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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/Redl, 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 NFl-like
proteins. It is likely to contain a fourth gene, corresponding to
NF1/CTF, which was previously cloned from the human. The
NH2-terminal sequences of all four NFl-like proteins
(NFl/Redl, 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 gene 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). NFl-like pNroteins 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 ofthe human a-globin gene (1). NF1/CTF binds
with highest affinity to sequences that contain the inverted
repeat TGGN7CCA. 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-

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 ofan insertion in the middle ofthe
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
cDNA 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 NH2 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 I
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 TGGN7CCA (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 NFl-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
NFl-like proteins. The evidence suggests that the hamster

Abbreviations: HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme
A; NF1, nuclear factor 1; PCR, polymerase chain reaction; RPF,
reductase promoter factor; CTF, CCAAT-box-binding transcription
factor.
tPresent address: Department of Biochemistry, University of Mas-
sachusetts Medical School, Worcester, MA 01605.
§The sequences reported in this paper are being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession nos. J04122 and
J04123).
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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-labeled probes (16).
Amino Acid Sequence of RPF Peptides. Approximately 300

pmol of purified RPF (5) was subjected to NaDodSO4/
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) C8 column in 0.1% trifluoroacetic acid
with a gradient of 0-50%o (vol/vol) acetonitrile for 120 min at
50 ttl/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).
cDNA 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
,g of EcoRI-cleaved AgtlO 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 l05 plaques were screened. Replica filters were hybridized
in 25% (vol/vol) formamide (11) containing 32P-end-labeled
oligonucleotide probe at 5 x 106 cpm/ml (see below). Filters
were washed in 4x SSC (lx SSC = 150 mM NaCl/15 mM
sodium citrate, pH 7) plus 0.2% NaDodSO4. 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 (Ml3mpl8 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 NH2- 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]ATP 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).
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Peptide Ainio Acid Sequence

Al *FAYTVFNLQAG

£2 K P P C C V L S N P D Q I

£3 QADXVVR LD LV V I LFK G I P ? LV

4 *Q PE NGI LGF Q D ? FV

AS V S Q T P I A A G T G P N F S L S D L E ? S ? Y

31 *IAYTVFNLQA

32 *A D K V V R L D L V V I L F K

B3 L D L F L A Y Y V Q E Q D S G Q ? G S P

34 P I T Q G T G V N F P I G E I P S Q P

FIG. 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 NaDodSO4 (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 Al-A5 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 NaDodSO4/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 NH2- and
COOH-terminal ends ofpeptide 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 AgtlO 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 ofRPF (protein B); it is designated pNFl/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. pNFl/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 mRNA
in the same tissues (lanes 3 and 4).

PCR Primer-1

2P-CCIa;EA*4 TOG CGO TT GQC CTC GTC AT£ C01 TC CT A
A3-COOK

Gin Ala Asp Lys V. Trp Arg Leu Asp Leu Va1 Met Val Ile Leu I'Ph Lys Gly Ile Pro
A3-N112 AT T

ATTC IM IG

PCR Prlmer-2

FIG. 2. Generation ofacDNA 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 ofRNA. Total RNA (20 Ag) 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 pNFI/Redl (lanes 1 and 2) or nucleotides 98-
993 ofpNF1/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 Mr 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 ofpNF1/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

- 541 CCGGATCCTGCTGCAGTGTYCGCGGCGGTA ACCTTGAACTTTCCCAGCGCGGTGACACAT -481
TCTCCTCGCTTTCCCCACCGCCCCCTCC TGCCCCCCCACCCCCccTTT -TTTAAAAA AAQcATTTc&TcAcccAGcAccAcCccAAT CcA&CCTATACCGACCCTCGAGCACCCCA -361
AGCCCAC CMCCAMCAACTGCAA C^cAGAACAAATCCCCCACCGGGCGA CCACCAGCCTACACCGrCGCGGGCCTTGGA GAGCTCGGCCGGCGCCG CCAAGA -241
GGGTTMUCTGTAGATTGGATTTCAC=CC GGGAMTCTAGCACGCCGACTGACTTGAA TCTTTGGCTATTTAAGGAGGCTGOGTTTG TTGCGAAITTGCGGTATCOOG*CACGAGC -121
CCcGTCCTATTGATCGCATCGCCGCT0GG CTCAGTGACTCTAAAATGATAGATGAM TCCTCGCTTCTCGCATTTCTTCCGCAT CTCCGGCATCGTTTTMAAGcGAACTC -1
ATGATGTATTCTCCATCTGTCTCACTCA GATGAATTCCACCCATTTATTGAGGCOCTT CTTCCACACGTCCGTGCAATCGCCTACACT TGTTCAACCTGCAGGCTCGAACGCAAG 120
IetletTyrSrProIllCysLuThrGln AspGluPh*IisProPheI01luAlL@u L~uProHisValAr"l-&IAlSTyTThr TrpPheAsnLeuGlnAlArgLy5ArSLys

