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Expression of multiple classes of the Nuclear Factor-1
family in the developing human brain: differential
expression of two classes of NF-1 genes
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Nuclear factor-1 (NF-1) is a multifunctional protein that participates in both
transcription and replication. NF-1 proteins exist as a family of proteins that
share some common structural and functional features but also demonstrate
organ and cell type specific expression. Based upon these characteristics, the
family of NF-1 proteins is divided into four classes, A, B, C and D. Several NF-1
binding sites have been identified in the regulatory sequences of the human
polyomavirus, JCV, which multiplies most efficiently in glial cells derived from
human fetal brain. Nuclear proteins from these cultures bind specifically to
these NF-1 sites. It is not known, however, which member(s) of the NF-1 family
is expressed in cells susceptible to JCV infection. We have examined glial cells
as well as HeLa cells, which are not permissive to JCV, for NF-1 expression. By
RT-PCR analysis, all four classes of NF-1 are expressed in human fetal glial cells
and HeLa cells. However, by Northern analysis the expression of class D gene is
much higher in the glial cells than HeLa cells. Expression of the class C gene,
first identified in HeLa cells as NF-1/CTF1, is barely detectable in glial cells but
highly expressed in HeLa cells. The screening of cDNA libraries from two early
human brain tissues resulted in the identification of a number of clones which
appear to be related and belong to a single class of the NF-1 family, class D.
Nucleotide sequence of one clone, designated NF-1/AT1, confirms this. The NF-
1/AT1 protein was overexpressed in E coli and found to bind specifically to an
NF-1 probe by gel shift analysis. Southern analysis of human fetal glial cells
indicates that the NF-1/AT1 gene, class D, is derived from a different gene than
NF-1/CTF1. These results suggest the possibility that genes or viruses, like JCV,
which use NF-1 for, their expression in human brain derived cells may
preferentially use the NF-1 class D protein.
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Introduction

Our studies have focused on the nuclear factor-1
(NF-1) activator, which is a multifunctional cellular
protein that participates in cellular and viral gene
transcription and viral DNA replication. NF-1 was
first isolated from HeLa cells and shown to be a
host cell factor required for the initiation of
adenovirus-2 DNA replication (Nagata et al, 1982,
1983). It was shown to mediate this effect by
binding to a specific site in the adenovirus origin
of DNA replication (Nagata et al, 1983; Rawlins et
al, 1984). Analysis of this site and other NF-1
binding sites revealed that the consensus recogni-
tion sequence for NF-1 is TGGC/A(N);GCCAA
(DeVries et al, 1985; Leegwater et al, 1985). NF-1
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binding sites have been identified within the
promoters of several viral (Hennighausen et al.
1986; Shaul et al, 1986; Jeang et al, 1987; Tamura et
al, 1988a; Amemiya et al, 1989; Gloss et al, 1989;
Nilsson et al, 1989; Sundsfjord et al, 1990; Chong et
al, 1991) and cellular genes (Hennighausen et al,
1985; Oikarinen et al, 1987; Nowock et al, 1985;
Jones et al, 1987; Lichsteiner et al, 1987; Rupp and
Sippel, 1987; Gil et al, 1988; Rossi et al, 1988;
Aoyama et al, 1990; Courtois et al, 1990). In
addition, NF-1 has been shown to activate tran-
scription from the promoter of the human « globin
(Jones et al, 1987), human hepatitis B virus S gene
(Shaul et al, 1986), and murine «2(I) collagen gene
(Rossi et al, 1988).

Structural and functional analysis of the NF-1

protein has revealed that the protein could be |
divided into two functional domains (Mermod et ~
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al, 1989). The N-terminal domain is required for site
specific recognition of DNA, protein dimerization,
and adenovirus DNA replication. The proline rich
C-terminal domain is required for transcriptional
activation. Attempts to purify NF-1 binding activity
from HeLa cells has resulted in a number of
polypeptides ranging in size from 52 to 66 kDa
(Rosenfeld and Kelly, 1986). The results from
further studies also suggest the existence of related
but distinct CTF/NF-1 proteins (Celada et al, 1988;
Chodosh et al, 1988; Dorn et al, 1987; Raymondjean
et al, 1988). In addition, the existence of a family of
NF-1 proteins has been supported by the isolation of
several NF-1 cDNA clones from different species
and tissues. These cDNA clones have a highly
conserved nucleotide sequence in their 5’ region,
and a divergent nucleotide sequence in their 3’
region (Gil et al, 1988; Inoue et al, 1990; Meisterenst
et al, 1988; Paonessa et al, 1988; Rupp et al, 1990;
Santoro et al, 1988). It is suggested that the diversity
of these NF-1 cDNA clones may be generated by
alternative splicing events (Santoro et al, 1988;
Inoue et al, 1990) or by the expression of multiple
genes coding for different NF-1 species (Gil et al,
1988; Rupp et al, 1990).

Our interest in NF-1 derives from our studies of JC
virus (JCV), a human polyomavirus, that is the
etiological agent of the demyelinating disease,
progressive multifocal leukoencephalopathy (see
reviews Major et al, 1992; Tornatore et al, 1994).
The propagation of JCV in the laboratory has been
limited principally to human fetal glial (HFG) cells.
There are four NF-1 binding sites in the promoter/
enhancer region of JCV (Tamura et al, 1988a;
Amemiya et al, 1989, 1992) which gre important
for JCV glial cell specific expression (§I‘amura et al,
1988a). The importance of these sites has been
demonstrated in several studies. In one study,
mutations in two of these NF-1 sites resulted in
decreased activity of the JCV regulatory region in
p19 embryonic carcinoma cells (Kumar et al, 1993).
In another study, mutations in the NF-1 site in a JCV
promoter/enhancer construction containing only
one NF-1 binding site resulted in decreased JCV
DNA replication (Sock et al, 1991). In a third study,
Caruso et al (1990) described a naturally occurring
polyoma virus mutant which gained the ability to
grow in neuroblastoma cells by acquiring a NF-1
binding site in its enhancer. Other studies have
suggested that proteins from the nervous system
which bind to these NF-1 sites may be different from
the proteins which bind from other tissues. Exam-
ination of protein complexes which bind to the NF-
1 sites in the JCV enhancer by electrophoretic
mobility shift assays indicates that there are
differences in the sizes of the protein(s) binding to
the NF-1 site from human glial cells as compared to
other cell types (Tamura et al, 1988a; Amemiya et
al, 1989). Similarly, the analysis of protein com-
plexes from brain and non-brain extracts binding to

the NF-1 site in the myelin basic protein enhancer,
another neural specific gene, indicates that there
may be different proteins involved (Miura et al,
1989; Tamura et al, 1988b; Aoyama et al, 1990).
Amemiya et al (1992) have noted that there are a
number of genes expressed in the central (CNS) and
peripheral nervous systems (PNS) ‘which contain
NF-1 binding sites within their promoter-enhancer
regions. These studies suggest that there may be a
unique species of NF-1 in the CNS and PNS which is
responsible for cell specific gene expression.

