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ABSTRACT
Transcription of the A& -actin gene is rapidly inducible in
response to serum stimulation. To determine the regions

responsible for serum inducible and basal level expression, the
human 8 -actin promoter was subjected to mutational analysis.
Two distinct elements, the CCAAT homology and the 8-actin
specific conserved sequences, were found by a chloramphenicol
acetyltransferase expression assay and sequence comparisons, and
then analyzed for possible functions. Using a DNA bend assay,
it was shown that the conserved sequences included the core of a
sequence-directed bend of DNA. Gel mobility shift and DNase I
protection assays revealed that the conserved sequences and the
CC:AT ?omology were recognized by binding factors in Hela cell
extracts.

INTRODUCTION
Many eucaryotic promoter elements can be separated into
basal elements and inducible elements. Basal elements contain

the so-called TATA box, usually located 25-30 base pairs (bp)
upstream from the cap site, and one or more upstream elements,
such as the CCAAT or GGGCGG homologies, located about 20-70 bp
further upstream (1, 2, 3). These elements generally function
in close proximity to the cap site, but it is not clear whether
they play a role in the regulation of transcription. Recent
studies in which inducible elements responsive to specific
inducers were localized have identified heat shock elements for
heat shock genes (4, 5), metal-regulated elements for
metallothionein genes (6), glucocorticoid-responsive elements for
mouse mammary tumor virus genes (7, 8, 9), and serum response
elements for the proto oncogene c-fos (10).

Transcription of the proto oncogenes c-fos and c-myc, the

B-actin gene, and several other genes of unknown function is
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rapidly and transiently activated by serum stimulation (11, 12,
13, 14). Stimulation with growth factors in serum is known to
result in the progression of the cell from resting state to
growing state. The biochemical details, however, of pathways
which transmit signals from cytoplasmic membrane receptors to the
transcriptional activation of specific genes in the nucleus are
not completely understood. To investigate the regulation of 8 -
actin gene expression, we have examined the functions of the
promoter region using chimeric genes retaining variable mutants
fused to the bacterial gene encoding chloramphenicol
acetyltransferase (CAT). Sequences responsive to basal level
expression and serum inducible expression resided at -111 to +13
relative to the transcription initiation site (15) of the human
B8-actin gene. Two distinct elements required for basal level
expression and serum response activity were located in the region
between -111 and -51. Gel mobility shift and DNase I protection
assays showed that the binding factors recognize these upstream
sequences.

Recent studies have demonstrated the existence of sequence-
directed bends of Kinetoplast DNA of trypanosomes (16), the
replication origins of bacteriophage X\ (17) and plasmid pT181
(18), and the promoter regions of hisR in Salmonella typhimurium
(19) and MFx1 of Saccharomyces cerevisiae (20). Most of these
bent DNAs contain spaced (dA/dT) tracts with one run per helical
repeat. The importance of the static bend of DNA in the

regulation of gene expression and DNA replication has been
proposed. In this paper we present evidence that the
recognition site of a binding factor contains a sequence-directed
bend of DNA.

MATERIALS AND METHODS
Construction of plasmids.

To construct chimeric CAT expression plasmids, the plasmid
PSV2CAT (21), in which the Accl site was replaced by a Sall site
using a Sall linker, was used. The SalI-HindIII fragment of
this pSV2CAT derivative was replaced by the fragment containing
~-3350 to +13 from the cap site of the human & -actin gene (22)
using SalIl and HindIII linkers. A series of 5' deletion mutant
plasmids were constructed utilizing the Smal site at -244, HapII
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site at -111, XhoI site at -51, and S1 nuclease hypersensitive
site at -163 and -17 (unpublished data) (see Fig. 1A). For
linker scan (LS) mutant construction, a series of BamHI linker
scan mutant DNAs from the Hhal site at -98 to the XhoI site at
-51 were synthesized (see Fig. 3A). The A -actin HhaI-Xhol
fragment of the wild type plasmid containing -244 to +13 (-244WT)
was replaced by these mutated synthetic oligonucleotides.

