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PU. 1 is a B-cell- and macrophage-specific transcription factor. By an electrophoretic mobility shift assay and
dimethyl sulfate methylation interference assays, we show that PU.1 binds to DNA sequences within the
immunoglobulin K 3' enhancer (KE3'). Binding of PU.1 to the KE3' enhancer assists the binding of a second
tissue-restricted factor, NF-EM5, to an adjacent site. Binding of NF-EM5 to KE3' DNA sequences requires
protein-protein interaction with PU.1 as well as specific protein-DNA interactions. This is the first known
instance of PU.1 interacting with another cellular protein. NF-EM5 does not cofractionate with PU.1,
suggesting that it is a distinct protein and is not a posttranslational modification of PU.1. UV-crosslinking
studies and elution from sodium dodecyl sulfate-polyacrylamide gels indicate that NF-EM5 is a protein of
approximately 46 kDa. Site-directed mutagenesis studies of the PU.1- and EM5-binding sites indicate that these
sites play important roles in KE3' enhancer activity. By using a series of PU.1 deletion constructs, we have
identified a region in PU.1 that is necessary for interaction with NF-EM5. This segment encompasses a

43-amino-acid region with PEST sequence homology, i.e., one that is rich in proline (P), glutamic acid (E),
serine (S), and threonine (T).

Transcription factors are composed of at least two func-
tional domains: a DNA-binding domain and a transcription-
al-activation domain (29, 35). Characterization of DNA-
binding domains has proceeded rapidly. Several major
groups which include zinc finger domains, homeodomains,
and basic region domains have been identified (9, 20, 29).
The mechanisms by which activation domains stimulate
transcription are presently unclear. There is, however, some
evidence that activation domains may interact with TATA-
binding factor TF-IID or TFIIB or with coactivator proteins
(4, 18, 24, 25, 36, 40).

In addition to DNA-binding and transcriptional-activation
domains, some transcription factors have dimerization or
protein-protein oligomerization domains. Thus far, the two
best-characterized dimerization domains are the leucine
zipper (23) and the helix-loop-helix (HLH) (30) domains.
Proteins with these two classes of domains are able to form
hetero- or homodimeric complexes (6, 21, 23, 30, 31, 42, 43).
These dimerization domains apparently facilitate the correct
positioning of amino acid residues necessary for sequence-
specific recognition of DNA, and the presence of these
domains in transcription factors can greatly influence tran-
scriptional activity. For instance, DNA-binding specificities
may be altered by the combinatorial assortment of potential
dimerization partners present within a particular cell. In-
deed, the HLH-type proteins can be either active or inactive
depending on their dimerization partner. Thus, mammalian
muscle differentiation and the Drosophila sensory organ
patterning pathways can be greatly influenced by the pres-
ence of certain HLH dimerization partners (3, 8, 10). A
similar type of regulation may occur between leucine zipper
as well as homeodomain proteins (2, 32, 41). In the above
examples, protein-protein interactions are utilized to influ-
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ence DNA binding. Protein-protein interactions between
transcription factors need not always require protein-DNA
interactions between both proteins in the complex (22, 26).
Elucidation of the mechanisms by which transcription fac-
tors interact is important for understanding transcriptional
control and ultimately differentiation.

Recently, we cloned a transcription factor, PU.1, from a
macrophage cDNA library (19). PU.1 is present in B-lym-
phoid cells and macrophages and binds to a purine-rich
sequence that contains a central core with the sequence
5'-GGAA-3'. PU.1 is known to bind to this sequence in the
simian virus 40 (SV40) enhancer. The PU. 1 protein sequence
is identical to the Spi-1 oncogene sequence (12, 33). Spi-1
appears to be directly involved in the genesis of erythroleu-
kemia induced by spleen focus-forming virus. PU.1 contains
several domains identified either functionally or through
sequence homology. The DNA-binding domain which is
located near the carboxy terminus is homologous to the ets
family of DNA-binding proteins and is rich in basic amino
acids (19). The transcriptional activation domain lies near
the amino terminus and is rich in acidic residues (18a, 19). In
addition, PU.1 contains a region spanning residues 121 to
159 that is rich in proline (P), glutamic acid (E), serine (S),
and threonine (T). Regions rich in these amino acids have
been denoted PEST regions, and they may be involved in
degradation of intracellular proteins (37). PU.1 does not
contain sequences homologous to known dimerization do-
mains (leucine zipper and HLH), and thus far there have
been no reports of PU.1 interacting with other proteins.

Recently, we functionally characterized an enhancer
(KE3') that lies 8.5 kb downstream of the mouse immuno-
globulin K constant region exon (34). This enhancer was
originally identified by Meyer and Neuberger (27). The KE3'
enhancer contains a 132-bp core that retains nearly full
activity in plasmacytoma cells (28, 34). Within this 132-bp
core, there are at least two functional elements that have
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been mapped to two 25-bp oligonucleotides (oligonucleo-
tides 5 and 7) (34). One of these oligonucleotides (oligonu-
cleotide 5) contains a sequence that resembles the PU.1-
binding site. Therefore, we decided to investigate the ability
of PU.1 to bind to the KE3' enhancer.
We report here that the PU.1 protein does indeed bind to

DNA sequences present in the KE3' enhancer. Adjacent to
the PU.1-binding site, we have identified an additional DNA
motif (EM5) that binds to a nuclear factor (NF-EM5).
NF-EM5 is a tissue-restricted 46-kDa protein. The binding of
NF-EM5 to DNA requires protein-protein interaction with
adjacently bound PU.1. We have localized a region in PU.1
necessary for this protein-protein interaction to a 43-amino-
acid segment encompassing the PEST domain. We demon-
strate by site-directed mutagenesis studies that both the
PU.1-binding site and the EM5 motif play major roles in
KE3' enhancer function.

