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Role of NRF-1 in bidirectional transcription of the
human GPAT-AIRC purine biosynthesis locus
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ABSTRACT artificial chromosomes have been isolated that contain human

) GART which encodes the trifunctional enzyme for steps two,
GPAT and AIRC encode enzymes for steps one and six three and five in the purine pathwag).(However, there is
plus seven respectively in the pathway for  de novo  presently no further analysis of tB#\RTgene.
purine nucleotide synthesis in vertebrates. The human In rat fibroblast$SPATandAIRCmMRNAs both showefs- to
GPAT and AIRC genes are divergently transcribed from 6-fold increases in the, phase of the cell cyclB)( consistent
a 558 bp intergenic promoter region.  Cis-acting sites  with co-expression. There is no information currently about
and transcription factors important for bidirectional factors that are utilized to coordinate expression of genes for the
expression were identified. A cluster of sites between de novopathway_ It is known, however, that one or a small
nt215 and 260 are essential, although not sufficient, for number otis-acting sites are sufficient for co-expression of other
expression of both genes. Two proteins from HepG2 divergently transcribed genes (see for exarviple) and thus
cell nuclear extract, identified as NRF-1 and Spl, could provide a mechanism to coordinate production of the
bound to the promoter at sites within the 215-260 enzymes encoded KHPAT and AIRC. In this report we have
region. NRF-1 was required for stable binding of Sp1. identifiedcis-acting sequences and transcription factors that are
Deletion of a 5 ' promoter region including nt 215-260 necessary for bidirectional transcription of the huBBAT-AIRC
resulted in decreased expression of ~ GPAT and AIRCin  |ocus. This provides a starting point for determining how the six
transfected HepG2 cells. The decreased expression genes required for IMP synthesis are coordinately expressed.
was accounted for by point mutations in an NRF-1 site
and either of two flanking sites for Spl. These MATERIALS AND METHODS
transcription factors account in part for the coordinated o )
expression of human GPAT and AIRC. GPAT transcription start site

The GPAT transcription start site was determined by RNase

INTRODUCTION protection {4) using a kit from Ambion. Total RNA was isolated

from HepG2 cells by the Csflltracentrifugation method ).
De novosynthesis of purine nucleotides proceeds by a 10 stdwvo antisense RNA probes, nt 410-773 and 518-773fig.
pathway to the branch point intermediate IMP. AMP and GMRvere synthesizea vitro by T7 RNA polymerase and radiolabeled
are each derived in two steps from IMP. Six genes encode thith [a-32P]ATP.
enzymes for IMP synthesis. Three of these genes in vertebrates,
GART AIRC andIMPS code for multifunctional enzyme$)(  Plasmids

GPAT, which encodes the enzyme for step one and is the kel’¥1e humarGPAT-AIRCintergenic region nt 2773 (Fith was

regulatory enzyme of the pathway, has been found to be clos%h/m . :
: . ed into the pLUC/CAT-3 bireporter promoter probe vector
linked on human chromosome 4URC(steps six and sever){ p) to give the two possible orientations of the intergenic region

- . 1
whereas the remaining genes for the pathway are all on d|ffer.rq plasmids pHLC-1 and pHLC-2 (see FI§). A series of

chromosomesGPAT andAIRG, along WithGARTandADSS1 %&Ietions was introduced into the intergenic region as described

g)I)D’Aqrrae\r:giIcl)?n(ljyh\;(\a/retet?ergﬁleigggfes doffr(t)?ﬁ Eﬁ?&;y(&ug)fggglon eviously (L6). In the course of verifying the deletions both strands
human ). In these animalS€PAT and AIRC areldivergently of the entire intergenic region were sequenced multiple times.

transcribed from an intergenic promoter region@80-625 bp. : .

Whereas exon/intron organization and coding sequences ;ll'rrgn&ent transfection and reporter assays

highly conserved in these mammalian and avian genes, therédispG2 cells were grown to 60-80% confluency in Eagle’'s
only limited nucleotide sequence similarity in the intergenieninimum essential medium (MEM) supplemented with 10%
region of the human and rat genes and there is no recognizateial bovine serum at 3 with 5% CQ. Cells were transfected
nucleotide sequence similarity between the comparable intergebig the calcium phosphate procedur®) (using 8ug CAT-LUC
regions in the chicken and mammali@PAT-AIRC Yeast reporter plasmid and® RSV-acZplasmid (8). All transfections
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= DNA binding proteins, the same pattern of binding was obtained
2 with or without non-specific DNA, thus non-specific DNA was
E omitted. The binding mixture was incubated for 15 min at room

