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GATA-3 is a zinc finger transcription factor which is expressed in a highly restricted and strongly conserved
tissue distribution pattern in vertebrate organisms, specifically, in a subset of hematopoietic cells, in cells
within the central and peripheral nervous systems, in the kidney, and in placental trophoblasts. Tissue-specific
cellular genes regulated by GATA-3 have been identified in T lymphocytes and the placenta, while
GATA-3-regulated genes in the nervous system and kidney have not yet been defined. We prepared monoclonal
antibodies with which we could dissect the biochemical and functional properties of human GATA-3. The
results of these experiments show some anticipated phenotypes, for example, the definition of discrete domains
required for specific DNA-binding site recognition (amino acids 303 to 348) and trans activation (amino acids
30 to 74). The signaling sequence for nuclear localization of human GATA-3 is a property conferred by
sequences within and surrounding the amino finger (amino acids 249 to 311) of the protein, thereby assigning
a function to this domain and thus explaining the curious observation that this zinc finger is dispensable for
DNA binding by the GATA family of transcription factors.

Human GATA-3 (hGATA-3) is a 444-amino-acid vertebrate
transcription factor protein which binds with high affinity to
related consensus DNA sites (GATA, GATTA, and GATCT)
through a two-C4-zinc-finger DNA-binding domain (23, 24, 31,
52, 54). GATA-1, the founding member of this multigene
family, was originally detected in and cloned from erythroid
lineage cells (1, 7, 8, 30, 36, 37, 49). Cloning of the related
factors, GATA-2 and GATA-3, was reported shortly thereafter
(52), and newer family members have since been identified (2,
22).
The basis for classification of these proteins arises from the

highly conserved tissue-restricted distribution patterns of indi-
vidual GATA family members in different vertebrate organ-
isms. The amino acid sequence of the DNA-binding domain is
over 85% identical among different GATA family members
and is also highly conserved among vertebrate species (35),
while regions outside the DNA-binding domains vary from
extremely high similarity between species (e.g., 92% for
GATA-3 [24]) to low identity (e.g., about 40% for chicken
GATA-1 [cGATA-1], mouse GATA-1 [mGATA-1], and
hGATA-1 [7, 47, 49, 57]).
GATA-3 was first shown to be abundantly expressed in T

lymphocytes and in the embryonic brain (16, 20, 24, 52). A
number of target genes for GATA-3-directed transcriptional
activity have been identified in T lymphocytes, which only
express GATA-3 among the members of this family (24, 26,
52). Both the human and murine T-cell receptor (TCR) 8 and
a gene enhancers were shown to bind GATA-3, and muta-
tional analysis showed that the GATA-binding sites were
required for tissue-specific TCR 8 enhancer activity (16, 20, 24,
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38, 39). hGATA-3 also binds to multiple sites within the
human immunodeficiency virus type 1 long terminal repeat and
is required for maximal stimulation of human immunodefi-
ciency virus long terminal repeat-directed transcription in T
cells (54). GATA-3 is abundantly expressed during T-lympho-
cyte differentiation both in mature CD4+ CD8- and CD4-
CD8+ and in less mature CD4+ CD8+ T cells (26). Given that
GATA-binding sites have been identified in the regulatory
regions of a growing number of T-cell-specific genes, we infer
that GATA-3 may be one of the transcription factors respon-
sible for T-cell identity and/or determination.
More recently, GATA-2 and GATA-3 have also been shown

to be abundantly expressed in placental trophoblasts, in which
the human gonadotropin a-subunit promoter (30a) and the
mouse placental lactogen I gene promoter (27a) are regulated
by a GATA factor. GATA-3 is expressed at the earliest stages
of Xenopus, chicken, and murine embryonic development (24,
26, 56) and in the developing vertebrate central nervous system
(25), peripheral nervous system (llb), and kidney (25a).
Homozygous mutant mice lacking mGATA-3 fail to survive
gestation, consistent with the expectation that GATA-3 fulfills
a vital regulatory function during vertebrate embryogenesis
(27).

Structural and functional studies of GATA-1 have shown
that the amino-terminal segment of the polypeptide contrib-
utes to the transcriptional activation function of the protein,
while two related zinc fingers, lying somewhat closer to the
carboxyl terminus of the protein, determine the DNA-binding
affinity and specificity (29, 53). The two fingers of GATA-1 can
be functionally subdivided; the amino finger (which we refer to
here as finger I) contributes to the specificity and stability of
DNA binding, while the carboxyl finger (finger II) is absolutely
required for recognition of the GATA consensus motif (29, 34,
53). Since the amino acid sequence of the entire family of
factors is conserved throughout the finger domain, we would
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anticipate similar results for hGATA-3 DNA-binding specific-
ity and affinity.
To elicit their functions, transcription factors must encode

nuclear targeting signals to allow the protein to traverse the
nuclear membrane. The essence of the simplest nuclear local-
ization sequence appears to be a short string of basic amino
acids (4), and the control of nuclear localization has been
shown to play a critical role in the activity of several transcrip-
tion factors. The GATA proteins have not been analyzed with
regard to whether or not nuclear localization plays a functional
role in the transcriptional regulation elicited by these proteins.

Since previous studies have usually assayed the biochemical
activity of different members of the GATA factor family by
indirect DNA binding assays (electrophoretic gel mobility shift
assays [EGMSA]), we wished to examine the biological prop-
erties of GATA-3 by using a direct assay for the activities
and/or cellular distribution of the protein. To address the
relationship between the primary sequence of hGATA-3 and
its functional properties, we first prepared monoclonal anti-
bodies (MAbs) recognizing the bacterially expressed protein.
We then undertook a systematic mutational analysis of
hGATA-3, examining in-frame deletions within the hGATA-3
coding region by expressing each of the mutated proteins in
eucaryotic cells. The effects of the mutations were assessed
with the anti-hGATA-3 MAbs by separately examining the
ability of various mutated hGATA-3 proteins to bind to DNA,
to activate transcription, and to direct localization of the factor
to the nucleus. We find that the trans-activating domain is
localized within the amino-terminal portion of the protein
while the DNA-binding domain resides within the carboxyl
finger. Using immunolocalization assays, we show that the
hGATA-3 protein is found within the nuclei, both in cells in
which it is normally expressed and in transfected cells. Finally,
we showed that amino acid (aa) residues 249 to 311 are
required for nuclear localization of the hGATA-3 protein.

MATERIALS AND METHODS

Cell lines. Human T-lymphocyte cell lines Jurkat and HuT78
and murine T-lymphocyte cell line BW5147.3 were purchased
from the American Type Culture Collection. YN79 (a subline
of the Y79 human retinoblastoma line), NB-1 (neuroblasto-
ma), and HEL (erythroleukemia) lines were generously pro-
vided by S. Tsuchiya. MEL (murine erythroleukemia) and
C1300 (neuroblastoma) cell lines were provided by Vikram
Patel and Bernard Mirkin, respectively. Transformed quail
fibroblast (QT6) cells, which do not express GATA factors,
were used as previously described (24, 52).

