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Ref-1 participates in DNA repair as well as in redox regulation of transcription factor function. The redox
function of Ref-1 involves reduction of oxidized cysteine residues within the DNA binding domains of several
transcription factors, including Fos and Jun. Reduction of these residues is required for DNA binding,
providing a redox-dependent mechanism for regulation of target gene expression. Previous in vitro studies
implicated cysteine 65 of human Ref-1 (cysteine 64 of mouse Ref-1) as the redox catalytic site. We analyzed the
in vivo role of cysteine 64 in redox regulation of AP-1 activity by introducing a cysteine-to-alanine point
mutation into the endogenous mouse Ref-1 gene (ref-1C64A). Unlike Ref-1 null mice, which die very early in
embryonic development, homozygous ref-1C64A mice are viable, they survive to normal life expectancy, and they
display no overt abnormal phenotype. Although Ref-1 provides the major AP-1-reducing activity in murine
cells, ref-1C64A cells retain normal levels of endogenous AP-1 DNA binding activity in vivo as well as normal
Fos- and Jun-reducing activity in vitro. These results demonstrate that Ref-1 cysteine 64/65 is not required for
redox regulation of AP-1 DNA binding in vivo, and they challenge previous hypotheses regarding the mecha-
nism by which Ref-1 regulates the redox-dependent activity of specific transcription factors.

The DNA binding activity of the AP-1 transcription factor
complex is subject to reduction-oxidation (redox) regulation.
This regulation involves posttranslational modification of a
conserved cysteine residue in the DNA binding domains of Fos
and Jun (2). The critical cysteine residue is highly conserved,
and it is flanked by one or two basic amino acids in the four fos
family members, the three jun family members, and at least
four members of the ATF-CREB family of transcription fac-
tors. Chemical oxidation of the cysteines inhibits the DNA
binding activity of Fos and Jun, and this inhibition is alleviated
by reduction of the cysteines by thiol compounds or by a
cellular protein, Ref-1 (43). Loss of redox regulation of AP-1
family members has biological effects. For example, in the
oncogenic v-Jun protein, the cysteine has been replaced with a
serine (26). Furthermore, serine substitution of the cysteine in
Fos results in loss of redox regulation and enhancement of
DNA binding and transforming potential (27). Ref-1 is also
implicated in redox regulation of DNA binding of several other
transcription factors, including NF-�B (43), Egr-1 (16),
HIF-1� (7, 15, 25), HLF (7, 22), Pax-5 and Pax-8 (34–36), p53
(10, 18), and others.

Ref-1 (also known as HAP1, Ape1, and APEX1) is a bifunc-
tional enzyme. It was independently identified by its AP-1
redox activity (41, 42) and by its sequence identity to class II
hydrolytic apurinic/apyrimidinic (AP) DNA repair endonucle-
ases (4, 30, 31). These enzymes function in base excision repair
of abasic DNA lesions generated by spontaneous hydrolysis or
by exposure to reactive oxygen radicals (6). The DNA repair
and redox regulatory activities of Ref-1 are carried out by

physically separable domains of the protein (44). The dual
activities of Ref-1 suggest that the repair of DNA lesions
induced by reactive oxygen species and the regulation of the
transcriptional response to an oxidizing cellular environment
are tightly coupled.

Immunodepletion studies using affinity-purified antibodies
specific for Ref-1 demonstrated that Ref-1 is the major redox
regulator of AP-1 DNA binding in HeLa cells (43). Further-
more, the essential role of Ref-1 in mammalian development
was demonstrated by genetic inactivation of Ref-1 in mice (45).
Embryos lacking a functional Ref-1 gene fail to develop beyond
embryonic day 6. Death occurs following blastocyst formation,
shortly after implantation. These embryos lack both the DNA
repair and redox regulatory activities of Ref-1. Therefore, it is
not possible to determine whether Ref-1 DNA repair activity,
redox regulatory activity, or both are essential for viability.

Ref-1 contains two cysteine residues within the redox-active
domain (cysteines 64/65 and 93). Previous in vitro studies using
recombinant human Ref-1 proteins suggested that cysteine 65
(cysteine 64 of mouse Ref-1) is the redox-active site of Ref-1
(39). These results suggested a sulfhydryl switch mechanism in
which cysteine 64/65 of Ref-1 interacts with the conserved
cysteines within the DNA binding domains of Fos and Jun and
serves as a reductant. Here we report the first genetic analysis
of the role of cysteine 64 in Ref-1 redox activity in vivo. Our
findings demonstrate that Ref-1 cysteine 64 is not required for
Ref-1 redox regulation of AP-1.

MATERIALS AND METHODS

Gene targeting. A 9.6-kb SacI-MunI genomic fragment containing the entire
Ref-1 gene was subcloned into pBluescript II to generate pG1. A 1.3-kb NotI-
SpeI fragment containing exon 2 was subcloned into pBluescript II to generate
pC64. The C64A (TG3GC) and S65S (TC3AG) mutations were introduced
into this clone with the Chameleon in vitro mutagenesis kit (Stratagene). The
NotI-SpeI fragment harboring the mutations was subcloned into pG1 to generate
pRefC64A. A 2.8-kb neo-thymidine kinase (NeoTK) cassette flanked by loxP

* Corresponding author. Mailing address: Department of Develop-
mental Neurobiology, St. Jude Children’s Research Hospital, Mem-
phis, TN 38105. Phone: (901) 495-2255. Fax: (901) 495-2270. E-mail:
fos1@aol.com.

† Present address: Lexicon Genetics, Inc., The Woodlands, TX
77381.

