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Fos and Jun form a heterodimeric complex that regulates
gene transcription by binding to the activator protein-i
(AP-1) DNA sequence motif. Previously, we demonstrated
that the DNA-binding activity of Fos and Jun is regulated
in vitro by a novel redox (reduction-oxidation) mechan-
ism. Reduction of a conserved cysteine (cys) residue in
the DNA-binding domains of Fos and Jun by chemical
reducing agents or by a nuclear redox factor stimulates
DNA-binding activity. Here, we describe purification and
characterization of a 37 kDa protein (Ref-i) correspond-
ing to the redox factor. Although Ref-1 does not bind to
the AP-1 site in association with Fos and Jun, it partially
copurifles with a subset of AP-1 proteins. Purified Ref-I
protein stimulates AP-1 DNA-binding activity through
the conserved Cys residues in Fos and Jun, but it does
not alter the DNA-binding specificity of Fos and Jun.
Ref-i may represent a novel redox component of the
signal transduction processes that regulate eukaryotic
gene expression.
Key words: Fos/Jun/oncogenes/reduction - oxidation/
transcription factor

Introduction
Cell growth and differentiation are controlled, to a large
extent, through the selective regulation of gene expression
by extracellular signals. In the past several years, a large
number of sequence-specific DNA-binding proteins have
been identified that function as regulators of gene
transcription. However, little is known about the events that
determine target gene specificity and activation by
transcription factors. This is of particular concern for the
protein products of gene families that bind to similar or

identical DNA sequence motifs. Given the complexity of the
eukaryotic genome, it is likely that several distinct
mechanisms operate in concert to dictate the recognition of
a single gene control element by a specific transcription
factor complex.
The cellular proto-oncogenes c-fos and c-jun have provided

a useful paradigm for the investigation of stimulus-evoked
alterations in gene expression. Like the cellular homologues
of other retroviral oncogenes, c-fos and c-jun play key roles
in the signal transduction processes that govern cell growth
(for a review see Reddy et al., 1988). Their protein products,
Fos and Jun, are expressed transiently in a variety of cell
types after treatment with mitogenic, differentiation-inducing
or depolarizing stimuli (for review see Morgan and Curran,
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1991). They are thought to function in coupling short-term
signals, elicited at the cell surface, to long-term changes in
cellular phenotype by regulating expression of specific target
genes. Fos and Jun form a heterodimeric complex that binds
to transcriptional control elements containing activator
protein-l (AP- 1) binding sites and regulates gene expression
(Curran and Franza, 1988). Protein dimerization occurs
through a coiled-coil interaction involving leucine zipper
domains in each protein (Kouzarides and Ziff, 1988;
Landschulz et al., 1988; Gentz et al., 1989; O'Shea et al.,
1989; Schuermann et al., 1989; Turner and Tjian, 1989).
Consequently, a bipartite DNA-binding domain is formed
by juxtaposition of regions rich in basic amino acids of each
protein which are located adjacent to the leucine zipper.

Both the leucine zipper and the DNA-binding domains are
conserved among a number offos- andjun-related genes (for
review see Kerppola and Curran, 1991a). These, and
presumably other as yet unidentified proteins, collectively
comprise the mammalian transcription factor AP- 1.
Heterodimer formation among members of the Fos, Jun and
ATF/CREB families of transcription factors generates a
diverse array of protein complexes with overlapping DNA-
binding specificities but distinct transcriptional properties
(Franza et al., 1988; Nakabeppu and Nathans 1988;
Rauscher et al., 1988; Chiu et al., 1989; Cohen et al., 1989;
Hirai et al., 1989; Ryder et al., 1989; Schutte et al., 1989;
Zerial et al., 1989; Benbrook and Jones, 1990; Macgregor
et al., 1990; Matsui et al., 1990; Nishina et al., 1990; Hai
and Curran, 1991; Nakabeppu et al., 1991). The
mechanisms that regulate assembly, targeting and functional
specificity of the different AP-1 complexes are currently
unclear, although differential expression of family members
(Cohen and Curran, 1988; Bartel et al., 1989; Hirai et al.,
1989; Nakabeppu and Nathans, 1991), interactions with
unrelated transcription factors (Diamond et al., 1990; Gaub
et al., 1990; Jonat et al., 1990; Owen et al., 1990; Schule
et al., 1990a, b; Yang-Yen et al., 1990), conformational
alterations (Patel et al., 1990; Kerppola and Curran, 199 lb)
and altered DNA-binding specifities of heterodimers (Ryseck
and Bravo, 1991; Hai and Curran, 1991) are all likely to
play roles.
Superimposed upon these mechanisms is the important