AIRC temperature. For supershift experimentspllantiserum or

control serum was added after the 15 min incubation. The mixture

GPAT

Pvull

tatcctaagtgggctgagggetgogacegegecgygaagegaggcagaact ctagasaag 0 was incubated for an additional 15 min at room temperature prior
B ———— to elgctrophqresis on a 5% polyacry_lamide gb]_’).( The .
gct gc2 following antisera were used: goat anti-NRF-1 raised against
ACTCTTTT CGAGCTCCGCTACAGCOGCCTARCCCGGAGCCETATCCECEGAGACTGARAC 180 recombinant NRF-1 was a generous gift of Richard Scarpulla
@“’ (Northwestern University Medical School); non-immune goat
GCGGATATCOGGEA 240 . . . .
goa NA serum was from an unrelated goat; rabbit anti-TLS raised against
CO00GC CTOOGEE00EC0CCGE0GECTCRCCCAGTEC00CCACAGAOGAARAGTGGOGOGCA. 300 recombinant TLS was provided by David Ron (Department of

Medicine, New York University Medical Center).

DNase | footprinting was carried out according to standard
ACCGACTCACAAGTTOGACCGTACCAAGTCTTGACGGCCTCOCGGAA GOATCCAGGAKG 420 procedures 1(7) with incubations for protein—~DNA binding
similar to those for gel shift. DNA probes of 167 (nt 180—346) or
276 (nt 2—277) bp containing GC boxes gc-4, gc-5, gc-6 and
CCTACTG TTOGCTGCTE GAAAATAACCCACATTTCCACGTGCACCAA ATACAGCTTTCCA - 540 NRF-1 site N1 (Figl) were made by PCR. The fragments were
labeled with $2P]JdCTP at one end.

CTGGEOGEECCCCTOCCCACTCTGOGGAAGCTOECATACCCOGGCCCCTTICTCGECTGORGG 360
GGCATAT GAAGGCTAAA TGCTCTGAAA GAGARATGAG GTTAAGTCCG TTACTCCCAT TAC - 480

GGCAGCTCTTAGGCEGAAGGCTAGCTOC ACCCTACAGCATCCGTGACCOCGCCCCTCAGCC 600
—> gc7
GOEEGEAC G5 COCTCCCECCCCICGCTCC TIGGIG gact cggaggggdagdagcagagctga 660
gc8 gc9

getggecacgecacctagggacagegegegecgecgcagtagetggggecaccetogaga. 720 Purification of HeLa cell DNA binding activity

aggaagagcctgtgegagegegaget tetgagetegacgggecgagetggeagetggtty 780
Hela cells were grown in spinner culture in MEM with 10% calf
serum at 37C to a cell density dfil0® cells/ml. Nuclear extract

] ) ] ] o o was prepared from 15-20 | batches of céll§ énd stored at
Figure 1. AIRG-GPATIntergenic region. A schematic diagram is given ontop _gee . For purification of the DNA binding activity, nuclear
showing the region between transcription start sites (thin line) '&fTRS . Do
(boxes) forAIRC andGPAT The nucleotide sequence 6E5Rs is in lower  €Xtract from a 20 | batch of cells was precipitated with 50%
case. ANot site (not in the gene) was attached to nt 2 for cloning. GC boxes(NH4)2SOy and the resulting pellet dissolved in 4 ml TM buffer
(gc-1 to ge-9) and recognition site 1 for NRF-1 (N1) are shown. The ATG containing 50 mM Tris—HCI, pH 7.9, 12.5 mM MgCL mM
initiation codon forAIRC and GPAT immediately precedes nt 1 and follows  EDTA 1 mM dithiothreitol (DTT), 10% glycerol. The entire
nt 840, but is not shown. solution was applied to a 28 cm column of Sephacryl S-300
equilibrated in TM buffer plus 0.1 M KCI. Fractions containing
DNA binding activity were pooled, 2@@/ml sonicated salmon
sperm DNA added and the glycerol concentration increased to
%. Aliquots were applied to three 1 ml DNA affinity columns
uilibrated with buffer Z (25 mM HEPES, pH 7.6, 0.1 M KClI,
.5 mM MgCh, 1 mM DTT, 20% glycerol, 0.1% NP40). Each