4257



sites was ligated into the unique SpeI site located 236 bp downstream of the
C64A codon in the second intron of Ref-1 to create pRefC64ANeo. The gene-
targeting vector was linearized with SalI prior to electroporation into WE9.5
embryonic stem (ES) cells (45). Neor clones were selected by using 100 �g of
G418/ml. After 9 days, 432 neomycin-resistant colonies were isolated and
screened by Southern analysis. ES cell DNA was digested with SacI and BglII and
probed with an external 3� 1.1-kb MunI-BglII fragment. Two independent ES cell
clones with normal karyotypes were electroporated with the pMC-Cre plasmid
(12) and selected in medium containing 0.2 �M FIAU [1-(2-deoxy-2-fluoro-�-
D-arabinofuranosyl)-5-iodouracil]. FIAU-resistant ES clones were screened for
loss of the NeoTK cassette via PCR with primers that flank the insertion site of
the NeoTK cassette. All correct clones also tested negative by PCR with primers
specific to the NeoTK cassette. Two independently targeted and excised ES cell
clones were microinjected into blastocysts to produce germ line-transmitting
chimeric mice. Gene-targeted mice were genotyped by PCR amplification of
DNA extracted from tail biopsy specimens (37) by using primers flanking the
loxP site within intron 3. Primer sequences are 5�GGTTGGTGGAGGGCTCC
TAAAACGG3� (upstream) and 5�GTAGTTACTGGGATTGAGGATATGC3�
(downstream).

Generation of primary embryonic fibroblasts and preparation of nuclear
extracts. Embryos derived from a cross of two ref-1C64A/� mice were harvested
at embryonic day 13.5. Heads and viscera were removed, and DNA was extracted
for genotyping as described above. The remaining embryonic tissue was tritu-
rated by repeated passage through an 18-gauge needle in Dulbecco modified
Eagle medium supplemented with 10% fetal calf serum (FCS), L-glutamine,
penicillin, and streptomycin. Dissociated cells were seeded onto 100-mm-diam-
eter dishes and incubated at 37°C and 5% CO2. After two passages, cells were
harvested by trypsinization and pelleted by centrifugation at 3,000 rpm (Sorvall
T6000D) for 10 min at 4°C. Nuclear extracts were prepared essentially as pre-
viously described (5). Briefly, cells were washed with 2.5 ml (10 volumes) of
ice-cold phosphate-buffered saline and pelleted at 420 � g for 10 min at 4°C.
Cells were resuspended in 1.25 ml (5 volumes) of ice-cold buffer A (10 mM
HEPES [pH 7.9], 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT]) and
incubated on ice for 10 min. Cells were pelleted at 420 � g for 10 min at 4°C,
resuspended in 0.5 ml (2 volumes) of buffer A, and homogenized with 10 strokes
in a Dounce homogenizer. Nuclei were pelleted at 2,000 rpm for 10 min at 4°C
and resuspended in 0.2 ml of buffer C (20 mM HEPES [pH 7.9], 20% glycerol,
420 mM KCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride [PMSF], 0.5 mM DTT). Samples were homogenized as described above
and incubated on ice for 30 min with frequent vortexing. Samples were centri-
fuged at 20,000 � g for 30 min at 4°C. Supernatants were dialyzed against buffer
D (20 mM HEPES [pH 7.9], 20% glycerol, 100 mM KCl, 0.2 mM EDTA, 5 mM
MgCl2, 0.5 mM PMSF, 0.5 mM DTT) for 4 h at 4°C. Samples were again
centrifuged at 20,000 � g for 20 min at 4°C. Protein concentrations were deter-
mined by using the Bio-Rad protein assay kit. Samples were adjusted to 1 mg/ml,
aliquoted, and snap-frozen on dry ice. Nuclear extracts were stored at �80°C.
For serum induction experiments, cells were cultured in Dulbecco modified
Eagle medium supplemented with 0.5% FCS, L-glutamine, penicillin, and strep-
tomycin for 4 days at 37°C and 5% CO2. Medium supplemented with 20% FCS
was added, and cells were harvested at the indicated time points. Nuclear extracts
were prepared as described above.

Purification of recombinant proteins. Human Ref-1 cDNA was amplified by
reverse transcriptase PCR and ligated into the ClaI site of pSR� (pSR�-Ref-1).
A C65A point mutation was introduced by in vitro mutagenesis with the Cha-
meleon mutagenesis kit (Stratagene) to create pSR�-C65A. Wild-type and C65A
mutant cDNAs were excised from pSR�-Ref-1 and pSR�-C65A, respectively,
and subcloned into the pQE30 bacterial expression vector (Qiagen). Other
bacterial expression constructs used in these experiments were generated as
previously described (1, 22). Recombinant protein expression was induced in
M15 cells with 1 mM IPTG (isopropyl-�-D-thiogalactopyranoside) for 3 h at 37°C
(500-ml culture volume). Cells were harvested by centrifugation and resus-
pended in 5 ml of ice-cold lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM
imidazole, 10 mM DTT, 0.5 mM PMSF, 10 �g of aprotinin/ml, 10 �g of leupep-
tin/ml). Five milligrams of lysozyme was added, and cells were incubated for 30
min on ice followed by sonication. Lysates were centrifuged at 10,000 � g for 30
min at 4°C. Supernatants were transferred to fresh tubes, 2 ml of 50% nickel-
nitrilotriacetic acid (Ni-NTA) agarose slurry (Qiagen) was added, and mixtures
were rocked for 1 h at 4°C. Ni-NTA agarose was pelleted by centrifugation at
10,000 � g for 10 min at 4°C, washed three times with ice-cold wash buffer (50
mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 10 mM DTT, 0.5 mM PMSF,
10 �g of aprotinin/ml, 10 �g of leupeptin/ml), resuspended in 2 ml of elution
buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, 1 mM DTT, 0.5
mM PMSF, 10 �g of aprotinin/ml, 10 �g of leupeptin/ml), and rocked for 10 min

at 4°C. Ni-NTA agarose was recovered by centrifugation at 10,000 � g for 10 min
at 4°C. Supernatants were dialyzed against storage buffer (20 mM Tris [pH 7.5],
50 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5 mM DTT, 0.5 mM PMSF) for 4 h
at 4°C. Recombinant Ref-1 proteins were concentrated by using Millipore Ul-
trafree-4 centrifugal filter devices. Protein concentrations were determined by
the Bio-Rad protein assay kit and adjusted to 10 mg/ml. Aliquots were snap-
frozen on dry ice. All recombinant proteins were stored at �80°C.

