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ABSTRACT

In an effort to understand how the heme biosynthetic
pathway is uniquely regulated in erythroid cells, we
examined the structure of the gene encoding murine
d-aminolevulinate dehydratase (ALAD; EC4.2.1.24),
which is the second enzyme of the pathway. The gene
contains two first exons, named 1A and 1B, which are
alternatively spliced to exon 2, where the coding region
begins. Each first exon has its own promoter. The
promoter driving exon 1A expression is TATA-less and
contains many GC boxes. In contrast, the exon 1B
promoter bears regulatory sequences similar to those
found for B-globin and other erythroid-specific genes.
Tissue distribution studies reveal that ALAD mRNA
containing exon 1A is ubiquitous, whereas mRNA
containing exon 1B is found only in erythroid tissues.
This finding, together with our further observation that
GATA-1 mRNA levels increase 3-fold during maturation
of murine erythroid progenitor cells, may help explain
simultaneous 3-fold increases in exon 1B expression.
The unexpected result that exon 1A expression also
increases 3-fold during CFU-E maturation may be
attributable to the action of NF-E2, since there is a
potential binding site in a position analogous to the
NF-E2 site in the locus control region of the
gene cluster.

INTRODUCTION

[3-globin

other, ALAS-E, is X-linked4). The autosomal gene is expressed

in all tissues and has regulatory protein binding sites similar to
those for other housekeeping ger@svhile the X-linked one is
expressed only in erythroid cells and has some of the same
regulatory sites found for other erythroid-specific genes; namely,
GATA-1 and NF-E2§,7). In murine erythroleukemia (MEL) cells,

it has been shown that there is an inverse relationship between
ALAS-N and ALAS-E expression: ALAS-E mRNA increases
and ALAS-N mRNA decreases upon DMSO-inductign (

In contrast, all MRNAs for the third enzyme in the pathway,
porphobilinogen deaminase (PBG-D), arise from the same locus
(9) but there is differential splicing according to tissue type,
leading to housekeeping and erythroid-specific isozymes. A
typical TATA-less promoter is found upstream of the housekeeping
variant (L0) whereas GATA-1 and NF-E2 sites are found
upstream of the erythroid-specific versiatil,{2). Amongst
expression patterns for other heme pathway enzymes thus far
examined, those for uroporphyrinogen decarboxylds®, (
coprophyrinogen oxidasé4), protoporphyrinogen oxidasées)
and ferrochelataself), the fifth, sixth, seventh and eighth
enzymes, respectively, appear to have messengers and polypeptide
structures alike in all tissues. Although it is unclear what
mechanisms are responsible for augmented expression of uropor-
phyrinogen decarboxylasé 7 and coprophyrinogen oxidase
(14) in erythroid cells, mechanisms for differential tissue expression
of ferrochelatase include a multipurpose promoter region, which
includes not only binding sites for housekeeping transcriptional
factors, but also ones for GATA-1 and NF-EX8)(and a
downstream erythroid repressag.

In this report, we show how the regulation of the second enzyme

The level of heme synthesized in erythroid cells is orders @f the heme pathway-aminolevulinate dehydratase (ALAD),
magnitude greater than that in other cdl)jsand, under normal illustrates yet another way in which differential expression in
conditions, is stoichiometrically matched with the levels of globierythroid and non-erythroid cells can be accomplished. We find
chain synthesis. It is becoming apparent that the genetitat expression of ALAD exons is alike in all tissues except for
mechanisms responsible for this considerable quantitative differertee untranslated first exons, 1A and 1B. These are differentially
are often distinctive for each of the eight heme biosyntheti&pliced to the second exon where the translation start signal is
enzymes. For example, the polypeptide chain of the first enzyroeated. Consequently, while ALAD enzyme is identical in all
in the heme pathway-aminolevulinate synthase (ALAS) is tissues, ALAD mRNA occurs in housekeeping (1A) and
encoded by two divergent genes in chick®nafd in humans, erythroid-specific (1B) forms. In both man and mouse, the
one ALAS gene, ALAS-N, is located on an autosoherid the  promoter region upstream of exon 1B contains GATA-1 sites, a
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result which may help explain observed increases in ALAD-1Buclease for 90 mirSphH-Styt (690 bp) andscd—BanHI (420
MRNA during erythropoiesis. In contrast, while the promotebp) genomic ALAD fragments (Fig.B) were used to protect
region immediately '50f exon 1A resembles that of other exon 1A- and exon 1B-containing transcripts, respectively.
housekeeping genes, the region 2.3 kb upstream of exon 1A beafor RNase protection assa$8,84), an ALAD exon 1A-specific