10 20 B1 40

TACTTTAAMAA0rCACGAGACGAATg A GAGC TCCAAAGATGAG CTGCTCAGCGAAAAGCCCGAATCMGCAG AAGTGGCATCCAGGCTCCTGGCCAACTG
TYrPh&LvsLhs1is.luLyYAh&KtSer LyaAspGluGluArAl1VlLysAspGlu LeuL uSerGluLysProGlulleLysUln LysTrpAlaS*rArSLeuLeuAlaLysLeu

S0 60 70

240

s0

CGCAALGACATCCGCC GGATACC GCTTTGTGCTCACCGTGACTGGCAAGAAC CACCCGTGCTGTGTCTTAT CCA CAGAC CAGAAGGGTAAGATTAGGAOGATCGACTGC 360
ArgLysp pleArSGlnGluTyrArSGlu AmpPh*VA1L uThrV&lThr1lyLysLys HisProCysCysValLeuSerAsnfProASp GlnLysGlyLysIl*ArSArgIApCys

90 100 110 120

CTCGOCCACCCAGACACTCTGCCGTCTC CATCTACTCATGGTGATCCTGTTCAAAGGC ATCCCTTTGGAGACTACCGATGGCGAGCGG CTCATGAAGTCCCCACACTGCACAAACCCA 480
L.uArSGlnlaAspLysV1lTrpArgeu AxpLeuVSlMtV&lleLeuPheLySGly IleProLouGluSerThrAsp~lyGluArg Leu~etLysSerProHisCysThrAsnPro

82
140 150 160

GCACTTTTCTGTCAGCCACACCATATCACA CTATCAGTr=GAGCTT"ACTTGTTTTTG CATACTACGTGCAGGAGCAAGATTCTGCA CAATCAGGAACTCCAGCCACAATGATCCT 600
AlaLuCysV&1G1DWroHIsdiSIleThr Va1SerValLysGluLeuAspLeuPheLeu AlaTyrTyrV1lGlnGluGlnASpSerGly GlnSer~lyS~rProSerl~isAsnAspPro

170 B3 200

TCAGACTTCTCGAGGTATCCAGAACACCC ATAACCCAGGGAACTGGACTCAACTTCCCA 720
AlaLyssnProProGlyTyrLeuGluAxp S rPheValLysSerGlyValPheAsnVal SerGluLeuValArgValSerArThrPro IleThrGlnGlyThr~lyVaUsnPhePro

210 220 B4
ArTCGACTACCCAGCCAGCCATACTAT CATACATGATTCTGGTGTGAACCTGCAG AGGTCGCTGTCTTCTCCACCAGCAGCAAA AGACCCAAAACTATATCCATAGATGACAT 840
Ill.ly~luIleProSerGlnProTyrTyr RisAspfietAsnSerGlyValAsnLeuGlfn ArgSerLeuS-rSerProProSerSerLys ArgProLysThrIleSerIleAspGluAsn

B4 250 260 270 280

ATGGACCCMGTCCTACAGGC =TTTAC CCCTCTCCAAATTCACCAGCTGCTGGAAGT CGAACATGGCATAAGAGATCAAGATATG TCTTCTCCAACTACCATCAAGAAGCCCGAG 960
HetGluProSerProThrGlyApPheTyr ?roSerProAsnSerProAlaAl&GlySer ArgThrTrpHisGluArAspGclnAspIet SerSerPromhrThrMetLysLysProGlu

