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ABSTRACT:
An erythroid-specific nuclear protein factor binds to a sequence

rotif GnTrAAG) which is present in the praroter region of the nouse a
and 8Jr glcbin genes, and in the erythroid-specific pranoter of the
human po ilinogen nin ( -D) gene. The protein activity is
conserved across species, being found in nouse eythrolania (NM)
cells, chicken erythrocytes, the humn erythroid K562 and KIVE cell lines,
but rt in a variety of non-erythroid nouse tissues or in HeLa cells.
Functional analysis of this elenent in the a glcbin gene prcmoter by
stable transfection experinents sbow that the GITAAG sotif resides in a 68
bp sequence which has a stisulatory effect on transcription in souse
erythroleukaemia but not fibrcblast cells. The GATAAG sotif is conserved
in the prcuoters and 3' enhancers of a variety of glcbin and non-glcbin
genes inplying that it is a cis-element involved in the tissue-specific
up-regulation of several genes that are co-expressed during erythroid cell
differentiation.

n1rRoJCrION:
The tissue-specific expression of genes during erythroid cell

differentiation has stimulated the search for ccami features within the

regulatory mechanisms responsible for their transcription. kltiplde
cis-acting elements involved in the erythroid-specific transcripticnal
regulation of the 8 glctin genes, and to a lesser extent in the a glcbin
genes and erythroid-specific non-glciin genes, have been identified
(reviewed in (1)). These functional elements are ocmmonly associated with

tissue specific nclear DNase I hypersensitive sites (DHSS) indicating that

the seuences are accessible for birding uclear trans-acting factors in

vivo. For exaple, sequences at the DHSSs flanking the human B glcbin
nultigene dcmain confer nonial levels of transcriptioal activity on the

human 8 glcbin gene in transgenic mice (2). Similarly, e er elemts

have been identified distrean of the hman a aid yA glcbin genes (3-6),
the chicken OA and aA globin genes (7-9), and the erythroid-specific chicken

histone H5 gene (10). The in vitro interaction of nuclear trans-acting
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factors with these 3' enhancers suggests that both tissue-specific ard
ubiquitous nuclear proteins can interact with sequences in the enhancer.

Cis-acting regulatory elements act directly or indirectly at the prciter

to xwdulate the rate of transcripticn initiation. Conserved sequences in

glcbin gene prcooters such as the TATA, CCAAT and CACCC motifs have been

shown to be essential for transcription (11-13), and their binding by
nuclear trans-acting factors in vivo and/or in vitro has been examined

(14-22). However, there is evidence that the nuclear protein factors that

interact with the CCAAT and CACCC mrotifs are not tissue-specific (17,21-26).
Erythroid-specific nuclear protein interactions with praroter and

dawmnstream glcbin sequences in vitro have also been identified: For exanple,
a poly(dG) hkmpolymer sequence in the chicken aA glcbin gene prroter (15,
16); a sequence (H') in the chicken hatching prcoter (17); the chicken aD

glcbin gene prmoter (19); footprints II, III, and IV in the chicken 0A

glcbin gene 3' enhancer (8); the human y-globin prcuoter (site B2, (25)), and

site B2 in the muse 8rjor glcbin gene second intron (IVS2; (27)).
Footprint analysis of the human 8 (28) and chicken aA (9) glcbin gene 3'

enhancers have also revealed irultiple binding sites for erythroid-specific
nuclear DNA-binding protein(s).

In the course of examining the interaction of nuclear proteins with the

prcrter sequences of the mouse a and 8lior glcbin genes and the

erythroid-specific prciter of the human porphbilinogen deaminase (PBG-D)
gene, it became clear that sequences containing a GATAAG motif are bound by
the sam erythroid-specific and species-conserved nuclear factor.
Furtherore, analysis of the nucleotide sequence required for binding
suggests that the protein is very similar and possibly identical to the
erythroid-specific protein(s) which bind to the pramoters and enhancers of
other globin (9, 17, 19, 28) and non-glcbin erythroid-specific genes.
Functional analyses of the a glcbin gene GATAAG rtif cells sihw that it is
within a 68 bp restriction fragnt that gives an erythroid-specific

stimnlation of transcription. We discuss the inplications of the presence of
the regulatory elernent in prcroter and enhancer elements and its functional
dependence on other adjacent cis-elerents.

MATERIALS AN) MEEHODS:
Cell lines and tissue culture:

Mouse adherent MEL cells (F4-12B2; a gift fran W. Ostertag, Hanburg),
suspension MEL cells (clone M707/T), mouse fibroilast (Sb) and macrcphage
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(J774.2; (29)) cell lines and buman K562 cells were grcwn in Eagles MEM with

double concentrations of amino acids and vitamins (Gibco) and with 10% foetal

calf serun (Biocon). MEL cells were induced to differentiate with 5 mM

N,N'-hexarrethylene-bisacetamide (HMBA) for 5 days.

