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Background: Deoxyribonucleases are key DNA metabolic enzymes, but their functions remain ill defined.
Results:Human EXO5 is a novel bidirectional single strand-specific sliding exonuclease; however, RPA enforces a 5�-direction-
ality of nuclease activity.
Conclusion: hEXO5 functions in nuclear genome maintenance and interstrand cross-link repair.
Significance: Nucleases are important in directing pathway choices at DNA damage and replication blocks.

Previously, we characterized Saccharomyces cerevisiae exo-
nuclease 5 (EXO5), which is required formitochondrial genome
maintenance. Here, we identify the human homolog (C1orf176;
EXO5) that functions in the repair of nuclear DNA damage.
Human EXO5 (hEXO5) contains an iron-sulfur cluster. It is a
single-stranded DNA (ssDNA)-specific bidirectional exonu-
clease with a strong preference for 5�-ends. After loading at an
ssDNA end, hEXO5 slides extensively along the ssDNA prior to
cutting, hence the designation sliding exonuclease. However,
the single-stranded binding protein human replication protein
A (hRPA) restricts sliding and enforces a unique, species-spe-
cific 5�-directionality onto hEXO5. This specificity is lost with a
mutant form of hRPA (hRPA-t11) that fails to interact with
hEXO5. hEXO5 localizes to nuclear repair foci in response to
DNA damage, and its depletion in human cells leads to an
increased sensitivity to DNA-damaging agents, in particular
interstrand cross-linking-inducing agents. Depletion of hEXO5
also results in an increase in spontaneous and damage-induced
chromosome abnormalities including the frequency of triradial
chromosomes, suggesting an additional defect in the resolution
of stalled DNA replication forks in hEXO5-depleted cells.

Exonucleases are versatile processors of metabolic interme-
diates during DNA metabolism involving replication and
recombination and the various pathways that function during
the response to DNA damage in the cell (1). By definition, exo-
nucleases need a DNA end for activity, and the vast majority
generates mononucleotides as the products of nuclease action.
However, some exonucleaseswith specialized functions can cut
internally of the DNA end that they initially engage. An exam-
ple is the flap exonuclease Fen1 that cuts precisely at the base of
a 5�-flap after having loaded at the 5� terminus during the proc-

ess of Okazaki fragment maturation (2, 3). The novel exonu-
clease described in this study, human EXO5 (hEXO5),3 loads at
ssDNA ends and then slides along the ssDNA prior to cutting
(sliding exonuclease). Our studies suggest that hEXO5 func-
tions in the repair of DNA damage, in particular ultraviolet
(UV) irradiation and interstrand cross-link (ICL) damage.
Interstrand cross-links are genotoxic lesions that covalently

link the two strands of the DNA duplex together. DNA strand
separation is an essential step in the processes of DNA metab-
olism including transcription, replication, and recombinational
repair. Interstrand cross-links create complete obstructions of
these fundamental DNAmetabolic processes, leading to potent
genotoxicity. Importantly, ICLs can arise from exogenous
agents such as the anticancer drugs cisplatin and mitomycin C
(MMC) and endogenous sources in the form of by-products of
metabolic processes (4). In general, these agents also form
intrastrand cross-links (5). However, the interstrand cross-
links are generally considered to be much more genotoxic. ICL
repair predominantly occurs during S phase while DNA repli-
cation takes place and is initiated by the convergence of repli-
cation forks at sites of ICLs (6).
Here, we describe the biochemical properties and biological

function of a novel human bidirectional exonuclease, which is a
sequence homolog of Saccharomyces cerevisiae Exo5 that we
characterized previously as an exonuclease essential for mito-
chondrial genome maintenance (7). However, through a fasci-
nating turn of evolutionary events, it appears that the distinct
mitochondrial function of Exo5 prevails only in the Saccharo-
mycetales order of fungi because they possess a strong mito-
chondrial localization signal. Other fungi and organisms
including mammals lack such a localization signal and may
have dedicated Exo5 to the task ofmaintaining nuclear genome
stability (see Fig. 1A). All members of the Exo5 family share
some common characteristics beyond that of primary amino
acid sequence. They possess an iron-sulfur cluster that is struc-
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the enzyme, thereby likely creating a cavity that may encircle
the ssDNA. A similar structural motif was previously identified
in the Bacillus subtilis recombinase AddAB (8). However, our
study shows that the detailed biochemical properties of hEXO5
are quite different from those of the budding yeast enzyme, and
this may reflect their distinct functions in the nucleus versus
mitochondrion, respectively. Depletion of hEXO5 in human
293 cells leads to hypersensitivity to genotoxic agents including
UV irradiation and particularly to ICL-inducing agents. How-
ever, sensitivity to ionizing radiation exposure was not
observed in hEXO5-depleted cells. Depletion of hEXO5 also
leads to the accumulation of a higher percentage of chromo-
some aberrations either spontaneously or after treatment with
cross-linking agents. In particular, an accumulation of triradial
chromosomes was observed at metaphase that is indicative of
unresolved and collapsed replication forks (9). These biochem-
ical and genetic results suggest that hEXO5 plays a role in
genome stability in general.

