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Egr-1 is an immediate-early response gene induced transiently and ubiquitously by mitogenic stimuli and also
regulated in response to signals that initiate differentiation. The Egr-1 gene product, a nuclear phosphoprotein
with three zinc fingers of the Cys2His2 class, binds to the sequence CGCCCCCGC and transactivates a
synthetic promoter construct 10-fold in transient-transfection assays. We have analyzed the structure and
function of the Egr-1 protein in detail, delineating independent and modular activation, repression,
DNA-binding, and nuclear localization activities. Deletion analysis, as well as fusions to the DNA-binding
domain of GALA, indicated that the activation potential of Egr-1 is distributed over an extensive serine/
threonine-rich N-terminal domain. In addition, a novel negative regulatory function has been precisely mapped
5' of the zinc fingers: amino acids 281 to 314 are sufficient to confer the ability to repress transcription on a
heterologous DNA-binding domain. Specific DNA-binding activity was shown to reside in the three zinc fingers
of Egr-1, as predicted by homology to other known DNA-binding proteins. Finally, nuclear localization of
Egr-1 is specified by signals in the DNA-binding domain and basic flanking sequences, as determined by
subcellular fractionation and indirect immunofluorescence. Basic residues 315 to 330 confer partial nuclear
localization on the bacterial protein ,-galactosidase. A bipartite signal consisting of this basic region in
conjunction with either the second or third zinc finger, but not the first, suffices to target 13-galactosidase
exclusively to the nucleus. Our work shows that Egr-1 is a functionally complex protein and suggests that it may
play different roles in the diverse settings in which it is induced.

Extracellular signals for growth and differentiation must
be translated into long-term changes in gene expression, and
this process is likely to involve the sequential expression of
regulatory proteins. Primary-response or immediate-early
genes are those genes induced by mitogenic or other stimuli
in the absence of de novo protein synthesis and thus consti-
tute the first step in such a cascade. One such primary-
response gene, Egr-1 (69), also known as NGFI-A (45),
Krox24 (35), z{f268 (7), and TIS8 (40), encodes a protein with
three zinc finger motifs, suggesting that Egr-1 may mediate
growth response by regulating distal gene expression. In this
respect, Egr-1 is like other immediate-early transcription
factors of the Fos (18, 34) and Jun (59) families. The
evolutionary conservation of the Egr-1 gene (69) as well as
the broad spectrum of induction-by tetradecanoyl phorbol
acetate and growth factors (7, 35, 40, 45, 69), by neuronal
stimuli (9, 45, 69), by ischemic injury (16, 51), and in some
contexts in response to differentiation signals (69)-impli-
cate Egr-1 as an important nuclear intermediary in signal
transduction.

In contrast to the universal and immediate response of
Egr-1 to mitogenic factors, in several cell types Egr-1
expression is correlated with differentiative processes, in
particular in cardiac, neural, osteoblast, and myeloid cell
differentiation. For example, Egr-1 induction accompanies
differentiation of embryonal carcinoma P19 cells to cardiac
muscle or to nerve and glial cells (69). Egr-1 expression in
adult mouse, highest in brain and heart, is consistent with
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these results and points to a role for sustained Egr-1 expres-
sion in these differentiated cell types. In the developing
mouse, the predominant expression of Egr-1 in cartilage and
bone, coordinate with c-fos induction, suggests a role for
these coregulated genes in skeletal development (68). Re-
cently, Nguyen et al. have shown that Egr-1 is essential for
macrophage differentiation of the myeloid leukemia cell line
HL60 and further that Egr-1 functions to restrict differenti-
ation, since constitutive Egr-1 expression is incompatible
with the differentiation of HL60 cells along the granulocyte
lineage (50).

Characterization of the Egr-1 gene product has shown that
this serine/threonine/proline-rich nuclear phosphoprotein (6,
12, 73) activates transcription through the sequence CGC
CCCCGC in transient transfection assays (6, 8, 36, 53).
Recently, Pavletich and Pabo have cocrystallized the three
zinc fingers of Egr-1 with its cognate sequence, defining a
DNA-binding domain (54). However, to date the regions
responsible for activation and nuclear localization have not
been mapped. A body of work suggests the modular nature
of transcription factors, in which functional domains are
structurally independent and able to confer activity on
heterologous proteins (reviewed in reference 55). We have
used deletion analysis and gene fusions to dissect the func-
tional domains of Egr-1. We report here that the serine/
threonine-rich N terminus of Egr-1 encodes its transactiva-
tion function. Remarkably, a compact 34-amino-acid region,
residues 281 to 314, represses transcription in gene fusion
experiments. The zinc finger domain encodes the DNA-
binding activity, and this region in conjunction with a basic
sequence 5' of the fingers is responsible for nuclear localiza-
tion of Egr-1.
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letion endpoints and reading frame were confirmed by
dideoxy sequencing (62) with reagents from U.S. Biochem-
ical. The nomenclature of these internal deletion derivatives
designates the first and last amino acids excised.
To insert a 20-amino-acid antigenic tag at the N terminus

of Egr-1, oligonucleotide-directed mutagenesis was used to
create a unique NheI site at nucleotides 267 to 269 of
pCB.Egr-1 with the primer 5'-GAGACATCAATTGCATC
TCGGCCTTGCTAGCTGCCATCCCGGACCAGCGAGCT
GGA-3'. Annealed synthetic oligonucleotides coding for a
portion of CMV glycoprotein A followed by an XhoI site

k were inserted at the newly generated N/teI site (amino acids
:3 3 and 4 of Egr-1). The synthetic DNA encodes the 20 amino

acids of the epitope, KGQKPNLLDRLRHRKNGYRH, ac-
cording to optimal human codon usage. The resulting plas-

0 100 200 300 400 500 600 mid was analyzed by sequencing and tested for protein
Egr-1 residues expression, nuclear localization, and the ability to transac-

r-l deletion derivatives. Site-directed mutagenesis tivate compared with wild-type Egr-1 in cotransfection as-

generate internal deletions of the Egr-l expression says. This plasmid, which was designated pCB.Egr-l.tag
gr-e. N- and C-terminal deletions were based on an and found to be equivalent to wild-type Egr-1 in all assays,
ion vector modified to include 20 exogenous amino was the parent for the subsequent construction of N- and
tigenic tag at the N terminus. The nomenclature is that C-terminal deletions.
letions are designated by the first and last amino acids The construction of C-terminal deletions utilized site-
erminal deletions are denoted by AN and the last directed mutagenesis to insert a stop codon followed by an
cised; C-terminal deletions are named by AC and the XhoI site after amino acids 112, 138, 214, 240, 314, and 430.
d remaining. N-terminal deletions were produced simply by excision of

the internal XhoI fragment and religation in frame. The
nomenclature is that deletions from the N terminus are

