pro-
cedure of the QuickChange Site-Directed Mutagenesis Kit
(Stratagene). The following primer sets were employed for
PCR amplification (the mutated codon is underlined): for
the D11G mutation in theExoI motif, EXO IA (5′-GAG
GTG GTG GCC ATG GGC TGC GAG ATG GTG GGG
CTG GGG-3′) and EXO IB (5′-CCC CAG CCC CAC CAT
CTC GCA GCC CAT GGC CAC CAC CTC-3′); for the
D94G mutation in theExoII motif, EXO IIA (5 ′-CAT GAC
CTG AAG CAC GGC TTC CAG GCA CTG AAA GAG
GAC-3′) and EXO IIB (5′-GTC CTC TTT CAG TGC CTG
GAA GCC GTG CTT CAG GTC ATG-3′); and for the
D154G mutation in theExoIII motif, EXO IIIA (5 ′-CAC
AGC TCG GTG GAA GGT GCG AGG GCA ACG ATG-
3′) and EXO IIIB (5′-CAT CGT TGC CCT CGC ACC TTC
CAC CGA GCT GTG-3′). Appropriate PCR products were
subsequently cloned into the pGST-Isg20 to generate pGST-
Isg20ExoI, pGST-Isg20ExoII, and pGST-Isg20ExoIII.

To generate the His-tagged Isg20 protein, pIsg20-His was
transformed into the BL21(DE3)/pLysSE. coli strain
(Novagen). An overnight culture of 100 mL was subse-
quently grown at 37°C in LB (1% bacto-tryptone, 0.5%
bacto-yeast extract, and 1% NaCl) with 30µg/mL kanamycin
and 25µg/mL chloramphenicol. The overnight culture was
used to inoculate 2 L of thesame medium. This culture was
grown at 37°C with vigorous aeration until theA550 was
∼0.6. Isopropyl 1-thio-â-galactopyranoside was then added
(final concentration of 1 mM) to induce Isg20-His protein
expression. After induction for 4 h, cells were harvested,
and cell pellets were frozen at-20 °C. Notably, the pIsg20-
His plasmid, but not the pIsg20D94G plasmid, causes a 2-3-
fold decrease in the rate of growth of BL21(DE3) cells (in
the uninduced state and with the pLysS plasmid; data not
shown), suggesting that the nuclease activity of Isg20 reduces
the growth rate. The cell pellet was thawed and resuspended
in 30 mL of L buffer. The cell suspension was sonicated

using a Misonix XL sonicator with a macrotip at the
maximum setting with two 1 min bursts. The cell lysate was
centrifuged at 27000g for 30 min at 4°C. To the supernatant
was added slowly polyethyleneimine with constant stirring
to a final concentration of 0.3% to remove nucleic acids (16).
The suspension was centrifuged, and to the supernatant were
added NaCl and imidazole to final concentrations of 500 and
5 mM, respectively. The soluble protein extract was then
incubated with 2 mL of Ni-NTA resin (Qiagen, Santa
Clarita, CA) for 1 h at 4 °C with gentle rocking. This
suspension was centrifuged, and the resin was washed two
times each with 20 mL of W5 buffer, followed by two
washes each with 20 mL of W20 buffer. Isg20-His proteins
were then eluted from the Ni-NTA resin four times, each
with 2 mL of E250 buffer. These eluants were pooled.
Imidazole was removed by two rounds of concentration with
Centricon 30 concentrators and dilution with L buffer
containing 0.1 mM DTT. Glycerol was then added to the
retentate to a final concentration of 50%, and these protein
samples were stored at-20 °C, as Isg20-His appears to be
sensitive to multiple freeze-thaw cycles. Under such storage
conditions, Isg20-His is stable for∼3 months. Concentrations
of protein solutions were determined by measuring the
absorbance at 280 nm and using the theoretical molar
extinction coefficientE280 of 13 325 M-1 cm-1 calculated
for Isg20-His (17). From 2 L of induced bacterial culture,
we obtained∼0.5 mg of Isg20-His fusion protein. GST-
Isg20, GST-Isg20ExoI, GST-Isg20ExoII, and GST-Isg20ExoIII
fusion proteins were generated and partially purified accord-
ing to the protocol of Pharmacia.