EXPERIMENTAL PROCEDURES

Plasmids and Oligonucleotides—Plasmid pBL277 contains
the Schistosoma japonicum glutathione S-transferase (GST)
gene fused to the N terminus of the human EXO5 (C1orf176)
gene in vector pRS424-GALGST (10). TheGST tag is separated
from the N terminus of hEXO5 by a recognition sequence for
the human rhinoviral 3C protease (LEVLFQ2GP). Following
cleavage by the protease, the N-terminal sequence of hEXO5 is
extended with the GPEF sequence. All variants and mutants
were made in pBL277. Plasmid pBL276 contains the GST tag
fused to the N-terminal 220-amino acid domain of the Esche-
richia coli GyrB gene (11) followed by a six-amino acid linker
fused to theN terminus of hEXO5. Plasmid pBL272 is a plasmid
formammalian expressionwith aC-terminalGFP-hEXO5con-
struct. Plasmids and sequences are available upon request.
The following oligonucleotides were purchased from Inte-

grated DNA Technologies, Inc. (Coralville, IA) and purified by
urea-polyacrylamide gel electrophoresis (PAGE): c81, TTGC-
CGATGAACTTTTTTTTTTGATCGAGACCTT; v81, AAG-
GTCTCCATCAAAAAAAAAAGTTCATCGGCAA. The po-
larity switch oligonucleotides were a gift from Dr. Timothy
Lohman. The 5�-32P label was introduced on oligonucleotides
using [�-32P]ATP and T4 polynucleotide kinase, whereas the
3�-32P label was introduced by incubation with [�-32P]dATP
and terminal deoxynucleotidyltransferase under the manufac-
turers’ recommended conditions. Labeled oligonucleotides
were hybridized with a 3-fold excess of the relevant compli-
mentary oligonucleotide. Labeled c81 was circularized first by
hybridization with equimolar bridging oligonucleotide circ81
(ATCGGCAAAAGGTCTC) followed by ligationwithT4DNA
ligase and urea-PAGE purification.
EXO5Overproduction and Purification—EXO5 overproduc-

tion was carried out in S. cerevisiae strain FM113 (MATa ura-
3-52 trp1-289 leu2-3112 prb1-1122 prc1-407 pep4-3) trans-
formed with plasmid pBL277 (hEXO5) or pBL282 (mouse
EXO5 (mEXO5)). Growth, induction, extract preparation, and
ammonium sulfate precipitation (0.3 g/ml) were similar to the
procedures described previously (12). The precipitate was dis-
solved in buffer A0 (buffer A, 60 mM HEPES-NaOH (pH 7.8),

10% glycerol, 1mMdithiothreitol (DTT), 0.1mMEDTA, 0.005%
polyoxyethylene (10) lauryl ether, 5 mM sodium bisulfite, 5 �M

pepstatin A, and 5 �M leupeptin; subscript number indicates
the mM sodium acetate concentration) until the lysate conduc-
tivity was equal to that of buffer A400. The lysate was then used
for batch binding to 1 ml of glutathione-Sepharose 4B beads
(GE Healthcare), equilibrated with buffer A400, and gently
rotated at 4 °C for 2 h. The beads were collected at 1,000 rpm in
a swinging bucket rotor followed by batch washes (3� 20ml of
buffer A400). The beads were transferred to a 10-ml column and
washed at 2.5 ml/min with 100 ml of buffer A400. The second
washwaswith 50ml of bufferA400 containing 5mMmagnesium
acetate and 1 mM ATP, and the third wash used 50 ml of buffer
A400 and 30 ml of buffer A200. Elution was carried out at a flow
rate of 0.2 ml/min with buffer A200 containing 20 mM glutathi-
one (pH adjusted to 8.0). Fractions containing EXO5were com-
bined and diluted with buffer A0 to equal buffer A100 and then
loaded onto a 1-ml Mono Q column. Protein was eluted with a
linear gradient of buffer A100 to A1200. The fractions containing
pure protein were incubated overnight at 4 °C with 30 units of
rhinoviral 3C protease, diluted with A0 to equal A100, and
loaded onto a 1-ml Mono Q column. Pure EXO5 protein was
eluted at 300–400 mM sodium acetate. mEXO5 and hEXO5
variants and mutants were overexpressed and purified
similarly.
Analytical Ultracentrifugation—Purified protein was dia-

lyzed against a buffer of 30mMHEPES (pH7.4), 100mM sodium
acetate, 5% glycerol, and 5mM �-mercaptoethanol overnight at
0 °C. We used a Beckman Optima XL-A analytical ultracentri-
fuge and ran a velocity experiment at 40,000 rpm for 6 h with 5
�MhEXO5. The traces were analyzed using the Sedfit program.
Exonuclease Assays—The standard 10-�l assay mixture con-

tained 100 mM Tris-HCl (pH 7.8), 500 �g/ml bovine serum
albumin, 5 mM DTT, 5 mM magnesium acetate, 50 mM NaCl,
50–100 fmol of 32P-end-labeled oligonucleotide substrate, and
enzyme. Incubations were carried out at 30 °C for the indicated
time periods. Deviations from the standard assay conditions are
indicated in the legends of the figures. Reactions were stopped
with 10 mM final concentration of EDTA in addition to 40%
formamide and analyzed by 7 M urea-18% PAGE. Dried gels
were subjected to phosphorimaging analysis.
Forced Dimerization Assay—The standard 10-�l assay mix-

ture was the same as for the standard exonuclease assay; how-
ever, all assays were carried out under initial linear rate condi-
tions in which �30% of the substrate was hydrolyzed.
Coumermycin (Sigma-Aldrich) was dissolved in DMSO and
further diluted in H2O, and novobiocin (Sigma-Aldrich) was
dissolved in H2O. Reactions were stopped as described above.
The reactions were analyzed by 7 M urea-18% PAGE. Dried gels
were analyzed by phosphorimaging.
Electrophoretic Mobility Shift Assay (EMSA)—The standard

20-�l EMSA assay mixture contained 100 mM Tris-HCl (pH
7.8), 500 �g/ml bovine serum albumin, 5 mM DTT, 1 mM

EDTA, 50 mM NaCl, 20% glycerol, 50 fmol of 32P-end-labeled
oligonucleotide substrate or unlabeled oligonucleotide, and
enzyme. Incubations were carried out at 25 °C for the indicated
periods. Reactions were loaded on 5% non-denaturing poly-
acrylamide gels prerun for 2 h at 4 °C. Either gels were dried and
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subjected to phosphorimaging analysis, or the proteins were
transferred to nitrocellulose for Western analysis with rabbit
antibodies to hEXO5. Deviations from the standard assay con-
ditions are indicated in the legends to the figures.
Human Cell Growth and Transfection—Human 293 and