Plasnid constructions:

Plasimids were constructed using a BanHi to XbaI fragment fran pLW2 (30)

containing the CAT coding sequences and Herpes Sirplex virus-2 IE5 terminator

sequences inserted into pUC12 to give the plasmid p22 (a gift frcm J. Lang,

Beatson Institute).

paAT plasmids were constructed by insertion of subcloned DNA fragments

of the souse a glcbin gene region fran the gencnic reccirbinant lanrbda clone

(31) into the p22 vector.

paCATi : The 720 bp NcoI fragment extending 5' of the initiating ATG

codin of the a glcbin gene was blunt ended with Sl nuclease so as to rerrove

the AIG and was then ligated into the SmaI site of p22.

paCATiAl : This was generated by removal of a glcbin sequences between

the unique ApaI site at -129 bp and the MspI site at -192 bp in paCATi

followed by religation.

paTO: Sequences in paCATi were deleted up to -52 bp relative to the a

glcbin gene cap site by partial digestion with BstNI and subsequent

religation.

pa6O(+/-) CA"I: The ApaI-MspI restriction fragment between -129 bp and

-192 bp was blunt-end ligated into the SmaI site of pIC2OR (32), excised at

the flanking EcoRI stes, and then cloned in either orientation into the EcoRI

restricticn site 5' to the CAT gene in pCATO. The orientation of inserts in

different clones was confinred by restriction trapping and sequencing.

Stable transfection and CAT assays:

1 day prior to transfection, 2 X 106 cells were plated in 20 ml into 80

cm2 dishes and then transfected with 40 jg of CAT plasmid, and 0.5 jig of

Hcmner 6 plasmid (33) by the calciun phosphate co-precipitatian method (34).

Fresh nedium was applied after 18 h. 48h after transfection G418 was added

to 800 jig/na. After apprcxinrately 14 days, transfectants (greater than 50

colonies) were passaged onre at low density (c. 104 cells/ cm2). Where

appropriate, 5 irM HMBA was added 2 days later. Cells were harvested 5 days

after passaging and split into aliquots for CAT enzyme, DNA or RNk analysis.

For CAT enzyme analysis, 2 X 106 cells were lysed by three cycles of freezing

and thawing, and aliquots analyzed for CAT activity (35).
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Nuclear protein preparation:

Nuclei were prepared and extracted with 0.35 M NaCl, the eluate

precipitated with airuniuin sulphate (0.35 g/ml) (36), and then either

redissolved and dialysed against storage buffer (50 mM NaCl, 20 mM Hepes

pH7.9, 5 rM M9C12, 0.1 rrM EDTA, 1 IrM dithiothreitol, and 20% glycerol) to

give the crude nuclear extracts, or fracticnated by affinity chrcmnatography
on calf thynrus DNA-cellulose. The protein fraction eluting fran the

DNA-cellulose between 100 rM and 250 rM airmoniun sulphate (the C4 protein
fraction) was collected and dialysed against storage buffer (16, 36).

Typically, nuclei containing 100-150 mg of DNA resulted in 50 rmg of crude

protein or 2 mg of partially purified protein extract each in a volume of 5

ml. All solutions were made with 0.5 rrM phenylrthyl-sulforyl fluoride and

benzamidine, and 0.1 ig/ml each of pepstatin A, aprotinin, leupeptin, and

bestatin (Sigma). Where indicated, solutions also contained 2 mrM levamisole

and 10 mM 8-phosphoglycerate.
Footprint analysis:

Restriction fragmients were 5' end-labelled with T4 polynucleotide
kinase and y32P-ATP and isolated after secondary restriction as described

(16). Markers were prepared by the chemical sequencing reactions (37).
DNase I footprint protection assays were perforned in a final volurre of

100 4l of storage buffer in the presence of 1 lig of poly (dI-dC): (dI-dC), 2

ng of end-labelled restriction fragTnt, and up to 98 pl (0-25 ig) of

protein in the presence or absence of double-stranded caopetitor

oligonucleotide (100 ng). After DNase I digestion, the nucleic acid was

purified and resolved by denaturing 6% polyacrylamide gel electrophoresis and

autoradiography (16).
Oligonucleotides:

Oligonucleotides were purchased fron Oswell DNA service (Edinburgh
University), and c mpleentary single-stranded oligonucleotides annealled.

The double-stranded oligonucleotides contained Ban*1I and BglII restriction

sites at their 5' and 3' ends respectively. The sequences of the coding

strand of the oligonucleotides containing the (variant) GATAAG rotifs are

shown in Table II. The oligonucleotide containing the mouse a-glcbin CCAAT

was (caP3a): GACGCCGNEAGA A.

Gel shift assays:

Oligonucleotides were 5' end-labelled with T4 polynucleotide kinase and
y32P-ATP, 5' overhangs filled in with the Klenow fragment of DNA polyrirase
and excess deaxynucleotide triphosphates, and purified by electrophoresis on
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a 8% polyacrylamide gel. Labelled oligonucleotide (100 pg) was incubated an

ice for 1 h with protein extracts (0-10 ilg) in the presence of 5 ug of

poly(dI-dC): (dI-dC) in a final volune of 20 4l of storage buffer. Sanles
were electrresed in a 5% polyacrylamide gel in 0.2X TBE for 2 h at 40C at

150V, ard the gel dried far autoradiography.
RNA preparation and Si nuclease protection analysis:

RIk for CAT RNk analysis was cbtained fran stably transfected cell pools
using the irethod of Caxwzynskli and Sacchi (49). A small aliquot of the sane

cells was sirultaneously tested for CT enzyne activity. Apprcxirtely 1-2 x

108 cells were used and these yielded 1.5-3 mg RNh. Poly A+ RNA was selected

according to Maniatis et al (50).

Single-stranded, uniformly-labelled prcbe for Si analysis was cbtained by

the irethod of Bentley (51). The prcbe used here was derived fran an Ml3rcpl9

clone containing a 430 bp MspI fragnent derived fran paCATi extending fran

position-197 bp in the a glcbin gene sequences to 170 bp downstream of the

ATG codon in the CAT gene se es.