The plasmid pAB1, which contains tandem dimers of the 8 -
actin promoter region, was constructed as follows. The BamHI-
HindIII fragment containing -84 to +13 from the cap site of the
B8-actin gene was cloned into pUC18 to generate pAC1. The EcoRI-
HindIII fragment of pAC1 was inserted into the HindIII site of
pAC1 using a HindIII linker. The resulting plasmid was named
PAB1.

Cell transfection and CAT assay.

NIH 3T3 cells were passaged in Dulbecco's modified Eagle's
medium containing 10% calf serum (CS), seeded at approximately
7x105 cells per 100-mm-diameter dish, and 16 h later, transfected
with 1.75 pmol of CAT plasmid DNA using a calcium phosphate-DNA
coprecipitation method (23). Four hours after transfection, the
medium was replaced with fresh medium containing 0.5% CS and the
cells incubated for a further 35 h (10). For serum stimulation,
the cells were then exposed to medium containing 15% CS for 10 h
(24).

Cell extracts were prepared by sonication and 300 pg of
extract was mixed with 0.6 pCi of [14C]chloramphenicol to a total
volume of 200 pl in 250 mM Tris (pH 7.5), 5 mM acetyl coenzyme A.
The samples were incubated for 90 min at 37°C and analyzed by
silica gel thin-layer chromatography and autoradiography (21).
Quantitation of CAT assays was performed by scintillation
counting of the appropriate areas of the chromatogram. Each CAT
assay was performed at least three times to overcome the
variability inherent in transfections.

DNA bend assay.

Measurements of DNA bending were performed as described by
Wu and Crothers (25). DNAs were digested with the indicated
restriction enzymes, ethanol precipitated, and run on a 10%

polyacrylamide gel in TBE buffer.
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Mobility shift assay.

HeLa cell extracts were prepared as described by Manley et
al. (26). Approximately 0.15 ng of the 32P-labeled DNA fragments
were mixed with 2.5 or 1.0 pg of poly(dI-dC) and 10 pg of protein
to a total volume of 10 pl in a solution containing 10 mM Tris
(pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, and 5%
glycerol. The samples were incubated for 10 min at 37°C and

loaded onto 5% polyacrylamide gel.
DNase I protection assay.

A probe for DNase I footprinting was prepared by 5' end-
labeling the DNA fragment at the HindIII site of the B-actin
promoter with [r‘—32P]ATP and T4 polynucleotide kinase, digesting
the DNA with a second restriction enzyme, and isolating the
appropriate end-labeled fragment by polyacrylamide gel
electrophoresis. Binding reaction and DNase I treatments were
carried out as described previously (27).

RESULTS
Promoter activities of 5' deletion mutants.

To define the DNA sequences of the upstream region required
for serum inducible expression of the 8 -actin gene, a series of
5' deletion mutants of the human &-actin promoter region linked
to cat gene were constructed and transfected into NIH 3T3 cells.
Ten hours after serum stimulation, the CAT activities of deletion
mutants were measured. The values of CAT activity of 5'
deletion mutants were normalized relative to the serum-stimulated
activity of the parent -3350 plasmid as 100s%. Results, as shown
in Flg. 1, indicate that CAT activity increased about 10-fold
upon serum stimulation in mutants containing at least 111
nucleotides of sequences upstream from the cap site, and that
major losses in CAT activity accompanied the deletions -3350 to
-244 (from 100% to 35%) and -111 to -51 (from 45% to 2%). The
control plasmid pUA10CAT, which contains the simian virus 40
(SV40) early promoter lacking a functional enhancer, showed a low
but significant level of CAT activity, but did not exhibit serum
response activity (data not shown) (28). These resgults show
that the region between -3350 and -244 is important for basal
level activity and the region between -111 and -51 is necessary
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FIG. 1. Analysis of 5' deletion mutants. (A) Structure of
plasmids and results of CAT assays. Cells transfected with the
indicated 5' deletion mutant plasmids were incubated with 15% CS
(+) or 0.5% CS (-) for 10 h after starvation of serum in the
medium containing 0.5% CS. Construction of B8 -actin 5' deletion
mutant plasmids and CAT assays are described in the text.
Numbers on the left of the diagrams indicate 5' endpoints of
deletion mutants. The CAT activity of each plasmid was
normalized relative to the serum-stimulated activity of the
parent -3350 plasmid. Relative CAT activities in serum-
stimulated cells (+) and in serum-starved cells (-), and mean
induction rates and standard deviations for each construct are
indicated. Closed box, the CCAAT homology; open box, the 8 -
actin specific conserved sequences; closed circle, the TATA box.
(B) Results of representative CAT assays of indicated 5' deletion
mutants.

