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Octamer-binding proteins from B or HeLa
cells stimulate transcription of the
immunoglobulin heavy-chain promoter
in vitro

Jonathan H. LeBowitz,12 Tsuyoshi Kobayashi,124 Louis Staudt,>35 David Baltimore,?* and Phillip A.
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ICenter for Cancer Research, and 2Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts
02139 USA; 3Whitehead Institute for Biomedical Research, Cambridge, Massachusetts 02142 USA

The B-cell-type specificity of the immunoglobulin (Ig) heavy-chain and light-chain promoters is mediated by an
octanucleotide (OCTA) element, ATGCAAAT, that is also a functional component of other RNA polymerase II
promoters, such as snRNA and histone H2B promoters. Two nuclear proteins that bind specifically and with
high affinity to the OCTA element have been identified. NF-A1 is present in a variety of cell types, whereas the
presence of NF-A2 is essentially confined to B cells, leading to the hypothesis that NF-A2 activates cell-type-
specific transcription of the Ig promoter and NF-A1 mediates the other responses of the OCTA element.
Extracts of the B-cell line, BJA-B, contain high levels of NF-A2 and specifically transcribe Ig promoters. In
contrast, extracts from HeLa cells transcribed the Ig promoter poorly. Surprisingly, addition of either affinity-
entiched NF-A2 or NF-A1 to either a HeLa extract or a partially purified reaction system specifically stimulates
the Ig promoter. This suggests that the constitutive OCTA-binding factor NF-A1 can activate transcription of
the Ig promoter and that B-cell-specific transcription of this promoter, at least in vitro, is partially due to a
quantitative difference in the amount of OCTA-binding protein. Because NF-A1 can stimulate Ig transcription,

the inability of this factor to activate in vivo the Ig promoter to the same degree as the snRNA promoters
probably reflects a difference in the context of the OCTA element in these two types of promoters.
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Cell-type-specific regulation of transcription is mediated
through the interaction of sequence-specific DNA
binding proteins with cis-acting elements associated
with genes (McKnight and Tjian 1986; Sassone-Corsi
and Borrelli 1986; Maniatis et al. 1987; Guarente 1988;
Jones et al. 1988). The immunoglobulin (Ig) heavy-chain
gene contains two cell-type-specific regulatory elements
that function independently to promote transcription:
the heavy-chain enhancer and the promoter upstream
region (Banerji et al. 1983; Gillies et al. 1983; Grosschedl
and Baltimore 1985; Mason et al. 1985). The heavy-
chain enhancer contains an array of binding sites for spe-
cific proteins that act as activators or, perhaps in some
cases, as repressors of transcription (Church et al. 1985;
Ephrussi et al. 1985; Scholer and Gruss 1985; Augereau
and Chambon 1986; Landolfi et al. 1986; Schlokat et al.
1986; Sen and Baltimore 1986; Singh et al. 1986; Staudt
et al. 1986; Wasylyk and Wasylyk 1986; Weinberger et
al. 1986, 1988; Gerster et al. 1987; Lenardo et al. 1987;
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Peterson and Calame 1987). In contrast, only a single
cell-type-specific transcriptional element, the octanu-
cleotide (OCTA) element (ATGCAAAT = OCTA), has
been identified in the Ig promoter (Faulkner and Zachau
1984; Parslow et al. 1984; Grosschedl and Baltimore
1985; Mason et al. 1985). This element is found 20-30
nucleotides upstream of the TATA box in the heavy-
chain promoter and in an inverted orientation in the k-
chain promoter. It is also a functional component of the
heavy-chain enhancer. In each of these contexts, the
OCTA element has been shown to direct cell-type-spe-
cific transcription of the cis-linked gene (Bergmann et al.
1984; Faulkner and Zachau 1984; Foster et al. 1985;
Gopal et al. 1985; Picard and Schaffner 1985; Mizu-
shima-Sugano and Roeder 1986; Dreyfus et al. 1987;
Lenardo et al. 1987; Wirth et al. 1987).

However, the OCTA element has also been identified
as a functional element in a number of genes that are
transcribed in all cell types. The human histone H2B
gene contains the OCTA element 10 bp upstream of the
TATA box (Sive and Roeder 1986). In this context, the
OCTA element stimulates transcription of the H2B gene
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3- to 10-fold in HeLa extracts (Sive et al. 1986). The
OCTA element is also found in the enhancers of the Ul,
U2, and U4 snRNA genes (Mattaj et al. 1985; Mangin et
al. 1986; Sive and Roeder 1986; Ares et al. 1987; Boh-
mann et al. 1987; Dahlberg and Lund 1987; Murphy et
al. 1987; Roebuck et al. 1987). These genes are tran-
scribed by RNA polymerase II but have no TATA box. In
all three cases, an OCTA sequence and a binding site for
the general transcription factor Sp1 are present in an ele-
ment mapping from —220 to —280. Mutations in the
U2 snRNA gene OCTA element abolish transcription of
the gene. Additionally, OCTA elements are present up-
stream of the herpes simplex virus (HSV) thymidine ki-
nase gene (Parslow et al. 1987} and may also be impor-
tant for the a TIF-mediated activation of the HSV « genes
(Pruijn et al. 1986; Kristie and Roizman 1987; McKnight
et al. 1987; O’Hare and Goding 1988). Finally, the U6
snRNA gene and the 7SK RNA gene, both of which are
transcribed by RNA polymerase III, contain an appar-
ently functional OCTA element (Bark et al. 1987,
Carbon et al. 1987; Krol et al. 1987; Murphy et al. 1987;
Das et al. 1988). Therefore, although sufficient to direct
B-cell-specific transcription of some cis-linked genes,
the OCTA element also functions as a transcriptional
activator in most cell types.