MATERIALS AND METHODS

Plasmid construction, in vitro transcription, and transla-
tion. Clones m5.1 through m5.8 were generated by cloning
the appropriate oligonucleotides into the BamHI-BglII sites
of plasmid LBKA44. Four head-to-tail copies of each se-
quence were generated as described previously (34). Each
multimerized segment was then transferred to the BamHI
site of plasmid TKCAT. The PU.1 plasmids used for in vitro
translation were generated from the full-length PU.1 cDNA
inserted into the KS+ vector (Stratagene). The PU.1 dele-
tion clones used to map the protein-protein interaction
domain were made as follows. Clone 1 was generated by
digesting the PU. 1 cDNA with NsiI and linking this fragment
to a double-stranded oligonucleotide containing an ATG and
an NsiI site. Clone 2 was generated by digestion of the PU.1
cDNA with NsiI and NcoI and then ligation in the presence
of a small oligonucleotide complementary to the overhangs
generated by these two enzymes. Clone 3 was generated by
isolating the NciI fragment, filling in the ends with Klenow
polymerase, and cloning the fragment into the EcoRV site of
the KS+ vector. Clones 4 and 5 were generated by the
polymerase chain reaction with primers which code for
initiator methionines. Clone 6 was generated by linearizing
the PU.1 plasmid with PvuII and then treatment with ExoIllI
and mung bean nuclease to blunt-end the deletions. The
DNA was digested with SmaI to remove the 3' end of the
PU.1 gene, and the plasmid was religated. The APEST clone
was generated by overlap extension by using the polymerase
chain reaction (16). Two micrograms of linearized cDNA
was transcribed in vitro in the presence of RNasin (Promega)
by using either the T3 or the T7 RNA polymerases (Strata-
gene) according to the manufacturer's specifications. After
extraction with phenol and phenol-chloroform and precipi-
tation with ethanol, the resulting RNAs were translated in
vitro with a rabbit reticulocyte lysate (Promega) according to
the manufacturer's specifications.

Cell culture and transfection. S194 cells were grown in
Dulbecco's modified Eagle medium supplemented with 10%
horse serum (GIBCO) to a density of 5 x 105 cells per ml.
Transfections were performed by the DEAE-dextran (Phar-
macia) method according to Grosschedl and Baltimore (14),
except that treatment with chloroquine diphosphate was
omitted. Each transfection contained 4 ,ug of test plasmid
and 1 ,ug of the ,B-galactosidase expression plasmid pCH110
(15). Cells were fed after 20 h and harvested at 40 to 44 h,
when cell extracts were prepared. Chloramphenicol acetyl-
transferase (CAT) assays and thin-layer chromatography

were performed according to Gorman et al. (13). Relative
CAT activities were determined by calculating the ratios of
acetylated to unacetylated [14C]chloramphenicol spots from
the thin-layer chromatography plate. Transfection efficien-
cies were normalized to the level of P-galactosidase in each
extract.

Electrophoresis mobility shift assays (EMSAs). Nuclear
extracts were prepared by the method of Dignam et al. (7)
and were incubated with 4,000 cpm of the 32P-end-labeled
DNA probes in the presence 3.2 ,ug of poly(dI-dC) poly
(dI-dC) in 10 mM Tris-50 mM NaCl- 1 mM dithiothreitol
(DTT) 1 mM EDTA-5% glycerol (pH 7.4). Unlabeled com-
petitors were added in the quantities indicated in the legends
to Fig. 1 and 2. Incubation was carried out at room temper-
ature for 30 min, and then electrophoresis was performed on
4% nondenaturing polyacrylamide gels. Gels were prerun for
30 min. The oligonucleotide probes were SV40 PU.1 (TG
AAATAACCTCTGAAAGAGGAACTTGGTTAGGTA) and
KE3' (GATCCCTTTGAGGAACTGAAAACAGAACCTAG
ATC).
DMS methylation interference assays. The KE3' oligonucle-

otide probe (see above) was cloned into the BamHI-BglII
sites of plasmid LBKA44, regenerating each site. The plas-
mid was linearized with either enzyme, treated with calf
intestine alkaline phosphatase (Boehringer), end-labeled
with [y-32P]ATP by polynucleotide kinase (Pharmacia), and
recut with the second restriction enzyme. Labeled DNA
fragments were purified by polyacrylamide gel electrophore-
sis (PAGE). Dimethyl sulfate (DMS) assays were performed
according to Atchison et al. (1).
UV cross-linking. The top strand of the KE3' probe (see

above) was annealed at its 3' end with a complementary
10-nucleotide oligonucleotide. The DNA was made double
stranded with Klenow polymerase in the presence of BUdr,
[a-32P]dATP, dCTP, and dGTP. Binding reactions were
performed with the BUdr-substituted probe with either PU.1
alone or PU.1 mixed with S194 nuclear extract. Binding
reactions were electrophoresed on a nondenaturing gel and
then irradiated for 15 min with UV light (254 nm). Protein-
DNA complexes were excised from the gel, electroeluted,
precipitated with 4 volumes of acetone, and subjected to
sodium dodecyl sulfate (SDS)-PAGE.