Generation of MAbs recognizing GATA-3. The first 785
nucleotides encoding the amino-terminal portion of the
hGATA-3 cDNA, ending at aa 264 (the first cysteine encoun-
tered in the amino finger [20, 24]), were amplified by PCR
using oligonucleotide primers containing synthetic restriction
sites for convenient BamHI-EcoRI insertion into the bacterial
expression plasmid pGEX-A (a gift of Jurgen Kun, Institut fur
Genetik der Universitat Koln). The PCR product was verified
by DNA sequencing. Cells containing the bacterial expression
plasmid were grown to mid-log phase, and the glutathione
S-transferase (GST)/hGATA-3 fusion peptide was induced by
the addition of isopropylthiogalactopyranoside (IPTG) to 0.5
mM for 3 h at 37°C. Cells were then lysed, and the fusion
protein was bound to and recovered from a glutathione column
as previously described (46).
Approximately 100 pLg of GST/hGATA-3 was injected intra-

peritoneally into each mouse, using Hunter's Titermax adju-
vant (CytRx Corp., Norcross, Ga.). After three consecutive

injections with 100,ug of fusion protein every 3 weeks, animals
were assayed by enzyme-linked immunosorbent assay (ELISA)
for the ability of the serum to recognize GST/hGATA-3. Four
weeks after the final injection, spleen cells were fused to
NSO-1 myeloma cells as described previously (10). Positive
hybridoma wells were initially identified by ELISA using the
fusion protein as the fixed antigen and subsequently by bio-
chemical assays using native hGATA-3 protein (see below).
hGATA-3 mutations. All deletions were prepared either by

using convenient restriction enzyme sites to excise specific
fragments or by PCR, as shown in Table 1, starting with the
base plasmid Rous sarcoma virus (RSV)/hGATA-3 described
previously (24). In either case, mutations were chosen to result
in in-frame deletions, and the integrity of each mutation was
confirmed by DNA sequencing. All of the deletion mutations
examined are described in Table 1 and are numbered consec-
utively in the order in which they are described here.
To prepare the GAL4/hGATA-3 fusion proteins, either

PCR products or restriction fragments of the hGATA-3 coding
region were subcloned in frame into the multiple cloning sites
3' to the GAL4 DNA-binding and dimerization domain (aa 1
to 147) of plasmid pSG424 (28). These mutations were also
confirmed to be in frame by DNA sequencing. The hGATA-3
mutations examined as GAL4 fusion chimeras are described in
Table 2.
EGMSA and supershift assays. For EGMSA (9, 11) of

overexpressed hGATA-3 protein, whole-cell extracts were
prepared from hGATA-3-transfected QT6 cells disrupted with
high-salt lysis buffer (500 mM NaCl, 1% Triton X-100, 50 mM
Tris-HCl [pH 7.5], phenylmethylsulfonyl fluoride [PMSF]) and
partially purified by double-stranded calf thymus DNA-cellu-
lose chromatography (10). The extracts were then incubated
with radiolabeled oligonucleotide TbE4, which corresponds to
the GATA sequences within the human TCR 8 gene enhancer
footprint 4 (24, 38). Gel shift assays were performed as
described previously in a final buffer consisting of 80 mM
NaCl, 25 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid (HEPES; pH 7.7), 10 mM dithiothreitol [DTT], 5 mM
MgCl2, 100 mg of bovine serum albumin per ml, and 2.5%
Ficoll (52). For the supershift assay, 2 ,ul of supernatant from
each ELISA-positive hybridoma was added to the gel shift
reaction 20 min after initiation of the GATA-3/T8E4 DNA
binding reaction at 4°C, and then the assay was performed as
described above.
The mouse thymus cell, Jurkat cell, and NB-1 cell nuclear

extracts were prepared first by addition of lysis buffer (20 mM
HEPES [pH 7.7], 20% glycerol, 10 mM NaCl, 1.5 mM MgCl2,
0.2 mM EDTA, 0.1% Triton X-100, 1 mM DTT, 1 mM PMSF,
leupeptin, and pepstatin). The nuclear pellets were then
treated with nuclear extraction buffer (lysis buffer plus 400 mM
NaCl). The nuclear extracts were then dialyzed against 20 mM
HEPES (pH 7.9)-20% glycerol-100 mM KC1-0.2 mM
EDTA-1 mM DTT-1 mM PMSF. The probe used was a
GATA site found within the vasoactive intestinal peptide
(VIP) gene promoter (5'-GATCCAAAATGTAAGATAAGA
GGAAATTTT-3'); the mutated VIP GATA site substituted the
sequence 5'-ACCTAA-3' within the GATA consensus nucle-
otides shown in boldface in the wild-type sequence. For
EGMSA using the GAL4/hGATA-3 fusion protein, a probe
containing five copies of the GAL4-binding site excised from
pSG5CAT (28) by HindIll and KpnI was radiolabeled by using
polynucleotide kinase.
The protein extracts prepared here are somewhat unstable

over time even when maintained at - 70°C, and therefore the
gel shift and immunoprecipitation experiments were usually
carried out immediately after lysis. Nonetheless, slight exper-
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TABLE 1. Strategy for generating hGATA-3 deletion constructsa

hGATA-3 deletion Method Start point (primer or enzyme) End point (primer or enzyme)

2 (d2-31) PCRINcoI 5'-aattc(203)CATG.GAG(284)C 5'-ctaacc(1532)CATGGCGG
TCAGCCACTCCTACATG TGAC(1520)

3 (d2-59) PCR/NcoI 5'-aattc(203)CAT,GGAG(378)C 5'-ctaacc(1532)CATGGCGG
ACGTCCCGCCCTAC TGAC(1520)

4 (d73S-133) KpnI (T4) at 428 AccI (K) at 598
5 (d132-214) AccI (K) at 598 AccI (K) at 843
6 (d58Q-82) KpnIIBal 31b Delete to nt 380 Delete to nt 446
7 (d29-128) SmaI at 289 SmaI at 583
8 (d29A-228) AvaI (K) at 287 AvaI (K) at. 882
9 (d173-214) NaeI at 722 Sall (K) 842
10 (d214-241) HincII at 844 BgI (T4) at 922
11 (d348-395) HindIlI (K) at 1245 EagI (K) at 1384
12 (d395-443) PCR/NcoI 5'-gac(203)CATGGAGGTGACt 5'-tgatc(1532)CAT(1388)GGCC

GCGGACCA(213) GGGTTAAACGAGCT
13 (d249-303) N terminal 5'-gac(203)CATGGAGGTGACt 5'-(950)GCATCCGAAGCCGGTGGG(933)

GCGGACCA(213)
C terminal 5'-(1110)AAGCCCAAGCGAAGGCTG(1127) 5'-ctaacc(1532)CATGGCGG

TGAC(1520)
14 (d269-303) N terminal 5'-gac(203)CATGGAGGTGACt 5'-(101l)TGCCCGACAGTTCACACA(993)

GCGGACCA(213)
C terminal 5'-(1110)AAGCCCAAGCGAAGGCTG(1127) 5'-ctaacc(1532)CATGGCGG

TGAC(1520)
15 (d309-329) PstI (T4) at 1136 PfimI (T4) at 1189
16 (d343-355) HindIII/Bal 31b Delete to nt 1232 Delete to nt 1266
17 (d269-343) N terminal 5'-gac(203)CATGGAGGTGACt 5'-(1011)TGCCCGACAGTTCACACA(993)

GCGGACCA(213)
C terminal 5'-(1230)GGGCTCTAC(TACAAGCT1(1248) 5'-ctaacc(1532)CATGGCGG

TGAC(1520)
18 (214-347) SalI (K) at 842 HindIII (K) at 1245
19 (249-258) N terminal 5'-gac(203)CATGGAGGTGACt 5'-(950)GCATCCGAAGCCGGTGGG(933)

GCGGACCA(213)
C terminal 5'-(975)AGCACAGAAGGCAGGGAG(992) 5'-ctaacc(1532)CATGGCGG

TGAC(1520)
20 (249-311) N terminal 5'-gac(203)CATGGAGGTGACt 5'-(950)GCATCCGAAGCCGGTGGG(933)

GCGGACCA(213)
C terminal PstI (T4) at 1136 NcoI at 1528

21 (d249-258 + 303-311) N terminal, 19 5'-gac(203)CATGGAGGTGACt 5'-(1113)CTTAATGAGGGGCCGGIT(1095)
as template GCGGACCA(213)

C terminal PstI (T4) at 1136 NcoI at 1528
a The deletion mutations are numbered consecutively in the order in which they were used; designations in parentheses correspond to each deletion. T4, T4

polymerase followed by restriction enzyme sites to generate blunt ends when necessary; K, Klenow enzyme. For primers used in PCRs, the numbers are nucleotide
numbers as described by Ko et al. (24). Capital letters represent nucleotides remaining in the final constructs.

b The RSV/hGATA-3 construct was first digested with KpnI or HindIII, then treated with Bal 31, and sequenced for the in-frame deletions. nt, nucleotide.

imental variation due to proteolysis might be reflected in the
subtle differences observed between different samples in the
EGMSA and immunoprecipitation studies.