MATERILMS AND METHODS designated by AN followed by the last amino acid deleted;
on of Egr-1 deletion derivatives. Each of the C-terminal deletions are designated by AC and the last amino
on derivatives is expressed from the vector ....acid remaining. The reporters pA56foscat, containing the
odified version of pCB6 (M Roth'slaboratory) minimal murine c-fos promoter, and EBSl3foscat, with three
oRI, NotI, and EcoRV sites. VectorpCB6+ copies of a high-affinity Egr-1 binding site, have been de-
cytomegalovirus (CMV) early promoter/en- scribed previously (16, 42).

ved by a polylinker and human growth hormone ...Construction of GAL4-Egr-1 chimeras. Plasmid pSG424
ti o nsignal as well as the gene for neomycin (60), encoding the DNA-binding domain of GAL4 driven by
pressedfrom the simian virus 40 (nV40)early the SV40 early promoter/enhancer and followed by a poly-
hancer.The parent expression vector for ally linker and stop codons in all three reading frames, provided
hvatives, pCB.Egr-e, con sistsofthe full-length the starting point for all GAL4-Egr-1 chimeras. Several
cDNA cloned into theEcoRIsiteofpCB6+ as domains of Egr-1 (amino acids 3 to 281, 3 to 138, 138 to 281,
reviously(42). S ite-directed mutagenesis was 420 to 533, 240 to 330, 281 to 330, and 281 to 314) were
luce nine in-frame internal deletions of 43 to 48 amplified by the polymerase chain reaction (PCR), digested
and one deletion of 24 amino acids (Fig. 1). with BamHI and XbaI, and cloned into the corresponding

ial deletions span the entire coding sequence sites of pSG424. The specified Egr-1 coding sequence is
he region between amino acids 140 and 234, fused in frame C terminal to GALA amino acids 1 to 147 with
ot produce any stable derivatives. In general, seven synthetic amino acids at the junction. The amplified
primers for the mutagenesis contained 20 to 25 region and the junction of the construct were verified by
complementary to the regions immediately 5' dideoxy sequencing (62). To assay activation, a reporter
desired deletion, as shown in Table 1. Clones with minimal basal activity and five GAL4 binding sites,

ly screened by EcoRI-PvuI restriction; the de- pGAL45E1bCAT (39), was chosen. The reporter selected for

TABLE 1. Primers used in the construction of internal deletion derivatives of Egr-1
Primer

pCB.Egr-1A3-47 ............. 5'-GTTCCOGCAG
pCB.Egr-1A50-93............. 5'-AGGACTCTGT

pCB.Egr-1A94-139................ 5'-AAAGTGTTGC

pCB.Egr-1A234-281............. 5'-GATAGTGGAG

pCB.Egr-1A284-330............. 5'-GGCAAGCATA

pCB.Egr-1A331-374............. 5'-AGGTGGTCAC

pCB.Egr-1A377-419............. 5'-TTGTCTGCTT

pCB.Egr-1A420-464............. 5'-GTGGAGGAGC
pCB.Egr-1A465-509............. 5'-GTTGAGGTOC
pCB.Egr-1A510-533............. 5'-TTTTATTCCC

CACCGAGGAA TGCCATCCCG
GGTCAGGTGC TCATAGAGGA
CACTGTTGGG GGGTTGTTCG
TGAGCGAAGG GTACTGCAAG
TGGGCGTTCA TGGGGCGAAG
TACGACTGAA GGGTGTCTTG
TCTTGTCCTT ACTGAAGTTA
CAGGAGAGGA CTGTCTTAAA
TGAAGGAGCT GTAGGAAGTG
mTAGCAAAT GCTGACGCCC

GACCAGCGAG-3'
ACTGGOGAGC CCCGTTGCTC-3'
CTCGGCTCCC-3'
GCTGTGCCTG-3'
GCTGCTGGGT ACGGTTCTCC-3'
CTGGGCCGGI-3'
CGCATGCAGA-3'
TGGATTTTGG-3'
GGCACAGGGG-3'
GCAGACGGGA-3'

wild type
A3-47

ASO093
A94-139
A234281
A284-330
331-374

O A377-419
_ 420464

A465-509
- A510-533

AN112
AN138
AN214
AN240
AN314
AC430
AC314
AC240
AC214
AC138
AC112
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the repression assays, pGAL45tkCAT (64), has a higher
basal activity.

Construction of Egr-1-13-galactosidase chimeras. To create
a 13-galactosidase expression vector suitable for constructing
N-terminal fusions, the 3.0-kb BamHI p-galactosidase frag-
ment from pMC1871 was subcloned into the corresponding
site of the CMV expression vector pCB6+. This fragment
contains all of the coding sequence beginning with the 10th
amino acid of ,3-galactosidase and is sufficient for its enzy-
matic activity. Second, a synthetic fragment containing an
ATG in a Kozak context followed by the unique sites BglII,
KpnI, HindIII, and XbaI was cloned into the BglII and XbaI
sites to create pCB. 3-GAL such that (i) the 5'-mostBgIII site
was destroyed and (ii) the j-galactosidase coding sequence
was in frame with the ATG. To create the fusion proteins,
Egr-1 coding sequences were amplified by PCR and cloned
in frame into the unique BglII andXbaI sites of pCB.,B-GAL,
and the resulting plasmids were sequenced through the
amplified regions.
To create pCB.Egr-1(315-330).P-GAL, complementary

synthetic oligonucleotides were annealed with BglII and
XbaI overhangs and cloned into the corresponding sites.
Constructs containing the 5' basic region (amino acids 315 to
330) in conjunction with either finger 2, finger 3, fingers 2 and
3, or the H-C link of finger 3 were generated by cloning in
frame into the XbaI site of pCB.Egr-1(315-330).P-GAL. The
construct containing the 5' basic flanking sequence with the
H-C link of finger 3 and body of finger 1 was made such that
there were no artificial residues (at the restriction enzyme
sites). Two annealed synthetic 90-mers encoding amino
acids 315 to 330, 389 to 395, and 338 to 363 were amplified
with outside primers by PCR and cloned into the BglII and
XbaI sites of pCB.4-gal. The construct with the 5' basic
region, the H-C link of finger 1, and body of finger 3 was
made by PCR amplification of two fragments such that no
exogenous residues were introduced at the junction. The 5'
fragment amplified residues 315 to 337, and amino acids 396
to 401 were included as a noncomplementary tail in the 3'
primer. This DNA was annealed with the amplified fragment
encoding residues 396 to 419, and the mixture was reampli-
fied with outside primers and cloned into the BglII and XbaI
sites of pCB.,-GAL.

Transfections and CAT assays. NIH 3T3 (provided by M.
Wigler, Cold Spring Harbor Laboratory) and HeLa cells
were maintained in Dulbecco's modified Eagle's medium
with 10% calf serum. Cells were seeded at 8 x 105 cells per
100-mm-diameter plate the day before transfection. The
media was replaced 2 to 6 h prior to transfection by calcium
phosphate-mediated precipitation. Each precipitate included
1 jig of the internal reference pON260, a CMV-driven
P-galactosidase plasmid (67), or 3 ,ug of pCH110, an SV40-
driven 3-galactosidase plasmid (Pharmacia), and remained
on the cells for 16 to 20 h. Forty-eight hours after transfec-
tion, cell extracts were prepared by freeze-thaw lysis in 0.25
M Tris-HCl (pH 7.8) with protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 1 ,g of pepstatin A per ml, and 1 ,g
of leupeptin per ml). Chloramphenicol acetyltransferase
(CAT) assays were performed according to Gorman et al.
(17) with equal amounts of 3-galactosidase activity in order
to normalize for any variation in transfection efficiency.
,-Galactosidase activity was assayed with the substrate
o-nitrophenyl-,-D-galactopyranoside (ONPG) as described
previously (57).