GM5849 cells were maintained by previously published proce-
dures (13). Full-length FLAG-tagged hEXO5 cDNA cloned in
pcDNA3.1 was transfected into cells. hEXO5 small interfering
RNA (siRNA) and control luciferase siRNAwere obtained from
Integrated DNA Technologies, Inc. or Dharmacon Research
(Lafayette, CO). The hEXO5 siRNAs were as follows:
ORF176-1, ACUCAGAACUGGUGUGAACUU � GUUCA-
CACCAGUUCUGAGUUU; ORF176-2, CUGUGAAGUC-
UUUGGGUGAUU � UCACCCAAAGACUUCACAGUU.
RNA interference (RNAi) treatment of 293 cells was performed
as described previously (14). Cells were used 72 h after trans-
fection for all experimental purposes.
HumanDamage Sensitivity Assays—Clonogenic survival was

determined using human 293 cells. Cells after 72 h of transfec-
tion with control or hEXO5 siRNA were seeded at known den-
sities onto 60-mm dishes in 5.0 ml of medium, incubated for
16 h, and washed with 1� phosphate-buffered saline (PBS)
prior to UV or ionizing radiation or exposure to the indicated
doses of mitomycin C for 24 h or cisplatin for 1 h. Cells were
washed and incubated in fresh medium for �12 days and then
fixed in methanol-acetic acid (3:1) prior to staining with crystal
violet. Only colonies containing �50 cells were counted. Each
experimentwas repeated three to four times. The S.E. is given in
the figures. Chromosome aberrations were analyzed at meta-
phases, which were prepared by standard procedures (15, 16).
Cells were treated with cisplatin or mitomycin C, and meta-
phases were collected after different time points of drug
treatment.
Immunostaining—Cells grown in chamber slides were

exposed to irradiation (10 J/m2) and incubated at 37 °C prior to
fixation. Cells were fixed in 2% paraformaldehyde for 15 min,
washed in 1� PBS, permeabilized for 5 min on ice in 0.2% Tri-
ton X-100, and blocked in PBS with 1% bovine serum albumin.
The procedure used for immunostaining is the same as that
described previously (17–19).

RESULTS

hEXO5 Contains a Conserved Iron-Sulfur Cluster—The cat-
alytic domain of eukaryotic Exo5 is distantly related to the
E. coli RecB nuclease domain of the bacterial RecBCD recom-
binases (Fig. 1, B andC) (8).We recently reported that S. cerevi-
siae EXO5 is essential for mitochondrial genome maintenance
(7). However, a phylogenetic and cellular localization predic-
tion analysis of 95 eukaryotic Exo5 proteins indicates that
strong mitochondrial localization prevails only in the Saccha-
romycetales order of fungi (Fig. 1A). This phylogenetic analysis
along with our biochemical and functional cellular studies sug-
gests that in other fungi and in metazoans Exo5 has a role in
maintaining nuclear genome stability. Therefore, we carried
out a biochemical and genetic analysis of hEXO5. The cDNA
for human C1orf176 was cloned, and the gene was designated
EXO5. hEXO5 with an N-terminal GST tag was overexpressed
in a yeast overexpression system, and the recombinant protein

was purified to apparent homogeneity by a combination of
affinity and ion exchange chromatography (see “Experimental
Procedures”). An analysis of hEXO5 by analytical ultracentrif-
ugation showed that the protein exists in a monomeric form
(Fig. 1D). The homolog from Mus musculus (RP23-182D20.4,
Exo-5) was also cloned, and the enzyme was purified analo-
gously (data not shown).
Upon purification of hEXO5, we noticed that it was yellow-

brown in color, suggesting the presence of an iron-sulfur clus-
ter. Indeed, the UV-visible spectrum of hEXO5 showed a peak
at 410 nm, indicative of the presence of an iron-sulfur cluster,
most likely of the [4Fe-4S] form (Fig. 1E). From aligning several
Exo5 homologs, we noticed a set of four conserved cysteine
residues, one N-terminal with respect to the catalytic core and
three C-terminal of the catalytic core. This is a unique arrange-
ment for coordination of the Fe-S cluster that was previously
identified in theB. subtilisAddB helicase-nuclease (Fig. 1C) (8).
This arrangement is conserved in mEXO5, which also purifies
as a yellow protein with a UV-visible peak at 410 nm. To test
whether the conserved cysteines are responsible for coordina-
tion of the iron-sulfur cluster, we purified a hEXO5 form with
cysteines at 343 and 346 mutated to alanines (hEXO5-CCAA),
and the mutant hEXO5 protein was colorless and lacked
absorption at 410 nm (Fig. 1E). Lack of the iron-sulfur cluster
also led to an 80–90% loss of catalytic activity of hEXO5, indi-
cating that this structural motif is important but not essential
for enzymatic function (Fig. 1G).
Both human and mouse EXO5 degraded ssDNA; however,

their activities were both quite low with turnover numbers in
the order of min�1 (Fig. 1F).Whenmammalian Exo5 was over-
expressed in E. coli, the persistent presence of contaminating
E. coli nucleases made a reliable characterization problematic
(data not shown). Therefore, we exploited the yeast overexpres-
sion system (described under “Experimental Procedures”),
which dramatically reduced the level of contaminating nuclease
activities. Considering the very low catalytic activity of hEXO5,
it was important to establish that the observed activity was not
caused by a contaminating yeast nuclease. Based upon the
alignment with the RecB nuclease domain (20), we predicted
that Asp-182 and Glu-196 bind the divalent metal ion that is
essential for catalysis (Fig. 1, B and C). The E196A form of
hEXO5 was purified and shown to display negligible nuclease
activity (�1% of wild type), indicating that the observed wild-
type activity albeit low is valid (Fig. 1G). We also purified two
naturally occurring variants of hEXO5, either with a D115N or
V172G change, and these variants had activity similar to that of
the reference hEXO5 (Asp-115 and Val-172), which we desig-
nate as wild type (Fig. 1G). Below we explore the basis for the
low enzymatic activity of mammalian Exo5.
The Exo5 Orthologs Are Sliding Bidirectional Exonucleases—