In this report, we show, using class specific NF-1
PCR primers, that the expression of all four classes
of the NF-1 family can be detected in both JCV
permissive human fetal glial cells as well as non-
permissive HeLa cells. However, when quantitated
by Northern analysis, the expression of the class D
gene is up regulated in primary HFG and down
regulated in HeLa cells. We also describe the
isolation of NF-1 cDNA clones from two early
human brain cDNA libraries. The majority of the
NF-1 cDNA clones are closely homologous to each
other. Sequence analysis of the early human brain
cDNA clones reveals that they belong to NF-1 class
D, which is highly expressed in glial cells. Because
of the differences between the 3’-end of the NF-1/
CTF1 and NF-1/AT1 cDNAs, we suggest that they
may interact differently with the transcription
initiating complex. Our results suggest that the
NF-1 activator used by genes or viruses expressed in
early human developing brain cells belongs primar-
ily to NF-1 class D.

Results

Classification of NF-1 family members

Rupp et al (1990) and Kruse et al (1991) have
previously suggested that the NF-1-like nuclear
proteins, which bind to a specific nucleotide
sequence, belong to one of four groups or classes.
Table 1 shows a listing of the members of each class
of NF-1 cDNA clones and includes cDNA clones
from recent studies (Inoue et al, 1990; Jung et al,
1993) and from this study. Not all of the cDNA
clones of a single type have been included. In cases
where multiple spliced species of a ¢cDNA clone
type have been isolated, only the least spliced
species is listed (Santoro et al, 1988). In other cases,
such as in this study, where it is likely the cDNA
clones are related, the longest clone containing the
putative coding region for the NF-1 protein is listed.
Within each class of the NF-1 protein family, there
are homologies of 85-93% at the nucleotide level
and 95-97% at the amino acid level. The homo-
logies between the classes are 44% and 50% on the
nucleotide and amino acid levels, respectively.
Within the first 180 amino acids of the members of
the NF-1 family, however, the homology is 93%,
reflecting the high conservation in the DNA binding
domain. Figure 1 shows the genetic map of the NF- .
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Class Member (species/tissue) Reference

A CNF1-A1 (chicken/myeloid) Rupp et al. (1990) Nuclei Acids Res: 18, 2607 —2616
NF-1-L (rat/liver) Paonessa et al. (1988). EMBO J. 7, 3115—3123
NF-1-L2 (rat/liver) Jung et al. (1993) Korean Biochem. J. 26, 312~316
NF-1-B1 (mouse/cerebellum) Inoue et al. (1990) J Biol Chem. 265, 19065 —19070

B CNF1-B1 (chicken/liver) Rupp et al. (1990) Nucleic Acids Res. 18, 2607 -2616
CNF1-B2 (chicken/liver) Rupp et al. (1990) Nucleic Acids Res. 18, 2607 —2616
NF1Red1 (hamster/liver) Gil et al. (1988) Proc. Natl. Acad. Sci. USA 85, 8963 —8967

C CNF1-C1 (chicken/myeloid) Rupp et al. (1990) Nucleic Acids Res. 18, 2607 -2616
pNF-1/CTF1 (pig/liver) Meisterernst et al. (1988) FEBS Lett. 236, 27—32

Meisterernst et al. (1989) Biochemistry 28, 81918200

NF-1/CTF1 (human/Hela) Santoro et al. (1988) Nature 334, 218—-224

D CNF1/x (chicken/promacrophage) Kruse et al. (1991) Nucleic Acids Res. 19, 6641

NF-1/x (hamster/liver)
NF-1AT1 (human/brain)

Gil et al. (1988) Proc. Natl. Acad. Sci. USA 85, 8963 —8967
This study

1/CTF1 gene demonstrating the functional regions
of all NF-1 family members: the amino terminal
DNA binding domain and the carboxy terminal
transcription activator region. For comparison,
cDNA clones isolated in this study from human
brain libraries are shown in Figure 1.

Four classes of NF-1 genes are expressed in primary
human fetal brain cells

In order to determine the expression of the different
classes of the NF-1 family in primary HFG cells,
cytoplasmic RNA was isolated from 15-16 week
old primary HFG cells and poly(A)* mRNA was
selected. PCR primers from a reprgsentative mem-
ber of each class were selected from their respective
3’ regions. These primers were chosen to be
homologous to the most conserved sequences with-
in a class as well as the most divergent sequences
between classes. Table 2 lists the representative
member of each class of the NF-1 family chosen
with the respective PCR primer sets used in this
study. In addition, it lists the oligonucleotides used
to verify the PCR product by Southern hybridization
analysis. After the RT-PCR reaction with the class
specific primers, the reaction products were ana-
lyzed by polyacrylamide gel electrophoresis. Figure
2A, panel A, shows the specific RT-PCR products
that were obtained with mRNA extracted from
primary HFG cells. The anticipated size of the RT-
PCR product was obtained for each of the four
classes A-D (463, 325. 421 and 301 bp, respectively)
of the NF-1 family. Two control assays were
performed to check for possible contamination of
the poly(A)* mRNA with genomic DNA. A control
primer set for human G3PDH mRNA was used and
gave a product of expected size of 983 bp for the
mature spliced mRNA (data not shown). In addi-
tion, PCR analysis of HFG cell genomic DNA with
the class specific primer sets did not result in

similar size products seen in the RT-PCR studies
(data not shown). Southern hybridization analysis
with class specific probes showed that the RT-PCR
products were specific for their respective NF-1
class. Each blot containing all four classes of RT-
PCR products was hybridized with each class
specific probe (Figure 2A, panels b—e). In addition
to analyzing primary HFG cells, HeLa cells were
examined for the expression of the different classes
of the NF-1. RT-PCR was performed with poly(A)*
mRNA from HeLa cells with the four representative
NF-1 primer sets as above. We obtained four
specific RT-PCR products of the expected size with
each of the class specific primer sets (Figure 2B,
panel a). The specificity of each RT-PCR product
was again verified by Southern hybridization
analysis with the specific Southern blot probe
(Figure 2B, panels b—e). In some cases, more than
one RT-PCR product was obtained with the mRNA
from either cell type (Figure 2A, panel c; Figure 2B,
panels b and c). These results most likely indicate
the presence of alternative spliced species and not
the presence of another class, as they were
identified by class specific Southern probes. The
results of these studies suggest that at least four
classes of the NF-1 family are expressed in these two
diverse cell types. In addition, there appears to be
some evidence that alternative spliced species of
these classes are present.