Nuclease Assays. Various DNA and RNA substrates were
labeled at the 5′ end with T4 polynucleotide kinase and
[γ-32P]ATP (18). RNA5 is 5′-GAUCG-3′. DNA5 is 5′-
GATCG-3′. Supercoiled pET-28a was used as the promoter
DNA template to produce a 343-nucleotide RNA with a 15-
base stem and 6-base loop structure (TΦ transcription
terminator) at the 3′ end (19). For the 210-nucleotide RNA,
the transcription template was the pET-28a plasmid linear-
ized with XhoI, a restriction enzyme that cuts specifically
between the T7 promoter and the TΦ transcription termina-
tor. Uniformly labeled RNA substrates were synthesized with
T7 RNA polymerase and [R-32P]GTP according to the
instructions of the manufacturer (Gibco-BRL).

Labeled nucleic acid substrate (200-400 fmol) was
incubated with 40-1000 fmol of Isg20-His protein at 37°C
in 10 µL of 50 mM HEPES-KOH (pH 7.0) 10% glycerol,
50 mM NaCl, 1 mM MnCl2, 0.01% Triton X-100, and 1
mM DTT. The reactions were stopped with 10µL of an 80%
formamide dye solution, and the mixtures were heated at 80
°C for 3 min and then fractionated on a 20 or 22.5% urea (8
M)-polyacrylamide gel. Visualization of the labeled sub-
strate and product was achieved using a Molecular Dynamics
(Sunnyvale, CA) STORM 860 Phosphorimager, and quan-
titative analysis was performed using Molecular Dynamics
ImageQuant version 1.11 software. For the pH titrations,
instead of 50 mM HEPES-KOH (pH 7.0), different pHs were
obtained using a buffer mixture of constant ionic strength
consisting of 25 mM acetic acid and MES, and 50 mM
Trizma base (20). Specific activity is defined as units per
microgram of Isg20-His, with 1 unit being 1 pmol of RNA5
or DNA5 substrate degraded to mononucleotides in 1 min
at 37°C.
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To search for potential inhibitory effects of the three GST-
Isg20 mutant proteins (D11G, D94G, or D154G), 0.1 nM
RNA5 was preincubated on ice for 20 min with either of
the mutants at 1 nM. Subsequently, 0.05 nM WT Isg20-His
protein (which by itself degrades∼100% of the RNA5
substrate) was added to the mutant-containing reaction
mixtures and the mixture incubated at 37°C for 10 min.
RNA5 degradation was then evaluated as described above.

RESULTS

Isg20 Is a 3′ to 5′ Exonuclease. TheISG20cDNA encodes
a 181-amino acid protein of 20 363 Da with a theoretical pI
of 9.5. This protein belongs to the 3′ to 5′ exonuclease
superfamily (13) based on the presence of the three charac-
teristic ExoI, -II, and -III motifs (14). To examine experi-
mentally the possibility of nuclease activity, theISG20gene
was subcloned into the pET28a plasmid to produce a
C-terminally tagged Isg20-His fusion protein. The recom-
binant protein was partially purified as described in Experi-
mental Procedures (Figure 1). As shown in Figure 2 A, this
Isg20-His preparation degraded RNA5, DNA5, and the
single-stranded region of a 3′ DNA flap, stopping at the
double-stranded DNA junction. Isg20-His was∼35-fold
more active on single-stranded RNA than DNA (Figure 2A),
with a specific activity of 4.21( 0.80 units/µg for RNA5
and 0.12( 0.01 unit/µg for DNA5. We observed degraded
4-mer products prior to detecting mononucleotides during
the time course experiments with both substrates (Figure 2A),
consistent with a 3′ to 5′ exonuclease activity.