gtgcttacaccttggecgcageggcaggtect tecacgtgetttoggeggegac 840

were repeated at least twice. Two thirds of the cells from a 35
dish were used to prepare extract for the chloramphenic
acetyltransferase (CAT) assay and one third for luciferase (Lué

an.d P‘gé"ados'da!se assays. CAT was assayed by Fhe Iqug lumn was washed four times with 2 ml buffer Z containing 0.2 M
scintillation counting proceduré ). LUC andp-galactosidase KCl and proteins were then eluted batchwise with buffer Z

activities were determined by chemiluminescent assays 5% A ; ; X
: X X .cantaining increasing concentrations of KCl: 1 ml 0.3 M, 1 ml
described by the suppliers of reagents (Promega and Tropix). Li Y M, 3 ml 0.5 M, 1 ml 0.6 M. Fractions eluted by 0.5 and 0.6 M

emission was measured as relative light units (RLUs) using el o - -
) > . . containing DNA binding activity were pooled and the salt
Monolight 2010 luminometer (Analytical Luminescence Laborac ncentration%vas reduced ?o 0.2 MyKCI Wit?l buffer Z. Sonicated

) : C
tory). All enzyme assays were in duplicate and results averag%ﬁimon sperm DNA was added to the diluted fraction as before
Protein concentration was determined by the Bradford proced IS '

- i e solution was incubated on ice for 10 min and applied to the
(20). CAT and LUC specific activities from at least three separa - :
: X : L ame three DNA affinity columns that had been used previously,
transfections were normalized fgalactosidase activity. stripped in buffer Z containing 1 M KCI and equilibrated with

0.2 M KCI. Elution was by the same batch method as the first
Protein—-DNA binding time. Fractions with DNA binding activity in buffer Z plus 0.5 M

KCI were pooled and stored at <80 To determine the protein
Incubations for gel shift assay of protein—~DNA binding containedoncentration of the affinity purified binding proteins, 10%
25 MM HEPES, pH 7.6, 50 mM KCI, 0.1 mM EDTA, 0.1% NP40 trichloroacetic acid was added to a 300aliquot and frozen
10% glycerol, 10 mM MgG| 2 ug BSA, 10 fmol32P-labeled  overnight at —86C. After thawing, the precipitated protein was
DNA probe, binding protein (25g nuclear extract, 2 ng affinity electrophoresed on an SDS-7.5% polyacrylamide gel with
purified protein or 20 ndescherichia coliextract) and 419  known amounts of bovine serum albumin alongside. After silver
non-specific  DNA [sonicated salmon sperm DNA orstaining (7), the quantity of binding protein was estimated by
poly(dl-dC)]. The final volume was 20. Sperm DNA was used comparison with protein standards. Data from three 15-20 |
as non-specific DNA for detection of binding to site N1 andreparations were combined for the purpose of summarizing the
poly(dl-dC) was used for binding to GC boxes. With purifiedesults of protein purification, as given in Table
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Table 1. Purification of site N1 DNA binding activigy

12 34
Fraction Protein Specific activity Total activity Purification  Yield 630 G
(mg)  (U/mgp ) factor (%) G
Nuclear extract 390 70 27 300 1.0 100 I;_ a - 140
Gel filtration 48 404 19 400 5.8 71 G
DNA affinity 1 0.012 13x 10P 15 600 18 600 57 g
DNA affinity 1 0.024 35x 10P 8400 50 000 31 B37 T

apyrification was froniR.8x 100 cells obtained from 50 | growth medium.
bA unit of activity is defined as the protein required to shift 20% of 120 fmol

labeled oligonucleotide under standard mobility shift conditions. Figure 2. RNase protection to determine tBAT transcription start site.

Antisense RNA corresponding to nt 412—733 (lanes 1 and 2) and nt 518-733
The DNA affinity columns were prepared by annealing 34mexlanes 3 and 4) was hybridized to|2) HepG2 RNA (lanes 1 and 3) or 29
oligonucleotides 'SGATCCCCGCCGCGCAGGCGCAGAGAC- 1A (lanes 2 and 4) and after Ritase digestion was run alongside a sequencing
) adder size standard on a 6% polyacrylamide sequencing gel. The arrow marks
GCGACCCC am_j @ATCGGGGTCGCGTCTCTGCGCCTGC' the position of the single 140 nt protected fragment. The size of the protected
GCGGCGGG, ligating the double-stranded oligomers end-toragment defines the transcription start site, G at position 634.
end with T4 ligase and coupling the ligated dsDNA to CNBr-

activated Sepharose by the method of Kadorzga (

CAT ACTIVITY LUCIFERASE ACTIVITY
. . . 8 RLU/ ug/
Preparation and sequencing of peptides (108 cmp/ mg/ hr) (103 RLU/ ug/ 10s)
Affinity purified protein was concentrated by centrifugation with .., ¢ 4002 T e 0.3 +/-0.005
a Centricon-10 membrane and precipitated with 10% trichloro- pLUG/ CAT-3

acetic acid at —8@ overnight. Approximately 70 pmol protein
purified from 100 | HelLa cells were electrophoresed on a

