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We have cloned NGFI-C, a nerve growth factor-induced early-response gene which encodes a Cys2/His2 zinc
finger protein. RNA blot analysis demonstrates that NGFI-C mRNA is induced within minutes of stimulation
of PC12 cells by nerve growth factor and is similarly activated in brain after a Metrazol-induced seizure. The
cDNA sequence predicts a protein that contains three zinc fingers which show striking homology to the
DNA-binding regions of three previously reported zinc finger proteins, NGFI-A, Krox-20, and the Wilms'
tumor gene product. NGFI-C binds to the previously described DNA-binding site of these three proteins, which
is GCGGGGGCG. Cotransfection experiments revealed that NGFI-C strongly activates transcription from this
site in mammalian cells. The isolation of another early-response gene that encodes a member of the G(C/G)G
or GSG element-binding family should provide an opportunity to investigate the relative contributions of a
family of transcription factors to the cell's response to changes in its environment.

Factors which promote long-term cellular responses such
as growth and differentiation induce an orchestrated change
in the pattern of gene expression. Initially, the expression of
a small subset of genes, termed early-response genes (ERGs)
or immediate-early genes, is altered. The induction of ERG
expression is mediated by a very rapid but transient tran-
scriptional activation that is independent of de novo protein
synthesis. The diversity of signals to which ERGs respond
and the realization that many of them encode transcription
factors, such as c-fos (13), NGFI-A (27) (also called egrl [46]
and zifl268 [11]), NGFI-B (28)Inur77 (19), and c-jun (37),
suggest that their products may constitute the nuclear arm of
the signal transduction process. Because of their possible
role in coupling changes in the extracellular environment to
long-term cellular responses, the expression of ERGs in the
nervous system is being intensely studied. In the central
nervous system, ERG expression is modulated by seizure
induction (30), sensory stimulation (48), induction of long-
term potentiation (12), and shifts in the circadian rhythm
(36). In PC12 cells, a frequently used model of neuronal
differentiation, a variety of stimuli, such as exposure to
nerve growth factor (NGF) (27) and neurotransmitters (18)
or membrane depolarization (2), induce the expression of
many ERGs.
A number of ERGs expressed in the nervous system

encode zinc finger proteins. Two such proteins are NGFI-A
and Krox-20 (8), both of which contain very similar, se-
quence-specific DNA-binding domains composed of three
tandemly linked zinc fingers. The zinc finger is a highly
conserved protein domain of 28 to 30 amino acid residues
containing several invariant residues (29). The most notable
of these are pairs of cysteine and histidine residues that
stabilize the regional conformation of the finger via coordi-
nate binding to a zinc(II) ion. The high level of conservation
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within this motif and in the linker region which joins adjacent
zinc fingers has enabled the isolation of a number of genes
encoding zinc finger proteins by low-stringency hybridiza-
tion methods (6). More recently, the polymerase chain
reaction (PCR) has been exploited to isolate additional zinc
finger-encoding sequences (33).
We report here the use of PCR to isolate another ERG

cDNA, NGFI-C, that encodes a zinc finger protein which is
rapidly induced in PC12 cells by NGF and in brain by seizure
activity. Nucleotide sequence analysis revealed that
NGFI-C contains three tandemly linked zinc fingers very
similar to those present in Spl (21), NGFI-A, Krox-20, and
the Wilms' tumor gene product (5). We also demonstrate
that NGFI-C specifically binds to the nonamer sequence,
GCGGGGGCG, recognized by NGFI-A, Krox-20, and the
Wilms' tumor gene product (34). Finally, we show that
NGFI-C activates transcription in mammalian cells from
luciferase reporter plasmids bearing this recognition se-
quence, thereby establishing NGFI-C as another member of
this transcription factor family.