AP endonuclease assay. AP endonuclease activity was assayed as previously
described (17). Briefly, to induce AP lesions, 50 �g of pBluescript II KS(�)
plasmid DNA was treated with 3 volumes of 50 mM sodium citrate (pH 3.5) at
60°C for 15 min. Total volume was adjusted to 0.5 ml with 50 mM Tris (pH 7.4),
and the reaction mixture was chilled on ice. Treated DNA was dialyzed against
50 mM Tris (pH 7.4) overnight at 4°C. Recombinant proteins and nuclear
extracts were diluted to 10 ng/ml in 1� assay buffer (10 mM Tris [pH 8.0], 5 mM
MgCl2, 1 mM EDTA, 0.01% NP-40). Five hundred nanograms of acid-treated or
mock-treated plasmid was incubated with the indicated quantity of recombinant
protein or nuclear extract at 37°C for 15 min in a 20-�l total volume. Reaction
mixtures were immediately analyzed by electrophoresis in a 0.8% agarose–Tris-
acetate-EDTA gel.

EMSAs. Oxidized Fos (wbFos) (1) and Jun (TK550) (22) peptides were pre-
pared as described above. An electrophoretic mobility shift assay (EMSA) was
performed as previously described (41). Recombinant proteins and nuclear ex-
tracts were diluted in binding buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 5 mM
MgCl2, 1 mM EDTA, 5% glycerol, 5% sucrose, 0.01% NP-40, 0.2 mg of bovine
serum albumin/ml) prior to addition to the EMSA reaction mixture. For assays
including recombinant Fos and Jun peptides, 58 nM (each) peptides and the
indicated recombinant protein or extract were incubated at 37°C for 15 min in
binding buffer (18-�l total volume). One microgram of poly(dI-dC) · poly(dI-dC)
(Pharmacia) was added, and the reaction mixtures were incubated for 5 min at
room temperature. Twenty-five femtomoles (	1 � 105 to 4 � 105 cpm) of
[�-32P]-labeled 25-bp double-stranded oligonucleotide including the human me-
tallothionein IIA promoter AP-1 site (41) was added, and the reaction mixtures
were incubated for 15 min at room temperature. Samples were immediately
analyzed by electrophoresis in a nondenaturing 5% acrylamide–Tris-glycine (pH
8.5) gel (240 V for 1 h at 4°C), dried onto Whatman paper, and visualized by
autoradiography. For assays of endogenous AP-1 DNA binding activity, EMSA
reactions were performed as described above, except that no recombinant Fos or
Jun was added. For serum induction experiments, primary embryonic fibroblasts
were cultured in medium containing 0.5% FCS for 4 days. Cultures were induced
by the addition of medium containing 20% FCS, and extracts were prepared for
EMSA at the indicated time points. For H2O2 treatment experiments, primary
embryonic fibroblasts were cultured in medium containing 0.5% FCS for 48 h.
H2O2 was added to a final concentration of 1 �M, and extracts were prepared for
EMSA at the indicated time points.

RESULTS

Production of mice with gene-targeted ref-1C64A mutation. A
9.6-kb fragment including the entire Ref-1 gene was used to
construct a gene-targeting vector. A C64A point mutation was
introduced into exon 2 by in vitro mutagenesis (see Materials
and Methods). A NeoTK cassette including a phosphoglycer-
ate kinase promoter and flanked by loxP sites was ligated into
the SpeI restriction enzyme site in the second intron of Ref-1
(Fig. 1A). The linearized vector was electroporated into
WE9.5 ES cells (45), and neomycin-resistant clones were iso-
lated and screened by Southern blot analysis (Fig. 1B). A total
of 18 independent gene-targeted ES cell clones were identified
among 289 clones screened. The gene-targeting strategy was
designed to insert an additional silent mutation within the
serine codon immediately 3� to the cysteine 64 codon, thus
creating a PvuII restriction enzyme site linked to the C64A
mutation. To verify the C64A mutation in gene-targeted ES
cell clones, Ref-1 exon 2 was amplified by PCR and amplicons
were digested with PvuII. Amplicons from ref-1C64A alleles, but
not from wild-type alleles, were digested into two smaller frag-
ments (Fig. 1C). The transient Cre expression vector pMC-Cre
(12) was electroporated into two independent ES cell clones
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with normal karyotypes. FIAU-resistant clones were isolated,
and Cre-mediated excision of the NeoTK cassette was con-
firmed by PCR (data not shown). Two independent ES cell
clones were injected into blastocysts to produce germ line-
transmitting chimeric mice. There were no observable differ-

ences between ref-1C64A mice derived from the two ES cell
clones. Sequencing of PCR products including exon 2 ampli-
fied from wild-type or ref-1C64A/C64A mouse genomic DNA
unequivocally verified that ref-1C64A mice carry the C64A mu-
tation (Fig. 1D). Analysis of Ref-1 protein levels in wild-type