for serum inducible expression. The region from -111 to -51
contains the CCAAT homology and highly conserved sequences among
human, rat, and chick B-actin genes (Fig. 2). The region

between -3350 and -244 may contain unknown upstream elements.
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-101 CGGCGCGGGGCCAATCAGCGTGCGCCGTTCCGAAAGTTGCCTTTTATGGCTCGAGCGGCCGCGGE -37  Human B-actin promoter

-99 CGAGCCGGAGCCAATCAGCGCCCGCCGTTCCGAAA -TTGCCTTTTATGGCTCGAGTGGCCGCTGT ~36  Rat B-actin promoter

-192 GCGGCGGCAGCCAATCAGAGCGGCGCGCTCCGAAAGTTTCCTTTTATGGCCAGGCGGCGGLLGLG 38 Chick B-actin prowoter

CCAAT

FIG. 2. Sequence homology among human, rat, and chick & -actin
promoters. Human, rat, and chick B8-actin gene sequences were
described by Nakajima-Iijima et al. (22), Nudel et al. (42), and
Kost et al. (43). Identical nucleotides among human, rat, and
chick genes are underlined. Nucleotide positions relative to
the cap site and the CCAAT homology are indicated.

Promoter activities of linker scan (LS) mutants.

A more detailed analysis of the sequences required for
serum-stimulated transcription of the B8-actin promoter was
performed by constructing LS mutants located at -92 to -53.
Linker scan mutants of the plasmid -244WT were created as
described in Materials and Methods, and the CAT activities of
three LS mutants measured (Fig. 3). Linker subsgtitutions
involving the CCAAT homology located from -87 to -91 (LS -85/-92)
or the B -actin specific conserved sequences located from -52 to
-76 (LS -53/-60 and LS -61/-68) greatly reduced CAT gene
expression and serum response activity. These results suggest
that both CCAAT homology and conserved sequences are required for
high levels of serum inducible expression, and that the B-actin
specific conserved sequences play a positive functional role in
serum response activity of the B8-actin promoter, since the
nutant within the CCAAT homology region retained a low but
significant level of serum response activity.

Bending of A-actin DNA.
Recently, sequence-directed bends of DNA have been

identified in the promoter regions of several genes, and the
importance of such bent DNAs in gene expression has been proposed
(19, 20, 25, 29). One characteristic of bent DNA molecules is
currently thought to be an anomalously slow electrophoretic
mobility of the DNA fragment (30). Fig. 4 shows the
electrophoretic behavior of DNA fragments of the human A& -actin
promoter region. The 265-bp fragment of the A-actin promoter
containing -244 to +13 exhibited slower migration than that of
the 298-bp HinfI fragment of pBR322 under an electrophoretic
condition of 10°C (lane 1). It has been reported that
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relative saerum
CAT induction
activity rate
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-244NWT GCGCGGGC@?E&AGCG?N@WC(EMAGI‘TGCQ]'I'I'IATGGQ?CGAG 100 12 8.6%0.6
Hhal -90 -g¢ -70 -60 Xhol