Si nuclease protection was perforned as described by Weaver and Weisanan
(52). Hybridisatimn was carried out using prcbe plus 10 jig polyA+ RNA and 40

jg yeast tRNk in 10 4l 80% for:mamide/0.4M NaCL/0.04M PIPES pH6.4/lrM EDTA at

an cptimised tetperature of 400C for 16 h. Hybrids were digested in 250 4l
250M NaCl/1rM ZnSO4/3OrrM Nakc pE4.6 using 20 U Si nuclease (Boehringer) at

370C for 60 min. Following ethanol precipitation, protected products were

resolved by denaturing 6% polyacrylamide gel electrcphresis.

RESPLTS:
Protein binding to the nouse a-glcbin gene praroter GATAG motif:

To analyse the in vitro interaction of nuclear trans-acting factors with

the prcmoter sequences of the nouse a and OIrajor glcbin genes, crude nuclear

extracts were prepared fran various mouse tissues and fran the mouse

erythroleukaenia (MEL), macrophage (J774.2) and fibrcblast (SM) cell lines

and either used directly, or fractionated by non-specific DNA-cellulose

affinity chrcatography (15). Footprint analysis of the a glcbin gene

prcuoter between the cap site and -200 bp, revealed a nunrber of binding sites

which include the CCAAT and CACCC motifs ((21), and M. Plumb, unpblished
results); of these, only one was bound by an MELC-specific activity. As sham

in Figure la, the seque between -174 to -189 bp (site aP4) containing a

GATAA ntif, is footprinted by an MELC protein factor with a characteristic
induction of two ypersensitive cleavage sites at the 5' end, but the
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Figure 1.
Footprint analysis of the GATAAG irtif.
A 650 bp Pst 1 restriction fragmrent of the a glcb,in gene prcrrter (from -15
bp to -665 bp) was cloned into pUC9, 5' end-labelled at the pUC9 HindIII site
(the 3' end of the prcrrter relative to the cap site, labelled on the
anti-ceding strand), and the insert purified after secondary digestion with
EcoRI. Labelled DNA ( 5 ng) and 1 ig of poly (dI-dC) (dI-dC) was incubated
with crude nuclear protein extracts or partially purified (C) protein
fractions in the presence or absence of excess (100 ng) of conpetitor
double-stranded Oligo ,G2.Fig*re_A,protein from mrouse brain, kidney or
liver, or from HMBA induced (MELC ) or uninduc~ed (MEL1C ) M4707/T cells; Figure
lB, protein from humaen HeLa, KM4OE or uninduced K562 cells, from 12 d chicken
erythrocytes, or from uninduced M707/T (NEIC ) cells. After partial DNase I
digestion, nucleic acids were resolved by denaturing gel electrophoresis.
The G and/or G+A tracks are chemical sequencing rarkers, and 0 is the zero
protein control. Footprint cP4 and its variants in irouse kidney and liver
are shown.

footprint is notdetected with the brain protein extract. A footprint over

this region is detected with both the kidney and liver protein extracts:
however, the kidney protein binds to an adjacent sequence which does not
include the GATAAG rtif indicating that it is bound by a distinct binding
activity; and, as the liver extract footprint lacks the 5' hypersensitive
cleavage sites, it suggests that there is a distinct (or inodified)
GATAAG-binding protein(s) in liver (this is also confirred by the gel shift
experirrents described below). A double stranded 27 bp synthetic
oligonucleotide homologous to the footprinted sequence (oligo raG2, Table II)
specifically cacietes out the NMCo-specific footprint (Figure 1A).

The GATAAGnul tif bound in sitesv P4 is hoirlogous to the GATAAGATAAG
direct repeat in the chicken cmD glcbin gene prcmrter which is bound by
chicken erythrocyte protein in vivo and in vitro (19), iwhplying that the
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Figure 2.
Gel shift analysis of the GATAAG birding protein.
Erxl-labelled oligonucleotides aG2 ard/or aP3a (see Methods) were incubated
with 3-5 jl of partially purified C4 fraction or crude nuclear extracts fran
unirduced MELC M707/T or F4.12B2 (MELCO) cells, fibrcblasts (Sb), iracrophage
(J774.2), brain, or chicken erythrocyte in the presence of 6 lig of poly
(dI-dC):(dI-dC) and the presence (+) or absence (-) of 100 ng of cold
ccapetitor oligonucleotide DNJL. (Figure 2A) Labelled oligo aG2 and aP3a were
incubated with partially purified 04 protein fractions. (Figures 2B and 2C)
Partially purified C4 protein fracticrs fran liver or M707/T cells were
incubated with either labelled oligo oG2 (Figure 2C) or aP3a (Figure 2B).
(Figure 2D) Crude nuclear extracts were incubated with both labelled oligos
8G2 and aP3a. Samples were resolved by non-denaturing gel electropioresis
and autoradiography.