Elution of proteins from SDS-polyacrylamide gels. One-
hundred micrograms of S194 nuclear extract was run on a
10% SDS-polyacrylamide gel. The gel was cut into 26 slices
of 2.5 mm, and proteins were eluted by incubating the slices
for 24 h at 22°C in 50 mM Tris (pH 7.4)-0.1 mM EDTA-0.1%
SDS-0.5 mM DTT-100 mM NaCl. Twenty micrograms of
bovine serum albumin was added to each fraction, and
proteins were precipitated by the addition of 5 volumes of
acetone at -20°C for 30 min. Pellets were washed with 100%
ethanol, dried, and resuspended in 20 mM HEPES (pH
7.9)-0.1 mM EDTA-0.5 mM DTT-0.5 mM phenylmethylsul-
fonyl fluoride (PMSF)-10% glycerol-0. 1% Nonidet P-40.

Fractionation of NF-EM5. S194 nuclear extract was loaded
onto a heparin ultragel A4R column (IBF Biotechnics) in 20
mM HEPES (pH 7.9)-100 mM KCl-0.2 mM EDTA-0.5 mM
DTT-20% glycerol-0.1 mM (each) PMSF, leupeptin, and
pepstatin. Proteins were eluted in the same buffer with
stepwise increases of 100 mM KCl up to 0.6 M. Fractions
that contained NF-EM5 were pooled, diluted to 50 mM KCI,
and loaded onto a DEAE-Sephacel column (Pharmacia).
Proteins were eluted from the column with stepwise in-
creases of KCl as described above.
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FIG. 1. PU.1 binds to the KE3' enhancer. (A) KE3' and SV40 PU.1 probes (see Materials and Methods) were subjected to EMSA with in

vitro translation products prepared either with PU.1 RNA (+RNA) or without the addition of RNA (-RNA). The volume (in microliters) of
translation product added to each assay is indicated above each lane. (B) Labeled SV40 PU.1 probe was assayed by EMSA with 6 RI1 of PU.1
prepared by in vitro translation. Unlabeled SV40 PU.1 or KE3' competitors were added in the amounts (in nanograms) indicated above each
lane. Arrows labeled B and F show the positions of the bound and free DNAs, respectively.

RESULTS

PU.1 binds to the KE3' enhancer. Previously, we deter-
mined that a 25-bp oligonucleotide derived from the KE3'
enhancer (oligonucleotide 5) (34) binds to a nuclear(s) factor
present in plasmacytoma and pre-B cells. Because this
oligonucleotide contains the DNA sequence GAGGAA,
which constitutes a PU.1 DNA-binding site, we sought to
determine whether PU. 1 binds directly to this sequence. The
PU.1 protein was prepared by in vitro transcription and
translation with the cloned cDNA as the template. The in
vitro-translated product was then incubated with 32P-end-
labeled oligonucleotide sequences containing either the
PU.1-binding site derived from the SV40 enhancer (SV40
PU.1 probe) or the putative site in the KE3' enhancer (KE3'
probe). Samples were then subjected to the gel EMSA.
As expected, the protein encoded by the PU.1 cDNA

bound to the SV40-derived PU.1 DNA sequence (Fig. 1A,
lanes 4 to 6). The fainter, higher mobility bands below the
bound complex in Fig. 1A are due to internal initiation
during translation of the PU. 1 mRNA (25a). PU. 1 also bound
to the KE3' oligonucleotide probe, yielding a bound complex
of identical size (lanes 10 to 12). Therefore, the PU.1 protein
is capable of binding to the KE3' enhancer sequence. No
specific binding with either probe was detectable when the in
vitro translation reaction was performed without the addi-
tion ofRNA (lanes 1 to 3 and 7 to 9). To compare the affinity
of PU.1 to the SV40 and KE3' DNA sequences, the bound
complex observed with the labeled SV40 probe was inhibited
by competition with unlabeled self and KE3' oligonucleotides
(Fig. 1B). Approximately four- to fivefold-more cold KE3'
than the self competitor was required to compete for binding
to the SV40-derived probe. Therefore, PU.1 binds more
strongly to the SV40 sequence than to the KE3' sequence.

Identification of a protein that interacts with PU. 1 and binds
to KE3' sequences. As presented above, the in vitro-trans-
lated PU.1 protein yielded bound complexes of identical
mobility when using either the SV40 or the KE3' oligonucle-
otide probes. However, comparison of the binding pattern
with the KE3' oligonucleotide probe when using in vitro-
translated PU.1 compared with nuclear extract proteins
yielded unexpected results. When assayed with nuclear

extract proteins, the KE3' probe produced two bound bands:
a fainter band comigrating with the bound band observed
with in vitro-translated PU.1 (B1) and an additional more-
intense band (B2) of slower mobility (Fig. 2A, lanes 1 and 8).
The SV40-derived PU.1 probe did not reveal this more
slowly migrating band when assayed with nuclear extract
proteins (Fig. 2B). Competition with unlabeled KE3' oligo-
nucleotide abolished all bound bands (Fig. 2A, lanes 4, 5, 11,
and 12), as did the unlabeled SV40 sequences (Fig. 2A, lanes
2, 3, 9, and 10). An unrelated oligonucleotide failed to inhibit
the bound complexes (Fig. 2A, lanes 6, 7, 13, and 14). One
possible explanation for these results is that the KE3' probe
binds to a second protein present in the nuclear extract in
addition to PU.1. The fact that the SV40-derived PU.1-
binding site inhibited both complexes observed with the
KE3' probe suggests that this second protein requires PU.1
binding to be detectable in these assays. Therefore, there
appears to be a protein-protein interaction between PU.1
and a second protein. We have designated this second
protein NF-EM5 (enhancer motif 5, based on its ability to
bind to oligonucleotide 5) (34).
To confirm that PU.1 interacts with this second protein