LS-53/-60 GCGCGGGGCCAATCAGCGTGCGCCGTTCCGAAAGTTGCCcqgat ccGCTCGAG 3.4 3.9 0.9t0.2
LS-61/-68 GCGCGGGGCCAATCAGCGTGOGCCGTTCCGACGATCCYTTTTATGGCTCGAG 3.8 3.7 1.0%0.1%

L5-85/-92 GCGCGGGCqqAtcCqGCGTGCGCCGTTCCGAAAGTTGCCTTTTATGGCTCGAG 6.8 3.6 1.9:0.2
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FIG. 3. Analysis of linker scan (LS) mutants. (A) Structure
of plasmids and results of CAT assays. Cells transfected with
the indicated LS mutant plasmids were incubated in medium
containing 15% CS (+) or 0.5% CS (-) for 10 h after starvation of
serum, Construction of LS mutant plasmids and CAT assays are
described in the text. Bold lowercase letters denote changes
from the wild type 8 -actin sequences. Numbers (e.g., LS
-53/-60) indicate the regions of bases mutated relative to the
cap site. The CAT activity of each plasmid was normalized
relative to the serum-stimulated activity of the plasmid -244WT.
Relative CAT activities in serum-stimulated cells (+) and in
serum~starved cells (-), mean induction rates, and standard
deviations are indicated. Numbers under sequences indicate
nucleotide positions from the cap site. The regions of the
CCAAT homology and the B -actin specific conserved sequences are
boxed. The positions of Sall, HhalI, XhoI, and HindIII sites are

shown. Solid box, the B -actin promoter; open box, the
bacterial cat gene. (B) Results of representative CAT assays of

indicated LS mutants.

increasing the temperature of gel electrophoresis causes the gel
mobility of the bent DNA to revert to more normal values (30).
In agreement with this, the mobility of the 265-bp B8 -actin DNA
fragment was close to normal when the gel was run at 50°¢c (Fig.

4, lane 4).
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FIG. 4. Electrophoretic analysis of DNA fragments carxrying the
8-actin promoter region. 265-bp DNA fragments of wild type and
LS -61/-68 mutant (see Fig. 3A) were subjected to 1D%
polyacrylamide gel electrophoresis which was carried out at 10°C
(lanes 1 to 3) or at 50°C (lanes 4 to 6). Samples in each lane
are wild type (1 and 4), LS -61/-68 (2 and 5), wild type + LS
-61/-68 (3 and 6), and HinfI digest of pBR322 (M).

To test whether RB-actin specific conserved sequences are
responsible for the anomalous gel mobility, a linker scan mutant
(LS -61/-68) was used (see Fig. 3A). When the gel was run at
50°Cc, this mutant DNA fragment exhibited almost the same
migration pattern as the wild type (Fig. 4, lanes 5 and 6). In
contrast, mobility of this mutant fragment was faster than that
of the wild type DNA fragment when run at 10°C (Fig. 4, lanes 2
and 3). These results suggest that the anomalous migration of
the B-actin promoter region is due to a sequence-induced bending
of the region containing -68 to -61. To investigate this
sequence-induced bending, we constructed a head-to-tail dimer of
the B-actin promoter region containing -84 to +13, and circularly
permuted the ends of the A-actin sequence by separately
digesting them with HindIII, BamHI, XhoI, or Bbel (Fig, 5).
Thus, the center of the B-actin specific conserved sequences was
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FIG. 5. Analysis of electrophoretic mobilities of circularly
permuted DNA fragments containing the AR-actin promoter. (A)
The head-to-tail dimer of pAB1 containing the region from -84 to
+13 relative to the cap site of the B8-actin gene. E, EcoORI;
Ba, BamHI; X, Xhol; Bb, BbeI; H, HindIII; dashed lines, pUCDNA;
lines, @&B-actin DNA; solid boxes, the B-actin gpecific conserved
seguences. (B) Electrophoresis of the permuted fragments.
Plasmid pAB1 containing a 132-bp head-to-tail dimer was
separately digested with HindIII, BamHI, XhoI, and Bbel and run
on a 10% polyacrylamide gel at 10°c. (C) Mapping of the bending
site on the B8 -actin promoter region. The relative gel mobility
of circularly permuted 4#-actin fragments is plotted against the
position of restriction sites in the DNA fragment. The position
numbers are the distance in base pairs from the 5' HindIII site
of the fragment. The bottom map shows the &8-actin promoter
corresponding to the HindIII fragment of pAB1. The A+T-rich
sequences with 10.5-bp spacing, which are most likely responsible
for the bending, are boxed.