To determine if the observed DNase and RNase activities
are intrinsic to Isg20, particularly in light of the∼65 kDa
contaminating band seen in Figure 1, a mutant in a presumed
catalytic residue was constructed to obtain an inactive protein.
Aspartate 94 of Isg20 was selected because an aspartate to
alanine mutation at the structurally equivalent residue inE.
coli DNA polymerase I causes a significant decrease in its
3′ to 5′ exonuclease activity (21). When compared to the
wild-type protein, the Isg20D94G mutant (purified using the
same procedure; see Experimental Procedures) displayed a
>90% reduction in specific activity to degrade RNA5 and
DNA5 substrates (Figure 2B). Moreover, a GST-Isg20 fusion

protein exhibited RNase and DNase activities similar to that
of wild-type Isg20-His (under slightly different in vitro
conditions), and site-specific mutations of D11G (in theExoI
motif), D94G (ExoII), and D154G (ExoIII) in the GST fusion
led to g85, g87, andg87% reductions, respectively, in
RNase activity. These data are consistent with both nuclease
activities being intrinsic to Isg20, and indicate the importance
of these conserved residues. Notably, nucleases that are not
members of the 3′ to 5′ exonuclease superfamily, specifically,
human Ape1 (an abasic endonuclease of theE. coli exonu-
clease III family;22), E. coli endonuclease IV (a representa-

FIGURE 1: Isg20-His protein. Aliquots of protein fractions from
the various purification steps separated on a 15% polyacrylamide-
SDS gel: lane 1, whole cell extract; lane 2, whole cell supernatant;
lane 3, 0.3% polyethyleneimine supernatant; lane 4, flow-through
from Ni affinity chromatography; and lane 5, Ni affinity-purified
fraction. Sizes of protein standards are indicated in kilodaltons on
the right. The gel was stained with Coomassie Blue R250. The
arrow indicates the position of Isg20-His.

FIGURE 2: Isg20-His is a 3′ to 5′ exonuclease. (A) Isg20-His
degrades single-stranded RNA and DNA. RNA5 (40 nM) or a DNA
substrate, DNA5 or 3′ flap (40 nM), was incubated with 20 or 200
nM Isg20-His protein, respectively, for various times at 37°C.
RNA5, DNA5, and the strand containing the flap (as indicated by
the star) were labeled at the 5′ end. The 3′ flap DNA substrate is
described in ref23. Lanes 1-6 show reactions performed with
RNA5; lanes 7-12, DNA5; and lanes 13-18, 3′ flap DNA substrate
of 42 nucleotides in length with a 10-nucleotide flap. Lanes 1, 7,
and 13 are the no protein controls; lanes 2, 8, and 14, 2 min
incubations with Isg20-His; lanes 3, 9, and 15, 4 min incubations;
lanes 4, 10, and 16, 8 min incubations; lanes 5, 11 and 17, 16 min
incubations; and lanes 6, 12, and 18, 32 min incubations. (B) The
D94G mutation abolishes the DNase and RNase activities of
Isg20-His. Lanes 1-5 are the RNA5 (40 nM) reactions, and lanes
6-10 are with the 3′ flap substrate (40 nM). Reactions were
performed at 37°C for 20 min. Lane 1 is RNA5 untreated control.
Lanes 2 and 3 correspond to RNA5 incubated with 5 and 15 nM
wild-type Isg20-His (WT), respectively. Lanes 4 and 5 correspond
to RNA5 incubated with 5 and 15 nM Isg20-D94G (D94G mutant),
respectively. Lane 6 corresponds to the 3′ flap DNA undigested
control. Lanes 7 and 8 correspond to 50 and 150 nM WT enzyme,
respectively. Lanes 9 and 10 correspond to 50 and 150 nM D94G
mutant, respectively. Lane 11 contains 42-nucleotide and 21-
nucleotide DNA markers. The data presented here are representative
of three independent experiments.
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tive of an independent abasic endonuclease family;22), and
the human 5′-nucleases Fen1 and Exo1 (members of the
RAD2 nuclease family;23), did not degrade DNA5 or RNA5
substrates (data not shown). Last, we found that preincubation
of any of the three GST-Isg20 mutant proteins (1 nM) with
0.1 nM RNA5 substrate (see Experimental Procedures)
inhibited the WT Isg20-His protein RNase activity byg90%
in vitro, suggesting that these three GST-Isg20 fusion mutants
bind the RNA5 substrate effectively and may exhibit
dominant-negative effects in vivo.