SDS-7.5% acrylamide gel and stained with Coomassie blue. TH&® *~ %3 189+/-28
stained protein band was excised, cut into pieces and digested

with 0.6 ng protease Lys-C (Wako Quality Research Products) in P GPAT

50 mM Tris—HCI, pH 9.0, 0.02% Tween 80 at'@7for 15 h. 14.4 +/- 3.3 - e 39.9+/-8.2
Digested peptides were recovered by two extractions, each with AlRC P

200l 60% acetonitrile, 0.1% trifluoroacetic acid at&7for
20 min. The combined extracts were concentrated td B0a Figure 3. Constructs used to assay bidirectional promoter funGieNFAIRC

; —773 with addeBst adapters was inserted into the polylinRst site of
rotary evaporator under vacuum and peptldes separated B%C/CAT—& Values fo€CATandLUC are the averages §tandard deviation)

reverse phase HPLC using a C18 column and peptide detecugpat least three transfections, each assay done in duplicate. Results are
at 214 nm. Peptide sequencing was carried out using an Appli@drmalized againgt-galactosidase of a co-transfected RBgal plasmid.
Biosystems gas phase sequenator using standard operatiRig/, relative light units; FPst site.

procedures.

indicative of a transcription start site at nt 634. This transcription
start site extends tl@PATS' untranslated region'(8TR) 72 nt

A plasmid having full-length NRF-1 cDNA under control of thefrom that estimated previously from the pseudogene. The 558 bp
T7 promoter was provided by Richard Scarpulla (Northwestelintergenic region between start sites for transcriptigtiR€and
University Medical School). Overexpression was obtained iGPAThas a GC content of 66% and contains no TATA or CAAT
E.coliB834(DE3) induced by 1 mM IPTG atZlin LB medium  boxes. The positions of nine GC boxes, potential sites for Sp1, are
(23). Cells were grown for 6 h after induction. An extract wagnarked in Figurel, along with N1, a binding site for the
obtained by breaking cells in a French press and centrifugatiorti@nscription factor NRF-1. Several errors in the previously
27 000g for 30 min. NRF-1 accounted fai0% of the soluble reported sequence (accession no. U00239) were corrected.
protein. Affinity-purified HeLa Spl was purchased from Promega.

Binding of Sp1 was assayed by gel shift using a 25 bp synthefigomoter analysis

oligonucleotide or with fragments of tPAT-AIRC promoter.

Recombinant transcription factors

To determine basal promoter function the intergenic region, nt
RESULTS 2-773 (Figl) with Pst adapter sequences at each end was ligated

in both orientations into thest site of the bidirectional promoter
The GPATtranscription start site was estimated previously fromeporter vector pLUC/CAT-3 to give ti@AT andLUC transcrip-
the position of a pseudoger®.(We have now determined the tional fusions shown in Figui® Using this vector we assayed
5'-end of theaGPATMRNA by RNase protection using RNA from CATandLUC reporter activities from the same extract, prepared
HepG2 cells and two different RNA probes. High expression dfom a single dish of transfected HepG2 cells. The results of CAT
GPATIn liver (24) dictated the use of HepG2 cells. The probesind LUC assays for the two promoter orientations are given in
correspond to nt 412—773 and 518-773 (BigWith each RNA  Figure3. The data allow two independent assessments of relative
probe a single protected fragment of 140 nt was obtaine@)Fig. promoter strength for transcription in ti&PAT and AIRC
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directions. Expression @PATwas 1.3-fold greater than that for
AIRC based on comparison of tEAT reporter and 2.1-fold 12345
greater based &UC. These results are consistent with the earlier e -+bound
finding of 3- to 4-fold greater expression in tRBAT direction
relative toAIRC using a single reporter systef). (
One objective of this work was to identdig-acting elements
necessary for promoter function in order to understand the basis
for bidirectional GPAT-AIRC transcription. As a first step, the
intergenic region was scanned using a series of deletions similar
to those used for the chickdBPAT-AIRC promoter {6).
Plasmids with deletions were transfected into HepG2 cells and

