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ABSTRACT The transcription factor PU.1 is necessary
for the development of multiple hematopoietic lineages and
contributes to the activity of the immunoglobulin k 3’ en-
hancer. A variety of proteins bind to the 3’ enhancer (PU.1,
PIP,ATF1, CREM, c-Fos, c-Jun, and E2A), but the mechanism
of 3'-enhancer activity and the proteins necessary for its
activity are presently unclear. We show here that PU.1 par-
ticipates with other transcription factors in forming a higher-
order complex with 3'-enhancer DNA sequences. Each protein
is necessary for formation of this complex. Individually,
transcription factors that bind to the 3’ enhancer do not
appreciably stimulate transcription in a cell type in which the
3’ enhancer is normally silent (NIH 3T3). However, mixture of
multiple transcription factors (PU.1, PIP, c-Fos, and c-Jun)
can greatly activate the enhancer. PU.1 is necessary for
maximal enhancer activity, but mutants of PU.1 that lack the
transcriptional activation domain are nearly as efficient at
stimulating enhancer activity as the wild-type PU.1 protein.
PU.1 apparently can activate transcription by playing an
architectural role in interactions with other transcription
factors.

PU.1is an ets domain transcription factor (1) implicated in cell
growth and differentiation (2-5). PU.1 can immortalize eryth-
roblasts and overexpression of the PU.1 gene (Spi-1) by
retroviral insertion appears to cause erythroleukemia (4, 6-9).
Inactivation of the mouse PU.1 gene by targeted homologous
recombination results in lethality at about 18 days of gestation
apparently due to loss of B cells, T cells, and myeloid cells (5).
Several domains within the PU.1 protein are associated with
specific functions. The carboxyl-terminal region contains the
89 amino acid ets domain necessary for DNA binding (1). The
amino-terminal 100 amino acids contain the PU.1 transcrip-
tional activation domain (10-13), and a PEST domain (rich in
proline, glutamic acid, serine, and threonine) lies between
amino acids 118 and 160.

We previously demonstrated that PU.1 binds to the B
cell-specific immunoglobulin kappa (Igk) 3’ enhancer and can
control transcriptional activity (14, 15). The 3’ enhancer
contributes to transcriptional regulation, as well as to somatic
recombination and somatic mutation of the k locus (16-19).
Therefore, understanding the mechanism of 3'-enhancer func-
tion is important. Binding of PU.1 to its target DNA sequence
in the 3’ enhancer results in the cooperative recruitment of a
second transcription factor, PIP (previously called NF-EMS),
to an adjacent DNA site (14, 15). Recruitment of PIP to DNA
requires both specific protein—protein interactions with PU.1
and specific protein-DNA interactions with Igk enhancer
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sequences (14). PU.1 sequences 118 to 160 (the PEST domain)
are required for PIP recruitment, and PU.1 serine residue 148
must be phosphorylated (15). PU.1 and PIP also bind in a
similar fashion to the immunoglobulin A2-4 enhancer (20).

In addition to PU.1 and PIP, the Igk 3’-enhancer core
(which contains most of the enhancer activity) binds to the
transcription factors ATF1, CREM, and the E2A gene prod-
ucts (14, 21, 22). ATF1 and CREM bind to a region termed the
kE3'-CRE (22). The kE3'-CRE sequence contains two AP-1
half binding sites and c-Fos and c-Jun can bind to this sequence
and can activate a kE3'-CRE-dependent reporter plasmid
(see below). Site-specific mutation of the kE3'-CRE, PU.1,
PIP, or E2A binding sites results in greatly reduced enhancer
activity (22), suggesting that these proteins cooperatively
interact to stimulate enhancer activity. We show here that
PU.1 participates with proteins that bind to the PIP, E2A, and
kE3'-CRE binding sites in the formation of a higher-order
protein—-DNA complex. This complex is not formed with PU.1
mutants that cannot recruit PIP to bind to DNA. None of the
enhancer binding proteins alone can significantly activate the
3’ enhancer. However, cotransfection of a mixture of enhancer
binding proteins results in highly synergistic levels of transcrip-
tion. PU.1 mutants that lack the PU.1 transactivation domain
also stimulate enhancer activity in the presence of the other
enhancer binding proteins. This indicates that PU.1 can stim-
ulate enhancer activity by playing an architectural role in the
assembly of a higher-order protein-DNA complex.