a site which may be bound by the erythroid regulatory proteiprobe was prepared by subcloning a 16B&g-Avdl fragment
NF-E2. This site, if it functions in a manner analogous to thfom AmALAD-2 (delimited by vertical arrows in Fig) into
enhancer NF-E2 binding site found 50 kb upstream of the humptBI31. The orientation of the cloned fragment was determined
B-globin gene Z0), could help account for our finding that by nucleotide sequencing. An exon 1B-specific probe was

ALAD-1A mRNA also increases during erythropoiesis. constructed by subcloning a 138Xipd—Pst fragment from an
A-PCR clone into pIBI31. In later studies, mild Exonuclease llI
MATERIALS AND METHODS digestion was used to remove the poly(dG) tail from'tem8 of
the exon 1B probe. Removal was verified by nucleotide sequence
Culture and induction of cell lines analysis. Plasmid DNA, purified by CsCl gradient centrifugation

and linearized withEcaRI, was used to prepare radiolabeled

Iantisense riboprobes with T7 RNA polymerase (Life Technologies).
Each RNase protection assay utilized 5 op@®f test RNA

and enough phenol-extracted, ethanol-precipitatedli tRNA

MEL cell lines, M18b 21) and 270-2 Z2) were cultured with
10% fetal bovine serum (Hyclone) in Minimum Essentia
Medium-a (Life Technologies) and induced to differentiate with

1.5 or 2% DMSO, respectively. to make the total RNA mass equal toLgf) plus 50 000 d.p.m.
_ . of radiolabeled antisense riboprobe. RNaseA and RNaseT1 both
Preparation and culture of murine CFU-E overdigested the RNA even at the lowest concentrations tested

data not shown), whereas 15 U/ml RNaseT2 left protected

agments intact. We suppose that the successful use of T2 reflects

Pg elevated GC content of ALAD exon riboprobes and a
avage specificity for A residues.

CFU-E were enriched by thiamphenicol treatment of BALB#
cByJ mice (Jackson Laboratory) and purified by centrifugq
elutriation and Percoll density gradients as previously describ%
(23-25). CFU-E were cultured at 3C under 5% Cg in media
containing 30% fetal bovine serum and, as indicated recombin
human erythropoietin (gift of Genetics Institute). Morphologically,
CFU-E purity at the outset was 85-90% in Wright-stainedhe method of Lohet al (35) was used with the following
cytospins (Shandon) and 80% of these formed 32-cell erythraiflodifications. Poly(A) RNA from mouse liver or DMSO-induced

rtlchor-polymerase chain reactions (A-PCR)

colonies after 40 H2(). MEL cells was used as template for AMV reverse transcriptase
(Life Sciences) with oligo(dT) as a primer. After alkali treatment,
Recombinant DNA techniques poly(dG) tails were added to the cDNA using terminal deoxy-

o ) nucleotidyl-transferase (Life Technologies). Tailed cDNA (8 ng)
We used an SM/J mouse genomic library (gift of Steven Weavgyas used in A-PCR withiiM ALAD oligonucleotide 25 (oligo 25)
University of Chicago) constructed by partéihal digestion of  and 1uM of a 1:9 mixture of oligo 2 and oligo 3 anchors. The
genomic DNA, followed by size-selection and ligation into the|igo 25 sequence, spanning residues 368 to 387 in the translated
BanH| site of AL47.1. Phage from this library were grown onmyrine ALAD sequence3p), was ATGGGAGGTGTAGGGG-
E.coli LE392 and screened according to Manietisl (27),  cACA: anchor oligo 335) was TGCGGCCGCGGATCCGAA-
using both ALAD3 and ALAD7 rat cDNA probes?d).  TTC; and anchor oligo 2 was the same as oligo 3 plus a pely(C)
Hybridizing plaques were purified by three successive rounds gfil. Taq polymerase amplification (Perkin-Elmer Cetus) was
plating and rescreening. RecombineDINA was purified by the  carried out for 25 cycles: denaturing at@4or 1 min, annealing
plate-lysate method of Maniags al (27). Gel-purified restriction 4t 55 C for 1.5 min and elongating at“2 for 2.5 min. Products
fragments oAmMALAD-1 andAmALAD-2 were subcloned into yere electrophoretically fractionated on a low-melt agarose gel
pIBI30, pIBI31 (International Biotechnologies), pEMBL18 (gift (FmC). Melted gel slices were subjected to a second round of
from S. Lazarowitz, Carnegie Institution, Baltimore, MD) Oramplification using oligo 3 and ALAD oligo 24 primers. The
pBluescriptliKS' (Stratagene). Standard procedures were usefigo 24 sequence, spanning murine ALAD 319-338, was
for all subsequent nucleic acid manipulatidtig.(Both strands GGGAAGGTCTTCCTCAGCAG. A-PCR products were ligated
were ysed to determi_ne nqueOFide sequences using SequenggeBantI- and EcdRV-digested pBluescriptlKS (Stratagene)
(US Biochemical) chain termination reaction as suggested by td plasmid DNA from clones of transforniedoliHB101 cells
manufacturer. analyzed by dideoxynucleotide sequencing.