(i.e., NF-EM5), which binds to the KE3' probe, we per-
formed mixing experiments with in vitro-translated PU. 1 and
nuclear extract proteins. As expected, in vitro-translated
PU.1 produced shifted complexes of identical mobility when
using the SV40 and KE3' probes (Fig. 2B, lanes 1 and 4). This
complex comigrated with the one observed when the SV40
PU.1 probe was assayed with nuclear extract proteins (lanes
1 and 3). Mixing of PU.1 with nuclear extract proteins did
not alter the mobility of this complex with the SV40 probe
(lanes 1 to 3). However, with the KE3' probe, mixture of
nuclear extract proteins with in vitro-translated PU.1 caused
a significant change in the binding pattern (lanes 4 to 6). In
particular, mixture of the in vitro-translated PU.1 with S194
nuclear extract caused a dramatic increase in the intensity of
the slower-migrating complex (B2). Complex B2 therefore
appears to contain both bound PU.1 and NF-EM5.
To confirm that bands B1 and B2 both contain PU.1, we

incubated the in vitro-translated PU.1-nuclear extract mix-
ture with either preimmune or anti-PU.1 serum prior to
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EMSA. Indeed, the anti-PU.1, but not the preimmune se-
rum, caused a supershift in both bands (Fig. 2C, lanes 1 to 3).
When nuclear extract alone was assayed (lanes 4 to 6),
similar results were observed. Therefore, PU.1 is present in
both bound complexes (Bi and B2).

Identification of the PU. 1 and NF-EM5 DNA contact points.
To more precisely identify the PU.1 and NF-EM5 DNA-
binding sites, we performed DMS methylation interference
assays. The KE3' DNA probe was end-labeled on either end
and partially methylated with DMS. Binding reactions were
performed with in vitro-translated PU.1 protein either alone
or in the presence of S194 nuclear extract proteins. Analysis
of the KE3' top strand with PU.1 protein alone indicated that
methylation of guanine residues 449, 451, and 452 (number-
ing according to reference 27) inhibited binding (Fig. 3A,
lanes 1 and 2). On the other hand, methylation of guanines
on the bottom strand failed to inhibit binding (lanes 6 and 7).
These results are identical to the PU.1-DNA contact points
identified by Klemsz et al. (19). When the assay was per-
formed with PU.1 protein plus S194 nuclear extract, the

1 2 3 4 5 6

FIG. 2. A second protein interacts with PU.1 and binds to the
KE3' enhancer. (A) KE3' probe assayed by EMSA with either in
vitro-translated PU.1 or 8 ,ug of plasmacytoma S194 nuclear extract
protein. Unlabeled oligonucleotide competitors were added in the
quantities (in nanograms) shown above each lane. PU.1, SV40 PU.1
oligonucleotide; KE3', KE3' oligonucleotide; N.S., nonspecific oli-
gonucleotide (GATCCACATCTGTTGCTTTCGCTCCCATCCAG
ATC) derived from a distinct segment of the KE3' enhancer. (B)
SV40 PU.1 and KE3' probes subjected to EMSA with in vitro-
translated PU.1, S194 nuclear extract (8 ,ug), or a mixture of PU.1
plus nuclear extract. The presence (+) or absence (-) of PU.1 (2 ,ul
of in vitro translation mix) and S194 nuclear extract is shown above
each lane. (C) Lanes 1 to 3, S194 extract (8 p.g) plus in vitro-
translated PU.1 (2 ,ul); lanes 4 to 6, S194 extract alone with 1 p.l of
preimmune (lanes 2 and 5) or anti-PU.1 (lanes 3 and 6) serum prior
to EMSA with the KE3' probe. Bi, band resulting from PU.1 binding
to either probe; B2, band resulting from PU.1 and NF-EM5 binding
to the KE3' probe; F, free DNA; S, the supershifted complex caused
by the anti-PU.1 serum interacting with Bi and B2.

band comigrating with the PU.1 band (Bi) produced a
methylation interference pattern similar to that of PU.1
alone (lanes 2, 5, 7, and 10). Because the B2 complex
contains both PU.1 and NF-EM5, it should reveal protein-
DNA contacts in addition to those observed with PU.1
alone. Consistent with this prediction, the B2 band revealed
a top strand contact site at guanine 457 in addition to the
PU.1 contact sites (lane 4). On the bottom strand, the
guanine at position 462 showed weak, but reproducible
interference. These data are summarized in the bottom panel
of Fig. 3A. These data indicate that the NF-EM5-binding site
lies immediately downstream of the PU.1-binding site.
Protein-DNA contact sites were further defined by assay-

ing PU.1 and NF-EM5 binding to various oligonucleotide
mutants. The PU.1- and NF-EM5-binding region was
scanned with oligonucleotides containing 3-bp mutations
(Fig. 3B, bottom). Oligonucleotide mutants m5.7 and m5.8
did not affect either PU.1 or NF-EM5 binding (Fig. 3B, lanes
9 and 10). Mutant mS.1 lowered protein-DNA interaction
severalfold (lane 3). Mutant m5.6 abolished NF-EM5 binding
but did not influence PU.1 binding (lane 8). Mutants m5.3,
m5.4, and m5.5 essentially abolished PU.1 and NF-EM5
binding (lanes 5 to 7). Weak PU.1 binding was observed with
mutant m5.2 (lane 4). This weak PU.1 binding also allowed a
low level of NF-EM5 binding. These results are consistent
with the location of the NF-EM5-binding site defined by the
DMS methylation interference data shown in Fig. 3A. As
expected, any mutation that disrupted the PU.1-binding site
abolished the ability of NF-EM5 to bind to DNA, indicating
that NF-EM5 requires adjacently bound PU.1 in order to
bind to DNA.