MATERIALS AND METHODS

Plasmid Constructs. Plasmid CMVA33-100 contains the PU.1
coding sequences (deleted of residues 33-100) inserted into the
EcoRI site of cytomegalovirus (CMV) expression plasmid
pCB6+. Plasmid CMVA7-30 contains the PU.1 coding sequences
(deleted of residues 7-30) inserted at the EcoRI-HindIII sites of
pCB6+. Multimers (four copies) of either the PU.1 plus PIP sites
or the kE3'-CRE sequence were inserted at the BamHI-Bg/Il
sites upstream of the liver bone kidney (LBK) alkaline phospha-
tase promoter driving expression of the chloramphenicol acetyl-
transferase (CAT) gene to produce (PU.1 plus PIP),LBKCAT
and (kE3'-CRE)4LBKCAT, respectively (21). CoreLBKCAT
contains enhancer sequences 391-523 (23) inserted into the
BamHI-BglII sites upstream of the promoter sequences of
LBKCAT by blunt-end ligation. Plasmids CMV-PU.1, APEST,
and A33-100 have been described (14, 15). Plasmid CMV-PIP
was supplied by H. Singh (University of Chicago). CMV-Fos
and CMV-Jun were supplied by F. Rauscher (Wistar Institute,
Philadelphia). SV4A0CREM was supplied by P. Sassone-Corsi
(Institute of Genetics and Molecular and Cellular Biology,
Strasbourg, France), and CMVATF1 was supplied by M.

Abbreviations: Igk, immunoglobulin k; CMV, cytomegalovirus; LBK,

liver bone kidney; CAT, chloramphenicol acetyltransferase; EMSA,

electrophoretic mobility-shift assay.
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Yoshida (University of Tokyo). CMV-E2A (E2-5) was sup-
plied by T. Kadesch (University of Pennsylvania).

Electrophoretic Mobility-Shift Assays (EMSAs). EMSA
was performed with ~0.1 ng of labeled DNA probe (4000 cpm)
in a 20 pl reaction mixture containing 4 pg poly(dI-dC), 10 mM
Tris'HCI (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, 1 mM
EDTA, 5% glycerol, and 8 ug nuclear extract. S194 nuclear
extract was prepared by the method of Dignam et al. (24). For
immunodepletions, 16 ug nuclear extract was incubated with
5 g specific antibody for 2 hr at room temperature. Antibod-
ies included anti-c-Fos, anti-c-Jun, anti-E2A (all from Phar-
Mingen); anti-CREM (Santa Cruz Biotechnology); and anti-
ATF1 (Upstate Biotechnology, Lake Placid, NY). Immune
complexes were removed by addition of protein A-agarose and
centrifugation. Proteins made by in vitro transcription and
translation were prepared from RNAs transcribed in vitro from
c¢DNA plasmids (PU.1, A33-100, APEST, and S148A; refs. 14
and 15) by either T7 or T3 RNA polymerases (Stratagene).
Proteins were translated in vitro using nuclease-treated RNA-
dependent rabbit reticulocyte lysates (Promega) at 30°C for 60
min. Oligonucleotide competitors (100 ng) were added to
reactions before addition of the labeled probe. Oligonucleo-
tides used in these studies are as follows: PU.1 plus PIP,
CTTTGAGGAACTGAAAACAGAACCT; «kE3'-CRE,
AGCAACTGTCATAGCTACCGTCACA; E2A, ACATCT-
GTTGCTTTCGCTCCCATCC; oligo 3, TACCGTCACACT-
GCTTTGATCAAGA; and N.S., CATTGCACAATCTA.
Samples were electrophoresed on 4% polyacrylamide gels in
6.7 mM Tris-HCI (pH 7.5), 3.3 mM NaAc, and 1 mM EDTA.