Isolation of early human brain NF-1 cDNA clones

In order to characterize the type of NF-1 proteins
present in early developing human brain cells, we
took advantage of the homology in the DNA binding
domain of NF-1 cDNAs (Gil et al, 1988; Rupp et al,
1990). A [*?P]-labeled 57 base oligonucleotide
homologous to the DNA binding domain of NF-1/
CTF1 (nuc 410-466 Santoro et al, 1988), a class C
member, was used to screen two early human brain

89
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NF-1 Clones Isolated From Human Brain cDNA Clone Banks

NF-1/AT1:

(1.48 kb) NN - AN ADRNRNNTNVNANN E R RN
Start Stop
148 bp
NF-1/AT2:
(1.18 kb) C Y Y I
NF-1/CT1: XXX S AT ANV B RRN W NN
(1.35 kb) .

Figure 1 Graphic description of NF-1 functional domains and brain derived cDNA clones. The top portion shows structural and
functional features ‘of NF-1CTF1 which belongs to class C of the NF-1 family. The lines above the open box denote the regions
involved in specific functional activities (Mermod et al, 19889). The numbers just above the open box denote the exon junctions for
members of this class (Meisterernst et al, 1989). Only 1.5 kb of NF-1/CTF1 is shown. ‘Start’ and ‘Stop’ in figure denote beginning and
end of the putative open reading frame. The bottom portion of the figure shows three cDNA clones isolated from early human brain
cDNA libraries with their respective lengths. They are completely homologous with each other except for the very 5’-end of NF-1/AT1
and NF-1/CT1 and the 148 bp nonhomologoks insertion in the 3-end of NF-1/AT2. The open clear regions represent regions of
homology with NF-1/CTF1 (88-93%), and the hatched regions denote regions of nonhomology.

Table 2 Oligonucleotides used to identify classes of nuclear factor-1

Class Representative member RT-PCR Primer set Southern blot probe
A NF-1-L* 5" primer: nt 586-610 nt 850-900
3’ primer: nt 1049-1025
B NF-1Red1® 5' primer: nt 732-754 nt 814865
3’ primer: nt 1057—-1036
G NF-1/CTF1° 5’ primer: nt 586—605 nt 900-950
3’ primer: nt 1007-986
D NF-1AT19 5' primer: nt 599-618 nt 700-725

3’ primer: nt 900-878

*Paonessa et al. (1988). "Gil et al. (1988). “Santoro et al. (1988). %This study

cDNA libraries. Approximately 5 x 10° cDNAs were
screened and two similar sized (1.35 kb) cDNA
clones were isolated from the first cDNA library.
One of these cDNA clones (Figure 1, NF-1/CT1) was
further subcloned and the nucleotide sequence
determined. A second early human brain cDNA
library was screened (5 x 10° PFU) with the same
[**P]-labeled probe and two cDNA clones were

isolated and their sequence determined (Figure 1,
NF-1/AT1 and NF-1/AT2). The nucleotide se-
quences of these later two cDNAs were similar to
each other, except for a 148 bp sequence present in
the smaller of the two cDNA clones. In addition, the
nucleotide sequence of both of these cDNA clones
was similar to NF-1/CT1, except for a 100 bp

sequence at the 5 end. Rescreening the neonatal



brain cDNA library with the full length NF-1/AT1
cDNA clone resulted in the isolation of five
additional clones ranging in size from 0.9 to
1.4 kb. Partial sequencing of these cDNA clones
revealed that they were similar to NF-1/AT1. The
human fetal brain ¢DNA library (approximately
5x10° PFU) was also screened with the 1.8 kb
insert of pCTF1. One positive cDNA clone was
isolated (0.9 kb). However, only a small region
(150 bp) of this clone was homologous with NF-1/
CTF1. The region of homology was located near the
3’ end of NF-1/CTF1, and it appears to coincide with
the sequence belonging to the putative exon 7
(Figure 1, top line).

A HFGC: RT-PCR
Probe: A
2 3 4 (b) 4

fal M 1 2 3 4 ©;

Hela: RT-PCR

Probe: A

@m 1 2 3 4 by 5 3 4 fe)

Figure 2 Expression of four classes of the NF-1 activator family
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A comparison of the human brain ¢cDNA clones
including the nucleotide sequence of one clone, NF-
1/AT1 (Figure 3), with the previous isolated human
NF-1/CTF1 cDNA clone (Santoro et al, 1988;
Mermod et al, 1989) shows that the brain NF-1
cDNA clones can be divided into two regions
(Figure 1). One region was located at the 5" end of
the cDNA clones. This region has high nucleotide
sequence homology (>90%) with NF-1/CTF1 and
was demonstrated by Mermod et al (1989) to
contain the domain involved in DNA binding,
DNA replication, and protein dimerization. Inter-
estingly, this region appears to be located in a single
exon. This is based on the exon structure proposed

B c D

dbq 2 3 4 el 1 2 3 4

in primary HFG and Hela cells. Poly(A)" mRNA was isolated from

primary HFG (A) or HeLa cells (B) and reversed transcribed (RT). PCR analysis was performed using the RT product with specific NF-1
class primer sets as listed in Table 2. Panel a of each cell type shows the PCR product produced with each class specific primer set
(lanes 1—4, class A, B, C and D, respectively). Panels b—c show Southern analysis of RT-PCR products probed with class specific (see
Table 2) Southern probes (lanes 1-4, A, B, C and D probes, respectively). A positive control RT-PCR reaction for human G3PDH cDNA
was performed with each analysis (not shown). M represents size markers.
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by Meisterernst et al (1989). In the 3’ end of the
cDNA clones, the DNA homology diverges between
the brain cDNA clones and the cDNA clone isolated
from HeLa cells. However the sequence is very
similar to the previously isolated class D cDNA
clones (see Table 1). These brain derived cDNA
clones can, therefore, be classified as class D NF-1.
It is this 3’ region which was reported to contain the
transcriptional activation domain of NF-1/CTF1
(Mermod et al, 1989) and thus may confer differ-
ential functions between NF-1 classes. As with
other NF-1 cDNA clones previously isolated (San-
toro et al, 1988; Meisterernst et al, 1989; Inoue et al,
1990; Rupp et al, 1990), there appears to be
evidence for alternative splicing events to explain
the difference between the brain cDNA clones we
isolated. There is”a nonhomologous 148 bp se-
quence present in the 3’ region of NF-1/AT2 which
is not present in NF-1/AT1. This may represent an
extra exon. There is also a region of nonhomology at
the 5’ end of NF-1/AT1 and NF-1/CT1. This region
just precedes the conserved region containing the
putative DNA binding domain and this border has
been proposed to be a splice junction between
exons 1 and 2 by Meisterernst et al (1989) for class
C NF-1 activators.