MATERIALS AND METHODS

Isolation of NGFI-C cDNA. RNA from PC12 cells treated
with NGF and cycloheximide (CHX) was isolated and re-
verse transcribed to first-strand cDNA by using an oligo(dT)
primer. This pool of cDNA was then amplified by PCR with
a forward primer ACIGG(G/C)GAGAAGCC(G/C)T(T/A)(C/
T)G(A/C)ITG (where I is inosine) derived from the consen-
sus sequence of the linker region (the well-conserved resi-
dues upstream of the first Cys of the zinc finger) and the
oligo(dT) reverse primer. The PCR was performed with an
annealing temperature of 42°C and an extension time of 2
min at 72°C. The resulting PCR products were cloned into
the SmaI site of pBS(KS) (Stratagene, La Jolla, Calif.). A
32P-labeled probe (17) was prepared from one of these
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clones, called NGFI-C, and used to screen a cDNA library
prepared from RNA isolated from PC12 cells cultured in the
presence of NGF and CHX for 3 h (27). A clone with a 2.1-kb
cDNA insert was isolated, and the cDNA fragment was
subcloned into the EcoRI site of pBS(KS). Nucleotide
sequencing was performed by the chain termination method
(38), using Sequenase (United States Biochemical) as spec-
ified by the supplier.
RNA preparation and analysis. PC12 cells were cultured as

previously described (26). When cells were treated with
NGF or CHX, the final concentrations were 50 ng/ml and 10
,ug/ml, respectively. Seizure was induced in adult Wistar rats
by an intraperitoneal injection of pentylenetetrazole (Metra-
zole) at a dose of 50 mg/kg. Forty-five minutes after seizure
induction, animals were sacrificed by decapitation and the
brains were rapidly removed and frozen on dry ice. Poly(A)-
enriched RNA was isolated with the Fastrack Kit (Invitro-
gen, La Jolla, Calif.). RNA transfer analysis was performed
as previously described, using a 32P-labeled antisense RNA
probe generated from the NGFI-C 3' untranslated region
(nucleotides [nt] 2110 to 1751) by using T7 RNA polymerase
as instructed by the manufacturer (Promega).
DNA binding analysis. Proteins for DNA binding analysis

were produced as fusion proteins by linking them to the
bacterial TrpE protein encoded in the pATH-3 expression
plasmid (15). Three restriction fragments of the NGFI-C
cDNA were cloned into the pATH-3 expression plasmid to
create the following constructs: pNCFL, which includes the
entire NGFI-C protein (nt 1 to 1625); pNCZF, which con-
tains the carboxy-terminal domain including the three zinc
fingers (nt 1122 to 1625); and pNCAM, which contains the
amino-terminal domain and lacks the zinc fingers (nt 1 to
800). Escherichia coli DH5a bacteria harboring these con-
structs or nonrecombinant pATH-3 were grown, and the
fusion proteins were induced as previously described (16).
The NGFI-A cDNA was cloned into the pET3d vector, and
full-length NGFI-A was expressed as described previously
(44). After induction of the fusion proteins, the bacteria were
pelleted and resuspended in denaturing protein loading
buffer (2% sodium dodecyl sulfate [SDS], 100 mM Tris [pH
7.5], 280 mM P-mercaptoethanol, 20% glycerol). After the
suspension was heated at 1000 for 5 min, the proteins were
separated by electrophoresis through a 10% SDS-polyacryl-
amide gel and transferred to nitrocellulose. The protein
blot was incubated for 2 h at 25°C in 5% nonfat dry milk
in renaturation buffer (100 mM KCl, 25 mM N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid [HEPES; pH 7.8],
10 jiM ZnCl, 1 mM dithiothreitol, 20% glycerol), washed
briefly three times in renaturation buffer without milk, and
incubated in renaturation buffer containing salmon sperm
DNA (1 ,ug/ml) and a 1,000-fold excess of unlabeled oligo-
nucleotides (either specific or unrelated) for 30 min at 25°C
with gentle agitation. A double-stranded oligonucleotide
containing two copies of the NGFI-A DNA-binding site
(GGATCCAGCGGGGGCGAGCGGGGGCGA) was end la-
beled with [-y-32P]ATP and T4 polynucleotide kinase to a
specific activity of 2 x 108 cpm/,ig. The labeled probe was
added (final concentration, 106 cpm/ml), and binding was
allowed to proceed at 25°C for 30 min. The protein blot
was washed three times in renaturation buffer for 5 min
and subjected to autoradiography. In addition, an identi-
cal blot was probed in the same manner with a labeled
double-stranded oligonucleotide whose sequence (GTTTT
AAAAGGTCATGCTGACCTGACCCGTA) is unrelated to
the NGFI-A binding site.
Mammalian transfection. The pCMV mammalian expres-