Nuclear proteins that interact specifically with the
OCTA element have been identified in both lymphoid
and nonlymphoid cell lines and tissues. Gel electropho-
resis assays using a binding site probe containing the
OCTA element have revealed two major protein~-DNA
complexes whose quantities vary in different cell types
(Landolfi et al. 1986; Staudt et al. 1986). The slower-mi-
grating DNA—protein complex-containing factor NF-Al
is detectable in extracts of both lymphoid and nonlym-
phoid cells. The faster-migrating complex formed by
NEF-A2 has been detected only in extracts from B-cell
lines. These two DNA-binding proteins exhibit indistin-
guishable DNA binding characteristics, as exhibited by
DNase I footprinting and methylation interference
assays (Staudt et al. 1986). Both OCTA-binding proteins
have been purified recently; NF-Al (OTF-1} has a mo-
lecular weight of ~90,000, whereas NF-A2 (OTF-2) has a
molecular weight of ~61,000 (Fletcher et al. 1987;
Scheidereit et al. 1987; Sturm et al. 1987; Wang et al.
1987; O’Neil and Kelly 1988). Furthermore, Northern
analysis with a partial cDNA, which probably encodes
the NF-A2 protein (Staudt et al. 1988), indicates that the
NF-A2 and NF-Al proteins are encoded by distinct
genes. The cDNA segment only hybridizes to poly(A)*
RNA from B cells.

The existence of the two distinct OCTA-binding pro-
teins has led to the hypothesis that NF-A2 is responsible
for the cell-type-specific transcription from Ig pro-
moters, whereas NF-Al activates the class of OCTA-de-
pendent genes transcribed in all cell types. In fact, in
vitro, purified OTF-2 can activate transcription of an Ig
promoter, whereas OTF-1 can activate transcription of
the histone H2B promoter (Fletcher et al. 1987; Schei-
dereit et al. 1987). However, these studies do not address
whether the general factor NF-Al (OTF-1) is capable of
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activating transcription from an Ig promoter. This ex-
periment is critical for determining whether the cell-
type specificity of OCTA-dependent transcription solely
reflects the specificity of the OCTA-binding proteins.

We have established an in vitro transcription system
that reproduces the biological cell-type specificity
of the Ig heavy-chain promoter using nuclear extracts
from a human B-cell line (BJA-B) and HeLa cells. We
show that both the lymphoid-specific OCTA-binding
protein NF-A2 and the constitutive OCTA-binding pro-
tein NF-A1 are capable of activating transcription from
the Ig heavy-chain promoter.

Results

Nuclear extracts prepared from either BJA-B cells or
from HeLa cells were tested for their ability to initiate
transcription accurately from plasmids containing deriv-
atives of an Ig heavy-chain promoter. Three 5’ deletion
mutants of the Ig heavy-chain promoter—pA80 and
rA69, which retained the OCTA element, and pA48, in
which the OCTA element has been deleted (Fig. 1)—
were used as the initial test templates in transcription
reactions. A plasmid, pFLBH, containing the adenovirus
major late promoter (MLP) was included as an internal
control in all transcription experiments. Specific
products of the transcription reactions were analyzed by
hybridization to bacteriophage M13 single-stranded re-
combinants containing inserts that spanned the initia-
tion sites of either the Ig promoter or the adenovirus
MLP. These inserts were complementary to 89 and 220
nucleotides of product RNAs that were accurately initi-
ated at the Ig and MLP promoters, respectively {See Ma-
terials and methods).

As expected, pUCRAB0 and pUCpA69 were both tran-
scribed in BJA-B extracts at significantly higher levels
(10- to 20-fold) than in HeLa extracts (Fig. 2, lanes 5, 7,
13, 15). Transcription from pUCpA48 was virtually un-
detectable in either extract (Fig. 2, lanes 6 and 14). A
small but reproducible difference was often detected in
the levels of transcription supported by HeLa extracts in
reactions containing pUCpA80 and pUCpAG9, as com-
pared with that containing the OCTA-deleted plasmid
pUCuA48 {data not shown). This suggested that the
HeLa nuclear extract was utilizing the OCTA element
in transcription of the Ig promoter. Identical results
were obtained whether linear or supercoiled templates
were used and whether the p promoters resided in a pUC
or pBR backbone (data not shown). These results are
consistent with the previous experiments showing that
cell-type-specific transcription in vitro from Ig pro-
moters requires the presence of the OCTA element (Mi-
zushima-Sugano and Roeder 1986; Scheidereit et al.
1987).

