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Nuclear respiratory factor 2 (NRF-2) was previously purified to near homogeneity from HeLa cells on the
basis of its ability to bind tandem recognition sites in the rat cytochrome oxidase subunit IV (RCO4) promoter.
It consisted of five subunits, o, 3,, B,, Y;, and y,. Sequencing of tryptic peptides from o and from mixtures
of the two 3 or two vy subunits revealed sequence identities with subunits of the mouse GA-binding protein
(GABP), a ubiquitously expressed ETS domain activator composed of three subunits, o, 3,, and 3,. To
understand the precise relationship between NRF-2 and GABP, cDNAs for all five NRF-2 subunits have now
been cloned and their products have been overexpressed. The results establish that the two additional NRF-2
subunits are molecular variants that differ from GABP (3, and 3, by having a 12-amino-acid insertion
containing two serine doublets. PCR and RNase protection assays show that mRNAs for these variants are
expressed in the human but not the rodent cells and tissues examined. The insertion did not alter the ability
of the 3 and y subunits to associate with o, the DNA-binding subunit, nor did it affect the ability of NRF-2 3,
or 3, to direct high-affinity binding of o to tandem sites in the RCO4 promoter. In addition, the four NRF-2
3 and vy subunits were equally proficient in activating transcription in transfected cells when fused to a GAL4
DNA-binding domain. The domain responsible for this transcriptional activation was localized by deletion
mapping to a region of approximately 70 amino acids that is conserved in all four NRF-2 3 and vy subunits.
The repeated glutamine-containing hydrophobic clusters within this region bear a strong resemblance to those

recently implicated in protein-protein interactions within the transcriptional apparatus.

Nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) are
thought to participate in the nuclear control of mitochondrial
function in mammalian cells (11, 31-34). NRF-2 was originally
identified as a DNA-binding protein required for transcrip-
tional activation of the rat cytochrome oxidase subunit IV
(RCO4) gene (32). Two tandem NRF-2 recognition sites over-
lapping the transcription start site region behaved synergisti-
cally in maximizing promoter activity (32). The NRF-2 binding
sites had the GGAA/T motif characteristic of the binding site
for ETS domain transcription factors (36). This family of ac-
tivators consists of both lymphoid cell-specific and ubiquitously
expressed members (for reviews, see references 16, 19, and 36).
Subsequently, four tandemly arranged NRF-2 recognition sites
were also found to be essential for maximal expression of the
mouse cytochrome oxidase subunit Vb (MCOS5b) promoter
(34), suggesting that NRF-2 participates in the coordinate ex-
pression of nuclearly encoded cytochrome oxidase subunits. In
addition, a single NRF-2 site contributes to the transcriptional
expression of mitochondrial transcription factor A (33), a
nuclearly encoded factor required for mitochondrial gene tran-
scription (12, 21, 27). These observations led to the hypothesis
that NRF-2 may help coordinate the expression of respiratory
chain subunits with components of the mitochondrial tran-
scription machinery (33).

NRF-2 was purified to near homogeneity and found to have
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five subunits ranging in mass from 56 to 39 kDa (34). Only the
56-kDa a subunit was able to bind DNA through the GGAA
core motif (34). The others, designated B, B,, ¥, and vy,, could
associate with a to form distinct DNA-protein complexes but
could not themselves bind the NRF-2 recognition sites. More-
over, the B but not the y subunits were able to confer high-
affinity binding to the tandemly arranged NRF-2 sites in the
RCO4 promoter (34). This behavior was reminiscent of that
described for the multisubunit ETS domain transcription fac-
tor GA-binding protein (GABP) (29). GABP « is the DNA-
binding subunit, while GABP B, and 8, complex with « but
alone do not bind DNA (17, 29). The B, subunit differs from 3,
in that it can homodimerize in solution and can increase the
affinity of binding to closely spaced tandem sites within the
herpes simplex virus ICP4 gene. This difference is associated
with the presence of alternative carboxyl-terminal domains
specific to each subunit. Sequencing of tryptic peptides derived
from purified NRF-2 subunits revealed a high degree of se-
quence similarity with the GABP « and B subunits (34).
Although NRF-2 and GABP share DNA-binding properties
and regions of sequence similarity, their differences in subunit
composition raised the question of whether they are identical
or related members of the ETS domain family. Factors that are
immunologically related to GABP have been implicated in the
expression of a number of genes (2, 8, 13, 20, 23). However,
determination of whether these factors have common epitopes
or are identical awaits their purification and structural charac-
terization. Recently, human cDNA clones for the adenovirus
early region 4 transcription factor 1 (E4TF1), a protein origi-
nally described as a multisubunit ETS domain transcriptional
activator of the adenovirus E4 gene (38), have been isolated
(37). The E4TF1 subunits display extensive sequence identity



VoL. 15, 1995

along their entire lengths with the mouse GABP «, 3, and 3,
subunits (37). To determine the precise relationship of NRF-2
to GABP and E4TF1, we isolated cDNAs encoding NRF-2
subunits and compare the DNA-binding properties of the
recombinant protein with those previously described for the
native HeLa protein (34). In addition, we establish that the
non-DNA-binding subunits share a transcriptional activation
domain consisting of repeated hydrophobic glutamine-contain-
ing clusters spanning approximately 50 amino acid residues.
Similar hydrophobic repeats have been recently associated
with transcriptional activation by VP16 (5) and Sp1 (14).

MATERIALS AND METHODS

Cloning of NRF-2 ¢cDNAs. Degenerate oligonucleotide probes for cDNA li-
brary screening were based on the sequence of peptides «94-2 and B/y80 (34) as
follows:
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cording to the manufacturer’s protocol, using primer B or primer G. One-tenth
of the reverse transcriptase reaction was subsequently used for PCR. In addition
to the cDNA, each PCR mixture contained 5 ul of 10X buffer (100 mM Tris-HCl
[pH 8.3], 500 mM KCI, 15 mM MgCl,, 0.01% [wt/vol] gelatin), 1 pl of 10 mM
deoxynucleoside triphosphates, 10 pmol of primer I, 10 pmol of primer B or G,
and 2.5 U of Tag polymerase (Perkin-Elmer Cetus) in a total volume of 50 ul.
Thirty-five cycles consisting of 1 min at 94°C, 1 min at 55°C, and 2 min at 72°C
were performed following a denaturation step of 3 min at 94°C in a Perkin-Elmer
Cetus model 480 Thermal Cycler. Products in a 20-pl sample were then analyzed
on a 4.5% acrylamide gel and visualized by ethidium bromide staining.