A variety of oligonucleotide structures were analyzed as
substrates for hEXO5. The enzyme is specific for DNA as sin-
gle-stranded RNA was not degraded (data not shown). DNA
structures such asHolliday junctions, replication forklike struc-
tures, and DNA flap substrates showed no activity unless these
structures contained a free ssDNA tail, and none of these struc-
tures showed a higher activity than a simple ssDNA substrate
did (Fig. 2, A and C, and data not shown). Thus, hEXO5 is a
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single strand-specific deoxyribonuclease, and fully double-
strandedDNAs (dsDNAs) are resistant to degradation (Fig. 2A,
lanes 5–7 versus 11–13). The enzyme also requires a free DNA
end for activity as the circularized form of the single-stranded
oligonucleotide was not cleaved (lanes 8–10).

To determine whether hEXO5 is a 5�- or 3�-exonuclease, we
utilized an ssDNA substrate hybridized with a 12-nucleotide
complementary oligonucleotide to form a dsDNA block at
either the 5�-end or the 3�-end. Although the 5�-blocked sub-
strate showed a large decrease in activity (Fig. 2A, lanes 14–16),
the 3�-blocked substrate showed only marginal inhibition
(lanes 17–19), suggesting that hEXO5 is primarily a 5�-exonu-
clease, but itmay also have 3�-exonuclease activity (Fig. 2B).We
designed two partially double-stranded oligonucleotides with
either a 5�- or 3�-ss-(dT)25 flap (Fig. 2C). Both the 5�- and 3�-flap
substrates were degraded by hEXO5 with the 5�-flap substrate
being the preferred substrate. These data suggest that hEXO5 is

a bidirectional single strand-specific exonuclease with a prefer-
ence for 5�-ends. However, an alternative explanation that the
enzyme slides onto the dsDNA ends of the flap substrates prior
to cutting into the ssDNAregion could not be excluded by these
experiments.
To test the exonuclease polarity problem in an unambiguous

manner, we used a set of oligo(dT) substrates inwhich the chain
polarity is switched in the middle of the oligonucleotide by
either a 3�-3�- or 5�-5�-dinucleotide linkage so that the resulting
oligo(dT) has either two 5�- or two 3�-ends, respectively (Fig.
2D). The use of homopolymeric oligo(dT) substrates also elim-
inates potential problems in activity relating to sequence con-
text (Fig. 2A) or secondary structure formation. Control studies
showed that the proofreading 3�-exonuclease activity of DNA
polymerase � degraded the substrate with only 3�-ends but not
the substrate with only 5�-ends (Fig. 2D). Conversely, �-exonu-
clease, a 5�-nuclease, degraded the substrate with only 5�-ends

FIGURE 1. Catalytic activity of hEXO5. A, phylogenetic analysis. Using PSI-BLAST, 108 eukaryotic Exo5 sequences were identified in GenBank. This set was
culled by imposing the following requirements: (i) an N-terminal methionine and (ii) the diagnostic WCE and CX2CX5C motifs N-terminal and C-terminal of the
catalytic domain that constitute the iron-sulfur cluster coordinating cysteines. The remaining 95 sequences were subjected to PREDOTAR to identify classical
N-terminal mitochondrial localization sequences and to Phylogeny.fr for phylogenetic analysis using MUSCLE multiple alignment and PhyML phylogeny
analysis. All 15 Saccharomycetales Exo5 proteins showed a medium to strong mitochondrial localization probability (0.2– 0.92). The mitochondrial localization
probability of all 80 other Exo5 proteins was 0 – 0.02 with the exception of Zea mays (0.25) and Strongylocentrotus purpuratus (0.28). A tree of 18 representative
model organisms is shown. B, schematic representation of the domain architecture of hEXO5 with conserved active site residues and iron-sulfur coordinating
cysteine residues indicated. C, sequence alignment of critical residues in the Exo5 family. Active site Asp/Glu are shown in red, Gln and Tyr of a highly conserved
� helix are shown in green, and four conserved Cys residues that coordinate the Fe-S cluster are shown in brown. Hsap, Homo sapiens; Mmus, M. musculus; Spom,
S. pombe; Scer, S. cerevisiae; RecB, nuclease domain of E. coli RecBCD recombinase; AddB, nuclease domain of B. subtilis AddAB recombinase. D, purified hEXO5
(5 �M) in buffer containing 100 mM sodium acetate was run in a Beckman Optima XL-A analytical ultracentrifuge as described under “Experimental Procedures.”
Sedim. coeff., sedimentation coefficient. E, UV spectrum of hEXO5 and the C143A,C146A (CCAA) mutant. Traces were set to 1.0 at 279 nm. F, activity of hEXO5
variants and mutants. Standard assay mixtures used 10 nM 5�-labeled 34-nucleotide DNA substrate. The concentrations of the hEXO5 from left to right are 5, 15,
50, and 150 nM. The reactions were carried out at 30 °C for 4 min. The results were analyzed on a 7 M urea-18% polyacrylamide gel. G, the indicated hEXO5
mutant proteins were purified as described for the wild type, and standard nuclease assays with increasing concentrations of protein were carried out for 4 min
at 30 °C.
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but not the substrate with only 3�-ends (data not shown).
hEXO5 degraded both polarity switch oligonucleotides, indi-
cating that its activity is bidirectional in agreement with the
studies of the flap substrates (Fig. 2C).
Using these diagnostic substrates, we reinvestigated the

polarity preference of S. cerevisiae Exo5, which we previously
had designated to be a 5�-exonuclease (7). Surprisingly, this
enzyme also showed bidirectionality but still with a preference
for 5�-ends. However, in contrast to hEXO5, which generates
larger oligonucleotide products, yeast Exo5 predominantly
generates dinucleotide products from the 5�-end and tri- and
tetranucleotides from the 3�-end (Fig. 2D). We conclude that
our previous inability to detect a 3�-directionality with yeast

