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ABSTRACT DNA-binding proteins of the nuclear factor 1
(NF1) family recognize sequences containing TGG. Two of
these proteins, termed reductase promoter factor (RPF) pro-
teins A and B, bind to the promoter for hamster 3-
hydroxy-3-methylglutaryl-coenzyme A reductase, a negatively
regulated enzyme in cholesterol biosynthesis. In the current
study, we determined the sequences of peptides derived from
hamster RPF proteins A and B and used this information to
isolate a cDNA, designated pNF1/Red1, that encodes RPF
protein B. The peptide sequence of RPF protein A, the other
reductase-related protein, suggests that it is the hamster
equivalent of NF1/L, which was previously cloned from rat
liver. We also isolated a hamster cDNA for an additional
member of the NF1 family, designated NF1/X. Thus, the
hamster genome contains at least three genes for NF1-like
proteins. It is likely to contain a fourth gene, corresponding to
NF1/CTF, which was previously cloned from the human. The
NH,-terminal sequences of all four NF1-like proteins
(NF1/Red1, NF1/L, NF1/X, and NF1/CTF), which are vir-
tually identical, contain the DNA-binding domain that recog-
nizes TGG. Functional diversity may arise from differences in
the COOH-terminal sequences. We hypothesize that the
COOH-terminal domain interacts with adjacent DNA-binding
proteins, thereby stabilizing the binding of a particular NF1-
like protein to a particular promoter. This protein—protein
interaction confers specificity to a class of proteins whose
DNA-recognition sequence is widespread in the genome. Ste-
rols may repress transcription of the reductase geme by
disrupting this protein—protein interaction.

Among the factors that regulate transcription of eukaryotic
genes is a family of proteins known as nuclear factor 1 (NF1),
CCAAT-box-binding transcription factor (CTF), or CCAAT-
box-binding protein (1-4). These proteins are related in that
they all bind to double-stranded sequences containing TGG
and its complement, CCA, making contact with the adjacent
guanosines (4). NF1-like &oteins bind to the promoters of
many genes, including the gene for 3-hydroxy-3-methylglu-
taryl-coenzyme A reductase (HMG-CoA reductase), the
rate-determining enzyme in cholesterol synthesis (5).

NF1 binds to a TGG-containing sequence in adenovirus
and thereby stimulates its replication (6, 7). The same protein
(designated NF1/CTF) binds to the CCAAT box, making
contact with TGG on the opposite strand and activating
transcription of the human a-globin gene (1). NF1/CTF binds
with highest affinity to sequences that contain the inverted
repeat TGGN,CCA. It also binds to ‘*half-sites’’ that contain
only one copy of TGG. Purified NF1/CTF consists of a
family of proteins in the molecular weight range of 55,000~
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62,000. Santoro et al. (3) isolated three cDNAs for NF1/CTF
proteins from human HeLa cells. All of the mRNAs were
derived from a single gene by alternative splicing and differed
by the presence or absence of an insertion in the middle of the
protein and the presence of various COOH termini. All three
proteins, when produced in Escherichia coli, bound to the
NF1/CTF recognition sequence, and at least two of them
stimulated replication of adenovirus in vitro.

Another member of the NF1/CTF family is the TGGCA-
binding protein, which was described in chicken liver (8) and
believed to have a molecular weight in the 30,000 range. The
c¢DNA for this protein, designated pNF1/L, was isolated
from rat liver (9). It encodes a protein of 505 amino acids,
which was proteolyzed during its isolation. The first 175
amino acids of the rat TGGCA-binding protein show 98%
identity with the NH, terminus of human NF1/CTF, and the
remaining portion shows an identity of =~50% (3, 9).

The 5’ flanking region of the reductase gene contains the
information necessary for transcription of the gene as well as
for feedback repression by sterols. This region contains eight
sequences that bind nuclear proteins as revealed by DNase 1
protection assays (10). We have purified (5) a protein doublet
of 33 and 35 kDa, designated reductase promoter factor
(RPF) that produces six of the eight footprints. The two
proteins were active as monomers, and both recognized all
six footprinted sequences. The only sequence shared by all
six footprinted regions is the trinucleotide TGG. Methyla-
tion-interference analysis showed that both of the adjacent
guanosines in this sequence made contact with RPF (5).