FIG. 1. (A) Diagram of gene-targeted mutagenesis strategy. See the text for details. ref-1C64ANeo, ref-1C64A with neomycin resistance cassette.
(B) Southern blot screen for gene-targeted ES cell clones. DNA from neomycin-resistant ES cell clones was digested with SacI and BglII and
hybridized to an external probe as shown in panel A. The NeoTK cassette includes a SacI site, allowing detection of homologous recombination
by the presence of a 9.1-kb fragment in addition to the wild-type 10.8-kb fragment. Lane 6 represents a gene-targeted clone. (C) Confirmation of
gene targeting by PCR followed by restriction enzyme digestion. Exon 2 was PCR amplified from ES cell DNA, and amplicons were digested with
PvuII. Lanes: 1, DNA ladder; 2, wild-type undigested amplicons; 3, wild-type PvuII-digested amplicons; 4 and 6, ref-1C64A/� undigested amplicons;
5 and 7, ref-1C64A/� PvuII-digested amplicons. Arrows mark bands amplified from wild-type alleles and digested bands amplified from ref-1C64A

alleles as indicated. (D) Confirmation of the endogenous ref-1C64A mutation by genomic sequencing. Ref-1 exon 2 was PCR amplified from genomic
DNA extracted from wild-type and ref-1C64A/C64A primary embryonic fibroblasts, and amplicons were sequenced. Codons are labeled by mouse
Ref-1 amino acid number and identity. Cysteine/alanine 64 is underlined. Sequencing verified the TG-GC mutation at codon 64 and the silent
TC-AG mutation at codon 65. (E) Western blot analysis of Ref-1 protein in wild-type and ref-1C64A/C64A cells. Lanes: 1, 20 �g of wild-type
embryonic fibroblast nuclear extract; 2, 20 �g of ref-1C64A/C64A embryonic fibroblast nuclear extract. Western blot analysis was performed with a
polyclonal antibody specific for Ref-1 (43).
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and ref-1C64A/C64A cell extracts demonstrated that the point
mutation did not affect the expression or stability of Ref-1
protein (Fig. 1E).

Mice homozygous for ref-1C64A are viable and display no
overt abnormalities. In contrast to the early embryonic lethal-
ity associated with the complete loss of Ref-1 (45), homozy-
gous ref-1C64A mice were generated in expected Mendelian
ratios. Of 168 offspring of heterozygous crosses, 41 (24.4%)
were wild type, 85 (50.6%) were ref-1C64A/�, and 42 (25%)
were ref-1C64A/C64A. Casual observations revealed no differ-
ences among homozygous mutants and their heterozygous or
wild-type littermates at birth, and homozygous mutants devel-
oped no consistent physical or behavioral abnormalities over a
typical 1.5- to 2-year observation period. Extensive histological
analyses of two ref-1C64A/C64A and two wild-type mice at 6
months of age revealed no apparent cellular abnormalities.
Three ref-1C64A/C64A mice over 2 years of age developed large
masses on the flank, suggestive of tumorigenesis. Histological
analyses identified papillary carcinomas in lungs and multifocal
tumors in livers, spleens, and skin with cytologic morphology
and immunocytochemistry profiles consistent with angiosarco-
mas. Tumor cells stained intensely with antibodies to
VEGF-R2 and CD34 and weakly to moderately with antibod-
ies to CD31 and cytokeratin AE1, and they were negative for
Factor 8 and cytokeratin (data not shown). However, most
ref-1C64A/C64A mice over 2 years of age did not develop tumors.
Histological analysis of two additional ref-1C64A/C64A mice and
three wild-type mice over 2 years of age revealed no remark-
able abnormalities. Therefore, the tumors in the three aged
mutant mice are unlikely to be a direct consequence of the
ref-1C64A mutation.

These results demonstrate that although Ref-1 function is
essential for mouse embryonic development, mutation of the
putative Ref-1 redox-active cysteine residue did not impair
mouse development or survival. Furthermore, the establish-
ment of this mutant mouse line provided the first opportunity
to test the in vivo role of Ref-1 cysteine 64 in redox regulation
of transcription factor activity.

Mutation of Ref-1 cysteine 64 does not affect AP-1 DNA
binding in vivo or in vitro. To determine whether the ref-1C64A

mutation compromises the DNA repair activity of endog-
enously expressed Ref-1, we subjected nuclear extracts from
wild-type and ref-1C64A/C64A primary embryonic fibroblasts to
an in vitro AP endonuclease assay (17). The DNA repair ac-
tivity of Ref-1 introduces an endonucleolytic cleavage of the
phosphodiester backbone 5� to AP sites within plasmid DNA,
thus converting plasmid DNA from supercoils to relaxed cir-
cles. Purified recombinant Ref-1 with the C64A mutation
(Ref-1C64A) retains this endonuclease activity (Fig. 2). Fur-
thermore, nuclear extracts from wild-type and ref-1C64A/C64A

cells display identical dose-dependent levels of AP endonucle-
ase activity. Therefore, mutation of Ref-1 cysteine 64 does not
affect its DNA repair activity in vivo.

The normal phenotype of ref-1C64A/C64A mice raises three
potentially exclusive hypotheses: (i) Ref-1 is not essential for
appropriate redox regulation of transcription factor activity in
vivo, (ii) redox regulation of these transcription factors is not
necessary for normal development or survival, and (iii) cysteine
64 is not essential for the redox regulatory function of Ref-1 in
vivo. To distinguish among these hypotheses, we analyzed the
effect of Ref-1C64A on the DNA binding activity of Fos and Jun,
the heterodimeric AP-1 transcription factor complex first shown
to be regulated by the redox activity of Ref-1 (2, 42).

In EMSAs, nuclear extracts from wild-type and
ref-1C64A/C64A hearts and lungs demonstrated equal levels of
Fos- and Jun-reducing activity (Fig. 3). The oxidized Fos and
Jun peptides used in these experiments can heterodimerize but
are unable to bind to DNA without prior reduction. As ex-
pected, mock-treated recombinant Fos and Jun are unable to
bind an oligonucleotide containing an AP-1 target sequence.
Addition of 10 mM DTT dramatically stimulates DNA binding
(Fig. 3). Similarly, addition of extracts from cells expressing
wild-type Ref-1 or Ref-1C64A results in a dose-dependent re-
duction of Fos and Jun.