influence of post-translational modification. The levels of
AP-1 DNA-binding activity and transcriptional responses
from AP-1 elements can be increased in the absence of
de novo protein synthesis, presumably through modification
of pre-existing AP-1 proteins (Angel et al., 1987; Chiu
et al., 1987; Welham et al., 1990). In one case, increased
AP-1 DNA-binding activity in response to TPA treatment
has been attributed to dephosphorylation of Jun (Boyle et al.,
1991). However, this cannot be a general mechanism as
many cell stimuli provoke an increase in phosphorylation
of Fos and Jun (Curran and Morgan, 1985; Barber and
Verma, 1987; Abate et al., in press).
Recently, we identified an unusual mechanism involving
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reduction -oxidation (redox) that modulates AP-1 DNA-
binding activity in vitro (Abate et al., 1990a,b). Redox
regulation is mediated by a conserved cysteine residue
located in the DNA-binding domains of Fos and Jun that
is flanked by basic amino acids (Abate et al., 1990a). Fos
and Jun can be converted to an inactive state by chemical
oxidation or modification of this residue (Abate et al.,
1990a,c). In solution, the proteins adopt and remain in an
inactive state even in the presence of 1 mM DTT (dithio-
threitol). Inactivation is not caused by intra- or intermolecular
disulfide bond formation but by conversion (presumably
oxidation) of the cys (Fos-C 154 and Jun-C272) to an inactive
state (Abate et al., 1990a). Conversely, the DNA-binding
activity of Fos and Jun can be enhanced by mutation of Cys
to Ser (Fos-C 154S and Jun-C262S) or by treatment with high
concentrations of reducing agents (Abate et al., 1990a).
Two major lines of evidence suggest that redox regulation

plays an important physiological role in vivo. Firstly, the
v-jun oncogene contains a naturally occurring mutation of
Cys to Ser at this site (Maki et al., 1987). This substitution
enhances the transforming potential of the c-jun oncogene
(P.Vogt, USC Medical School, Los Angeles, personal
communication). Similarly, conversion of C 154 to S in Fos
increases its ability to induce cellular transformation (H.Iba,
University of Tokyo, personal communication). Thus, the
oncogenic activity of Fos and Jun may be increased by
deregulation of redox control. Secondly, a cellular nuclear
protein can activate the DNA-binding activity of Fos and
Jun in the absence of high levels of reducing agents (Abate
et al., 1990b). The activity of this nuclear factor can be
increased in the presence of thioredoxin, thioredoxin
reductase and NADPH, implying that it may participate in
a redox cycle (Abate et al., 1990a).
To characterize the role of redox control in transcription

factor function and in signal transduction, it is necessary to
isolate and reconstitute the components involved. Here, we
present the purification and characterization of a 37 kDa
protein (Ref-1) from HeLa nuclear extracts that corresponds
to the AP-l redox factor. Although Ref-I co-purifies through
several steps with a subset of AP-l proteins, it is antigenically
distinct from Fos and Jun and it does not bind to DNA in
association with Fos and Jun. Purified Ref-I stimulates the
DNA-binding activity of Fos-Jun heterodimers and HeLa
cell AP-l proteins. This is the first isolation of a redox factor
capable of regulating transcription factor function. These
results imply that redox signaling could contribute to the
selective control of gene expression by environmental cues.

Results
Assay for Ref- 1 activity
The presence of Ref-I activity in HeLa nuclear extracts was
monitored by gel-shift assays as described previously (Abate
et al., 1990c). At low concentrations of reducing agents
(<0.2 mM DTT) and in the absence of nuclear extract, a
diminished level of AP- 1 DNA-binding activity was detected
using the truncated polypeptides Fosi 18-211 and Jun225-234
or full-length Fos and Jun (Figure IA). In contrast, addition
of 3 yg of nuclear extract or 10 mM DTT to the binding
reaction significantly stimulated both exogenous and
endogenous AP-l DNA-binding activity. As shown in Figure
1A, the DNA -protein complex generated by Fosi 18-211
and Jun225-334 migrated more rapidly on native gels than

the complex generated by the endogenous AP- 1 proteins
present in HeLa cell extracts. An additional low level
protein-DNA complex was detected when full-length Fos
and Jun were treated with the nuclear extract. Although this
complex co-migrated with the Fosl 18-211 -Jun225-334
heterodimer, it represented a non-specific protein-DNA
interaction and was not detected in DNA-binding assays
using more purified preparations of nuclear extract. Because
Fos 118-211 and Jun225-334 contain an intact leucine zipper
domain and basic region, they interact with the AP-1 binding
site in a manner that is characteristic of the full-length
proteins (Abate et al., 1990a,b). Thus, to distinguish Ref-I
mediated stimulation of AP-1 DNA-binding activity from
endogenous AP-1 activity, Fosi 18-211 and Jun225-234 were
used as substrates to monitor Ref-I activity during puri-
fication.

Purification of Ref- 1
A preliminary investigation of the properties of Ref-I on
a selection of columns was used to derive the purification
scheme outlined in Figure lB. In all chromatographic steps,
protein elution was monitored by continuous UV (280 nm)
absorption. As a first step, - 450 mg of crude nuclear extract
was applied to a 40 ml heparin- Sepharose column and
eluted using a linear KCl gradient (Figure 2A). Ref-I activity
eluted after the major protein peak between 0.4 M and 0.5 M
KCl, with a 26.5% recovery of the total activity and a
2.4-fold increase in the specific activity (Table I). As
illustrated in Figure 2A, this step was also useful in
separating Ref-I from the majority of endogenous AP-1
DNA-binding activity, which migrated more slowly in the
gel.
The active fractions from the heparin - Sepharose column

were dialyzed against nuclear dialysis buffer (NDB)
containing 0.1 M KCl and loaded onto a 5 ml DNA-
cellulose column. Ref-I activity was recovered in the flow-
through fraction, while most of the endogenous AP-1
activity, that carried over from the previous column, was
retained on DNA -cellulose (data not shown). This frac-
tionation step resulted in an additional 1.7-fold increase in
specific activity and an overall increase in total activity
relative to the pooled sample from heparin - Sepharose. The
increase in total activity, albeit modest, may reflect the
removal of proteins that interfere with or inhibit Ref-I
function in the less pure protein preparations.
The next step in the purification process involved