RNase protection analysis. The 162-bp Apol-PstI fragment (bases 601 to 762
from the starting ATG in NRF-2 ,) was cloned into the EcoRI and Nsil sites in
pGEM7Zf(+). The plasmid was digested with Pvull, and the antisense riboprobe
was generated by using SP6 polymerase (Promega) in the presence of [a->2P]
CTP (Amersham) as instructed by the manufacturer. Yeast RNA was used to
adjust each RNA sample to 40 pg and also used as the negative control. Positive
control RNAs were transcribed in vitro from NRF-2 3, and 8, cDNA templates
with SP6 or T7 polymerase. Total HeLa RNA (40 pg) or human testis poly(A)™
RNA (4 p.g) was hybridized overnight with 2 X 10° to 5 X 10° cpm of probe at
42°C in 80% formamide—40 mM piperazine-N,N’-bis(2-ethanesulfonic acid)

a94-2, CAT GGG/C ATT GCC CAG CCA/T GTG/C ACG/A GCA/T GTG GCA/C CTG GC

His Gly Ile Ala Gln Pro

Thr Ala Val Ala Leu Ala

B/v80, CAT/C TGG GCA/C ACA GAG/A CAT/C AAT/C CAT/C CAG/A GAG GTG GTG GA

His Trp Ala Thr Glu His

Two HeLa cDNA libraries in Agt10 (Clontech) or NZapllI (Stratagene) were
screened for NRF-2 cDNAs by hybridization to oligonucleotides labeled by
phosphorylation with [y->*P]JATP and T4 polynucleotide kinase (New England
Biolabs). Hybridization was carried out in 6X SSC (1X SSC is 150 mM sodium
chloride plus 15 mM sodium citrate)-1X Denhardt’s solution (7)-0.05% sodium
pyrophosphate-100 ug of sonicated calf thymus DNA per ml at 45°C. After
overnight hybridization, membranes were washed three times in 2X SSC-0.1%
sodium dodecyl sulfate (SDS) for 20 min at 45°C and twice for 20 min at 55°C.
Phage DNAs from positive cDNA clones detected by autoradiography were
digested with Xbal and Xhol (NZapll library) or EcoRI (Agtl0 library) and
cloned into pPGEM7Zf(+) (Promega) and M13mp18/mp19 for restriction anal-
ysis and DNA sequencing (25). The 5'-most EcoRI-Sacl fragment from a
NRF-2 clone was used to reprobe the Agt10 library to obtain additional cDNAs.
Cloned cDNAs containing intact coding regions for NRF-2 « and NRF-2 8, were
recovered from the libraries. Coding regions for the remaining three NRF-2
subunits (B,, 'v;, and v,) were reconstructed from overlapping partial cDNAs by
using an internal MscI site to join the appropriate 5’ and 3’ portions.

Construction of bacterial expression vectors. The NRF-2 o subunit was cloned
into the bacterial expression vector pET3D (28) by converting the sequence at
the natural initiator ATG codon to an Ncol site by PCR-directed mutagenesis
using the oligonucleotide 5'-CTCCAGCCATGGCTAAAAGAG-3" and an an-
tisense primer complementary to sequences downstream from a natural EcoRI
site. The resulting Ncol-EcoRI fragment was ligated with an EcoRI-BamHI
fragment produced by addition of a BamHI linker at an SspI site 135 bp down-
stream from the NRF-2 « termination codon into the Ncol and BamHI sites of
pET3D. The NRF-2 B, coding region was cloned into the Ndel and BamHI sites
of expression vector pET3A (28) by ligating a synthetic Ndel-HindIII adaptor
(5'-TATGTCCCTGGTAGATTTGGGAAAGA-3" and 5'-AGCTTCTTTCCC
AAATCTACCAGGGACA-3') containing coding sequences of NRF-2 B, to the
beginning of the ninth codon to a HindIII-BamHI cDNA fragment produced by
addition of a BamHI linker at the first Dpnl site downstream from the termina-
tion codon. To generate bacterial expression vectors for the remaining subunits,
a Sacl-BamHI fragment (containing cDNA sequences from 91 bases downstream
from the initiator ATG to the Dpnl site) from the B, expression vector described
above was replaced with equivalent SacI-BamHI fragments from the remaining
subunit clones. For B,, the replacement fragment was in two pieces (SacI-Stul
and Stul-BamHI) because of an additional Sacl site; for the vy clones, the
downstream BamHI site was generated from an EcoRV site in the phage
polylinker.

Reverse transcriptase-mediated PCR. The following oligonucleotides were
used as primers: 5'-CCTGGAGGGGTGGTGAACCT-3' (primer I), 5'-TTCT
GTCTGTAGGCCTCTGC-3' (primer B), and 5'-GACTGCGGCAAAGCACA
CCG-3' (primer G). Primer I is in the sense orientation and begins 558 bp
downstream from the ATG initiator in NRF-2 B (25 bp 5’ to the 36-bp insertion
in NRF-2 ;). NRF-2 B and +y diverge at their carboxyl-terminal regions begin-
ning 1,036 bp from the ATG. Primers B and G are in the antisense orientation,
are specific to NRF-2 B and v, respectively, and begin 87 bp (primer B) and 17
bp (primer G) from the point of sequence divergence.

Total RNA (2 pg) or poly(A)™ RNA (0.4 pg) from each source was reverse
transcribed with avian myeloblastosis virus reverse transcriptase (Promega) ac-

Asn  His Gln Glu Val Val Asp

(PIPES; pH 6.4)-400 mM sodium acetate-1 mM EDTA. Following hybridiza-
tion, 300 wl of digestion buffer (100 mM Tris-HCI [pH 7.5], 200 mM sodium
acetate, 5 mM EDTA) containing 4 ug of RNase A per ml and 0.2 pg of RNase
T, per ml was added, and the sample was incubated at room temperature for 1
h. The reaction was terminated by addition of 20 pl of 10% SDS and 20 pg of
proteinase K, incubation at 37°C for 15 min, and extraction with 1 volume of
phenol-chloroform-isoamyl alcohol (25:24:1). The RNA was precipitated with 10
wg of Escherichia coli tRNA as the carrier and 1 ml of ethanol. The protected
fragments were resuspended in loading dye, separated on an 8% polyacryl-
amide-8 M urea gel, and analyzed by autoradiography.