Transfections. NIH 3T3 cells were grown in DMEM sup-
plemented with 10% fetal calf serum. Transfections were
performed by the calcium phosphate method of Graham and
Van der Eb (25). Transfections contained 5 ug reporter
plasmid, 3 ug of each effector plasmid, and 1 ug of the
B-galactosidase expression plasmid pCH110 (26) to normalize
for transfection efficiencies. Total DNA concentration was
kept at 21 ug by inclusion of plasmid pCB6+. Transfections
were harvested at 44 hr, and CAT assays were performed
according to Gorman et al. (27). Data shown are averages of
3-7 independent transfections. For metabolic labeling of trans-
fected proteins, cells were washed twice with media lacking
cysteine and methionine and incubated for 10 min at 37°C 24
hr after transfection, and then they were incubated with
[3*S]methionine and [*S]cysteine (0.2 mCi/ml; 1 Ci = 37
GBq) for 2 hr. Cells were lysed in 20 mM Tris-HCI (pH 7.4),
0.5% SDS, 0.5% deoxycholate, 0.5% aprotinin, leupeptin,
pepstatin, and phenylmethylsulfonyl fluoride, and cell lysates
were then incubated with antibodies listed in the figure legend
for immunoprecipitation.

RESULTS

PU.1, PIP, E2A, and kE3'-CRE Binding Proteins Can Form
a Higher-Order Protein—-DNA Complex. The kE3'-CRE and
E2A regions flank the PU.1 and PIP binding sites on their 5’
and 3’ sides, respectively (Fig. 1). As mentioned above, mu-
tation of any one protein binding site in the 3’ enhancer greatly
reduces enhancer activity (Fig. 1), suggesting that these pro-
teins functionally interact as a complex (22). To study func-
tional interactions between the proteins that bind to the 3’
enhancer, we performed EMSAs with the entire 132-bp core
as probe. A complex EMSA pattern was obtained using S194
plasmacytoma cell nuclear extract (Fig. 24, lane 1). Because
PU.1 can cooperatively bind to DNA with PIP (14, 15), we
sought to determine whether addition of exogenous PU.1 to
the S194 cell nuclear extract would assist in the formation of
protein—-DNA interactions. PU.1 bound to the core probe and
yielded the expected EMSA complex (lane 2). Addition of
PU.1 to the S194 extract resulted in increased intensity of the
PU.1 and PU.1 plus PIP complexes (14) as well as the
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F16. 1. Mutation of any protein binding site in the Igk 3’-enhancer
core region reduces enhancer activity. Shown is the 3'-enhancer core
region spanning nucleotides 391-523 (23). The relative positions of the
kE3'-CRE, PU.1, PIP, and E2A binding sites are indicated. The
consequences of mutation of each protein binding site on enhancer
activity in pre-B and plasmacytoma cells is shown on the right. These
data are summarized from Pongubala and Atchison (22) and represent
mutants LSB, LSD, LSF, LSH, and LSJ, respectively.