The HMG-CoA reductase sequence that binds RPF with
highest affinity (designated footprint 2B) contains the in-
verted repeat TGGN;CCA (5). The other five RPF-binding
sites contain only half-sites. We speculated that RPF be-
longed to the NF1 family, and we demonstrated by gel
retardation assays that RPF bound with high affinity to an
oligonucleotide corresponding to the NF1-binding site in the
adenovirus origin of replication (5). The question remains as
to whether NF1/CTF and RPF are products of the same gene
with differences in behavior attributable to alternative splic-
ing, or whether multiple genes for this protein family exist.

In the current study, we obtained partial amino acid
sequences for the two RPF proteins and used this information
to isolate cDNAs?$ for two related but genetically distinct
NF1-like proteins. The evidence suggests that the hamster
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genome contains at least three genes of the NF1/CTF family
and that at least two of these proteins bind to the HMG-CoA
reductase promoter.

MATERIALS AND METHODS

General Methods. Standard molecular biology techniques
were used (11). cDNA clones were sequenced by the dideoxy
chain-termination method (12) with either the M13 universal
sequencing primer or specific oligonucleotides after subclon-
ing into bacteriophage M13 vectors. Sequencing reactions
were performed with the Klenow fragment of E. coli DNA
polymerase I (12) or a modified bacteriophage T7 DNA
polymerase (13). Total cellular RNA was isolated by guani-
dinium thiocyanate extraction followed by centrifugation
through a cesium chloride cushion (14). Blot hybridization of
RNA was performed as described (15) with single-stranded
32p_Jabeled probes (16).

Amino Acid Sequence of RPF Peptides. Approximately 300
pmol of purified RPF (5) was subjected to NaDodSO,/
polyacrylamide gel electrophoresis and transferred to nitro-
cellulose sheets for solid-phase tryptic digestion (17). Pep-
tides were separated by reverse-phase HPLC on a Brownlee
RP300 (2.1 x 1000 mm) Cg column in 0.1% trifluoroacetic acid
with a gradient of 0-50% (vol/vol) acetonitrile for 120 min at
50 nl/min. Peaks were collected manually on 1-cm Whatman
GF/C discs. Cysteines were reduced and alkylated (18).
Peptides were sequenced on an Applied Biosystems (Foster
City, CA) model 470A sequencer (Fig. 1).

¢DNA Library. A double-stranded cDNA library from
Syrian hamster liver was synthesized from 10 ug of poly(A)*
RNA (19) by using a kit from Bethesda Research Laborato-
ries. After second-strand synthesis, the cDNAs were meth-
ylated with EcoRI methylase and S-adenosylmethionine and
ligated to EcoRI linkers [8 base pairs (bp)]. After EcoRI
cleavage, excess linkers were removed on a Sephadex G-100
column. An aliquot (150 ng) of the cDNA was ligated with 2
ug of EcoRI-cleaved Agt10 DNA. One-fourth of the mixture
was packaged in vitro by using a A DNA packaging extract
from Stratagene. Phage were plated on host strain E. coli
C600. Approximately 95% of the plaques were clear, and 3.5
x 10° plaques were screened. Replica filters were hybridized
in 25% (vol/vol) formamide (11) containing 32P-end-labeled
oligonucleotide probe at 5 X 10° cpm/ml (see below). Filters
were washed in 4x SSC (1x SSC = 150 mM NaCl/15 mM
sodium citrate, pH 7) plus 0.2% NaDodSO,. After several
rounds of plaque purification, 7 positive clones remained.
Plate-lysate DNA from each clone was subcloned into either
a plasmid vector (pGem3) or a M13 vector (M13mpl8 and
-19). Four of the 7 clones were sequenced in the region that
hybridized to the probe, and 3 clones were authentic.

Polymerase Chain Reaction (PCR). A 0.5-ug aliquot of the
hamster liver cDNA library was used as a template for PCR
(20, 21). Oligonucleotide primers were based on the NH,- and
COOH-terminal sequences of peptide A3, which was iden-
tical to peptide B2 (Fig. 1). The two primers included all
degenerate codons as shown in Fig. 2. Seventy picomoles of
each primer were used. One primer was end-labeled with
[y-32P]JATP and T4 kinase. The amplification reaction mix-
ture was boiled, after which the PCR was carried out sequen-
tially for 1.5 min at 94°C, 2.5 min at 40°C, and 5 min at 50°C
with Taq I polymerase. After 35 cycles, the products were
loaded onto a 7% polyacrylamide gel. A major product of 59
bp was localized by autoradiography, cut from the gel, eluted
(11), and subjected to Maxam-Gilbert sequencing (22). Trans-
lation of the nucleotides between the primers gave the ex-
pected amino acid sequence, and a 31-mer oligonucleotide
corresponding to the sequence between the primers was
synthesized and used to screen the cDNA library (Fig. 2).