GATAG-birxning protein is conserved across species. Crude nuclear protein
extracts were therefore prepared fran 14 d chicken erythrocytes, two huran

erythroid cell lines (K562 ardKM4E) ard HeLa cells, bourd to the a-glcbin

gene prcroter sequence and assayed by footprinting (Figure 1B). No footprint
is detected with the HeIa nuclear extract, but all the erythroid cell

extracts give the sane footprint with the characteristic 5' hypersensitive
cleavage sites, irdicating that the ruse, hunan aid chicken proteins are

highly related and exythroid-specific.
The protein interactions with this s e were further examined by gel

shift assays using radiolabelled oligo cr2 incubated with crude or partially
purified 04 protein fractions (see Materials aid Methods). As a control for

the protein prepartions, protein was also bound to a double-stranded

oligorucleotide (oligo aP3a, see materials and methods) containing the

a-glcbin gen CCAAT notif, which is bourd by the ubiquitous CCAAT Birxling

Prtein (CBP; (23)). All the partially purified protein preparations,

including one fran 14 day chicken erythrocytes, bind the CCAAT oligo (Figure
2A), whereas only the MELC, chicken erythrocyte and nouse liver proteins
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Table I: GATAAG sequences in glcbin and non-glcbin genes.

Reference for protein
Position binding in vitro.

Nbuse ah
Chicken a
Chicken oW
Duck a
Mouse A
Mobse 8:2
ouse a3

Mouse 83 IVS2
Mouse zeta

Chicken 0H
Chicken 8 1
chicken B 2
Human y
Human 6AChicken BAenh
Chicken B enh

Nbuse CAl
Huran PBG-D
Mouse GSHPx
Han GSHPx
Rat elastase 1
Rat elastase 2

cAaCIGATAAGGAt
GATAACGATAAGGCC
aAggPAMTkaAG
GATALAGAAGGCC
GcaCGATAAGGAC
ttcCJATAAGAa
GgatAfATGg
tt aTAgGAAg __

GcWfTAcAgG?kTCGATANAGAAa
APATANJG

GgaAkATAgcAAa
acTAATtAGGgC
GgTg'M3TAgAGtt
tt = )tttTAAG.ATCA_9cA

GtctflTAgcAAa._Clg~ScAt,EtgCAGA qAt

aAcCIGATAAGGgg
aAagPLATAAGGCC
GgcCgGAkThGGCg
GgcCgGAIGAGGCg
aGctgCIGTANA
aaTAtCAGTAAAt

-183
-60
-114
-60
-212
-512
-70

-105
-105
-200
-120
-55
-190
-80
3'
3,

-180
-70
-110
-110
-40
-155

This
(19)

ccanuication.

This coumunication.

(27)

(17)

(20, 40)

(8)
(8)

This ccnrunication.

(38)
(38)

Sequences arB carparead to the GATAAGATAAGG direct repeat in the pramoter
of the chicken a glcbin gene (19), and hnrlogous sequences are in capitals
and underlined. The position of the sequerre relative to the cap site is
shown, and references are given for reports of protein binding in vitro.
Abbreviations are: C1l- Carbonic anhydrase; GSHPx - glutathione percmidase;
PBG-D - eryt id-specific prroter of the porphbilinogen deaninase gene
prcroter.A B enh represents the two inverted variant GATAAC motifs of the
chicken B glicin gene 3' eancer within site IV (8)

bird cligo c32. The nucleoprotein ccrplexes are specifically carpeted out by
an excess of the corre ing unlabelled oligo aP3a or aG2. The
electropiretic nrrbility of the chicken erythrocyte ac2 nucleoprotein cmplex
is reproducibly slightly faster than the ?MLC (Figure 2A) or 1K662 (data net
shmo) cauplexes, but it is unclear whether this is due to a difference in
size or post-translational n-odifications of a related protein. There appear
to be nultiple liver aG2-nucleoprotein camplexes whose electroploretic
notilities are clearly different to tkose ctserved with the erythroid nuclear

extracts, consistent with the differences in footprint patterns described
above. Thus there are distinct GATAAG DNA-birding activities in liver and
erythroid nuclei, but it is net yet possible to distingUish between the
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Table II.

Molar excess
Variant GATAAG olihonucleotides to carpete aG2

aG2 51'-31GG@AIGATAAGGATrCCA-3' 50
aG3..GATAAaGA 50
aG5 . ......... GATAAcGA 50
aG7 ............. (......<200
aG4 ............ GgT ....A <4000
aG6 --......h.....G... <1000
aG8 o......A.A... GAcAoG <3000
aG9 ...........GATAtaGA 200
aGlO .............GATAcaGA 400

BHHI 51 -gatccgaaggaaaGATAgcaAatttta-3' 300
BG1 5' -gatcctctgcacaGATAAGGAcaaaca-3' 50
8 VS2 5' -gatcctttctGATAgGaAggttgagca-3' 1000
8 en 5 '-gatccttgcAGATAAacAttTtgcTATCaagacttgca-3' 200

Synthetic double stranded oligonucleotides are either variants (ao-aGll)
of the noise axl glctin gene GATAAG sequence aG2,1 fCf resp9nd to sequences
Ll&M,in vitro in the praroters of the chicken 8 (WVH) andnsouse

B 8 gllcin (BG1) genes; or in the second intervening sequence msouse
8sajor glcbin ne (8IVS2); or in the 3' enhancer of the chicken 8
glcin gene (8 en) (see Table I). Relative binding affinities are estisrated
as the solar excess of unlabelled oligonucleotide required to cospete for
binding to radiolabelled aG2 oligonucleotide in gel shift assays as soiwn in
Figure 5B (and data not shown).

possibility that they represent different proteins, or sodified forns of a

single protein. The liver proteins nay be related to the pancreas- and

liver-specific protein(s) which bind to at least two GATAAG motifs in the rat

elastase gene prcroter (see Table I, and (38)).
In contrast, when crude nuclear extracts are used in gel-shift assays,

two oligo aG2 nucleoprotein carplexes are detected with protein fran MEL

(both M707/T and F4.12B2 cell lines), but not with those fran fibrcblast

(S1), sacrophage (Jr774.2) or brain (Figure 2D). During fractionation of the

crude protein extract by non-specific DNA-cellulose affinity chranatography,
there is a tendency to lose the more slowly migrating ccxplex II (Figures 2A

and 2B). A similar effect is cbserved with chicken erythrocyte nuclear

protein preparations (data not shown). Since the addition of several protease
inhibitors (see Materials and methods) durirn preparaticn ard fractionation

does not have a significant effect on the ratio of the two ccaplexes, it is

unlikely that camplex I is a protease degradation product of coaplex II.