Immunoprecipitation. After logarithmic growth for several
generations, cells were replated in Cys- and Met-deficient
Dulbecco's modified Eagle medium for 30 min, labeled with
Trans [35S]Met/Cys (ICN) for 3 h, and then lysed with high-salt
lysis buffer (see above). Transfected QT6 cells were labeled in
the same way 2 days after transfection. The extracts were then
incubated with supernatant MAb and subsequently with pro-
tein A/G beads (Schleicher & Schuell). The beads were then
sequentially washed with high-salt lysis buffer and sodium
dodecyl sulfate (SDS) wash buffer (0.1% Triton X-100, 0.02%
SDS, 150 mM NaCl, 50 mM Tris-HCl [pH 7.5], 5 mM EDTA,
PMSF) and finally resuspended in SDS loading buffer (50 mM
Tris-HCl [pH 6.8], 2% SDS, 40 mM DTT, 10% glycerol, 0.1%
bromphenol blue). The samples were separated by electro-
phoresis on an SDS-10% polyacrylamide gel after boiling. The
gel was treated afterward by incubation with 100% acetic acid,
fixed in 22% 2,5-diphenyloxazole (PPO) in acetic acid and
finally extensively washed in water. The gel was then dried and
exposed to X-ray film overnight.

trans-activation assays. QT6 cells were grown in Dulbecco's
modified Eagle medium containing 2% tryptose phosphate
broth, 5% newborn calf serum, and 2% chicken serum and
were transfected by the calcium phosphate procedure (13) with
2 ,ug of the RSV/hGATA-3 wild type (24) or deletion muta-
tions (as indicated in the figure legends) together with 8 ,ug of
E83GH, which has three copies of TSE4 binding sites directing
transcription of the growth hormone (GH) gene through a
minimal promoter (24). Forty percent of the cells from a
confluent plate were used for each transfection. At 16 h after
transfection, the cells were rinsed with phosphate-buffered
saline (PBS) and resuspended in growth medium. Superna-
tants were assayed the following day for secreted human GH,
using the Allegro hGH kit (Nicholas Institute Diagnostics, San
Juan Capistrano, Calif.). trans-activation activity was calcu-
lated as described previously (52).

Previous experience indicated that the results of cotransfec-
tion assays using GH as reporter gene are more consistent
from experiment to experiment than the results of experiments
using either chloramphenicol acetyltransferase (CAT) or lucif-
erase (LUC) enzymatic activity. This may be because in the
GH assay, one simply samples the growth mediumi, thereby
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TABLE 2. Strategy for generating GAL4/hGATA-3 fusion constructsa

Construct Cloning site Start point of hGATA-3 End point of hGATA-3in pSG424

2 SmaI NcoI (K) at 202 SmaI at 289
3 SmaI NcoI (K) at 202 KpnI (T4) at 428
4 SmaI NcoI (K) at 202 Sall (K) at 842
5" SmaI 5'-gac(203)CATGGAGGTGACtG 5'(933)TGTGTGAACTGTGGGGCA

CGGACCA(213)
6 SmaI NcoI (K) at 202 HindlIl (K) at 1248
7 SmaI NcoI (K) at 202 NcoI (K) at 1528
8` SmaI NcoI (K) at 202 NcoI (K) at 1528
9 SmaI SmaI at 289 KpnI (T4) at 428
10 SmaI SmaI at 289 BamHI (K) at 477
11 SmaI SmaI at 289 SmaI at 583
12 BamHI (K) KpnI (T4) at 428 Sall (K) at 842
13 SmaI AccI (K) at 598 AccI (K) at 843

hGATA-3 fragments were cloned into the restriction enzyme sites in pSG424 as indicated. Abbreviations are as for Table 1.
"The hGATA-3 fragment was generated by PCR.
'The parental plasmid for the hGATA-3 portion is construct 18 of hGATA-3 from Fig. 4A.

avoiding cell lysis and thus minimizing potential complications
from differential protein extraction or degradation. On the
other hand, it is relatively difficult to internally control for GH
transfection efficiency, since one may encounter significant
variability in the activity of secreted (GH) and endogenous
(CAT or LUC) proteins when analyzing different transfection
samples. We therefore repeated each GH reporter transfection
experiment on at least three occasions for the data reported
here.

In other experiments, a CAT instead of GH reporter gene
was used. At 48 h after transfection, cell lysates were prepared
by freeze-thaw (40). A LUC assay (internal transfection effi-
ciency control) was carried out first, and CAT assays were
performed with aliquots of extract containing equal quantities
of LUC activity. The CAT assay results were quantified by
determining the amount of acetylated ['4C]chloramphenicol
produced in the enzymatic assay (12); the degree of conversion
was quantitated on a Molecular Dynamics Phosphorlmager.

Subcellular immunolocalization. For immunohistochemical
staining, human HuT78, NB-1, YN79, or HEL cells were
displayed on glass slides by using a Cytospin III (Shandon),
fixed in 1% paraformaldehyde for 5 min, and then fixed in cold
acetone for 5 min. After incubation in 2% sheep serum,
specimens were reacted with MAb 31 or 35 overnight at 4°C.
After being washed in PBS, the samples were incubated with
horseradish peroxidase-conjugated F(ab')2 fragment of anti-
mouse immunoglobulin G (1:100 dilution; Amersham) over-
night at 4°C. Diaminobenzidine was used as the chromogen.
Nuclei were counterstained with methyl green for 1 h.
For immunofluorescence staining, QT6 cells transfected

with hGATA-3 or hGATA-3 deletion constructs were treated
with trypsin and replated onto coverslips 24 h prior to staining.
The coverslips were fixed in 1% paraformaldehyde, permeabi-
lized in - 20°C acetone, and then incubated with anti-
hGATA-3 MAb or a control MAb (which binds to GST) for 1
h. The coverslips were then washed with PBS before addition
of secondary fluorescein isothiocyanate-labeled mouse immu-
noglobulin G (Jackson Laboratory). Cell staining was visual-
ized and photographed on a Bio-Rad MRC 600 confocal
fluorescence microscope.

RESULTS

MAbs specifically recognize GATA-3. To independently
assess the biochemical properties of hGATA-3, we generated

