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Analysis of the promoters of the bovine and human nuclear-encoded mitochondrial F,F, ATP synthase
a-subunit genes (A TPA) has identified several positive cis-acting regulatory regions that are important for
basal promoter activity in human HeLa cells. We have previously determined that the binding of a protein
factor, termed ATPF]1, to an E-box sequence (CANNTG) located within one of these cis-acting regions is
critical for transcriptional activation of the ATPA gene. In this article, we describe a second positive
cis-acting regulatory element of the ATPA gene that is important for expression of the ATPA gene. We
show that this cis-acting element also contains a binding site for a protein present in HeLa cells. On the
basis of electrophoretic mobility shift patterns, oligonucleotide competition assays, and immunological
cross-reactivity, we conclude that this protein factor is Yin-Yang 1 (YY1). Experiments carried out to
examine the functional role of YY1 within the context of the ATPA promoter demonstrated that YY1 acts
as a positive regulator of the A TPA gene. For example, when the YY1 binding site of the ATPA promoter
was placed upstream of a reporter gene it was found to activate transcription in transient transfection
assays. In addition, disruption of the YY1 binding site in the ATPA gene resulted in a loss of transcrip-
tional activity. Furthermore, in cotransfection experiments overexpression of YY1 in trans was found to
activate transcription of A TPA promoter-CAT constructs. Thus, at least two positive frans-acting regula-
tory factors, ATPF1 and YY1, are important for expression of the bovine and human F,F, ATP synthase
a-subunit genes.

Transcription factor YY1 F,F, ATP synthase Mitochondria

MITOCHONDRIA provide most of the ATP for The activities of the enzymes of the mitochon-
eukaryotic cells through the process of oxidative drial oxidative phosphorylation system vary great-
phosphorylation. The F)F; ATP synthase complex ly in response to a number of physiological condi-
is the central enzyme of the oxidative phosphory- tions, including cell proliferation, development,
lation system synthesizing ATP from ADP and differentiation, and hormonal stimulation [for re-
P, utilizing energy stored by the electron trans- views, see 3,20,28,41)]. A regulatory system must
port chain. Biosynthesis of the mitochondrial exist to coordinate the expression of the genes that
ATP synthase complex requires the expression encode proteins of the oxidative phosphorylation
of genes encoded by two distinct genetic sys- system to meet the varied energy needs of cells.
tems. For example, in mammalian cells two of the The levels of the enzymes of the mitochondrial
subunits of the ATP synthase complex are en- oxidative phosphorylation system are regulated,
coded by the mitochondrial DNA, whereas the re- to a large extent, through transcriptional control,
maining subunits are encoded by nuclear genes although regulation at a posttranscriptional level
and imported posttranslationally into mitochon- also plays an important role in the overall coordi-
dria [for reviews, see 3,41)]. nation of mitochondrial biogenesis (3,20,28).
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Our laboratory has been analyzing the regula-
tion of the expression of the nuclear gene (4 TPA)
that encodes the a-subunit of the bovine and hu-
man mitochondrial FoF; ATP synthase complexes
(7,19,31,43). By using a deletion and mutational
analysis, we have identified several positive cis-
acting regions of this gene that are important for
expression in human HeLa cells (43). We have pre-
viously determined that an E-box element
(CANNTGQG) located within one of these cis-acting
regions plays a critical role in controlling the level
of basal transcription. We have also demonstrated
that a frans-acting factor present in HeLa cells,
termed ATPF1, binds to this E-box element (43).

In this article, we report on a second positive
cis-acting regulatory element that is required for
basal expression of the ATPA gene. We demon-
strate that a protein(s) present in HeLa nuclei
binds to this cis-acting element. Based on electro-
phoretic mobility shift patterns, competition
assays and reaction with antisera, we conclude
that this protein is identical or closely related to
the regulatory factor, Yin-Yang 1 (YY1) [for re-
view, see (16)]. YY1 (also termed NF-El, §, CFl,
FACT1, and UCRBP) is a zinc finger containing
DNA binding protein belonging to the GLI-
Kruppel family. YY1 has been found to play an
important role in the expression of many cellular
and viral genes. Interestingly, depending on the
promoter context and the intracellular environ-
ment, YY1 can function as either an activator, a
repressor, or an initiator of transcription (16). We
demonstrate that YY1 acts as a positive regulator
of the bovine and human ATPA genes.