However, the presence of the phosphatase inhibitor a-pbosploglycerate during
protein preparatio does appear to increase the yield of carplex II in crude

nuclear extracts.
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Figure 3. Major
Footprint analysis of the mouse 8 gene prcrrter.
A 365 bp HindIII-HincII restricticn fragmrent (-345 bp to +20 bp) of the mouse
8rajor glcbin gene prcxrter was subcloned, 5' end-labelled at the HindIII
site anda purified after secondary digestion with HincII. Labelled DNA ( 5
ng) was incubated with crude nuclear extracts (0-80 pl) from uninduc~ed M707/T
(MEC ), fibroblast (TOM), rcrophage (3774.2) or HeLa cells, and with 3 jig
of poly (dI-dC) : (dI-dC), in the presence (+) or absence (-) of 100 ng of cold
canpetitor oligonucleotide (aG2 or aGl). After partial digestion with DNase
I, nucleic acids were resolved by denaturing gel electrophoresis. G is a
chemical sequencing irarkers, and 0 is the zero protein control. The
footprint oyver the GATA.AG mrotif at -204 to -212 bp is indicated.

The GATAAG-binding protein binds to the mruse arrjor an hmnPB-
promoters:

Analysis of the nmuse Iamjor glcbin gene prorrter also revealed an

IMEC-specific footprint at -206 to -222 bp upstream fran the cap site (Figure
3) as well as other non-tissue specific footprints (data not shown). The
bound sequence contains a GATAAG notif which is hcirlogous to the a glcbin
gene GATAA3 sequence (Table I). Cross-ccrrpetitions with oligonucleotides
containing either the Oa glcbin (oligo aG2) or 8rrajor glcbin gene GATAAG
(oligo BG1) rotifs (Table II), revealed that the binding patterns were

indistinguishable in either footprint (Figure 3) or gel shift (see belowi,
Figure 5A) analyses: this strongly suggests that the sanie erythroid specific
factor binds to both GATAAG elements. Additional variant GATAAG rrtifs are

Present in the raxse 0arjor glcbin gene prarrter, at positions -70 bp
(GATAGAGA) and -512 bp (GATAAG) as well as in the second intervening sequence
(IVS2, GA~TAGGAA). We have detected protein binding to the site at -512 bp
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MELC MELC4C4 KS6P2 HeLa MELC0C4
Oligo aG2
competitor- - + -

Proteie I) 0 80 80 60 80 40 40 80 40 40 80 ao

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

>-~'
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. :iii. itF t : w fi GL~~~~~~~~~~~~~~~~~~~~~~~~~~~~~." r-

Footprint anialysis of the erythroid-specific prczrter of the humran 1BG-D
gene.
A subclone containing the erYthroid-specific Prcaroter Of the PBG-D gene (48)
was 5' end-labelled at an artificial BamHI site which corresPonds to
nucleotide +25 of the PBG-D pramoter, aid the insert isolated after
secorudary digestion with EcoRI (corresp:dn to -800 bp) aid the Ba:nH-EcoRI
fragmrent isolated. DNA (5 ng) was incubated with 0-80 ul of crude or
partially purified (C4) protein fram uninduced M4707/T (NELC-) or 1(562 (1(562-)
cells, or frcan HeLa cells, in the presence (+) or abserce (-) of cold
ccxrpetitor oligonucleotide ceG2 (100 ng). After limited DNase I digestion the
DNA was isolated aid resolved by denaturing polyacrylarnide gel
electropin)resis and autoradiographyr. 0 is the zero protein control, andi the
sequences protected by protein are sbnwn in the right hand irarin as deduced
frain the chenical sequencing G+A aid G tracks.

(data not slhon), aid others have shown protein binding to the IVS2 variant

GATAAG motif (27) indicating that nultiple copies of this elerent nay be

involved in tissue-specific gene expression.
A similar analysis of the erythroid-specific pramoter of the human

porpkcbilinogen dearninase gene (PBG-D) also revealed a footprint over a

GATAAAG notif on the nonr-coding strand (Figure 4) which is bound by ezythroid
nuclear protein extracts fram either socuse (MEL) or lunen (K(562), but not

fran HeLa cells. This footprint is specifically campeted out with the ax

glcbin gene GATAAGl oligo c%32 sequence. Thus the sane erythroid specific
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GATlAA-binding factor birds the GATAA motifs in the pranoter regions of the
glcbin and ron-glcbin (PEG-D) genes tested whose expression is up-regulated
in erythroid cells. Interestingly, the EBG-D gene prcmoter GATAAG motif is 20
bp downstream of the CACCC notif which is bound by a general transcription
factor (Figure 4).

