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liver and cloning of the corresponding cDNA
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NF1-like proteins play a role in transcription of liver-
specific genes. A DNA-binding protein, recognizing half
of the canonical NF1 binding site (TGGCA) present on
the human albumin and retinol-binding protein genes,
has been purified from rat liver. Several peptides deriving
from a tryptic digest of the purified protein were
sequenced and the sequence was used to synthesize
specific oligonucleotides. Two overlapping cDNA clones
were obtained from a rat-liver cDNA library; their
sequence reveals an open reading frame coding for 505
amino acids, including all the peptides sequenced from
the purified protein. The DNA-binding domain, most
likely located within the first 250 amino acids, is highly
homologous to the sequence of CTF/NF1 purified from
HeLa cells. Northern analysis reveals several mRNA
species present in different combinations in various rat
tissues.

Key words: albumin/NF1-L cDNA/rat liver/retinol-binding
protein

Introduction

In recent years there has been remarkable progress in our
understanding of the basic mechanisms responsible for the
regulation of cell-type-specific gene expression (for a review
see Maniatis ez al., 1987). A major breakthrough occurred
when it was shown that cloned segments of DNA introduced
into cultured cells displayed the cell-type-specific expression
observed in vivo (Banerji et al., 1983; Gillies er al., 1983;
Neuberger, 1983; Queen and Baltimore, 1983; Walker et
al., 1983). These results indicate that differentiated cells
contain a specialized transcriptional apparatus; in most cases,
the information required for specificity of expression is
contained within relatively short DNA segments. In many
systems it has been possible to define the cell-specific
cis-acting elements and, with a combination of DNA-binding
assays and in vitro transcription experiments, to identify and
purify cell-specific trans-acting factors (reviewed in Jones
et al., 1988). How is a specialized transcriptional apparatus
established and maintained in differentiated cells? It is most
likely that, in order to answer this question, it will be
necessary to clone the genes coding for the cell-specific
trans-acting factors. The clones will be invaluable new
reagents with which to investigate the nature and the
activity of the specialized transcriptional apparatus during
development.
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Several liver-specific genes have been cloned and their
expression studied by us and others in cultured cell lines
(Ott er al., 1984, Ciliberto et al., 1985; D’Onofrio et al.,
1985; Schaul er al., 1985; Godbout ez al., 1986; Muglia and
Rothman-Denes, 1986; Babiss et al., 1987; Colantuoni et
al., 1987; Courtois et al., 1987; De Simone et al., 1987,
Heard et al., 1987; Lee et al., 1987; Oliviero et al., 1987,
Shelley and Baralle, 1987; Godbout et al., 1988; Grayson
et al., 1988a,b), in transgenic mice (Ciliberto ez al., 1987,
Kelsey ez al., 1987; Pinkert et al., 1987, Ruther et al., 1987,
Dente er al., 1988) and in vitro (Gorski et al., 1987,
Lichtsteiner et al., 1987; Hardon ez al., 1988; Kugler et al.,
1988; Monaci er al., 1988). This work has led to the
characterization of several DNA-binding proteins present in
liver nuclei which, in different combinations, bind to
different liver-specific genes. Some trans-acting factors
present in the liver are absent from other tissues (Courtois
et al., 1987; Lichtsteiner et al., 1987; Grayson et al., 1988b;
Monaci et al., 1988), while others appear to be ubiquitous
(Cereghini ez al., 1987; Lichtsteiner et al., 1987; Monaci
et al., 1988). Among these factors a DNA-binding activity
is present which recognizes the sequence TGGCA,
previously shown to be the recognition site of the DNA-
binding protein NF1 and present on several liver-specific
genes (Borgmeyer er al., 1984; Shaul er al., 1986;
Lichtsteiner et al., 1987; Raymondjean et al., 1988).
Analysis of the protein(s) interacting with this sequence in
rat-liver nuclear extracts has shown that the situation is
rather complex as different NF1-like species (forms),
distinguishable by mobility retardation experiments, are
present only in liver while others are also present in other
tissues (Lichtsteiner et al., 1987). As a first step in
establishing the role of NF1-like activities in liver-specific
gene expression we have purified a TGCCA-binding protein
from rat liver, referred to as NF1-L(iver), and have cloned
the corresponding cDNA. Using the cDNA as a probe, we
observe a considerable degree of heterogeneity in NF1
transcripts and a characteristic tissue-specific expression
pattern.

Results

Purification of a TGGCA-binding protein from rat liver

A DNA-binding activity present in rat liver nuclear extracts,
whose importance for transcription has been previously
established (Ott ez al., 1984; Gorski et al., 1986; Colantuoni
et al., 1987) interacts with the 5’ flanking regions of the
retinol-binding protein (Rbp) and albumin (Alb) genes. We
fractionated a rat-liver nuclear extract by chromatography
on Heparin—Sepharose and MonoS Fast Flow columns.
The sequence specificity of the purified DNA-binding
factor was assayed by DNase I protection experiments
on the human Rbp and the Alb promoters as probes (Figure
1). The footprint on the Rbp gene is located between N-271
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Fig. 1. DNase I footprints of affinity-purified TGGCA-binding protein on the Rbp and Alb genes. G + A chemical cleavages of the end-labelled

probes were used as sequence markers. Boxes alongside the autoradiographs indicate the regions protected from DNase I digestion; numbers refer to
the positions relative to the start site of transcription. (A) Footprint on the bottom strand of the Rbp promoter region. (B) Footprint on the top strand
of the Rbp promoter region. (C) Footprint on the top strand of the Alb promoter region. In each panel: lane 1, digestion of naked DNA; lanes 2—4,

digestion in the presence of 4, 10, 20 ng of purified protein.