The ATP synthase «-subunit gene is now the
second nuclear gene encoding a protein of the mi-
tochondrial oxidative phosphorylation system that
has been shown to be regulated by YY1. Pre-
viously, Avadhani and coworkers had demon-
strated that the mouse cytochrome ¢ oxidase sub-
unit Vb gene is positively regulated by YY1 (5).
One mechanism of coordinating the expression of
a large number of genes encoding proteins of the
oxidative phosphorylation system is through com-
mon cis- and frans-acting regulatory factors. YY1
might represent such a factor.

MATERIALS AND METHODS
Transfection and Enzyme Assays

HeLa cells were grown on 10-cm dishes in Dul-
becco’s modified Eagle’s medium (DMEM) sup-
plemented with 5% calf serum. Transfections
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were carried out as described previously using the
calcium phosphate coprecipitation method (43).
Cells were typically transfected with 10-20 ug/
dish of the CAT reporter plasmid DNA together
with 2 ug/dish of the B-galactosidase expression
plasmid, pCMV-8-gal. Approximately 48 h after
transfection, cells were harvested and extracts
were prepared. Chloramphenicol acetyltransferase
(CAT) and g3-galactosidase assays were carried out
as described previously (43). The CAT activities of
the extracts were normalized relative to the 8-
galactosidase activities. Promoter activity values
represent the average of at least three separate
transfections of three plates each. In some experi-
ments, RNA was isolated from transfected cells as
described (4) and the sites of transcription initia-
tion were determined by primer extension analysis
(4,31) using a radiolabeled CAT primer corre-
sponding to nucleotides +2329 to +2348 of the
pCAT-Basic vector (Promega). Primer extension
products were separated on 8% polyacrylamide-
urea sequencing gels and analyzed using a Pho-
phorimager.

Electrophoretic Mobility Shift Assays

HeLa nuclear extracts were prepared using the
procedure described by Dignam et al. (10). Elec-
trophoretic mobility shift DNA-protein binding
assays were performed as described previously
(4,43), with modifications. Briefly, a 20-ul reac-
tion mixture containing approximately 5 ug of nu-
clear extract protein and 0.25 ug of double-
stranded poly(dI-dC) (Pharmacia) was incubated
for 15 min at room temperature in binding buffer
containing 10 mM Tris, pH 7.5, 60 mM KCl, 1
mM DTT, 1 mM EDTA, and 8% glycerol. After
the addition of *P-labeled probe, reaction mixtures
were incubated for another 15 min. DNA-protein
complexes were resolved on 4% polyacrylamide gels
using 0.5 x TRIS-borate-EDTA as the running
buffer. For competition experiments, a 100-fold
molar excess of unlabeled competitor DNA was pre-
incubated with nuclear extracts for 15 min prior to
probe addition. To test the effect of various anti-
sera, preimmune Or immune serum was preincu-
bated with nuclear extracts for 20 min at room tem-
perature prior to the addition of probe.

Oligonucleotides and Antibodies

The following oligonucleotides and their com-
plements (listed 5'-3’) were used in electropho-
retic mobility shift assays:
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NF-E1 consensus oligonucleotide: CGCTCCGC
GGCCATCTTGGCGGCTGGT [(29); Santa
Cruz Biotechnology Inc.);

NF-E1 mutant oligonucleotide: CGCTCCGC
GATTATCTTGGCGGCTGGT (Santa Cruz
Biotechnology Inc.);

adeno-associated virus P5+1 YY1 binding se-
quence: AGGGTCTCCATTTTGAAGCGGG
(37,39);

rpL30 6-binding sequence: CTCGCTCCCCGGC
CATCTTGGCGGCTGGTGTTGG (2,17);

wild-type ATPA (+68 to +86 bp) oligonucleo-
tide: CTCGGCCATTTTGTCCCAG (31);

ATPA mutant 1 (+68 to +86 bp) oligonucleo-
tide: CTCAATTATTTTGTCCCAG;

ATPA mutant 2 (+68 to +86 bp) oligonucleo-
tide: CTCGGCCAGGAAGTCCCAG.