Proc. Natl. Acad. Sci. USA 85 (1988)

1 2 Peptide Amino Acid Sequence

*FAYTWFNLQAG
KPPCCVLSNPDQK

. 2

::‘“"‘ A%  QADKVVRLDLVHVILFKGIP?LYV
e M  *QPENGHLGFQD?FV
o A5 VSQTPIAAGTGPNFSLSDLE?S?Y
e
N

b A = B *IAYTVFNLQA
38 i 22 *ADKVWRLDLVMVILFK
.:‘%~_31 B3 *LDLFLAYYVQEQDSGQ?GSP

B4 *PITQGTGVNFPIGEIPSQP

Fi1G. 1. Sequence of tryptic peptides from RPF. (Left) RPF was
separated into two proteins (A and B) by electrophoresis on a 35-cm
7% polyacrylamide gel containing NaDodSO, (lane 1). This gel gave
wide separation of two marker proteins, ovalbumin (43,000) and
carbonic anhydrase (31,000) (lane 2). Proteins A and B were
transferred to nitrocellulose, stained, cut from the filters, and
separately digested with trypsin. The peptides were separated by
HPLC and sequenced. (Right) Peptides A1-AS and B1-B4 were
derived from proteins A and B, respectively. A single sequencer run
was performed on each peptide. An asterisk denotes that more than
one amino acid was obtained at the indicated position. Amino acid
signals ranged from 0.5 to 63 pmol.

RESULTS

RPF was isolated as a protein doublet from hamster liver nuclei
as described (5). The two major components, A and B, were
separated on 35-cm NaDodSO,/polyacrylamide gels (Fig. 1)
and digested with trypsin. The peptide profiles from the two
proteins were different after fractionation by HPLC. Amino
acid sequences from several peptides in each protein were
determined (Fig. 1). One peptide was identical in both proteins
(peptides A3 and B2). Other peptides were similar, yet suffi-
ciently different to suggest derivation from different genes.

To derive an unambiguous probe that would hybridize to
cDNAs from both genes, we used the PCR. We prepared a
cDNA library from Syrian hamster liver and incubated it with
degenerate oligonucleotides predicted to hybridize to the
upper and lower strands of the DNA encoding the NH,- and
COOH-terminal ends of peptide A3/B2 (Fig. 2). The products
of the PCR were subjected to electrophoresis, and the
predicted 59-bp fragment was isolated and sequenced. The
DNA sequence of the codons corresponded to the sequence
of the tryptic peptide in the region between the two primers
(Fig. 2). This sequence was used for cDNA cloning.

A Agt10 cDNA library prepared from the liver yielded three
positive clones that were subsequently subcloned as plas-
mids. One corresponded to the lower molecular weight
protein of RPF (protein B); it is designated pNF1/Redl. Two
other cDNAs had coding regions that were identical to each
other, designated pNF1/X. It encoded a protein with pep-
tides that were similar but not identical to the peptides in
proteins A and B. pNF1/Redl hybridized to a 8.7-kilobase
mRNA in CHO cells (Fig. 3, lane 1) and Syrian hamster liver
(lane 2). pNF1/X hybridized to a smaller 6.1-kilobase nRNA
in the same tissues (lanes 3 and 4).

PCR Primer-1
—_—

”r-u:oc:u:n:ubmoqcmmmmAmmuccm—l A3-coon

ey
G1n Ala Asp Lys Val Trp Arg Leu Asp Leu Val Met Val Ile Leu Phe Lys Gly Ile Pro
AB-DIz

T
a8 17 cor Taa o6
c
Afr————
PCR Primer-2

F1G.2. GenerationofacDNA probe from the amino acid sequence
of peptide A3. The boxed nucleotide sequence was generated by PCR
and used as a hybridization probe for cDNA cloning.
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FiG.3. Blot hybridization of RNA. Total RNA (20 ug) from CHO
cells (lanes 1 and 3) and hamster liver (lanes 2 and 4) was denatured
with glyoxal and fractionated on a 1.5% agarose gel, transferred to
a Nylon membrane, and hybridized with probes corresponding to
nucleotides 39-763 of pNF1/Red1 (lanes 1 and 2) or nucleotides 98—
993 of pNF1/X (lanes 3 and 4). The filters were exposed to x-ray film
for 16 hr at room temperature.