and N-248 (Figure 1, panels A and B). In the case of the
Alb promoter there are two footprints, one between N-136
and N-107, and a second, observed only at higher protein
concentrations, between N-102 and N-79 (Figure 1, panel
C). In both cases the boundaries of the footprints are not
well defined due to the low frequency of DNase I cutting
in these regions. Synthetic oligonucleotides were synthesized
on the basis of the footprint data (Figure 2, panel A). albl,
spanning the region from N-137 to N-76 of the Alb promoter,
yields two shifted bands in mobility retardation assays. alb2
and alb3, which separately span the two adjacent footprints,
show a single, shifted band. The two shifted bands obtained
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with albl might represent protein—DNA complexes on one
or two sites respectively. The oligonucleotide rbp yields a
shifted band with the same mobility as the alb2 and alb3
complexes (Figure 2, panel B). Cross competitions in
mobility retardation assays and determination of the contact
points by methylation interference experiments suggest that
the same protein is responsible for the formation of the
complex with the four oligonucleotides (data not shown).
The three identified binding sites share the sequence
TGGCA.

The protein purified from rat liver interacts with DNA
in a manner very similar to the well-characterized CTF/NF1
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albl AGTCAAACAATTTTTTGGCAAGAATATTATGAATTTTGTAATCGGT
GTTTGTTAAANAACCGTTCTTATAATACTTAAAACATTAGCC] CA B
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alb?2 GGGAGTCAAACAATTTTTTGGCAAGAATATTATGAATCCC SR T
TCAGTTTGTTAAAAAACCGTTCTTATAATACTTAGGGCCC ‘
-
. -111 -76
2 I * | 3 :
alb3 GGGTGAATTTTGTAATCGGTTGGCAGCCAATGAAATACACCC ' . .
ACTTAAAACATTAGCCAACCGTCGGTTACTTTATGTGGGCCC
*
.. 278 -246 “
~ I * * 3
rbp GGGAGCTGGCGGCCGCTGGCACGAGTGCAGGGTAAC
TCGACCGCCGGCGACCGTGCACACGTCCCATTGCCC

Fig. 2. Mobility retardation assay of the purified protein with different oligonucleotides. Panel A shows the Alb and Rbp double-stranded synthetic
oligonucleotides used. Asterisks indicate the contact points as determined by methylation interference experiments (data not shown). Panel B shows
the result of the gel-retardation experiment using as probe: albl, in lanes 1 and 2; alb2 in lanes 3 and 4; alb3 in lanes 4 and 5; rbp in lanes 6
and 7. Plus and minus indicate the absence or presence of the purified protein.

protein purified from HeLa cells (Jones ez al., 1987). NF1
purified from HeLa cells binds to the mouse and rat Alb
promoter in a region that is highly homologous to the region
—137/—107 of the human Alb promoter region (for a direct
comparison, see Cereghini et al., 1987). In the human Alb
promoter we observe a second binding site at position
N-102/-79.

It was possible to purify this TGGCA binding activity
further by DNA-affinity chromatography (see Materials and
methods). A SDS —PAGE of the last step of the purification
is shown in Figure 3, panel A. The most abundant species
is a protein of ~30 kd. We have established that the
DNA-binding activity co-migrates with this protein by a
denaturation —renaturation experiment (Figure 3, panel B).
Several slices were cut from the SDS —PAGE, the proteins
were eluted and renatured according to the protocol described
in Materials and methods and tested in a mobility retardation
assay, using the albl oligo as a probe. The DNA-binding
activity can be recovered from the gel slices containing the
30 000 mol. wt protein. In addition the activity is associated
with most of the molecular species present in the 30-kd band,
as shown by a preparative gel-shift experiment. We first
fractionated the protein—DNA complex on native PAGE,
together with control samples without DNA or without
proteins. The region of the gel containing the specific
protein—DNA complex, as well as the corresponding regions
of the control lanes, was excised and applied on an
SDS—PAGE. The results are shown in Figure 4, panel A.
Lane 1 contains the protein sample used for the assay; lanes
2, 4 and 5 the controls without DNA, with unrelated DNA
and without protein respectively; lane 3 contains the sample
derived from the shifted band. It appears that the major
specie present in our most purified preparation, a 30 000
mol. wt polypeptide, is the DNA-binding activity. We refer
to it as NF1-L.

Microsequencing of NF1-L and preparation of specific
antibodies
The protein was eluted from a preparative SDS —PA gel and

A 68 kd 43 kd 257 kd 18.4 kd
| l |
RN
B 1 2 3 4 5 6 7 8 910 11 12 13 14

Fig.3. Renaturation of the TGCCA binding protein. Affinity-purified
TGGCA-binding protein was fractionated on an SDS—PAGE. Six
slices were cut from the gel and treated as described in Materials and
methods. Samples were assayed by mobility retardation, using
oligonucleotide albl as probe. (A) Silver stain of the purified protein
(the indicated sections represent slices cut from a parallel lane).