Expression and specific binding by human brain
NF-1/AT1
In order to verify the functional activity of the
human brain NF-1/AT1 cDNA clone, we over-
expressed the putative protein coded by NF-1/AT1
and examined the interaction with a specific
oligonucleotide containing a NF-1 binding site.
Examination of the nucleotide sgquence of NF-1/
AT1 (Figures 1 and 3) showed a large open reading
frame (ORF) starting at nucleotide 42 and ending at
nucleotide 1340. This start site is similar to the
putative translational start site for NF-1/CTF1
(Santoro et al, 1988). Furthermore, this site is
located at the beginning of the sequence coding for
highly conserved DNA binding domain and at the
junction of the proposed exon 1 and 2 splice site for
NF-1/CTF1 (Meisterernst et al, 1989). In addition,
the putative translational start site for NF-1/AT1
(TCAATGG) contains some homology te the con-
sensus translational start site (ACCATGG) proposed
by Kozak (1986). The presumed ORF would code for
a protein containing 433 amino acids and have an
estimated molecular weight of 52 kdal. The puta-
tive start site for NF-1/CT1 is located at nucleotide
87 and the sequence surrounding this site is
CGCATGC (data not shown). Although NF-1/AT1
is the longest cDNA clone that was isolated and
sequenced, it is not clear if it is a complete cDNA
clone because we did not identify the poly A signal
(AATAAAA) in the 3’ region of NF-1/AT1.

In order to examine the protein coded by NF-1/
AT1, the NF-1/AT1 ORF was subcloned into the
expression vector pET15b, in which the expression

M D EF HPF
CTCAAAATCGGGCGTTGGGCTTTCCCGGGTGCTTCAGATCAATGGATGAGTTCCACCCGT 60
I EALLPHVRAFSYTWUV FNILOGQRA
TCATCGAGGCACTGCTGCCTCACGTCCGCGCTTTCTCCTACACCTGGTTCAACCTGCAGG 120
R X R K Y F K KHEI KU RMSI KDETETR A
CGCGGAAGCGCAAGTACTTCAAGAAGCATGAAAAGCGGATGTCGAAGGACGAGGAGCGGE 180
V KD ETLTULGE X P ETII KU QI KWA AST RIL
CGGTGAAGGACGAGCTGCTGGGCGAGAAGCCCGAGATCAAGCAGAAGTGGGCATCCCGGC 240
L A KLRIKDTIR RUZPEVFRETDTFUVILTI
TGCTGGCCAAGCTGCGCAAGGACATCCGGCCCGAGTTCCGCGAGGACTTCGTGCTGACCA 300
T G K K P P CCV L SNUPIDIGQI KTGI KTIHR
TCACGGGCAAGAAGCCCCCCTGCTGCGTGCTCTCCAACCCCGACCAGAAGGGCAAGATCC 360
R I DCLRQADI KV VWRULIDIULVMVUVTI
GGCGGATTGACTGCCTGCGCCAGGCTCACAAGGTGTGGCCGCTAGACCTGGTCATGATGA 420
L F K GI PLESTUDGEURTULYKSPQ
IITTGTTTAAGGGGATCCCCCTGGAAAGTACTGATGGGGAGCGGCTCTACAAGTCGCCTC 480
cC S NP GL CV QPHHIGVTTIIKETL
AGTGCTCGAACCCCGGCCTGTGCGTCCAGCCACATCACATTGGAGTCACAATCAAAGAAC 540
DL YL AYV FV HTOU®PUESGOQ S DS SN
TGGATCTTTATCTGGCTTACTTTGTCCACACTCCGGAATCCGGACAATCAGATAGTTCAA 600
Q Q ¢ DADTIIKUPULUZPNGHTULS STV FQDC
ACCAGCAAGGAGATGCGGACATCAAACCACTGCCCAACGGGCACTTAAGTTTCCAGGACT 660
F VT S GV WNUVTETLV RV S Q TPV
GTTTTCTGACTTCCGGGGTCTGGAATGTGACGGAGCTGGTGAGAGTATCACAGACTCCTG 720
A T A S G PNVF S5 L ADILESUZP S Y YN
TTGCAACAGCATCAGGGCCCAACTTCTCCCTGGCGGACCTGGAGAGTCCCAGCTACTACA 780
I NQVTLGRURS I TS PP ST S TT
ACATCAACCAGGTGACCCTGGGGCGGCGGTCCATCACCTCCCCTCCTTCCACCAGCACCA 840
K R P K 8 I DD S EMES PV DDVF Y
CCAAGCGCCCCAAGTCCATCGATGACAGTGAGATGGAGAGCCCTGTTGATGACGTIGTTCT 900
P G T G R S P A AG S S Q S S8 @G WUPND
ATCCCGGGACAGGCCGTTCCCCAGCAGCTGGCAGCAGCCAGTCCAGCGGGTGGCCCAACG 960
V. DAGUPASULI KT KSGI KTLDTFTCSATL
ATGTGGATGCAGGCCCGGCTTCTCTAAAGAAGTCAGGAAAGCTGGACTTCTGCAGTGCCC 1020
S 8 Q 6 8 S PRMAFTHHUPTULUPUVLA
TCTCCTCTCAGGGCAGCTCCCCGCGCATGGCTTTCACCCACCACCCGCTGCCTGTGCTTG 1080
G VR PG S P RATASALHTFUPSTS
CTGGAGTCAGACCAGGGAGCCCCCGGGCCACAGCATCAGCCCTGCACTTCCCCTCCACGT 1140
I I Q Q s s P Y F THUPTTIURYHHHH
CCATCATCCAGCAGTCGAGCCCATATTTCACGCACCCGACCATCCGCTACCACCACCACC 1200
G Q D S L XK EF V QF UV CSDG S G Q A
ACGGGCAGGACTCACTGAAGGAGTTTGTGCAGTTTGTGTGCTCGGATGGCTCGGGCCAGG 1260
T 6 Q H S QR QAPUPILUZPTGTULSA S D
CCACCGGACAGCATTCGCAACGACAGGCGCCTCCTCTGCCAACCGGTTTGTCAGCATCGG 1320
P G TATF
ACCCCGGGACGGCAACTTTCTGAACATCCCACAGCAGTCTCAGTCCTGGTTCCTCTGATA 1380

AGATCGACAAAAGAAACAACAAAATGAGAAGAAGAGGTTCCTCGAAAGGGGGGAGAAGAA 1440

TTTTGAGAATGGAAAAATCCCCCAGCCCAGCCCAGCCCCACCGAAA 1486

Figure 3 Nucleotide sequence of NF-1/AT1. The putative open
reading frame is shown above the sequence with the initiating
methionine at position 42 and termination condon at 1341. The
nucleotides underlined (nuc. 383~440) are homologous to the
NF-1/CTF1 57 base long nucleotide probe used to screen the
human brain cDNA libraries.

of the protein was controlled by an inducible
T7 RNA polymerase. Analysis of cellular extracts
by SDS —~PAGE prepared from cells after induction
showed the presence of a predominate polypeptide
with an apparent molecular weight of 55-kDa in the
pellet fraction.