the two reporters were assayed to monitor transcription in the h - free
GPATandAIRCdirections. A deletion of nt 2—414 had the largest

effect on bidirectional transcription. TranscriptionAdRC was 20 mer:  COCCOGCAGECECAGAGAIGCGACCOOGCT
decreased to 26% a@PATto 57% of the intact promoter (data Mulanl:  GOCGHCAGEUGCAGAGAUSCGACTOOECE

not shown). The basis for decreag®RC transcription was
complicated, however, by the removal of the nat#tu&C Figure 4. Protein binding to N1/gc-5 30mer. The nucleotide sequence of the
transcription start site at nt 76 in the 2—414 deletion. NevertheIes_%meiér is shown égdl pﬁ_SfittionS of N1and 030-5 él;e ma:rked- Tthe f blfthl rtnutation
; ; ower case. Gel shift assay usin e nuclear extract with native
thIS re.SUIt S.l'lggeStS t.hat the region t.)e'fween nt 2 and 414 conta a%]es 1-6) and mutant (Ianesy7 ang@S) Sé)mer: lane ', digitted, lane 2,
cis-acting Slt.eS r.eql'“red for t_rgnscrlptlon GPAT aﬂd, perhaps competition by 50-fold molar excess wild-type 30mer; lanes 3, no competitor
AIRC The situation was clarified by identificationai$-acting DNA; lane 4, 200-fold excess unlabeled Sp1 oligomer; lane 5, mutant 30mer.
sites required for protein binding vitro and bidirectional  The film was cut to remove irrelevant lanes.

expressionn vivo described below.

o . . o _ specificity. A CG-TT replacement abolished protein-DNA
Identification of a cis-acting protein binding site binding (Fig4, lane 5). The 12 bp repeat sequence was not found

in a search of a transcription factor datab and was thus
A gel shift assay was used to search for protein binding fro ovisionally called sitele. aseQ)

HepG2 nuclear extract. When the entire intergenic promoter wasgegylts similar to those shown in Figdrencluding the effects

scanned, binding was detected with a DNA fragment containing on_specific DNA, were obtained with nuclear extract from
positions 2—-414 but not to one containing nt 415-773. Usinge) 5 cells (not shown). The gel shift with nuclear extract from
subfragments, the binding was narrowed down to positions 2-244| 4 and HepG2 cells was similar using the nt 2277 and

(not shown). During the course of these experiments differegfhetic 30mer probes. In addition, virtually identical DNase |
patterns of protein binding were detected depending on the tyfb%tprints were obtained.

of non-specific DNA that was included in the assays. With
non-specific sperm DNA the gel shift was not competed by
200-fold molar excess of unlabeled Spl oligonucleotide, indicati

no binding to any of the six consensus GC motifs in this regian order to determine if N1 and gc sites 4, 5 and 6 have roles in
(Fig. 1). With poly(dl-dC) non-specific DNA, smeared bandsiranscription, we introduced mutations into these sites and
indicative of weak binding were obtained and these protein-DNéxamined their effect on bidirectional transcription in transfected
complexes were competed by a 100-fold molar excess pfepG2 cells. The mutations, all 2 bp replacements, are outlined
unlabeled Spl oligonucleotide (data not shown). DNase ih Figure5, together with the results GAT andLUC reporter
footprinting was carried out to identify the protein binding sitesgssays. An N1 site mutation redu@AT expression to 20% of
Footprints were obtained when sperm DNA was used to suppresg native promoter activity andJC expression was decreased
non-specific binding, but not for the weaker binding obtained iBy [30%. Thus, site N1 is seen in Figir¢o have a role in
the presence of poly(dI-dC). A DNase | footprint localized proteipidirectional transcription. Individual mutations in each of the
binding to the sequence between nt 218 and 244 (not shown, B¢t boxes resulted in modest decreases in bidirectional expression.
see Fig8, lanes 1 and 2, for a related experiment). This regionhe effects of the GC site mutations, although not large, were
contains a 12 bp direct repeat, GCGCAG GCGCAG, and is flankedmparable for each direction of the promoter. When the site N1
by Sp1 sites 4 and 5 (Fig). and GC box mutations were combined the main effect was further
A 30 bp synthetic oligomer designated N1/gc-5, nt 218-24feduction of GPAT expression by gc4 and gc6. There was no
was used to further characterize the protein—DNA interaction. éffect onAIRCbeyond the decrease attributed to the N1 mutation
gel shift experiment with N1/gc-5 30mer and HepG2 nucleagxcept for gc6, in which case the mutation partially restifRe
extract is shown in Figuré. Sperm DNA was used to inhibit expression to the N1 mutant. This effect is unexplained. Overall,
non-specific binding in this experiment. Comparison of lane fhese results demonstrate that factors binding to this complement