(B) Mobility retardation assay with the renatured proteins. Lane 1,
albl; lane 2, albl in the presence of the affinity-purified material; in
the following odd lanes the mobility retardation mixtures with material
from slices 1—6 was applied in the absence of salmon sperm DNA; in
the even lanes are the same mixtures in the presence of 100 ng of
salmon sperm DNA.

used for microsequencing. Tryptic digests yielded several
peptides, five of which were purified and sequenced (see
Materials and methods). Their amino acid sequence is
reported in Figure 5, panel A. We chemically synthesized
the oligopeptides corresponding to the sequences 1, 3 and
6, coupled them to a carrier protein and injected them into
different rabbits. Peptide 6 turned out to be strongly
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Fig. 4. Preparative mobility retardation experiments. (A) The Mono$ fraction containing the TGGCA-binding protein activity was fractionated on
native PAGE, in the presence or absence of alb2 oligo. The shifted band was visualized by autoradiography and run on an SDS—PAGE. The
corresponding area of the gel from the slot with protein but without DNA was also processed as a control. In the figure we show the results of the
SDS—PAGE, with proteins revealed by silver staining. Lane 1, active MonoS fraction; lane 2, 2nd dimension of control protein without DNA;

lane 3, 2nd dimension of protein; lane 4, 2nd dimension of protein + unrelated DNA; lane 5, 2nd dimension of the DNA without protein.

(B) Preparative mobility retardation and immunostaining of the shifted protein. Gel-retardation mixtures with or without DNA probe were fractionated
on a native PAGE. The gel was electroblotted onto a membrane to retain the proteins, followed by DEAE —cellulose, to retain the DNA. The DNA
was revealed by autoradiography; lanes 1 and 5, mobility retardations with analytical amounts of protein and labelled alb2; lane 2, shift obtained in
the presence of preparative amounts of DNA and protein; lane 3, proteins in the absence of DNA; lane 4, DNA in the absence of proteins. Proteins
were revealed by immunostaining with anti-pep-6: lanes 1'—5’, as above.