appearance of a new very slowly migrating complex (complex
A, compare lanes 1 and 3). Rabbit reticulocyte lysate alone had
no effect on the EMSA complexes (lane 4). This new complex
contains proteins that bind to the kE3'-CRE, PU.1 plus PIP,
and E2A binding sites because inclusion of unlabeled com-
petitor oligonucleotides containing these binding sites abol-
ished complex A (Fig. 2B, lanes 2, 4, and 5). An oligonucle-
otide that partially overlaps the kE3'—~CRE but extends further
3’ of this sequence (oligo 3) abolished some higher mobility
complexes, but not complex A (lane 3). A nonspecific oligo-
nucleotide had no effect on any complexes (lane 6). PU.1
appears to be the limiting component of complex A because
addition of other proteins that bind to the enhancer core did
not result in appearance of this complex (data not shown).
Competition with a PU.1 plus PIP oligonucleotide cannot
prove whether PIP is present in complex A because PIP cannot
bind to DNA in the absence of PU.1 (14, 20). To determine
whether PIP is a necessary component of complex A, we
performed EMSA with mutants of PU.1 (Fig. 2C) that either
retain or lose their ability to recruit PIP to bind to DNA. PU.1
mutant A33-100 can recruit PIP to bind to DNA whereas
mutants APEST and S148A cannot (14, 15). Each of these
proteins can individually bind to the enhancer core (Fig. 2D,
lanes 2-5). Addition of the wild-type PU.1 protein or the
A33-100 PU.1 mutant to S194 nuclear extract resulted in
appearance of complex A (Fig. 2D, lanes 6 and 9), whereas
mutants APEST and S148A did not (Fig. 2D, lanes 7 and 8).
Therefore, PIP is very likely to be a component of complex A.
To further characterize the proteins in complex A, we used
antibodies specific for c-Fos, c-Jun, E2A, CREM, and ATF1
to deplete S194 nuclear extracts. Depleted extracts were
analyzed by EMSA with the enhancer core in the absence or
presence of exogenous PU.1 (Fig. 2E). When compared with
depletion by preimmune sera, all specific antibodies reduced
the appearance of complex A (Fig. 2E). Although conclusive
proof will require additional studies, these studies suggest that
c-Fos, c-Jun, E2A, CREM, and ATF1 may participate in the
formation of complex A. In summary, our results indicate that a
higher-order complex (complex A) can form on the 3’-enhancer
probe, and this complex contains proteins that bind to the
kE3'-CRE, PU.1, PIP, and E2A binding sites. Loss of any one of
these protein components results in loss of complex A.
Enhancer Activation Requires Synergy Between Multiple
Transcription Factors. Individually, PU.1 can stimulate a
reporter plasmid containing a multimerized (four copies) PU.1
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FiG. 2. Formation of a higher-order complex over the enhancer core. (4) EMSA was performed with the 3’-enhancer core sequence (residues
391-523) as a probe. Assays were performed with either S194 plasmacytoma nuclear extract (N.E.), PU.1 prepared by in vitro transcription and
translation (PU.1), nuclear extract plus PU.1 (N.E. plus PU.1), or nuclear extract incubated with unprogrammed rabbit reticulocyte lysate (N.E.
plus RRL). The positions of free probe (F), PU.1-DNA complex (PU.1), PU.1 plus PIP-DNA complex (PU.1 plus PIP), and complex A are indicated
by the arrows at the right. (B) Complex A contains multiple enhancer binding proteins. EMSA was performed with the enhancer core probe and
S$194 nuclear extract plus exogenous PU.1. The various unlabeled competitor oligonucleotides added to the reactions are listed above each lane.
The positions of various protein-DNA complexes are indicated by the arrows at the right. (C) Diagram of the PU.1 protein. The PU.1 transcriptional
activation, PEST, and Ets DNA binding domains are indicated. Various PU.1 mutants used in this study are diagrammed below. (D) Complex A
contains PIP. EMSA was performed with the enhancer core probe in the presence of various recombinant proteins alone or with $194 nuclear
extract. Proteins included in each reaction are indicated above the lanes. (E) Identification of other proteins in complex A. EMSA was performed
with the enhancer core probe and immunodepleted S194 nuclear extract. Antibodies used for immunodepletion are indicated above each lane. The

presence or absence of exogenous PU.1 is indicated by a + or —, respectively.