sion plasmid (pCB6) was obtained from M. Roth (University
of Texas, Southwestern). pCMV-NGFI-C was constructed
in two steps. First, the majority of the 3' untranslated region
(nt 1625 to 2103) was deleted by digestion with TthlllI and
EcoRV; the ends were blunted with Klenow fragment and
deoxynucleoside triphosphates, and recircularization of the
plasmid was done by ligation. The truncated NGFI-C cDNA
was excised from pBS with BamHI and ClaI and ligated into
the BgIII and ClaI sites of pCMV. The reporter vector,
Pro36-Luc (obtained from S. Adler, Washington Universi-
ty), contains the firefly luciferase coding region downstream
of a minimal prolactin promoter (1). Oligonucleotides con-
taining either one or two NGFI-A binding sites were inserted
upstream of the prolactin promoter at the BamHI site of
Pro36-Luc.

Cos-7 cells were grown in Dulbecco's modified Eagle's
medium supplemented with 10% fetal calf serum. Cells were
plated 24 h before transfection at a density of 700,000 cells
per 10-cm dish. The cells were transfected by CaPO4 pre-
cipitation essentially as described previously (9), using a
total of 10 jig of plasmid DNA per plate (5 jig of activator
plasmid and 5 jig of reporter plasmid). Three days after
transfection, the cells were washed twice with ice-cold
phosphate-buffered saline and lysed by incubation in 0.7 ml
of 50 mM Tris-morpholine ethanesulfonic acid (pH 7.8)-i
mM dithiothreitol-1% Triton X-100 for 5 min at 25°C. The
lysate was cleared of cellular debris by centrifugation. Lu-
ciferase assays were performed on 50 [lI of cell lysate, using
a Monolight 2010 luminometer (Analytical Bioluminescence
Laboratory, San Diego, Calif.) (14).

RESULTS

Isolation of the NGFI-C eDNA. To identify genes which
encode zinc finger proteins and are rapidly activated by
NGF, a reverse transcriptase/PCR method was used. Tem-
plate RNA was isolated from PC12 cells treated for 3 h with
NGF and CHX and reverse transcribed by using an oligo(dT)
primer. For the subsequent PCR, the forward primer [AC
IGG(G/C)GAGAAGCC(G/C)T(T/A)(C/T)G(A/C)ITG] was a
consensus of the highly conserved linker region between
zinc fingers (encoding amino acids TGQKPYDC) from a
number of zinc finger proteins. The reverse primer was
identical to that used to generate the first-strand cDNA.
Fragments produced by this PCR reaction were cloned, and
the nucleotide sequences of many of the resultant clones
were determined. The sequence of one of the cDNA frag-
ments predicted a peptide containing a zinc finger motif that
was very similar to that of the ERGs NGFI-A and Krox-20.
This cDNA fragment was therefore used to screen a library
constructed from RNA prepared from PC12 cells treated
with NGF and CHX for 3 h. Several clones were isolated,
and the largest, called NGFI-C, was used for further char-
acterization.
NGFI-C is an ERG. To examine the induction time course

for the NGFI-C mRNA, poly(A)+ RNA was isolated from
PC12 cells treated with NGF for various lengths of time.
RNA blot analysis with a probe derived from the NGFI-C 3'
untranslated region (see below) showed that the basal level
of transcript was very low, but that within 30 min after NGF
administration the level of NGFI-C mRNA was greatly
increased (Fig. 1A). NGFI-C mRNA peaked at 60 min and
had rapidly declined to its low basal level by 3 h. In con-
trast, if CHX was present when NGF was administered,
NGFI-C mRNA levels remained elevated for an extended
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FIG. 1. Evidence that NGFI-C is an ERG. (A) RNA transfer
analysis of 5 ,ug of poly(A)+ RNA isolated from PC12 cells treated
with NGF for the indicated time. The lane labeled 180* indicates
that CHX (10 ,ug/ml) was also present during the NGF treatment. (B)
Analysis of 15 ,ug of total RNA isolated from rat brain before or 45
min after a Metrazol-induced seizure. Small arrows indicate the 28S
and 18S ribosomal bands. Large arrow indicates the position of the
NGFI-C mRNA.