To extend these observations, a series of plasmids was
constructed in which synthetic oligonucleotides con-
taining either the OCTA element or single-base varia-
tions of it were inserted into pUCA48 just 5’ to the dele-
tion end point (see Fig. 1 for resulting constructs and
Materials and methods for details of construction).
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Figure 1. Structure of Ig promoter templates. The locations of the RNA cap site (+ 1), TATA box, and OCTA element are indicated.
(—80, —69, and —48) The end points of 5' deletions in the Ig promoter upstream region relative to the mRNA cap site. (+57) The
downstream end point of the immunoglobulin promoter sequence. The sequence of the OCTA element in the wild-type and point
mutant oligonucleotide constructs is indicated with mutations denoted by lowercase letters. E (EcoRI) and H (HindIII) indicate the
position of these restriction sites in the parent vectors for the purposes of orientation. The 5' deletion mutants wA80, wA69, and nA48
were placed either in a pBR322 backbone (pBRuASO, pBRpuAG9, pBRiA48) or in a pUC backbone (pUCRA80, pUCRAG9, pUCHA48).

(See Materials and methods for the details of plasmid constructions.)

Plasmids pUCwt3A48 and pUCwt5A48, which contain
the wild-type OCTA sequence, were both efficiently
transcribed in BJA-B nuclear extracts, whereas these
plasmids were inactive when assayed in HeLa nuclear
extracts (Fig. 2, lanes 1-2, 9—10). Transcription from the
two point mutant constructs, pUC-7/8A48 and pUC-11/
12A48, was not observed in either BJA-B or HeLa nuclear
extracts (Fig. 2, lanes 3—4, 11-12). These results con-
firm that B-cell-specific transcription from the Ig heavy-
chain promoter is dependent upon the OCTA element.
Interestingly, the wild-type OCTA-oligonucleotide
constructs were transcribed about one-third as effi-
ciently as pUCKA80 and pUCRAG9 (Fig. 2, lanes 1-2, 5,
7). This might be due to the absence of important
flanking sequences in the oligonucleotide—plasmid con-
structs {Ballard and Bothwell 1986; Eaton and Calame
1987) or, alternatively, to the difference in position of
the OCTA element in these promoters. The OCTA ele-
ment is 12 nucleotides farther upstream of the TATA
box in the oligonucleotide—plasmid constructs than in
the Ig-promoter constructs.

Extract mixing experiments using BJA-B and HeLa ex-
tracts were done to determine whether there was a dom-

inant repressor in the latter extracts that interfered with
transcription from the Ig promoter. Transcription from
pBRpAGY and pBRpA48 templates was compared in the
mixed extracts with levels of transcription produced by
either extract alone (data not shown). It was apparent
that the HeLa extract did not repress the transcriptional
activity of the BJA-B extract. This suggests that a tran-
scriptional activator is present in the B-cell extract that
specifically stimulates the Ig promoter.

The likely candidate for the positive activator in
BJA-B nuclear extract was NF-A2, the B-cell-specific
OCTA-binding protein. However, HeLa extracts con-
tained NF-Al, a factor that also interacts with high af-
finity with the OCTA element. To determine the con-
tributions of these OCTA-binding proteins, it was nec-
essary to remove them specifically from both nuclear
extracts and assay whether the ability to stimulate Ig
transcription was a property that resided in the depleted
extracts or whether this activity was associated with
one or both of the OCTA-binding proteins. Both BJA-B
and HeLa extracts were depleted of OCTA-binding pro-
teins by passing them over a DNA affinity column con-
taining covalently attached oligonucleotide segments
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Figure 2. Gel electrophoresis of products from in vitro transcription of wild-type and point mutant oligonucleotide templates. Tran-
scription reactions were carried out as described in Materials and methods. Products were resolved on a 6% polyacrylamide—urea gel.
Portions of the gel that contain correctly initiated transcription products are displayed. (Lanes 1—8) BJA-B nuclear extract; (lanes 9-16)
HeLa nuclear extract. Each reaction contained 1.9 pg/ml pFLBH, which bears the adenovirus MLP as an internal control. Ig promoter
templates used in each reaction are as follows: {lanes 1 and 9) pUCwt3A48; (lanes 2 and 10) pUCwt5A48; {lanes 3 and 10) pUC-7/8A48,;
(lanes 4 and 11} pUC-11/12A48; (lanes 5 and 13) pUCRA80; {lanes 6 and 14) pUCuA48; (lanes 7 and 15) pUCpA69; (lanes 8 and 16)
pFLBH, 19 pug/ml. Arrows denote the location of correctly initiated transcripts from the Ig promoter templates and from the adeno-

virus MLP template.

encompassing the OCTA-binding site. Flowthrough
fractions, designated ‘depleted extract, ’ (AH or AB), were
depleted of 80—90% of NF-Al and NF-A2 DNA-binding
activity (data not shown). NF-A1 and NF-A2 were subse-
quently eluted from the affinity column with high salt
concentrations (see Materials and methods for details).
Recoveries of the OCTA-binding activities through this
step typically ranged between 40% and 80%.