fractionation by blue Sepharose chromatography (Figure 2B).
This affinity matrix has been successfully used to isolate a
number of enzymes requiring dinucleotide co-factors,
including reductases (Solomonson, 1975; Westbrook and
Jarabak, 1978). The flow-through fraction from the
DNA -cellulose column was applied directly onto a 7.5 ml
blue Sepharose column and eluted with a linear 0.1- 1.0 M
KCl gradient. Ref- I activity co-eluted with the main protein
peak between 0.5 and 0.6 M KCl. Pooled fractions were
dialyzed against phosphate buffer (NDB-P) containing
50 mM NaCl and further fractionated by two successive
rounds of cation exchange chromatography on a mono S
column (Figure 2C and D). In both mono S steps, Ref-I
activity eluted from the column between 0.7 and 0.8 M
NaCl. After the second round of purification, the specific
activity of Ref-I increased -10-fold, relative to the starting
material. At this stage several candidate proteins were
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identified that co-eluted with the stimulatory activity as
determined by SDS-polyacrylamide gel electrophoresis
(data not shown). To determine which protein(s) represented
Ref-I activity, the active mono S fractions were subsequently
analyzed by Superose 12 and Superdex 75 gel filtration
chromatography.

Ref-I activity eluted from the Superose 12 column with
an apparent molecular weight of 40 kDa (Figure 2E).
Similarly, SDS -polyacrylamide gel analysis of the Superose
12 fractions identified a single major candidate protein of
37 kDa that co-purified with Ref-I activity (Figure 2F). The
specific activity of Ref-I recovered from the Superose 12
column was - 5-fold higher than that in the previous mono
S fractions. Greater protein resolution and an additional
3-fold increase in specific activity was achieved with a final

A

fractionation over the Superdex 75 column (Figure 3). Once
again, elution of the 37 kDa protein from Superdex 75
correlated directly with the enhanced level of DNA-binding
activity. Finally, when thioredoxin was included in the DNA-
binding assay, AP-1 DNA-binding activity was stimulated
an additional 3 to 4-fold (Figure 3). Thioredoxin could act,
at least in part, to regenerate Ref-I activity that was lost
through extensive fractionation. However, thioredoxin was
unable to stimulate DNA-binding activity in the absence of
Ref- 1. Thus, the overall purification of Ref- I in the presence
of thioredoxin was estimated to be approximately 700-fold
(Table I). These results are in agreement with previous
experiments that demonstrated thioredoxin-mediated
enhancement of Ref-I activity in crude nuclear extracts
(Abate et al., 1990a).
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Fig. 1. (A) Binding of Fos and Jun polypeptides to DNA is stimulated by a nuclear factor. Truncated (lanes 1 and 3) and full-length (lanes 4 and 6)
Fos and Jun were incubated at 37°C for 15 min in the presence of either NDB (lanes 1 and 4), 10 mM DTT (lanes 2 and 5) or 3 Ag of crude HeLa
cell nuclear extract (lanes 3 and 6). The proteins were then assayed for binding to a 25 bp 32P-labeled AP-1 oligonucleotide (0.2 ng) following
preincubation with ug of poly(dI-dC) for 5 min at room temperature. Protein-DNA complexes were resolved on a 4.5% native Tris-glycine gel
and visualized by autoradiography of the dried gel. The arrows indicate the position of the protein-DNA complex. Complexes in lane 3 that
comigrate with those formed using the full-length bacterial Fos and Jun represent endogenous HeLa cell AP-1 DNA binding activity. (B) Purification
scheme for Ref-1. The strategy used for fractionation of Ref-1 from HeLa cell nuclear extracts is shown. The numbers shown indicate the KCI or
NaCI gradient range used to elute Ref-l activity.
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Fig. 2. Purification of Ref-i. The protein elution (O.D. 280 nm) and corresponding gel retardation profile for each column is shown:

(A) heparin-Sepharose. (B) blue Sepharose. (C) mono S (first round), (D) mono S (second round), (E) Superose 12 gel filtration. The molar range
of salt used to elute each columm is indicated to the right of each profile. The open and filled arrows in panels A (heparin-Sepharose) and E

(Superose 12) indicate the position of exogenous and endogenous AP-1 complexes, respectively. The area encompassed between the dashed lines in

each profile represents the pooled peak fractions containing Ref-I activity. The molecular weight calibration standards (kDa) used for gel filtration

are described in Materials and methods. (F) 5 pl of different protein fractions (#25-52) eluted from the Superose 12 column were resolved on a

9% SDS-polyacrylamide gel and visualized by silver staining (Bio-Rad). The position of the 37 kDa Ref-I protein is indicated.
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* Specific activity is defined as the nanogram amount of bound AP-1 oligonucleotide probe per microgram of protein.
** Binding activity was calculated by multiplying the total amount of protein Wg) by the specific activity.