The cDNA sequence of pNF1/Redl contained an open
reading frame encoding 561 amino acids that predicts a
protein of M, 62,723 (Fig. 4). The putative initiator methio-
nine is preceded by a terminator codon located 12 bp up-
stream. The predicted 5’ untranslated region is unusually
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long. Primer extension and S1 nuclease mapping indicated
that the cloned cDNA was colinear with the mRNA and that
the 5’ untranslated region is about 820 nucleotides (data not
shown). The amino acid sequence included all four of the
peptides that were found in protein B of RPF.

The sequence of pNF1/X contained an open reading frame
encoding 441 amino acids with a predicted molecular weight
of 48,842 (Fig. 5). Preceding the putative initiator methionine
was an extremely G+C-rich 5’ untranslated region (86%
G+C). The first upstream terminator codon occurred 168
nucleotides upstream. S1 nuclease mapping showed that the
mRNA was colinear with the ¢cDNA and predicts a 5’
untranslated region of at least 337 nucleotides. The predicted
amino acid sequence encoded by pNF1/X included se-
quences that corresponded to peptides A3/B2 (residues 123—
138 in Fig. 5) and A2 (residues 99-111). There was no
identical match with any other peptides obtained from RPF
proteins A and B.

DISCUSSION

The sequences of all NF1-like proteins studied to date are
compared in Fig. 6. The hamster genome contains at least
three NF1-like genes. RPF proteins A and B are derived from

-481

-541 CCGGATCCTGCTGCAGTGTTCGCGGCGGTA ACCTTGAACTTTCCCAGCGCGGTGACACAT Pty

CTCGCTTTCCCCACCGCCCGGCCTCC TGCGCCCCCCACCCCGCCTTTTITTAAAAA AAGCATTTCATCACCCAGCACCACCCCAAT CCAACCTATACCGAACCCTCGAGCACCCCA
Aece AACAGAAAACAAATCCCCCAAACCGGGCGA CCAGCAGCCTACACCGGCGGCGGCCTTGGA GAGCTCGGCCGGCGCGCGCGGACCGCAAGA  -241

CAACAACAACTGCAA
TTTCACCCC

GATGAATTCCACCCATTTATTGAGGCGCTT CTTCCA

-121

CTGGCTTTG
TTTTCTTGGGCAT moocccumccc‘rmuococuc‘rc i;o

CCCGTCCTCA'
ATGATGTATTCTCCCATCTGTCTCACTCAG CACGTCCGTGCAA'
mmzryrs.rmncc”m‘l‘hrcln upclumm.rnmncclunu.;s LeuProHisValArgAlalleAlaTyrThr ‘rrprhulnbeuclulurﬂ.ywys

'CAAAGATGAG CTGCTCAGCGAAAAGCC

B1
CATCCAGGCTCCTGGCCAAACTG 240

TACTTTAAAAAGCACGAGAAACGAATGTCC AAGGATGAGGAAAGAGCGGTCAAAGA' CCGAAATCAAGCAG
‘ryrrhc!.ysl.yslulclul.y'mthr Lympcluclwla‘hll.ymﬁlu lauhuSchluLy-ProGluIchysclg LlewAltSchl.Ly'b:g

'ATCCAACCCAGAC 'AAGATTAGGAGGATCGACTGC 360

CGCAAAGACATCCGCCAGGAGTACCGGGAG GACTTTGTGCTCACCGTGACTGGCAAGAAG CACCCGTGCTGTGTCTT. GAC CAGAAGGGT.
Ar;!.ympnmgclnclu‘ryrugclu upmVulhuMall'hrclyLnl{za lli.trrow.c’lv;u.ous.run?roﬁs Glnl..ysclyl.y.nurﬂrgllmpq'

CTGCGGCACGCAGACAAAGTCTGGCCTCTG GATCTACTCATGGTGATCCTGTTCAAAGGC ATCCCTTTGGAGAGTACCGATGGCGAGCGG CTCATGAAGTCC!
LeuArgClnAlaAsplLysValTrpArgleu AsplLeuValMetVallleLeuPhelysGly IlePtouucluSeﬂ'hrnpclyclu%;s LmaH.tLy:SerProHilesThrAln{:;
140

B2

TATCACA GTATCAGTTAAGGAGCTTGACTTGTTTTTG GCATACTACGTGCAGGAGCAAGATTCTGGA CAATCAGGAAGTCCAAGCCACAATGATCCT

480

600

GCACTTTGCTCTTCAGCCACACCA
Alammvuclmom-muhm ValSerValLysGlulLeuAspLeuPheleu AlaTyrTyrValGlnGluGlnAspSerGly GlnSerGlySartroSeﬂlimmpggg
170