binding site (Fig. 34, lane 2). As expected, PIP alone cannot
stimulate transcription but can synergize with PU.1 to stimu-
late this reporter plasmid (Fig. 34, lanes 3 and 4). Similarly, the
kE3'-CRE-binding proteins (ATF1, CREMr, c-Fos plus c-
Jun) can stimulate expression of a reporter plasmid containing
a multimerized kE3'-CRE binding site (Fig. 34, lanes 5-8).
However, as mentioned above, our previous work indicated
that in the context of the 3’ enhancer, all of these protein
binding sites must be intact for maximal enhancer activity (ref.
22; Fig. 1). One might therefore predict that none of the
enhancer binding proteins alone would greatly stimulate the 3’
enhancer. However, in the presence of multiple enhancer
binding proteins the enhancer might be greatly activated. A 3’
enhancer-dependent reporter plasmid was transfected into
NIH 3T3 cells either alone or in the presence of various
plasmids expressing enhancer-binding proteins. The 3’ en-
hancer is B cell-specific and, as expected, the enhancer core
was inactive in NIH 3T3 cells (Fig. 3B, lane 1). Addition of
PU.1, PU.1 plus PIP, c-Fos plus c-Jun, or E2A did not
stimulate the enhancer (lanes 2-4 and 7). CREMr and ATF1
each weakly stimulated enhancer activity (lanes 5 and 6).

However, no synergism in activity was observed upon mixture
of PU.1 and PIP with ATF1 or CREMT in the presence or
absence of E2A (lanes 8, 9, 12, and 13). Similarly, no synergism
was observed when mixing PU.1, PIP, c-Jun, and CREMr~
(lane 11). However, a very dramatic induction in enhancer
activity (20-fold) was observed upon mixture of PU.1, PIP,
c-Fos, and c-Jun (lane 10). Inclusion of E2A did not increase
this induction (lane 14). The enhancer induction by PU.1, PIP,
c-Fos, and c-Jun was particularly impressive because neither
PU.1 plus PIP nor c-Fos plus c-Jun showed any activity (lanes
3 and 4). No enhancer activity was observed in the absence of
kE3'-CRE binding proteins (i.e., transfections containing
PU.1, PIP, and E2A; lane 15) or in the absence of PU.1 and
PIP proteins (transfections containing c-Fos, c-Jun, and E2A;
lane 16). None of the factors, either alone or mixed together,
activated the parent vector lacking the 3’ enhancer core
sequences (data not shown).

To be certain that the strong enhancer activation observed
with PU.1, PIP, c-Fos, and c-Jun (Fig. 3B, lane 10) was not due
to differential expression of transfected proteins, we assayed
protein levels in transfected cells (Fig. 3C). Cells transfected
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F1G. 3. Transcriptional activation by enhancer binding proteins. (4) PU.1, PU.1 plus PIP, CREMr, ATF1, and c-Fos plus c-Jun can activate
reporter plasmids containing multimers of their binding sites. Transfections were performed in NIH 3T3 cells with reporter plasmids (PU.1 plus
PIP),LBKCAT (lanes 1-4) or (kE3'-CRE);LBKCAT (lanes 5-8). Expression plasmids included in each assay are indicated above the lanes. Fold
activation levels are as follows: PU.1, 3.7 = 1.6; PIP, 0; PU.1 plus PIP, 18.4 = 8.1; CREMr, 6.6 + 3.4; ATF1, 8.1 = 2.6; c-Fos plus c-Jun, 40.5 =
20. (B) Maximal transcriptional synergy requires PU.1, PIP, c-Fos, and c-Jun. The CoreLBKCAT reporter plasmid was transfected into NIH 3T3
cells either alone (lane 1), or in the presence of various expression plasmids (lanes 2-16). (Bottom) CAT assays. (Top) Histogram of the data averaged
from 3 to 5 independent experiments. Thin lines represent standard deviations. (Middle) Expression plasmids included in each transfection. (C)
Expression of transfected proteins. NIH 3T3 cells were either untreated (lanes 1-3), or transfected with PU.1 and PIP (lane 4), c-Fos and c-Jun
(lanes 5 and 6), or PU.1, PIP, c-Fos, and c-Jun (lanes 7-9). After transfection, cells were metabolically labeled with [3S]methionine and [3>S]cysteine
and then lysed. Lysates were immunoprecipitated with a-PU.1, a-c-Fos, or a-c-Jun antibodies then subjected to SDS/PAGE. The identity of the
antibody used is shown above each lane, and the positions of PU.1, c-Fos, and c-Jun proteins are shown by arrows. (D) Omission of PU.1, PIP,
c-Fos, or c-Jun expression plasmid reduces enhancer activity. (Lower) NIH 3T3 cells transfected with the various expression plasmids. (Upper)
Histograms of enhancer activity for each transfection. Activity with PU.1, PIP, c-Fos, and c-Jun was defined as 100%. Thin lines represent standard
deviations. (E) The PU.1 transactivation domain is not necessary for stimulation of enhancer activity. NIH 3T3 cells were transfected with PIP,
E2A, c-Fos, and c-Jun in the presence of either wild-type PU.1 or PU.1 transactivation domain mutants (A33-100 and A7-30). The histogram shows
relative enhancer activities with the activity observed with PU.1, PIP, c-Fos, c-Jun, and E2A defined as 100%. Thin lines represent standard
deviations.