' Estimated fold purification in the presence of thioredoxin

Ref-1 co-purifies with Fos- and Jun-related proteins
To exclude the possibility that Ref-I represented an AP-l
protein, fractions from different stages of the purification
process were examined by immunoblot analysis using anti-
bodies raised against Fos and Jun (Curran et al., 1985;
Cohen and Curran, 1990) (Figure 4). These antibodies failed
to recognize Ref- I implying that the protein is antigenically
distinct from either Fos or Jun. Interestingly, despite our

efforts to separate Ref-I activity from endogenous AP-1
activity by heparin-Sepharose and DNA-cellulose
chromatography, several Fos- and Jun-related antigens were

detected in the Ref-I containing fractions from the second
mono S column (Figure 4, lanes 13 and 20). Fos- and Jun-
related antigens were not detected in the Superose 12 fraction
(Figure 4, lanes 14 and 21). However, this could be
attributed to the limiting quantities of protein analyzed, since

- 15-fold less protein was assayed relative to other fractions.
*Consistent with this notion, prolonged exposure of the
autoradiogram revealed the presence of a low level of the
Fos-related antigens in the Superose 12 fraction (data not
shown). This experiment demonstrates that a subset of AP- 1

proteins co-purify with Ref-I through several chromato-
graphic steps. These proteins represent only a few of the
many that comprise HeLa cell AP-1 activity (Rauscher et al.,

1988). It is possible that they bind with low affinity to Ref-I
and therefore co-purify through several steps. The sizes of
the Fos-related antigens (50-60 kDa) detected in this
experiment are consistent with those identified in earlier
studies (Franza et al., 1988; Rauscher et al., 1988).
However, the low molecular weight Jun-related protein

( 33 kDa) identified here has not been reported previously.
It is unlikely that this protein represents a proteolytic product
of a higher molecular weight species, given that immunoblot
analysis of crude nuclear extracts containing exogenous Jun,
consistently detected Jun of the expected molecular weight
(data not shown).

Characterization of purified Ref- 1 activity
To characterize the effect of purified Ref-I on the DNA-
binding activity of Fos and Jun, protein-DNA complexes
were examined by footprinting analysis. A 154 bp fragment
from the HMTIIA gene containing a single AP- 1 site was

used to determine the methylation interference and DNase
I protection patterns generated with Fos -Jun and
Fosl 18-211 -Jun225-334 heterodimers in the presence of
either 10 mM DTT or Ref-1. As shown in Figure 5, Ref-1
does not alter the specificity of the interaction of Fos and
Jun with DNA. The footprinting patterns generated in the
presence of either DTT or Ref- are indistinguishable for
both the truncated and full-length Fos -Jun proteins.
The effect of purified Ref-I on the DNA-binding activity

of endogenous AP-l proteins was analyzed by the gel-shift
assay. Partially purified AP-I proteins from HeLa cell
nuclear extracts depleted of Ref-I activity, were obtained
by heparin -Sepharose chromatography (Figure 2A).
Removal of DTT by dialysis caused a marked but reversible
reduction in the DNA-binding activity of these proteins
(Figure 6A, lane 2). DNA-binding activity could be restored
to a high level by the addition of 10 mM DTT or purified
Ref-I to the binding reaction (Figure 6A, lanes 3 and 4).
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Fig. 3. Superdex 75 purification of Ref-i. (Above) Superdex 75 gel filtration fractions were assayed for Ref-I activity by gel retardation analysis.
The assay was performed in the absence (-) or presence (+) of thioredoxin/thioredoxin reductase/NADPH as described in Materials and methods.
In the first lane (B), NDB buffer was assayed in the absence of any Superdex protein fraction. The molecular weight calibration standards (kDa)
used for gel filtration are indicated above the gel. (Below) Superdex 75 fractions containing Ref-I activity were analyzed by silver staining after
resolution on a 9% SDS-polyacrylamide gel. The position of Ref-I is indicated by an arrow. The molecular weight (kDa) protein standards (Bio-
Rad) include: phosphorylase B (rabbit muscle), 97.4; bovine serum albumin, 66.2; ovalbumin, 45; bovine carbonic anhydrase, 31.

However, in the absence of endogenous AP- 1 proteins, Ref- I
by itself did not exhibit AP-l DNA-binding activity (Figure
6A, lane 5). Thus, there were insufficient amounts of any
co-purifying Fos- or Jun-related proteins in the preparation
to detect by gel-shift assay. In this, and in other experiments,
we noted that Ref- I was more potent than DTT at stimulating
AP- 1 DNA-binding activity. Furthermore, Ref-I stimulated
AP-1 DNA-binding activity to a level exceeding that seen
with the undialyzed AP-1 sample, suggesting that AP-1
proteins isolated from HeLa cells by standard procedures
are in a partially inactive state.

Previously, we established that mutation of the conserved
cysteine residue in the basic region of Fos and Jun to serine,
generated proteins that exhibited enhanced levels of DNA
binding in the absence of DTT or nuclear extract. These
alterations increase DNA-binding activity and therefore
represent gain-of-function mutations (Abate et al., 1990a).
Figure 6B shows that high concentrations of DTT (10 mM)
failed to increase the DNA-binding activity of F(C1-S) +
J(Cl-S) heterodimers (Figure 6B, lane 2). Similarly, the
DNA-binding activity of these proteins was not stimulated
further by Ref-I (Figure 6B, lane 3), indicating that Ref-I
acts through the same cysteine residues previously shown

to mediate redox regulation of Fos -Jun DNA-binding
activity.
Although the presence of the 37 kDa protein in our most