Exo5 may have been caused by the sequence context of the
oligonucleotides used in that study.
Remarkably, hEXO5 releases oligonucleotides rather than

mononucleotides as products of exonuclease action. The
results from a single hit kinetic analysis of hEXO5 on (dT)60 are
consistent with a model in which hEXO5 loads at a DNA end
and then stochastically translocates along the ssDNA prior to
random cutting (Fig. 2E). In a single hit kinetic analysis, each
DNA molecule undergoes one cleavage event upon binding by
hEXO5. Under our experimental conditions, hydrolysis at early
time points was �10%. Importantly, the ratio of the different
length products formed between 2 and 4 min of reaction
remained constant. The ratio of 2–10-nucleotide products

FIGURE 2. hEXO5 is a single-stranded DNA-specific bidirectional exonuclease. A, standard assays containing a 10 nM concentration of the indicated
5�-labeled DNA were incubated with 3, 10, or 21 nM hEXO5 for 8 min. PDE, ladder from partial digestion with snake venom phosphodiesterase, a 3�-exonuclease.
B, quantification of activity of hEXO5 on ssDNA, dsDNA, and 5�- and 3�-dsDNA substrates from A. C, standard assays containing a 10 nM concentration of the
indicated 5�- or 3�-labeled DNA substrate were incubated with 5, 15, 50, or 150 nM hEXO5 for 8 min at 30 °C. hydrol., hydrolysis. D, standard assays containing
a 10 nM concentration of 5�-labeled (dT)65 or double 5�-ended (dT)70, or 3�-labeled double 3�-ended (dT)70 were incubated with 5, 15, 50, 150, or 300 nM hEXO5
for 4 min or with 0.05, 0.15, or 5 nM S. cerevisiae (S. cer) Exo5 for 30 s at 30 °C. Controls contained DNA polymerase (Pol) � where indicated with an arrow under
the gels. E, standard assays contained 10 nM 5�-labeled (dT)60 and 5 nM hEXO5 for the indicated times. All samples were analyzed on 7 M urea-18% polyacryl-
amide gels and quantified by phosphorimaging. The asterisks indicate the position of the 32P label.
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made after 4 min compared with 2 min of reaction time was
1.89 � 0.2. In comparison, the ratio of 11–20-nucleotide prod-
ucts was 1.95 � 0.2. Multiple cleavage events would have led to
an accumulation of shorter products with increasing time. This
was not observed until the 15-min time point, indicating that at
the initial times single hit kinetics prevailed.
The sliding model predicts an equal probability of cutting

along the length of the DNA across which sliding occurs as
indeed was observed for the (dT)60 substrate with some prefer-
ence for cutting near the 5�-end, which is the preferable loading
site. mEXO5 also exhibited this behavior of a sliding exonu-
clease (data not shown). However, S. cerevisiae Exo5, which
functions in mitochondria, predominantly released dinucle-
otides as products from the 5�-end (Fig. 2D and Ref. 7). There-
fore, the biochemistry of mammalian Exo5 is quite different
from that of budding yeast Exo5.
hEXO5 Activity Is Greatly Increased by Forced Dimerization—

The extremely low mammalian Exo5 catalytic activity suggests
that its activity may be regulated. Interestingly, we noted that
under standard assay conditions with 10 nM substrate DNA the
activity of hEXO5 carrying the GST purification tag was
approximately 30-fold higher than that of the protein after pro-
teolytic removal of the GST tag (data not shown). However, the
product distribution remained very similar (data not shown).
We surmised that the increased activity of GST-hEXO5 was
caused by the tendency of GST domains to form homodimers
(10), thereby effectively dimerizing the exonuclease domain. A
likely explanation for the increased activity of the dimeric
enzyme would be an increased binding affinity for DNA. A full
kinetic analysis of the two forms of hEXO5 showed that the
native enzyme bound ssDNA over 100-fold more poorly than
did GST-hEXO5 (Fig. 3A). At saturating ssDNA concentra-
tions, the catalytic activities of both species differed less than
2-fold. In agreement with this conclusion, we observed no
detectable binding of hEXO5 to ssDNA in an EMSA, whereas
GST-hEXO5 did form a detectable complex (Fig. 3B). The GST
domain itself showed no DNA binding (data not shown).
To determine whether the increased exonuclease activity

was due to protein dimerization or a consequence of the pres-
ence of an N-terminal fusion, we reinvestigated this problem
using a system of forced chemical dimerization. The N-termi-
nal domain of the E. coli gyrase B subunit binds the drugs novo-
biocin and coumermycin with high affinity (21). Although
novobiocin binds the GyrB domain in a 1:1 complex, coumer-
mycin, which has two GyrB binding sites, forms a 1:2 complex
withGyrB.We fused theGyrB domain to hEXO5 andmeasured
its activity at 10 nM ssDNA concentrations with or without
drugs (Fig. 3C). In the absence of antibiotic, the GyrB-hEXO5
fusion protein had very low catalytic activity similar to that of
monomeric hEXO5 alone. Next, we titrated either novobio-
cin or coumermycin into a nuclease assay that contained a
constant concentration of GyrB-hEXO5 (215 nM). The addi-
tion of increasing concentrations of novobiocin had no effect
on the nuclease activity of GyrB-hEXO5. However, increas-
ing concentrations of coumermycin led to a maximal �10-fold
increase in nuclease activity at 100 nM drug, an �1:2 ratio of
coumermycin to GyrB-hEXO5, followed by a gradual decrease
in activity at higher concentrations of coumermycin (Fig. 3C).