A Protein: In Vitro PU.1
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KE3' CTTTGAGGAACTGAAAACAGAACCT
m5.1 AGGTGAGGAACTGAAAACAGAACCT
m5.2 CTTGTCGGAACTGAAAACAGAACCT
m5.3 CTTTGATTC ACTGAAAACAGAACCT
m5.4 CTTTGAGGACTCGAAAACAGAACCT
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m5.6 CTTTGAGGAACTGAATCAAGAACCT
m5.7 CTTTGAGGAACTGAAAACGTCACCT
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FIG. 3. Identification of DNA contact sites for PU.1 and NF-EM5. (A) DMS methylation interference analysis. KE3' DNA probe was

subjected to DMS methylation interference analysis with in vitro-translated PU.1 in the presence (+) or absence (-) of S194 nuclear extract
proteins. Arrows indicate the positions of various G residues in the KE3' sequence. Data are summarized at the bottom. Filled-in circles show
the G residues denoting complete interference, and partial interference is denoted by the open circles. (B) The probe used in each binding
assay is shown above each lane, and the DNA sequence (excluding BamHI and BglII ends) of each mutant oligonucleotide is shown at the
bottom. All lanes contained 2 [I± of in vitro-translated PU.1 plus 8 jig of S194 nuclear extract, except lane 2, which contains only in
vitro-translated PU.1. Bi, band resulting from DNA bound to PU.1; B2, band resulting from DNA complexed with PU.1 and NF-EM5; F,
free DNA.

NF-EM5 expression is tissue restricted. The KE3' oligonu-
cleotide probe was assayed with various nuclear extracts
either in the absence or presence of in vitro-translated PU. 1.
Because PU.1 is tissue specific, no binding with non-B-cell
nuclear extracts indicative of PU.1 or NF-EM5 wotld be
expected. However, if NF-EM5 is present in these extracts,
addition of exogenous PU.1 should yield a PU.1-NF-EM5
complex (B2). The addition of in vitro-translated PU.1 to all
B-cell nuclear extracts (3-1 pre-B cells and S194 and Ag8.653
plasmacytoma cells) increased the intensity of the B2 band
(Fig. 4, lanes 2 to 7). The great increase in intensity of the B2
band in the S194 and Ag8 lanes suggests that NF-EM5 is
present in excess in these extracts. The relatively small
increase ih B2 observed with the pre-B-cell extract suggests
that NF-EM5 may be present in limiting quantities in these
cells. In contrast to the assays performed with B-cell ex-
tracts, NF-EM5 was undetectable in NIH 3T3, L cell, and
COS cell nuclear extracts (lanes 8 to 13). NF-EM5 was also
absent from nuclear extracts prepared from two T-cell lines
(NCKA and Kvg; data not shown). Therefore, the ability to
form the B2 complex is cell type specific.

It should be noted that the Bi and B2 bands were
undetectable when the Ag8 extract was assayed alone (Fig.
4, lane 6). The addition of exogenous PU.1, however,
revealed the presence of NF-EM5 (lane 7). It is likely that
the absence of endogenous PU. 1 in this Ag8 extract is due to
the relative instability of PU.1 which occurs on extended
storage (data not shown). The availability of an extract that

contains NF-EM5 but lacks endogenous PU.1 proved to be
very useful for mapping the domain in PU.1 responsible for
interaction with NF-EM5 (see below).

Characterization of NF-EM5. From the above results, it
could be possible that NF-EM5 is a modified form of PU.1
that acquires a new DNA-binding specificity which is re-
vealed in the presence of adjacently bound PU.1. If so, one
might expect NF-EM5 to cofractionate with PU.1. S194
nuclear extract was fractionated on heparin-agarose, and
each fraction was assayed alone as well as in the presence of
in vitro-synthesized PU.1 by the EMSA with the KE3' probe.
Most NF-EM5 eluted from heparin-agarose in 0.2 M KCI
(Fig. 5, top). The NF-EM5 in this fraction was incapable of
binding to DNA in the absence of exogenous PU.1. Because
NF-EM5 did not cofractionate with PU. 1, which eluted from
the column at higher salt concentrations (data not shown),
this suggests, but does not prove, that NF-EM5 is not a
modified product of PU. 1. However, it is clear that NF-EM5
does not form a strong complex with PU.1 in the absence of
its DNA-binding site. The 0.2 M heparin-agarose fractions
were pooled and fractionated over DEAE-Sephacel (Fig. 5,
bottom). Again, NF-EM5 eluted in the 0.2 M KC1 fraction.
The presence of NF-EM5 in a single salt fraction after two
chromatographic steps suggests that it may be either a single
protein or a very stable hetero-oligomer.
To better characterize the protein components in the B2

complex, we performed UV cross-linking studies. A BUdr-
substituted KE3' probe was prepared and assayed by EMSA
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FIG. 4. NF-EM5 is tissue restricted. KE3' probe was subjected to EMSA with various nuclear extracts in the presence (+) or absence (-)

of in vitro-translated PU.1 (2 ,ul of translation mix). The source of each nuclear extract is indicated above each lane. Bi, PU.1 bound to the
DNA probe; B2, PU.1 and NF-EM5 bound to the DNA probe; F, free DNA.