After activation of the protein preparation from
cells containing pETNF-1/AT1, we examined its
interaction with an oligonucleotide containing an
NF-1 site by EMSA. Figure 4B lanes 5 -9, shows that
with increasing amounts of the protein extract, we
obtained an increase in the appearance of a broad
heterogeneous retarded band. This was similar to
that seen with nuclear extracts prepared from HeLa
or HFG cells (Figure 4A,B). In addition, most of the
large (slower migrating bands), heterogeneous,
retarded bands obtained with nuclear extracts
(Figure 4A, lanes 3 and 6; Figure 4B, lane 3), and
with the overexpressed protein preparation (Figure
4B, lane 10) were competed by a specific NF-1
oligonucleotide. At the same time, most of the
retarded bands were not as affected by an oligonu-



Extract

» pETNE1AT1

Figure 4 Specific binding by nuclear proteins from HeLa,
primary HFG cells, and recombinant NF-1/AT1 analyzed by
EMSA. A. Binding by 10 ug of extract from HeLa (lanes 2-4) or

primary HFG (lanes 5-7) cells was examined with no
competitor (lanes 2 and 5), 50 x homologous competitor (lanes
3 and 6), or 50 x mutant competitor (lanes 4 and 7). B. Binding
by 10 pg of HeLa nuclear extract (lanes 2-4) or increasing
amounts of recombinant NF-1/AT1 (0.1 ug, 1.0 ug, 5 pg, 10 ug,
20 pg in lanes 510 and 10 pg in lane 11) was examined. Either
50 x of homologous NF-1 competitor (lanes 3 and 10) or 50 x of
mutant NF-1 competitor (lanes 4 and 11) was used. Lane 1 in
both A and B represents labeled probe alone. F represents free
probe. Anomalous migration of the free probe in B (lanes 6-11)
is the result of residual guanidine-HCI in the sample.

cleotide competitor containing a mutated NI-1
bindings site (Figure 4A, lanes 4, 7; Figure 4B, lanes
4, 11). The heterogeneity in the retarded bands
obtained with nuclear extracts is most likely the
result of the presence of different classes of NF-1
proteins and proteolysis of some of these proteins.
On the other hand, the heterogeneity seen in the
retarded bands with the E coli protein extracts is
most likely the result of proteolysis of the over-
expressed protein. Similar results were previously
seen with the overexpressed protein preparation
from pETCTF1 transformed E coli (Amemiya et al,
1994). We were, therefore, able to demonstrate the
expression of a specific protein with an apparent
molecular weight of 65 kDa, which was close to the
estimated size (52 kDa) based on the ORF of NF-1/
AT1. We were also able to demonstrate specific
binding to an NF-1 nucleotide sequence with an
extract prepared from cells transformed with NF-1/
AT1 cDNA. The specific binding results and the
primary structure of NF-1/AT1 suggest that NF-1/
AT1 is a member of the NF-1 family.
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Differential expression of NF-1/AT1 and NF-1/CTF1
in human fetal brain cells

To further examine the expression of NF-1/AT1 in
primary HFG and HeLa cells, Northern hybridiza-
tion analysis was performed. Total RNA was
extracted from both primary HFG and HeLa cells
and Northern hybridization analysis performed
with [**P]-labeled restriction fragments from the
3’ variable region of the cDNA clones of NF-1/AT1
and NF-1/CTF1. Figure 5A shows a large differ-
ence in the amount of RNA from primary HFG and
HeLa cells hybridizing to the NF-1/AT1 or class D
labeled probe. At least two related species of
NF-1/AT1 RNA can be seen in the primary HFG
cell RNA, a minor 7.8 kb species and a major
6.6 kb species. In the HeLa cell RNA, on the other
hand, only a 7.8 kb species can be seen. There was
a greater than 20-fold difference in the amount of
NF-1/AT1 specific RNA seen in the primary HFG
cells when compared to that seen in HeLa cells.
The amount of f-actin mRNA served as an internal
control in these studies (see botton of Figure 5A,
B). A much different result was obtained with the
NF-1/CTF1 or NF-1 class C3’ labeled probe. Two
similar RNA species can be seen in both cell
types, a more abundant 7.5 kb species and a lesser
5.8 kb species. In this later case, however, there
was approximately a 2-fold greater amount of NF-
1/CTF1 specific RNA in HeLa cells when com-

A. Probe: AT1 B. Probe: CTF1
T 3 < 3
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Figure 5 Northern analysis of NF-1/AT1 (class D) and NF-1/
CTF1 (class C) mRNA expression in primary HFG and Hela
cells. Total RNA was extracted from Hela and primary HFG (8
weeks) cells and separated (15 pg) on a 1% agarose-formalde-
hyde gel (lanes 1 and 2, respectively). Labeled 3' probes from
NF-1/AT1 (A) and NF-1/CTF1 (B) were prepared and hybridized
to each RNA set. On the left of each panel shows the rRNA
markers, and the arrows on the right show the mRNA species.
Below each panel shows the f-actin mRNA for each sample.
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pared to that in primary HFG cells (Figure 5B).
More interestingly, when the expression of NF-1/
AT1 was compared with that of NF-1/CTF1 in
primary HFG cells, NF-1/AT1 was expressed
approximately 5-fold higher than NF-1/CTF1 in
these cells. In conclusion, the results of the
Northern hybridization analysis suggest that the
gene for NF-1/AT1 is much more highly expressed
(20-fold) in primary HFG cells than that in HeLa
cells. Although the gene for NF-1/CTF1 is
expressed in both primary HFG and HeLa cells,
it is expressed in double the concentration in
HeLa cells than in primary HFG cells. The NF-1/
AT1 gene is more highly expressed than the NF-1/
CTF1 gene in primary HFG cells.

NF-1/AT1 and NF-1/CTF1 are derived from
different genes

There are two explanations for the generation of the
diverse classes of the NF-1 family of proteins. One
model would predict that all classes of NF-1
proteins are derived from one gene and that the
diversity of NF-1 species results solely from
alternative splicing events. The second model
predicts that the different NF-1 classes are ex-
pressed from different genes whose products may
also undergo alternative splicing events. In order to
determine if one or more genes codes for NF-1
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Figure 6 Southern analysis of NF-1/CTF1 (class C) and NF-1/
AT1 (class D) genes. DNA was extracted from primary HFG cells
and digested with either Aval (A), Bgll (B), or Sacl (C). After
separation and transferring the digested DNA to a filter, each
filter set was probed with a 3'-labeled fragment from either NF-
1/CTF1 (lane 1) or NF-1/AT1 (lane 2). The numbers on the left
show the position of DNA markers.

proteins, primary HFG cellular DNA was digested
with three different restriction enzymes and South-
ern blot hybridization analysis performed (Figure 6,
panels A—C, Aval, Bgll or Sacl, respectively). The
Southern blots were probed with [**P]-labeled
fragments obtained from the 3’ region of the cDNA
clone of NF-1/CTF1 (1023 bp Sall/EcoRI) or NF-1/
AT1 (842 bp AfIIl/EcoRI). The Southern hybridiza-
tion results with the two different NF-1 cDNA
probes show that each probe gave a unique pattern
of hybridization (Figure 6). These results taken
together with the Northern hybridization results,
suggest that NF-1/AT1 and NF-1/CTF1 are derived
from different genes.