290 300 310 320

AAGCCACTATTTAGCTCTACATCTCCACAG CATTCTTCCCCAAGATTGAGCACTTTCCCC CAGCACCACCATCCCGGAATACCTGGAGTC GCACACAGTGTCATCTCACTGAACTCCA 1080
LysProLou~h.SerS-rThrSerProGln spSerSrProArgLuSerThrthePro GllliisHislisProGlyIleProGlyVal AlilisSerVaIl-eSerThrArgThrPro

330 340 350 360

1200CCTCCACCCTCACCMTTGCCATTTCCAACG CAA=CTATCCTTCCTCCAGCCCCATCAACC TACTTTTCTCATCCAACAATCAGATATCCT
ProProProSerProL~uPro~hProThr GlnAlaIleLeuProProAlaProSerSer TyrPheS-rlisProThrIleArgTyrPro

370 380 390 400
AACTATGTCCCTTCTTATGACCCATCCAGT CCTCAA&CCAGCCAGCCTAACAGCAGTGGT CAAGTGGTAGOGAAAGTGCCTGGCCATTTC ACTCCTGTCTTGGCACCCTCTCCCCATCCC 1320
AsnTyrValProSerTyrAspProSerSer Pro*lnThrSerGlnProAsnSerSerCly GlnValValGlyLysValProGlyHisPhe ThrProValLeuAlaProSerProHisPro

410 420 430 440

SerAlaVc1ArgProValThrLouThrftbt ThrAspThrLysProIl-ThrThrS-rThr CluAlaTyrThrAlaSerGlyThrSerGln AlaSerArgTyrValGlyLeuksnProArg
450 460 470 480

GACCCATCCTTCCTGCATCAGCAACAGCTG ACCATTTGTGACTGGACCATGAATCAAAC GGCAGCCATTTATACCCCACTACCAGTGAG CATACATTGGGAATTACTTGGCAAGTCCT
AspProSerPheLeuiisGlnGlnGlnLeu ArglleCysapTrpThrfetAsnGlnAsn GlyArgHisLeuTyrProSerThrSerGlu AspThrLouGlyIl*ThrTrpGlnS-rPro

490 500 510 520

GlyThrTrpAlaSerLeuValProPhbGln VclSerAsnArgThrProIleLeuProAla
530 540

AATGTCCAAAATTATGGGTTGAACATAATT GGCAGACCTTTCCTTCAAGCAGAGACAAGC
AsnValGlnAsnTyrClyLeuAsnIleIle GlytluProPheLeuGlnAlalluThrSer

550 560

1440

1560

1680

Asn***
AAGACCAGCATTGCAGCACTCACAATCACT
TACATGAAOTCCGCTGGGACATAGATGTTC
TACGCATGGAGTCACTATTCCTGGTTATCT

SASTATATATATATCTCAGTAGCC
AAAAAAGG =A

ATAAGAAAATTAGGGGGAAAACACTCAG CA GAAAAGAACACTGGACA AA ACCCAT

AATTCCCTCAAGGCTGAAACTATAATGACA CGAAAGGGTTGATGTGTCTCACTGATGCT ACTCTGCAGCCCCTGCAACOTAGCCTTTGT
TTTCTCTATGACAATATATTTTAACTGACT TTCTAGATGCCTTAATATTTGCATGATAAG CTAGTTTTCTTGGACTATTCTTGTTGTT
CACCAACAAGGCTAGGAGGCGGCGTCACA GGTGCTrGGGACAGAGCCATAGCCAGCCA TTTTGTGAGCACTCTGTTTCTTAAGTTA
TTTAGTTATCCATACAGATTTATTAAATTT TGGCCCTTAACCCAGCCTTTTCCAGTGTOT AACCCAGTTTGATTTT"AAA AAAA

FIG. 4. Nucleotide sequence ofcDNA for pNF1/Redl and predicted amino acid sequence of the protein. Nucleotides are numbered on the
right; nucleotide 1 is the adenosine ofATG 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.