A
pepl GIPLESTDGD
pep3 AVKDELLGERK

pep4 VSQTPIAAGTGPNFSLSD
pep5 AIAYTWFNLQ

pep 6 TQDEFHPFIEALLPHYV

5° 3
oligonucleotide 5 GCNTAT/ c ACNTGGTTT/ cAA

. . 5° 3
oligonucleotide 61 ACCCAGGATGAGTTCCATCCATTCATTGAGGCCCTGCTGCCCCATGT

B P S Bs

5 -

f | | 3
A1 AANMMRRNN..S. NI \I\\\\‘I

Bs B H

5 l Y 3-
A2 NN

100 bp

E ig. 5. (A) Amino acid sequence of the five peptides derived from tryptic digestion of the purified protein. Oligonucleotides 5 and 61 are the
smgle-'stranded probes used in the screening of the library. Amino acids or nucleotides that turned out to be different in the cDNA are double
underlined. (B) Schematic representation of the clones A\-1 and \-2. P, Pstl; S, Sphl; Bs, BstxI; B, BamHI; H, HindIII.
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pep 6 epS
GAATTCCGGCTCTGTCTCACCCAGGATGAGTTTCATCCTTTCATTGAAGCACTTCTGCCCCATGTCCGCGCCTTCGCCTACACATGGTTC 90
L cL T oDz T r P T I ALTLTPHVYVRATFA ATYTOWNT 27
T e e T R e O e T R B |
CTF-1 M D E F H P F I EA LLPHUVRATFA ATYTUWF 23
pep3
AACCTGCAGGCCCGAAAGCGGAAATACTTCAAARAGCATGAGAAGCGCATGTCGAAAGAAGAGGAGAGGGCTGTGAAGGATG, CTGCTA 180
¥ L Q AR KR RIKYTFKT KU HET KT RMSTZ KTETETET RAYVZ XKTDTETLTL 57
L L O T T I R S R o B T B A B R
N L QAR KU RIKYTF K KU HTETZ KT RMSZ KT DTETET RTA AVTI KTSDTETLL 53
AGTGAGAAGCCTGAGGTCAAGCAAAAGTGGGCTTCCCGACTTCTGGCCAAGTTACGGAAAGATATCCGACCCGAGTACCGAGAGGATTTT 270
S B K P EV K Q KW ASU RTLTLA ATZKTLTR RTEKT DTIT RTEPTETYT RTETDF 87
L T T e e O (O R O O T T O B [ |
G E K PEV K QKWASR RTILTLA AZKTULT RTEKTPDTIT RTEPTETCT RTETDF 83
GTTCTTACAGT TACAGGGAAAAAACCTCCATGCTGTGTTCTTTCCAACCCAGACCAGAAAGGCAAGATGCGGAGAAT TGACTGCCTCCGE 360
VL T V T G K K P ¢ ¢V L S NPDUGQZKGI KM®RI RTITUDTCTL R 117
| R T R | | | O e R A e T R B |
V1 s I T G K K A G C VL s NPDUQIKTGI KMZPRR RTIUDTCTLR 113
pepl
CAGGCAGATAAAGTATGGAGGTTGGACCTCGTCATGGTGATCTTGTTCAAAGGTATTCCGCTGGAAAGTACTGATGGTGAACGCCTTGTG 450
Q AD KV WRLDIUILVMVIILFIZKSGTITPTULTZET STDSGTET RTLUV 147
e T T T O N T T T N N N NN B R |
Q AD KV WR 1DULVMVILFZ KTGTIT PTLTETSTHDTGTET RTULV 143
AAGTCCCCACAGTGCTCGAATCCAGGGCTCTGTGTCCAGCCCCATCACATAGGGGTTTCTGTAAAGGAACTCGATTTATATTTGGCATAC 540
K s P QC S NUPGULCUVQPUHU HTIGV SV KTETLTDTLTYTLA A Y 177
| T B B | L O O O e T I B (O A |
K AR Q C G HUPVLCVQ®PUHU HTIUGVA AVIKTETLT DTLTYTULAY 173
TTTGTACATGCAGCAGATTCAAGTCAATCTGAAAGTCCC. ... . AGCCAACCAAGTGATGCTGACATTAAGGACCAGCCAGAAAATGGA 624
F VHAADS S QS ESP . . S Q&P SDATDTIKD Q P E N G 205
| [ [ [ : [ | :
F VRERDAEU QSGSZPRTG GMGSDOGQETDSTSTZ KT PTITTLTD 203
pep 4
CATTTGGGCTTCCAGGACAGCTTCGTCACATCAGGTGTTTTCAGTGTGACTGAGCTAGTAAGAGT GTCACAAACACCAATAGCTGCAGGA 714
H L GF QDS F VTS GV F SVTZETLV VA RVYVSQQTTZPTIARMNG 235
| L3 Y I A O A T I [ 1o :
T TDTFOQESTFV TS GV FSVTTETLTIQVSRTTZPUVVTG 233
ACCGGCCCCAATTTTTCTCTCTCTGATTTGGAAAGTTCCTCATACTACAGCATGAGTCCAGGA. . . . . . GCAATGAGGAGGTCTCTACCC 798
T G P N Fr 8 L 8 L E S S S Y Y S M S P G . . A MTZ RTU R S P 263
| R T N B LI | : [ N |
TGP NTF S L GELQGUHTULAYTDTILNTZ P®PAS ST GTULTZ RTZ RTTL P 263
AGCACATCCTCTACCAGCTCTACCAAGCGCCTCAAGTCT. ... . GTGGAGGACGAAATGGAC. . .AGTCCTGGTGAAGAACCATTTTAC 879
s T s T S sS T KRULIKS . .V EDEMD . S P GETEPTF Y 290
I | [ [ [ L R | [ : =
$ TS S . S G S KR HKSGSMETETDTVTDTSZPGSGTD . Y Y 291
ACAGGCCAAGGGCGCTCCCCAGGGAGTGGCAGCCAGTCCAGCGGATGGCATGAAGTAGAGCCAGGCATGCCATCTCCAACCACTCTGAAG 969
T GQ G R S P G S G S Q S S G WUHEVTET PG GMTEPSTPTTTL K 320
| : [ I R A | : N A A A |
T S P S . S P T S S S RNWT E D M E G G S S P V K K T 319
AAGTCTGAGAAGTCTGGTTTCAGCAGCCCCTCCCCTTCGCAGACCTCCTCCCTCGGAACAGCATTCACACAGCATCACCGACCTGTCATA 1059
K S E K s GF s s P S P S QTS S L G TA ATFT Q H H R P V I 350
LI I B | [ I | R [ S R Y R N N |
E M DK S P F NS PSP QD SPRTULS . S F T Q H H R P V I 348
ACA...... «+ -GGACCGAGAGCAAGCCCACATGCGACGCCATCGACTCTCCACT TTCCAACGTCACCTATCATCCAGCAG. . .CCTGGG 1137
T . . . G P R A S P HATU PSTTILEHTEUEPTSTZPTI I Q Q . P G 376
| | L L I T | E
AV H S G I AR SPHZP . SSATLTUHTET PTTSTITLT®P Q T A s 377
CCTTATTTCTCACACCCAGCCATCCGTTAC. v vvvnnnn.. CACCCTCAGGAGACGCTGAAGGAGTTTGTCCAACTTGTCTGCCCCGAT 1215
P Y F S HPATIURY . . . . HPOQETTLTZ KTETF V Q L v C P D 402
L2 T L I N A I | | I B 1 | |
T Y F P HTATIRYU®P®PHTLNTPAOQDT PTLTZ KT DTLVSTLATCTD P 407
GCTGGTCAGCAAGCTGGACAGGTGGGGTTCCTCAATCCCARTGGAAGCAGTCAAGGCAAGGTGCACAACCCATTCCTCCCCACCCCAATG 1305
A G Q QA GQVGFLNZPNSGS SSOQGIKUVHNT®PTFTLTGPTTZPM 432
[ N I | : I [ | |
As QQ&®P GP L . . . . . NGJSGO QTULT KUMTPSUHTCTLSA ATS QM 432
TTGCCGCCGCCACCGCCACCACCGATGGCCAGGCCTGTGCCTCTGCCCATGCCAGACACCAAGCC TCCAACCACATCAACAGAAGGCGGT 1395
L PP PP PP PMAREPVUPLTPMEPDTTEKTE®ZPTTSTTETSGG 462
| L2 N O N R | LI | | | I B N | ||
L . AP P PPGLZPR.LALTEP.PATTZ KT P®PA ATTS.ESG GG 458
GCAGCCTCCCCCACCTCACCGACCTACTCGACACCCAGCACCTCCCCCGCARACCGA. . . TTCGTCAGTGTTGGACCACGGGATCCAAGC 1482
A A S P TS PTYST®PSTSPANTI R.TFUV SV GZPURTUDTFP S 491
| N R N A I I R | | T R R | | I E R N B |
A T S PT SP S Y SPPDTSPANTZ RTSTFVGTULGT PR RTUDTZP A 488