The latter observation is consistent with a 1:2 equilibrium of
coumermycin�GyrB-hEXO5 complexes that is driven to 1:1
complexes at higher coumermycin concentrations. Therefore,
we conclude that high affinity DNA binding activity of hEXO5
requires that it be in the form of a dimer.
Human Replication Protein A (hRPA) Enforces a 5�-Direc-

tionality onto hEXO5—RPA is a highly conserved heterotrim-
eric complex that is essential for DNA replication and repair. It

FIGURE 3. hEXO5 possesses weak binding affinity that increases upon
forced dimerization. A, dependence of hEXO5 molar activity on DNA con-
centration. Data were fit to a Michaelis-Menten model. For GST-hEXO5, Km 	
27 � 4 nM and Vmax 	 1.3 � 0.05 min�1; for hEXO5, Km 	 3,200 � 800 nM and
Vmax 	 0.7 � 0.1 min�1. B, EMSA assays as described under “Experimental
Procedures” using 10 nM 5�-labeled 34-mer and the indicated concentrations
of hEXO5 or GST-hEXO5 (as monomer) were incubated at 20 °C for 10 min, and
samples were analyzed on a 5% non-denaturing polyacrylamide gel. Free DNA is
shown. No binding was observed by GST alone (not shown). C, chemically
enforced dimerization of hEXO5. The standard assay with 215 nM GyrB-hEXO5
was carried out with the indicated concentrations of either coumermycin or
novobiocin. Novobiocin is an antibiotic that binds a single GyrB domain. Coumer-
mycin is a dimeric antibiotic that can bind two GyrB domains as indicated.
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acts as a hub protein that recruits repair proteins to sites of
DNA replication stress and DNA damage (22). To determine
whether hRPA shows a functional interaction with hEXO5, we
performed an activity titration experimentwith increasing con-
centrations of either hRPA, S. cerevisiae RPA, or E. coli single-
stranded DNA-binding protein on oligo(dT)65 in the presence
of a constant hEXO5 concentration. Increased coating of the
ssDNA with either S. cerevisiae RPA or E. coli single-stranded
DNA-binding protein progressively inhibited hEXO5 activity,
whereas hRPA stimulated hEXO5 activity (Fig. 4, A and B).
Therefore, hEXO5 showed notable species specificity for inter-
action with its cognate RPA. Remarkably, the bound RPA also
curtailed the sliding ability of hEXO5.Whereas onnaked (dT)65
the probability of cutting was nearly constant over the length of

the DNA, coating of the DNA with RPA shifted the cutting
probability strongly toward the 5�-end (Fig. 4C, right panel and
traces). This observation is most consistent with two simulta-
neous activities of hRPA. (i) It inhibits sliding of hEXO5 and
stimulates cutting near the site of 5�-loading, and (ii) it inhibits
3�-loading of hEXO5.
To test this model, we used the set of oligo(dT) polarity

switch oligonucleotides described in Fig. 2D. Coating of the
5�-double-ended substrate with hRPA enhanced activity and
shifted cleavage to smaller products similarly to what was
observed with the natural (dT)65. In contrast, cutting of the
3�-double-ended substratewas strongly inhibited by hRPA (Fig.
4C). Thus, RPA inhibits 3�-activity of hEXO5 and thereby
enforces a 5�-directionality onto the enzyme.

FIGURE 4. hEXO5 is an RPA-directed 5�-exonuclease. A, standard assay mixtures using 10 nM 5�-labeled (dT)65. The concentration of the hEXO5 is 50 nM. The
concentrations of WT hRPA, hRPA-t11, S. cerevisiae RPA (scRPA), and E. coli single-stranded DNA-binding protein (SSB) from left to right are 0, 5, 10, 20, and 40
nM. The reactions were carried out at 30 °C for 4 min. The results were analyzed on a 7 M urea-18% polyacrylamide gel. B, quantification of the gel from
A. C, standard assay mixtures using 10 nM 5�-labeled (dT)65 or (dT)70 containing either a 3�-3� or 5�-5�-dinucleotide linkage ssDNA substrate labeled at the 5�- or
3�-ends respectively. The concentration of the hEXO5 is 50 nM. The concentrations of human RPA from left to right are 0, 2.5, 5, 10, 20, and 40 nM. The reactions
were carried out at 30 °C for 4 min. The results were analyzed on a 7 M urea-18% polyacrylamide gel. Graphs to the right show the distribution of hEXO5 cleavage
products without hRPA or with 40 nM hRPA. The asterisks indicate the position of the 32P label.
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To further examine the specificity of the hEXO5-hRPA
interaction, we took advantage of a previously characterized
mutation in the N-terminal domain of the RPA70 subunit,
RPA70-K45E or RPA-t11. This allele was first identified in S.
cerevisiae as a mutant (rfa1-t11) that caused sensitivity to DNA
damage (23), and the human mutant exhibits recombination
defects (24). Mutant hRPA-t11 failed to stimulate hEXO5. In
fact, it inhibited hEXO5 activity to a degree similar to that of S.
cerevisiae RPA, suggesting that the mutation abrogated stimu-
latory interactions with hEXO5 (Fig. 4A).
We used EMSA to assess interactions among hEXO5, hRPA,