with either in vitro-prepared PU. 1 alone or PU.1 in combi-
nation with nuclear extract protein. After electrophoresis on
a nondenaturing gel, the protein-DNA complexes were irra-
diated in situ with UV light. The Bi and B2 complexes were
excised from the gel and then analyzed by SDS-PAGE. PU.1

PU.l:

HEPARIN AGAROSE d
Ul

0.1M KCI 0.2b 0.3M +
1-'--+ I1 a
.. + .+ . + + -. - e + IL IL

Fraction: 1 2 3 1 2 3 4 5 1 4 5 0 7 8 9 7 9

a^

DEAE - SEPHACEL

KCI: 0.05G 0.1M 0.M 0.3M
I I I I I

~~~~~..T..

Fraction: 12 3 4 5 6 7 8 9 10 11 12

FIG. 5. Partial purification of NF-EM5. Various column frac-
tions were assayed by EMSA with the KE3' probe in the absence (-)
or presence (+) of in vitro-synthesized PU.1. Salt concentrations in
each fraction are shown above each lane.

protein alone yielded a cross-linked protein of approximately
42 kDa (Fig. 6, lane 1, band 1). This is consistent with the
mobility of PU.1 estimated by SDS-PAGE (42a). The Bi
complex from the PU.1-nuclear extract sample yielded the
identical cross-linked product (lane 2). The B2 complex,
however, yielded two complexes in addition to the 42-kDa
complex; one of 46 and one of 90 kDa (lane 3, bands 2 and 3,
respectively). One explanation for these results is that the
46-kDa band represents NF-EM5 and the 90-kDa band
represents a cross-linked complex containing both PU.1 and
NF-EM5. Alternatively, the B2 complex could consist of
PU.1 and two proteins, one of 90 and the other of 46 kDa.
To distinguish between these two possibilities, S194 nu-

clear extract was fractionated by SDS-PAGE and proteins
were eluted from the gel in a total of 26 slices encompassing
the 100- to 20-kDa size range. The eluted proteins were
assayed by EMSA with the KE3' probe either alone or in the
presence of PU.1. The data from gel slices 5 through 15 are
shown. Only proteins that eluted in the 46-kDa size range
yielded the B2 complex in the presence of exogenous PU.1
(Fig. 7, fractions 10 and 11). On longer exposures, the
endogenous PU.1 protein was clearly evident in fractions 15
and 16. No B2 complex in the 90-kDa range (data not shown)
was observed. From the above results, we conclude that
NF-EM5 most likely consists of a single polypeptide chain of
46 kDa. However, we cannot exclude the possibility that
NF-EM5 binds to DNA either as a homo-oligomer or as a
hetero-oligomer with a protein of identical size.

Functional analysis of PU.1 and EM5 DNA-binding sites.
Previously, we defined a 132-bp core segment of the KE3'
enhancer that retains most of the enhancer activity observed
in plasmacytoma cells. Within this 132-bp segment are at
least two functional domains. One of these functional do-
mains (oligonucleotide 5) (34) corresponds to the KE3' DNA
sequences encompassing the PU.1- and EM5-binding sites.
To assess the functional activity of each of these binding
sites, we prepared DNA constructs with oligonucleotides
containing the 3-bp mutations that were assayed for protein
binding in Fig. 3B. Each enhancer segment was linked to the
herpesvirus thymidine kinase promoter driving expression of
the CAT gene. Activity of each DNA construct was mea-
sured after transfection into S194 plasmacytoma cells. This
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FIG. 6. UV cross-linking analysis of PU.1 and NF-EM5. A BUdr

and [t-32P]dATP-substituted KE3' enhancer probe was analyzed by
EMSA with either in vitro-synthesized PU.1 alone (lane 1) or PU.1
plus S194 nuclear extract (lanes 2 and 3). The source of the
cross-linked complex is shown above each lane. The positions of
cross-linked products are indicated by the numbered arrows. The
asterisk denotes a 12-kDa band present in all lanes that is apparently
a PU.1 degradation product. The size of each protein was calculated
by subtracting 10 kDa contributed by the oligonucleotide probe
sequences.

allowed a direct comparison between the binding data in Fig.
3B and transcriptional activity.
Mutation m5.1 which lowered PU.1 and NF-EM5 binding

severalfold (Fig. 3B) also showed a fourfold drop in en-
hancer activity (Fig. 8). The activity of mutant m5.2, which
showed only residual PU.1- and NF-EM5-binding activity,
also yielded very low transcriptional activity (6.0 and 8.4%).
Mutants m5.3, m5.4, and m5.5, which essentially abolished
protein binding, lost all enhancer activity. Mutant m5.6,

which retains PU.1 binding but which lost all NF-EM5
binding, showed significantly reduced activity (12 and 24%),
suggesting a role for NF-EM5 in enhancer activity. As
expected, mutant m5.8, which did not affect protein binding,
also showed 100% activity. The only construct to show a
discrepancy with the binding data was mutant m5.7. This
mutant did not noticeably affect protein-DNA interaction but
showed only 14 and 21% enhancer activity. It is possible that
while NF-EM5 still binds to this mutant sequence, it does so
in a configuration that is compromised for transcriptional
activity. Alternatively, the binding of additional cellular
proteins distinct from NF-EM5 may be influenced by mutant
m5.7. In total, however, seven of eight of the 3-bp mutants
showed a very close correlation between the binding data
and transcriptional activity.

Identification of a protein-protein interaction domain in
PU.1. The ability to detect PU.1-NF-EM5 interactions in