Gel retardation assays. Extracts prepared for CAT assays
were used for subsequent gel shift analyses. Egr-1 binding
was assayed as described in Cao et al. (6) with the synthetic

oligonucleotide EBS-1 (5'-CGCCCTCGCCCCCGCGCCGG
G-3') (6) labeled with Klenow enzyme and [a-32P]CTP. To
assay binding of GAL4-Egr-1 chimeras, the 140-bp HindIIl-
XbaI fragment from pGALA5tkCAT, containing five copies
of the 17-bp GALA binding site, was isolated on 3%
NuSieve-1% SeaPlaque agarose and purified with Mermaid
(Bio 101). The fragment was labeled with [(c-32P]CTP and
Klenow enzyme, and unincorporated nucleotides were re-
moved with Stratagene's Nuctrap column. Complexes were
formed by incubating probe with 10 Rl of normalized extract
in 20 mM Tris-HCI-80 mM NaCl-1 mM dithiothreitol with 1
,g poly(dI-dC) (Pharmacia 27-7880) and 10 ,g of bovine
serum albumin (Calbiochem 12659) in a total of 20 ,ul for 30
min at room temperature. For cold competition experiments,
a 50-fold molar excess of unlabeled pGAL45tkCAT HindIl-
XbaI fragment was added.

Western immunoblot analysis. Samples of transiently
transfected cells were prepared by freeze-thaw lysis and
were normalized both for ,B-galactosidase activity (as an
internal control for transfection efficiency) and for total
protein, using the Bio-Rad microprotein assay. Protein sam-
ples were separated by sodium dodecyl sulfate (SDS)-10%
polyacrylamide gel electrophoresis (PAGE) (71) and trans-
ferred to polyvinylidene difluoride membranes (Millipore).
For the rabbit polyclonal anti-Egr-1 antiserum, a 1:4,000
dilution of R5232-2 (6) and a 1:5,000 dilution of horseradish
peroxidase donkey anti-rabbit immunoglobulin (Amersham
NA 934) were used. Monoclonal antibody CH28-2, a gift
from L. Pereira, reacts against a short region of human CMV
glycoprotein A. CH28-2 was used at a 1:20,000 dilution, and
the horseradish peroxidase sheep anti-mouse immunoglobu-
lin (Amersham NA 931) was used at a 1:3,000 dilution.
Analysis using Amersham's enhanced chemiluminescence
Western procedure (Amersham RPN 2106) required 5- to
50-mim exposures. Autoradiograms were scanned with a
Hewlett-Packard Scan Jet Plus Scanner, and protein bands
were analyzed by calculating the ratio of the band of interest
to full-length tagged Egr-1 protein, pCB.Egr-l.tag, using
ImageQuant software.

Indirect immunofluorescence microscopy. NIH 3T3 cells
were plated on Permanox chamber slides (Lab-Tek 177429)
and transfected as described above. Cells were fixed in 4%
formalin in lx phosphate-buffered saline (PBS) (10 min,
room temperature), permeabilized with acetone (7 min,
-20°C), and blocked in diluted normal goat serum (1 h, room
temperature). Cells were further incubated with a 1:500
dilution of anti-Egr-1 rabbit polyclonal antibody R5232-T (1
h, 37°C) and a 1:200 dilution of fluorescein-conjugated goat
anti-rabbit antiserum (1 h, room temperature, in the dark)
from Caltag Laboratories (M30301). Coverslips were
mounted with antifade mounting medium as described by
Adams and Pringle (2). Photographs were taken at x40
magnification with Hypertech film.

Nuclear/cytoplasmic fractionation. Two transiently trans-
fected 100-mm-diameter plates ofNIH 3T3 cells were pooled
for this analysis. Cells were lysed on ice in 100 ,ul of
hypotonic buffer (25 mM Tris-HCl [pH 7.4], 1 mM MgC12, 5
mM KCI, 1 mM phenylmethylsulfonyl fluoride) with 0.5%
Nonidet P-40 (NP-40) by pipetting briefly up and down; 2 M
sucrose was immediately added to a final concentration of
0.25 M, and nuclei were pelleted at 1,000 x g in a microcen-
trifuge for 1 to 2 min at 4°C. Nuclei were washed in
hypotonic buffer-0.5% NP-40 before lysis in 100 pl of
hypotonic buffer-1% SDS. After addition of 2x protein
sample buffer, nuclear fractions were sonicated.

3-Galactosidase histochemical analysis. NIH 3T3 cells tran-
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siently transfected with 2 pLg of the Egr-1-,B-galactosidase
expression vector and 23 ,ug of pCB6+ vector were stained
by a variation of the procedure described by Sanes et al.
(61). After being washed with lx PBS at room temperature,
the cells were fixed with 4% paraformaldehyde in PBS for 20
min at 4°C, rinsed briefly with lx PBS, and incubated with
PBS for 30 min at 4°C. Cells were stained with a 0.4-mg/ml
concentration of 5-bromo-4-chloro-3-indolyl-3-D-galactopy-
ranoside (X-Gal) in 4 mM K3Fe(CN)6-4 mM K4Fe(CN)6-2
mM MgCl2. Cells were typically stained for 1 to 2 h;
however, expression of some constructs required staining
for up to 24 h. To stop the reactions, cells were rinsed with
lx PBS and stored in 30% sucrose in PBS at 4°C.

RESULTS

General strategy. Wild-type Egr-1 protein is known to be
localized to the nucleus (6, 12, 73), bind specifically to the
site CGCCCCCGC (6, 8, 36), and activate transcription
through this sequence in transient cotransfection assays (36,
53). We have mutagenized the 533-amino-acid coding region
of the murine Egr-I cDNA in a CMV expression vector in
order to determine the functional domains of Egr-1. Site-
directed mutagenesis generated a series of in-frame internal
deletions of 43 to 48 amino acids. To accurately determine
protein levels of various constructs, the parent expression
plasmid was modified to include a 20-amino-acid antigenic
tag as well as a unique XhoI site at the N terminus. This
construct was tested for protein expression, nuclear local-
ization, and the ability to transactivate and was equivalent to
wild-type Egr-1 in all assays. Construction of C-terminal
deletions utilized oligonucleotide-directed mutagenesis to
insert a stop codon followed by an XhoI site at six positions
spanning the length of the coding sequence. N-terminal
deletions were created by excision of the internal XhoI
fragment from the corresponding C-terminal deletion and
religation in frame.