and ssDNA (Fig. 5). In these studies, DNA was detected by
phosphorimaging of the 5�-32P label and hEXO5 by Western
analysis. The (dT)40 oligonucleotide used in this study can bind
either one or twohRPAsdepending on the concentration (com-
plex 1 in lane 9 and complex 2 in lanes 10 and 11). A complex
between hEXO5 and hRPA was readily detectable by Western
analysis (lane 2). Under these conditions, no complex between
hEXO5 and ssDNA was detectable (lane 4; see also Fig. 3B).
However, addition of increasing hRPA shifted hEXO5 into
hRPA�DNA complex 1 (lane 5) or complex 2 (lanes 6 and 7).
These data suggest that hEXO5 is recruited to ssDNA through
binding to DNA-bound hRPA. Given the lack of stimulation of
hEXO5 activity exhibited by mutant hRPA-t11 (Fig. 4A), we
also determined interactions of the mutant protein with
hEXO5. Indeed, hRPA-t11 did not form a complexwith hEXO5
in the absence of DNA (compare lanes 12 and 4), and although
hRPA-t11 alone showed robust binding to ssDNA (lane 13), it
did not recruit hEXO5 into the RPA�ssDNA complex (compare
lanes 14 and 7). Therefore, hRPA-t11 is defective for binding
hEXO5 on or off the DNA. These data together indicate that
hEXO5 physically interacts with hRPA as a mechanism to
increase the affinity for ssDNA. Also, hRPA enforces 5�-direc-
tionality onto hEXO5.
hEXO5 Functions in UV Irradiation and Interstrand Cross-

link Repair—Budding yeast Exo5 has a consensus mitochon-
drial localization signal, and the exo5
 mutant shows cata-
strophic mitochondrial defects but no detectable nuclear
defects (7). However, most other EXO5 genes including the

mammalian gene lack a mitochondrial localization signal, sug-
gesting that their primary function may be nuclear (Fig. 1A).
We tested the localization of a C-terminal GFP fusion to
hEXO5 in transfected HEK 293 human cells. GFP fluorescence
was distributed over both the cytosol and the nucleus (Fig. 6A).
However, approximately 4 h after exposure of cells to UV irra-
diation, we observed distinct nuclear GFP foci, suggesting that
hEXO5 is recruited to sites of DNA damage.
To determine the effect of hEXO5 on cell survival, cells with

or without depletion by hEXO5-specific siRNAs were exposed
to various genotoxic agents. RT-PCRwas used to determine the
level of hEXO5 mRNA knockdown to �80% (data not shown).
Unfortunately, several independently raised antisera against
purified hEXO5 failed to recognize the protein in human cell
extracts. Therefore, to test the level of protein knockdown elic-
ited by siRNAs, a FLAG-tagged hEXO5 construct containing
the same RNA sequence that is targeted by the siRNAs was
expressed. Extracts of hEXO5 siRNA-transfected cells were
analyzed for FLAG-hEXO5 by Western analysis with anti-
FLAG antibodies. From these studies, an �80% knockdown of
FLAG-tagged hEXO5was consistently achieved (Fig. 6B). From
these studies, we conclude that levels of native hEXO5 are sim-
ilarly decreased by the siRNAs.
Treatment of hEXO5-depleted cells with DNA-damaging

agents caused an increased sensitivity to various DNA-damag-
ing agents but not to �-irradiation as determined by clonogenic
survival assays. We consider off-target effects of the siRNAs
unlikelybecauseneither siRNA1norsiRNA2causedan increase in
sensitivity to�-irradiation (Fig. 6C), but both siRNA1 and siRNA2
showed strong and similar sensitivity to treatment of cells with
cisplatin (Fig. 7A). hEXO5 depletion in 293 cells also caused an
increased sensitivity to cell killing after UV irradiation and to the
alkylating agent methylmethane sulfonate (Fig. 6, D and E). An
analysis of the rate of appearance and disappearance of �-H2AX
foci associated with UV damage showed a delay in their disap-
pearance, suggesting that the rate of UV damage repair is
slowed down in hEXO5-depleted cells (Fig. 6F).
Interestingly, hEXO5-depleted cells are very sensitive to

either interstrand cross-linking agent cisplatin or MMC as
determined by clonogenic survival assays (Fig. 7, A and B).
Defects in ICL repair such as in Fanconi anemia patients are
associated with an increase in metaphases with chromosomal
aberrations. In particular, there is an increased occurrence of
triradial chromosomes that is attributed to a failure in the res-
olution of stalled DNA replication forks (25). Indeed, we
observed that chromosome abnormalities were significantly
increased in hEXO5-depleted cells even in the absence of exter-
nal damage-inducing agents (Fig. 7, C, panel b, D, and E). Fur-
thermore, treatmentwith either interstrand cross-linking agent
cisplatin (Fig. 7D) or mitomycin C (Fig. 7E) led to a large
increase in the frequency of metaphases with chromosomal
aberrations in hEXO5-depleted cells compared with controls.
Interestingly, these included a higher frequency of triradial
chromosomes (Fig. 7C, panel d). Therefore, hEXO5 depletion
results in an increase in genomic instability and an increased
sensitivity to various DNA-damaging agents as determined by
clonogenic survival, metaphase aberrations, and appearance
and disappearance of repair foci.

FIGURE 5. Physical and functional interaction of hRPA with hEXO5. EMSA
assays were performed as detailed under “Experimental Procedures” using 50
nM 5�-labeled ssDNA, varying concentrations of hRPA or hRPA-t11 mutant,
and 50 nM hEXO5 as indicated. The top panel visualizes the 5�-32P-labeled
oligonucleotide by phosphorimaging, and the bottom panel visualizes hEXO5
by a Western analysis with antibodies against hEXO5.
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DISCUSSION