GATAAG binding protein interactions with variant GATAAG sequences:

A nurber of glcbin gene cis-acting control elements bind nuclear
proteins in vitro, and several, which are bound by erythroid-specific
proteins, contain similar sequences to the GATAAG rmtifs found in the mouse a

an 8rajor and chicken aD glcbin genes, and the h.uan PBG-D gene pramters
(see Table I). 'T test whether these variant GATAAG sequences were capable of

binding the sane factor, and nore inportantly to estiate the relative

affinity of the protein for the sequences, a nuTber of variant

double-stranded oligonucleotides were synthesised (Table II).
Oligonucleotides synthesised included variant GATAAG-like sequences fran
glcbin genes krfn to be footprinted in vitro; for exanple, footprint IV in

the 3' enhancer of the chicken 8A glctin gene (8), the sequence in the

prcoter of the chicken aH glcbin gene which is bound by protein in vitro

and in vivo (Footprint H'; (17)), and a sequence within the niuse 8najor
glcbin gene IVS2 ( site B2, (27)). In gel shift assays the variant

oligonucleotides were either tested as cctpetitors against labelled oligo aZ2

(Figure 5A and 5B), or labelled and bound to crude or partially purified
nuclear MEL extracts (Figure 5C and 5D). The crrpetition titrations permit an

estinte of the relative affinity of the MEL protein for a sequence to be

determined (Figure 5, summarised in Table II). On occasion, less ccxplex (II)
is detected in the cantrol samples in the absence of ccnrpetitor than when

ccmrpetitor oligo ao4 is added (Figures 5A and 5C), but this is rot

reproducible (see Figure 5B).
As sbrwn in Table II, of the sequences tested, base substitutions of the

ATA sequ e (Oligos aG4, 6, and 8) severely reduce the relative affinity of
the protein binding. Although the chicken 8A glcbin gene enhancer (footprint
IV, (8) ) contains two inverted variant GATAAG sequences, gel shift experin-ents
suggest that the sane nuTber of protein nolecules bind to it as to oligo
cXG2, since the predaninant nucleoprotein cxcplexes have the same
electiophoretic ndilities (data not sbown). There is no evidence (see
Tables I and II) that sequences flanking the GATAG motif in 30-40 bp
oligonucleotides are involved in nodulating the binding site's affinity for
the GATAAG-binding protein. In conclusion, these binding studies indicate
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Figue 5.
Ocrpetition gel shift assays of variant GATAAG motifs.
A). Oligormcleotide cG2 (100 pg) was 5' end-labelled, incubated with
unirduced M707/T (MELC ) crude nuclear extracts in the presence of 6 jg of
poly (dI-dC): (dI-dC), and in the absence (0) or presence of 100 ng of
carpetitor oligonucleotides as sbnwn (Table II).
B). Labelled oligo aG2 (100 pg) was bound to unirduced M707/T (NELW ) crude
nuclear extract (3 4l) in the presence of 6 jg of poly (dI-dC): (dI-dC) and
increasing arounts of cold carpetitor oligonucleotides (Table II) expressed
as a nolar excess carpared to the 100 pg of labelled aG2.
C). Labelled oligo aG2 or 0(G1, and 6 jg of poly (dI-dC): (dI-dC) was
incubated with MELC crude nuclear extract (3 ul) in the presence or absence
(0) of 100 ng of cold cacpetitor oligonucleotide (Table II).
D). Labelled oligos aG2, aG4, aG6 or aG7 (100 pg) were incubated with
partially purified M707/T C4 protein (3 ul) in the presence of 6 jg of poly
(dI-dC): (dI-dC), and in the presence (+) or absence (-) of 100 ng of cold
carpetitor oligo aG2.

Nucleoprotein ccrnrplexes were resolved by non-denaturing gel
electrophoresis aid autoradiograply.

that the san GATAAG binding protein is capable of binding to a variety of

GATAAG-like sequences contained within glcbin gene pmraters and enhaners
(Table I), altbough the bindirni sites have different affinities for the

protein.
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CAT conversion relaive to paCATO
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Figure 6.
Functional analysis of the GATAAG motif in stable transfectants.
Expressicn of CAT gene fran pools of ne&ycin resistant clones containing the
irdicated constructs is ipared relative to expression of CAT fran the
mininel prariter ccnstruct paCATO for both F4.12B2 MELC (open bars) and SID
fibrcklasts (hatched bars). one unit of relative CAT conversionrepresents
an activity of 36 and 130 prles conrerted/ig protein/hour at 37 C for
F4.12B2 and Sro extracts respectively. The portion of a glciin 5'gene
sequegaes attached to the CAT gene is illustrated scheTtically. The solid
arraw represents the a glcbin cap site.