pure fractions corresponded to Ref-I activity, the possibility
remained that the activity could be conferred by undetectable
levels of a contaminant. Therefore, to confirm the identity
of Ref-i, the 37 kDa protein was transferred onto a
polyvinylide difluoride membrane (PDVF) and the corres-
ponding band was excised and used to derive 20 amino acids
of N-terminal sequence (Matsudaira et al., 1987). DNA
fragments obtained by mixed-primer PCR amplification of
the deduced 5' coding sequences (Gubler et al., 1991) were
used to probe a Jurkat cDNA library (Ruben et al., 1991)
and isolate a putative cDNA clone encoding human Ref-1.
Details of the cloning strategy and sequence analysis of the
ref-1 cDNA will be described elsewhere (Xanthoudakis
et al., in preparation). The cDNA clone was expressed as
a hexahistidine fusion protein in E. coli and purified by nickel
chelate chromatography as described for Fos and Jun (Abate
et al., 1990c). The recombinant protein of - 37 kDa was
resolubilized and tested for Ref-I activity (Figure 7). This
protein stimulated Fos -Jun DNA binding activity in an
analogous fashion to purified Ref-I from HeLa cells. In
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Fig. 4. Western analysis of chromatographic fractions containing Ref-I activity. Column fractions were resolved in duplicate on a 9%
SDS-polyacrylamide gel. Half of the gel was used to visualize proteins by silver staining and the other half examined by immunoblot analysis using
anti-Fos antibodies (Curran et al., 1985) and anti-Jun antibodies (Cohen and Curran, 1990). Crude HeLa nuclear extract, lanes 1, 8 and 15;
heparin-Sepharose (1.5 /Lg), lanes 2, 9 and 16; DNA-cellulose (1.5 ,ug), lanes 3, 10 and 17; blue Sepharose (1.5 ,lg), lanes 4, 11 and 18; mono S
(first round) (1.5 ag), lanes 5, 12 and 19; mono S (second round) (1.5 tzg), lanes 6, 13 and 20; Superose 12, lanes 7, 14 and 21 (0.1 ag). The
positions of Fos-related antigens (FRA), Jun-related antigens (JRA) and Ref-I (open arrow) are indicated. The molecular weight (kDa) of the protein
standards used (lane M) are listed in the legend to Figure 3.

contrast, control extracts prepared in an identical manner

from untransformed E.coli or cells transformed with an

expression vector lacking a cDNA insert (pDS56), were
unable to stimulate DNA-binding activity. These data con-
firm the identity of the purified 37 kDa protein as Ref-i,
the redox factor that stimulates Fos-Jun DNA-binding
activity.

Discussion
The unique biochemical attributes of Cys residues are often
essential for functional and structural properties of proteins
(Cooper, 1983). Indeed, their presence and relative
distribution are often used to define characteristic protein
domains such as the immunoglobulin repeat (Fearson et al.,
1990; and references therein) or the zinc finger (Evans and
Hollenberg, 1988; Struhl, 1989). For these reasons, Cys
residues are often conserved across phylogenetic boundaries
and among gene families. A highly conserved Cys residue,
flanked by one or two basic amino aicds, is present in the
DNA-binding domain of the four fos family members, the
three jun family members and at least four members of the
ATF/CREB family of transcription factors (reviewed by
Kerppola and Curran, 1991a). However, this residue does
not participate in disulfide bond formation between Fos and
Jun in vivo and it is not part of a zinc finger motif. In the
proposed models of protein-DNA complexes involving
basic region-leucine zipper proteins, the Cys is in close
proximity to DNA (Vinson et al., 1989; O'Neil et al., 1990;
Kerppola and Curran, 1991b). Recently, we demonstrated
660

that the in vitro DNA-binding activity of Fos and Jun was
regulated by a unique redox mechanism involving this
residue (Abate et al., 1990a). The regulatory cysteine acts
as a 'sulfhydryl switch' that reversibly modulates binding
of Fos and Jun to the AP-l site. The exact chemical nature
of the redox change in Fos and Jun has yet to be defined,
but it is clear that oxidation of the Cys is not permissive
for DNA binding, while reduction to a sulfhydryl state
promotes the protein-DNA interaction. Thus, Cys residues
flanked by basic amino acids define a novel Cys motif
involved in the regulation of DNA-binding activity.
The role of redox switching in regulating transcription

factor function has been questioned because of the generally
accepted view that the intracellular environment is reducing
(Meister and Anderson, 1983; Holmgren, 1985; 1989).
However, very little is known about the redox environment
of the nucleus. Indeed, even under glutathione buffering
conditions, oxidized sulfhydryls have been shown to exist
(Cappel and Gilbert, 1988). Moreover, the oxidation constant
(Kox) of a sulfhydryl group is influenced by its local
environment (Walters and Gilbert, 1986; Clancey and
Gilbert, 1987) and is subject to change caused by alterations
in protein conformation. We have shown that the conserved
Cys in Fos and Jun is not reduced in the presence of 1 mM
DTT, presumably because of its highly basic micro-
environment (Abate et al., 1990a).