Rabbit polyclonal antibodies against human
YY1 were obtained from Santa Cruz Biotech-
nology Inc. (Santa Cruz, CA).

183

+25 ATPF1
ACATCCGGGTCACGTGGGCTGACTGCTTTGACCTTC

+61 YY1
CCCGCAGCTCGGCCATTTTGTCCCAGTCAGTCTCGA
kk AA  AA A ¥

FIG. 1. Sequence of a region of the bovine ATPA promoter.
The nucleotide sequence of the +25 to +96 bp region of the
bovine ATPA gene (31) is shown. The putative binding sites
for the regulatory factors, ATPF1 (43) and YYI (this article)
are underlined. The sites of transcription initiation that map
within this region of the bovine + TPA gene are indicated by
arrowheads [(31); D. J. Pierce, unpublished observations). The
sites of initiation that are located at identical positions in the
bovine and human (1) ATPA genes are indicated by large ar-
rowheads.

RESULTS

Nuclear Factor YYI Binds to the ATPA
Promoter

Our previous analysis of the bovine A TPA gene
promoter revealed that the +25 to +136 bp re-

1 2 3 4 5 6 7 8 9 10

FIG. 2. Binding of a HeLa nuclear factor(s) to the ATPA promoter. Electrophoretic mobility shift DNA-protein binding assays
were carried out using 3P-labeled probes containing fragments of the bovine A TPA promoter (31,43) from +49 to +96 bp (lanes 1-
5) or from +68 to +86 bp (lanes 6-10), together with HeLa cell nuclear extracts. Where indicated, a 100-fold molar excess of
unlabeled DNA was added as a competitor. The nonspecific competitor DNA used in this experiment was sheared E. coli DNA.
Lanes 1and 6 are control reactions to which no HelLa nuclear extract was added.
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gion contains sequences essential for basal pro-
moter activity in human HeLa cells (43). By using
a 5’ deletion analysis, we have identified several
positive cis-acting regions of the ATPA promoter
that are important for basal promoter function.
For example, deletion of the ATPA gene from
+25 to +49 bp reduced basal promoter activity
to levels approximately 4% of wild-type levels,
whereas deletion to +72 bp further reduced pro-
moter activity to levels approximately 0.1% of
wild-type (43). We have also previously deter-
mined that the binding of a trans-acting regulatory
factor, termed ATPF1, to an E-box element
(CANNTG) located within the +25 to +48 bp
region of the ATPA gene is critical for expression
of this gene (43) (Fig. 1).

We examined the cis-acting sequences of the
ATPA promoter that are located downstream of
the +25 to +48 bp region. Experiments were first
carried out to identify DNA-protein interactions
using electrophoretic mobility shift assays. Initial
studies were carried out using the +49 to +96 bp
fragment of the ATPA gene as a probe. The re-
sults of these experiments revealed that Hel.a nu-
clear protein(s) can bind to this region of the
ATPA promoter resulting in a major shifted
DNA-protein complex and several minor faster
migrating species (Fig. 2, lane 2). Essentially all of
the A TPA-HeLa complexes were competed by an
excess of unlabeled ATPA fragment (Fig. 2, lane
3) but not by a nonspecific competitor DNA (lane
5), indicating the specificity of the HeLa-ATPA
complexes. Similar DNA-protein complexes were
formed when a smaller fragment (+ 68 to + 86 bp)
of the ATPA promoter was used as a probe (Fig.
2, lane 7). The +68 to +86 bp region of the
ATPA gene was also found to effectively compete
for essentially all of the HeLa-4TPA complexes
formed using the larger ATPA fragment (Fig. 2,
lane 4).