at different sites with respect to the two ends of linear DNA of
identical lengths. The relative gel mobilities of the
appropriate fragments were plotted against the position of the
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FIG. 6. Factor binding to the B8 -actin promoter region. (a)
The 45-bp DNA fragments made from wild type and LS mutants (see
Fig. 3A) were 5' end-labeled and tested by binding analysis in
the presence of 2.5 ug of poly(dI-dcC). Position of B8 -actin
DNA-factor complex bands A and B and free DNA band F are
indicated. Labeled fragments are indicated above the
corresponding lanes. (B) A gel mobility shift assay of deletion
mutant fragments. Each deletion mutant fragment which is
indicated in panel E, was end-labeled at the 5' end and used for
binding analysis in the presence of 1.0 pg of poly(dI-dcC). (C)
Competition assay for binding resulting in band B. The & -actin
fragment containing -84 to -52 was end-labeled and used as a
probe. Fifty-fold molar excess unlabeled competitors, indicated
above the corresponding lanes, were added to the reaction
mixtures. Lane 1, competition with the wild type B8 -actin DNA
fragment (-96 to -52); lane 2, competition with LS -61/-68. (D)
Competition assay with c-fos serum response element. Binding
reactions are described above, with the B8 -actin fragment
containing -84 to +13 being used as a probe. Lane 1 contains
50-fold molar excess of 45-mer Q& -actin oligonucleotides, and
lanes 2 and 3 contain 50- and 500-fold molar excess of 27-mer c-
fos oligonucleotides, respectively. (E) Schematic map of the
human #& -actin promoter and deletion fragments (lines) used for
mobility shift assays of panels B, C, and D. The CCAAT
homology, the B -actin specific conserved sequences, and the TATA
box are indicated by solid boxes. Numbers show nucleotide
positions of deletion endpoints. A is 36 h exposure, B is 24 h
exposure, C 13 48 h exposure, and D i3 16 h exposure.
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FIG. 7. DNase I protection assay. The SalI-HindIII fragment
of the B -actin gene (-244 to +13) was 5' end-labeled at the
HindIII site and incubated with (+) or without (-) HeLa cell
extracts prior to DPNase 1 treatment. These samples were
electrophoresed on a denaturing 8% polyacrylamide gel. The
position in the sequence was determined by indication of a G-
specific sequence ladder (44) of the probe (lane G). The
sequences of the CCAAT homology and the conserved sequences are
boxed.

restriction site in the B8-actin promoter region. The results
suggest that the bend center is located at the conserved
sequences. Recently, Gartenberg and Crothers (31) demonstrated
that A+T-rich sequences phased nearly every 10.5-bp favor DNA
bending. This region of the &8-actin promoter contains A+T-rich
sequences showing approximately 10.5-bp spacing which may be
important for DNA bending. The CCAAT mutant DNA fragment (LS
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-85/-92) did not exhibit faster migration than that of wild type
DNA when run at 10°C (data not shown).
Binding factors which interact with the B-actin promoter.