In general, the approach that we have taken is initially to
define domains important for transcriptional activity, DNA
binding, and nuclear localization by looking for loss of
function with deletion derivatives of Egr-1. A constructive
approach, in which segments of Egr-1 are fused to a heter-
ologous DNA-binding domain and assayed for transcrip-
tional activity or to the bacterial protein 0-galactosidase and
assayed for nuclear localization, has substantiated the re-
sults of deletion analysis and refined the map of Egr-l's
functional domains.

Egr-1 functions as a transcriptional activator. Egr-1 has
been shown to bind to several related sequences in its own 5'
flanking region (6, 8). To assay transcriptional activity in
transient cotransfections, a CAT reporter was constructed to
include three copies of a high-affinity Egr-1 binding site,
CGCCCCCGC, in front of the minimal murine c-fos pro-
moter (Fig. 2A). The Egr-1 expression vector pCB.Egr-1
contains the full-length murine Egr-1 cDNA under control of
the CMV early promoter/enhancer. Increasing amounts of
Egr-1 expression vector were cotransfected with CAT re-
porter and an internal control for transfection efficiency,
CMV.,-galactosidase. Figure 2B shows that Egr-1 activates
transcription of the synthetic reporter containing three Egr-1
binding sites 10-fold in NIH 3T3 cells. Transactivation is
absolutely dependent on the presence of Egr-1 binding sites;
Egr-1 has no effect on the minimal fos promoter alone (Fig.
2C). As a negative control, an Egr-1 derivative deleted for
part of zinc fingers 1 and 2 has been included; this mutant,
pCB.Egr-1A331-374, does not activate transcription. Similar

data obtained for the HeLa cell line show that the ability of
Egr-1 to transactivate is not cell type specific (see below).

Egr-I contains multiple activation domains and a potential
negative regulatory region. A series of deletion derivatives,
each retaining the zinc finger domain, was assayed for
transcriptional activity by transient transfection in NIH 3T3
and HeLa cells (Fig. 3A). In general, we interpret the CAT
activity of a particular construct with respect to its expres-
sion level as indicated by analysis with monoclonal antibody
CH28-2 against an epitope tag included in the construct. The
exception is the internal deletion A284-330, which lacks the
antigenic tag and can therefore be recognized only with a
polyclonal anti-Egr-1 serum (R5232-2). Western analysis
with CH28-2 reflects expression levels more accurately than
does analysis with R5232-2, which may underestimate deriv-
atives that have lost epitopes. Although densitometry indi-
cates that several of the larger N-terminal deletions are
variably expressed relative to full-length Egr-1 (Fig. 3B and
C), we draw several conclusions from these data.

First, loss of sequence from the N terminus to amino acid
112 resulted in diminished transcriptional activity to 51.1%
of wild-type activity in NIH 3T3 cells (Fig. 3A), although
mutant protein AN112 was expressed as well as full-length
Egr-1 was expressed (Fig. 3B). Second, deletion AN214 had
only 14.7% activity, compared with 38.1% activity for
AN138, in 3T3 cells, and these mutants are expressed
similarly, as quantitated by densitometry. Mutant AN240
was not informative, since its expression was dramatically
reduced compared with expression of full-length protein.
Third and most convincing were the results with AN314.
Although this mutant was overexpressed substantially (four-
to fivefold) relative to full-length Egr-1, it activated to only
17.2% of wild-type levels in 3T3 cells. In sum, these results
imply that the Egr-1 activation domain maps to amino acids
1 to 314, with regions 1 to 112 and 138 to 214 both
contributing to the activity. Aberrant localization or im-
paired DNA binding cannot account for loss of activity,
since each of the constructs is competent to bind DNA and
accumulates in the nucleus, as will be discussed below.
Analysis of the N-terminal deletions in HeLa cells was

consistent with the impaired activity seen in the NIH 3T3
line (Fig. 3A). In addition, deletion AC430, removing the
C-terminal 103 amino acids of Egr-1, revealed reduced
transcriptional activity in HeLa cells to about 20% of the
wild-type level, although it had no effect in NIH 3T3 cells.
This decrease in transcriptional activity was not due to
reduced expression in HeLa cells (Fig. 3C). These experi-
ments indicate that a weaker transcriptional activity may
reside in the C terminus in addition to the strong activator
that maps to the N terminus of Egr-1.

Finally, an unexpected result was that a small internal
deletion immediately 5' of the zinc finger domain (A284-330)
enhanced transcription some fivefold in HeLa cells (Fig.
3A). Moreover, this enhanced activation was not seen in the
NIH 3T3 cell type (see Discussion). Western analysis shows
that the superactivation seen with A284-330 in HeLa ctHls
cannot be explained by overexpression of A284-330 relative
to full-length Egr-1 in HeLa cells compared with NIH 3T3
cells (Fig. 3D). The enhanced activation seen with deletion
A284-330 is consistent with the loss of a region important for
repression or negative regulation. This hypothesis was
tested in further experiments presented below.

Egr-1 activation and repression functions are portable. To
assess whether Egr-1 can confer transcriptional activities on
a heterologous DNA-binding domain, putative activation
and repression sequences were fused to the DNA-binding
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domain of the yeast transcription factor GAL4. Regions of
Egr-1 were amplified by PCR and cloned into expression
vector pSG424 (60), encoding GAL4 amino acids 1 to 147
(Fig. 4A). Resulting chimeras were tested for the ability to
transactivate a reporter containing five GAL4 binding sites
in front of the Elb minimal promoter (Fig. 4B, left). Egr-1
amino acids 3 to 281 function to activate transcription about
100-fold in this assay; when subdivided into amino acids 3 to
138 or 138 to 281, these segments function as well as does the
intact domain. In addition, transcription is activated some
fivefold by the C-terminal region 420 to 533. In all cases,
activation is dependent on the presence of the GAL4 binding
sites (Fig. 4B, right). Results of gel shift assays with the
transiently transfected 3T3 cell extracts ensure that all of the
fusion proteins are expressed at comparable levels and are
competent for DNA binding (Fig. 4C). For example, the
weak activity of GAL4-Egr-1(420-533) is not a result of low
protein levels, since this chimera is expressed as well as is
GAL4-Egr-1(3-281). Also, GAL4-Egr-1(138-281) is overex-
pressed compared with GAL4-Egr-1(3-281), accounting for
its superlative transactivation function.
To determine whether Egr-1 encodes a repressor function,

we constructed a fusion of GAL4(1-147) and the region of
Egr-1 which, when deleted, enhanced activation. A GAL4
reporter with a high basal activity suitable for examining
transcriptional repression was chosen (pGAL45tkCAT). In
this assay, the GAL4-Egr-1(240-330) chimera repressed
transcription 10-fold in a GAL4 binding site-dependent man-
ner (Fig. SA). A fusion containing only 34 amino acids of
Egr-1, GAL4-Egr-1(281-314), repressed transcription simi-
larly. Gel shift analyses (Fig. 5B) indicate that this repres-
sion is not due to overexpression of the GAL4-Egr-1 fusion
proteins. Titration of the chimeric repressor (Fig. SC) shows
that as little as 1 ,ug of GAL4-Egr-1(281-314) represses
transcription more than fivefold; even 10 jig of the GAL4
DNA-binding domain does not recapitulate this effect.
Therefore, in contrast to an extensive redundant activation
domain, Egr-1 contains a repression function that can be
precisely localized.
The DNA-binding activity of Egr-1 maps to the zinc finger