EMSAs by mixing in vitro-translated PU.1 with nuclear
extract proteins (Fig. 2 and 4) afforded us a convenient assay
system for mapping the protein domain in PU.1 responsible
for this interaction. Seven different PU.1 deletion mutants
(Fig. 9A) were transcribed and translated in vitro. These in
vitro-synthesized products were then assayed for their abil-
ity to bind to DNA and to interact with NF-EM5. Each
protein product was assayed with the KE3' probe by EMSA
either alone or in the presence of Ag8 nuclear extract
proteins. Because our Ag8 extract does not contain PU.1
(Fig. 4), the only interaction observed should be due to the
exogenously added PU.1 protein. As expected, full-length
PU.1 protein alone bound to the KE3' probe to produce a
bound complex (Fig. 9B, lane a). The addition of Ag8
nuclear extract produced an additional supershifted band
indicative of the PU.1-NF-EM5 complex (Fig. 9B, lane b).
Deletion constructs 1 to 5 (Fig. 9A) when assayed alone all
retained the ability to bind to KE3' DNA sequences and
yielded bound complexes of decreasing sizes (Fig. 9B, lanes
c, e, g, i, and k). The addition of Ag8 nuclear extract proteins
yielded supershifted complexes of decreasing sizes with
PU.1 constructs 1 to 3 (Fig. 9B, lanes d, f, and h). However,
PU.1 constructs 4 and 5 no longer interacted with NF-EM5
to produce the supershifted complex (Fig. 9B, lanes j and 1).
Deletion construct 6 failed to bind to DNA because of the
loss of the PU.1 DNA-binding domain. The addition of
nuclear extract protein was incapable of producing detect-
able construct 6-NF-EM5 interaction (Fig. 9B, lanes mn and
n), indicating that PU.1 must bind to DNA in order to
observe this complex in vitro. These results map sequences
necessary for PU.1-NF-EM5 interaction to a 43-amino-acid
segment spanning residues 118 to 160. This region precisely
coincides with the segment with PEST homology. The role
of this region in PU.1-NF-EM5 interaction will be discussed
below.

It should be noted that, although construct 3 still interacts
with NF-EM5, this interaction is weaker than that observed
with full-length PU.1 or with constructs 1 and 2 (Fig. 9B,
lanes b, d, f, and g). This weaker interaction could be due
either to deletion of some functional residues in construct 3
or to some influence of the secondary structure which does
not allow optimal protein-protein interaction. To confirm
that the amino acid residues in the PEST region are impor-
tant for PU.1-NF-EM5 interaction, construct APEST, in
which residues 119 to 160 were deleted, was prepared. While
this construct still retained DNA-binding ability, it no longer
interacted with NF-EM5 (Fig. 9C, lanes 3 and 4). These
results confirm that amino acid residues in the PEST region
are required for PU.1-NF-EM5 interaction. Although PU.1

MOL. CELL. BIOL.

.:".W;,

I

4IROW-0;
f.

6



PU.1 PROTEIN-PROTEIN INTERACTION 375

6SkD 43kD

Fraction: 5 6 7 8 9 10 11 12 13 14 15

_ tln Saad

FIG. 7. NF-EM5 elutes from SDS-PAGE in the 46-kDa range. S194 nuclear extract was fractionated on SDS-PAGE. Proteins were eluted
from gel slices in the 100- to 20-kDa range and assayed by EMSA with the KE3' probe for NF-EM5 in the absence (-) or presence (+) of in
vitro-translated PU.1. Gel slice numbers are shown above the lanes, and the positions of the 68- and 43-kDa molecular mass markers are
indicated.
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experiments in S194 cel
quence (34).

ire required, we do not know whether the NF-EM5-binding site is mutated (Fig. 2A, 3B, 5, and 7).
ecruit DNA binding by NF-EM5. NF-EM5 does not cofractionate with PU.1 on heparin-

agarose, suggesting that it is not a posttranslational modifi-
DISCUSSION cation of PU.1 and is a distinct protein. However, we cannot

exclude the possibility that NF-EM5 is a modified form of
d that transcription factor PU.1 binds PU.1 with altered chromatographic properties. We have
r.iWe have also identified a nuclear determined that NF-EM5 is a 46-kDa protein by both UV
physically interacts with PU.1 This iS cross-linking and by elution from SDS-polyacrylamide gels.
ice of PU.1 interacting with another The elution of NF-EM5-binding activity from a single size

ebntlygboundyPUas-5 wl ao specuifi fraction on SDS-PAGE suggests that NF-EM5 is composed
us binding of NF EM5 to DNA is of a single polypeptide chain. However, definitive evidencethe,absencenofoPU.N1 binding orNwhen for this point will require further purification or isolation of athe absence of PU.1 binding or when

cDNA clone encoding NF-EM5.
Assays of enhancer activity indicate important roles for

the PU.1- and NF-EM5-binding sites in KE3' enhancer
% ACTVIVTY function. It is highly likely that PU.1 and NF-EM5 contrib-
kLI. 1Exp.32 ute to enhancer activity in vivo. Transcriptional activity of

TKCAT 0 0 the 3-bp mutations used to scan the PU.1- and NF-EM5-
binding sites correlate well with the protein-binding data

WT 100 100 (with the exception of mutant m5.7). In addition, the inclu-
* w WT 100 100 sion of anti-PU.1 antiserum in EMSAs resulted in a super-

shift of all distinct protein-DNA complexes. However, given
* m5.1 22 27 the complexity of the ets family of proteins, we cannot

exclude the possibility that other ets-related proteins bind to