period. The kinetics of induction and disappearance of
NGFI-C mRNA and its persistence in the presence of
protein synthesis inhibitors are similar to those observed for
other ERGs (28).
Many ERGs, including c-fos, NGFI-A, NGFI-B, fra-J,

and jun-B, are activated in the brain by seizure (for a review,
see reference 41). Because the NGFI-C gene is regulated
similarly to these genes in PC12 cells, we investigated
whether it would also be activated by seizure. RNA blot
analysis demonstrated that the level of NGFI-C mRNA in
normal brain was moderately abundant and that seizure
activity resulted in a large increase in NGFI-C transcripts
within 45 min (Fig. 1B).
Sequence analysis of the NGFI-C cDNA. The nucleotide

sequence of the NGFI-C cDNA was determined (Fig. 2).
The 5' end of the NGFI-C mRNA was identified by primer
extension and confirmed by S1 analysis with a genomic clone
containing the 5' region (data not shown); both procedures
revealed that transcriptional initiation occurs 53 nt upstream
from the 5' end of the cDNA clone. Analysis of the NGFI-C
cDNA sequence revealed that the mRNA is 2,093 nt long
excluding the poly(A) tail. It contains a 138-nt 5' untrans-
lated region, followed by an open reading frame beginning at
the Met codon at nt 139 and terminating at nt 1573, followed
by a 521-nt-long 3' untranslated region. A typical polyade-
nylation signal is present 11 nt upstream of the poly(A) tail.
The sequence predicts a polypeptide of 478 amino acids with
an unmodified molecular mass of 49,667 Da. The most
striking feature of the predicted protein is the presence of
three zinc fingers of the Cys2-His2 subtype near the carboxy
terminus. This highly conserved motif is a well-character-
ized DNA-binding domain that is found in a number of
transcription factors.

Inspection of the NGFI-C zinc finger domain revealed that
it is strikingly similar to the DNA-binding domains of
NGFI-A and Krox-20. The homologies between this region
of NGFI-C and the corresponding regions of NGFI-A and
Krox-20 are 85 and 81%, respectively. However, the simi-
larities between the DNA-binding domains of these proteins
and the conserved, intragenic differences in each individual
finger motif are more apparent when respective zinc fingers
of each protein are compared with one another (Fig. 3). For
example, in each protein, the first zinc finger contains four

residues between the cysteine pair whereas the cysteines of
the other two fingers are separated by only two amino acids.
We have also noted that the third zinc finger is very atypical
in these proteins because it lacks the invariant leucine
located 10 residues downstream from the second cysteine.
This leucine is thought to interact with other hydrophobic
residues within the motif to stabilize the zinc finger structure
(3). Recently Nardelli et al. (32) identified two residues
within the zinc fingers of Krox-20 and Spl that dictate
whether these particular finger motifs recognize the se-
quence GCG or GGG. It should be noted that both NGFI-C
and NGFI-A are identical to Krox-20 at these apparently
critical positions, thus predicting that NGFI-C should also
recognize the GCGGGGGCG nonamer.

Outside of the zinc finger region, the NGFI-C protein
bears no similarities to either NGFI-A or Krox-20, just as
those two proteins show little homology to each other
outside of their respective DNA-binding domains. However,
as has been observed for a number of DNA-binding proteins,
NGFI-C has an unusually high proline content. The proline
composition is especially high (25%) in a region extending
from residues 111 through 188. This region is similar to the
transcriptional activating domains present in CCAAT tran-
scription factor (25), AP-2 (20), Oct-2 (22), and c-Jun (43) and
may play an analogous role in NGFI-C. A further search of
GenBank by using sequences outside of the zinc finger
domain revealed no significant homology to previously de-
scribed proteins.
NGFI-C recognizes the sequence element GCGGGGGCG.

The nucleotide sequence GCGGGGGCG serves as a recog-
nition site for NGFI-A (10), and an essentially identical
element was determined to be a cognate site for Krox-20 (7).
Because of the similarities between the zinc fingers of these
proteins and NGFI-C, we used Southwestern (DNA-protein)
blot analysis (42) to explore whether NGFI-C would also
recognize this sequence element. Restriction fragments en-
coding the entire NGFI-C protein or portions of it corre-
sponding to the amino-terminal (non-zinc finger containing)
or carboxy-terminal (containing the zinc fingers) domains
were cloned into the pATH vector (15). Bacterial lysates
containing the corresponding fusion proteins or NGFI-A
were electrophoresed on SDS-polyacrylamide gels and
transferred to nitrocellulose. The proteins were renatured
and incubated with a 32P-labeled oligonucleotide containing
the sequence GCGGGGGCG and a 1,000-fold excess of
nonradioactive unrelated oligonucleotide. Binding of the
oligonucleotide to fusion proteins containing the NGFI-C or
NGFI-A zinc fingers was detected by autoradiography (Fig.
4). The specific nature of this interaction was determined by
showing that no binding was detected when the incubation
was performed in the presence of a 1,000-fold excess of
nonradioactive oligonucleotide containing the GCGGGGG
CG sequence (data not shown). In addition, no signal was
detected when an identical protein blot was incubated with
32P-labeled oligonucleotide which did not contain the GCG
GGGGCG sequence (data not shown). The results clearly
demonstrate that NGFI-C specifically recognizes the same
nucleotide sequence as NGFI-A, Krox-20, and the Wilms'
tumor gene product.
NGFI-C is a transcriptional activator. NGFI-A and Krox-