MAbs recognizing the transcription factor by injecting mice
with bacterially expressed, affinity-purified GST/hGATA-3 fu-
sion protein. This fusion protein contained the amino-terminal
portion of the hGATA-3 protein, ending (at the carboxyl
terminus) at the first cysteine residue defining finger I of the
protein (24) (Materials and Methods).
Hybridoma clones which initially tested positive in ELISA

were subsequently examined by supershift EGMSA, in which
partially purified hGATA-3 protein recovered from trans-
fected QT6 quail fibroblast cells (which express no endogenous
GATA proteins [24, 52]) was mixed with radiolabeled oligo-
nucleotide containing the TbE4 binding site (24) as well as
supernatant antibody taken from each ELISA-positive hybri-
doma culture (Materials and Methods). Four positive hybri-
doma wells were identified, and two of these (clones 31 and 35)
were subcloned to generate monoclonal lines.
MAb 31 was tested in immunoprecipitation experiments

with extracts prepared from a human T-cell line, Jurkat, which
expresses abundant hGATA-3 mRNA and protein (54) to test
whether it could recognize native hGATA-3 protein. MAb 31
indeed specifically reacted with a protein of approximately 50
kDa, in good agreement with the predicted size of the
hGATA-3 polypeptide (24), whereas a control MAb failed to
recognize any similar protein (Fig. 1A, lanes 1 and 2). The
epitope recognized by MAb 31 was later found to lie within the
first 30 aa of hGATA-3.
To determine the specificity of MAb 31, we performed

similar immunoprecipitation experiments using extracts pre-
pared from BW5147.3 (a mouse T-cell line) and C1300 cells (a
mouse neuroblastoma cell line), both of which have been
shown to abundantly express murine GATA-3 mRNA (lla,
24). The results (Fig. 1A, lanes 4 and 7) show that MAb 31
recognizes a 50-kDa protein in both murine cell types in
comparison with the control antibody (Fig. IA, lanes 3 and 5).
In contrast, MAb 31 fails to recognize mGATA-1 (from
murine erythroleukemia cells; Fig. 1A, lanes 8 and 9) or
mGATA-2 (which is also abundantly expressed in C1300
neuroblastoma cells; Fig. IA, lane 6). Supershift experiments
confirmed that MAb 31 specifically recognizes the protein
which binds to a GATA-containing oligonucleotide in extracts
prepared from mouse thymus cells, human T-lymphocyte
Jurkat cells, and human neuroblastoma NB-1 cells (Fig. 1B,
lanes 2,6, and 10). When bacterially expressed GST/cGATA-1,
-2, and -3 proteins were examined in a supershift EGMSA
experiment, both MAb 31 and MAb 35 reacted only with
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FIG. 1. Anti-hGATA-3 MAbs specifically recognize human, mouse, and chicken GATA-3 protein. (A) Immunoprecipitation of cell extracts.

A MAb recognizing GST (lanes 1, 3, and 5), murine GATA-2 (14a) (lane 6), or murine GATA-1 (19) (lane 8) or anti-hGATA-3 MAb 31 (lanes
2, 4, 7, and 9) was used in immunoprecipitation reactions. The cells examined were from human (Jurkat; lanes 1 and 2) or mouse (BW5147.3, lanes
3 and 4) T-lymphocyte cell lines, the C1300 mouse neuroblastoma cell line (lanes 5 to 7), or the MEL (mouse erythroleukemia; lanes 8 and 9) cell
line. Arrows on the left depict the gel mobility positions of the protein size markers. (B) EGMSA supershift of T-cell and neuroblastoma cell
extracts. Extracts were prepared from mouse thymus cells (lanes 1 to 4), human T-lymphocyte Jurkat cells (lanes 5 to 8), and human neuroblastoma
NB-1 cells (lane 9 to 16) as described in Materials and Methods. The binding reactions were carried out with a radiolabeled GATA-binding site
from the VIP gene promoter (Materials and Methods) as a probe together with no antibody (lanes 1, 5, and 9), MAb 31 (lanes 2, 6, and 10),
negative control mouse serum (lanes 3, 7, and 15), double-stranded, unlabeled GATA-binding site as a specific competitor (lanes 4, 8, and 11),
or sense-strand (lane 12), antisense-strand (lane 13), or mutated (lane 14) VIP-1 GATA site as a cold competitor. Lane 16 is probe only. The lower
arrow points to the probe/mGATA-3 protein complex, and the upper arrow represents the ternary complex of the probe, mGATA-3 protein, and
the antibody. (C) EGMSA supershift of chicken GST/GATA-1, -2, and -3 proteins. Bacterially expressed, affinity-purified GST/cGATA-1 (lanes
2 to 4), GST/cGATA-2 (lanes 6 to 8), or GST/cGATA-3 (lanes 10 to 12) fusion proteins (23) were used in conjunction with oligonucleotide MaP
(49) in this supershift experiment. Supematants from MAb 31 (lanes 3, 7, and 11), MAb 35 (lanes 4, 8, and 12), or growth medium alone (lanes
2, 6, and 10) were added to each of the EGMSA reactions. Lanes 1, 5, and 9 contain no added protein. The arrows and numbers on the left indicate
the positions of GST/cGATA-1, -2, or -3 and MaP probe complex in the EGMSA assay, and the arrow labeled 3* on the right represents the
ternaiy complex of DNA/GATA-3 protein which has reacted with the antibody.

cGATA-3 (Fig. 1B, lanes 11 and 12), not with cGATA-1 or
cGATA-2 (Fig. 1B, lanes 2 to 4 and 6 to 8). Taken together, the
EGMSA supershift and immunoprecipitation experiments
show that both anti-hGATA-3 MAbs 31 and 35 recognize
human, mouse, and chicken GATA-3 proteins but fail to bind
to chicken or mouse GATA-1 or GATA-2. Given the high
degree of sequence identity between the murine and human
GATA-1 and GATA-2 proteins (47, 57), we anticipate that
these antibodies will not recognize hGATA-1 or hGATA-2.

Deletion analysis of hGATA-3 reveals two regions required
for trans activation. A series of deletion mutations within the
coding region of the hGATA-3 protein was generated as
described in Materials and Methods and cotransfected into
QT6 cells along with the E83GH reporter plasmid, containing
three copies of the T-cell receptor BE4 GATA sites driving
expression of a GH cDNA from a minimal (TATA box)
promoter (24). After collection of the supernatants to assay
secreted GH levels, cotransfected cells were then lysed to
prepare extracts for assessing transfected hGATA-3 DNA
binding by EGMSA. The BE4 oligonucleotide was used as a gel
shift probe with the hGATA-3 protein expressed from each of
the deletion mutants, and each was found to accumulate in the
transfected cells and to bind to the BE4 GATA sites (Fig. 2B);
the mobility differences reflect the sizes of each of the
hGATA-3 deletion mutated proteins. Although several of the
hGATA-3 deletion mutated proteins appear to accumulate
less stably than others, generally each transfection results in
abundant accumulation of GATA-3 protein. Thus, GH de-
tected in the medium is a direct reflection of the trans-
activation function of hGATA-3; these results are summarized
in Fig. 2A (averages of four independent experiments), in
which the level of GH produced by trans activation with
wild-type hGATA-3 protein was arbitrarily assigned a level of
100%.
Removing 29 of the amino-terminal amino acids (Fig. 2A,

line 2) caused only a modest decrease in the activation ability

of hGATA-3, while deletion of an additional 28 aa (Fig. 2A,
line 3) resulted in a more significant loss of activity (>5-fold),
indicating that aa 31 to 59 (Act I) are critical for trans
activation by the hGATA-3 protein. Removing aa 132 to 214
(Act II; Fig. 2A, line 5) also results in major diminution of
activity. Deletion of aa 29 through 128 gives a result compa-
rable to that of the protein missing Act I alone, indicating that
the sequences between aa 60 and 128 do not significantly
contribute (>3-fold) to trans activation, while deletion of aa 29
to 228 is equivalent to deletion of both presumptive trans-
activation domains (Act I plus Act II). Independent deletions
encompassing aa 58 to 82, 173 to 214, 214 to 241, 348 to 395,
and 395 to 422 (Fig. 2A, lines 6, 9, 10, 11, and 12, respectively)
do not result in significant (>3-fold) alterations in the trans-
activation activity compared with wild-type hGATA-3. We thus
tentatively concluded from these data that the trans-activation
domains of the hGATA-3 protein were within the GATA-3
coding sequence between residues 29 and 228 and that two
functional subdomains (Act I [aa 31 to 59] and Act II [aa 132
to 214]) acted either independently or as a single cooperative
domain to confer hGATA-3 trans activation.
hGATA-3 aa 30 to 74 are sufficient to confer transcriptional

activation to a heterologous DNA-binding domain. To test
whether Act I and Act II each function independently in
hGATA-3 trans activation, we generated an additional series of
constructs which would produce GAL4/hGATA-3 fusion pro-
teins to examine whether the presumptive trans-activation
domains identified by deletional analysis were also competent
in trans activation of a reporter gene when linked to a