ACCTTGAGGAC AGTTTTGTAAAATCCGGAGTCTTCAATGTA TCAGAACTTGTGAGGGTATCCAGAACACCC ATAACCCAGGGAACTGGAGTCAACTTCCCA
SerPheVallLysSerGlyValPheAsnVal SerGluLeuValArgValSerArgThrPro IleThrGlnGlyThrGlyValAsnPhePro

GCCAAGAATCCTCCAGGAT.
AlaLysAsnProProG lmruuGlu;:E

ATTGGAGAAATACCCAGCCAGCCATACTAT CATGACATGAA’
lmlﬁlullem“rclnPn‘ryﬂ’yr llimpﬂetuns.rclyVamMgzg
B4

ATGGAGCCAAGTCCTACAGGAGACTTTTAC CCCTCTCCAAATTCACCAG
mtclu!rosarm‘nu'clyuprhcryr

'AGCTCTACATCT!

B3
720

B4

TTCTGGTGTGAACCTGCAG AGGTCGCTGTC!'TC‘K‘CCACCAAGCAGM AGACCCAAAACTATATCCATAGATGAAAAT 840

SerProProSerSerLys ArgProLysThrlleSerlleAspGluAsn
270

280

TCAAGATATG TCTTCTCCAACTACCATGAAGAAGCCCGAG 960

CTGCTGGAAGT CGAACATGGCATGAAAGAGA'
ms-rrrouns.rPtoAlulnclygct m!’hﬂrpuiaclmmpalmpﬂet SerSeranthysLylProgég

'GAGCACTTTCCCC CAGCACCACCATCCCGGAATACCTGGAGTC GCACACAGTGTCATCTCAACTCGAACTCCA 1080

AAGCCACTATTT. 'CCACAG GATTCTTCCCCAAGATT!
LysProLeuPheSerSerThrSerProGln Mpkr&rrrm;uuhr‘nu‘rbogzg Glnﬂisﬂism:mlynol’mlyggl Alm;s-rvunosnzrhrmmgzs

330
CCATCAAGC

TCCAACAATCAGATATCCT CCCCATCTGAATCCTCAGGATACTCTGAAG 1200

CCTCCACCCTCACCGTTGCCATTTCCAACG CAAGCTATCCTTCCTCCAGCCCCA' TACTTTTICTCA'
homms.rmmrnmm;'hz Glmlallmrnrmlﬂro;orgcr Tyrrms.rﬂislnmllnmryrrzg Proﬂilmnrtoclmyﬂnﬂml.ys

AACTATGTCCCTTCTTATGACCCATCCAGT CCTCAAACCAGCCAGCCTAACAGCAGTGGT

GTGCCTGGCCATTTC ACTCCTGTCTTGGCACCCTCTCCCCATCCC 1320

CAAGTGGTAGGGAAA!
Mntyﬂal?roteﬂyrnp?rohr:or ProGlnThrSerGln!roMnSchcrzly G1lnValValGlyLysValProGlyHisPhe m!roVallmmltms.rPrcHilm
10 20 430

AGTGCAGTGCGACCTGTGACCCTGACCA'
s.rn.v.mgrrov.lmmmn‘u:
50

CATGAATCAAAAC GGCAGGCATTTATACCCCAGTACCAGTGAG GAT.

TG ACAGACACTAAACCCATCACTACATCCACT GAAGCCTACACAGCCTCAGGTACATCTCAA GCCAGTCGATATGTGGGACTAAACCCAAGA
ThrAspThrLysProl lorhrrhrs.x“l::g GluAlaTyrThrAlaSerG ly'l'hrs.tcltox AllScrmbrValclyl.ouAsnPer'

1440

ACATTGGGAATTACTTGGCAAAGTCCT 1560

GACCCATCCTTCCTGCATCAGCAACAGCTG AGGATTTGTGACTGGAC
upProSormhunilclnclnclnzg mlloCympTrpThﬂhtunGlng;g GlyArgHisLeuTyrProSerThrSerGlu AspThrLeuGlyIleThrTrpGlnSerPro
510 520

'CCTTTCCAA CTG'

CCGGCA AATGTCCAAAATTATGGGTTGAACATAATT GGAGAGCCTTTCCTTCAAGCAGAGACAAGC 1680

GGTACCTGGGCTAGCTTGGTT TCAAACAGGACACCCATCTTA!
c1ymnm1.s.ruuv.1mth.§;3 vns.:um.mrroncmrruza AsnValGlnAsnTyrGlyLeuAsnIlelle GlyGluProPheLeuGlnAlaGluThrSer
5 550 560