Discussion

It was first suggested by Gil et al (1988) and later by
Rupp et al (1990) that there are at least three or
possibly four genes which are responsible for the
diversity of the NF-1 family of proteins in
mammalian or vertebrates species. Table 1 lists
the NF-1-like cDNA clones which have been
reported to date. Although they are derived from a
wide variety of species and sources, one common
property shared by all NF-1 members is their high
homology (at least 93% at the amino acid level) in
the N-terminal region. In contrast, the sequence in
the 3’ region is heterogeneous in both primary
structure and length. This diversity in the 3’ region
is the basis for classification of the NF-1 family into
four classes. As this is the region presumed to be
responsible for transcription activation, the different
classes may have significantly different functions in
gene expression.

There are a number of examples of activators
which could mediate the interaction of NF-1 with
the formation of the transcription complex. In the
promoter of the herpes simplex virus thymidine
kinase (HSV-TK) gene, there is a SP1 binding site
just upstream from the TATA box (Jones et al, 1985).
Adjacent to this SP1 binding site is a NF-1 binding
site followed by another SP1 binding site. The SP1
protein, which has been characterized as a guanine-
rich activator, has been recently shown to interact
with the Drosophila TBP-associated factor
dTAF;110 (Hoey et al, 1993). The interaction takes
place through two domains within the guanine-rich
region of SP1, and this interaction was important for
mediating transcriptional activation (Gill et al,
1994). Another example is in the mouse mammary
tumor virus long terminal repeat (MMTV-LTR),
where an octamer protein (Oct1) can bind between
the NF-1 and TFIID binding sites (Lee and Archer,
1994). In this case it appears that binding of NF-1
and Oct1 proteins is dependent on the accessibility
of their respective binding sites. In a transient
template binding of NF-1 and Octl can occur
independent of hormone. In a stable inserted



template the binding by the two activators is
hormone dependent. Access to the binding sites in
these two different templates appears to be gov-
erned by the presence of nucleosome structures in
the stable template. Binding of TBP on either
template, on the other hand, is hormone dependent.
Oct1 is an ubiquitously expressed POU protein,
which can recognize a specific octamer motif and
shares with the lymphoid specific Oct2 (Clec et al,
1988) the ability to bind to the same octamer motif
(Tanaka and Herr, 1990). How Oct1 might interact
with the transcription complex is not known. This
type of interaction might be involved in the
expression of many genes which have NF-1 binding
sites or putative NF-1 binding sites much further
upstream from the TBP binding site or have multi-
ple activator binding sites between the NF-1 and the
TBP binding sites. Some examples of this type of
promoter/enhancer are the human histone H2B
gene (LaBella et al, 1988), the human growth
hormone gene (Courtois et al, 1990), the human g-
globin gene (deBoer et al, 1988), the adenovirus 2
early promoter (Rosenfeld et al, 1987), the human
papillomavirus type 16 promoter (Apt et al, 1993),
and the cytomegalovirus major immediate early
gene (Hennighausen and Fleckenstein, 1986). Like
the MMTYV promoter, the expression of these genes/
viruses may be affected by the chromatin structure
in the promoter/enhancer region and the possible
presence of histones (Wolfe et al 1994). The
combinatorial binding of multiple activators may
only be effective in the context of a chromatin
structure which may bring these activators close to
the components involved in the formation of the
transcription initiation complex. *

Another potential NF-1 activator interaction can
be found in some genes or viruses which are
expressed in the CNS or PNS. We had previously
noted that a number of genes (myelin basic
protein, glial fibrillary acidic protein, proteolipid
protein, S1008, mouse neurofilament-L. and hu-
man proenkephalin) expressed in the CNS or PNS
contained adjacent or overlapping NF-1 and
activator protein binding sites just upstream from
the TBP binding site (Amemiya et al, 1992).
Because of the commonality of these binding sites
upstream from the mRNA initiation site in these
genes expressed in the CNS/PNS, we have referred
to these binding sites as the ‘glial-neurobox’. The
activator associated with the ‘glial-neurobox’ in
addition to NF-1 appears to be related to c-Jun or
activator protein-2 (AP2). Both of these proteins
have a proline rich domain at their N-terminus,
which has been demonstrated to be responsible for
their transcriptional activity (Bohmann and Tjian,
1989; Williams and Tjian, 1991). Although c-Jun
was noted to have a number of Ser-Pro-X-X and
Thr-Pro-X-X sequences (Suzuki, 1989), neither of
these two proteins appear to have a consensus
heptapeptide repeat unit in their proline rich
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domain. Interestingly, Mitchell et al (1991) have
found that AP2 is expressed in neural crest cell
lineage’s during mouse embryogenesis. Neural
crest cells are precursors to cells involved in the
development of the PNS, face, limbs, skin and
nephritic tissues. We would suggest that because
of the proximity of the activator protein binding
site to the TBP binding site in these genes, there
may be an interaction of these proteins with TBP
or another component of the transcription initia-
tion complex. Furthermore, we have some indica-
tion that there may also be an interaction between
NF-1 and c-Jun, which we have seen in binding
assays with the JCV promoter-enhancer region
(Amemiya et al, 1992).

Based on our findings, we suggest that in early
developing human brain cells, the class of NF-1
activator involved in the expression of genes which
require this activator belongs to NF-1 class D.
During the screening of two early human brain
cDNA libraries, the primary type of NF-1 cDNA
isolated belonged to class D. This suggests that the
other classes of the NF-1 family, although present,
are not as highly expressed as the NF-1 class D gene
in the early human brain cells. Support for this
conclusion comes from the results of the Northern
analysis, which suggests that the NF-1 class D gene
is highly expressed in human fetal glial cells in
comparison to the NF-1 class C gene. On the other
hand, the NF-1 class D gene is not as highly
expressed as the NF-1 class C gene in HeLa cells.
In order to confirm which class of NF-1 activator is
involved in the expression of specific CNS/PNS
genes in early developing human brain cells, class
specific antibodies need to be used to help identify
the NF-1 class involved. Antibodies are currently
being made in rabbits to unique peptides for each
class of NF-1 proteins. Use of the class specific
antibodies in gel shift assays will help identify
which class member(s) binds the JCV sequences.
These antibodies potentially could be used in
competitive binding assays to determine relative
levels of binding affinities. Furthermore, in order to
determine the importance of an NF-1 protein for
expression of JCV in brain or other tissues,
additional experiments involving functional assays
need to be done. Such studies are in progress.