To determine whether Ref-1 regulates the DNA binding
activity of induced, but not basally expressed, AP-1, we cul-
tured wild-type and ref-1C64A/C64A primary embryonic fibro-
blasts under serum-deprived conditions (0.5% FCS) for 4 days.
Immediate-early gene expression was induced by addition of
20% FCS, and cells were harvested at several time points up to

FIG. 2. The C64A mutation does not affect Ref-1 AP endonuclease activity. Supercoiled pBluescript II plasmid was mock-treated or acid-
treated to induce AP lesions as indicated. Plasmids were reacted with 50 ng of bovine serum albumin (BSA; lanes 2 and 12), 50 ng of recombinant
human Ref-1 (rRef-1; lanes 3 and 13), 50 ng of recombinant human C65A Ref-1 (rC65A; lanes 4 and 14), nuclear extract from wild-type primary
embryonic fibroblasts (10, 50, and 100 ng [lanes 5 to 7 and 15 to 17, respectively]), or nuclear extract from ref-1C64A/C64A primary embryonic
fibroblasts (10, 50, and 100 ng [lanes 8 to 10 and 18 to 20, respectively]). Ref-1 AP endonuclease activity was assayed by the conversion of
supercoiled plasmid (SC) to an open circular form (OC).
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24 h. AP-1 DNA binding activity in nuclear extracts was ana-
lyzed by EMSA. Serum induction had no effect on the level of
Fos- and Jun-reducing activity in either wild-type or
ref-1C64A/C64A extracts (Fig. 4A). Furthermore, under these
conditions, the ref-1C64A mutation did not compromise induc-
tion of endogenous AP-1 DNA binding activity (Fig. 4B). Con-
versely, the maximal level of endogenous AP-1 DNA binding
activity in ref-1C64A/C64A extracts appeared to persist into later
time points following serum induction than that in wild-type
extracts. This effect is not a result of increased steady-state
levels of Fos or Jun protein in mutant cells (Fig. 4C).

AP-1 activity is induced under oxidative stress conditions in
vitro (3, 24, 38). These findings underscore the importance of
redox mechanisms for maintaining AP-1 in a reduced state
capable of binding DNA. We analyzed the redox regulation of
AP-1 under oxidative stress conditions by treating
ref-1C64A/C64A and wild-type primary embryonic fibroblasts
with H2O2. Cells were first treated with various concentrations
of H2O2 (0 to 1 mM) to determine the highest dose that did not
result in substantial cell death within the duration of the ex-
periment. Addition of 10 �M H2O2 resulted in significant
death of both ref-1C64A/C64A and wild-type embryonic fibro-
blasts within 5 h and complete loss of viable cells within 24 h
(Fig. 5A). However, both mutant and wild-type cells survived
for 24 h following challenge with 1 �M H2O2. Mutant and
wild-type cells displayed identical susceptibilities to H2O2-in-
duced cell death in dose-response experiments (Fig. 5A and
data not shown). Similar to the results obtained during serum
induction (Fig. 4A), ref-1C64A/C64A and wild-type extracts ex-
hibited equivalent levels of recombinant Fos/Jun-reducing ac-
tivity throughout the H2O2 exposure (Fig. 5B). However, ref-
1C64A/C64A cells exhibited an increased level of endogenous
AP-1 DNA binding activity relative to wild-type cells under
oxidative stress conditions, consistent with the increased dura-
tion of maximal AP-1 DNA binding following serum stimula-
tion (Fig. 4B). As previously reported (3, 24, 38), H2O2-in-
duced oxidative stress resulted in an increase in AP-1 DNA
binding activity. In wild-type embryonic fibroblasts, induction

peaked at 3 h following addition of H2O2 and returned to
baseline level within 24 h (Fig. 5C, lanes 1 to 6). However, in
ref-1C64A/C64A fibroblasts, peak induction was reached within
30 min following treatment and the elevated level of endoge-
nous AP-1 DNA binding was maintained up to 24 h posttreat-
ment (Fig. 5C, lanes 7 to 12).