Optimal Conditions for the Exonuclease ActiVity of Isg20.
Using a 5′ end-labeled RNA5 as the substrate, we determined
the divalent metal cation preference of the human Isg20-
His protein. At metal concentrations of 0.05, 0.5, and 5 mM,
only Mn2+ had a stimulatory effect on the exoribonuclease
activity of Isg20-His, whereas Mg2+, Ca2+, Cu2+, Zn2+, and

Ni2+ had virtually no effect (Figure 3A). The DNase activity
of Isg20-His, as determined with the 3′ flap DNA substrate
used in Figure 2, exhibited the same metal dependence (data
not shown). Moreover, the RNase and DNase activities of
Isg20-His on RNA5 and 3′ flap DNA substrates, respectively,
exhibited the same pH response, with an optimum of∼7.0
(Figure 3B and data not shown).

Substrate Preference of Isg20.In addition to RNA5,
DNA5, and 3′ flap DNA substrates, we examined Isg20-
His nuclease activity on longer RNA substrates, with or
without a stem-loop structure at the 3′ end. As shown in
Figure 4, Isg20-His degrades not only short RNAs, such as
RNA5, but also RNAs 210 nucleotides in length. However,
the presence of a stem-loop structure at the 3′ end of a long
RNA substrate caused a∼40-fold reduction in RNase activity
(Figure 4). Such data are consistent with the above results
indicating that Isg20-His degrades RNA in a 3′ to 5′

FIGURE 3: Metal cofactor requirement and pH optimum of Isg20-
His exonuclease activity. (A) Metal cofactor requirement. The
labeled RNA5 substrate (40 nM) was incubated with 2 nM Isg20-
His enzyme for 10 min at 37°C with different concentrations (5,
0.5, and 0.05 mM) of the various divalent metal cations, with
chloride as the anion. Exonuclease activity is represented by the
amount of labeled RNA5 substrate converted to the final mono-
nucleotide product. The highest activity was designated as 1. At
all the concentrations tested here, the relative activity was<0.01
for MgCl2, CaCl2, CuCl2, NiCl2, and ZnCl2. Shown is a representa-
tive of three independent experiments. (B) pH optimum. 5′-labeled
RNA5 (40 nM) was incubated with 2 nM Isg20-His for 10 min at
37 °C at the various pHs. The pH was maintained with a mixture
of 25 mM acetic acid, 25 mM MES, and 50 mM Tris-HCl (20).
The relative exonuclease activities were determined as described
for panel A.

FIGURE 4: Isg20-His nuclease activity on long RNA substrates with
or without a stem-loop structure at the 3′ end. Lanes 1-4 are
reactions with uniformly labeled 343-base RNA with the TΦ
transcription terminator stem-loop structure at the 3′ end, lanes
5-8 uniformly labeled 210-base RNA, and lanes 9-12 RNA5
labeled at the 5′ end. Lanes 1, 5, and 9 are the no protein controls.
All the other lanes are reactions with 10 nM Isg20-His. Lanes 2,
6, and 10 are 30 min reactions at 37°C; lanes 3, 7, and 11, 60 min
reactions; and lanes 4, 8, and 12, 90 min reactions. On the right of
the figure, band A is unincorporated [R-P32]GTP; band B, Isg20-
His degraded mononucleotide products; band C, RNA5 substrate;
band D, 210-base RNA; and band E, 343-base RNA with a 3′ end
stem-loop structure. The intermediate products observed in lanes
5-8 (including the no protein control) likely represent abortive
initiation RNA products obtained with the linearized DNA promoter
template, but not the supercoiled promoter template (29). Band E
in lanes 5-8 is the RNA product generated from residual super-
coiled promoter DNA, due to incomplete linearization of the
promoter DNA template byXhoI.
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direction, and operates poorly on double-stranded regions.
Results from Figure 4 also suggest that the exonuclease
activity of Isg20-His is processive and not distributive on
long RNA substrates, since, in a time course, we did not
detect any intermediate-sized products between the starting
RNA substrate and the final mononucleotide product.