Purification of bacterially expressed NRF-2. NRF-2 « subunit expressed fol-
lowing induction with isopropyl-B-p-thiogalactopyranoside (IPTG) was purified
from lysates prepared and precipitated by the method of Pognonec et al. (22).
The resulting ammonium sulfate precipitate was dissolved in TM buffer (25 mM
Tris-HCI [pH 7.9], 6.25 mM MgCl,, 0.5 mM EDTA, 0.5 mM dithiothreitol, 50
mM KCl) and loaded onto an Econo-Pac Q cartridge (Bio-Rad Laboratories)
equilibrated in TM buffer. After being washed in the same buffer, proteins were
eluted with a 50 to 500 mM KCI gradient in TM buffer. Fractions containing
NRF-2 o were identified by Coomassie blue staining of SDS-gels and were
pooled, concentrated, and adjusted to 50 mM KCl by centrifugal ultrafiltration.
NRF-2 B and v subunits induced by IPTG were purified as described for GABP
(29) except that following dialysis against 25 mM Tris-HCI (pH 8.0)-75 mM
NaCl-0.75 mM EDTA-10% glycerol-1 mM dithiothreitol and centrifugation,
the supernatant was loaded onto an Econo-Pac Q cartridge, and the remainder
of the purification carried out as with NRF-2 a.

DNA binding assays. Synthetic oligonucleotides with previously characterized
NRF-2 recognition sites (32-34) used in this study were as follows:

RCO4 (+13 to +36), 5'-GATCCGGGACCCGCTCTTCCGGTCGEGAA

3'-GCCCTGGGCGAGAAGGCCAGCGCTHICGA

BATPS (+582 to +605), 5'-GATCCGTGCGTTGACCTTCCGGTTGAACA

3'-GCACGCAACTGGAAGGCCAACTTGTHCGA

hCC, (—181 to —204), 5'-GATCCTCCCCACGCTCTTCGGGTTGBCGA

3'-GAGGGGTGCGAGAAGCCCAACAGCTHICGA

hmtTFA (—34 to —13), 5'-GATCCTACCGACCGGATGTTAGEHGA
3'-GATGGCTGGCCTACAATCGTCTTEGA
5'-GATCCTGTTCCCGGAAGTGCATETA

3'-GACAAGGGCCTTCACGTAGATTFEGA

MCOS5b (+13 to +33),

Sequences were from RCO4, ATP synthase subunit B (BATPS), human cyto-
chrome ¢, (hCC;), human mitochondrial transcription factor A (hmtTFA), and
MCOS5b genes. Mobility shift assays were performed as previously described (4,
32) with RCO4 (+13 to +36) as the probe. Reactions with purified recombinant
NRF-2 contained 35 ng of a (sufficient to bind 4.2 fmol of probe) and 20 to 25
ng of B (sufficient to bind 3.4 fmol of probe when associated with «) subunits.
The region of the RCO4 gene containing NRF-2 sites (—4 to +32) was
synthesized in modular fashion with the following oligonucleotides:

—4 +32
5'-AGCTTCTGCT CTTCCGEICGGGACGT TCTTCCGER3’
3'-AGAALLGAGAAG GCCECCCTGEBAGAA GGCGAGCGS'
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The NRF-2 binding sites are indicated in boldface. The +21 to +31 site was
mutated by substituting AA for CC at positions +27 and +28. Oligonucleotides
were ligated together into the Mlul and HindIII sites of pGEM7Zf(+), and
DNase I footprinting was performed as previously described (11). The amount of
recombinant NRF-2a that could bind 1.3 fmol of RCO4 (+13 to +36) probe in
a mobility shift assay was arbitrarily designated 1X (~11 ng). The amount of 8
subunit added was equal to the amount required to convert all of the « subunit
in the reaction to an oy complex under the standard mobility shift assay condi-
tions. Cellular NRF-2 was purified from HeLa nuclear extract as previously
described (34).

GALA4 fusion proteins. Full-length B subunits as well as C-terminal deletions of
the B, subunit were fused to the GAL4 DNA-binding domain [Gal 4(1-147)] by
conversion of a HindlIII site at codon 9 of the NRF-2 B sequence to a BamHI site
by linker addition. This BamHI site along with an Xbal site derived from the
polylinker in NRF-2 subunit subclones was used for cloning into the same site in
the vector pSG424 (24) which contained GAL4(1-147) expressed from the sim-
ian virus 40 early promoter. In these full-length fusion proteins, the natural
NRF-2 subunit termination codon was used. Most of the carboxyl-terminal
deletions of the GAL4-B, fusion protein were generated by exonuclease III
deletion from the Xbal site followed by Xbal linker addition and religation to the
Xbal site of the vector, utilizing the universal terminator sequence downstream
of the multiple cloning site in pSG424. Carboxyl-terminal deletions to amino acid
345 were produced by insertion of an Xbal site at that position by PCR-mediated
mutagenesis, using the primer 5'-CGCTCTAGACTTCTATTTCTGC-3'. Con-
structions with N-terminal endpoints at amino acids, 227, 258, and 308 were
generated by insertion of a BamHI site at those positions, using the oligonucle-
otides 5'-CGGGATCCTAGCTGCCTTAG-3', 5'-CGGGATCCTGGATGGT
CCCA-3', and 5'-CGGGATCCTAACAGTACCAG-3', respectively. For the
GAL4(1-147) NRF-2 « fusion, a Kpnl site was inserted at the second codon of
the NRF-2 « coding region by PCR using the oligonucleotide 5'-CCGGTAC
CTGACTAAAAGAGAAGC-3'. An Xbal site was added by linker addition to
an Mscl site at codon 318 (immediately upstream of the ETS DNA-binding
domain). The resulting Kpnl-Xbal fragment was ligated to the same sites of
pSG424.

Cell culture. Growth and transfection of COS cells by the calcium phosphate
method were as previously described (10). For each transfection, three 100-mm-
diameter plates were each transfected with 2 g of the reporter, GsBCAT (18),
1 pg of the GALA4 fusion expression plasmid, and 27 pg of carrier plasmid DNA.
After 48 h, cells from the triplicate plates were harvested, pooled, and divided
into three equal portions. One third was used for the preparation of extracts for
chloramphenicol acetyltransferase (CAT) assay as previously described (10).
Another third was used for the extraction of low-molecular-weight DNA by the
method of Hirt (15), which was assayed for the amount of CAT-coding plasmid
DNA as previously described (9) to normalize transfection efficiency. Nuclear
protein extracts were prepared from the remaining third as described previously
(1) to assay the expression of the GAL4 fusion proteins by mobility shift assays
using a GAL4-binding-site oligonucleotide.

Nucleotide sequence accession numbers. cDNA sequences have been submit-
ted to GenBank under the following accession numbers: o, U13044; 3, U13045;
B,, U13046; vy, U13047; and y,, U13048.