AACTGAGGGGAAAGAAAACACAACAATAGT ATAAGAAAATTAGGGGGAAAACACTCAAAG CAAAGGAAAAGAAGACTGGACGAAAGGGAG AAAGGAGAGAGACTGAAGAAAGAAGACCAT 1800

Asniik

AAGACCAGCATTGCAGCACX‘CACMTCM AATTCCCTCAAGGCTGAAACTATAATGACA CGAAAGGGTTGATGATGTCTCACTGATGCT AGTCTGCAGCCCCTGCAACGT.
'AGATGTTC TTTCTCTATGACAATATATTTTAACTGACT TTCTAGATGCCTTAATATTTGCATGATAAG CTAGTTTTCTTGGTTAGTATTCTTGTTGTT 2040

TACA'
TACGCATGGAGTCA mnccmﬂncr CAC

"AGGAGGCGGCGTCACA GGTGCTGGGGA!
AAAAAATATATATATAATATCTCAGTAGCC TTTAGTTATCCATACAGATTTATTAAATTT TGGCCCTTAACCCAGCCTTTTCCAGTGTGT AACCCAGTTTGAAA'
AAAAAAGTGAAAAATAGGAAAAAAAA

1920

CAGAGCCATGAGCCAGCCA

TTTCTTAAAGTTA 2160
TTTTAAAAAAGAAAAA 2280

Fi1G. 4. Nucleotide sequence of cDNA for pNF1/Red1 and predicted amino acid sequence of the protein. Nucleotides are numbered on the
right; nucleotide 1 is the adenosine of ATG that encodes the putative initiator methionine; negative numbers refer to the 5’ untranslated region.
Amino acids are numbered underneath the sequence; residue 1 is the putative initiator methionine. Amino acid sequences corresponding to
peptides B1-B4 are underlined. The sequence in the coding and 5’ untranslated regions and >95% of the 3’ untranslated region was determined
on both strands. Although the library was constructed by oligo[d(T)] priming, the lack of a poly(A) tail and consensus poly(A) addition signal

- suggests that this cDNA was generated by internal priming.
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ATGTACTCCCCGTACTGCCTCACCCAGGAT GAGTTCCACCCGTTCATCGAGGCGCTGCTG "ACACCTOG TTCAACCTGCAGGCGCGGAAGCGCAAGTAC
MetTyrSerProTyrCysLeuThrGlnAsp GluPheHisProPhelleGluAlaLeuLeu Ptol!hV‘lAr.Ald’hoSorTerthrp WIMllkgLylk‘Lleyr
10 20

TTCAAGAAGCACGAGAAGCGGATGTCAAAG GATGAGGAGCGCGCGGTGAAGGACGAGCTG CTGGGCGAGAAGCCTGAGATCAAGCAGAAG TGGGCATCCCGGCTGCTGGCCAAGCTGCGC
PhelysLysHisGluLysArgietSerLys AspGluGluArgAlaValLysAspGluLeu LeuGlyGluLysProGlulleLysGlnLys Tm‘lﬁ.rhﬂnnhﬂldnhﬂ:g
50 60 70

AAAAGACATCCGOCCTGAGTTCCGAGAGGAC TTCGTGCTGACCATCACCOGCAAGAAGCCC CCCTGCTGCGTGCTCTCCAACCCCGACCAG AAGGGCAAGATCCGGCGGATTGACTGCCTG
LysAsplleArgProGluPheArgGluAsp PheValLeuThrIleThrGlyLysLysPro ProCysCysValLeuSerAsnProAspGln LylGl’L’lIldt;Ar‘IlohprlL;g
90 100 110 1

CGCCAGGCTGACAAGGTGTGGCGGCTGGAC CTGGTCATGGTGATTTTGTTTAAGGGGATC CCCTTGGAAAGTACTGACGGGGAGCGGCTC TACAAGTCGCCCCAGTGCTCGAACCCCGGC
At‘GlnAlMlpLylV‘l‘h:pAt.kn‘lp LeuValMetVallleLeuPheLysGlyIle PMluSomepGlyGlmgIAu TyrLysSerProGlnCysSerAsnProGly
140 160

CTGTGCGTCCAGCCACATCACATTOGAGTC ACAATCAAAGAACTGGACCTTTATCTGGCT TACTTTGTCCACACTCCGGAATCCGGACAA TCAGATAGTTCAAACCAGCAAGGAGATGCG
LeuCysValGlnProHisHisIleGlyVal ‘l‘htlld.ylGluInnAlpIM‘l‘eroMll TyrPheVallisThrProGluSerGlyGln hzhpSorSo:hnGlnGlnGlyhpAll
170 190