These results suggest either that cells express an AP-1 redox
regulatory factor that compensates for loss of Ref-1 redox
function or that cysteine 64 is dispensable for Ref-1 redox
activity. Previous experiments have shown that immunodeple-
tion of Ref-1 from mammalian cell extracts results in the elim-
ination of Fos/Jun-reducing activity, indicating that Ref-1 is the
major redox regulatory factor for AP-1 (43). Therefore, we
compared the in vitro redox regulatory activities of recombi-
nant wild-type and C65A human Ref-1 proteins. Histidine-
tagged recombinant proteins were expressed in M15 Esche-
richia coli and purified under native conditions by affinity
chromatography by using Ni-NTA matrices. This strategy pro-
vided highly concentrated pure preparations of recombinant
wild-type Ref-1 and Ref-1C65A (Fig. 6A). Recombinant Dis-
abled-1 (mDab-1) (provided by Hee-Won Park, St. Jude Chil-
dren’s Research Hospital) was purified by the same procedure
for use as a negative control. Surprisingly, in contrast to the
findings from a previous report (39), wild-type Ref-1 and Ref-
1C65A exhibited comparable levels of Fos/Jun-reducing activity
in vitro. Stimulation of Fos/Jun DNA binding is not a nonspe-
cific consequence of adding recombinant protein to the reac-
tion because equivalent amounts of recombinant mDab-1 did
not induce the dramatic increase in Fos/Jun DNA binding
activity seen with addition of Ref-1 and Ref-1C65A. The storage
buffer for recombinant proteins must include 0.5 mM DTT for
Ref-1 to maintain reducing activity (42). However, induction of
Fos/Jun DNA binding was not a result of DTT carried over
into the reaction mixture, because equal volumes of storage
buffer alone did not induce Fos/Jun DNA binding activity.
Together with our in vivo findings, these results demonstrate
that cysteine 64/65 is not essential for Ref-1 redox regulation of
AP-1. Interestingly, recombinant C65A Ref-1 appears to have
a somewhat elevated reducing activity relative to that of the
wild-type recombinant protein (Fig. 6B). In addition, the de-
crease in endogenous AP-1 DNA binding activity between 10
and 24 h following serum induction is more dramatic in wild-
type fibroblasts than in ref-1C64A/C64A fibroblasts (Fig. 4B) and
the induction of AP-1 DNA binding activity under oxidative
stress conditions occurs within a shorter time frame in ref-
1C64A/C64A fibroblasts than in wild-type fibroblasts (Fig. 5C).
Based on in vitro studies of recombinant human Ref-1, it was
previously suggested that Ref-1 cysteine 64/65 is the redox-
active site but that cysteine 95 and cysteine 64/65 cooperate in
a negative regulatory mechanism mediated by a disulfide
bridge between the two residues (39). Our in vivo studies
demonstrate that mutation of cysteine 64/65 does not affect
Ref-1 redox activity and suggest that mutation of either cys-
teine 64/65 or cysteine 95 results in increased Ref-1 redox
activity. These results indicate that hypotheses regarding the
mechanism of Ref-1 redox regulation of transcription factor
activity must be reevaluated.

FIG. 3. Ref-1C64A/C64A tissues retain normal Fos/Jun-reducing ac-
tivity. Oxidized recombinant Fos and Jun peptides were incubated to
allow heterodimerization. Extracts were added and Fos/Jun DNA
binding was determined by EMSA by using a radiolabeled oligonucle-
otide probe containing an AP-1 DNA binding site. Lanes: 1, dilution
buffer alone; 2, 10 mM DTT; 3 to 5, 10, 25, and 50 ng of wild-type lung
extract, respectively; 6 to 8, 10, 25, and 50 ng of ref-1C64A/C64A lung
extract, respectively; 9 to 11, 10, 25, and 50 ng of wild-type heart
extract, respectively; 12 to 14, 10, 25, and 50 ng of ref-1C64A/C64A heart
extract, respectively. Free probe is indicated by an arrow.
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DISCUSSION

The identification of Ref-1 as the protein responsible for
redox regulation of Fos and Jun revealed a molecular cross-
road between the processes of oxidative DNA damage repair
and regulation of transcriptional responses to oxidative condi-

tions. Subsequently, Ref-1 was found to regulate redox-depen-
dent DNA binding of several transcription factors, including
NF-�B, Egr-1, HIF-1�, HLF, Pax-5, Pax-8, and others (re-
viewed in reference 8). Ref-1 also regulates p53 activity
through both redox-dependent and redox-independent mech-

FIG. 4. (A) Serum induction does not affect Fos/Jun-reducing activity in wild-type or ref-1C64A/C64A primary embryonic fibroblast extracts.
Fos/Jun-reducing activity was determined by EMSA as described in the legend to Fig. 3. Primary embryonic fibroblasts were cultured in medium
containing 0.5% FCS for 4 days and then stimulated with medium containing 20% FCS. Cells were harvested at various time points throughout
the 24-h stimulation. Lanes: 1, dilution buffer alone; 2, 10 mM DTT; 3 to 11, 1-�g wild-type nuclear extracts harvested at 0, 0.2, 0.5, 1, 2, 3, 5, 10,
and 24 h poststimulation, respectively; 12 to 20, 1-�g ref-1C64A/C64A nuclear extracts harvested at 0, 0.2, 0.5, 1, 2, 3, 5, 10, and 24 h poststimulation,
respectively. Free probe and recombinant Fos/Jun-bound probe (rFos/rJun) are indicated by arrows. (B) Serum-induced endogenous AP-1 DNA
binding is not compromised in ref-1C64A/C64A cells. Nuclear extracts were analyzed by EMSA as described for panel A except without added
recombinant Fos and Jun peptides. Lanes are identical to those described for panel A. Free probe and recombinant Fos/Jun- or endogenous
AP-1-bound probe are indicated by arrows. (C) Fos, Jun, and Ref-1 protein levels at selected time points during serum induction. Extracts
described for panels A and B were subjected to Western analysis with antibodies for the indicated proteins. Lanes: 1 to 5, wild-type extracts at 0,
0.5, 1, 3, and 5 h poststimulation, respectively; 6 to 10, ref-1C64A/C64A extracts at 0, 0.5, 1, 3, and 5 h poststimulation, respectively. Antibodies are
indicated on the right of the panel. Molecular masses in kilodaltons are indicated on the left on the panel.
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FIG. 5. (A) Wild-type and ref-1C64A/C64A embryonic fibroblasts are equally susceptible to H2O2 treatment. Primary embryonic fibroblast
cultures were treated with H2O2 at concentrations ranging from 100 nM to 1 mM for 24 h. Mock-treated cultures and cultures treated with 1 �M
and 10 �M H2O2 are shown at 5 and 24 h posttreatment, as indicated. (B) H2O2 treatment does not affect Fos/Jun-reducing activity in wild-type
or ref-1C64A/C64A primary embryonic fibroblast extracts. Recombinant Fos/Jun-reducing activity was determined by EMSA as described in the
legend to Fig. 3. Lanes: 1, mock-treated sample; 2, 10 mM DTT; 3 to 8, wild-type embryonic fibroblast extracts at 0, 0.5, 1, 3, 6, and 24 h following
1 �M H2O2 challenge, respectively; 9 to 14, ref-1C64A/C64A embryonic fibroblast extracts at 0, 0.5, 1, 3, 6, and 24 h following 1 �M H2O2 challenge,
respectively; 15, extract dilution buffer alone. The recombinant Fos/Jun complex (rFos/rJun) and free probe are indicated by arrows. (C) H2O2-
induced AP-1 DNA binding is enhanced in ref-1C64A/C64A cells. Endogenous AP-1 DNA binding activity was determined as described in the legend
to Fig. 3. Lanes: 1 to 6, wild-type embryonic fibroblasts assayed at 0, 0.5, 1, 3, 6, and 24 h following challenge with 1 �M H2O2; 7 to 12, ref-1C64A/C64A