20 both activate transcription from the GCGGGGGCG se-
quence element in Drosophila Schneider cells (7, 24). To test
whether NGFI-C could activate transcription when bound to
this sequence, a Cos cell cotransfection transactivation
assay was used. For these experiments, oligonucleotides
containing one or two copies of the GCGGGGGCG recog-
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CGAGCCAGGGCGCCGCGGCCCCCCAACCCTCGTCCCCGAGCCAAGCGCCGGGAGCCTGGAGCTGGGGCGCCCGGATTCCCTGCCAGCCGC
M L H L S D F S G P D A L L

GCGCGCCCCAGCCCAGCGAGGCCCCGGGCGCCCCGCCGCCACCACGCCATGCTCCACCTGAGCGACTTCTCCGGCCCCGACGCGCTCCTC

S K P T E G C A H T S P E L P R L P A R D A P S A A A Y P G

45 G D F L S W A L S T C G A G G D L T D S C F L E G P A P T P
271 GGCGACTTCTTGAGCTGGGCTCTGAGCACCTGCGGCGCCGGGGGGGACTTAACAGACTCCTGCTTCCTGGAGGGCCCTGCACCCACGCCC

75
361

105

P S G L S Y S G S F F I QA V P E H P H D P E A L F N L M S
CCTTCGGGCCTCAGCTACAGCGGCAGCTTCTTCATCCAGGCGGTTCCCGAACACCCGCACGACCCGGAGGCCCTCTTCAACCTCATGTCT

G I L G L A P F P S P E A A A S R S P L D V P F P A G P D A
451

135
541

165
631

195
721

L L P D L Y S P D L S S A A F P E A F W E A A P S A G A P S
TTGCTGCCGGACCTTTACTCCCCGGATCTGAGTTCGGCCGCCTTCCCGGAGGCGTTTTGGGAGGCCGCGCCTTCGGCGGGCGCTCCCTCG

Q C L F E P Q L S P P D V K P G L R A P P A S P A L D A A A

S A F K G P Y A P W E L L S A G A P G N C G S Q G S F Q T T
TCGGCCTTCAAAGGGCCCTACGCCCCCTGGGAGCTGCTGTCGGCCGGGGCTCCGGGGAACTGTGGGTCGCAGGGAAGCTTCCAGACCACC

225 P E A R F S A V G T K V E D L L S I S C P A E L P G P A S R
811 CCGGAGGCACGCTTTTCCGCCGTGGGGACCAAGGTCGAGGACCTGCTGTCCATCAGCTGCCCCGCCGAGCTGCCCGGTCCGGCTAGCAGA

255
901

285
991

315
1081

345
1171

375
1261

405
1351

435
1441

L Y P P G A Y D A F S L A P G D L G E G T E G L P A L L T P
CTCTACCCGCCAGGGGCCTACGATGCCTTCTCGCTGGCCCCAGGTGACTTAGGGGAGGGGACCGAGGGCCTCCCGGCGCTGCTGACCCCT

P G G E G G S G G E G G E F L A V P Q A Q L S P L G L R G A
CCGGGCGGGGAGGGAGGGAGCGGCGGCGAAGGCGGAGAGTTCCTGGCCGTCCCTCAAGCGCAGCTGTCCCCGCTGGGCCTGCGCGGCGCC

A T A D F S K A L V A D L P G G S G V A A P S S P A T S F P

A A K A R R K G R R G G K C S A R C F C P R P H V K A F A C
GCGGCCAAAGCCCGGCGCAAGGGACGCCGGGGCGGCAAGTGCAGCGCGCGCTGCTTCTGCCCGCGGCCGCACGTCAAGGCCTTCGCCTGC