GACATCAAACCACTGCCCAATGGACACTTA AGTTTCCAGGACTGCTTTGTGACTTCCOGG GTCTGGAATGTGACAGAGCTGGTGAGAGTA TCACAGACTCCTGTTGCAACTGCATCAGGG
AspIleLysProLeuProAsnGlyHisLeu SerPheGlnAspCysPheValThrSerGly ValTrpAsnValThrGluLeuValArgVal SerGlnThrProValAlaThrAlaSerGly
210 220 230 240

CCCAACTTCTCGCTGGCAGACCTGGAAAGC CCCAGTTACTACAACATAAACCAAGTGACC 'TCACCTCCCCTCCT TCCACCAGCACCACCAAGCGCCCCAAGTCC
ProAsnPheSerLeuAlaAspLeuGluSer ProSerTyrTyrAsnlleAsnGlnValThr LeuGlyArgArgSerIleThrSerProPro SerThrSerThrThrLysArgProlysSer
250 260 270 280

ATCGATGACAGCGAGATGGAGAGCCCAGTT GATGACGTGTTCTATCCTGGGACAGGCCGC TCCCCAGCAGCTOGCAGCAGCCAGTCGAGT GGATGGCCCAATGACGTGGATGCAGGCCCT
1leAspAspSerGluMetGluSerProVal AspAspValPheTyrProGlyThrGlyArg SerProAlaAlaGlySerSerGlnSerSer Gly’l‘rp?xollnthnlhpAlﬁly?m
290 300 310 320

GCTTCTCTAAAGAAGTCAGGAAAACTGGAC TTCTGCAGCGCCCTCTCCTCTCAGGOCAGC TCCCCACGCATGGCTTTCACCCACCACCCG CTGCCTGTOCTTGCTGGAGTCAGACCAGGG
Almxmﬂlﬂl“ﬂﬂyl’ylw.p mm‘lwmlmr SerProArgietAlaPheThrHisHisPro LeuProValleuAlaGlyValArgProGly
350 360

ABCCCCCOGGCCACAGCATCCOCCCTECAC TTCCCCTCCACGTCCATCATTCAGCAGTCC AGCCCGTACTTTACACACCCGACCATCCGC TACCACCACCACCACGGGCAGGACTCCCTG
SerProArgAlaThrAlaSerAlaleullis PheProSerThr8erIlelleGlnGlnSer SerProTyrPheThrHisProThrIleArg TyrHisHisHisHisGlyGlnAspSerLeu
370 380 390 400

GGCTCGGGTCAGGCCACTOGACAGCATTCA
Glmlﬁmlmlﬁhlhm GlnArgGlnAlaProProleuP: ‘1.91,

LysGluPheValG1nPheValCysS
410 440
TTCTGAACATCCCACAGCASTCTCAGTCCT WTIMW murw AGTAAAAATATATCAAACTGTTTCTTTGTA
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Fi1G. 5. Nucleotide sequence of cDNA for pNF1/X and predicted amino acid sequence of the protein. Nucleotides and amino acids are
numbered as described in Fig. 4. The entire sequence was determined on both strands. A poly(A) tail and consensus poly(A) addition signal

(AATAAA) are located at the 3’ end.

two of these genes. Protein B is encoded by NF1/Redl, one
of the cDNAs that was isolated in the current study. Protein
A appears to be encoded by pNF1/L, which was cloned from
the rat (9). The peptides from protein A show only 3
mismatches out of 81 amino acids when compared with rat
NF1/L (Fig. 6). These 3 mismatches, which involve amino
acids at the extreme COOH terminus of two of the five
peptides, may reflect peptide sequencing error or species
divergence. The peptides of protein A show a lower level of
identity with the other NF1-like proteins (at least 14 mis-
matches out of 81 residues).

The third hamster gene is the one encoding pNF1/X. This
cDNA was obtained by screening a hamster cDNA library
with an oligonucleotide corresponding to a protein sequence
shared by all known members of the NF1 family. The
sequence of pNF1/X did not correspond to either of the
hamster RPF proteins and, therefore, pNF1/X must be
encoded by a third hamster NF1-like gene. A fourth member
of the NF1 family is NF1/CTF, which has been isolated so
far only from human cells (3). This gene undergoes alterna-
tive splicing to generate three proteins, none of which
matches the sequence of the hamster genes or rat NF1/L. It
seems likely that the hamster genome contains a fourth gene
for the NF1 family which would encode NF1/CTF.