This region of the ATPA promoter contains a
sequence that resembles a sequence found in the
promoter or enhancer regions of a number of cel-
lular and viral genes, including the adeno-
associated virus P5 (37), the immunoglobulin
heavy and kappa light chains (29), ribosomal pro-
teins, L30 and L32 (17), a-actin (32), c-fos (14),
c-myc (32,33), e- and ~v-globins (15,30), cyto-
chrome ¢ oxidase subunit Vb (5), S-casein (26),
serum amyloid A (24), murine leukemia virus (12),
human papilloma virus-18 (6), murine intracis-
ternal A-particles (35), human cytomegalovirus
(23), and the human immunodeficiency virus (25)
(Table 1). The sequence present in each of these
genes has been shown to bind a nuclear factor
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TABLE 1
SEQUENCE COMPARISON OF A REGION OF THE ATPA
PROMOTER WITH KNOWN YY1 BINDING SITES

Promoter/
Organism Enhancer Binding Sequence
Bovine/human ATPA GGCCATTTTG
AAV P5(+1) CTCCATTTTG
AAV P5 (—60) CGACATTTTG
Mouse IgH (uE1) GGCCATCTTG
Human Igx (E3') CTCCATCTTG
Mouse rpL30 GGCCATCTTG
Mouse rpL32 TGCCATCTGT
Mouse/chicken a-actin CGCCATATTT
Mouse c-myc GACCATTTTC
Human c-fos GTCCATATTA
Human e-globin TATCATTTTG
Mouse COXVb GCCCATCTTG
Mouse B-casein AACCATTTTC
Rat SAALI CACCATGTCA
MuLV UCR CGCCATTTTG
IAP IUE CGCCATCTTG
CMV IE GGCCATTTTA
HPV-18 URR TTTCATTAAT
HIV-1 LTR ACCCAGTACA

Abbreviations used: AAV, adeno-associated virus; IgH
(«E1), immunoglobulin heavy chain pE1 site; Igk (E3’), immu-
noglobulin kappa 3’-enhancer; MuLV, murine leukemia virus;
IAP, murine intracisternal A-particle; CMV, human cytomeg-
alovirus; HPV-18, human papilloma virus type 18; HIV-1, hu-
man immunodeficiency virus type 1.

termed YY1 [also called NF-El, 8, CF1, F-ACT1,
and UCRBP; for review, see (16)].

The relationship between the factor(s) binding
to the ATPA promoter element and YY1 was as-
sessed using several approaches. First, competi-
tion binding assays were carried out using oligonu-
cleotides containing known YY1 binding sites. For
these experiments, a labeled fragment containing
the ATPA promoter sequence was used as a probe
in electrophoretic mobility shift assays, together
with an excess of oligonucleotides containing au-
thentic YY1 binding sites as competitors. The re-
sults of these experiments indicate that oligonucle-
otides containing known YY1 binding sites
(including P5+1, rpL30, and NF-E1) effectively
compete for the binding of HeLa protein(s) to the
ATPA promoter fragment (Fig. 3, lanes 4-6). In
contrast, an oligonucleotide containing a mutant
YY1 (NF-El) binding site did not compete for
binding (Fig. 3, lane 7).