m5.2 6.0 864 the PU.1 site and contribute to enhancer activity.
PU.1 is primarily expressed in B-lymphoid cells and

macrophages. Somewhat surprisingly, NF-EM5 is also re-
m5.3 0.2 0 stricted in its tissue distribution. While NF-EM5 is present in

all B-lymphoid cell lines tested, it is absent in NIH 3T3, L
m5A4 0.1 0.6 cell, Cos cells, and two T-cell lines. NF-EM5 expression

may also be developmentally regulated. The addition of in

m5.S O O
vitro-translated PU.1 to plasmacytoma nuclear extracts re-

*:5.6 0 0 sulted in a very large increase in the supershifted PU.1-NF-
_, M5.6 12 25

EM5 complex, indicating an excess of NF-EM5 in these
w m5. 12 25 extracts (Fig. 4). There was, however, a much smaller

change in the level of the PU.1-NF-EM5 complex when
* m5.7 14 21 PU.1 was added to a pre-B-cell extract. This implies that

NF-EM5, though present in pre-B cells, may be available in
low quantities. The KE3' enhancer is much more active in

a* m51 101 100 plasmacytoma cells than in pre-B cells (28, 34). A develop-
mentally controlled increase in NF-EM5 levels could con-

al activity of the 3-bp mutants. Adjacent to tribute to this increase in enhancer activity at later develop-
nstruct and its relative CAT activity in two mental stages.
is. WT, unmutated oligonucleotide 5 se- We have mapped a 43-amino-acid region in PU.1 that

contains sequences necessary, but not necessarily sufficient,
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FIG. 9. Identification of PU.1 sequences necessary for interaction with NF-EM5. (A) The top line represents intact PU.1. Deletion

mutants 1 to 6 and APEST are diagrammed below. Deleted regions are flanked by parentheses. Numbers within parentheses denote the limits
of each deletion. Data obtained in panels B and C are summarized to the right of each construct. (B) Each PU. 1 deletion mutant was prepared
by in vitro translation and was analyzed by EMSA with the KE3' probe. PU.1 deletion mutants were assayed alone (-) or in the presence

of Ag8 nuclear extract (+). Deletion mutants used in each assay are listed above the lanes. (C) In vitro-translated PU.1 or APEST products
were assayed with the KE3' probe either in the absence (-) or presence (+) of Ag8 nuclear extract.

for interaction with NF-EM5. These sequences are shown in
Fig. 10. This corresponds to the region of PU.1 with homol-
ogy to PEST regions (19). Although little is known concern-
ing PEST regions, they have been implicated in targeting
proteins for degradation (37). Whether the PEST region of
PU.1 is involved in a similar function is unknown. It is
conceivable that protein-protein interactions via the PEST
region could simultaneously assist DNA binding as well as

protect PU.1 from degradation by masking the PEST region
from cellular proteases. If this is true, one might expect PU.1
to be more stable in cells that contain an appropriate
oligomerization partner, such as NF-EM5. This is reminis-
cent of the interesting control exerted on some T-cell recep-

tor chains by colocalization of subunit assembly and protein
degradation domains (5).

Dimerization domains such as the leucine zipper and the
HLH domains are capable of making protein-protein inter-
actions in the absence ofDNA binding. NF-EM5 interaction
with PU.1, however, is detectable in vitro only when both
the PU.1 and NF-EM5 DNA-binding sites are present. Thus,
if the NF-EM5-binding site is absent, as is the case with the
SV40-derived PU.1 oligonucleotide or in mutant m5.6, NF-
EM5 interaction with PU.1 is not observed. This situation is
remarkably similar to that of p67/SRF and p62, which bind to
the serum response element of the c-fos promoter (38). Like
NF-EM5, p62 does not bind to DNA in the absence of an

116 + 160

MCFPYOTLSPAHOQSSDEEEGERQSPPLEVSDGEADGLEPGPG
* * * * * * *.~** *0*0

FIG. 10. Amino acid sequence of the domain responsible for PU.1-NF-EM5 interaction. Asterisks show the location of proline and glycine
residues. Acidic (-) and basic (+) residues are also shown.
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adjacent binding protein (in this case, p67/SRF). Similarly,
the herpesvirus VP16 protein associates with DNA as a
complex with Oct-1 as well as other proteins (11). In this
case, the interaction between VP16 and Oct-1 requires the
Oct-1 homeodomain sequences (17, 22, 39).
The region of PU.1 responsible for protein-protein inter-

action is unlike presently characterized protein-protein in-
teraction domains. The leucine zipper and HLH protein-
protein interactions appear to be due to hydrophobic
interactions between amphipathic alpha helices. The region
surrounding the PEST segment in PU.1 is unlikely to assume
an alpha-helical structure because of its abundance of pro-
line and glycine residues (Fig. 10, asterisks). A more likely
mechanism for protein-protein interaction would be a
charge-charge interaction. Within the PEST domain, there is
a region (residues 134 to 156) in which 10 of 23 amino acids
are acidic, with only one basic residue (Fig. 10). Five of six
residues between 134 and 139 are acidic. NF-EM5 may
interact with this region through a corresponding basic
region. This issue can be resolved when NF-EM5 is cloned
and characterized.
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