The NF1-like proteins shown in Fig. 6 show a nearly
complete identity over the first 170-190 amino acids at the
NH,-terminal end, and a lower level of identity in their
COOH-terminal portions. All of the peptides isolated from
proteins A and B of RPF are found in the NH,-terminal half
of the proteins. This suggests that both proteins had been
cleaved proteolytically, and only the NH,-terminal half was
isolated. Inasmuch as these proteins were isolated by oligo-

nucleotide affinity chromatography, the NH,-terminal half
must contain the DN A-binding domain. A similar conclusion
was reached by Paonessa et al. (9).

The COOH-terminal portion of each of the four NF1-like
proteins is enriched in serine, threonine, and proline. They
account for 32-40% of the amino acids in this region. Jackson
and Tjian (24) showed that many transcription factors,
including NF1/CTF, are subjected to O-linked glycosylation.
The serine/threonine-rich COOH-terminal half of the NF1-
like proteins may be the site of this modification.

Why are there so many different NF1-like proteins? The
NH,-terminal regions, which contain the DNA-binding do-
mains, are nearly identical in all of the proteins, implying
similar DNA-binding properties. Indeed, all of these proteins
recognize TGG. Purified RPF or NF1/CTF does not bind to
every TGG-containing sequence, and thus nucleotides out-
side of this core element must influence DNA-binding spec-
ificity, raising the possibility that some of the protein se-
quence divergence at the NH, terminus may contribute to
differential DNA binding. However, it is unlikely that this is
the sole reason for the sequence divergence. A more likely
hypothesis, based on the current studies and those of others
3, 9), is that the divergent COOH-terminal regions of the
proteins may engage in protein-protein interactions that
modify the DNA binding.

A working model to explain this diversity is shown in Fig.
7. This model shows two promoters with TGG sequences that
are capable of binding any NF1dike protein. In vivo, these
two genes bind different members of the NF1 family. Differ-
ential binding occurs because gene A has a downstream
sequence (designated by the box) that binds to a hypothetical
protein, Y, which in turn binds to the COOH terminus of
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EDTLGITWQSPGTWASLVPFQVSNRTP ILPANVONYGLNI IGEPFLQAETSN*

F1G. 6. Comparison of the sequences of four NF1-like proteins.
Sequences were aligned with the use of the UwWGCG computer
program (23). Gaps introduced to maximize identity are represented
by dots. Residue numbers refer to NF1/Redl. Residues are boxed
when the amino acid is identical in three of the four proteins (or two
of the three proteins at the COOH terminus). An asterisk denotes the
end of the protein. Amino acid sequences for hamster NF1/Red1 and
hamster NF1/X were deduced from the cDNA sequences in Figs. 3
and 4, respectively. Amino acid sequences for human NF1/CTF1
and rat NF1/L were deduced from cDNA sequences in refs. 3 and
9, respectively. The partial sequence of protein A of RPF was derived
from the amino acid sequences of tryptic peptides A1-AS in Fig. 1.

NF1/Redl. This binding stabilizes the protein-DNA com-
plex and assures preferential binding of NF1/Red1 to gene A.
Gene B contains a different downstream sequence that binds
protein Z, which binds to the COOH terminus of NF1/CTF.
Through these protein—protein interactions, a relatively non-
specific TGG sequence, which can bind many NF1-like
proteins, is transformed into a highly specific sequence that
will stably bind only one of them. If the downstream
recognition element is TGG on the opposite strand, then two
TGG-binding proteins can interact to form a stable complex.
This would explain why the purified RPF or NF1/CTF binds
to the rotationally symmetric site¢ TGGN,CCA in vitro with
a higher affinity than the TGG half-sites (1, 5). If a TGG
sequence occurs in the absence of a neighboring protein-
binding sequence, then it will bind NF1-like proteins only
with low affinity. This requirement for multicomponent
binding would prevent NF1-like proteins from forming stable
complexes with TGG sequences throughout the genome.
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Fic. 7. Model for diversity of transcriptional regulation by
NF1-like proteins.

This model would be consistent with the data of Chodosh
et al. (2) who found that NF1-like proteins bind to DNA with
highest affinity when present as heterodimers. The second
component of the heterodimer would be analogous to pro-
teins Y and Z in Fig. 7. The model also raises the possibility
that the Y protein that binds to the HMG-CoA reductase gene
is sterol-sensitive, thus allowing the transcriptional activity
of its NF1-like protein to be negatively regulated by sterols.
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