TTTGTAAATATCCCTCAACAGACACAGTCCTGGTACCTGGGATAAAAGT TGCAGCGTCCCACCATCCTCCAGACAGACCACCTGACCCCT 1572

F VNI P Q QT Q S W Y L G *
: | S R I R |
G I Y . . . QA Q S WY L G *

505

TCTCAACTCTGTAACATGGACGCAACCTCAACCCGGCGCAGTTACAACTTCACTGTCAGTGGAAGGGGAGAGACACCAACTCGAATCAAC 1662

TTGTACATGGAAACAGCGAACGTCGTGGTCAAACAGCAAAGGCCGAATTC 1712

Fig. 6. Sequence of NF1-L and comparison with CTF-1 at protein level. Gaps introduced to maximize the homology are represented by dots.
Vertical bars highlight identical residues, double dots indicate conservative amino acid substitution, grouped as follows: (A, P, G, S, T),
(Q. N, E. D). (V.. M. L), (K. R, H), (F. Y. W) (Schwartz and Dayhoff, 1978).

antigenic. The corresponding antibody reacts, in a Western
blot, with a 30-kd protein, comigrating with the species
responsible for the DNA-binding activity (data not shown).
In order to prove that the antibody reacts with the DNA-
binding protein we performed a preparative gel-shift
experiment, separating proteins in the presence or absence
of DNA probe, on a native gel. The gel was electroblotted
onto an Immobilon membrane, which retains proteins,

whereas the DNA was collected onto a sheet of DE 52 paper
layered behind the membrane. The DNA on the DE 52 paper
was visualized by autoradiography (Figure 4, panel B; lanes
1 and 5 contain analytical amounts of the reaction mix; lane
2 preparative amounts of the reaction mix, lanes 3 and 4
the negative controls without DNA and without proteins
respectively). The proteins were visualized with specific
serum. The results (Figure 4, panel B) show that the protein

3119



G.Paonessa et al.

8.6

#._
won
v
%

1.8 ——

Fig. 7. Northern blot on poly(A)* RNA extracted from several rat tissues. Lane 1, thyroid; lanes 2—4, liver; lane 5, kidney; lane 6, spleen;

lane 7, brain; lane 8, testis; lane 9, heart; lane 10, ovary.

recognized by the antibody does not enter the native gel in
the absence of DNA (slot 3’ for the preparative assay, 1’
and 5’ for the analytical assay) but is shifted into the gel
in a complex with specific DNA (slot 2"). Thus we conclude
that the anti-pep6 serum reacts with NF1-L. Attempts to use
the antibody to interfere with the DNA-binding activity
failed, most likely because the antibody does not react with
the native protein.

Cloning of the cDNA coding for NF1-L

The sequences of peptides 5 and 6 were used to synthesize
oligonucleotides (Figure 5, panel A) to screen a rat liver
cDNA library. Oligonucleotide 6 was synthesized as a single
DNA segment, taking into account codon usage in mammals.
Oligonucleotide 5 was synthesized as a mixture of all possible
sequences. A rat liver Agtll cDNA library (see Materials
and methods) was screened first with oligonucleotide 6.
Several positive clones were obtained, which were then
screened with oligonucleotide 5. Three clones hybridized to
both probes. All three contained an identical insert of
1350-bp DNA and were called A\-1. Using the DNA from
A-1 as probe we identified another clone, \-2, whose
sequence overlaps with that of A-1 but extends further
downstream. The combined sequence of both inserts contains
an open reading frame of 505 amino acids. As there is no
poly(A) tail and probably no methionine initiation codon,
the cDNA is incomplete at both ends. A schematic view is
shown in Figure 5, panel B. The DNA sequence obtained
from A-1 and -2 is shown in Figure 6, together with the
comparison of related sequences obtained by Santoro et al.
(1988). The significance of these homologies will be
discussed.

The gene(s) coding for NF1-L yields multiple
transcripts

Mobility retardation experiments reveal the existence of
multiple complexes of DNA containing the TGGCA se-
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Table 1. Distribution of the major NF1 mRNA transcripts in different
organs

kb

86 45 43 18 1.7 16 095 06
Thyroid + + + - - - -
Liver + - + + - - - -
Kidney - - + - + - - +
Spleen + - + - + - - +
Brain + + + - + - - +
Testis + - + - - + + +
Heart - - + - - - - -
Ovary + + - - - - - -

quence and proteins present in the rat liver nuclear extracts,
some of which are absent from spleen nuclear extracts
(Lichtsteiner et al., 1987; P.Monaci and A.Nicosia, un-
published results). It is therefore possible that there are
several TGGCA-binding proteins. The results of a Northern
analysis (Figure 7) support this hypothesis. Poly(A)* RNA
from several rat tissues were hybridized with *?P-labelled
A-1 cDNA insert. At least eight RNA species are present,
in a characteristic combination and relative abundance in each
tissue. Assuming that co-migrating species correspond to
identical RNAs, we have tabulated the specific pattern in
each tissue (Table I). In liver, the 4.3-kb RNA is the major
species, in brain and thyroid the major species are the
4.5- and the 4.3-kb RNA. In the ovary the 4.5-kb RNA is
the major species. In spleen and kidney the major species
is the 1.7-kb RNA, whereas in testis the major species is
the apparently testis-specific 1.6-kb RNA. Also in liver, the
1.8-kb is a minor but apparently liver-specific RNA. We
cannot distinguish whether the multiple transcripts derive
from different genes or from different transcriptional units
of the same gene or whether they are produced by alternative
processing of a common precursor RNA.