The importance of seguence-directed bends of DNA for protein
recognition has been proposed for the promoter regions of ompF
(29) and lac opercon (25) of Escherichia coli and for the origin
regions of Sv40 (32) and plasmid pSC101 (33). To detect factors
which interact with the sequence elements identified by bending
and CAT assays, we next used a gel mobility shift assay. When
linker scan mutant DNA fragments containing bases -96 to -52 of
the human &-actin promoter (see Fig. 3A) were 5' end-labeled and

used for a mobility shift assay in the presence of 2.5 ng of
nongpecific competitor poly(dI-dC), two complex bands were

observed (Fig. 6A). Band A was absent in binding experiments
with the CCAAT mutation (LS -85/-92), implying that this band is

related to the binding of a factor to the CCAAT homology. A
relatively weak complex band B was detected in the binding assay
using the LS -85/-92 mutant. To characterize the interaction
which produced band B, a series of deletion mutants which do not
contain the CCAAT sequences were constructed (see Fig. 6E).
Band B was observed when DNA fragments containing sequences from
-84 to -52 were tested by binding analysis in the presence of 1.0
ug of poly(dIi-dcC) (Fig. 6B, lanes 1 and 4), whereas, deletion to
-61 eliminated its formation (Fig. 6B, lanes 2 and 3). These
regults indicate that a unique binding site partially overlaps
the sequences from -84 to -61. Competition assay using DNA
fragments of LS -61/-68 showed that the conserved sequences are
required for factor binding (Fig. 6C, lane 2). To test whether
the binding factor also binds to c-fos serum response element, a
27-mer oligonucleotide corresponding to the c-fos serum response
element (CCAGGATGTCCATATTAGGACATCTGG) {(34) was used as competitor
DNA. As shown in Fig. 6D, the c-fos serum response element did
not compete so efficiently for factor binding. The more rapidly
migrating band detected in the gels may be ascribed to
nonspecific DNA-protein binding, since the band was produced by
all DNA fragments. To directly investigate this binding, DNase
I protection analysis was used. The region between
approximately -96 to -56 was protected from DNase I digestion
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(Fig. 7). Thus, the B -actin promoter region contained at least
two sequence elements which were recognized by binding factors.
One of these elements included a static bend core of DNA.

DISCUSSION

In this study, we have examined the B -actin promoter region
which is required for serum inducible expression and basal level
expression. Two distinct upstream elements required for high
levels of serum inducible expression were identified by deletion
and linker scan mutation analysis. These regions included the
CCAAT homology and the £ -actin specific conserved sequences.

The region from -76 to -52 is highly conserved among human,
rat, and chick B -actin genes. Mutations of this region greatly
decreased gene expression to about 4% of the wild type level. A
linker scan mutant fragment of this region exhibited faster
migration than that of the wild type DNA fragment under an
electrophoretic condition of 10°cC. DNA bend assay demonstrated
the region -68 to -61 to be the core of DNA bending. Factor
binding to this region was eliminated by mutation LS -61/-68.
These results suggest that the bending of DNA in the B -actin
promoter may be important for interaction between binding factors
and DNA elements, and binding of specific factors may play a role
in the transcriptional regulation of this gene. Although
sequence-directed DNA bends seem to be important for protein
recognition, the functional role of such a DNA structure in
general remains obscure. Further work 1s required to reveal the
role of bends in the transcriptional regulation of several genes.

The CCAAT homology is localized in the -70 to -80 region for
a large number of genes including B -globin, thymidine kinase of
herpes simplex virus, and human heat shock protein 70.
Deletions or mutations of the CCAAT homology severely affect
transcriptional activity (35, 36, 37, 38). The CCAAT-binding
factor (CTF) has previously been shown to bind to a number of
mammalian promoters (39, 40, 41). In this study, a dramatic
effect on expression was observed with mutations which eliminate
factor binding to the CCAAT homology region. The CCAAT-binding
factor, therefore, may recognize the CCAAT homology of the 8 -
actin promoter and stimulate transcription of the B -actin gene.
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