Other DNA-binding proteins, in addition to those spe-
cific for the OCTA sequence, might be retained selec-
tively on the affinity column during the two-step frac-
tionation. Fractions from the affinity column were also
assayed for the DNA-binding activity of MLTF {major
late transcription factor, USF), a protein that binds spe-
cifically to sequences in the adenovirus MLP (Carthew
et al. 1985; Sawadogo and Roeder 1985). Under the chro-
matography conditions, which included 50 ug/ml of
poly(dIdC - dIdC), ~70% of the MLTF binding activity
flowed through and was present in the depleted extract
when the BJA-B extract was passed over the affinity
column. Furthermore, although these depleted extracts
were able to transcribe the adenovirus MLP at levels vir-
tually indistinguishable from those of the complete ex-
tracts, neither could transcribe the Ig promoter plasmid
(pPBRuAGY) at significant levels (see Fig. 4, lanes 1, 11, 13,
and 23). This strongly suggests that the chromatography
was specific for the OCTA-binding protein.

Fractions containing affinity-enriched OCTA-binding
protein were prepared from HeLa and BJA-B extracts that
contained approximately equivalent DNA-binding units
per volume (Fig. 3). The DNA-binding assays were done
essentially under transcription conditions to facilitate
direct comparison of binding and transcription activities
(see Materials and methods for details). BJA-B extracts
typically contain ~3-10 times more total OCTA-
binding activity than HeLa extracts. The fraction from
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BJA-B contained NF-A2 activity almost exclusively,
whereas the equivalent HeLa fraction contained NF-Al-
binding activity only (see Fig. 3 and Materials and
methods). These fractions were assayed for their ability
to complement the depleted BJA-B and HeLa extracts for
transcription of the Ig promoter pBRpAG9Y. Representa-
tive results are presented in Figure 4. When increasing
amounts of either OCTA-binding protein fraction were
added to the BJA-B depleted extract (lanes 13—23), levels
of transcription from the Ig promoter increased linearly.
Similar results were obtained when these protein frac-
tions were added to a HeLa-depleted extract (lanes
1-11). As a control for the effect of any general tran-
scription factors that might have been selected fortui-
tously in the OCTA-binding protein fractions, the Ig
transcriptional signal was normalized against the signal
from the adenovirus MLP (Fig. 5A,B). This revealed that
the transcriptional activities of both affinity-enriched
OCTA-binding proteins were related linearly to the total
DNA-binding activity. Addition of the OCTA-binding
protein from B cells {NF-A2) to either depleted extract
was approximately twofold more effective in stimu-
lating transcription than the analogous protein NF-Al
from HelLa cells. Neither of the two OCTA-binding pro-
tein fractions was capable of stimulating transcription
from the plasmid pBRpA48 or from the OCTA—oligonu-
cleotide mutant constructs described above (data not
shown). Thus, we conclude that both OCTA-binding
proteins NF-Al and NF-A2 are capable of stimulating
transcription from the Ig promoter when added to ex-
tracts of either B or non-B cells.

The transcriptional activity of affinity-enriched
OCTA-binding protein was also tested in a reconstituted
transcription reaction containing partially purified gen-
eral transcription factors and purified RNA polymerase
II (see Materials and methods). These fractions, prepared
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Figure 3. Gel mobility shift assays of OBP fractions affinity-purified from BJA-B and HeLa nuclear extracts. Reactions were assem-
bled and carried out as described in Materials and methods. The DNA probe used was prepared from plasmid pUCwt3 and contains
the wild-type OCTA element embedded in the pUC polylinker (see Materials and methods). (Lanes 1-3) 1.0, 0.5, and 0.25 pl, respec-
tively, of the OBP fraction from the BJA-B [OBP(B)]; (lanes 4—6) 1.0, 0.5, and 0.25 ul of the OBP fraction from HeLa extracts [OBP(H]];
(lanes 7-9) 0.5, 0.25, and 0.125 ul each of OBP({H) and depleted HeLa extract (AH); (lanes 10—12) 0.5, 0.25, and 0.125 p. each of OBP(B)
and depleted HeLa extract (AH); (lanes 13—15) 0.5, 0.25, and 0.125 pl of OBP({H) and depleted BJA-B extract (AB); (lanes 16-18) 0.5, 0.25,
and 0.125 p each of OBP(B) and depleted BJA-B extract {AB}; (lane 19) no addition. Arrows indicate the position of complexes repre-
senting NF-Al, NF-A2, and free probe. The band running just below that designated NF-A2 represents binding of a nonspecific DNA
binding protein to the probe since it is not competed by excess unlabeled OCTA probe (data not shown).

from HeLa cells, did not contain appreciable levels of
NF-Al activity and did not transcribe the Ig promoter.
When increasing amounts of either NF-Al- or NF-A2-
containing fractions were added to the reconstituted
system, transcription from the Ig promoter was stimu-
lated linearly. The normalized data indicate that the two
OCTA-binding proteins have almost identical ratios of
transcription stimulatory/DNA binding activities (Fig.
5C).