with lane 3 shows a Mg requirement for protein-DNA binding. of sites are required for bidirectional transcription.
Lane 2 demonstrates competition by a 50-fold molar excess of

unlabeled 30mer. Lane 4 shows that a 200-fold excess of Sg
oligonucleotide had no effect on protein binding, confirming that
Spl does not bind in the presence of sperm DNA. Examinatidn order to identify site N1 protein(s) we purified the binding

of protein binding to the N1/gc-5 DNA with a 2 bp replacemenactivity assayed by gel shift. Since similar site N1 binding was
in the 12 bp repeat sequence provided further evidence fdetected from both HepG2 and Hela cells, HelLa nuclei were

r%unctional analysis of site N1 and neighboring gc boxes

drification and identification of site N1 protein(s)
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2 [CoCGoC|9c4  [COGCCC] geé 773
EATil' lii_!gcs —Luc] 1 2 34 5 8
GCGCAGGCGCAG| [0CCCeoe - -l -
GPA
(AIRC) N1 (GPAT) 200 — f =
|
Relative activity (%) 116 — ﬁ
Mutation 97 —
CAT Luc
N1 GHCAGGCGCAG 20.0+/- 42 709+/- 23 i
68— [ —BSA
gc4 CCttCC 75.5+/- 23 763 +/- 4.2 | .
| |
N1/gc4 179 +/-24 324+/- 3.5
gc5  CCCtCC 67.4 +/- 67 837 +/-11.7 45— NBE
1 222+/-59 62.6+/-10.7 . . . . .
N1/ges Figure 6. Silver stained SDS—PAGE of HeLa cell proteins at various stages of
gc6 CCtCC 70.4 +/-141 57.5+/- 3.3 purification. Lane 1, molecular mass standards; laneu, Muclear extract;
) : lane 3, 1ug Sephacryl S-300 fraction; lane (4,00 ng first DNA affinity
N1/gc6 47.1+/-6.6 309+ 2.9 fraction; lane 5115 ng second DNA affinity fraction; lane 6, 5 ng bovine serum

albumin. It is not understood why apparently identical bands in lanes 4 and 5
Figure 5. Inhibition of bidirectional transcription in HepG2 cells by N1, gc-4, are in slightly different positions.
gc-5 and gc-6 site mutations. Sites N1, gc-4, gc-5 and gc-6 in the bidirectional
reporter vector pHLC-2 are shown schematically on top. Mutations are shown
for each of the sites by lower case lett€AT andLUC activities ¢ standard
deviation) relative to the wild-type control are averages from at least three
separate transfections of HepG2 cells. Each assay was done in duplicate and
values were normalized agaifisgalactosidase from a co-transfected plasmid.

1234567 89101112

(Goatserum: kT omch g =
Anti-NRF-1] ==+ —-——+4+ —=—+—- - +

o ]

used for the purification. A protein fraction was purifi&® 000- st “
fold and the results are summarized in Talaled Figur®. Three

purification steps, gel filtration and two cycles of DNA affinity

chromatography led to a fraction with a single silver stained e
protein band of molecular m&sg0 kDa. This fraction contained

all of the recovered site N1 binding activity and the same DNase
| footprint as obtained with HepG2 nuclear extract (data not
shown). The purification was repeated two additional tiwiés,
results similar to those shown in Tabland Figures.

Protein sequencing was carried out to identify the binding
activity in the purified fraction. No sequence information was
obtained fromi#0 pmol intact protein extracted from a gel slice,
suggesting a blocked N-terminus. For a second attéffppmol
site N1 protein were electrophoresed on a SDS—7.5% polyacryl-
amide gel and the 70 kDa Coomassie Blue stained protein band
was digested with Lys-C. A series of peptides was resolved by
HPLC after extraction from the gel slice. Sequences were
obtained for six peptides. Two peptide sequences,
VFGAAPLQNVVRK and AFIPEMLK, correspond exactly with
transcription factor NRF-12{). Two peptides of eight and nine
residues and two 16 amino acid sequences correspond exactlyFtgure 7.NRF-1 gel shift and supershift. Gel shift assay using: lanes 1-3,
protein TLS £8). No other peptide sequences were obtained thad0 Mg Hela nuclear extract; lanes 4£8, ng affinity purified HeLa NRF-1;
might correspond fo a thid protein. Therefore, the purified®= 2,20 1601 eXectconanng eeopbin I anes o 12 ore