To further confirm that YY1 binds to this re-
gion of the ATPA gene, electrophoretic mobility
shift assays were carried out using purified YY1.
The results of these experiments revealed that pu-
rified YY1 protein forms a complex with the
ATPA promoter fragment that is similar to that
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FIG. 3. Oligonucleotides containing YY1 binding sites effectively compete for >177M-HeLa complexes. Electrophoretic
mobility shift assays were carried out using a 3P-labeled fragment (+ 49 to +96 bp) of the A TPA gene as a probe, together
with HelLa nuclear extracts. For competition assays, a 100-fold molar excess of various oligonucleotides was added as
indicated: ATPA (+ 49 to +96 bp) (lane 3), P5+ 1 (lane 4), rpL30 (lane 5), NF-E1 (lane 6), and mutant NF-E1 (lane 7). The
sequences of the competitor oligonucleotides are listed in the Materials and Methods section. Lane 1 indicates labeled probe

to which no HeLa cell extract was added.

formed with HelLa nuclear extracts (Fig. 4, lane
2). Next, specific antibodies against YY1 were
used in electrophoretic mobility shift assays to
confirm the binding of YY1 to the ATPA pro-
moter. The results shown in Fig. 4 indicate that
whereas preimmune serum had no effect on
DNA-protein complex formation (lane 3), anti-
YY1 antibodies specifically recognized the
>177M-HelLa complexes resulting in a super-
shifted complex (lane 4). Furthermore, this super-
shifted complex was effectively competed by an
oligonucleotide containing an authentic YY 1bind-
ing site (Fig. 4, lane 5). These data reveal that
a protein present in the ~477M-HelLa complexes
represents YY1.

YY1 Activates the ATPA Promoter

Experiments carried out in a number of labora-
tories have demonstrated that YY 1 can act as ei-
ther an activator or a repressor protein depending

on promoter context and intracellular environ-
ment [reviewed by Hahn (16)]. To examine the
functional role of YY1 within the context of the
ATPA promoter, we cloned a 19-bp fragment of
the A TPA gene (+ 68 to +86 bp) containing the
YY1 binding site upstream of a reporter CAT
gene. This construct was transfected into HelLa
cells and the levels of CAT enzyme were deter-
mined. The results of these experiments demon-
strated that this 19-bp fragment can activate tran-
scription (Fig. 5). The levels of activity obtained
with this fragment were approximately 11% of the
levels achieved when using the basal A TPA (+ 25
to +136 bp) promoter (Fig. 5). As a control in
these experiments, we cloned a fragment of the
adeno-associated viral P5 promoter (P5+ 1) (37)
containing a YY1 element upstream of the re-
porter CAT gene and transfected this construct
into HeLa cells. The YY1 element of the P5 pro-
moter was found to repress transcription when
tested in transient transfection assays in Hela
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3 4 5

FIG. 4. YY1 is present in HeLa-~477M complexes. A fragment containing the +49 to +96
bp region of the A TPA gene was end-labeled and used as a probe in electrophoretic mobility
shift assays. The binding reactions contained either no extract (lane 1), purified YY1 (Upstate
Biotechnology) (lane 2), or HeLa nuclear extracts (lanes 3-5). In some reactions, preimmune
serum (P1; 2 /d) (lane 3) or anti-YYI antiserum (2 /d) (lanes 4 and 5) was added. In lane 5, a
100-fold molar excess of the NF-E1 oligonucleotide was added as a competitor.

cells (Fig. 5), in agreement with previously pub-
lished results (37). Thus, in our experimental sys-
tem, activation is specific for the ATPA pro-
moter. To verify that transcription initiates at
authentic sites within the ATPA gene when the
ATPA (+68 to +86 bp) fragment is transfected,
primer extension experiments were performed us-
ing a primer complementary to the CAT gene. The
results of these experiments indicated that initia-
tion occurs at sites within the 19-bp fragment that
correspond to start sites previously identified in
the intact A TPA gene (1,31) (Fig. 6).