Ref- 1 is the redox regulator of AP- 1 DNA-binding
activity
In this study we have identified and purified a nuclear factor,
Ref-1, that mediates redox regulation of AP-1 DNA-binding
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DNA. Full-length and truncated Fos-Jun heterodimers were assayed for binding to a 154 bp [32P]HMTIIA promoter fragment (coding and non-

coding strands) in the presence of 10 mM DTT or purified Ref-I protein (5 /1 of the pooled Superdex 75 fractions) as described in Materials and
methods. The region of protection over the HMTIIA AP-1 site is indicated by the boxed diagram. Lane A+G represents the adenine/guanine
sequencing ladder. NA = no addition.

activity. This factor co-purifies with some of the components
of HeLa cell AP- activity through several fractionation
steps. Ref-I does not alter the DNA footprinting pattern of
Fos-Jun heterodimers or cause a supershift of the
protein-DNA complex in gel-shift assays. Furthermore, UV
cross-linking studies failed to detect qualitative changes in
the pattern of AP- bound proteins in the presence or absence
of crude nuclear extracts containing Ref-I (Abate et al.,
1990b). These data suggest that Ref-I is not a stable
component of the Fos -Jun-DNA complex, but they do not
exclude the possibility that there is a low affinity association
in the absence of DNA.
We noted that the stimulatory activity of Ref-i was

diminished following extensive fractionation. However,
Ref-I activity could be regenerated by treatment with
thioredoxin, suggesting that this factor may participate in

a redox cycle by acting as an electron donor for AP-
proteins. It is possible that the AP-I redox signaling pathway
comprises several components that are responsible for
reducing Ref- 1. Whether thioredoxin itself acts to regenerate
active Ref-I in vivo is not known, but it is clear that
thioredoxin alone, as well as glutathione and glutathione
transferase, failed to substitute for Ref-l activity in vitro
(S.Xanthoudakis, unpublished observations).

Role of redox regulation in AP-1 signal
transduction
A number of observations suggest that redox regulation of
AP-l DNA-binding activity may be important in vivo.
Firstly, redox control of Fos -Jun DNA-binding activity is
circumvented by mutation of the cysteine to serine in the
KCR motif. This mutation is present in the transforming
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Fig. 6. Stimulation of endogenous AP-1 DNA-binding activity by Ref-i. (A) Partially purified HeLa cell AP-1 DNA-binding activity was assayed for
binding to a 32P-labeled AP-1 oligonucleotide by gel retardation analysis after various treatments: no treatment, lane 1; dialysis against NDB buffer
without DTT (dAP-1), lane 2; dAP-1 with the addition of 10 mM DTT, lane 3; dAP-1 with the addition of purified Ref-l protein (5 ,ul of the
pooled Superdex 75 fractions), lane 4. In lanes 3 and 4 DTT and Ref-I were added during the DNA-binding reaction. In lane 5, Ref-I was added
alone in the absence of partially purified AP-1 DNA-binding activity. (B) Ref-l acts via a conserved cysteine residue in the DNA-binding domain of
Fos and Jun. Fos and Jun proteins containing a cysteine to serine substitution in the basic region (Abate et al., 1990a) were assayed for AP- I DNA
binding activity upon the addition of NDB buffer without DTT, lane 1; NDB buffer with 10 mM DTT, lane 2; purified Ref-I protein (5 ,zl of the
pooled Superdex 75 fractions), lane 3.

v-Jun protein (Maki et al., 1987) and results in
Ref-l-independent AP-1 DNA-binding activity when it is
introduced into c-fos and c-jun (Abate et al., 1991a).
Significantly, Fos and Jun proteins containing the Cys - Ser
substitution display enhanced transforming potential when
expressed in vivo (H.Iba, University of Tokyo and P.Vogt,
USC Medical School, Los Angeles, personal communica-
tions), suggesting that the reactive Cys residue may be
important in regulating the oncogenic potential of Fos and
Jun.

In normal cells redox regulation may serve to selectively
regulate the DNA-binding activity of subsets of AP- 1
molecules in response to specific signals or during different
stages of cell growth and differentiation. Activation/in-
activation of selected AP-1 proteins could occur through co-
localization of AP-1 dimers with nuclear regulatory redox
factors such as Ref-1. For example, other non-histone redox
enzymes have been shown specifically to co-localize with
mRNA splicing factors in interchromatic regions of the cell
nucleus (Bennett et al., 1986), and histone as well as high

mobility group (HMG) proteins containing exposed
sulfhydryl groups are preferentially associated with
transcriptionally active chromatin (Einck and Bustin, 1985;
Chen and Allfrey, 1987; Walker et al., 1990).

Ref-l-mediated reduction of Fos and Jun may also function
to restore or maintain their DNA-binding activity following
the oxidative burst that can accompany induction of
immediate early gene expression. For example, potent
stimulators of c-fos transcription, such as phorbol esters,
create a pro-oxidant state within the cell and result in
depletion of a number of enzymes and low molecular weight
oxygen scavenging molecules that normally protect against
oxidative stress (Cerutti, 1985). Similarly, PMA (phorbol
12-myristate 13-acetate) induces the formation of superoxide
anions in various cell types (Christiansen, 1988; Gennaro
et al., 1986; Rosen and Freeman, 1984). Under these con-
ditions, the activity of Fos would be dependent upon the
ability of cellular factors, including Ref-l, to function in a
homeostatic capacity and maintain the reduced active form
of the protein.
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Fig. 7. Stimulation Fos -Jun DNA-binding activity by recombinant
Ref-i. Fosl 18-211 -Jun225-334 heterodimers were assayed for DNA-
binding to a 32P-labeled AP-1 oligonucleotide following incubation
with 0.2 pg of purified bacterial extract (Abate et al., 1990c) prepared
from untransformed E.coli cells (lane 1), E.coli cells transformed with
a pDS56 expresion vector lacking a cDNA insert (lane 2), and Ecoli
cells transformed with a pDS56 expression vector containing a cDNA
insert encoding Ref-I (lane 3). DNA-binding to the AP-1
oligonucleotide was monitored using the gel retardation assay as
described in Materials and methods. The position of the protein-DNA
complex is indicated by an arrow.