. . . L L . . . . - . gthe
fraction with site N1 binding aCt'V't}’ Conta'ned_ two proteins, binding reaction, Jul goat NRF-1 antiserum oril non-immune goat serum
NRF-1 and TLS, each shown previously to migrate on SDS+was added where indicated and the protein—-DNA complexes were resolved by

polyacrylamide gels with an apparent massi@f kDa. electrophoresis on a native 5% polyacrylamide gel. Lanes were counted for
radioactivity with a Packard Instant Imager electronic autoradiography system

and the figure is a printed display of the recorded image.

—on @D

spouse - -eue®

Binding of NRF-1 to site N1

The N1 12 bp motif corresponds to a consensus NRF-1 binding

site determined previously, PyGCGCANGCGCPQ).(To confirm  and recombinant NRF-1 (lane 7). NRF-1 antiserum supershifted
binding of NRF-1 to th6& PAT-AIRC 12 bp motif, recombinant the complex formed with each of the proteins (lanes 3, 6 and 9),
NRF-1 was overexpresseddrroliand used for a gel shift assay whereas control serum was without effect (lanes 2, 5 and 8). The
with N1/gc-5 oligonucleotide and NRF-1 antiserum. The resultsontrols in lanes 10-12 show that there was no DNA binding by
are shown in Figuré A similar gel shift was obtained with HeLa E.coliproteins nor was there a supershift by anti-NRF1 or control

nuclear extract (lane 1), affinity purified HeLa protein (lane 4serum in the absence of NRF-1.
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N1/gc-5 30mer (not shown). Although this promoter DNA
fragment contains sites gc4, gc5, gc6, N1 and N2, it was not
Sp1 S e B possible to detect interactions of proteins from nuclear extract
=T oo = 4 3 o with Sp1 and NRF-1 sites because conflicting conditions were
12345678 required to obtain specific binding to the two types of sites. Sperm
oD PO g DNA was most effective to detect specific binding of nuclear
v - proteins to NRF-1 site N1 but inhibited binding of Spl.
Poly(dl-dC) was needed to detect specific binding of Spl but
- - inhibited binding of nuclear proteins to site N1. It was, however,
2 possible to demonstrate an NRF-1-Sp1-DNA interaction in
experiments with purified Spl, purified NRF-1 and promoter
200 DNA carried out in the absence of non-specific competitor DNA.
- This interaction is shown by the DNase | footprints in Figure
-4 There was no Sp1 footprint for the DNA/Sp1 mixture (lanes 3 and
b gc 4). However, Spl bound to gc4, gc5 and gc6 in the presence of
218 NRF-1. As shown in Figur8 (lanes 1 and 2), purified HelLa
= NRF-1 bound to nt 218-244, sequences that include NRF-1 site
N1 - N1. With addition of Sp1 to the HeLa NRF-1/DNA mixture the
N1 site N1 footprint was expanded to include gc4, gc5 and ge@(Fig.
s lanes 5 and 6). This NRF-1/Sp1 footprint contains a DNase |
244 hypersensitive site, marked in Fig@eright side. NRF-1 thus
- E increased the binding affinity of Sp1 to the three neighboring GC
sites.

gc-5

gc-6 DISCUSSION

L1265 The humarnGPAT and AIRC genes are divergently transcribed
from a 558 bp intergenic promoter region. In previous work the
human intergenic promoter region was isolated, transcription
start sites foAIRC determined and promoter function estimated
by cloning the promoter in both orientations into a single reporter
vector @). We have now determined the transcription start site for
GPAT by RNase protection and identifiets-acting sites and
transcription factors that are used for bidirectional transcription.