Next, ATPA promoter constructs containing
site-specific mutations at the YY1 binding site
were examined. First, the effect of these mutations
on YY1binding was analyzed using the wild-type
and mutant ATPA fragments as probes in electro-
phoretic mobility shift assays. The results of these

experiments demonstrated that both of the mutant
ATPA fragments had completely lost YY1 bind-
ing activity when compared with the wild-type
fragment (Fig. 7, lanes 7 and 9). In addition, nei-
ther of the mutant fragments could compete for
binding to the wild-type ATPA fragment (Fig. 7,
lanes 4 and 5). Next, the effect of these mutations
on A TPA promoter activity was tested in transient
transfection assays. The results of these experi-
ments revealed that both mutant 1 and mutant 2
ATPA-CAT constructs showed marked reduction
in promoter activity whether examined within the
context of the basal A TPA promoter or the trun-
cated 19-bp fragment (Fig. 5). Thus, mutations that
prevent YY1 binding to the A TPA promoter result
in a loss of transcriptional activation. The combined
results of these experiments indicate that YY1 is a
positive regulator of ATPA transcription.
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Plasmid Constructs
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FIG. 5. The YY1 binding site in the A TPA gene acts as an activator of transcription. The
+25 to +136 bp or the +68 to +86 bp region of the ATPA gene was cloned into the
vector, pCAT-Basic (Promega). Similarly, the same fragments of the ATPA gene contain-
ing mutations (M1, M2) in the YY1 element were cloned into the pCAT-Basic vector. In
addition, the P5(+ 1) region of the adeno-associated virus P5 (37) was cloned into pCAT-
Basic. Wild-type (WT) YY1 elements are indicated by closed boxes and mutated YY1
elements by hatched boxes. HeLa cells were transfected with each of the indicated CAT
reporter plasmids, together with pCMV-3-gal plasmid DNA. Cells were harvested after 48
h and assayed for CAT and §-galactosidase activities as described in the Materials and
Methods section. The CAT activities of the transfected cells were normalized relative to the

B-galactosidase activities.

YY1 Is a Trans-Activator of the ATPA Promoter

To further confirm that YY1 exerts a positive
effect on ATPA gene expression, we tested
whether overexpression of YY1 in trans could acti-
vate ATPA-reporter constructs in cotransfection
assays. For these experiments, a plasmid express-
ing YY1 under the control of the cytomegalovirus
(CMYV) promoter (pCMV-YY1) was cotransfected
into HeLa cells, together with a reporter plasmid
containing the CAT gene driven by the ATPA
promoter. The CMYV vector alone was used as a
control in parallel transfections. The results of
these experiments revealed that when pCMV-YY1
was cotransfected together with the ATPA (+25/
+ 136 bp)-CAT construct, expression of the CAT
gene from the ATPA promoter was increased sig-
nificantly (Fig. 8). In contrast, no trans-activation
was observed when the pCMV vector alone was
transfected. As an additional control, we deter-
mined that expression of YY1 in frans did not
affect transcription of a CAT reporter containing
the SV40 promoter and enhancer driving expres-
sion of the CAT gene (pSVCAT) (Fig. 8).

To determine whether the cotransfected YY1
activated the ATPA promoter construct through
its binding site, mutated and truncated ATPA-
CAT constructs were also tested in cotransfection

assays. The truncated 19-bp ATPA (+68 to +86
bp) construct contains only the YY1 binding site
whereas the mutated A TPA construct disrupts the
binding of YY1 (Fig. 7). The results of these ex-
periments revealed that the truncated ATPA
(+68/+86 bp)-CAT construct was also trans-
activated by coexpression of the YY1 plasmid
(Fig. 8). In contrast, there was little or no trans-
activation of the mutant 1 ATPA (+ 68/ + 86 bp)-
CAT construct by YY1 (Fig. 8). The results of
these cotransfection experiments demonstrate that
recombinant YY1 can frans-activate the ATPA
gene and that this frens-activation is dependent on
the YY1 binding site in the A TPA promoter.