domain. By homology to other zinc finger proteins such as
TFIIIA (63) and Spl (30), the DNA-binding activity of Egr-1
was expected to reside in the zinc finger domain. Gel
mobility shift assays with extracts from HeLa cells tran-
siently transfected with the series of internal deletion deriv-
atives show that only amino acids 331 to 419 of Egr-1
(encoding the three zinc fingers) are required for specific
DNA binding (Fig. 6A). The deletion immediately N termi-
nal of the zinc finger domain (eight amino acids 5' of the first
cysteine) has no effect on DNA binding. The deletion C
terminal of the zinc fingers (four amino acids 3' of the last
histidine) may slightly impair DNA binding. Western analy-
sis with polyclonal anti-Egr-1 antisera indicates that the loss
of DNA-binding activity with deletions within the zinc finger
domain is not due to a reduction in protein expression (Fig.
6B).

The bipartite nuclear localization signal (NLS) of Egr-1
consists of a basic sequence and a region of the DNA-binding
domain. Earlier work has shown that the Egr-1 gene product
is localized to the nucleus (6, 12, 73). Several independent
methods contributed to our delineation of the nuclear local-
ization signal of Egr-1: subcellular fractionation and immu-
nofluorescence of cells transfected with Egr-1 deletion de-
rivatives, as well as in situ staining of Egr-1-,B-galactosidase
fusion proteins. Nuclear/cytoplasmic fractionation and
Western analysis of C-terminal deletions of Egr-1 revealed
that while AC430 remained nuclear, further deletion in from
the C terminus produced derivatives that were predomi-
nantly cytoplasmic, for example, AC314 (Fig. 7). These
results were corroborated by indirect immunofluorescence
microscopy. Deletion from the N terminus to 314 or from the
C terminus to 430 produced derivatives that were nuclear
(Fig. 8A, panels a to d). In contrast, C-terminal deletions
past 430 were expressed throughout the cell (Fig. 8A, panels
e to f). From these analyses, amino acids 315 to 430 appeared
essential for proper nuclear localization. This region in-
cludes the three zinc fingers and adjacent sequences. Both
the 5' flanking sequence Lys-315 Pro Ser Arg Met Arg Lys
Tyr Pro Asn Arg Pro Ser Lys Thr Pro-330 and the 3' flanking
sequence Lys-420 Asp Lys Lys Ala Asp Lys Ser Val Val429
are characterized by a preponderance of basic residues.
Immunofluorescence of internal deletion derivatives showed
that each was properly targeted to the nucleus, suggesting
that no single signal in Egr-1 directs nuclear accumulation
(Fig. 8B and data not shown).
To further delimit the residues within region 315 to 429

required for nuclear localization, segments of Egr-1 were
fused to the large bacterial protein 3-galactosidase (Fig. 9).
The CMV promoter and a synthetic ATG drive expression of
3-galactosidase coding sequence beginning at codon 10. This

protein retains its enzymatic activity, and staining of tran-
siently transfected 3T3 cells with X-Gal show it to be
distributed throughout the nucleus and cytoplasm as seen by
others with similar constructs (31) (Fig. 10A). However,
when the extensive finger domain with both 5' and 3' basic
flanking sequences (aa 315 to 429) was fused N terminal to
3-galactosidase, the resulting chimera was found exclusively

in the nucleus of transfected cells (Fig. lOB). This result
indicates that the NLS of Egr-1 can function to confer
nuclear localization on a heterologous bacterial protein.
Because the C terminus of Egr-1 had never been assayed for
nuclear localization in the absence of amino acids 315 to 430
and might contain an additional NLS, pCB.420-533.3-GAL
was constructed. Subsequent analysis showed that the C
terminus of Egr-1 does not contain a redundant nuclear
localization signal (data not shown). Further analysis of
residues 315 to 429 demonstrated that while the zinc finger
domain alone or in conjunction with the 3' basic sequence
was not sufficient for nuclear targeting (Fig. lOC and data not
shown), the finger domain with the adjacent 5' basic region
localized P-galactosidase precisely to the nucleus (Fig. lOD).
Yet the 5' basic sequence alone directs only partial nuclear

FIG. 2. Evidence that Egr-1 functions as a transcriptional activator. (A) CAT reporters and expression vectors for cotransfection assays.
The reporter pA56foscat contains 56 nucleotides of 5' sequence of the murine c-fos promoter. EBS13foscat includes three high-affinity Egr-1
binding sites (CGCCCCCGC) in front of the c-fos TATA box. The expression vector pCB.Egr-1 consists of the full-length murine Egr-I cDNA
driven by the CMV early promoter/enhancer. pCB.Egr-1lA331-374 contains an in-frame deletion removing zinc finger 1 and part of finger 2.
hGH, human growth hormone. (B and C) Titration of wild type Egr-1 transactivation. NIH 3T3 cells were transiently transfected with 0, 1,
5, or 20 1lg of pCB.Egr-1 or 20 pLg of A331-374 and 2 ,ug of EBSl3foscat reporter (B) or 2 ptg pA56foscat (C). CAT activity expressed as percent
conversion is shown at the top.
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FIG. 3. Mutational analysis of Egr-1. (A) Transcriptional activity and expression levels of Egr-1 deletion derivatives. Each construct

retains the zinc finger domain (depicted as three black bars), and all but the internal deletion A284-330 have 20 exogenous amino acids inserted
in frame at the N terminus. Transient cotransfections were done in NIH 3T3 or HeLa cells with 2 jg of EBSl3foscat reporter and 20 ,ug of
the indicated expression vector. Forty-eight hours after transfection, extracts were prepared and assayed for both CAT activity and protein
levels. Percent of wild-type activation is the CAT activity of a given construct relative to that of pCB.Egr-l.tag. In each case, protein levels
were determined by Western analysis with monoclonal antibody CH28-2 except for the wild-type protein pCB.Egr-1 and the internal deletion
pCB.Egr-1A284-330, which lack the epitope tag recognized by CH28-2. These constructs, analyzed with R5232-2, are designated with
asterisks. Densitometry of transfected NIH 3T3 cell extracts gave the following ratios of mutant protein relative to pCB.Egr-l.tag:
pCB.Egr-l.tag, 1.00; AN112, 1.46; AN138, 0.59; AN214, 0.70; AN240, 0.10; AN314, 4.46; and AC430, 0.87. Densitometric quantification of
mutant proteins relative to pCB.Egr-l.tag in HeLa cells gave the following values: pCB.Egr-l.tag, 1.00; AN112, 0.57; AN138, 1.55; AN214,
1.31; AN240, 0.15; AN314, 4.97; and AC430, 1.85. The expression levels of wild-type Egr-1 and pCB.Egr-1A284-330, which lack the epitope
tag recognized by antibody CH28-2, were assessed with the anti-Egr-1 polyclonal antiserum R5232-2 as shown in panel D. (B) Western
analysis of transiently transfected NIH 3T3 cells with CH28-2. (C) Western blotting of transiently transfected HeLa cells with monoclonal
antibody CH28-2. (D) Western analysis of the internal deletion A284-330 with anti-Egr-1 polyclonal antiserum R5232-2 in both NIH 3T3 and
HeLa cells. Sizes are indicated in kilodaltons.