Redox regulation, signal transduction and control of
gene expression
Several independent lines of evidence suggest that redox
control may function as a general mechanism in signal
transduction and gene regulation. Nitric oxide has been found
to be a versatile second messenger in brain, acting to
stimulate guanylyl cyclase activity (Crossin, 1991). ATL-
derived factor (ADF), a thioredoxin-like protein with
autocrine properties, is released by cells infected with the
HTLV-I virus (Tagaya et al., 1989; Wakasugi et al., 1990).
Moreover, thioredoxin can convert the glucocorticoid
receptor to its steroid binding conformation (Grippo et al.,
1985) and it has been identified as a mediator of growth
inhibitory signals in HeLa cells (Deiss and Kimichi, 1991).

In bacteria, the product of the oxyR gene activates
transcription of a number of inducible genes in response to
oxidative stress (Storz et al., 1990). The ability of oxyR to
activate target gene expression is dependent on its redox state
and only the oxidized form of the protein is capable of
stimulating transcription. Similarly, the iron-responsive
element binding protein (IRE-BP), which co-ordinately
regulates expression of ferritin and transferin receptor
mRNA, is reversibly converted between low and high
affinity binding forms through redox changes in the protein
(Klausner and Harford, 1989; Hentze et al., 1989). The
DNA-binding activity of the glucocorticoid and progesterone
receptors is dependent on their redox state and only the
reduced form of these proteins interacts with DNA (Silva
and Cidlowski, 1989; Peleg et al., 1989). A requirement
for reduced thiol groups has also been reported for the DNA-

binding activity of TFIIIC (Cromlish and Roeder, 1989),
ISGF3 (Levy et al., 1989) and more recently NF-xB
(Toledano and Leonard, 1991). NF-xB DNA-binding
activity, like that of Fos and Jun, is sensitive to sulfhydryl
modifying agents and is stimulated by thiol compounds.
Indeed, preliminary experiments indicate that Ref-I may
stimulate the DNA-binding activity of several other tran-
scription factors including NF-xB (S.Xanthoudakis,
unpublished observations). Reactive oyxgen intermediates
have been implicated in activation of NF-xB. In lymphoid
cells, dissociation of NF-xB from its cytosolic inhibitor
protein, IxB, is stimulated by agents that induce oxidative
stress (Schreck et al., 1991). Activation of NF-xB by
hydrogen peroxide, PMA or TNF is inhibited by thiol
compounds that scavenge oxygen radicals, suggesting that
reactive oxygen intermediates can act as common effector
molecules in multiple signal transduction pathways (Staal
et al., 1990; Schreck et al., 1991).

Finally, several studies have shown that expression of c-fos
and c-jun is induced by oxidative stress (Crawford et al.,
1988; Shibanuma et al., 1988; Devary et al., 1991).
Treatment of HeLa cells with hydrogen peroxide stimulates
AP-l DNA-binding activity, albeit modestly (Devary et al.,
1991). The relationship between oxidative stress, tran-
scriptional induction of fos and jun, and Ref-I stimulation
of AP-1 DNA-binding activity is not clear at present.
However, characterization of the gene encoding Ref-I should
provide insight into the redox control of gene expression.
Analysis of the cloned gene in vivo will help elucidate the
role of Ref-I in the signal transduction pathways involving
AP-1 and perhaps other transcription factors. The availability
of purified recombinant Ref- I will also permit a determina-
tion of the nature of the redox states of Fos and Jun active
and inactive for DNA binding.

Materials and methods
Preparation of recombinant proteins expressed in bacteria
Fos, Fosi18-211, F(C1-S), Jun, Jun225-334, J(C1-S) and Ref-I were
expressed as hexahistidine fusion proteins and purified by nickel-chelate
chromatography as previously described (Abate et al., 1990a,c). Protein
preparations were extensively dialyzed against buffer A containing 50 mM
sodium phosphate, pH 7.3, 1 mM EDTA, 1 mM DTT and 5% glycerol.

Nuclear extracts and DNA-binding assays
Nuclear extracts were prepared from 60 1 (152 g) of HeLa cells from
suspension culture according to the procedure of Dignam et al. (1983) as
modified by Briggs et al. (1986). Final extracts (10 mg/ml) were aliquoted,
frozen on dry ice and stored in liquid nitrogen. DNA-binding activity was
monitored by the gel retardation assay (Gamer and Rezvin, 1981). DNA-
binding assays were performed using a 25 bp 32P-labeled oligonucleotide
containing the HMTIIA AP-1 binding site (Abate et al., 1990a).
Fractionated nuclear extracts (1-3 ul) containing Ref-I activity or
recombinant Ref-I from E.coli (0.2 izg) were preincubated with 1 ng of
Fos and Jun at 37°C for 15 min in the presence of 0.1-0.2 mM DTT prior
to the addition of 1 pg poly (dI-dC) and 0.2 ng of labeled oligonucleotide,
as indicated in the figure legends. Protein -DNA complexes were resolved
on 4.5% native Tris-glycine (pH 8.5) gels, dried and visualized by
autoradiography. When used in DNA-binding reactions, the Ecoli
thioredoxin cocktail was added to a final concentration of 5.0 uM thioredoxin,
0.2 mM NADPH, pH 7.5 and 0.1 pM thioredoxin reductase (American
Diagnostica).
DNase I footprinting and methylation interference assays were performed