DISCUSSION

In this study, we demonstrate that the nuclear
factor YY1 [also termed NF-El, é, CF1, UCRBP,
and F-ACT1 (16)] plays an important activator
role in the transcriptional regulation of the bovine
and human F,F, ATP synthase a-subunit genes.
Evidence for this includes: 1) competition with oli-
gonucleotides containing known YY1 binding sites
and the use of purified YY1 and polyclonal anti-
bodies revealed that YY1 was a component of
complexes formed with HeLa extracts and the
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FIG. 6. Sites of transcription initiation of DNA constructs
transfected into HelLa cells. HeLa cells were transfected with
either the ATPA (+68 to +86 bp) fragment cloned into the
pCAT-Basic vector or the pCAT-Basic vector DNA alone. To-
tal RNA was isolated from cells approximately 48 h after trans-
fection. A 5' end-labeled CAT primer DNA was annealed to
approximately 50 fig of RNA from the transfected cells and
extended with Moloney murine leukemia virus reverse tran-
scriptase. Lane 1 represents primer extension products from
cells transfected with the ATPA (+68/+ 86 bp)-CAT DNA
and lane 2 with the pCAT-Basic DNA. The sequencing ladder
(labeled G, A, T, C) was generated by using the same CAT
primer and the A TPA (+ 68/ + 86 bp)-CAT plasmid DNA as
the template. The transcription start sites are indicated by ar-
rowheads on the antisense sequence.

ATPA gene promoter; 2) a synthetic oligomer
containing the YY1 sequence of the A TPA pro-
moter was found to activate expression of a heter-
ologous CAT gene; 3) site-directed mutagenesis of
the YY1 binding region in the A TPA gene led to a
decrease in the transcriptional activity of reporter
constructs; and 4) overexpression of YY1 in trans-
activated vA77M-CAT constructs in transient co-
transfection assays.

Transcription factor YY1, a zinc finger-
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containing protein, binds to cis-acting elements in
a number of cellular and viral genes [for review,
see (16)]. YY1 is a multifunctional regulatory fac-
tor. Depending on the promoter context and the
intracellular environment, YY1 can act as either
an activator, a repressor, or an initiator of tran-
scription. For example, YY 1 represses the adeno-
associated virus P5 promoter (37,39), the immu-
noglobulin kappa 3" enhancer (29), the human
papilloma virus-18 promoter (6), the skeletal a-
actin promoter (21,32), the c-fos promoter (14),
the 0-casein promoter (26), the serum amyloid A
promoter (24), the 7- and e-globin genes (30), the
Moloney murine leukemia virus promoter (12),
and the human immunodeficiency virus promoter
(6). In contrast, YY1 is an activator for the c-myc
promoter (33), the immunoglobulin heavy chain
intronic enhancer (29), the murine intracisternal
A-particle upstream enhancer (35), the promoters
of the ribosomal proteins, L30 and L32 (2,9,17),
the promoter of the mouse cytochrome c oxidase
subunit Vb gene (5), the transcriptional regulatory
region of LINE-1 (38), the B19 parvovirus P6 pro-
moter (27), and the Surf-1/Surf-2 promoter (13).
In this study, we demonstrate that YY 1 acts as an
activator of the bovine and human ATPA genes.

The mammalian ATPA gene is constitutively
expressed in most (or all) tissues. Like many other
housekeeping genes, the promoter of the ATPA
gene lacks a canonical TATA box and has multi-
ple sites of transcription initiation (1,31) (see Fig.
1). Another feature of many ubiquitously ex-
pressed genes is the presence of a pyrimidine-rich
sequence beginning with a CA at or around the
cap site or in the 5'-untranslated region, which
appears to play a role in transcription initiation.
The pyrimidine-rich sequence in several of these
genes has been shown to bind the regulatory fac-
tor, YY1 (2,5,17). The YY1 element in the ATPA
gene is located within a cluster of initiation sites
and is just upstream of two major transcription
start sites that map at identical positions in both
the bovine and human genes (see Fig. 1). A direct
role for YY1 in transcription initiation has been
shown for the adeno-associated virus P5 (37,42)
and the mouse cytochrome c oxidase subunit Vb
genes (5).