RESULTS

Cloning of NRF-2 subunits. The limited tryptic peptide se-
quencing performed previously did not rule out the possibility
that NRF-2 and GABP represent different members of the
ETS domain family that have regions of sequence similarity. In
addition, it was unclear whether the differences in the number
of subunits (five for NRF-2 versus three for GABP) resulted
from posttranslational modifications or whether the additional
non-DNA-binding subunits of NRF-2 represent true genetic
variants encoded in the DNA. To resolve these questions,
tryptic peptide sequences from the o subunit of NRF-2 and
from a peptide common to B and vy subunits were used to
design degenerate oligonucleotide probes for screening HeLa
cDNA libraries. Overlapping NRF-2 « clones isolated with the
a-peptide probe contained an open reading frame of 1,362 bp,
included the ETS domain, and had 76% nucleotide sequence
identity with mouse GABP « (not shown). The predicted mass
of 51.4 kDa for this subunit was somewhat less than the 56 kDa
estimated for the HeLa o subunit on denaturing gels (34).

A cDNA clone isolated with the NRF-2 B/y probe contained
an open reading frame of 1,185 bp with a predicted mass of
42.5 kDa (Fig. 1A, B/y-1). This clone had 86% nucleotide
sequence identity with GABP 3, and included the B,-specific
carboxyl-terminal domain. However, it differed by having a
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36-bp insertion starting 583 nucleotides from the initiator
ATG. This insertion encodes 12 amino acids including two
serine doublets and is not found in any of the known subunits
of GABP. A second cDNA, B/y-2, began 155 bp into the
coding region of B/y-1 and contained the same insertion but
unlike B/y-1 had a carboxyl-terminal domain homologous to
GABP B,. A third cDNA clone, B/y-3, had an incomplete 3’
end and was clearly missing the insertion but was otherwise
identical to the other two except for a synonymous A-to-G
transition at Lys codon 69. These results raised the possibility
that the human counterparts to GABP B, and {3, each exist in
two versions that differ only by the presence of the insertion
thus accounting for the two additional NRF-2 subunits (Fig.
1B).

Because only two of the cDNA clones contained the inser-
tion, both from the same library, it was important to establish
its presence in both - and y-encoding cellular RNAs. To this
end, total RNA samples from four human and two rat sources
were reverse transcribed by using the NRF-2 B-specific (Fig.
1A, primer B) or +y-specific (primer G) primer. Subsequent
amplification of each cDNA sample was performed with the
same sense primer complementary to sequences just upstream
from the 36-bp insertion (Fig. 1A, primer I). Two amplified
bands of 584 and 548 bp corresponding to NRF-2 3, and 3,
should result from the primer I-B combination, whereas am-
plified bands of 514 and 478 bp corresponding to <y, and vy,
should result from the primer I-G combination. Amplification
of products by using the same primers on cloned cDNAs for
each subunit served as controls.

In each reaction in which human RNA was used, two frag-
ments of the expected sizes were observed with each primer
combination (Fig. 2). In addition, a larger fragment was also
produced (primers I and B, lanes 5 to §; primers I and G, lanes
14 to 17). This additional fragment was determined to be a
heteroduplex consisting of one strand from the B, (or v;)
product and the other from the B, (or vy,) product by the
following criteria: (i) upon isolation and reamplification of the
large fragment, all three fragments were produced (data not
shown); (ii) cloning of the third fragment followed by restric-
tion digestion with flanking restriction sites always yielded the
two smaller fragments expected but not the third; and (iii)
while cloned cDNAs of B, and 3, would yield a single fragment
when amplified individually with primers I and B (lanes 2 and
3), three fragments were produced when the cDNAs were
mixed together prior to amplification (lane 4). This third frag-
ment was the same size as the additional fragment generated
via amplification from human RNA. These results were also
true for v, and -y, amplification with primers I and G (lanes 11
to 13). In contrast, the single dominant PCR product from the
rat tissue RNAs (lanes 9, 10, 18, and 19) suggests that the rat
has only one version of each subunit.

To confirm these results, RNase protection analysis was
performed. Taking advantage of an Apol restriction site within
the insertion, a riboprobe which partially spanned the insertion
(Fig. 1A) was hybridized to RNA from HeLa cells and human
testis. In both cases, two bands were protected from RNase
digestion (Fig. 3, lanes 5 and 6). These were identical to the
protected bands produced when in vitro-transcribed RNA
from NRF-2 B, or B, was hybridized to the probe (lanes 2 and
3). Yeast RNA, used as the negative control, yielded no pro-
tected bands (lane 4). These results provide independent con-
firmation that the serine-rich insertion is encoded in expressed
NRF-2 B and v transcripts. This insertion, in combination with
the GABP B, and B,-specific carboxyl-terminal domains, can
account for the existence of the four non-DNA-binding sub-
units in human NRF-2 (Fig. 1B).
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FIG. 1. Cloning and characterization of NRF-2 subunits. (A) Overlapping cDNAs encoding NRF-2 3 and -y subunits were isolated from HeLa cDNA libraries by
hybridization and designated B/y-1, B/y-2, and B/y-3. Locations of the initiator methionine codon (ATG) and stop codon (TAA) are indicated. Arrows indicate the
locations and orientations of primers used for reverse transcriptase-mediated PCR of NRF-2 3 and y mRNAs (Fig. 2). The Apol-Pst] fragment from NRF-2 B used
as the probe for the RNase protection assay (Fig. 3) is shown as a horizontal bar. (B) Summary of the structural and functional features of NRF-2 subunits from
information contained in this report and from the analysis of GABP (17, 29) and E4TF1 (37). Arrows indicate the ankyrin repeats in NRF-2 B and y subunits as
originally observed in GABP B, and B, and implicated in heterodimerization with the DNA-binding « subunit. The « subunit is stippled, with the ETS domain shaded.
In both panels, the NRF-2 B-specific and NRF-2 vy-specific carboxyl-terminal domains are shown by cross-hatched and hatched boxes, respectively; the serine-rich
insertion in B; and vy, is indicated by a filled box, with the sequence given below. Portions of the proteins implicated in DNA binding, homodimer formation, and

transactivation are also indicated.