accumulation with some residual staining in the cytoplasm,
implying that the zinc fingers themselves participate in
nuclear localization (data not shown).
To define the region of the DNA-binding domain that

cooperates with the 5' basic flanking sequence, chimeras
with the 5' basic region (amino acids 315 to 330) and finger 1,

fingers 2 and 3, finger 2, or finger 3 were constructed. While
the 5' basic flanking sequence in combination with finger 3
(Fig. lOF) or to a lesser extent finger 2 suffices for nuclear
accumulation, finger 1 is unable to provide this function (Fig.
10E). The primary amino acid sequences of fingers 1 and 3,
which bind to the same three-nucleotide subsite, are quite
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FIG. 4. Activation by GALA-Egr-1 chimeras. (A) pSG424 expression plasmid. GAL4 amino acids 1 to 147 encoding the DNA-binding
domain and NLS are under control of the SV40 early promoter/enhancer in vector pECE. MCS, multiple cloning site; ORI, origin of
replication. (B) Transactivation by GAL4-Egr-1 chimeras. NIH 3T3 cells were transiently transfected with 20 ig of the indicated expression
vector and 2 tg of reporter plasmid. The left portion of the panel shows transfections with the reporter 5XGAL4.ElbCAT, which contains
five copies of the 17-bp GAL4 binding site in front of the minimal Elb promoter and CAT; the right portion depicts transfections with the
reporter ElbCAT, which is a minimal Elb promoter construct lacking GAL4 binding sites. CAT activity is expressed as percent conversion
for each construct. (C) DNA-binding activity of GAL4-Egr-1 chimeras. Extracts used for CAT assays were tested by gel shift analysis for
the ability to bind a 140-bp probe containing five GAL4 sites. Protein-DNA complexes were formed in the presence (+) or absence (-) of a
50-fold molar excess of cold competitor DNA.

similar (Fig. 11A). Principal differences lie in the H-C link
region (a set of seven amino acids between the histidine of
one finger and the cysteine of the following finger extremely
well conserved among Cys2His2 zinc finger proteins) and in
several basic residues preceding the first histidine in finger 3.
These basic residues, which are also absent in finger 2, may
account for the enhanced nuclear accumulation of constructs
retaining finger 3 versus finger 2 but seem unlikely to explain
the striking difference between the localization of fusions
with finger 2 versus finger 1. Although the H-C links preced-
ing fingers 2 and 3 conform well to the consensus, the H-C
link of finger 1 does not. We examined whether the most

important nuclear determinants lie in the H-C link or within
the body of finger 3 by constructing chimeras between
fingers 1 and 3 (in conjunction with the 5' basic sequence).
Staining with X-Gal shows a construct with the 5' basic
region, the H-C link of finger 3, and the body of finger 1 to be
cytoplasmic, while a chimera containing the 5' basic region,
the H-C link of finger 1, and the body of finger 3 accumulates
somewhat in the nucleus (data not shown). From this exper-
iment, we conclude that although the H-C link of finger 3
contributes marginally to nuclear localization, the most
important nuclear determinants in finger 3 lie in the body of
the finger.
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FIG. 5. Repression by GAL4-Egr-1 chimeras. (A) CAT
of GAL4-Egr-1 fusions. NIH 3T3 cells were transiently trar
with 2 ,ug of the specified expression vector and 10 Fg of i

plasmid. Each of the chimeras contains GALA amino acids
under control of the SV40 early promoter/enhancer in vecto
fused in frame to the designated residues of Egr-1. CAT ac
given as percent conversion above each construct. pBLCA
tains sequence from -105 to +51 of the herpes simple
thymidine kinase gene. 5XGAL4.tkCAT is a pBLCAT2-bas
mid with five copies of the 17-bp GAL4 binding site. (B
binding activity of GAL4-Egr-1 chimeras. Gel shift analy
performed as for Fig. 4. (C) Titration of repression by GA]
1(281-314) and GAL4(1-147). Each transient cotransfection i

FIG. 6. DNA-binding activity of Egr-1 deletion derivatives. (A)
Gel shift analysis. Extracts made from HeLa cells transiently
transfected with internal deletion derivatives of Egr-1 were assayed
for binding to a synthetic Egr-1 binding site 5'-CGCCCTCGCC
CCCGCGCCGGG-3'. (B) Western analysis. Transiently transfected
extracts were separated by SDS-PAGE and assayed for expression
levels with the polyclonal anti-Egr-1 serum R5232-2. Sizes are
indicated in kilodaltons.

DISCUSSION

Activation, repression, and DNA-binding actities. Our most
striking finding is that Egr-1 is a bifunctional protein con-
taining domains that can both activate and repress transcrip-
tion in transient-transfection assays. This immediate-early
transcription factor possesses a robust serine/threonine-rich
N-terminal activation domain and a novel repression domain
distinct from the alanine-rich sequence shown to be respon-
sible for repression in the Drosophila protein Kriippel (38).

Activation domains, and more recently repression do-
mains, have been demonstrated to function as independent,
modular components of transcription factors. Activation

2 domains are not typified by a single consensus sequence but
1 2 instead fall into several discrete classes; for example, acidic

domains in GALA (41), GCN4 (26), VP16 (60), and GATA-1
(43), glutamine-rich stretches in Spl (11) and Oct-2/OTF2

activity (15, 48), proline-rich sequences in CTF/NF-1 (44), and
rsfected serine/threonine-rich regions in Pit-1/GHF-1 (70) all function
1 to 147 to activate transcription. The activation domains of Fos and
)r pECE Jun are rich in both acidic and proline residues (1, 4), and for
-tivity is other activators like the CCAAT/enhancer-binding protein
LT2 con-
,x virus

;ed plas-
')DNA-
msis was
L4-Egr-
includes

2 p.g of 5XGAL4.tkCAT reporter and 100 ng, 1 ,ug, 3 pLg, or 10 pg of
effector plasmid. Percent repression is the CAT activity of reporter
with the specified amount of effector plasmid relative to the activity
of the reporter with control vector pECE.