The HeLa OCTA-binding protein fraction clearly
stimulates transcription from the Ig promoter when
added to either a reconstituted system or to a depleted
HeLa extract. This suggests that Ig transcription in vitro
does not require a B-cell-specific factor and that the inef-
ficient transcription of the Ig promoter in complete
HelLa extracts reflects a low level of OCTA-dependent
stimulatory activity. To test this possibility, OCTA-
binding protein fractions were added directly to com-
plete HeLa nuclear extracts {Fig. 5D). Once again, both
OCTA-binding protein fractions were capable of stimu-
lating transcription from the Ig promoter. However,
when the endogenous levels of NF-Al in the HeLa ex-

tract are taken into account, the equivalent of 55
OCTA-binding protein (OBP) units, the NF-A2 fraction
appears to be approximately fourfold more potent in
transcriptional activation than the NF-A1 fraction.

Discussion

The paradox that the same octanucleotide sequence,
OCTA, directs B-cell-specific transcription of Ig pro-
moters and cell-type constitutive transcription of other
promoters has become more defined with the recent rec-
ognition that a gene expressed in a B-cell-specific
fashion encodes a protein that binds to this sequence
(Staudt et al. 1988). This gene probably encodes the pre-
viously identified B-cell-specific factor NF-A2, and this
factor is most likely responsible for the high levels of
OCTA-dependent transcription in B cells. OCTA-depen-
dent transcription of genes in non-B cells, such as the
histone H2B and snRNA genes, is probably mediated by
the constitutive factor NF-Al, i.e., a protein expressed in
all cell types. The paradox can then be restated. Why
does the NF-Al factor not stimulate transcription of the
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Figure 4. Products from transcription reactions with depleted extracts and added OBP fractions. Transcription reactions were assem-
bled as described in Materials and methods, except that reactions contained 7 pl of OBP-depleted BJA-B (AB) or HeLa (AH) nuclear
extract as indicated. Also, OCTA-binding protein fractions derived from either BJA-B, OBP(B), or HeLa OBP(H) extracts were added as
indicated. These fractions were prepared as described in Materials and methods. The templates used in these reactions were pBRuA69
and pFLBH. (Lanes 1-11) 7 ul of depleted HeLa extract that contains 7 units of NF-A1l. Addition of 3 ul of OBP{H) or OBP(B] {70 units)
to 7 ul AHeLa provides a mix with OBP activity equivalent to that in 7 wl intact HeLa extract. (Lanes 13-23) 7 pl of depleted BJA-B
extract that contains 14 units of NF-A2 and 7 units of NF-Al. Addition of 8 pl of OBP{H) or 9 pl of OBP(B) (196 units) to 7 ul ABJA-B
extract provides a mix with OBP activity equivalent to that in 7 ul intact BJA-B extract. In addition, lanes 2-5 contained 2, 4, 6, and 8
pl of OBP(B), respectively. (Lanes 6-9) 2, 4, 6, and 8 ul of OBP(H), respectively; (lane 10) 8 wl of HeLa extract; {lane 11) an additional 8
pl of depleted HeLa extract; (lanes 14-17) 2, 4, 6, and 8 ul of OBP(B), respectively; (lanes 18-21) 2, 4, 6, and 8 pl of OBP(H), respec-
tively; (lane 22) 8 ul of HeLa extract; {lane 23) an additional 8 ul of depleted BJA-B extract; (lanes 12 and 24) 15 pl of HeLa and BJA-B
nuclear extracts, respectively. Arrows denote the location of correctly initiated transcripts from the Ig promoter templates (Ig) and

from the adenovirus MLP template. Regions of the gel that contain correctly initiated transcripts are displayed.

Ig promoter in non-B cells, and how does NF-A2 specifi-
cally stimulate Ig transcription in B cells?

Part of the answer to the above paradox is probably
quantitative. The constitutive factor NF-Al probably
does weakly stimulate transcription of the Ig promoter
in non-B cells. Low levels of OCTA-dependent tran-
scription of Ig-like promoters have been observed fol-
lowing transfection of NIH-3T3 cells (Dreyfus et al.
1987; Wirth et al. 1987). A correspondingly low level of
OCTA-dependent transcription was observed in this in
vitro analysis of the activity of the Ig promoter in HeLa
nuclear extracts and has been described in other studies
{Sen and Baltimore 1987). More importantly, addition of
higher concentrations of the affinity-enriched NE-Al
factor to a HeLa nuclear extract proportionally stimu-
lated OCTA-dependent Ig transcription. Thus, the con-
stitutive factor NF-Al can promoter transcription by
binding to the OCTA sequence in the Ig promoter.

Several observations suggest possible explanations for
the high activity of the Ig promoter in B cells. First,
many B cells contain high levels of the OCTA-binding
promoter NF-A2, which promotes Ig transcription effi-
ciently. In some B-cell lines such as BJA-B, the level of
detectable NF-A2-binding activity is 5—10 times greater
than that of NF-Al in HeLa cells. The relationship be-
tween the amount of NF-A2 activity and the level of Ig
promoter activity in a given cell line has not been ex-
plored systematically in vivo. However, it is clear from
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in vitro studies that addition of affinity-enriched NF-A2
to depleted extracts stimulates Ig promoter transcription
linearly. It is interesting in this regard that Sen and Bal-
timore {1987} failed to observe higher levels of OCTA-
dependent transcription of the x promoter in extracts of
B lymphoma cell lines than in extracts of HelLa cells.
This is probably explained by the fact that both of the
Epstein—Barr-transformed cell lines used in this pre-
vious study contained low levels of the B-cell-specific
factor NF-A2. In addition to the quantitative difference
as an explanation, the NF-A2 factor may be particularly
efficient in stimulating the Ig promoter. The activity of
the NF-A2 was twofold higher than that of the constitu-
tive factor NF-Al when compared at equivalent levels of
occupancy of the Ig promoter. This small difference in
activity in vitro of NF-Al and NF-A2 when bound to the
Ig promoter may reflect a more dramatic difference in
vivo.