Expression of NRF-2 subunits in E. coli and characteriza-
tion of recombinant NRF-2. To determine whether the cDNA-
encoded subunits are functionally equivalent to those purified
from HeLa cells, each cDNA was expressed in E. coli by using
the pET expression system (28). The IPTG-induced recombi-
nant proteins were purified to near homogeneity (Fig. 4). Their
molecular masses on denaturing SDS-gels («, 58 kDa; B,, 48
kDa; B,, 46 kDa; vy,, 38 kDa; vy,, 37 kDa) were indistinguish-
able from those previously determined for the purified HeLa
subunits (34) (Table 1). Binding of purified HeLa protein or a
mixture of recombinant NRF-2 subunits to a single NRF-2 site
from the RCO4 gene (RCO4 [+13 to +36]) yielded the same
three DNA-protein complexes in mobility shift gel assays that
are characteristic of NRF-2 binding to its recognition site (Fig.
5, lanes 1 and 2). These consist of a slower-migrating doublet
comprised of af (upper band) and oy (lower band) heter-
omers as well as a faster-migrating complex containing o alone
(34). All three complexes were competed for by an excess of
unlabeled oligomers of known NRF-2 recognition sites (lanes
5 to 7) but not by nonspecific oligomers containing a single

G-to-C transversion in the GGAA core motif (lanes 3 and 4).
As observed previously with the purified HeLLa NRF-2 subunits
(34), only o was able to bind DNA (lane 8); the 8 and v
subunits were not (lane 9). When mixed with «, the B (lanes 10
and 11) and <y (lanes 12 and 13) subunits formed heteromeric
complexes corresponding to those observed with native HeLa
NRF-2 (lane 1) or the mixture of five recombinant subunits
(lane 2). Therefore, the recombinant and HeLa subunits are
indistinguishable in molecular mass and in the ability to par-
ticipate in the formation of distinct DNA-protein complexes.

We previously found that the B but not the +y subunit of
NRF-2 conferred high-affinity binding to tandem recognition
sites in the RCO4 promoter region (34). If the recombinant
proteins described here encode these subunits, they should
exhibit the same properties. Recombinant NRF-2 « and all
four possible aff and oy complexes were used for DNase I
footprinting of the two tandem NRF-2 sites (sites A and B) in
the RCO4 promoter (Fig. 6A). NRF-2 « alone (lanes 3 to 6)
and all af (lanes 7 to 14) and ay (lanes 15 to 22) complexes
protected probe DNA from cleavage by DNase I and gener-
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FIG. 2. Reverse transcriptase-mediated PCR amplification of NRF-2 8 and -y
mRNAs from human and rat cells. Total RNA (2 pg) or poly(A)* RNA (0.4 pg)
was primed for reverse transcription with 10 pmol of NRF-2 B- or +y-specific
primer (primer B; lanes 2 to 10, primer G; lanes 11 to 19), respectively (see Fig.
1A for primer locations). The same primers were then used in conjunction with
primer I for PCR as described in Materials and Methods. For positive controls,
the cDNA of each subunit cloned into pGEM7Z was amplified individually
(lanes 2, 3, 11, and 12) or in pairs (lanes 4 and 13). Products were separated on
a 4.5% polyacrylamide gel and visualized by ethidium bromide staining. RNA
was from human tissues or cell lines except for rat testis (lanes 9 and 18) and rat
lung (lanes 10 and 19). U87MG and SCC9 are human glioblastoma and squa-
mous cell carcinoma lines, respectively. The sizes of the expected bands are
indicated at the left in base pairs.

ated footprints similar to those previously observed with the
native HeLa protein (32, 34). The heteromeric complexes pro-
duced more extended footprints (lanes 10, 14, 18, and 22)
compared with that formed with a alone (lane 6). Binding of
to tandem sites rendered the nucleotides between the RCO4 A
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FIG. 3. Detection of the 3,- and v,-specific 36-nucleotide insertion in human
RNA. The 162-bp Apol-PstI fragment from NRF-2 B, (indicated in Fig. 1) was
used as the template to generate the antisense riboprobe as described in Mate-
rials and Methods. HeLa total RNA (40 pg; lane 5) or human testis poly(A)*
RNA (4 pg; lane 6) was hybridized overnight with the radiolabeled probe. RNA
transcribed in vitro from ¢cDNA clones containing the full coding region of
NRF-2 B, (lane 2) or B, (lane 3) was used as the positive control, and yeast RNA
was used as the negative control (lane 4). Following hybridization, samples were
digested with RNases A and T, for 1 h at room temperature. After inactivation
of RNases, protected fragments were recovered by ethanol precipitation, ana-
lyzed on a denaturing 8% polyacrylamide—urea gel, and visualized by autora-
diography. The sizes of the probe and the protected bands are indicated at left
in base pairs.
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FIG. 4. Expression and purification of recombinant NRF-2 subunits from E.
coli. cDNAs for each NRF-2 subunit were cloned into pET expression vectors
and transformed into E. coli. Bacterial cultures were uninduced (—) or induced
(+) with 0.4 mM IPTG to express the NRF-2 subunit indicated at the top. A
small aliquot of bacteria from each culture was denatured by boiling in SDS
buffer and loaded on an SDS-10% polyacrylamide gel. Purification of recombi-
nant NRF-2 subunits from bacterial lysates was performed with an Econo-Pac Q
cartridge (Q) as described in Materials and Methods. Gel lanes contained ~1 pg
of purified protein. Proteins were visualized by FastStain (Zoion Research).
Molecular mass standards in kilodaltons are indicated (lane M).

and B sites hypersensitive to DNase I cleavage (lanes 3 to 7).
The presence of either B or y extended the footprint, reducing
the number of hypersensitive cleavages in this region (compare
lane 6 with lanes 10, 14, 18, and 22). Those remaining were
more enhanced with B (lanes 10 and 14) than with y (lanes 18
and 22), possibly reflecting more distortion of the intervening
DNA as a result of B-subunit interactions.

Complete protection from DNase I cleavage was achieved
with approximately 10-fold-less binding activity (8X versus
80X), using the of; (lanes 7 to 10) and aB, (lanes 11 to 14)
complexes compared with « alone (lanes 3 to 6), oy, (lanes 15
to 18), or ay, (lanes 19 to 22). This result is identical to that
obtained with the purified HeLa subunits (34) and is consistent
with the observed behavior of GABP B; and B, (29). By con-
trast, with a promoter fragment containing a mutated A site,
the difference in the amount of binding activity required for
full protection between the B (Fig. 6B, lanes 7 to 14)- and vy
(lanes 15 to 22)-containing complexes was much less (28X
versus 80X) than with intact tandem sites. Thus, as observed
with native NRF-2, the enhanced binding conferred by the
subunits is lost when one site is mutated (34). The serine-rich
insertion had no effect on binding when present in either B or
v, suggesting that its presence alone does not regulate the
binding activity of NRF-2. Thus, the DNA-binding properties

TABLE 1. Comparison of NRF-2, GABP, and E4TF1 subunits

NRF-2 GABP E4TF1
Molecular Molecular Molecular
Subunit mass Subunit mass Subunit mass

(kDa)” (kDa) (kDa)

¢4 56 (51.4) ¢ (51.3) E4TF1-60 (51.4)