Discussion

Sippel and co-workers originally identified and characterized
a DNA-binding activity, present in several chicken tissues,
which recognized the sequence TGGCANNNTGCCA
(Borgmeyer et al., 1984). Thereafter several groups have
purified similar activities from various different cell lines
and shown that they bind to several genes, either to the
canonical sequence or to a half site (TGGCA). Such binding
sites appear to play role both in transcription and in
replication (for a review see Santoro et al., 1988). Mobility
retardation experiments using the purified protein indicate
a considerable degree of heterogeneity in the complexes
formed (Jones et al., 1987; Rosenfeld and Kelly, 1986;
Santoro et al., 1988) suggesting that there might be several
different proteins with similar DNA-binding properties. For
the sake of simplicity we will refer to these as NF1 activities,
adopting the terminology originally used by Nagata er al.
(1983).

NF1-like activities, recognizing the half site TGGCA, have
been detected in rat-liver nuclear extracts (Cereghini et al.,
1987; Lichtsteiner et al., 1987; Monaci et al., 1988). We
have purified a protein of ~ 30 kd,, which we call NF1-L,
which recognizes the same sites as NF1 purified from HeLa
cells (Lichtsteiner et al., 1987; Raymondjean et al., 1988).
In the light of our results with the cDNA clone and with
the antibody (G.Paonessa, unpublished results) we believe
that the 30-kd species is a cleavage product of larger
polypeptides, still containing the DNA-binding domain. The
cDNA sequence shows that pep-6 is not preceded by lysine
or arginine, indicating that it is probably at the amino
terminus of the 30-kd protein. The most carboxy-terminal
one is pep-4, ending at residue 244 of our sequence (Figure
6). Together this accounts for ~27 kd, corresponding almost
to the mol. wt of the purified protein, and indicates that the
DNA-binding domain is contained within the first 250 amino
acids.

Independently Santoro et al. (1988) have isolated and
sequenced three distinct cDNA clones coding for NF1 (also
referred to as CTF) proteins present in HeLa cells. The
comparison of the sequence of the rat cDNA from liver
and the cDNAs from HeLa cells shows some interesting
differences. It appears that the rat-liver cONA codes for a
protein with a different sequence for the first available five
amino acids followed by a stretch of 175 amino acids which
are practically identical to the human protein, with a
homology of identical residues of 98 % . The remaining part
of the open reading frame shows an overall homology of
72%. The proteins coded by the HeLa and the rat liver
cDNA:s are thus very conserved in the region corresponding
to the DNA-binding domain, while they diverge in the
remaining sequence.

Northern analysis reveals multiple transcripts which react
with the cDNA (Figure 7). The patterns are qualitatively
and quantitatively tissue specific (Table I). At the moment
we do not know to what extent the various transcripts code
for functionally related proteins.

Since we do not yet have any information about the
genomic sequence, we cannot exclude the possibility that
there are multiple genes coding for different forms of NF1.
Another possibility, rather more plausible in the light of the
results of Santoro et al. (1988), and because of the blocks
of homology and divergence between the rat and HeLa cell
cDNAs, is that the diversity is generated by differential and

Cloning of NF1 from rat liver

tissue-specific RNA processing. In this view, it is interesting
that the most amino-terminal part of the liver protein is joined
to the first common segment at a region where, at the
DNA level, there is a canonical splice acceptor junction
(TCTCACCCAG/GA). In the alternative splicing
hypothesis, this site is used as acceptor in the HeLa cell
clones, bringing the methionine postulated as the initiator
by Santoro et al. (1988) in the correct reading frame. In con-
trast, in the liver cDNA, the same region is apparently used
as an exon, because it codes for the first amino acids (T and
Q) present in pep-6 (Figure 5, panel A).

It has been established that the NF1 protein(s) has multiple
functions, most notably as an activator of adenovirus
replication (Nagata et al., 1983; Leegwater et al., 1985),
and as a transcriptional activator (Jones ez al., 1987). In our
laboratory we have evidence that it might also function as
a repressor of transcription (P.Monaci and A.Nicosia,
unpublished observations). It is reasonable to expect that
these various functions might be performed by different NF1
species, constructed by assembling different domains in
specific combinations. We imagine that a common domain,
defined by the highly conserved sequence from amino acid
1 to ~245, is responsible for the binding to the TGGCA
sequence; the other domains might be involved in different
interactions with cellular components leading to activation
or repression of transcription, or to DNA replication. Trans-
acting factors which share common domains have been
described in other systems: the adenovirus E1A region
contains a single ORF that encodes both positive and negative
transcriptional factors, generated by alternative splicing
(Lillie ez al., 1986). Lambert ez al. (1987) have shown that
the BPV-1 E2 trans-activator and a BPV-1 transcriptional
repressor share a carboxyl-terminal domain. Multifunctional
proteins involved in transcription and DNA replication have
been characterized in yeast (Shore and Nasmyth, 1987;
Buchman et al., 1988). It appears that the generation of
different but related trans-acting factors plays an important
role in the regulation of gene expression. We believe that
the various mRNAs hybridizing with the NF1-L cDNA code
for related trans-acting factors. Their characteristic pattern
in each tissue (Table I) supports the idea that regulation is
achieved through different combinations of a common set
of regulatory molecules.