The EXO5 gene is widely conserved in archaeal and eukary-
otic organisms includingmammals, fungi, plants, and protozoa;
however, surprisingly, it appears to be absent from insects and
worms. A phylogenetic analysis of all 95 eukaryotic complete
EXO5 genes deposited in GenBankTM shows that the proteins
from organisms that fall in the Saccharomycetales order are
more distantly removed from those in other orders and phyla,
and they show a strong mitochondrial localization signal (Fig.
1A). This phylogenetic and bioinformatics analysis is supported
by our experimental studies, which show severe mitochondrial
but no nuclear defects for S. cerevisiae exo5
 (7). In contrast,
other fungi and the mammalian forms generally lack a mito-
chondrial localization signal, and hEXO5-depleted human cells
show strong defects in nuclear genome stability.
The basic structure of Exo5 inwhich theN terminus is linked

to its C terminus via an iron-sulfur cluster is derived from the
AddB nuclease domain of the B. subtilis AddAB recombinase,
which in turn is related to the better known E. coli RecBCD
recombinase (8, 26). The linkage of the N terminus to the C
terminus of the protein through an Fe-S cluster could provide a
cavity through which the ssDNA threads. This model would
explain our observation that circular ssDNA is inactive for
hEXO5 (Fig. 2A). The Okazaki fragment-processing exonu-
clease Fen1 also contains a hole throughwhich the 5�-end of the
ssDNA threads, although that hole is elaborated through a flex-
ible loop (3). Both Exo5 and Fen1 show a propensity to slide
along ssDNA; however, the hydrolytic activity of Fen1 is spe-
cific for the base of a flap substrate. No such preference has
been found for Exo5 (Fig. 2C). In fact, Exo5 is structurally

related to the Dna2 nuclease-helicase, which has a similar iron-
sulfur cluster arrangement (27). Another biochemical similar-
ity between Dna2 and Exo5 is that RPA enforces a 5�–3� direc-
tionality onto the enzyme (Fig. 4 and Ref. 28). We show here
that this enforcement of directionality requires species-specific
hRPA-hEXO5 interactions as neither yeast RPA nor the inter-
action-defective hRPA-t11 mutant fulfill this function (Figs. 4
and 5). Directionality enforcement by RPA has been demon-
strated previously for enzymes and factors involved in nucleo-
tide excision repair and in theDNAdamage checkpoint, re-em-
phasizing the importance in carrying out these type of in vitro
studies with the cognate form of RPA (29, 30).
What might be the biochemical role of hEXO5 during DNA

repair? Given the sensitivity of hEXO5-depleted cells to UV
irradiation, methylmethane sulfonate, and ICL agents, the
enzyme may function in multiple pathways with partial redun-
dancy with other nucleases. hEXO5-depleted cells are very sen-
sitive to cisplatin andMMC, whichmay indicate that they have
a defect in the repair of interstrand cross-links. Alternatively,
because ICLs are generally detected during DNA replication (6,
31), hEXO5-depleted cells may also be defective in the process-
ing of stalled replication forks in general. The observation that
chromosome abnormalities such as triradials, which arise dur-
ing S phase, are increased in hEXO5-depleted cells in the
absence of damage supports this hypothesis.
Given its absolute requirement for single-stranded DNA,

hEXO5 can be visualized as functioning together with a DNA
helicase that generates 5�-ssDNA through unwinding or with a
DNA polymerase that generates 5�-ssDNA through strand dis-
placement synthesis. The identification of hEXO5-interacting

FIGURE 6. hEXO5 is required for DNA repair. A, localization. GFP-tagged hEXO5 cells were grown on coverslips, irradiated with 10 J/m2, and examined for
GFP-hEXO5 by fluorescence after the indicated times after irradiation. B, Western blot of FLAG-hEXO5. Human 293 cells expressing FLAG-hEXO5 were trans-
fected with hEXO5 siRNA, and protein levels were examined 72 h after transfection. Lane 1, control; lane 2, control (Ctrl) siRNA; lane 3, hEXO5 siRNA.
C, clonogenic survival after exposure to graded doses of ionizing radiation. Gy, grays. Two different siRNAs were used as indicated, and their data were virtually
superimposable. An ATM�/� cell line was used as control. D, survival after exposure to methylmethane sulfonate (MMS). Cells were treated with methylmeth-
ane sulfonate for 4 h, washed, and incubated in fresh medium. E, survival after exposure to UV irradiation. F, frequency of �-H2AX foci post-UV irradiation (10
J/m2) in cells with and without depletion of hEXO5. See “Experimental Procedures” for details. Error bars represent S.E.
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FIGURE 7. Chromosome aberrations in hEXO5-depleted cells. A, clonogenic survival of control 293 cells or those depleted for hEXO5 using either siRNA1 or
siRNA2 followed by exposure to the indicated concentrations of cisplatin. B, survival after exposure to MMC. C, representative images of metaphases with
chromosome aberrations. Exponentially growing cells with or without depletion of hEXO5 were treated without or with 15 �g/ml cisplatin for 1 h, cells were
washed and incubated in fresh medium for 24 h, and then Colcemid was added to collect metaphases. Thin arrows indicate tri- or quadriradial chromosomes,
and thick arrows indicate breaks and gaps. Panel a, control siRNA without cisplatin treatment; panel b, hEXO5 siRNA without cisplatin treatment; panel c, hEXO5
siRNA irradiated with 2 grays; panel d, hEXO5 siRNA with cisplatin treatment. D and E, histograms showing the frequency of metaphases with aberrations in
control, control siRNA-, or hEXO5 siRNA-transfected cells after cisplatin (D) or MMC exposure (E) as described under “Experimental Procedures.” The data
presented are the mean of three experiments, and for each experiment, 100 metaphases were counted (significance according to Student’s t test: *, p � 0.05;
**, p � 0.01). Error bars represent S.E.
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proteins beyond humanRPA identified herewill aid in a further
understanding of the specific roles that this novel exonuclease
displays during the maintenance of genome integrity. In addi-
tion, our phylogenetic analysis suggests that fission yeast Exo5
may be more closely related to the human than to the budding
yeast enzyme, and in fact, a proteomics study has indicated both
nuclear and mitochondrial localization for Schizosaccharomy-
ces pombe Exo5 (32). We have initiated a study of Exo5 in this
genetically more tractable organism.
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