Figure 8. Footprints of NRF-1— and Sp1-promoter complexes. The promoterMutation of sites N1 and gc4, gc5 or gc6, between nt 214 and 260,

fragment, nt 180—346, labeled wittP at its 3.end was incubated with 5 or ~ resulted in decreased bidirectional expression. N1 is a key site for

10ug purified HeLa NRF-1 (lanes 1 and 2 respectively), 50 or 100 ng Sp1 (lanepidirectional transcription of these genes. It is the only site in the

3 and 4 respectively) or 5 ng purified NRF-1 plus 50 or 100 ng Sp1 (lanes 5 angromoter for high affinity binding of nuclear proteins under the

6 respectively). No proteins were bound to DNA for lanes 7 and 8. Boxes to th diti that df | shift and footorinti B
left and right show boundaries of protected regions. A hypersensitive site igonditions that were used 1or gel shiit and rootprining. Gecause

marked by a black box. The photograph was cut to remove irrelevant lanes. N1 was not identified in a transcription databa@$e2(), it was
necessary to purify the binding protein for identification as
NRF-1. Two lines of evidence support a central role of NRF-1 in
We were unable to determine, using anti-TLS serum, whethBidirectional expression. First, binding of NRF-1 to site N1
TLS had a role in binding of NRF-1 to the oligonucleotide or waiicreased the affinity of Sp1 for flanking GC sites. Second,
a contaminant. This is because anti-TLS cross-reacted with natiVitation of N1 indicates a major role of this site AJRC
and recombinant NRF-1 in gel shift experiments and increaséf@nscription and a requirement together with gc4 or gc6 for
the mobility of the NRF-1-DNA complex. A supershift was not€oncomitantGPAT transcription in transfected HepG2 cells. It
observed. There was no cross-reaction of anti-TLS with denaturglgould be noted, however, that the data in Figurevhile
NRF-1 in a Western blot. Thus, the effect of anti-TLS on théupporting roles of NRF-1 and Sp1 for bidirectional expression

-
-

s-88--aa

NRF-1 gel shift is unexplained. in HepG2 cells, do not providevivoevidence to support the idea
that Sp1 binding to GC sites is dependent upon NRF-1 binding to
NRF-1-Sp1 interaction site N1. The data in FiguBeshow that interaction of Sp1l at gc4

and gc5 supported parti@PAT expression, although natRC
In vivo mutation assay suggests that both NRF-1 and Spl haeepression, when binding of NRF-1 to site N1 was blocked by
roles in transcription. It is important to determine if there is angnutation. Therefore, the conclusion that Sp1 binding to GC sites
interaction between these factamsvitro. Initial evidence for is dependent upon NRF-1 is derived solely fiowitro gel shift
weak binding of Spl to the promoter was obtained from geind footprinting experiments. NRF-1 was affinity purified
retardation experiments with HepG2 nuclear extract and a 167 tygether with an RNA binding protein, TLS. Since TLS is not
fragment, nt 180—346. Two shifted species, obtained in low yieldnown to bind to DNA and was not required for binding of
were competed by a 100-fold molar excess of unlabeled Spdcombinant NRF-1 to the promoter, we assume that co-purification
oligonucleotide, but not by the same molar excess of unlabelags a result of non-specific interactions.
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A potential site for NRF-1 binding is also found in the rateduce transcription only partially and to different extents in the
GPAT-AIRC promoter and it remains to be determined whethewo directions, suggesting that other elements contribute to
NRF-1 has arole in co-expression of these genes in rat fibroblagtemoter function. Indeed, CTC box motifs located within the
(5)- An NRF-1 site is not found in the promoter region of thdirst introns of COL4A1 and COL4A2 as well as intergenic
divergently transcribed chick@PAT-AIRCgenesq). Thismay CCAAT and GC boxes3f), may contribute to bidirectional
reflect different requirements fafe novopurine nucleotide transcription. Although th&PAT-AIRC promoter doesn't contain
synthesis in birds and mammals. The pathway in mammaRCAAT or TATA motifs, additionatis-acting control elements
functions solely for biosynthesis of purine nucleotides, whereas the intergenic promoter, as well as in downstream positions,
in avian species there is the added function of synthesizing ulikely have roles in expression which remain to be determined.
acid for excretion of excess nitrogen. NRF-1 and Sp1 binding to N1 and flanking gc sites are thus

Analyses of cytochrome ¢ and cytochrome oxidase promotenecessary, but not sufficient, f@PAT-AIRC bidirectional
led to the previous identification of nuclear respiratory factortranscription. This report provides the first evidence for factors
(NRF), one of which was designated nuclear respiratory factortthat are used to coordinate expression of gends fuovgurine
(NRF-1) £9,30). Functional NRF-1 sites have been identified irsynthesis in higher eukaryotes.
nuclear genes encoding a number of mitochondrial respiratory
proteins, genes for mitochondrial DNA replication and transcriptio CKNOWLEDGEMENTS
and genes encoding enzymes for protein synthesis and raté
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