1800

1920
2040
2160
2280
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-337 CCIrTtC ----S G ^G UAC aN
CGCGCGGGA _AGa _:CGGGCGCGGGCGACTGGGCCGACGOO
-_---_.- C--- CAGCG6
ATOTATCOtCOTAGCTOCCTICACCCGT GATCACGTAZAGGTCCCTCAMW"C=CWrCTACCATS __=="C"TC

Ph*AsnLwuGlnAla.rSLyaArgLyuTyr
40

Nt7tTyrSBrProTyrCyuLuThrGlnAsp GluPheiisProPh*IllGluAlaLeuLeu ProlisValArolaPh SrTyrThrTrpI
10 20 30

1TC-C"=ISGICGG_ __GOOTGAGACAGT'
Ph.LysLyslisGluLysArgfttS~rLys AspGluGluArgAlaValLyspGluLeu

50 60

ISJCAAGAL0CC

,c ICIGAGAGAr CAGAAG TrTC C
LguGlyGluLysProGluIleLysGlanLy TrpAlaSerrgLuLeuAlaLysL~uArg

70 80

,ccT cccC cAG AGGCAGTSG0GGATGGCC
Lys"pIl.ArgProGluPheArgGluksp Ph.ValLeuThrIl.ThrGlyLysLysPro ProCyuCysValL ugrAsnProAspGlu LysGlyLysIl.ArgArgIl*spCyuLeu

90 100 110 120

-241
-121
-1
120

240

360

CGCCAGOCTGc~ACA1GTGTGGCGGCGAC AWNA1TF1GGGGTC
ArgGlnlaAapLyuValTrpArgL~u~p LeuVaIlItValI1.uPh*LyGlyI1.

130 140

L uCysValGlnPro~isHsIleGlyVal
170

AspIl*LysProLeuProAauGlyHisLeu

ProL uGluSerThrAspGlyGluArSTsu TyrLyaS*rProGlnCysSerksnProGly
iD 160

ACMCAAG~C1'G~CT!AT~GC TAT1GT~ACAT0~9GAT~0GCMTCGAUTAGTICAMACCAGCALGGAGATO0G
ThrIl.LysGuLuAspLaulyrL uAla TyrPh.ValbisThrProGluSerGlyGln S~rAapS*rS~rAsnGlnGlnGlyAspAla

160 190 200

AGTICCAGGACTUCTFrrGACI7cOGG GTCMGTOTOACAGCIGAG&GMA TCACAGACTcCCTU1TCAACTGCATCA0GG
8.rPh.GlnApCy*Ph*ValTh7rerGly V&lTrpAsnValThrGluL1uValArgVal S4rGlnThrProValAlaThrAlaSerGly

210 220 2301 240

CCCAACrITCGCTGGCAXTGAAAC CCGCCC CCCCC
PriAsnPh.S rL uAlaspL1uluSer ProSrTyr~lyrAunIlsnGlaValThr L uGlyArgArShrIllThrSerProPro B*rThrSerThrThrLysArgProLysSer

250 260 270 280

A~cGATGACA~cGAGATI3GAGAGCcCAGIT GlGU TACICTOlCCAGCCA GGATGGCCCAATGCAGTGGATGCAGGCCCT
l1.ApAupS.rGluMetGluS rProVal AupAspVa1PlTyrProG1yThrG61yArS 8.rProAlaAleGlySerS~rGlnSer8*r GlyTrpProAsnAspValAspAlaGlyPro

290 300 310 320

AlaSdrLeLLysLyu8erGlyLysL uAsp PheCysSz AlaLruSbrShrGInGlyS*r SrProAr*IttlaPhThrIislisPro LuProValL~uAlaGlyValArgProGly
330 340 350 360

A^cScaGO9~Ch.CAGC&T~~90CCTGCAC TACCACTC
8.rProhrgAlaThrAlagerAlaLla~is PhePro84rThrS~rIl*IleGlnGla8r SorProTyrPh*ThrlisProThrIl*Arg TyrlisliulislliGlyGlnAsp8.rL*u

370 380 390 400

LysllueValGlaP *ValCysSrAp GlySerGlyGlnAlaThrGlyGlnlsBer GlaArSGhAlaPloProLmuProA1Gly L uSerAlaSerAspProGlyThrAlaThr
410