Functional analysis of the GATAAG notif:

1Ib test the effect of the GATAAG nvtif on transcription, a glcbin gene

prcuter sequences were linked to the bacterial chloraxrphenicol

acetyltransferase (CAT) gene (Figure 6) aid co-transfected into MEL or Sb

cells with a construct expressing the neamycin resistance gene driven by the

ISbloney nurine sarca virus LTR prcuter (Hcrer 6, (33)). Stable

transfectants were selected by growth in G418, aid pools of at least 50

G418-resistant colonies assayed for CAT gene expression. A minirml praroter
construct, paCATO, which contains prcrrter sequences fran 1 bp 5' to the ATG
to -52 bp relative to the cap site gives a low level of transcription in both

sro and MEL cells. paCAT1 which contains 700 bp of praroter sequence, gives

a stirrulation of transcription in both MEL and SIY cells relative to paCATO,
but this stinulation is 12-fold higher in MEL cells. TIb test the functional

activity of the sequence containing the GATAAG erythroid-specific footprint
bserved at -183 bp, a derivative of paCATi containing an internal deletion
of sequences between the MspI site at -197 bp and the ApaI site at -129 bp
was constructed (paCAT1Al). Except for the footprint over the GATAAG motif at

-183 bp, no other footprint was detected in the region between -129 bp aid
-197 bp using crude nuclear extracts fran a variety of nruse and human cell
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M STO F4-12B2

e-~~~~~ ~~~ I~- 245n

_*0_

234 - 4

MepIa g~bin cap site- MSPI

mYlaagoi

CAT

430nf probe

245at potected fragment

Si nuclease protection analysis of CAT _asexpressed by stably transfected
cell pools.
10 jg of polyA+ RNA fran the STO fibrcblast or F4.12B2 MELC stably
transfected cell pools ccntaining the indicated constructs was hybridised to
the 430 nt single-stranded prcbe indicated in the line diagram. Follawing Si
nuclease digestion the products were resolved on a 6% denaturing
polyacrylamide gel. M represents pBR322/HaeIII markers. The arrow indicates
the 245 nt protected frag-rent corres ing to correct initiation at the a
glcbin gene cap site.

lines (Figure 1 shmws sequerres fran -150 bp to - 200 bp, and data rrt
shown). As shown in Figure 6, pools of stable transfectants containing

paCATi!&1 have nuch lower levels of CAT gene expression than paCMTi: the

12-fold erythroid specificity of gene expression of paCATi is essentialy

abolished, irxnicating that the 68 bp restriction fragt containing the

GATAAG irtif is largely responsible for the erythroid-specific stinulatory
effect of the 700 bp glcbin gene praroter fraguent on transcription in stable

transfectants.
1I test whether the effects cbserved at the level of CAT enzyne activity

correspord to changes in transcription fran the a glcbin gene cap site, Si

nuclease protection experinents were carried cut using polyA+ RN& fran the

respective stably transfected pools and a continuously labelled

single-stranded prcbe derived fran paCATi (Figure 7). A band representing the

expected length of protecticn of 245 nt due to transcription initiating at

the at glcbin gene cap site and extending into the CAT gene sequences is

clearly visible and exhibits a steady state level in agreeent with the CAT

enzynre levels.

Determination of the average copy nmuber of non-rearzange integrated CAT
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gees in the pooled transfectants by Southern blot analysis shwed that there

was no significant difference in copy nurber between different plasrmids or

between SIY) ad MEL cells (data not shown).
When the MEL stable transfectants containing paCATO, paCAT1 and paCAT141

were irduced to differentiate with 5 mrM HMBA for 3 d, there was no

significant change in CAT gene expression corpared to the uninduced levels,

which irdicates that the GATAAG-birxlirg protein can function in MEL cells

throughut induced terminal differentiation.
To test whether the stimrrlatory effect of GATAAG notif operates when

placed out of context, the 68 bp MspI-ApaI restriction fragment (-197 to -129

bp) containing the GATAAG mrotif (deleted in paT14l) was cloned upstream of

paLCATO in either orientation (pa6O(+/-)aATO). Stable transfectants were

generated aid pooled colonies assayed for CAT gene expression. As shwn in

Figure 6, neither of the constructs showed any significant effect on CAT gene

expression cctpared to paCATO in either MEL or 510 cells, indicating that the

restriction fragment is non-functional when placed out of context of other

cis-regulatory elerrents, aid that it is possibly a subunit of a larger

regulatory cis-element which requires the interaction of two or irore

elennt (s) .

DISalJSSION:
In this paper we describe an erythroid-specific nuclear factor which

binds to a GATAAG sequence mtif in the nsuse a and 8Rajor glcbin gene

prcmters, and in the erythroid-specific prarter of the human PBG-D gene.

The internal deletion of a 68 bp restriction fragment which contains the

GATAAG motif frau the a glcbin gene praroter reduces by 10 fold its ability
to confer erythroid-specific transcription of a linked CAT gene in stable

transfection assays. Corpetition gel shift analyses with variant GATAAG
se es indicate that this species-conserved protein can bind to a variety

of similar notifs known to bind erythroid-specific nuclear protein(s) in

vivo axd/or in vitro: in the chicken B A t glcbin gene 3' enhancer and,
aD and Hatching pramoters (8, 17, 19) and human VA glcbin gene prmter
(20,25,40). Mbltiple copies of variant GATAAG mtifs are also present in the

3' enhacers of the chicken aA (9) and hman 8 (28) glcbin genes, and these

are borund by erythroid-specific nuclear proteins. It restins to be seen
whether the chicken histone H5 gene 3' enhancer (10) contains a GATAAG motif.

The GAWTAG iotif is present in the prcrroter sequences of a variety of glcbin

aid nor-glcbin genes (see Table I) whose expression is up-regulated in

erythroid cells such as the nruse GSHPX gene aid mruse CAl gene
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(P.Butterworth, personal ccmunuication) genes, although birxning of the factor

to all these sequences has yet to be demmstrated. These results suggest
that the GATAAG binding-protein is irnolved in the tissue-specific
up-regulation of glcbin ard possibly several non-glcbin genes.