By 48 (42.5)

Bs 46 (41.3) B (41.3) E4TF1-53 (41.3)

Y1 41 (38.1)

Y> 39 (36.9) B (37.0) E4TF1-47 (36.9)

“ Experimentally determined molecular mass, with the value predicted from
each subunit cDNA coding region in parentheses.
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FIG. 5. Comparison of DNA-protein complexes formed with recombinant
NRF-2 subunits with those formed with the purified HeLa protein. The end-
labeled RCO4 (+13 to +36) oligonucleotide containing a single NRF-2 binding
site was used as the probe in mobility shift assays. DNA-protein complexes
formed by using affinity-purified HeLa NRF-2 are shown in lanes 1, 3, and 5.
Recombinant subunits (designated r) were purified with an Econo-Pac Q car-
tridge as described in Materials and Methods. Recombinant NRF-2 (lanes 2, 4,
6, and 7) consisted of a mixture of ~35 ng of NRF-2 « and 5 to 7 ng each of
NRF-2 B, By, vy, and y,. The same amounts of these subunits were used in
reactions containing « alone (lane 8) or a mixture of B and vy subunits without «
(lane 9). Amounts of B or vy subunits were increased to 20 to 25 ng when mixed
individually with « (lanes 10 to 13). Unlabeled competitor oligonucleotides were
hCC, (—181 to —204) (lanes 3 and 4), MCO5b (+13 to +33) (lane 5), hmtTFA
(—34 to —13) (lane 6), and BATPS (+582 to +605) (lane 7). The hCC, (—181
to —204) oligomer differs from RCO4 (+13 to +36) by a single G—C transver-
sion that eliminates NRF-2 binding and was used as a nonspecific competitor.

of the recombinant subunits on tandem sites are indistinguish-
able from those of the HeLa protein.

Transcriptional activation by NRF-2 subunits and localiza-
tion of the activation domain. It was of interest to determine
which of the NRF-2 subunits are involved in transcriptional
activation. Since the B and v subunits must associate with « to
bind DNA, it was important to distinguish the structural fea-
tures required for heteromer formation from those required
for transcriptional activation. Thus, the subunits were fused to
a GAL4 DNA-binding domain to eliminate the need for bind-
ing to « and allowing an independent analysis of the activation
function. Because both heteromerization and DNA-binding
domains are localized to the carboxyl-terminal region of a
(29), the region downstream from amino acid residue 318 was
not included in the GALA4 fusion construction. This fusion did
contain NRF-2 « residues 2 to 318, including a region rich in
acidic residues at the extreme amino terminus. As shown in
Fig. 7A, the GAL4-« fusion protein containing o residues 2 to
318 failed to stimulate activity of the reporter plasmid. Addi-
tional fusions including smaller amino-terminal portions but
still including the acidic region near the amino terminus also
failed to stimulate transcription (results not shown), making it
unlikely that activity is masked by downstream sequences.

The B or vy subunits were fused to GAL4 at amino acid 10,
leaving the remainder of each intact. In contrast to a, each of
the GAL4-B and -y fusions stimulated transcription signifi-
cantly (at least 100-fold compared with the activity obtained in
cotransfection with the GAL4 DNA-binding domain alone),
and all four demonstrated equal potency. All five of the fusion
proteins were similarly expressed in cotransfected cells, as
demonstrated by mobility shift assays using a labeled GAL4
binding site (Fig. 7B). Cells transfected with each of the GAL4
fusion proteins (lanes 3 to 7) contained a binding activity not
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FIG. 6. DNase I footprinting of tandem binding sites by recombinant NRF-2
subunits. (A) A RCO4 promoter fragment labeled on the noncoding strand was
incubated with either no protein (lane 2), different amounts of recombinant
NRF-2a (lanes 3 to 6), or mixtures of o with B or vy subunits (lanes 7 to 22) and
subjected to DNase I cleavage. 1X was defined as the amount of NRF-2 «
required to bind ~1.3 fmol of probe containing a single NRF-2 binding site in a
mobility shift assay (~11 ng of NRF-2 «). The amount of B or y added was
sufficient to displace all of the « subunit into a heteromeric complex as measured
by mobility shift assay. (B) Same as panel A except that NRF-2 binding site A was
inactivated (mut A) by replacing the GGAA with TTAA in the labeled RCO4
promoter fragment.

present in cells transfected with the reporter plasmid alone
(lane 1). The complexes produced from the fusion proteins had
a slower mobility than the complex formed with extracts from
cells transfected with the GAL4 DNA-binding domain alone
(lane 2), indicating full-length translation of the fusion. Al-
though it is formally possible that an activation region exists
within the ETS or carboxyl-terminal region of NRF-2 o, the



108 GUGNEJA ET AL.

MoL. CELL. BIOL.

A Relzjm.ve B - 88 8 @

Activity - 5 e & P

NRF-2 X (454 a.a.) [ _— E a T T T I

3 3 @ @ = =

- g 3 3 3 3 3

GAL4(1-147)/cx 2-318 e T <0.01 e § & g s & 3

GAL4(1-147)/3,10-395 Lot Fo—D—"s—> | 1.0

GAL4(1-147)/3, 10-383 e — ——> 1.0+0.2 E

GAL4(1-147)7y, 10-360 Con =S——S— | ) 0.9 + 0.1 e -0

Cean Fo—D——> — 7 1.0 £0.1

GAL4(1-147)/77, 10-348

FIG. 7. Transcription activation by NRF-2 subunits. (A) NRF-2 subunits
were fused to GAL4(1-147) and tested for transcriptional activation of a co-
transfected reporter CAT plasmid containing five GAL4 binding sites. A dia-
grammatic representation of the NRF-2 « subunit (stippled) is at the top; the
ETS DNA-binding domain is shaded. The ankyrin/notch repeats (arrows), the
serine-rich insertion (filled box), and the carboxyl-terminal regions specific to the
B (cross hatched) and vy (hatched) subunits are depicted in maps of the - and
y-subunit fusions. The activity of the B, fusion [GAL4(1-147)/B, 10-395] is
defined as 1.0 and is more than 100-fold greater than the activity of the GAL4
DNA-binding domain alone. Results are given as the average * standard devi-
ation of at least three determinations. a.a., amino acids. (B) Detection of GAL4
fusion proteins in transfected cell extracts. Nuclear protein extracts were pre-
pared from cells transfected with the reporter plasmid alone (lane 1), reporter
plus GAL4(1-147) expression vector (lane 2), or reporter plus GAL4 fusion
expression plasmids (lanes 3 to 7). Complexes formed upon incubation of these
extracts with a labeled GAL4 binding site oligonucleotide were resolved on
native gels and detected by autoradiography.

simplest interpretation of the results is that the § and vy sub-
units of NRF-2 are responsible for transcriptional activation.