with either PU.1 and PIP (Fig. 3C, lane 4), c-Fos and c-Jun cannot account for the very high enhancer activity observed
(lanes 5 and 6), or PU.1, PIP, c-Fos, and c-Jun (lanes 7-9) were with PU.1, PIP, c-Fos, and c-Jun.

metabolically labeled and protein levels were assayed by To more systematically discern the role of PU.1, PIP, c-Fos,
immunoprecipitation with antibodies specific for PU.1, c-Fos, and c-Jun in activating the enhancer core, transfections were
or c-Jun (antisera for PIP is not currently available). These performed in which each factor was individually omitted.
studies showed very similar levels of each transcription factor Removal of any one factor reduced enhancer activity (Fig. 3D).

in each transfection (Fig. 3C). Therefore, altered protein levels Removal of c-Jun totally abolished activation (lane 4). Re-
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moval of PIP (lane 3) lowered activity to 17% of maximal activity.
Removal of PU.1 (lane 2) resulted in 24% activity. This was
particularly surprising because in the absence of PU.1, PIP has not
previously been observed to bind to DNA (14, 20). However, the
weak but detectable activation by PIP in the presence of c-Fos and
c-Jun suggests that PIP may interact with other factors in addition
to PU.1. Deletion of c-Fos had the least dramatic affect on
enhancer induction (48%; Fig. 3D, lane 5).

PU.1 Can Stimulate 3’'-Enhancer Activity in the Absence of
its Transcriptional Activation Domain. The fact that enhancer
activation could not be achieved by any of the individual
proteins and that maximal activation required PU.1, PIP,
c-Jun, and c-Fos, suggested that these factors cooperate as a
complex. One possibility is that an important function of PU.1
is to assist in the formation of this complex. If this is true, PU.1
mutants that lack the transcriptional activation domain may
still stimulate enhancer activity. Transfections were performed
(Fig. 3E) with PIP, c-Fos, c-Jun, and E2A in the presence of either
wild-type PU.1, or PU.1 mutants (A33-100, A7-30; Fig. 2C)
lacking the transcriptional activation domain (13). Interestingly,
both transactivation domain mutants were nearly as efficient as
the wild-type PU.1 protein at stimulating enhancer activity (Fig.
3E, lanes 1-3). Addition of either of the two transactivation
domain deletion mutants resulted in a 5-fold transcriptional
activation compared with the activity observed with PIP, c-Jun,
c-Fos, and E2A alone (Fig. 3E). Therefore, PU.1 mutants lacking
the transcriptional activation domain can still stimulate transcrip-
tion apparently by assisting in the formation of a higher order
protein complex over the Igk 3’ enhancer.