heterologous DNA-binding domain. Parts, or all, of the
hGATA-3 coding sequence were cloned in frame (and 3') to
the GAL4-encoded sequences into plasmid pSG424, which
contains the first 147 aa of the GAL4 DNA-binding and
dimerization domain (GAL41-147 [21]) directed by the simian
virus 40 early promoter (28). The reporter plasmid used in this
series of experiments was pSGSCAT, in which five GAL4-
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FIG. 2. Deletion mutations identify two domains required for trans
activation by hGATA-3. (A) Schematic structure of hGATA-3 protein
deletions and cotransfection trans-activation results. The top diagram
represents the wild-type hGATA-3 protein, beginning at aa 1 (at the N
terminus) and extending to aa 444 (at the C terminus) (20, 24). The two
stippled regions represent the individual C4 zinc fingers (24). Subse-
quent diagrams represent various hGATA-3 deletion mutations, whose
construction details are described in Table 1 and are identified by
numbers at the left. Numbers above each construct indicate either the
first or the last amino acid of each deletion. On this and all subsequent
diagrams, capital letters indicate extra amino acids generated during the
various cloning steps which are not encoded in the wild-type hGATA-3
protein. On the right, the numbers represent the relative trans-activation
ability (averages of four independent cotransfection experiments) of
each of the mutated proteins in comparison with wild-type hGATA-3
(line 1). The calculated standard deviations of transfections for the
constructs in percentages are as follows: 1, 15.1; 2, 16.1; 3, 3.0; 4, 7.8; 5,
14.7; 6, 19.7; 7, 3.1; 8, 0.6; 9, 7.6; 10, 8.5; 11, 17.8; and 12, 10.1. (B) DNA
binding of the hGATA-3 mutated proteins. QT6 cells cotransfected with
RSV/hGATA-3 or each of the constructs encoding the mutated proteins
were used to prepare cellular extracts for EGMSA (Materials and
Methods). The probe used in this case was radiolabeled TbE4 oligonu-
cleotide, containing two GATA-binding sites (24). The hGATA-3/
GATA-binding site complexes are indicated on the left (arrows). Lanes:
1, labeled oligonucleotide alone; 2, a reaction with extracts prepared
from QT6 cells transfected with antisense hGATA-3; 3 to 14, gel shift
results with extracts prepared from QT6 cells transfected with each of
the RSV/hGATA-3 mutations corresponding to lines 1 to 12 of panel A.
The different positions of the shifted bands reflect changes in the size
and/or charge of the mutated hGATA-3 proteins.

binding sites upstream of a TATA box minimal promoter
direct transcription of a CAT reporter gene (28). Figure 3A
depicts the GAL4/hGATA-3 fusion mutations examined, and
the quantitative trans-activation and DNA-binding results are
shown on the right. These data represent the averages of three
transfection experiments, using RSV-LUC as the transfection
efficiency internal control.
The GAL4 fusion chimera containing only hGATA-3 aa 1 to

29 (Fig. 3A, line 2) failed to stimulate reporter gene expression
as anticipated, whereas when more of the hGATA-3 protein
was included (fusion proteins containing hGATA-3 aa 1
through 74, 1 through 214, and 1 through 269; Fig. 3A, lines 3
to 5), each could direct high-level trans activation. Surprisingly,
when either full-length hGATA-3 or aa 1 through 348 were
linked to GAIAM_147, no trans activation of the reporter gene
was detected (Fig. 3A, lines 6 and 7). Examination of a fusion
protein which includes the full-length hGATA-3 with only the
zinc finger domain removed (Fig. 3A, line 8) showed that
reporter gene expression was substantially restored, indicating
that the zinc finger region of hGATA-3 is responsible for loss
of trans-activation activity in a GAL4 chimera which includes
the hGATA-3 zinc finger region.
The blocking of hGATA-3 trans activation by its own zinc

finger domain in the GAL4/hGATA-3 fusion protein chimera
could be due to (i) a direct trans-activation suppressor function
encoded within the hGATA-3 zinc finger domain, (ii) the
presence of a second DNA-binding domain within the fusion
protein which blocks specific DNA binding of GALM147 to

the GAL4-binding sites in the reporter gene; or (iii) the
possibility that fusion proteins containing two DNA-binding
domains are intrinsically unstable and therefore fail to accu-
mulate in cells. To distinguish among these various possibili-
ties, we first performed indirect immunoprecipitation analysis
of the proteins recovered from transfected cells to determine
whether the mutated proteins were stably expressed; all of the
chimeric proteins were found to abundantly accumulate in
transfected cells (Fig. 3B).
To distinguish among the remaining possibilities, we then

examined whether these transfected chimeric proteins were
capable of binding to a GAL4 site in vitro (Fig. 3C); the probe
in this case contained five repeats of the GAL4-binding site
(excised from pSG5CAT). The GAIA DNA-binding domain
alone and each of the fusion proteins bind to DNA, except
those (full-length hGATA-3 or aa 1 to 348) which included the
intact zinc finger DNA-binding domain of hGATA-3 (Fig. 3C,
lanes 1 to 7). The reciprocal lack of binding of fusion proteins
containing both intact DNA-binding domains to a GATA
consensus sequence is also true: none of the chimeras which
contained both intact DNA-binding domains bind to a consen-
sus GATA site (Fig. 3C, lanes 8 to 15). These data indicate that
the failure of fusion chimeras containing both GATA-3 and
GAL4 DNA-binding domains to trans activate a GAL4-depen-
dent reporter gene is due, at least in part, to the inability of
fusion proteins harboring two independent DNA-binding do-
mains to bind to either GAL4- or GATA-binding sites.
On the basis of results of the 3' deletion trans-activation

studies (Fig. 3A, lines 1 to 8), smaller segments of the
hGATA-3 cDNA sequence were examined in order to gener-
ate GAL4/hGATA-3 fusion proteins, each containing a pre-
sumably independent trans-activation domain of hGATA-3. As
illustrated (Fig. 3A, lines 9 to 13), a fusion protein containing
hGATA-3 aa 30 to 74 (including Act I) is capable of stimulat-
ing reporter gene activation, while the addition of aa 75 to 93
(line 10) or 75 to 127 (line 11) only modestly augments that
activity. However, a fusion chimera containing hGATA-3 aa
133 to 214 (Act II alone; Fig. 3A, line 13) fails to activate
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]264 3 444 GAL4 site GAL4-dependent reporter gene transcription. Similarly, aa 76
[Transadvation DNAhnchng, to 215 (line 12), which appeared to contain distinct trans-

EEMEMEMIPEFPCIRRRYPCEFEL I + activating activities from deletion analysis (Fig. 2A), fail top6 FR24 29 independently provide a trans-activation function when linkedS§PUMMIEFP O GNS65Rt I +
74 400 to the heterologous DNA-binding domain. Taken together,

214 these data indicate that only aa 30 to 74, or other hGATA-3
RGIRALDK 100 +

269 coding regions containing Act I, can function to direct tran-
° FP I .... ..CEFEL scriptional trans activation when fused to a heterologous
GN___S_R_4____DNA-binding domain.