As mentioned before, snRNA promoters and other
promoters are transcribed in an OCTA-dependent
fashion in non-B cells (Mattaj et al. 1985; Dahlberg and
Lund 1987; Parslow et al. 1987; La Bella et al. 1988}. In
contrast, the Ig promoter is transcribed very poorly in
non-B cells, as compared with the genes for snRNAs.
Thus, in non-B cells, the degree of stimulation of tran-
scription by OCTA recognition in the Ig and snRNA pro-
moters is very different. Although we have no direct evi-
dence, we suggest that the contexts of the OCTA-
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Figure 5. (A} Quantitation of transcription levels in depleted HeLa extracts. Levels of correctly initiated products from the Ig and
MLP depicted in Fig. 4 were quantitated by densitometry. Transcription from the Ig promoter was normalized to the level of tran-
scription from the adenovirus MLP for each data point. This normalized transcription activity (Ig/MLP) was plotted against the units
of OCTA-binding protein activity added to each reaction. OBP(H) and OBP(B) represent QCTA-binding protein fractions affinity-
enriched for HeLa or BJA-B extracts, respectively. (B) Quantitation of transcription levels in depleted BJA-B extracts. Levels of cor-
rectly initiated products from the Ig and MLPs depicted in Fig. 4 were quanitated by densitometry. Transcription from the Ig promoter
was normalized to the level of transcription from the adenovirus MLP and plotted as described in A. (C) Reconstituted transcription
reactions with added OCTA-binding protein fractions. Reconstituted transcriptions were assembled as described in Materials and
methods. The templates used in these reactions were pBRpAG9 and pFLBH. Reactions received 2, 5, and 10 ul, respectively, of
OCTA-binding protein affinity-enriched from BJA-B extracts, OBP(B), or 2, 5, and 10 pl, respectively, of OCTA-binding protein af-
finity-enriched from HeLa extracts, OBP(H). Levels of correctly initiated products from the Ig and MLPs were quantitated by densi-
tometry. Transcription from the Ig promoter was normalized to the level of transcription from the adenovirus MLP and plotted as
described in A. {D} Transcription reactions with HeLa extract and added OCTA-binding protein fractions. Transcription reactions
were carried out as described in Materials and methods. Each reaction contained 5 pl of HeLa nuclear extract. The templates used in
these reactions were pBRpAG69 and pFLBH. Reactions received 2, 5, and 10 pl, respectively, of OCTA-binding protein affinity-enriched
from BJA-B extracts, OBP(B), or 2, 5, and 10 wl, respectively, of OCTA-binding protein affinity-enriched from HeLa extracts, OBP(H).
Levels of correctly initiated products from the Ig and MLPs were quantitated by densitometry. Transcription from the Ig promoter was
normalized to the level of transcription from the adenovirus MLP and plotted as described for A.
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binding site in these promoters may explain the
difference. The critical change in context is probably not
variations in distance between the OCTA-binding site
and the site of initiation. It more likely reflects interac-
tion of NF-Al with other DNA-binding factors in the
vicinity of OCTA site. For example, the H2B and snRNA
promoters contain binding sites for other known factors
such as SP1 and CAATT adjacent to the OCTA element
(Sive et al. 1986; Ares et al. 1987). These factors may
facilitate the binding and activity of the NF-Al factor
and thus generate the high levels of OCTA-dependence
typical of snRNA promoters. In contrast, recent studies
make it clear that a B-cell-specific promoter primarily
consists of an OCTA element upstream of a TATA box
(Dreyfus et al. 1987; Wirth et al. 1987). Thus, NF-Al
may not stimulate the Ig promoter efficiently in vivo be-
cause of the absence of interactions with other cellular
factors.

In a more elaborate model, the lack of activity of Ig
promoter constructs in nonlymphoid cells in vivo could
be due to the existence of regulatory proteins that in-
teract with and modulate the transcriptional activity
of NF-Al dependent upon the context of the bound fac-
tor. NF-Al appears to be involved in a number of un-
usual transcriptional programs. Aside from being a pol II
transcription factor, NF-A1 may also participate in tran-
scription of pol III promoters such as those for 7SK and
U5 snRNA (for reviews, see Folk 1988; Sollner-Webb
1988), and it also appears to participate in the cell-cycle
regulation of histone H2B transcription (La Bella et al.
1988). Furthermore, NF-A]l may participate as a DNA
replication protein in the replication of the adenovirus
genome (Pruijn et al. 1986; Rosenfeld et al. 1987). A
pleiotropic effector such as NF-A1l surely must interact
with other proteins that modulate its many activities.
One of these proteins might be capable of specifically
inhibiting the activity of NF-Al when bound in the con-
text on Ig promoters. Such an inhibitor may have been
titrated out in the in vitro experiments reported here or
have been inactivated during extract preparation and
fractionation. There is ample precedent for transcription
factor-specific inhibitors, including the well-character-
ized Gal80 suppression of Gall4 activity in yeast (John-
ston et al. 1987; Ma and Ptashne 1987).