Several conserved cis-elements (the TAM, CCAAT and CACC) motifs have
been identified in the prciroters of glcbin aid non-glicin genes which have
been inplicated in gene transcription (11-13) aid although several distinct
forms of the trans-acting factors interact with these elements, they are not
tissue-specific (17,21-26,41). This irnplies that additional elerents which
interact with tissue-specific factors way be necessary for regulated
transcriptional activation, and the interactions of the GATAAG irotif with
the erythroid-specific trans-acting factor seems to be one such ccxponent.
However, as the binding protein is detected in erythroid cells (NEM, K562 aid
KMDE cells) prior to the initiation of active glcbin gene transcription, it
appears to be necessary but not sufficient for glcbin gene activation; this
may reflect a direct role in the transcriptional activaticn of genes

expressed at earlier stages of differentiation (such as the glutathione
perexidase, carbonic anhydrase I ard PBG-D genes).

GATAAG rtifs appear to be conserved in prcoter and enhancer sequences
of mnay erythroid-specific genes, but they vary with respect to their
context of surrourding sequences. For exanple, the chicken aD glcbin gene
procoter ccntains two direct repeats (GATAAGATAAG, (19)), the chicken 0A

glcbin gene enhancer has two variant inverted repeats separated by 3 bp
(Table II, (8)) and the chicken Hatch'ng (17) aid mouse 0xajor glcbin gene
prcuters contain rultiple GATAA-like ntifs (Table I). GATAAG mtifs are

also found within 15 bp of either the CACCC or CCAAT xtifs in several

prcoters including the human PBG-D, the s e CAl genes, and the mouse
8rrajor, chicken 0hatching and several zeta glctin genes. Thus the role of
the GATAG irotif very likely depends on a number of parareters: i) whether it

is present in the prcroter or 3' enhancer of the gene; ii) its ccpy number;
iii) the spatial relationship between nultiple copies; iv) its orientation
relative to the prcoter and/or relative to other copies; v) the relative
affinity of binding to the GATAAG birding protein; and vi) its location and
orientation relative to other cis-control elerrents such as the TAMA, CCAAT,
CACCC sequences or other trans-acting factor birding sites.

Funtional analysis of the mouse ca glcbin gene prooter in stable

transfection experirents denonstrates that a 68 bp internal deletion of a

restriction fragment essentially abolishes the 12-fold stirrulatory effect on
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transcription in nouse erythroid (ML) caspared to inn-erythroid (fibrcblast)

cell lines. In footprint experiments with crude nuclear extracts fran MEL and

fibroblast cells, the only sequence-specific binding detected to this 68 bp

DNA sequence was aver the GATAAG mrotif, strongly suggesting that the GATAAG

motif is irnvolved in the erythroid-specific stinulatory effect on

transcription. Hoever, when the GATAAG rtif is placed on its own upstream

of a miniral prcrter (containing only the TATA nrotif) linked to the CAT

gene, in erythroid specific effect on CAT gene expressicn is cbserved in

stable transfectants, irxnicating that the irotif is non-functional when placed

out of context. Similarly, in transient transfection studies no effect on CAT

gene transcription is cbserved when up to 5 head-to-tail copies of the GATAAG

rotif are placed in either orientation upstream of the minimrl prcrroter (J.

Franpton, unpublished results). This can be interpreted according to the

prcposal (42) that regulatory sequences such as enhancers are con-posed of

irultiple interacting cassettes ("enhansons"), each of which is nt functional

when taken out of context. A tissue-specific regulatory regicn could

therefore be caxposed of cassettes bound by general transcription factors

which would be inactive in the absence of binding to one or s-ore additional

cassettes by tissue-specific factors. This has been described for the three

stuse a-fetoprotein gene enhancers (43), ard the chicken 8Adult 3' enhancer,

which is cazposed of five protein binding sites, three of which are bourd by

erythroid specific factors, but only one resembles the GATAAG sequence (8).
Cn the other hard, the chicken aA (9) and huran $ glcbin (28) gene 3'

enhancers have multiple variant GATAAG tifs, irdicating that the cassette

ccaposition of the enhancers is flexible.
There is increasing evidence for cooperative protein-protein interactions

between proteins binding to cis-acting elents (42-46); for example, the

interactions between the glucocorticoid receptor and the CACOC binding factor
in the tryptophan cacgenase gene promooter (26). Competition between proteins
for binding to a site have also been described. For instance, a displacernt
protein axrpetes for binding with the CCAAT binding protein in the sea urchin

histone B2B-1 gene promter (47), and the IGGCA-binding protein competes for

binding with distinct proteins in the prcoters of the chicken 8Hatching and

BAdult glcbin genes (17). Alternatively, a inn-DNA binding protein can

interact with the trans-acting factor directly as described for the cytosolic

NF-kB inhibitor (39), and inhibition of the AP-2 deant stimulation of

transcription of the human netallothionein enhancer by T-antigen (44). Tfe

location of the GATAAG mtifs identified so far indicate that a corplex
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nurber of interactions are possible between protein bound to the GATAAG

sequence and to protein bound to CCAAT, CACCC, TATA or NF1 binding sites.

There is sare indirect evidence that the activity of the GATAAG binding

protein is nodulated by protein-protein interactions which are thenselves

modulated by phosplorylation, as noted earlier. Thus, the protein-protein

interactions, the role of phosphnrylation in the GATAAG-birding protein's

activity, ard the functional relationship between the GATAAG motif and other

cis-elesents is currently being investigated.
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