Materials and methods

Preparation of nuclear extracts and protein purification

Nuclear extracts were prepared from fresh rat liver essentially as described
by Dignam et al. (1983). The crude nuclear extract was dialysed extensively
against buffer D (20 mM Hepes, pH 7.9, 10% glycerol, 0.2 mM EDTA,
0.5 mM DTT, | mM PMSF, 100 mM KCI), and centrifuged for 10 min
at 12 000 r.p.m. in a Sorvall SS-34 rotor. The clear supernatant was applied
onto a DEAE —Sepharose column, and the flow through loaded onto a
Heparin —Sepharose (HepS) column. The HepS column was eluted with
a linear gradient of KCI (100 mM —2 M) in buffer D’, that contains only
0.1 mM PMSF and is supplemented with 0.05% NP-40; buffer D’ was
used in all the subsequent steps. Fractions containing DNA-binding activities
were pooled, diluted 1:1 with buffer D’, applied on a FPLC MonoS column
and eluted with a linear gradient of KCl (100 mM —1 M). The pooled active
fractions were diluted 1:1 with buffer D’ without KCl and after centrifugation
the pool was loaded onto an oligo-affinity column containing the polymerized
oligonucleotide alb2 (Kadonaga and Tjian, 1986). This column was eluted
with a linear gradient of KCI and active fractions were pooled and diluted
again for subsequent cycles on the same oligo-affinity column.
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Labelling of oligonucleotides

To generate double-stranded oligonucleotides, equal amounts of
complementary single-stranded oligonucleotides at a concentration of 1 pg/ul
were heated for 1 min at 90°C and left to cool at room temperature. The
concentration was then adjusted to 1 pmol/ul. For the labelling, 1 pmol of
double-stranded oligonucleotide was incubated in the presence of 1 U
polynucleotide-kinase, 1 ul of [y->2P]JATP (6000 Ci/mmol, 10 mCi/ml) in
10 pl of kinase buffer (50 mM Tris pH 7.6, 10 mM MgCl,, 5 mM DTT,
0.1 mM spermidine, 0.1 mM EDTA) at 37°C for 30 min. The reaction
mixture was then diluted with 40 ul of H,O and extracted with 50 ul of
phenol/chloroform. After centrifugation the aqueous phase was applied onto
a Sephadex G-50 column (250 X 4 mm) equilibrated with TE (10 mM
Tris—HCI pH 8, 1 mM EDTA). Fractions of 0.5 ml were collected and
counted. Radioactive fractions were pooled and used for the mobility
retardation assay.

DNase | footprinting and mobility retardation assays

DNase I footprinting assays were performed according to Lichtsteiner et
al. (1987) on a —260/+12 fragment from the Alb promoter and on a
—340/—-120 fragment from the Rbp promoter. For mobility retardation
assays, affinity-purified protein was pre-incubated in a 20 ul reaction
containing 20 mM Tris pH 7.6, 8% Ficoll, 50 mM KCl, 0.2 mM DTT,
0.3 pg poly(dldC), 3 mM MgCl, and 3 mM spermidine. After 10 min,
10 000—20 000 c.p.m. of the end-labelled ds oligonucleotide was added
and the incubation continued for 10 min at room temperature. Free DNA
and DNA —protein complexes were resolved on a 5% polyacrylamide gel
in 0.5 x TBE (45 mM Tris-borate, 45 mM boric acid and 2 mM EDTA).
After the run the gel was dried onto DE 52 paper and exposed.

Microsequencing and peptide synthesis

About 40 pg of purified protein have been partially sequenced using the
method described in Gausepohl er al. (1986). Peptide 1 (GIPLESTDGD),
peptide 3 (AVKDELLGEK) and peptide 6 (TQDEFHPFIEAL) were
synthesized with the addition of a lysine at the amino terminus in a continuous
flow instrument constructed and operated as described in Frank and Trosin
(1985) and Frank and Gausepohl (1987). Peptide chain assembly was
performed by the solid phase method on a 1% crosslinked polystyrene support
using fluorenylmethoxycarbonyl amino acids (Carpino and Han, 1972) and
in situ activation with benzotriazoleyl-oxy-ris-(dimethylamino)phosphonium
hexafluorophosphate (Castro ez al., 1975). The synthetic peptides were
purified by reversed-phase HPLC.

Preparation and affinity purification of antibodies

Lyophilized synthetic peptides 1, 3 and 6 were dissolved in PBS at a
concentration of 4 ug/ul and 150 ug were mixed with 450 ug of keyhole
limpet haemocyanin (KLH) (Calbiochem). Covalent crosslinking of the
peptides to KLH was performed at room temperature by sequential addition
at 5-min intervals of five identical aliquots of glutaraldehyde (Polysciences,
EM grade, 5% stock solution in water) to a final concentration of 10 mM.
The reaction was left for 30 min on ice; the residual amino-reactive groups
were blocked by addition of glycine (pH 8.5) to a final concentration of
25 mM. This mixture was used to prepare an emulsion with complete
Freund’s adjuvant which was injected into the popliteal lymph nodes of the
rabbits (150 pg peptide/rabbit). Three weeks later the rabbits were injected
again with the same amount of conjugated peptide, mixed with incomplete
Freund’s adjuvant. After 10 days blood samples were collected and the sera
tested for the presence of specific antibody by Western blotting on various
preparations of NF1-L. The antibody was immunopurified on a Sepharose
4B-pep-6 column, prepared according to Kreis (1986).

SDS - PAGE and Western blot

SDS—PAGE was performed according to Laemmli (1970) and gels were
silver stained according to Wray et al. (1981). For the Western blot, the
gel was electroblotted onto Immobilon membrane (Millipore) in 20 mM
Tris base, 150 mM glycine and 20% methanol at 4°C overnight at 50 V.
The membrane was then incubated for 30 min in TBST (10 mM Tris—
HCI pH 8, 150 mM NaCl, 0.05 Tween-20 and 5% Carnation nonfat dry
milk), 1 h in TBST in the presence of the specific antibody at the desired
dilution, washed three times for 10 min each with TBST, 30 min in TBST
containing a 1:7500 dilution of anti-rabbit IgG alkaline phosphatase conjugate
(Promega), washed three times for 10 min each with TBST. The colour
reaction was carried out in 100 mM Tris—HCI pH 9.5, 100 mM NaCl,
5 mM MgCl, in the presence of the substrates nitro blue tetrazolium (NBT)
and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) at the concentration
suggested by the supplier. The reaction was stopped by several washes in
water and the membrane was blotted dry. For the denaturation— renatu-
ration experiment shown in Figure 2, ~20 pg of affinity-purified protein
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was applied to a 12% SDS—PAGE alongside prestained protein markers
(BioRad). After the run gel slices were cut and processed as described by
Briggs et al. (1986).