Methods

Cell culture

Cultures of primary HFG cells (gestational ages 8-
16 weeks) were prepared as previously described
(Tornatore et al, 1991). Both primary HFG and HeLa
cells were maintained in Eagle’s minimum essential
medium containing 10% fetal bovine serum (V/V),
L-glutamine (0.3 mg/ml), and antibiotics. Cells
were grown at 37°C with 5% CO, in 75 cm? vented
culture flasks. Flasks used for primary HFG cells
were first treated with poly-D-lysine (0.1 mg/ml).
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Detection of multiple classes of NF-1 by RT-PCR
Total cytoplasmic RNA extraction from primary
HFG or HeLa cells was done as previously described
by Tornatore et al (1991). Poly(A)* mRNA ‘was
selected with a Oligotex-dT mini kit (Qiagen).
Synthesis of cDNA was carried out as recommended
by the manufacturer (Perkin Elmer) in a total volume
of 20 ul of a solution consisting of 50 mM KCI,
10 mM Tris-HC1 (pH 8.3), 5 mM DMgCl,, 1 mM
each deoxynucleotide (dANTP), 20 U of RNAse
inhibitor, 50 U of Moloney murine leukemia virus
reverse transcriptase (RT), 0.12-0.30 ug of template
mRNA, and 1 pug of an antisense poly dT17
oligonucleotide. The reaction mixture was incu-
bated at 42°C for 1 h and then incubated at 95°C for
5 min. PCR amplification of the cDNA was carried
out in a final volume of 100 xl as recommended by
the manufacturer (Perkin Elmer) with 50 mM KCl,
10 mM Tris-HCI (pH 8.3), 2 mM MgCl,, 0.2 mM
each dNTP, 2.5 U of Ampli-tag DNA polymerase
and 15 pmoles of each PCR primer. A positive
control PCR reaction was included with each RT-
PCR assay with PCR primers (Clontech) for the
human G3PDH cDNA. An expected product of
983 bp would be produced from the appropriate
cDNA template, however, in the presence of
genomic DNA a PCR product of 3315 bp would be
produced. Table 2 lists the RT-PCR primer sets and
internal probes used to identify the expression of the
different classes of NF-1. The PCR primers used for
class A NF-1 members were derived from the NF-1-L
cDNA clone (Paonessa et al, 1988). The upstream
primer consisted of nucleotides 586 ~610 (5'-CCAA-
GTGATGCCTGACATTAAGGACC - 3'), and the
downstream primer from nucleotides 1049—-1025
(5'-CGGTGATGCTGTGTGAATGCTGTTC-3'). The
PCR primers for class B NF-1 members were derived
from the NF-1/Red1 cDNA clone (Gil et al, 1988).
The upstream primer consisted of nucleotides 732 —
754 (5'-ACCCAGCCAGCCATACTATCATG-3') and
the downstream primer from nucleotides 1057 —
1036 (5'-TGTGTGCGACTCCAGGTATTCC-3'). The
PCR primers for class C NF-1 members were derived
from the NF-1/CTF1 cDNA clone (Santoro et al,
1988). The upstream primer was consisted of
nucleotides 585-605 (5'-TACTTCGTCGTGAGC-
GAGATG-3') and the downstream primers from
nucleotides 1007 - 986 (5'-ACGAGATGCCTCCTTC-
CATGTC-3'). The PCR primers for class D NF-1 were
derived from the NF-1/AT1 cDNA (this study). The
upstream primer consisted of nucleotides 599—-618
(5'-AAACCAGCAAGGAGATGCGG-3') and the
downstream primer from nucleotides 900—-878 (5'-
AGAAC ACGTCATCAACAGGGCTC-3). The PCR
program consisted of 95°C for 1 min, 55°C for 1 min
and 72°C for 2 min, for a total of 30 cycles in a DNA
thermal cycler (Perkin-Elmer Cetus). 20 ul of each
PCR product was run on a 6% polyacylamide gel,
stained with ethidium bromide, visualized with UV
light, and photographed.

Forsouthern transfer 10 ul ofeach sample wasalso
runona 3% 3:1 Nusieve agarose (FMC BioProducts),
transferred to a Nytran Plus filter, and DNA cross-
linked by UV irradiation. The filters were hybridized
as described above. Each filter was probed with a
specific [**P]-labeled oligonucleotide (1 x 10° cpm/
ml) listed in Table 2. The probe for NF-1 class A was
from NF-1-L (Paonessa et al, 1988) and consisted of
5-T GGACAGTCCTGGT GAAGAACCATTTTA-
CACAGGCGAAGGGCGTCCCCA-3'. The probe for
NF-1 class B was from NF-1Red1 (Gil et al, 1988) and
consisted of 5-CCAAAACTATATCCATAGATGA-
AAATATGGAGCCAAGTCCTACAGGAGACT - 3.
The probe for NF-1 class C was from NF-1/CTF1
(Santoro et al, 1988) and consisted of 5-TGGAG-
GAAGACGTGGA CACGAGCCCTGGCGGCGAT-
TACTACACTTCGCCCA-3'. The probe for NF-1 class
Dwas from NF-1/AT1 (this study) and consisted of 5'-
TGAGAGTATCACAGACTCCTGTTGCA-3'.

Northern hybridization analysis

Total RNA wax extracted from primary HFG (8
week) and HeLa cells by a modification of that of
Chomcynski and Sacchi (1987). Cells grown in two
75 cm? flasks were each homogenized in a solution
of 4M guanidine thiocyanate, 25 mM sodium citrate
(pH 7.0), 0.5% sarcosyl and 0.1 M 2-mercaptoetha-
nol. The mixture was extracted after adding 0.1
volume of 2 M sodium acetate (pH 4.0), an equal
volume of acid phenol (saturated with water)/

‘chloroform and shaken vigorously for 10 s before

storing the mixture on ice for 15 min. The sample
was then centrifuged at 12 000 r.p.m. for 20 min
and upper aqueous phase collected and mixed with
an equal volume of isopropanol. After storage for
more than 1 h, the sample was centrifuged at 12 000
r.p.m. for 15 min at 4°C, and pellet dissolved in
20 ul water. The RNA was quantitated by absor-
bance at 260 nm.

For Northern analysis, 15 ug of each RNA was
electrophoresed on a 1% agarose-formaldehyde gel
and RNA transferred to a Nytran Plus filter. The filter
was prehybridized and hybridized with a solution
consisting of 3 xsodium chloride-sodium citrate
(SSC) (1 xSSC is 0.15 M sodium chloride-0.015 M
sodium citrate, pH 7.0), 5 x Denhardts, 100 ug/ml
salmon sperm DNA and 50% formamide. The probes
1 x 10° cpm/ml) were the same [*?P]-labeled 3’-end
fragments from NF-1/AT1 and NF-1/CTF1 used for
the southern hybridization analysis. After hybridi-
zation, the filters were washed twice with 2 x SSC at
room temperature for 30 min and once with
0.2 x SSC with 0.1% SDS at 55°C for 15 min. After
autoradiography, the filters were stripped and
rehybridized with a human g-actin probe (2 kb
cDNA), Clontech) to serve as a RNA control.