embryonic fibroblasts assayed at 0, 0.5, 1, 3, 6, and 24 h following challenge with 1 �M H2O2. Free probe and endogenous AP-1-bound probe are
indicated by arrows.
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anisms (10, 18). However, the precise mechanism of these
regulatory interactions has remained elusive.

Redox reactions are notoriously difficult to control and char-
acterize in vitro or in the intact cell. Previous in vitro studies of
recombinant Ref-1 proteins implicated cysteine 65 (cysteine 64
of mouse Ref-1) as the Ref-1 redox-active site (39). However,
Ref-1 appears to participate in a redox signaling pathway in
conjunction with thioredoxin, thioredoxin reductase, and pos-
sibly other factors (43). Therefore, the mechanism by which
Ref-1 mediates redox regulation of various transcription fac-
tors is difficult to address using isolated in vitro assay systems.
Here, we report the first genetic analysis of the effect of mu-
tation of the proposed Ref-1 redox-active residue in vivo.

In contrast to embryos homozygous for a null ref-1 allele,
mice homozygous for the ref-1C64A mutation are born in nor-
mal Mendelian ratios and survive to a normal life expectancy.
Histological analyses of tissues from ref-1C64A/C64A mice did
not detect any consistent abnormalities. Furthermore, under
10% FCS culture conditions, nuclear extracts from wild-type
and ref-1C64A/C64A tissues exhibited equal levels of endogenous
AP-1 DNA binding activity, as well as equal levels of exoge-
nous Fos- and Jun-reducing activity. Given that immunodeple-
tion of Ref-1 from cell extracts results in nearly complete loss
of Fos- and Jun-reducing activity in vitro (43), these results
suggest that Ref-1C64A retains sufficient redox activity to main-
tain normal levels of basal AP-1 DNA binding activity in vivo.
We examined the effect of the ref-1C64A mutation on induced
AP-1 DNA binding by analyzing nuclear extracts from wild-
type or ref-1C64A/C64A primary embryonic fibroblasts following
serum stimulation. Stimulated mutant fibroblasts exhibited a
normal induction of endogenous AP-1 DNA binding activity
and maintained exogenous Fos- and Jun-reducing activity
throughout the stimulation time course. Interestingly, peak
levels of endogenous AP-1 DNA binding appear to be ex-
tended into later time points in ref-1C64A/C64A cells than in
wild-type cells, suggesting that mutation of Ref-1 cysteine 64
results in a subtle increase in Ref-1 redox activity rather than
elimination of activity. We also investigated the effects of the
ref-1C64A mutation on AP-1 DNA binding under oxidative

stress conditions induced by H2O2 treatment. Again, mutation
of Ref-1 cysteine 64 appears to enhance rather than inhibit the
ability of the enzyme to redox regulate AP-1 activity.

The lack of an overt phenotype in ref-1C64A/C64A mice and
the inability to detect a decrease in AP-1 DNA binding poten-
tial prompted us to reexamine the redox activity of purified
recombinant mutant Ref-1 protein in vitro. A potential expla-
nation for the lack of an effect of the cysteine 64 mutation in
vivo is that an independent redox regulatory factor may be
induced specifically in the context of loss of Ref-1 redox func-
tion, thereby compensating for the loss of Ref-1 regulation of
AP-1 in mutant cells but not in normal cells. However, our
analyses of recombinant Ref-1C65A support the conclusion that
cysteine 64/65 is not essential for Ref-1 redox activity in vitro
or in vivo. Again, Ref-1C65A appeared to have a slightly ele-
vated rather than eliminated ability to reduce oxidized Fos and
Jun. These findings are in direct contradiction with those in a
previous report (39), and they underscore the difficulty of an-
alyzing oxidation-reduction mechanisms in vitro. In our study,
we expressed human wild-type and mutant Ref-1 as His6-
tagged proteins in E. coli and purified the recombinant pro-
teins to homogeneity under native conditions by affinity chro-
matography. In the previous study, wild-type and mutant
recombinant human Ref-1 proteins were overexpressed in E.
coli and total proteins were precipitated with ammonium sul-
fate, followed by chromatographic purification with phospho-
cellulose P11 and phenyl Superose columns. Purification was
monitored through enzymatic activity, and final preparations
were 
90% pure (39). It is possible that the discrepancies in
the activities of the C65A mutant Ref-1 proteins in the two
studies are a result of the different purification strategies uti-
lized.