Preparative band-shift

The experiments were performed essentially as described by Rupp and Sippel
(1987). alb2 oligonucleotide was used as the binding site for the binding
activity. Radioactive alb2 (5 X 10° c.p.m. in total) was mixed with
60 pmol of cold alb2 and incubated with 15 ul of an active MonoS fraction
in a total of 40 pl binding buffer containing 7.5 pg poly(didC). In the control
samples the oligonucleotide or the proteins were omitted. The samples were
incubated at room temperature for 20 min and resolved on a 5%
polyacrylamide gel. After the run the gel was exposed wet at 4°C for 2 h.
A gel slice containing the shifted band together with the adjacent region
of the control lanes was excised and applied without any further treatment
on the stacking gel of a 12% SDS—gel. After the run the gel was silver
stained. For immunostaining, the gel was electroblotted on Immobilon
membrane (Millipore) as described above with the following modification.
To collect the DNA during the transfer a sheet of DE 52 paper was layered
behind the Immobilon membrane. After the transfer the DE 52 paper was
dried and exposed while the membrane was immunostained as described
above.

Library screening and DNA sequencing

Oligonucleotide 61 (48 mer) was designed on the basis of the peptide 6
as a unique probe using the criteria suggested by Lathe (1985). This
32p_jabelled oligonucleotide was used to screen a rat-liver cDNA library
in Agtl1 (Clontech Laboratories, Inc.) at a concentration of 1 pmol/ml in
the following hybridization mixture: 6 X SSC (1 X SSC is 150 mM NaCl
and 15 mM sodium citrate), 1 X Denhardt’s, 0.05% sodium pyrophosphate
and 20 pug/ml tRNA. Hybridization of the filters was carried out at 42°C
for at least 12 h, washed twice at 42°C and once at 60°C for 15 min each
with 6 X SSC, 0.05% sodium pyrophosphate and exposed at —70°C with
intensifying screens. The positive plaques were rescreened with degenerated
oligonucleotides corresponding to part of peptide 5 (17 mer containing 64
degeneration). The filters were hybridized at 37°C and washed at 46°C.
Three independent clones hybridizing to both oligonucleotides were isolated
from 8 x 10° plaques. The cDNA insert of one of these was used to screen
the same library again and four more positives were found. Lambda DNA
was prepared and sequenced directly according to Manfioletti and Schneider
(1988).

Preparation of poly(A)* RNA
Total RNA from rat tissues was prepared according to Chomczynski and
Sacchi (1987). Dissected tissues were homogenized in the presence of D
solution (4 M guanidium thiocyanate, 25 mM sodium citrate and 0.1 M
2-mercaptoethanol) and extracted with water-saturated phenol (acid phenol)
and chloroform/isoamylalcohol in the presence of 0.2 M sodium acetate
pH 4. Two volumes of ethanol were added to the aqueous phase, the RNA
precipitates were collected by centrifugation, resuspended in D solution and
precipitated again. The pellet was finally resuspended in 0.5% SDS.
To prepare poly(A)-tailed RNA, NaCl to 0.5 M final concentration and
50—100 mg oligo(dT) cellulose were added to the total RNA solution. The
suspension was incubated at room temperature on a shaking platform for
8—10 h. Oligo(dT) cellulose was pelleted by centrifugation at 2500 r.p.m.
for 30 s, the supernatant was removed and the oligo(dT) cellulose was washed
and pelleted again in binding buffer (0.5 M NaCl, 20 mM Tris pH 7.4,
10 mM EDTA, 0.2% SDS). The oligo(dT) cellulose was resuspended in
10 ml of binding buffer, poured into a disposable plastic column and washed
wtih ~20 ml of washing buffer (0.1 M Nacl, 10 mM Tris pH 7.4, 0.2%
SDS). The poly(A)-tailed RNA was eluted with 1 mM Tris pH 7.8, 1 mM
EDTA and 0.2% SDS, precipitated twice with 2 vol ethanol in the presence
of 150 mM NaAc pH 5.5, resuspended in TE with 0.2% SDS and stored
at —70°C.

Northern blot

About 3 ug of poly(A)-tailed RNA per tissue was applied onto a 1% agarose
2.2 M formaldehyde gel. After the run the gel was soaked for 60 min in
20 X SSC and blotted onto a nylon membrane (GeneScreen) for 12— 16 h
in the cold room. The filter was dried and UV crosslinked. Prehybridization
was carried out in 15 ml of hybridization solution (0.5 M NaH,PO, pH
7.2, 7% SDS and 1 mM EDTA) for 5—15 min at 65°C. Probes labelled
as described in Feinberg and Vogelstein (1983) were mixed with 7 ml
hybridization solution and left hybridizing with the filter for 20—24 h at
65°C. The filter was washed twice with 1% SDS, 40 mM NaH,PO, pH
7.2 at 65°C, twice with 0.1 x SSC, 0.1% SDS at 65°C and exposed at
—70°C with intensifying screen.
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