E________________ E_ E I Finger II of hGATA-3 is necessary and sufficient for se-
-xPEFPI_=EFEL20 . quence-specific DNA binding. As with all members of this

ESE§-PE -PFPo CGN&%R 80 multigene family in vertebrate organisms, the DNA-binding
-PEFP-= GNS%SR 4 domain of hGATA-3 is composed of two zinc fingers, both of

30 12776PEFSSSR5 + which are highly conserved within the GATA factor family. In
PEFI

6 1 STVPRCIRALDK mouse and chicken GATA-1, only finger II is required for
00s_P PE" IC L24 + DNA binding, while finger I appears to be largely dispensable

(29, 53). To define the sequences required for DNA binding
within hGATA-3, we constructed deletions within the zinc
finger domain in which both fingers or each of the two fingers
were independently deleted (Fig. 4A). Protein accumulation

1 2 3 4 5 6 7 8 9 . .after transfection was monitored by immunoprecipitation, and
all of the deletion mutated proteins were again found to be

cd_.4 ... *abundantly expressed (Fig. 4B, lines 3 to 10), even though
some appeared to accumulate at a reduced level comparedkd__ + ~ _ S +with wild-type hGATA-3 protein.
EGMSA was again performed with extracts recovered from

the cells transfected with the finger deletion mutations. When
both fingers were deleted, the hGATA-3 protein no longer

:d_ w _6 .. t *_, _ binds to DNA (Fig. 4A, lines 17 and 18). Proteins in which
finger I was deleted can still bind to a consensus GATA site
(Fig. 4A, lines 13 and 14). These observations therefore agreed
with studies of both the mouse and chicken GATA-1 proteins,
in that finger II appears to be the only one required for GATA

d _P~ _ _ site-dependent DNA binding. Deletion of finger I reproducibly
-_ _ increased the trans-activation ability of the mutated proteins

compared with the wild-type hGATA-3 protein (Fig. 4A, lines
13, 14, and 19); it is therefore possible that a repressive domain
resides within that region (see Discussion). We conclude that
finger II is both sufficient and necessary for DNA binding of
the hGATA-3 protein to a GATA consensus binding site.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

S

II
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FIG. 3. Fusion chimeras of hGATA-3 and GAL4 reveal the pres-
ence of a single independent trans-activation domain. (A) GAL4/
hGATA-3 fusion constructs and trans-activation results. The top line
represents the wild-type hGATA-3 protein, followed by individual
GAL4/hGATA-3 fusion proteins; the shaded region represents the
GAL4 DNA-binding and dimerization domain from aa I to 147, joined
to different segments of the hGATA-3 protein (as indicated by the
amino acid numbers above each construct; also see Table 2). At the
right are the summary data for the DNA-binding ability of each of

these mutated proteins (C) as well as the reporter gene assay results
(relative to trans activation by pSG424) as quantified on a Phosphor-
Imager. Each trans-activation result is the average of three indepen-
dent experiments. The calculated standard deviations (percentages)
for the transfections are as follows: 1, 0.3; 2, 1.0; 3, 48.2; 4, 15.1; 6, 0.5;
7, 0.8; 9, 8.6; 10, 57.3; 11, 46.2; 12, 1.5; and 13, 1.0. (B) Immunopre-
cipitation of GAL4/hGATA-3 fusion proteins. QT6 cells transfected
with the GAL4/hGATA-3 fusion constructs were labeled with
[35S]Met-Cys and immunoprecipitated with MAb 31 (Materials and
Methods). Lanes 1 and 9 are protein molecular weight standards, with
the sizes indicated on the left. Lanes 2 to 8 reflect the immunoprecipi-
tation results after labeling cells transfected with fusion constructs 2
through 8 (shown in panel A). (C) Fusion protein binding to GAL4
sites. QT6 cells transfected with the GAL4/hGATA-3 chimeras were

lysed and assayed by EGMSA as described before. The probe used in
lanes 1 to 7 contained five copies of the GAL4-binding sites excised
from plasmid pSG5CAT with HindIll and KpnI, by kinase labeling
with [32P-yIATP. Because of differences in the sizes of the fusion
proteins, the bands migrate at different positions. Since there are five
copies of the binding sites in the probe, there are multiple shifted
bands in each lane which likely represent different numbers of GATA
proteins bound to the probe. Lanes 8 to 15 are the same protein
extracts examined using the MaP (GATA)-binding site as probe.
Lanes 1 to 7 and 8 to 14 correspond to the protein products of
constructs 1 to 7 of panel A, while lane 15 is a positive control
(hGATA-3 protein).
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FIG. 4. The DNA-binding domaii

(A) Schematic representation of the
zinc finger region and their DNA-bin
ties. On the left are the hGATA-3 d

GATA site hGATA-3 resides in the nucleus. To determine the normal
bind trans-activation cellular distribution pattern of the hGATA-3 protein, immu-

! 444 nohistochemical experiments were carried out by examining
_--I + 100 human T-lymphocyte and human neuroblastoma cell lines
lizz + 16%% which express hGATA-3 mRNA (HuT78 and NB-1, respec-

tively [24]). hGATA-3 is abundantly expressed and seques-
+ 138% tered entirely within the nucleus in T or neuroblastoma cells
=_ -2% (Fig. 5A and B), whereas control cells which express no or a

355 very low level of GATA-3 mRNA (YN79, a human retinoblas-
ZN - -~25% toma cell line, or HEL, a human erythroleukemia line, respec-

Izzz - -1.2 tively) exhibit undetectable staining (Fig. 5C and D). These
_7 results demonstrate that, as anticipated, hGATA-3 is localized____--1.4% to the nucleus of the cells in which it is naturally expressed.

1112 + 140% Sequences required for nuclear localization of hGATA-3. To
identify sequences required for the nuclear localization of
hGATA-3, we first examined the wild-type as well as all of the
previously described deletion mutant proteins by directly stain-

7 8 9 10 11 12 13 ing QT6 cells transfected with each of these proteins, using
MAbs 31 and/or 35. As anticipated, the protein is found in the
nucleus in all of the cells transfected with wild-type hGATA-3
(Fig. 6C). Upon examination of the deletion proteins, con-
structs 2 through 17 and 19 all give localization patternsI* * * indistinguishable from that of the wild-type hGATA-3 protein

^ (Fig. 6C); only one (Fig. 6A, construct 18 [d214-347]) failed to
localize to the nucleus and was approximately equally distrib-
uted in the nuclear and cytoplasmic compartments (Fig. 6D
and E). These data indicate that this region might contain a
nuclear localization signal (NLS). To further refine the posi-
tion of the presumptive NLS sequence within this mutated
protein, finer dissections of this domain were examined.

7 8 9 10 11 12 The only other hGATA-3 mutated protein which showed the
same (nuclear plus cytoplasmic) cellular distribution as d214-
347 was one in which aa 249 through 311 were removed, the
mutation which also removes the entire amino finger of the
presumptive DNA-binding domain (Fig. 6A, construct 20).
Although this particular mutation fails to direct the protein to
the nucleus, the hGATA-3 protein is still abundantly expressed
(Fig. 4B, lane 11) and can bind to a GATA consensus site (Fig.
4C, lane 11). The trans-activating ability of this protein is also

a .* significantly reduced (Fig. 6A, construct 20) in comparison* with similar mutations (Fig. 4A, constructs 13 and 14). Thus,
these data suggest that the DNA-binding and nuclear localiza-
tion properties of the hGATA-3 protein are two functionally
separate activities residing in structurally distinct domains.