DISCUSSION

Our results show that nucleation of multiple transcription
factors on the 3’ enhancer core is necessary for enhancer
activity. PU.1, PIP, c-Fos, and c-Jun appear to be particularly
important for activity. These factors can activate the 3’ en-
hancer in fibroblasts, a cell in which the enhancer is normally
silent. Fibroblasts contain E2A products, c-Jun and c-Fos, but
lack PU.1 and PIP. Our previous EMSA studies with the
kE3'-CRE sequence revealed identical complexes with NIH
3T3 and B cell nuclear extracts (oligo 2 in ref. 21), suggesting
that the absence of PU.1 and PIP may be responsible for the
lack of enhancer activity in fibroblasts. However, transfection
of PU.1 and PIP alone was not sufficient to activate the
enhancer indicating that other proteins are necessary.

It is interesting that transfections performed with various
kE3'-CRE binding proteins yielded differing levels of en-
hancer activity. CREMt and ATF1 yielded low levels of
activity whereas c-Fos and c-Jun caused significantly higher
activity. The CREM gene can express numerous isoforms of
CREM by differential RNA processing, promoter usage, or
translational start site (28-31). Some of these isoforms are
activators, while others are repressors. One repressor isoform,
CREMGg, can repress 3'-enhancer activity (22). Therefore, one
mechanism for controlling enhancer activity could involve the
differential expression of proteins that bind to the kE3'-CRE.

The role of c-Fos in 3’-enhancer activity is somewhat
unclear. While highest enhancer activity was observed in the
presence of c-Fos (i.e., transfections containing PU.1, PIP,
c-Fos, and c-Jun), absence of c-Fos lowered enhancer activity
by only 50% (Fig. 3D). In addition, we were previously unable
to detect c-Fos in EMSA complexes with the kE3'~CRE probe
and S194 nuclear extracts (22). Due to the complex nature of
the AP-1 and ATF transcription factor families, further studies
will be required to determine the specific factors responsible
for enhancer activity in B cells. However, the work presented
here provides a framework for studying the assembly of
enhancer binding proteins on the Igk 3’ enhancer. The assort-
ment of factors that can potentially control 3" enhancer activity
are summarized in Fig. 4.
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factors on transcriptional activity of the 3’ enhancer.

It is curious that E2A did not significantly contribute to the
enhancer activity observed here because the E2A binding site
is important for enhancer activity in plasmacytoma cells (22).
Several explanations are possible. First, E2A binds to DNA as
a homodimer in B cells whereas it binds mainly as a het-
erodimer in other cell types (32). Differences in E2ZA DNA
binding patterns in B cells compared with fibroblasts may alter
its ability to induce 3’ enhancer activity in 3T3 cells. Second,
endogenous E2A proteins in 3T3 cells may be high enough
such that additional E2A is unnecessary for maximal activity.
Finally, a different E box-binding protein may contribute to
enhancer activity in B cells.

Transfections with PU.1 transactivation domain deletion
mutants and our EMSA studies suggest that PU.1 plays an
important role in the formation of a higher-order protein—
DNA complex. Efficient enhancer activation depends upon
the presence of PU.1 but not the PU.1 transactivation domain.
Therefore, interaction of PU.1 with other proteins appears to
be more important than the specific contribution of the PU.1
transactivation domain. This mode of regulation by nucleation
of enhancer binding proteins may be a common mechanism.
The T cell receptor a enhancer binds to factors LEF-1, Ets-1,
PEBP2«, and ATF/CREB. Cooperative interactions between
Ets-1 and PEBP2« are stabilized by the binding of ATF/
CREB (33). Mutation of any of these protein binding sites
greatly reduces enhancer activity (33). Similarly, activation of
the interferon B gene requires a multiprotein complex con-
sisting of IRF-1, NF-«B, ATF2/c-Jun, and HMGI (34).

It is interesting that the 3’ enhancer PU.1 binding site is also
very important for somatic recombination of Igk genes. Point
mutation of the PU.1 site in the 3’ enhancer disrupts the
tissue-specificity and developmental timing of Igk gene rear-
rangement (14). Therefore, a protein complex over the 3’
enhancer containing PU.1 may be important for both enhancer
activity and for the somatic recombination of Igk genes. Based
on our results here, we would predict that mutation of any
protein binding site within the enhancer core region might
have the same effect on somatic recombination.
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