using a 154 bp fragment of the HMTIIA gene containing a single AP-1 site
as described (Abate et al., 1990a). For methylation interference assays, the
DNA was partially methylated using dimethylsulfate as described by the
manufacturer (NEN). Protein -DNA complexes were resolved by
electrophoresis and transferred on to DEAE (NA45) paper (Schleicher and
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Schuell) overnight at 100 mA in 0.5 x TBE. DNA bands were identified
by autoradiography and eluted from the DEAE paper in 1 M NaCI, 20 mM
Tris, pH 8.0, 0.1 mM EDTA for 1 h at 550C. The DNA was concentrated
by ethanol precipitation, cleaved with piperidine and the DNA fragments
were resolved on a 10% polyacrylamide-7 M urea sequencing gel.

Purification of Ref-1
Protein purification was performed at 4°C and whenever possible samples
were kept on ice. All chromatographic steps with the exception of
DNA-cellulose fractionation were performed on a Waters 650 FPLC
system. HeLa nuclear extract (450 mg) was loaded onto a 40 ml
heparin -Sepharose column and washed with two column volumes of nuclear
dialysis (NDB) buffer (50 mM Tris, pH 7.3, 100 mM KCI, 5 mM MgCI2,
I mM EDTA, 1 mM DTT, 0.1 mM PMSF, 0.01% NP-40 and 10%
glycerol). The bound protein was eluted with a 180 ml linear gradient of
0.1-1.0 M KCI in NDB buffer. In this and all subsequent chromatographic
steps protein concentration was monitored by continuous UV absorption
at 280 nm. The active Ref-I fractions from the heparin - Sepharose column
(as assayed by gel retardation analysis) were pooled, dialyzed against NDB
buffer and loaded onto a 5 ml DNA-cellulose column equilibrated in the
same buffer. The flow-through fraction containing most Ref- 1 activity was
directly applied to a 7.5 ml blue Sepharose column, washed with 5 column
volumes of NDB buffer and eluted using a 53 ml linear gradient of
0.1-1.0 M KCI in NDB buffer. The fractions active for Ref-I were dialyzed
against NDB-P buffer (25 mM sodium phosphate, pH 7.3, 50 mM NaCI,
5 mM MgCI2, 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF, 0.01% NP-40
and 10% glycerol) and fractionated by two consecutive rounds of mono
S chromatography. The pooled blue Sepharose fractions were applied to
the mono S resin and the column was washed with 10 ml of NDB-P buffer.
Ref-I activity was eluted using either a 14 ml (first round) or 12 ml (second
round) linear gradient of 0.05-1.0 M NaCl in NDB-P buffer. Fractions
containing Ref-I activity were pooled and dialyzed against NDB buffer before
gel filtration chromatography on Superose 12 and Superdex 75 columns.
The calibration standards used for gel filtration included: transferrin 81 kDa;
bovine serum albumin, 68 kDa; ovalbumin, 45 kDa; chymotrypsinogen,
25 kDa; myoglobin, 17.6 kDa; lysozyme, 14.3 kDa; and ribonuclease A,
13.6 kDa. For the determination of Ref-I specific activity, protein-DNA
complexes were excised from the dried gel and the amount of radioactivity
present in the complex was quantified by scintillation counting.
Heparin-Sepharose fractions #47 and #48 were used as a source of
partially purified endogenous AP-1 DNA-binding activity in Figure 6.
The protein composition of different column fractions was analyzed on

9% SDS polyacrylamide gels stained with Bio-Rad silver reagent or
Coomassie Blue. The protein concentration of pooled fractions from
individual columns was estimated using the method of Bradford (Bio-Rad).

Immunoblot analysis
Affinity purified polyclonal rabbit antibodies directed against amino acids
127-152 of Fos have been described previously (Curran et al., 1985). The
Jun antibody is a whole rabbit antiserum raised against purified Jun pro-
duced in E.coli (Cohen and Curran, 1990). For immunoblot analysis, protein
samples from different chromatography steps were resolved on a 9%
SDS-polyacrylamide gel in duplicate; one half of the gel was stained with
Bio-Rad silver reagent to visualize the total protein content and the proteins
in the remaining half of the gel were electrotransferred (50 mA constant)
onto a nitrocellulose filter (Schleicher and Schuell) for 18 h at 4°C. Following
transfer, the filter was incubated for 3 h at room temperature in blocking
buffer (10 mM imidazole, pH 7.0, 10 mM MgCl2, 1.0 mM CaCl2,
10 mM KCI, 5% BSA, 0.3% Tween-20, 0.02% sodium azide). Antibody
incubation was carried out at room temperature for 2 h in blocking buffer
containing anti-Fos antibodies. After hybridization, the filter was washed
four times at room temperature (30 min intervals) with a 500 ml solution
of phosphate buffered saline (PBS) containing 0.2% Triton X-100. Incubation
with [l 5I]protein A (20 tCi; 30 mCi/mg, Amersham) was carried out in
50 ml of PBS buffer containing 5% BSA for 1 h at room temperature. Un-
bound [125I]protein A was rinsed from the filter at room temperature with
four washes (30 min intervals) using a 250 ml solution of PBS containing
0.02% Triton X-100. The filter used for detection of Fos antigens was subse-
quently used to detect Jun antigens following preincubation in blocking buffer
and incubation with anti-Jun antibodies as described above.
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