Given that the four B and vy subunits were equal in the ability
to activate transcription when fused to a heterologous DNA-
binding domain, it was anticipated that the location of the
activation domain would be within a region common to all four
subunits. Fusion proteins with various deletions of 3, linked to
the GAL4 DNA-binding domain were therefore tested by co-
transfection with the GAL4 reporter (Fig. 8A). Deletion from
the carboxyl terminus to amino acid 345 (which precisely re-
moves the B;-specific region), 327, or 311 increased the tran-
scriptional activity relative to the full-length B, fusion (whose
activity is defined as 1.0). Further deletion to 268 markedly
reduced activity, and deletion to 244 eliminated it, placing the
carboxyl-terminal boundary of the activation domain in the
vicinity of residue 311. Stable expression of each of the fusion
proteins was verified by mobility shift assays using a GAL4
binding site (Fig. 8B). As noted above, no GAL4 binding
activity was recovered from cells transfected with only the
reporter plasmid (lane 1). A complex was detected in cells
transfected with the GAL4 DNA-binding domain alone (lane
2). Complexes of mobility slower than GAL4(1-147) and re-
flective of the expected size of the construct were recovered
from cells transfected with each fusion protein expression vec-
tor (lanes 2 to 13). The observed heterogeneity in the banding
pattern with certain fusion proteins appears to result from
their relative instability.

To further define the boundaries of the activation domain,
amino-terminal truncations of 3, were fused to GAL4 and
tested in cotransfection (Fig. 8A). Deletion to residue 227
resulted in activity identical to that of the most active carboxyl-
terminal deletions, indicating that neither the ankyrin/notch
repeats nor the serine-rich insertion is required for transcrip-
tion activation. Deletion of B, sequences to amino acid 258
increased activity, but further deletion to 308 abolished it com-
pletely placing the amino-terminal boundary of the activation
domain between amino acids 258 and 308.

Several smaller fusions encompassing the active region de-
fined by carboxyl-terminal deletions (B, 227-345, B, 258-345,
and B, 258-311) were also tested, and each was active in

stimulating transcription. The smallest functionally indepen-
dent region, (3, 258-311, retained about one-half of the activity
of the full-length B, fusion, most likely because it was more
unstable than the others (Fig. 8B, lane 13). A specific contri-
bution by residues downstream from 327 is unlikely because
carboxyl-terminal deletions in this region (B, 10-345 and B,
10-327) increased activity and B, 308-395 was completely in-
active. These results are consistent with the boundaries of an
activation domain lying between residues 258 and 327, a se-
quence identical in the four B and vy subunits lying between the
serine-rich insertion and the carboxyl-terminal domain that
distinguishes B from v. Interestingly, this domain has a number
of evenly spaced clusters of hydrophobic residues containing
glutamine. A similar motif is present in several activation do-
mains of the glutamine-rich class and has recently been pro-
posed to form an interface for interaction with the general
transcription machinery (30). Therefore, each 3 or vy subunit of
NRF-2 likely utilizes the same structural domain to activate
transcription.

DISCUSSION

NRF-2 subunit composition. Both RCO4 and MCOS5b pro-
moters are unusual in that their activities are almost com-
pletely dependent on tandemly arranged repeats of the
GGAA/T motif recognized by NRF-2 (32, 34). Here, we have
cloned five cDNAs by using degenerate oligomers derived
from NRF-2 tryptic peptides. The recombinant proteins en-
coded by these cDNAs display the same DNA-binding prop-
erties and structural features previously observed for the five
NRF-2 subunits purified from HeLa cells. They have the same
molecular masses, are expressed in human cells and tissues,
and form distinct heteromeric complexes that bind DNA.
These results provide compelling evidence that the cDNAs
described here account for the NRF-2 subunits expressed in
human cells and tissues.

The cloning of the human NRF-2 subunits has resolved the
previously observed discrepancies in subunit composition be-
tween human NRF-2 and mouse GABP (17, 29, 34). The two
additional NRF-2 subunits are variants of GABP B, and 3,
that are larger because of a 12-amino-acid insertion within
their coding regions (Fig. 1B; Table 1). This conclusion is
supported by the detection of four expressed RNA transcripts
that encode the two possible carboxyl-terminal domains in
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FIG. 8. Localization of the NRF-2 transcription activation domain. (A) Portions of the NRF-2 B, subunit were fused to GAL4(1-147) and tested for transcriptional
activation of a cotransfected CAT reporter plasmid containing five GAL4 binding sites. The activity of the nearly full-length B, fusion [GAL4(1-147)/8, 10-395] is
defined as 1.0 and more than 100-fold greater than the activity of the GAL4 DNA-binding domain alone. The ankyrin/notch repeats (arrows), the serine-rich insertion
(filled box), and the carboxyl-terminal regions specific to the § subunits (cross-hatched) are diagrammatically represented at the top. The complete sequence of the
NRF-2 B, subunit between amino acids (a.a.) 258 and 311 (which is identical in all B and vy subunits) is given below, with repeated glutamine-containing hydrophobic
clusters underlined. CAT activities relative to the nearly full-length GAL4(1-147)/B, 10-395 are expressed as the average * standard deviation of at least three
determinations. (B) Detection of GAL4 fusion proteins in transfected cell extracts. Nuclear protein extracts were prepared from cells transfected with the reporter
plasmid alone (lane 1), reporter plus GAL4(1-147) expression vector (lane 2), or reporter plus GAL4 fusion expression plasmids (lanes 3 to 13). Complexes formed
upon incubation of these extracts with a labeled GAL4 binding site oligonucleotide were resolved on native gels and detected by autoradiography.

combination with or without the insertion. Transcripts contain-
ing this serine-rich insertion were observed in human but not
rat cells and tissues and may be species specific. The insertion
in NRF-2 B, or v, had no discernable effect on DNA binding
or on transcriptional activation. However, it may serve as the
site of a posttranslational modification that may regulate
NRF-2 activity during cell growth or differentiation. It is of
interest in this context that at least four developmentally reg-
ulated proteins reactive to anti-GABP B antiserum have been
detected in Xenopus laevis (20), although it remains to be
determined whether any contain the insertion described here.
The nucleotide sequence at the ends of the region encoding
the insertion is consistent with the 5’ end being a splice accep-
tor and the 3’ end being a splice donor, suggesting that these
variants arise via alternate splicing. This view is supported by
the fact that sequences common to B/y-3 and B/y-1 cDNAs
(Fig. 1A) are identical except for the insertion and a single
transition. Moreover, recent findings indicate that the GABP
B, and B, subunits are encoded by a single gene (6).