Materials and methods
Buffers

Buffer D contained 20 mmM HEPES—KOH (pH 7.9), 20% glycerol,
100 mm KCl, 0.2 mm EDTA, 0.5 mm PMSF, 0.5 mm DTT, and
0.01% NP-40.

Cell growth and extracts

The BJA-B cell line is derived from a human African Burkitt’s
lymphoma, is Epstein—Barr virus (EBV) negative, and expresses
surface Ig (Klein et al. 1974). BJA-B cells were grown in RPMI
1640 media (Hazelton) with 10% fetal calf serum, 50 uM B-
mercaptoethanol, 100 U/ml penicillin, and 100 ug/ml strepto-
mycin. Batches of 8 liters of BJA-B cells were grown in suspen-
sion in spinner bottles and harvested at a cell density of about
10%/ml. HeLa cells were grown in JMEM (Hazelton) with 5%
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horse serum. Batches of 8 liters of HeLa cells were grown in
suspension in spinner flasks and harvested at a cell density of
~2-3 x 105/ml. Nuclear extracts from harvested cells were
prepared as described (Dignam et al. 1983). Protein concentra-
tions of extracts were determined by the method of M.M. Brad-
ford (1976).

Plasmids and constructions

pUCI18wt5 and pUC18wt3 contain the synthetic oligonucleo-
tide 5'-GATCATTTGCATGATC-3' ligated in either orienta-
tion into the BamHI site in the polylinker site of pUC18 as
described (Wirth et al. 1987). The orientation shown above is
that for pUC18wt5. pUC18-7/8 and pUC18-11/12 contain, re-
spectively, the synthetic oligonucleotide 5'-GATCAT-
TTGCCTGATC-3' and 5'-GATCATTGGCATGATC-3’ cloned
into the BamHI site of pUC18 {Wirth et al. 1987). pUC181A80,
pUC18pnA69, and pUC191A48 contain 5’ deletions of a murine
immunoglobulin Vy; promoter fragment derived from the
Vira2s heavy-chain gene (Grosschedl and Baltimore 1985)
cloned into the Smal and Sall sites of pUC18. The promoter
fragments extend from —80, —69, and —48, respectively, rela-
tive to the cap site to a Sall site at +57. [These plasmids were
the kind gift of Thomas Wirth.) pBRpA80, pBRpA69, and
pBRuA48 were constructed by ligating (T4 DNA ligase,
Boehringer—Mannheim Biochemicals) the EcoRI-HindIll frag-
ments of the analogous pUC constructs into EcoRI- and Hin-
dill-cut pBR322. The plasmids pUCwt3A48, pUCwt5A48,
pUC-7/8A48, and pUC-11/12A48 were constructed by sequen-
tially cutting pUCpA48 with Kpnl, removing the resultant 3’
overhang with T4 DNA polymerase (Boehringer—Mannheim
Biochemicals), digesting with Hindlll, and isolating the resul-
tant Kpnl-HindIll fragment. This fragment, which contained
the p promoter sequences, was then ligated into the series of
pUC oligo plasmids that had been first cut with Xbal and after
the Xbal 5’ overhangs were filled in with Klenow, then cut
with HindIl. Plasmid pFLBH, which contains sequences de-
rived from the adenovirus MLP has been described {Samuels et
al. 1984).

M13 probes

M13mpl11A48 and M13mp18A48 were constructed by ligating
the EcoRI-HindIll fragment of pUC18nA48 into EcoRI- and
HindIll-cut M13mpl1 and M13mpl18 RF DNAs, respectively.
M13mp11A48 contains the strand complementary to the p pro-
moter RNA. M13XH11 (a kind gift of Richard Carthew) con-
tains sequences derived from plasmid pFLBH and is comple-
mentary to MLP RNA (Samuels et al. 1984). Growth and isola-
tion of single-stranded M13 phage DNA was accomplished as
described {LeBowitz and McMacken 1986).

DNA binding reactions

DNA binding assays were performed by gel electrophoresis
(Fried and Crothers 1981; Gamer and Revzin 1981). Radiola-
beled probe for DNA binding reactions was prepared by di-
gesting 20—30 pg of plasmid pUCwt3 with EcoRI and HindIIl.
The single-stranded tails were filled in using Klenow fragment
in the presence of 100-200 pCi [a-32P]dATP. Radiolabeled
probe fragment was subsequently isolated after electrophoresis
in a 5% acrylamide gel by eluting from a crushed gel slice. The
eluted probe fragment was then purified by chromatography on
a Elutip column (Schleicher and Schuell).