RNA sources and nuclease protection assays Northern blot analysis of ALAD mRNA

RNA was harvested either by the method of Ullethl (29) or  Poly(A)* RNA from CFU-E cultured for various times was
Chomczynski and SacchB@ using one additional phenol/ subjected to electrophoresis in 1% agarose, 2.2 M formaldehyde
CHCI3 (1:1) extraction. RNA from yolk sacs was derived fromgels @7); transferred to GeneScreen Plus (DuPont/NEN); and
9.5 day post coitum F2 embryos of BALB{C57BI/6J matings. hybridized with 32P-dCTP-oligolabeled probes (Pharmacia)
Fetal liver RNA from 14.5 day embryos was provided by Daverepared from mouse ALAD subcloned fragments. Blots were
Bodine (NIH). S1 nuclease assay&l,82) were performed melted and rehybridized to radioactf<actin cONA (37) and
following overnight hybridization of 5dg total RNA and 30 fmol autoradiograph band intensities were quantitated using a Phosphor-
32p end-labeled DNA probe. Non-hybridized probe and singldmager and ImageQuant software (Molecular Dynamics, Sunny-
stranded carrier DNA were digested atG@vith 300 U/ml S1  vale, CA 94086).
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B . AmALADM ; contained a 17 kb insert extendinfjyl kb upstream from the

¥ 1 5'-end ofAmALAD1 and was nameldmALAD?2 (Fig. 1A).

cDNA hybridization, subcloning and nucleotide sequence
analysis ofAmALAD1 and AmALAD2 were used to identify
exons 2 through 12 (FigB). Exon lengths ranged in size from
37 to 187 bp and all splice sites matched the AG/GT40)éY).

£ The coding sequence in exons 2 through 12 (data not shown)
corresponds exactly to the sequence of mouse reticulocyte ALAD
B. e cDNA (36). Analysis of genomic sequence further upstream from
Erythroid | the end of the cDNA homology revealed that exon 2 was flanked
SR B2 a4 7 8910 W 12 by a splice acceptor site (Fig, junction of non-shaded and

56
Gt : aly - : -
s .q.\‘-\',/"ﬂ\‘v’f\/ \Il llf\ / /' Iﬂ.'n'ﬁ.,/'ﬂ\ / shaded sequences) and not by any obvious transcriptional

promoter elements. Such findings suggested the existence of at

House—

rouse least one more upstream non-coding exon, which echoed our
IH earlier discovery of a rat ALAD processed pseudogene whose
\ T _ sequence included 160 nondescript nucleotides upstream of what
| e Kb would have been the start of the coding regi@h (Ve therefore
} T supposed that reported ALAD cDNAs from mi&é)( rats £8)
\ Erytbroid and humans4@), are in fact truncated copies of the mRNA.
' /”\R T To find the missing upstream exon(s) and identify potential
s & XF ES@Sc B 88 “"\j._? transcriptional regulatory sites, A-PCR34) were used to
Exon A ~—___ Exon 1B H__,---f*tion s ampl!fy the 5_end of ALAD mRNA. Among 16 cloned
T e amplificants, nine came from mouse liver and seven from
Housekaaping DMSO-induced MEL cells. Surprisingly, two types of A-PCR