Within the aa 249 to 311 region, there are two basic amino
acid clusters containing sequence similarity to the conserved
NLS (Fig. 6A, construct 1). However, removing both se-
quences failed to disrupt nuclear localization of the mutated
hGATA-3 protein (Fig. 6A, construct 21), implying that the

ofhGTiihiigeL
remaining amino acids are sufficient to direct hGATA-3 nu-

n ofhGATA-3iiswthitin fingern clear localization. These observations indicate that the se-

iding and trans-activation proper- quences regulating the subcellular distribution of the
eletion constructs as described in hGATA-3 protein are complex, but also that the amino acids

Fig. 2A. In the middle is the summary of DNA-binding properties; +

represents binding and - represents no binding to the T8E4 (GATA-
3)-binding site (24) oligonucleotide as shown in panel C. On the right
are the trans-activation results, representing averages of three inde-
pendent experiments. The calculated standard deviations of transfec-
tions for the above constructs in percentages are as follows: 13, 3.6; 14,
22.8; 15, 1.4; 16, 1.2; 17, 1.5; 18, 1.2; and 19, 7.0. (B) Immunoprecipi-
tation of hGATA-3 deletion mutations. QT6 cells transfected with
RSV/hGATA-3 as well as with all of the deletion mutation constructs
were labeled with [35S]Met-Cys and immunoprecipitated with MAb 31.
Lanes: 1 and 13, molecular weight markers as indicated on the left; 2,
labeled extracts from QT6 cells transfected with the hGATA-3 anti-
sense construct (24); 3 to 10, results with use of extracts prepared from

QT6 cells transfected with each of the RSV/hGATA-3 deletion

mutants, corresponding to constructs 1 and 13 to 19 in panel A; 11 and
12, constructs 20 and 21 described in Fig. 6A. (C) DNA binding.
EGMSA experiments were performed as described in the legend to
Fig. 2B, and the protein-DNA complex is indicated at the left by the
arrow. Lane 1 is radiolabeled oligonucleotide in the absence of added
extract; lane 2 includes extracts from QT6 cells transfected with
antisense hGATA-3 cDNA. Lanes 3 to 10 represent the gel shift
results with extracts prepared from QT6 cells transfected with each of
the RSV/hGATA-3 deletion mutations 13 through 19 in panel A.
Lanes 11 and 12 correspond to constructs 20 and 21 described in the
legend to Fig. 6C.
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FIG. 5. hGATA-3 is found in the nucleus of both T lymphocytes
and neuroblastoma cells. Immunohistochemical analysis of four hu-
man cell lines (HuT78, T lymphocyte [A], NB-1, neuroblastoma [B],
YN79, retinoblastoma [C], and HEL, erythroleukemia [D]) was car-
ried out as described in Materials and Methods by reaction with MAb
31. The chromogen diaminobenzidine stains antibody-reactive struc-
tures brown, while the counterstain methyl green details the positions
of the nuclei in all cells. The fixation and photographic procedure used
shows only the nuclei in these stained cells.

composing and surrounding finger I comprise much, if not all,
of the GATA-3 nuclear localization activity.

DISCUSSION
We report here the characterization of several discrete

structural domains which define the properties of a human
tissue-restricted transcription factor, hGATA-3. By creating
in-frame deletions within the coding region of the hGATA-3
cDNA, we have defined the trans-activation domain within the
N-terminal region of the protein by transient cotransfection
assays, by DNA-binding assays (EGMSA), and by immunopre-
cipitation with anti-GATA-3 MAbs. These experiments pro-
vide substantial evidence that a minimal specific DNA-binding
domain resides within finger II (aa 303 through 347) and that
a functionally independent trans-activation activity is encoded
within aa 30 to 74 of this transcription factor. By indirect
immunolocalization assays, we show that the hGATA-3 pro-
tein is naturally found within the nucleus of cells in which it is
expressed (T lymphocytes and neuroblastoma cells) and is also
restricted to the nucleus when hGATA-3 cDNA is transfected
into cells which do not normally express the protein; aa
residues 249 through 311 are (minimally) required for nuclear
localization of the hGATA-3 protein. In other experiments
(not shown), we have also mapped the epitopes recognized by
the two MAbs created here. These data are summarized in Fig.
7.

Sequences required for hGATA-3 trans activation are lo-
cated within the amino-terminal portion of the protein. Using
deletion mutations of the hGATA-3 cDNA clone, we initially
showed that two regions could be important for the trans-
activation function of the hGATA-3 protein. Among them, Act

FIG. 6. Immunolocalization of hGATA-3 deletion mutated pro-
teins. (A) Schematic representation of the hGATA-3 deletion mutants.
The first line represents wild-type hGATA-3; aa 250 to 256 and 303 to
308 (20, 24) are highlighted; both correspond to the consensus NLS
(Discussion). The trans-activation results are averages of three inde-
pendent experiments, the binding results were obtained from Fig. 4B,
and the localization results are summarized from Fig. 6B to E and
unpublished data. The calculated standard deviations of transfection
for constructs 20 and 21 are 1.4 and 11.3%. (B to E) Indirect
immunofluorescence staining of hGATA-3 deletion mutated proteins
in transfected QT6 cells. QT6 cells transfected with RSV/antisense
hGATA-3 (B), with RSV/hGATA-3 (C), or mutated proteins 18 and
20 (D and E, respectively) were fixed in paraformaldehyde (Materials
and Methods), treated with MAb 31 or 35, and then treated with
fluorescein isothiocyanate-conjugated secondary antibody. When
stained with a control primary MAb which recognizes only GST
(unpublished observations), the results were identical to those shown
in panel B (i.e., only very weak background fluorescence), whereas all
other deletion mutation constructs (2 to 17 and 19 shown in Fig. 2 and
4) exhibited the same nuclear staining pattern as shown in panel C.

I (aa 31 through 59) has a net charge of - 4, which is relatively
neutral compared with the previously characterized acidic
trans-activation domains of other proteins such as GCN4,
which has 18 acidic and 2 basic amino acids out of 59 in the
trans-activation domain (17), or VP16, which has 18 acidic out
of 78 amino acids (41); both of these are examples of powerful
trans-activating domains of transcription factors utilizing an
"acid blob" motif (43). Act II (aa 132 to 214; Fig. 2A),
however, is relatively rich in the amino acids serine (19 of 82)
and proline (12 of 82).
When Act I or Act II of hGATA-3 is joined in frame to the

GAL4 DNA-binding and dimerization domain, only Act I is
capable of directing GAL4-dependent transcription (Fig. 3A),
demonstrating that it is a functionally independent trans-
activation domain of hGATA-3. Act II alone, on the other
hand, does not encode an independent trans-activation do-
main, even though its deletion abrogates trans activation in the
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FIG. 7. Summary of the functional features of hGATA-3. The top
line represents the wild-type hGATA-3 protein sequence. The two
stippled regions represent the two zinc fingers of the protein; the
numbers are the first and last amino acids of each functional domain
of hGATA-3. This diagram outlines the domains required for trans
activation, DNA binding, and nuclear localization for the hGATA-3
protein as defined by the experiments described for preceding figures.
Also shown are the epitopes recognized by the two antibodies; MAb 31
recognizes an epitope within the N-terminal 30 aa, while the epitope
bound by MAb 35 is centered around aa 131.

native hGATA-3 protein (Fig. 2A and 3A). Act II could
function in any of several different ways: it may serve to
maintain the correct conformation of the folded GATA-3
protein; it may function only in a cooperative manner with a
protein containing Act I; or it may exhibit a requirement for
acting in concert with a specific DNA-binding domain (the zinc
fingers of hGATA-3). Comparison of the trans-activation
region of hGATA-3 (Act I) with those reported for the mouse
and chicken GATA-1 proteins (29, 53) reveals no significant
amino acid sequence identity among them, suggesting that
these different family members of the GATA factors may

interact with an entirely different array of accessory proteins
inside the cell and/or may interact with different proteins
arranged in a linear array (which in concert form a functional
regulatory module like a promoter, enhancer, or silencer [6])
when bound to DNA.
A GAL4 chimera fused to the entire hGATA-3 open

reading frame was unable to stimulate GAL4-dependent trans
activation, whereas a chimera containing the hGATA-3 pro-

tein with the zinc finger region deleted was a strong activator
(Fig. 3A). Similar observations have previously been reported
in examination of fusion proteins consisting of GAL4 linked to
AP-2 and to E2-2, CTF-1 joined to Spl, and GAL4/TEF-1
chimeras; in all of these chimeric transcription factors, the
function of a strong activation domain was artifactually masked
by the presence of a second functional DNA-binding domain
introduced into the fusion protein (15, 18, 32, 51). The
molecular basis for this phenomenon is unknown, but in the
case of GAL4/TEF-1, the fusion protein can still bind to a