Last, we examined Isg20 nuclease activity on other DNA
structures known to be products and/or substrates of DNA
repair processes (the various double-stranded DNA substrates
used are described in ref23). We did not detect significant
(<1% of DNA5 specific activity) protein-dependent degra-
dation of 42 bp double-stranded DNAs of 5′ flap, gapped,
nicked, or flushed structures (Figure 5 and data not shown).
From Figure 5, Isg20 did exhibit weak 3′ to 5′ exonuclease
activity (at least 10-fold lower than its RNase activity) on
single-stranded DNAs of 42 nucleotides, and the single-
stranded DNA regions of 3′ flaps, 3′ pseudoflaps, and 3′
overhangs.

DISCUSSION

We present here biochemical evidence that Isg20 is a 3′
to 5′ exonuclease, with a preference for single-stranded RNA
over single-stranded DNA. Notably, Isg20 is the second
known RNase regulated by IFN. RNase L, the first IFN-
activated RNase, is normally a dormant, cytosolic endori-
bonuclease. However, upon viral infection or IFN exposure,
2′-5′ oligoadenylate (2-5A) synthetase is activated, increas-
ing the intracellular concentration of short oligoadenylates
(reviewed in refs1-3). These 2-5A oligoadenylates bind
RNase L and promote its nuclease activity and, thus in turn,
the degradation of cellular 18S and 28S rRNAs as well as
viral RNAs, inhibiting cellular protein synthesis and viral
propagation. Nevertheless, RNase L (-/-) knockout em-
bryonic fibroblasts are able to develop an IFN-induced
antiviral state, suggesting that alternative antiviral mecha-
nisms exist (24). Given its localization to PODs, known sites
of transcription and replication of oncogenic DNA viruses
(e.g., simian virus 40, adenovirus, and herpes simplex virus;
7), and substrate preferences, the Isg20 protein may act

selectively to degrade viral mRNAs as part of an IFN-
stimulated antiviral defense mechanism. Such a specialized
function is also consistent with the fact that theSaccharo-
myces cereVisiae Isg20 homologue, Rex4p (which is not
essential for viability), does not play a prominent role in
processing many cellular RNA types (25).

The role of the weak DNase activity of Isg20 is less
foreseeable. Since it was recently shown that proteins with
roles in DNA recombination and telomere maintenance, such
as the disease-related proteins Nbs1 and Mre11, are localized
to PODs (10, 12), the DNase function of Isg20 may
contribute to telomere length maintenance in telomerase-
negative immortal cells (11).

POD substructures have also been shown to play a role in
regulating hormone-dependent transcriptional activity (26,
27). It is conceivable that a function of Isg20, which is
induced by estrogen and localized to PODs, is to downregu-
late the estrogen-dependent transcriptional response by
degrading estrogen-induced mRNAs within these substruc-
tures. Notably, the estrogen-specific increase in the level of
ISG20 mRNA in immature rat uterus occurs after the
enhanced expression of several estrogen early response genes,
e.g., c-jun, c-fos, and zif-268 (4). Moreover, the downregu-
lation of c-myc expression by IFN occurs through specific
degradation of c-myc mRNA (28). Future in vivo studies
are needed to determine the precise roles of the nuclease
activities of Isg20, and the specific contributions of this
protein to the cellular IFN-dependent response and the
estrogen hormone signaling pathway.
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