Although YY 1is present in many different tis-
sues and can generally be categorized as a ubiqui-
tous transcription factor, there are a number of
ways that the effect of YY1 can be regulated. For
example, the activity of YY1 can be modulated
through interaction with other proteins. Several
laboratories have demonstrated that the adenovi-
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FIG. 7. Mutant forms of the ATPA promoter do not bind YY1. Electrophoretic mobility shift DNA-protein binding assays were
carried out using labeled oligonucleotides containing either the wild-type A TPA (+ 68 to +86 bp) sequence (lanes 1-5), the mutant 1
ATPA (+68 to +86 bp) sequence (lanes 6 and 7), or the mutant 2 ATPA (+68 to +86 bp) sequence (lanes 8 and 9). Where
indicated, a 100-fold molar excess of either wild-type, mutant 1, or mutant 2 ATPA oligonucleotide was added as a competitor.
Lanes 1, 6, and 8 represent control reactions to which no HelLa nuclear extract was added. Wild-type ATPA (+68 to +86 bp)
sequence: CTCGGCCATTTTGTCCCAG; mutant 1 ATPA sequence: CTCAATTATTTTGTCCCAG; mutant 2 ATPA sequence:
CTCGGCCAGGAAGTCCAG.

Fold Activation
0 1 2 3 4 5 6

FIG. 8. YY1 transactivates ATPA-C\T reporters. HeLa cells were cotransfected with either
10 /zg of pATPA wild-type (+25/+136 bp)/CAT, pATPA wild-type (+ 68/ + 86 bp)/CAT,
pATPA mutant 1 (+68/+ 86 bp)/CAT, or pSVCAT plasmid DNAs, together with 10 /zg of
either pCMV (open bars) or pCMV-YYI (closed bars), and 2 /zg of pCMV-/3-gal DNA. Cells
were harvested after 48 h and assayed for /3-galactosidase and CAT activities as described in
the Materials and Methods section. The CAT activities of the cells that were transfected with
pCMV-YYI DNA were compared to those with pPCMV DNA (fold activation).
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rus E1A protein (39), the oncoprotein, c-Myc (40),
and the nucleolar protein, B23 (18) can all reverse
the transcriptional repression exerted by YY1. In
addition, the amount of YY1 changes in certain
cell types in response to differentiation, such as
when cultured embryonic chicken myoblasts dif-
ferentiate into myotubes (22). Furthermore, YY1
has been found to compete with certain activators
(including SRF, NF-«B, GATA, and mammary
gland factor) for the binding to overlapping bind-
ing sites [see (14,15,22,24,26,30)]. Repression by
YY1 is relieved when these activators displace
YY1.

The ATP synthase a-subunit gene is now the
second nuclear gene encoding a subunit of mam-
malian mitochondrial oxidative phosphorylation
system that has been shown to regulated by the
transcription factor, YY1. Previously, it had been
demonstrated that the mouse cytochrome ¢ oxi-
dase subunit Vb gene contains a YY1 binding site
that functions as an initiator sequence binding
protein that directs transcriptional activation (5).
Biogenesis of the mitochondrial oxidative phos-
phorylation system requires the coordinated ex-
pression of a large number of genes encoded by
both the nuclear and mitochondrial genomes. One
mechanism of coordinating the expression of the
genes encoding proteins of the oxidative phos-
phorylation system is through common cis- and
trans-acting regulatory factors. YY1 now joins
NREF-1 (11,45) and GABP (8,44) as regulatory fac-
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tors that may be involved in coordinating the ex-
pression of oxidative phosphorylation genes to
meet cellular energy requirements.

In summary, in this study we demonstrate that
the multifunctional regulatory factor, YY1, plays
a critical role in activation of the bovine and hu-
man F,F, ATP synthase a-subunit genes. YY1 is
the second positive frans-acting regulatory factor
that has been shown to be required for expression
of these genes. We have previously determined
that the binding of a protein factor, termed
ATPFI1, to an E-box element (CANNTG) is essen-
tial for transcriptional activation of the bovine
and human ATPA genes (43). Preliminary data
indicate that there are synergistic interactions be-
tween these two activation elements (E. M. Jordan
and G. A. M. Breen, unpublished observations).
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