Ph*____

420

llATBTWAMATTIGTATAST a _ _

430 440
MCMTATAAAMALGCIf h0AAATATATTCAAAC1VTC1TICTA

FIG. 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 NFl-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 NFl-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
NH2-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 NH2-terminal half
of the proteins. This suggests that both proteins had been
cleaved proteolytically, and only the NH2-terminal half was
isolated. Inasmuch as these proteins were isolated by oligo-

nucleotide affinity chromatography, the NH2-terminal half
must contain the DNA-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% ofthe 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

NH2-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 NH2 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 NFl4ike 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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FIG. 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 NFl-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 NFl-like protein to be negatively regulated by sterols.
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1

NFl /Redl ICCVLSNPDQKG IDCLRQADKVWRLDLVNVILFKGIPLESTDGEJ
NFl1/X PPCCVLSNPDQKG IDCLRQADKVWRLDLVMVILFKGIPLESTDGER
NF1/CTFI VLSNPDQKG IDCLRQADKVWRLDLVMVILFKGIPLESTDGE!
NFI/L PPCCVLSNPDQKG IDCLRQADKVWRLDLVNVILFKGIPLESTDGEJ
A Peptides PPCCVLSNPD >DKVWRLDLVMVILFKGIP ?LV

195
NF1/Redl HH
NF1/X HHIG LDLYLA .NQQ
NFl/CTF1 HHIG LDLYLAY
NFl/L HHI LLYAYsQP

242
NF1/Redl [ tMAI^.SFLRT IG
NF1/X j KAIIPIm. IQVTSGTELVRVS A PNFS
NF1/CTF1 SI FVT EL TGPNFS
NF1/L H QDSFVT LVRVSQTP TGPNFS
A Peptides e

288
NFl/Redl QP HDMNSGVN S ... ISI
NF1/X LjSPstNI.NQVT DD
NF1/CTF1 . NPHLATDL
NF1/L |DLE.SNYYSM.. SP RS
A Peptides DLeS?

330
NF1/Red1 .SP . DQDM. STT
NF1/X F GTG NDVD S G.. LS
NFl/CTF1 PNF1l/L TG RGSo. S P.. T .
NF1/Red1 S S H AHSVISTRTPPP P PP
NF1 /X qSPs4 MN PG. ffRIATA HPT q.$
NF1/CTF1 S TQH V .AVHSGIAEPS. HFP
NFl/L T R A.... EHAT PGP

NF1/Redl PSYPHF-.s.SA.LT.....TS.... G..
NF1/X GYT HSQF
NFl/CTF1 | Y CA PP L.
NF1/L JPTP P P P T TSTEGGAASPTSLN

467
NFl/Redl G3VPGHF .P79^VV L~}~fG . .
NF1 /X ..............>P-GSAStITATF*
NFl/CTFl IJF$PSHCLSAQAPPG ...... p_
NF1l/L GWtNPFLP PlP PM 1P PT

NF1/Redl G ROPS H RICDWTMNQNGRHLYPSTS
NF1/CTF1 S.PANGLGPRD.1.... SKY
NF1/L SPAN. DS I SKY

561
NF1/Redl EDTLGITNQSPGTWASLVPFQVSNRTPILPANVQNYGLNIIGEPFLQAETSN*

FIG. 6. Comparison of the sequences of four NFl-like proteins.
Sequences were aligned with the use of the UWGCG computer
program (23). Gaps introduced to maximize identity are represented
by dots. Residue numbers refer to NFl/Redl. Residues are boxed
when the amino acid is identical in three of the four proteins (or two
ofthe three proteins at the COOH terminus). An asterisk denotes the
end of the protein. Amino acid sequences for hamster NF1/Redl 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 ofprotein A ofRPF was derived
from the amino acid sequences of tryptic peptides Al-AS in Fig. 1.

NFl/Redl. This binding stabilizes the protein-DNA com-
plex and assures preferential binding ofNFl/Redl 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 NFl-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 TGGN7CCA 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 NFl-like proteins only
with low affinity. This requirement for multicomponent
binding would prevent NFl-like proteins from forming stable
complexes with TGG sequences throughout the genome.

1
NF1/Redl
NF1/X
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