P V E S C V R T F A R S D E L N R H L R I H T G H K P F Q C

R I C L R N F S R S D H L T T H V R T H T G E K P F A C D V
CGCATCTGCCTGCGCAACTTCAGCCGCAGCGACCACCTCACCACGCACGTGCGCACCCACACCGGCGAGAAGCCCTTCGCCTGCGACGTG

C G R R F A R S D E K K R H S K V H L K Q K A R A E E R L K
TGCGGCCGCCGCTTCGCGCGCAGCGACGAGAAGAAGCGACACAGCAAGGTGCACCTCAAGCAGAAGGCGCGCGCCGAGGAGCGCCTCAAG

465 G L G F Y S L G L S F A A L *
1531 GGCCTGGGCTTCTACTCGCTGGGCCTCTCTTTCGCCGCGCTGTAGCCGGAGCTGGCTCCGTAGGTCGGCGCCGCCGGCCGTCGGCGCACG
1621 CGACACGGTCCTGCCGCTCCCTCGTCCCTGCTGCCTTCCCTGCCTCTTCCACGCACGTCCGGGGCCACCCGCAGCCCAGCTCCAGTTCCC
1711 CCGAAGCGCCCGCCGCTCACGCCCTTCAGCACGGGCTCCGCGGACAGCGCCCGCTGTTTTCGGAGCCGCCTTCCTCTAGCCACCCGCTCT
1801 GGGGACTGTCCTCTCGGTCCACCCACAGAGCAGGCGATACCTTAGGACTGAAGAGAGTTTTTGTAACTGGCGTACGCCCCACGCCTTCCT
1891 CTTTATCCCTTCCCAGAGTCAAGCTGGGGATGTACCGAGCCGGTCTCTCAAGAACTTTGTACAGCAAGTCCAGCAAGCCTTTGGATGTGA
1981 TGTCTTTGCTTTGGGGTTATTTCCTTTTTGTTGTCGTTCATTTTTTGTAAAGCAGACGCTACTCTCAAGCATTTGACAAAACTGTTTATT
2071 TTTGCAATTAAAATTATTGTGCTAAAAAAAAAAAAAAAGG

FIG. 2. Nucleotide and deduced amino acid sequences of the NGFI-C cDNA. Numbers on the left refer to the nucleotide sequence (upper)
and the amino sequence (lower). The lines are drawn over region corresponding to the zinc finger domain.

nition element, but not containing the closely related Spl
binding sites, were cloned upstream of the basally inactive
prolactin promoter present in a luciferase reporter vector (1).
When these luciferase reporter plasmids were transfected
into Cos cells along with the nonrecombinant pCMV expres-
sion vector, very low expression was observed. However,
when they were cotransfected with the NGFI-C expression
vector (pCMV-NGFI-C), luciferase activity was increased
20-fold from a reporter plasmid carrying one copy and
40-fold from a reporter plasmid containing two copies of the
GCGGGGGCG sequence (Fig. 5). Experiments performed

in parallel with an NGFI-A expression vector demonstrated
a similar level of activation, thereby demonstrating that
NGFI-C and NGFI-A function equivalently as transcrip-
tional activators in Cos cells.

DISCUSSION

We have identified and characterized NGFI-C, a new
member of a family of zinc finger proteins that contain very
similar DNA-binding domains. In addition to NGFI-C, this
family presently includes NGFI-A, Krox-20, Spl, and the

GGCATCTTGGGCTTGGCACCCTTCCCTAGCCCCGAGGCGGCAGCGTCTCGGTCCCCCCTGGATGTCCCTTTCCCCGCGGGTCCCGATGCC

1
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KGx-20A FARSDEXKRHTR

FIG. 3. Alignment of the NGFI-C zinc finger domains with those
present in NGFI-A and Krox-20. The recessed, shaded regions
denote areas of nonidentity.