GAL4 consensus sequence. In the experiments described here,
we cannot totally rule out the possibility that the loss of
trans-activation ability was due to the inability of the chimeric
protein to bind to DNA. We did not detect GAL4 DNA-
binding activity (by EGMSA) when a fusion protein contained
the whole zinc finger region of hGATA-3 (Fig. 3C), nor did we
detect it in the GAL4/hGATA-3 fusion chimera missing the
GATA zinc finger domain (data not shown), even though this
factor confers low trans activation to GAL4-dependent tran-
scription and should therefore bind to DNA in vivo. It is
possible the in vitro binding assay used here is not sufficiently
sensitive to detect binding when the fusion protein becomes
larger than an undefined size.
The minimum DNA-binding domain of hGATA-3 is located

in finger II. Among different members of the GATA family,

the zinc finger regions are most highly conserved, thereby
suggesting that these proteins carry out conserved functions by
similar mechanisms. Indeed, all GATA proteins bind to similar
DNA sequences, with some potential functionally significant
differences (discussed in references 23 and 31). It has previ-
ously been reported that for both mouse and chicken GATA-1,
both finger II and adjoining residues (carboxyl to it) are
required to direct site-specific DNA binding, while finger I, by
itself, is unable to do so. hGATA-3, like m- and cGATA-1,
absolutely requires finger II for specific binding and also
minimally requires an extension leading away from finger
toward the carboxy terminus (Fig. 4A, line 16) to achieve this
specificity. This observation is consistent with binding studies
of cGATA-1 (34) and suggests that, like cGATA-1, hGATA-3
requires carboxy residues abutting finger II as well as the C4
domain to form structurally important contacts with nucleotide
residues in both grooves of the binding site (33) in order to
stabilize GATA factor-GATA site interactions. This may sug-
gest that during evolution, different GATA proteins have
retained similar DNA-binding characteristics but were altered
in structure outside of the DNA-binding domain in order to
accommodate the requirements for differential gene regulatory
functions that each of the members of the family fulfill in the
distinct tissues in which they are expressed.
A defined function for GATA finger I. In this study, we see

consistent but relatively modest increases in the activation
function of hGATA-3 when the amino finger is removed (Fig.
4A, lines 13 and 14). However, in conjunction with several
amino acids upstream of finger I, this structure appears to be
required for the protein to localize properly within the nucleus.
It has been previously reported that the amino finger is
responsible for partial specificity and stability of DNA binding
for both the m- and cGATA-1 proteins, and it appears to
stabilize this specific DNA/GATA-1 interaction (29, 53).
There are several possibilities to explain the slight increase

in the trans-activation ability of the hGATA-3 protein contain-
ing only the carboxy finger in contrast to the results of m- and
cGATA-1 (29, 53). The first and simplest explanation is that
finger I encodes a repressive domain, in contrast to the m- and
cGATA-1 factors, in which the same domain confers an
approximately twofold stimulatory effect (29, 53); however, the
precise positional differences of the deletions within these
different family members may also account for the contrasting
results seen when the GATA-1 and GATA-3 proteins are
compared. A second possibility for this disparity is that the
reporter gene constructs used were different: here the reporter
is transcriptionally directed by three copies of the TCR gene 8
enhancer footprint 4, which has a double GATA site (six
binding sites in total [24, 39]), whereas one GATA site was
used in the construct examining both m- and cGATA-1 domain
analysis. A third possibility is that deletion of finger I alters the
spacing between different functional domains of the protein
through conformational changes which serendipitously de-
crease the activity (modestly) of GATA-1, while these spacing
differences (again, modestly) increase the activity of GATA-3.
Since other deletions between Act I and finger II also omit
other potentially important functional domains (Fig. 2A, 4A,
and 7), we cannot unambiguously conclude that it is the
deletion of finger I per se which influences the trans-activation
activity of any of these proteins.

Detailed dissection of transcription factor proteins has led to
the conclusion that functionally important regulatory interac-
tions may lead to cytoplasmic versus nuclear retention of these
proteins. For example, there are two signals in the c-Myc
protein which are important for localization: one of them acts
as an NLS, while the other is also required for transforming
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activity (5). Nuclear accumulation of p53 is mediated by
several NLSs, each sharing responsibility for nuclear accumu-
lation (42). In another well-characterized example, the NLS is
both necessary and sufficient for the nuclear uptake of NF-KB,
unless the IKB protein binds to it, masking the NLS, and
NF-KB remains in the cytoplasm (3). In other cases, nuclear
localization correlates with the cell cycle (50).
We show here that in T lymphocytes and neuroblastoma

cells, in which hGATA-3 is normally expressed, or in QT6 cells
after transfection of hGATA-3 under the control of a strong
constitutive promoter, the hGATA-3 protein is localized en-
tirely within the nucleus. By deletion analysis, we have mapped
a region between aa 249 and 311, overlapping finger I, which is
required for the nuclear localization of the transfected
hGATA-3 protein. Within this aa 249 to 311 region containing
and surrounding finger I, there are two short stretches of basic
amino acids, KSRPKAR and KPKRRL, both of which are very
similar to the consensus NLS (underlined residues) as de-
scribed previously (4). However, precise excision of either or
both segments fails to prevent hGATA-3 transport into the
nucleus (Fig. 6A, construct 21, and data not shown). Further-
more, immunofluorescence staining of hGATA-3 harboring
smaller deletions (e.g., d269-303 or d249-258; Fig. 4A, con-
structs 14 and 15, and data not shown) within this 58-aa region
showed that each of these also accumulated only in the
nucleus, suggesting that multiple signals in the hGATA-3
protein direct nuclear accumulation and that they function
independently.
There are other examples of multiple NLSs in a single

constitutively expressed nuclear protein which act indepen-
dently in an additive fashion, where only disruption of all NLS
sites abolishes localization (reviewed in reference 44). This has
been demonstrated specifically with NS1 of influenza A virus,
which has two independent NLSs; only if both are deleted will
the protein fail to localize to the nucleus (14). For the tumor
suppressor p53, there are three NLSs; deleting any of them
results in only partial cytoplasmic localization (42).

It is noteworthy that for both d214-347 and d249-311
hGATA-3 mutated proteins, the immunofluorescence data
showed mixed cytoplasmic and nuclear distribution of the
protein. This failure in complete compartmentalization could
be due to several possibilities, the simplest being that smaller
proteins created by deletion can freely diffuse between nucleus
and cytoplasm. However, protein size alone cannot be a major
determinant for localization of hGATA-3, since proteins
smaller than hGATA-3 mutation d249-311 (Fig. 2A, 4A, and
6A) are entirely sequestered within the nucleus (data not
shown). A second possibility is that the hGATA-3 protein can
enter the nucleus by interacting with other proteins, as is the
case for tumor suppressor protein pRB (55). The domains
responsible for pRB nuclear localization and protein interac-
tion are both important for successful nuclear translocation,
and interestingly, mutations affecting the NLS of pRB retain
partial nuclear localization activity due to the ability of mu-
tated pRB to enter the nucleus by associating with other
proteins through an intact protein interaction domain. A third
possibility is that there are additional NLSs outside aa 249 to
311 of hGATA-3, whose function is at least partially redundant
with the activity identified here and which can function in the
absence of aa 249 to 311.

It has been reported that the NLSs are incorporated into the
DNA-binding domains for a number of nuclear proteins (e.g.,
Fos [48] and GAL4 [45]). In the case of hGATA-3, the NLS is
located within the zinc finger region (finger I) but is separate
from the DNA-binding function of the protein (located in
finger II). The most conservative interpretation of the data

shown here is that the NLS for hGATA-3 is buried around and
within the sequence of the amino finger, thereby identifying a
new and distinct function for finger I of the GATA proteins.
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