Three of the five NRF-2 subunits, NRF-2 «, B,, and vy, are
identical to those recently reported for human E4TF1 (Table
1) (37). This factor was originally described as a two-subunit
member of the ETS family that stimulated the adenovirus early
region 4 promoter and had separate subunits for DNA binding
and transcription activation (38). Subsequently, three subunits,
E4TF1-60, -53, and -47, which correspond to GABP «, B,, and
B,, respectively, were cloned (Table 1) (37). Doublets of
E4TF1-53 and -47 from HelLa cells were detected by Western
blotting (immunoblotting) using anti-GABP 8 antiserum but
were ascribed to posttranslational modifications (37). Our re-
sults suggest that at least part of the difference in mobility
results from the presence of the 12-amino-acid insertion de-
scribed here.

DNA binding. When present in heteromeric complexes with
a, the B subunits of HeLa NRF-2 were both able to increase

the affinity of binding to tandem recognition sites without al-
tering binding specificity (34). The ay complexes had a much
reduced affinity for tandem sites, and both o and oy displayed
the same low-affinity DNA binding when one of the two tan-
demly arranged sites was mutated. As shown here, the recom-
binant subunits display the same DNA-binding properties and
yield DNA-protein complexes identical in mobility to those
formed with the purified HeLa subunits. The cooperativity
between tandem sites mediated by the NRF-2 af; or of3,
complexes occurred whether the sites were 20 bp apart (center
to center) as they are in the RCO4 promoter (32) or 30 bp
apart as in MCOS5D (sites C and D [34]). We also find there is
no difference in the amount of NRF-2af3 complex required for
complete DNase I protection when the RCO4 sites are 15 bp
apart, indicating that rotation of the binding sites onto differ-
ent faces of the DNA helix is not a critical factor (not shown).
High-affinity binding of GABP «f3, complexes to the herpes-
virus ICP4 promoter occurs when the sites are 6 bp apart (29).
As noted previously (29), the results suggest a surprising de-
gree of structural flexibility, leading to the subunit interactions
required for high-affinity binding to tandem sites in promoters.

These observations may have important implications for the
genes controlled by these factors. The level of promoter acti-
vation by GABP or NRF-2 depends upon (i) whether a
GGAA/T motif is present, (ii) the number of such sites present
(monomer versus tandemly repeated) and (iii) the relative
levels of the various subunits that are expressed in cells. We
have found that the tandem arrangement of NRF-2 sites in the
RCO4 and MCO5b promoters renders their activities almost
completely dependent on these sites in transfected cells (32,
34). Such a strong requirement for multiple ETS domain-
binding sites was also recently observed for the 32 integrin
promoter (2). Two or more such binding sites have been ob-
served in the ribosomal protein L30 (13), folate-binding pro-
tein (23), and aldose reductase (35) genes. By contrast, we find
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the mitochondrial transcription factor A promoter to be much
less dependent on its single NRF-2 site (33). Single sites are
also present in several other genes, including the ATP synthase
B subunit (32), ribosomal protein L32 (13), and 6-phospho-
fructo-2-kinase/fructose-2,6-bisphosphatase (8) genes.

Transcriptional activation. The ability of the NRF-2 sub-
units to activate transcription was assayed by fusing them to a
yeast GAL4 DNA-binding domain. This allowed an analysis of
transcription activation that was independent of a requirement
for heteromerization with the DNA-binding a subunit. Fusion
proteins with each of the four NRF-2 3 and vy subunits were
identical in the ability to activate the transcription of a reporter
gene in transfected cells. The level of stimulation was 100-fold
greater than with the GAL4 DNA-binding domain alone or a
GALA4 fusion containing the « subunit that had been deleted of
carboxyl-terminal sequences downstream of and including the
DNA-binding ETS domain. These results are consistent with
the in vitro results obtained with E4TF1 showing that
E4TF1-53 (NRF-2 B, [Table 1]) is required for transcription
(26, 38). The mapping described here localizes the activation
domain to residues 258 to 327, which lie between the ankyrin
repeats required for association with « and the carboxyl-ter-
minal domain that dictates the ability to form homodimers.
This region is common to all four NRF-2 8 and v subunits and
is therefore consistent with the equal ability of all four to
activate transcription when fused to GALA.

These results contrast with those obtained with the E4TF1
using an in vitro transcription assay (26). In this system,
E4TF1-53 stimulated transcription to a much greater degree
than E4TF1-47 (NRF-2 v, [Table 1]). Although the domain
that we describe here was found to activate transcription in a
construct lacking the homodimerization domain, in other con-
structs the major activity appeared to reside within the ho-
modimerization domain of E4TF1-53. These workers con-
cluded that the homodimerization and activation domains are
coincident and that dimerization is required for transcriptional
activation. By contrast, we observe no requirement for the
homodimerization domain with use of GALA4 fusions in trans-
fected cells. It had no activity on its own, and deletions remov-
ing it actually increased the ability of the GAL4 fusion protein
to transactivate the reporter.

One explanation for the discrepancy is that in the in vitro
transcription system, the amount of transcription obtained de-
pends on the ability of the subunits to form hetero- and ho-
modimers as well as on the presence of a functional activation
domain. Because multiple ETS-binding sites were present in
the transcription template (26), the differences in transcrip-
tional activity between E4TF1-53 and -47 may simply reflect
the large difference in binding affinity between heteromeric
complexes containing these subunits. Therefore, mutations
that interfere with hetero- or homodimer formation would be
expected to markedly reduce the levels of transcription ob-
tained from these templates by affecting DNA binding. Since
the GALA fusion proteins are expected to bind DNA as ho-
modimers (3), their ability to activate transcription is indepen-
dent of interactions between B or y subunits themselves and
their effects on the formation of DNA-protein complexes.

Finally, the NRF-2 activation domain identified here has
features in common with those of the glutamine-rich class of
activation domain found in Spl (14). Recent studies indicate
that activation domains of a given class are not functionally
identical and that clusters of hydrophobic residues rather than
the predominant glutamines may be more important for acti-
vation (14). The minimal NRF-2 activation domain is only 15%
glutamine, but these residues are evenly spaced and clustered
with residues having bulky hydrophobic side chains such as
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isoleucine and valine. It has been suggested that such period-
icity of hydrophobic regions mediates interactions with several
targets within the transcriptional apparatus (5, 14, 30). Thus,
the presence of these features and their resemblance to those
found in other well-characterized transcription factors are fully
consistent with the assignment of a transcriptional activation
function to this region.
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