Wilms' tumor gene product. Like NGFI-A and Krox-20,
NGFI-C is an ERG. It is rapidly activated by NGF in PC12
cells independent of de novo protein synthesis and is in-
duced by seizure in brain.
Many families of transcription factors that bind to identi-

cal or highly similar nucleotide elements have been de-
scribed, including the CREB protein family, whose members
recognize the cyclic AMP-responsive element (4), the c-Fos
and c-Jun families, whose members interact with and recog-
nize the AP-1 element (35), the octamer-binding proteins
Oct-1 (45), Oct-2 (39), Oct-3-10 (40), C/EBP (23), and DBP
(31), which recognize the D box of the albumin promoter,
and the NF-E1 homologs which recognize the consensus
motif WGATAR (49). The similarities between the zinc
fingers present in NGFI-A, Krox-20, the Wilms' tumor gene
product, and NGFI-C prompted us to test whether NGFI-C
recognizes the same nucleotide sequence. Experiments in
this study demonstrated that NGFI-C recognizes the non-
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FIG. 4. Specific binding of NGFI-C to the sequence GCGG
GGGCG. A 32P-labeled oligonucleotide containing the GCGGGGG
CG sequence was used to probe a protein blot containing bacterial
lysates containing the following constructs: lane 1, NGFI-A in the
pET3d vector (44); Lane 2, pNCFL, which expresses a TrpE fusion
protein containing the entire NGFI-C protein; lane 3, pNCZF,
which expresses a TrpE fusion protein containing the NGFI-C zinc
finger region; lane 4, pNCAM, which expresses a TrpE fusion
protein containing the amino-terminal portion of NGFI-C which
does not include the zinc fingers; and lane 5, pATH-3, which
expresses TrpE. Positions of molecular weight standards are indi-
cated.

n=6
140, MNGFI-C
120] NGFI-A

rlu's loo0
% maximum Q

NGFI-C 60
activation 6(~

U.I

rJNR

n=6 rr'12
n=-9 n=10

Monomer

ILl n=14

-1-

Dimer

FIG. 5. Evidence that NGFI-C is a transcriptional activator in
mammalian cells. Shown are relative luciferase units (rlu's) obtained
with the indicated expression constructs (NR, nonrecombinant
pCMV) and luciferase reporter plasmids containing one copy
(monomer) or two copies (dimer) of the GCGGGGGCG sequence.
To normalize data between experiments, values are expressed as the
percentage of the relative luciferase units obtained relative to the
NGFI-C/dimer combination. The number of plates assayed for each
combination (n) is indicated along with the error bar. All values
represent the results of at least three different experiments, per-
formed with two different preparations of DNA.

amer GCGGGGGCG and activates transcription of a co-
transfected reporter gene bearing this recognition site. These
data provide evidence that these proteins comprise a family
of transcription factors defined by their nucleotide recogni-
tion site.
Why are multiple proteins, each capable of activating

transcription from the GCGGGGGCG nonamer, activated
by the same extracellular stimuli? Several possibilities exist.
First, although these proteins each recognize an identical
nonamer, differences in their optimal binding affinities for
closely related recognition sequences may allow them to
regulate genes differently in vivo. Second, the local nucleo-
tide environment or chromosomal structure into which the
GSG motif is embedded may alter the relative affinity of
these proteins for the site. Third, these proteins may each
interact with different accessory factors that control their
activities in a cellular or developmentally regulated fashion.
Finally, the extent, and possibly type, of posttranslational
modification of ERG products is dependent on the inducing
stimulus (16) and may play a role in determining the inherent
activities of these proteins.
A combination of these factors and possibly others is

likely to determine the overall activity of these DNA-binding
proteins in vivo. The proteins Oct-i and Oct-2 are perhaps
the most intensively studied examples of transcription fac-
tors which recognize the same nucleotide sequence yet have
different activities. There is precisely controlled cell-type-
specific expression of these proteins, but also dramatic
promoter context-specific differences in transcriptional acti-
vation (47). The latter is thought to be secondary to differ-
ences in the intrinsic abilities of these proteins to interact
with different classes of transcriptional initiation complexes
(47). Because NGFI-A, Krox-20, and NGFI-C bear little
resemblance to each other outside of the DNA-binding
domain, it is likely that their functions are influenced by
differences in their interactions with proteins of the tran-
scriptional machinery. It will therefore be of interest to study
not only cell-type-specific expression of these proteins in
vivo but also the peptide determinants that direct the pro-
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tein-DNA and protein-protein interactions of these factors.
The cloning of a third ERG encoding a GSG element-binding
protein provides an additional opportunity to examine the
relative contributions of members of a family of transcription
factors to the cellular response to extracellular stimuli.
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