*@* 0* * * 00.

a.* a_

I& rs * .sr. w.-

---- GAL4-EGR1 (281-314)
--- GAL4(1-147)
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FIG. 7. Nuclear/cytoplasmic fractionation of fibroblasts trans-
fected with Egr-1 deletion constructs. Transiently transfected NIH
3T3 cells were lysed in hypotonic buffer with 0.5% NP-40 by
pipetting briefly up and down. Sucrose was added to 0.25 M to
stabilize the nuclei, and the nuclear and cytoplasmic fractions were
separated by pelleting briefly in a microcentrifuge at 4°C. Nuclei
were washed in hypotonic buffer-0.5% NP-40 before lysis in hypo-
tonic buffer-1% SDS. Samples were subjected to SDS-PAGE and
analyzed by Western blotting with antiserum R5232-2. Sizes are

indicated in kilodaltons.

C/EBP (13), no evident sequence motif has emerged. We
have shown that fusions of the GALA DNA-binding domain
and residues 3 to 281 of Egr-1 activate transcription some

100-fold. This N-terminal domain is 30% serine/threonine/
tyrosine rich over a span of -180 residues (amino acids 60 to
240) and includes several tracts of 5 to 7 consecutive serine
or threonine residues. The large size of this activation
domain may contribute to its potency relative to the smaller,
previously described serine/threonine-rich activator Pit-1
(70). Moreover, this transactivation domain is impervious to
mutation in that substantial deletions in the extensive N-ter-
minal domain do not destroy transcriptional activity. It has
been suggested that serine/threonine-rich domains may be
phosphorylated and in this way function as acidic activators
(27, 55); in this regard, it is interesting to note that Egr-1 is
phosphorylated (7, 12, 73). A second, weaker activation
domain mapped to the C terminus of Egr-1, which has
octapeptide repeats reminiscent of the phosphorylated
YSPTSPS reiterations in the carboxy-terminal domain of the
RNA polymerase II large subunit (10).
To date, the only well-characterized repression domain is

the alanine-rich sequence in the Drosophila gap protein
Krtippel (38, 75). Other Drosophila proteins such as Even-
skipped (3, 24) and Engrailed (24, 29) and mammalian

DNA-binding proteins such as Tst-1/SCIP (46), WT1 (42),
and YY1/NF-E1/B (25, 52, 64) repress transcription. Of
these, Kriippel, Engrailed, WT1, and YY1/NF-E1/b have
been shown to confer their repression function on a heter-
ologous DNA-binding domain. However, except in the case
of Kriippel, the protein sequences responsible have not been
precisely delineated. The novel repression domain of Egr-1
represents an extremely compact function of 34 amino acids
that has been evolutionarily conserved through zebrafish,
the lowest vertebrate in which a homolog of Egr-1 has been
identified (12a). The primary sequence of the Egr-1 repressor
(Fig. 11A) is not alanine or glycine rich as is the case for
Kriippel and suggested for SCIP and YY1 and as such
represents, a transcriptional motif distinct from those ob-
served previously. We speculate that a site of potential
proline-directed phosphorylation contained within this se-
quence (Thr-285 Pro) might regulate Egr-l's bifunctional
transcriptional activity (21, 32).

Several models have been proposed as mechanisms of
repression (37). Repressor proteins might act through com-
petitive binding, either at the transcription start site or at the
binding site of an upstream activating protein. Alternatively,
a repressor might inhibit the activity of an activator or a
component of the basal transcription apparatus without
affecting binding, by direct protein-protein interactions. By
a third DNA binding-independent mechanism, termed
squelching, repression results from the titration of limiting
factors essential for activation (37). Repression by GAL4-
Egr-1 fusions is unlikely to be a result of squelching, since
the effect is DNA binding site dependent (Fig. 5A). We
believe that the mechanism may involve an interaction with
a component of the basal transcription machinery since
GAL4-Egr-1(281-314) represses minimal promoter con-
structs (74). It is unlikely that repression occurs through
displacement of basal factors by competition for binding
sites because neither the GAL4 DNA-binding domain alone
nor GAL4-Egr-1(420-533) (data not shown) can mimic the
repression seen with GAL4-Egr-1(281-314). In sum, these
results support the hypothesis that the Egr-1 repression
domain works by affecting a function other than DNA
binding of a basal transcription factor.
Some cell-type-specific differences in the ability of Egr-1

to activate have been observed with constructs AC430 and
A284-330. Importantly, Western analysis of transfected 3T3
and HeLa cells shows that differences in CAT activity
between the two cell lines are not due to differential protein
stability; construct AC430, which displays reduced activity
in HeLa cells although not in 3T3 cells, is not expressed at a
lower ratio to full-length Egr-1 in HeLa cells compared with
3T3 cells (Fig. 3B and C). Second, the dramatic enhance-
ment in transcriptional activity seen with A284-330 in HeLa
but not 3T3 cells cannot be explained by overexpression of
this construct compared with full-length Egr-1 in the HeLa
cell line (Fig. 3D). These results suggest that Egr-1 may be
modified by, or act in association with, cell-type-specific
factors. The fact, however, that the C terminus and the
internal region 281 to 314 are competent to activate and
repress, respectively, as part of GAL4 fusions in 3T3 cells
(Fig. 4B and 5A) implies that the cell type specificity
involves components of Egr-1 not incorporated in the GAL4
fusions. For example, the lack of cell type specificity in the
GALA chimeras could be due to the absence of a site for a
cell-specific kinase or the lack of a domain involved in
cell-specific protein-protein interactions.

Egr-1 is one of only a small number of factors that contain
modular domains capable of regulating transcription both
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FIG. 8. Immunofluorescence staining for Egr-1 in NIH 3T3 cells transfected with Egr-1 deletion constructs. At 40 to 48 h after transfection,
NIH 3T3 cells were fixed, permeabilized, and incubated with anti-Egr-1 polyclonal antibody R5232-2 and a fluorescein-conjugated goat
anti-rabbit secondary antibody. (A) N- and C-terminal deletion derivatives. a, pCB.Egr-1.tag; b, pCB.Egr-1AN112; c, pCB.Egr-1AN314; d,
pCB.Egr-1AC430; e, pCB.Egr-1AC314; f, pCB.Egr-1AC112. (B) Internal deletion constructs. a, pCB.Egr-1; b, pCB.Egr-1A284-330; c,
pCB.Egr-1lA331-374; d, pCB.Egr-1A377-419; e, pCB.Egr-1A420-464.

positively and negatively. Other examples include Kruippel
(75), YY1/NF-E1/b (reviewed in reference 20), and the
immediate-early factors Fos and Jun (1). The ability to work
as either an activator or a repressor may be common to
immediate-early transcription factors to allow for versatility
of effector functions. Posttranslational modifications or in-
teractions with regulating factors may enable these complex
factors to regulate transcription either positively or nega-
tively. Specifically, we can postulate that (i) Egr-1 may
alternatively activate or repress transcription, depending on
whether it is induced in response to positive growth signals
or differentiation cues, or (ii) Egr-1 may activate and repress
different target genes in response to a single inducing agent
in order to fulfill several functions in a specific cell type. For
example, in the case of HL60 cell differentiation with TPA,