Structural studies indicate that Ref-1 cysteines 64/65 and 93
(both within the redox-active domain of Ref-1) are embedded
within the interior of the native protein and inaccessible to
proteolytic digestion (33). This suggests that the two residues
could act as direct chemical reductants only if Ref-1 undergoes
a major conformational change upon interaction with its target
transcription factor molecules. Alternatively, it has been sug-

FIG. 6. (A) All recombinant proteins were expressed as six-His-tagged fusion proteins and purified as described in Materials and Methods. Ten
micrograms of each recombinant protein was run on a sodium dodecyl sulfate-polyacrylamide gel and stained with Coomassie blue. Lanes: 1, wbFos
(1); 2, TK550 Jun (22); 3, wild-type Ref-1; 4, C65A Ref-1. (B) Recombinant C65A Ref-1 retains Fos/Jun-reducing activity. Recombinant Ref-1
proteins were assayed for redox activity by EMSA as described in the legend to Fig. 3. Recombinant protein stocks were adjusted to 10 mg/ml to
ensure equal carryovers of storage buffer. Lanes: 1, dilution buffer alone; 2, 10 mM DTT; 3 to 5, 10, 25, and 50 ng of recombinant Ref-1,
respectively; 6 to 8, 10, 25, and 50 ng of recombinant C65A Ref-1, respectively; 9 to 11, 10, 25, and 50 ng of recombinant mDab-1, respectively;
12 to 14, storage buffer diluted 1:1,000, 1:400, and 1:200, respectively. Free probe is indicated by an arrow.
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gested that these residues contribute to redox activity by main-
taining the tertiary structure of the Ref-1 redox domain, thus
permitting another residue(s) to act as a reductant (39). How-
ever, the in vivo and in vitro findings reported here demon-
strate that Ref-1 cysteine 64/65 is not essential for the direct
reduction of cysteines within the DNA binding domains of Fos
and Jun or for the maintenance of a protein conformation
critical for either the redox regulatory or the DNA repair
activities of Ref-1.

The conclusion that cysteine 64/65 is not required for Ref-1
redox activity is supported by the severe phenotypes of mice
lacking transcription factors regulated by Ref-1. For example,
genetic inactivation of c-jun results in lethality by embryonic
day 12.5 (14, 20). Mice lacking c-Fos are viable but develop
bone disease due to a defect in the osteoclast lineage (11, 19,
40). Inactivation of Ref-1 redox activity would not necessarily
result in complete inactivation of the transcription factors that
it regulates. However, considering the variety of transcription
factors regulated by Ref-1, it is likely that loss of Ref-1 redox
regulation of these molecules would result in detectable ad-
verse consequences.

Interestingly, some ref-1C64A/C64A mice older than 2 years of
age developed tumors. Since this was seen in only a small
number of mutant mice over 2 years of age, we concluded that
the tumors were not a direct effect of the Ref-1 mutation.
However, it remains possible that the ref-1C64A mutation con-
tributed to an increased susceptibility to tumorigenesis in aged
mice. Altered expression or subcellular localization of Ref-1 in
some human tumor types has been reported. For example,
overexpression of Ref-1 has been detected in prostate tumors
(21), nuclear expression of Ref-1 is directly associated with
resistance to chemotherapy and poor survival with head-and-
neck cancer (23), elevated expression of Ref-1 in testicular
cancer cell lines results in resistance to therapeutic agents (29),
and cytoplasmic expression of Ref-1 was predictive of poor
prognosis in non-small cell lung carcinomas with lymph node
involvement (28). In addition, a recent study identified Ref-1
as a member of the SET complex targeted by granzyme A
(GzmA) during cytotoxic-T-lymphocyte-mediated cell death
and demonstrated that Ref-1 is a direct proteolytic substrate of
GzmA (9). GzmA cleaves Ref-1 at lysine 31 and blocks both its
DNA repair and redox regulatory functions, suggesting that
GzmA promotes cytotoxic-T-lymphocyte-mediated cell death,
at least in part by inactivating an antiapoptotic function of
Ref-1. Given its ubiquitous expression, Ref-1 may participate
in similar antiapoptic mechanisms in many cell types, and the
subtle increase in Ref-1C64A redox activity shown in this study
could eventually tip the intricate balance between normal cell
survival and abnormal cell death in favor of resistance to ap-
optosis, resulting in low-penetrance tumorigenesis in aged an-
imals. Interestingly, overexpression of a noncleavable Ref-1
mutated at both lysine 31 and cysteine 64 in HeLa cells re-
sulted in decreased protection against GzmA-induced cytotox-
icity relative to that in cells with overexpression of wild-type
Ref-1 (9). The authors suggested that the redox regulatory
function of Ref-1 is involved in protection against GzmA-
mediated cell death. However, the results reported here sug-
gest that the role of Ref-1 cysteine 64 in GzmA-mediated
cytotoxicity is independent of redox regulation of transcription
factor binding. Additional experiments will be required to un-

derstand the role of Ref-1 in cytotoxic-T-lymphocyte cytotox-
icity and possibly tumorigenesis.

In conclusion, the findings reported here constitute the first
genetic study of the proposed mechanism of Ref-1 redox reg-
ulation of AP-1 DNA binding activity. Surprisingly, we have
found that Ref-1 cysteine 64/65 is not essential for the redox
regulatory function of Ref-1. This result dictates that the pro-
posed mechanism for reduction of critical cysteines within the
target molecules of Ref-1 be reevaluated. At this point, we can
only speculate on the true mechanism. For example, it is pos-
sible that either cysteine 64/65 or cysteine 93 (both included
within the redox-active domain of Ref-1) can serve as a redox-
active site in the absence of the other. Given the location of
these residues within the interior of the predicted Ref-1 pro-
tein structure, we must also consider the possibility that neither
residue is essential for redox activity. Finally, additional post-
translational modifications of Ref-1 may be involved in the
redox mechanism. For example, NO was recently demon-
strated to S-nitrosylate thioredoxin at cysteine 69, a residue
distinct from the direct redox-active residues (13). This mod-
ification is essential for maintaining the redox regulatory and
antiapoptotic functions of thioredoxin in endothelial cells, pos-
sibly via a transnitrosylation mechanism. Futhermore, sel-
enomethionine was recently demonstrated to activate DNA
binding and transactivation activities of p53 via a Ref-1-depen-
dent mechanism (32). Further work is necessary to define the
mechanisms of Ref-1 redox regulatory function.
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