Binding reactions {15 pl) contained ~10 fmoles of radiola-
beled probe, 12 mm HEPES-KOH (pH 7.9}, 12% glycerol, 4 mm
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MgCl,, 60 mm KCl, 1 mm EDTA, 1 mm DTT, 3 pg poly{dl - dC-
dI - dC) (Pharmacia), 3 wg bovine serum albumin (nuclease free;
Boehringer—Mannheim Biochemicals), and protein fractions, as
indicated. After 20 min of incubation at room temperature, nu-
cleoprotein complexes were resolved from free probe by electro-
phoresis on 4% acrylamide gels in a running buffer consisting
of 25 mm Tris-HCI, 190 mwm glycine, and 1 mm EDTA (pH 8.3).
Gels were quantitated by densitometry using an Ultrascan XL
laser densitometer (LKB). One unit of binding activity repre-
sents 0.25 fmole bound probe under the reaction conditions
stated.

Transcription reactions

Transcription reactions (25 pl) contained 19 pg/ml supercoiled
test DNA template, 1.9 pg/ml pFLBH, 12 mm HEPES-KOH
(pH 7.9), 12% glycerol, 3.6% polyvinyl alcohol, 4 mm MgCl,, 1
mM DTT, 1 mm EDTA, 60 mm KCl, 460 pm ATP, 60 um CTP,
60 uM GTP, 10 pm UTP, 10 pCi [«-32P]JUTP, 4 mM creatine
phosphate, and ~ 200-400 pg nuclear extract protein. Reac-
tions were incubated for 60 min at 30°C and were terminated
by placing them on ice, followed immediately by the addition
of 200 pl of stop solution (7 M urea, 100 mm LiCl, 0.5% SDS, 10
mMm EDTA, 250 p/ml tRNA, 10 mm Tris-HCI at pH 7.9). Nu-
cleic acids were purified from these reactions, as described
{Manley et al. 1983). RNA analysis was carried out by a hybrid-
ization selection procedure in which RNAs were hybridized to
M13 phage single-stranded DNA recombinants that contained
inserts complementary to and spanning the expected start sites
of transcription. This was done essentially as described (Hansen
and Sharp 1983), except that hybrids were digested routinely
with 10 units of RNase T1 {Calbiochem) for 30 min at 30°C.
RNase T1 was removed by a subsequent incubation with 40 pg
of proteinase K at 30°C for 30 min. RNA molecules were re-
solved by electrophoresis on 0.4-mm, 6% acrylamide, 7 M urea
gels with a running buffer of Tris-borate, EDTA (Maxam and
Gilbert 1980). Transcription reactions were quantitated by den-
sitometry using an Ultrascan XL laser densitometer (LKB).

Reconstituted transcription reactions were carried out in a
final volume of 25 ul. Reaction conditions were identical to
those described above, except for the addition of 25 units of
RNasin (Promega Biochemicals). General transcription factors
were supplied as second-column fractions derived from HelLa
whole-cell extracts. RNA polymerase II was prepared from calf
thymus. These fractions were prepared and used as described
(Samuels et al. 1982). Reconstituted reactions were incubated
at 30°C for 90 min and processed as described above.

Depletion of OCTA-binding proteins from nuclear extracts
and preparation of NF-A1l and NF-A2 fractions

An OCTA-oligonucleotide affinity column matrix was con-
structed by coupling a multimerized, synthetic oligonucleotide
derived from the murine Ig mopC41 k gene promoter to cy-
anogen bromide activated Sepharose—CL4B (Pharmacia) as de-
scribed {Kadonaga and Tjian 1986). The oligonucleotide se-
quence was

5" GATCTAACTGCTTCTTAATTTGCATACCCTCACTGCATCG3’
3’ ATTGACGAAGAATTAAACGTATGGGAGTGACGTAGCCTAGS’

Nuclear extracts derived from BJA-B cells were made to 50
pg/ml poly{dl - dC-dI- dC) and then passed over the OCTA—
oligonucleotide affinity resin equilibrated with buffer D. Ap-
proximately 40—60 mg of protein was loaded per milliliter of
column volume. The flowthrough fraction was collected and
constitutes the OCTA-depleted extract (AB). After a wash with
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2 column volumes of buffer D, the OCTA-binding protein frac-
tion was eluted with 2 column volumes of buffer D containing
1 M KCl. This fraction was then dialyzed against buffer D before
assay in transcription reactions. HeLa-depleted fractions from
HeLa nuclear extracts were prepared in an identical fashion.
However, OCTA-binding fractions from HeLa nuclear extracts
were prepared by loading signficantly higher amounts of pro-
tein onto the affinity column, between 200 and 350 mg/ml
column volume.

Binding units for OBP{H) and OBP(B) were calculated from
titrations in the presence of ABJA-B and AHeLa extracts. After
subtracting out the residual OBP activities due to the A ex-
tracts, the unit activities are as follows: OBP(H) = 25 U/ul
NE-Al; OBP(B) = 22 U/ul NF-A2 plus 2 U/ul NF-Al. The
OBP(B) units used for comparing transcriptional activities are
that of NF-A2 alone: 22 U/pl.
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Octamer-binding proteins from B or HelLa cells stimulate
transcription of the immunoglobulin heavy-chain promoter in vitro.
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