DNA Southern hybridization analysis
DNA was extracted from 15 week old HFG cells as
described by Tornatore et al (1991). After trypsini-



zation and washing the cells with phosphate
buffered saline (PBS), the cells were treated with
proteinase K (100 pg/ml) and 0.5% SDS and
incubated overnight at 37°C. The mixture was then
extracted twice with phenol/CHCl,, and twice with
CHCI, before the addition of 2—3 volumes of 100%
ethanol- and 0.1 volume 3 M sodium acetate,
pH 6.0. The preparation was stored at —20°C
overnight, and DNA was removed and suspended
in 10 mM Tris-HC], pH 8.0, with 1 mM EDTA.
10 ug of HFG cell DNA was digested with 8-10-
fold excess of restriction enzyme according to the
manufacturers specification at 37°C overnight. The
digested DNA was analyzed on a 1% agarose gel,
transferred to a Nytran Plus membrane (New
England Nuclear/Dupont), and DNA crosslinked
(Stratagene) onto the filter. DNA and RNA hybridi-
zation probes were prepared from pCTF1 and
pBRNF-1AT1. A 1023 bp 3’ probe was obtained
from pCTF1 after digestion of the plasmid with Sall
and EcoRI, and probe gel purified. Similarly, a
842 bp 3’ probe was isolated from pBRNF-1/AT1
after digestion of the plasmid with AfIII and EcoRI,
and probe gel purified. Both 3’ probes were labeled
with [«-%2P] ATP by nick translation (Loftstrand Labs
Limited). Filters containing the digested DNA were
pre-hybridized in a solution containing 5 x Den-
hardts (1 x Denhardts is 0.02% Ficol 400, 0.02%
polyvinylpryrrolidine and 0.02% bovine serum
albumin), 5xSSPE (1xSSPE is 0.15M NaCl,
0.1 M NaH,PO,, 0.001 M EDTA-Na,), 0.5% SDS,
20 pug/ml sheared and denatured salmon sperm
DNA and 50% formamide, for 3 h at 42°C. After
pre-hybridization of the filters, each filter was
incubated with fresh pre-hybridization solution
with 2 x10® cpm/ml of the labeled 3’ probe from
pCTF1 or pBRNF-1/AT1 at 42°C for 48 h. The filters
were then washed twice with 6 x SSPE with 0.5%
SDS for 15 min each at 22°C, washed once with
1 x SSPE with 0.5% SDS for 15 min at 22°C and
washed twice for 30 min at 42°C with 1 x SSPE with
0.5% SDS. The filters were then set up for
autoradiography.

Screening human brain cDNA libraries
Two early human brain c¢DNA libraries were
screened for NF-1 c¢DNAs. One of these cDNA
libraries (Clontech) was prepared from fetal brain
(26 weeks) and constructed in Agt11.
Approximately 5 x 10° cDNA clones were exam-
ined (Sambrook et al, 1989) with a [**P]-labeled 57
base oligonucleotide which was homologous to a
region (nt 410-466) in the DNA binding domain of
NF-1/CTF1 (Santoro et al, 1988). Two positive
cDNA clones with 1.4 kb inserts were plaque
purified and one of the inserts, after both of the
inserts were verified by Southern hybridization,
was subcloned into pBR322 (NF-1/CT1) and
M13mp19 and DNA sequenced by the dideoxy
method using a commercial kit (United States
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Biochemicals). Another early human brain cDNA
library (American Type Culture Collection) pre-
pared from the brain stem of a 1 day old patient was
screened (5 x 10° cDNA clones) as described above,
and 2 cDNA clones were isolated with 1.5 kb (NF-1/
AT1) and 1.2 kb (NF-1/AT2) inserts, subcloned and
sequenced. Subsequently, approximately 5 x 10°
cDNA clones from the later library was screened
with the [*?P]-labeled 1.5 kb insert of NF-1/AT1. At
least five additional cDNA clones were isolated,
subcloned into pBluescript II KS* (Stratagene), and
DNA sequence partially determined.

Cloning and overexpression of NF-1/AT
The procedure for subcloning and overexpression
of NF-1/AT1 was as described previously for NF-1/
CTF1 (Amemiya et al, 1994). The 1.5 kb cDNA
insert of NF-1/AT1 was subcloned into the Xhol site
of the expression vector pET15b (Novagen, Inc.)
after creating Xhol sites preceding nucleotide 42
and following nucleotide 1344 of NF-1/AT1 by the
polymerase chain reaction (PCR) as described by
the manufacturer (Perkin Elmer). After digestion of
the PCR product with Xhol (New England Biolabs),
the resulting DNA fragment was gel purified and
subcloned into pET15b, and recombinant plasmid
selected in Escherichia coli DH5« (GIBCO BRL).
The recombinant plasmid was transformed into E
coli BL21 (DE3) (Novagen, Inc.), which is a lysogen
of ADE23 which carries the T7 RNA polymerase
gene under lac UV5 control. :
In order to overexpress the NF-1/AT1 protein, the
cells were grown as previously described (Amemiya
et al, 1994). The supernatant and pellet fractions
were analyzed on a 10% sodium dodecyl sulfate-
polyacrylamide gels (SDS—-PAGE) with a 3%
polyacrylamide stacking gel (Sambrook et al,
1989). After washing the pellet fraction, which
contained the binding activity, with wash buffer
[20 mM Tris-HCl, pH 7.8; 50 mM KCl; 10 mM
MgCl; 1 mM EDTA; 5 mM dithiothreitol (DTT);
and 0.5mM phenylmethylsulfonyl fluoride
(PMSF); and 1% Triton X-100], the pellet was
resuspended in wash buffer plus 25% glycerol (V/
V) and 6 M guanidine-HC] without Triton X-100 at
a protein concentration of 50 ug/200 ul. After
incubating the pellet fraction at room temperature
for 1 h, it was dialyzed against wash buffer contain-
ing 4 M guanidine-HCl with 25% glycerol at 4°C
overnight. The dialyzed fraction was stored in small
aliquots at —70°C.

Electrophoretic mobility shift assays (EMSA)

In order to monitor the specific binding activity of
the recombinant NF-1/AT1 protein, EMSA was
performed as previously described with 6% poly-
acrylamide gels (Amemiya et al, 1989; Amemiya et
al, 1994). Nuclear extracts from primary HFG and
HeLa cells were prepared as previously described
(Amemiya et al, 1992). EMSA with nuclear extracts
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contained 10 ug of extract and 2 ug of poly (dI-dC)-
poly (dI-dC) (Pharmacia). A [**P]-labeled 34 bp
oligonucleotide containing a NF-1 protein recogni-
tion site (5'-TGGCTGCCAGCCAA-3') from the en-
hancer region of JC virus (Amemiya et al, 1992) was
used as the probe and unlabeled oligonucleotide
used as the wild type competitor. For the mutant
oligonucleotide competitor, the NF-1 site contained
the sequence 5'-TTACTGCCAGCTGA-3' (Amemiya
et al, 1992).

Note added in proof

Sequence data described in this paper have been
submitted to the GenBank data bank under
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