Egr-1 promotes macrophage differentiation while preventing
granulocytic differentiation. In particular, we can speculate
that Egr-1 positively regulates genes essential for macro-
phage differentiation while negatively regulating genes re-
quired for specialized granulocytic functions.
As predicted by homology to other members of the class

of Cys2His2 zinc finger proteins, the DNA-binding activity of
Egr-1 resides in the zinc finger domain. Our results are
consistent with the work of Pavletich and Pabo (54) showing
that an Egr-1 zinc finger domain fragment purified from
bacteria (amino acids 333 to 421) binds DNA specifically. We
have extended these results by examining regions outside
the zinc finger domain for their effects on DNA binding. We
have no evidence for a second domain that may modulate the
affinity of DNA binding, as is the case for Spl (30).
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FIG. 9. Egr-1-3-galactosidase fusion proteins. (A) Construction
of B-galactosidase fusions. pCB.--GAL contains 3-galactosidase
coding sequence (lacking the first nine amino acids) expressed from
the CMV early promoter/enhancer and a synthetic ATG. Unique
cloning sites permit N-terminal fusions to codon 10 of ,3-galactosi-
dase. (B) Localization of Egr-1-,B-galactosidase fusions. Distribu-
tion of chimeras was determined by staining transiently transfected
NIH 3T3 cells with X-Gal. N, nuclear; C, cytoplasmic.
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Nuclear localization. NLSs are generally short stretches of
8 to 10 amino acids characterized by basic residues as well as

proline. NLS sequences are retained in the mature protein,
may be found at any position as long as it is exposed on the
protein surface, and can be present in multiple copies.
Proteins targeted to the nucleus enter through nuclear pores

by a two-step process; the first step is a rapid, signal-
dependent binding to the nuclear pore periphery, while the

second step is a slower, ATP- and temperature-dependent
translocation across the pore (reviewed in references 14 and
65).

In Egr-1, basic residues cluster only in the finger domain
and adjacent sequences (Fig. llB), suggesting that the
karyophilic signal of Egr-1 resides here. We have demon-
strated that the basic region immediately 5' of the finger
domain in combination with finger 2 or 3 is sufficient to target
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FIG. 10. Localization of Egr-1-p-galactosidase fusions in transfected NIH 3T3 cells. At 40 to 48 h after transfection, cells were fixed with
4% paraformaldehyde and incubated with X-Gal substrate, typically for 1 to 2 h. (A) pCB.1-GAL; (B) pCB.315-429.1-GAL; (C)
pCB.331-419.,-GAL; (D) pCB.315-419.P-GAL; (E) pCB.315-367.P-GAL; (F) pCB.315-330/389-419.B-GAL.

the bacterial protein 13-galactosidase to the nucleus. This 5'
basic stretch is conserved in other members of the Egr
family (Egr-2 and Egr-3) which have homologous DNA-
binding domains but generally diverge outside this region

(reviewed in reference 68). Our results agree with early
suggestions by Day et al. that the C terminus of Egr-1 is
required for nuclear localization (12). Precedents for the
incorporation of nuclear targeting signals within a DNA-
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FIG. 11. Summary of Egr-1 domains. (A) Sequence of Egr-1
repression domain and zinc fingers. The repression domain is
shaded, and a potential phosphorylation site is circled. The 5' basic
region involved in nuclear localization is underlined. The three zinc
fingers of Egr-1 are aligned for comparison, with residues conserved
among Cys2His2 zinc finger proteins enclosed. (B) Functional do-
mains of Egr-1. The serine/threonine-rich N terminus of Egr-1 is
shown. The basic region of Egr-1 is indicated by + symbols. Each
zinc finger is designated by a black bar. The proline/serine/threo-
nine-rich C-terminal domain is indicated P/S/T. Residues 1 to 281
activate transcription 100-fold, while the C terminus of Egr-1
(residues 420 to 533) encodes a weaker transactivation function.
Amino acids 281 to 314 are sufficient to act as a repressor of
transcription when fused to a heterologous DNA-binding domain.
The DNA-binding activity of Egr-1 has been mapped to amino acids
331 to 419. The NLS of Egr-1 is bipartite; a basic region (amino acids
315 to 330) and part of the zinc finger domain target the bacterial
protein P-galactosidase to the nucleus.

binding domain include Fos (72); the progesterone receptor,
in which the second finger but not the first functions as an

NLS (19); GAIA (66); and the homeodomain proteins a2 and
Pit-1/GHF-1 (22, 70). If nuclear localization signals and
Cys2His2 finger domains, both typified by basic residues,
have coevolved, NLS sequences may generally be found
adjacent to or integrated within zinc finger domains.
Other bipartite NLSs have been characterized in the

polymerase basic protein 1 of influenza virus (49); Xenopus
protein Ni (33); adenovirus DNA-binding protein (47); and
the yeast repressor a2, which has two nonhomologous
signals, a basic NLS found at the N terminus as well as a

signal located in the homeodomain (22, 23). Because each a2
signal gives a different phenotype individually, Hall et al.
(22) suggest that these nonhomologous signals mediate sep-

arate steps in nuclear accumulation. The peripheral nuclear
staining seen witha2 mutants with only the N-terminal NLS
intact may reveal a signal for binding to but not translocation
across the nuclear pore (22). This may be the case for several

Egr-1-f3-galactosidase mutants containing the 5' basic
stretch (but neither finger 2 nor 3 intact) which ring the
nucleus and may be accumulating at nuclear pores (Fig.
10E). It will be interesting to determine whether these
mutants act in a dominant manner to block import of nuclear
localization-competent ,3-galactosidase fusions.
Each of the assays used in these studies measured the

equilibrium nuclear/cytoplasmic distribution of protein. Fu-
ture kinetic analyses may reveal additional sequences re-
quired for prompt nuclear localization, as demonstrated by
Rihs and Peters for the SV40 T antigen (56). In addition, it is
possible that nuclear localization of Egr-1 is regulated as is
the case for the serum-dependent nuclear import of Fos (58).
Since each of the assays used here monitored the subcellular
distribution in exponentially growing cells (maintained in
10% calf serum), more work is needed to address this issue.

Conclusion. Many lines of evidence have intimated that
Egr-1 is a factor of central importance. Like the proto-
oncogene c-fos, Egr-I is induced within 30 min by extracel-
lular growth signals in the absence of protein synthesis; this
early growth response is common to all cell types. In
addition, Egr-1 is strikingly induced when some cell lineages
are cued to differentiate. The high degree of cross-species
sequence conservation further suggests the importance of
this protein (69). However, establishing an in vivo role for
Egr-1 as essential for cell growth, contributing to abnormal
proliferation, or involved in specialized cell functions has
proved more difficult. The recent results of Nguyen et al.
demonstrate a requirement for Egr-1 in macrophage differ-
entiation ofHL60 cells and further show that Egr-1 functions
to restrict the response of HL60 cells by preventing granu-
locyte differentiation (50). Our functional dissection of Egr-1
provides reagents and insight into the role of this protein that
will complement such phenotypic studies. Further work
elucidating target genes of Egr-1 transcriptional regulation
and potentially other phenotypes by over- or underexpres-
sion studies will contribute to our understanding of this
multifunctional transcription factor.
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