products were found. In 15 clones, exon 1A was spliced to exon
Figure 1. Structure of the murine ALAD gen€A) Restriction map of 2. In the re_malnlng clone, d?rlved from MEL cell mRNA, exon
AMALAD1 andAmALAD2, diagrammed in the' %o 3 direction; B,BanHI; 1B was spliced to exon 2 (FiB). Sequences of exons 1A and
H, Hindlll; and E,EccRI. TheBarHI site in parentheses was generated during 1B, parts of associated introns and their upstream promoter

the cloning process and does not exist in the genome. The hatched b%gions are seen in Figu@and4, respectively. While the length
encompasses the 12 kb ALAD gene. Asterisks delimit the 3RakitI

fragment fromAmALAD1 which was used to isolafenALAD2 with the of the.A_PCR products was variable, none Of them C(.)ntained any
5’-21ost asterisk being located just downstream of exdB)2Exon/intron material other than exon 1A or 1B at théeminus. Thirteen of
structure of murine ALADE, translated;], untranslated. Exons 2 through 12 15 ALAD exon 1A-containing A-PCR products began at position
are shown to scale in the upper line and the region on the leftis expanded to scald. in Figure3, the others at —21 and —28. All sixteen A-PCR
in the lower line; SSpH; Sc, Scd; St, Sty; X, Xhd. products contained exon 2 sequences shown in the shaded regior
of Figure2.
Like typical housekeeping gene promotets) (the ALAD
Isolation of the human ALAD gene exon 1A promoter (Fig) lacks a TATA box, contains many GC
boxes and, most significantly, lacks the GATA-1, CACCC and
Plaque lifts £7) were prepared from a human chromosomesGTGG regulatory sites found in fieglobin locus ¢5-47). In
9-specific library (ATCC #57781) and probed with a 350 bgontrast, such sites not only exist in ALAD exon 1B promoters
EcaRI-BanHI fragment from the mouse ALAD exon 1B from both mouse and rat (Fi§), but are also spatially arranged
promoter (delimited by downward arrows in Fj). TheEcaRI  the same as they arefrglobin promoters.
site was generated by PCR amplification with a primer that
mismatched the genomic sequence by one base. Plagues were o ] ) ]
picked and rescreened until a purified plaque was isolateiLAD transcriptional start sites and expression patterns in
Southern blot analysis revealed a 1.5kb-Xba fragment that  Various tissues
contained the human ALAD exon 1B and its promoter and thiR

. : - s depicted in FigurBA, a genomic fragment containing ALAD
fragment was subjected to nucleotide sequence anaigis ( exon p1A protec?ed RNAg from brair? liver and splgen from

S1-nuclease digestion, whereas an exon 1B-containing genomic
RESULTS fragment protected RNA only in spleen samples. Protected
Isolation and structure of the ALAD gene from the fragment sizes ranged fror_n 3710 100 bases in the case of exon 1A
SM/J mouse and from 56 to 87 bases in the case of exon 1B. The prominent

smallest bands correspond to positions +1 in Figlieesl4.
Approximately 900 000 recombinant plagues were screenedSimilar tissue distribution and sizing results were seen when
using radiolabeled rat cDNA inserts from clones ALABS)( antisense riboprobes were used to protect RNA from ribonuclease
and ALAD7 @8). Three positively hybridizing plaques were T2 digestion. In FiguréB, an exon 1A genomic fragment (F3).
isolated. All three recombinant DNAs had identical restrictiomvas used as a template for riboprobe synthesis and it protected a
enzyme maps and were namedALADL1 (Fig. 1A). A 3.1 kb 37 bp fragment when hybridized to RNA from liver, spleen from
BanHI fragment from the 'send of AmALAD1 (marked by anemic animals, lung, kidney and uninduced MEL cells. In
asterisks in FiglA) was used to rescreen an additional 820 00@ontrast, just as with S1-nuclease experiments, radioactive cRNA
plaques from the same library. One new clone, out of six acquirdthm exon 1B protected a 112 bp fragment only in spleen RNA
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Figure 2. Genomic nucleotide sequences of mouse and rat ALAD exon 2 plus surrounding introns. Shaded, uppercase letters correspond to exon 2 sequences inc
the ATG translation start site (bold-face) of murine ALAD. Lowercase letters indicate introns. Reported cDNA clones truncate prematurely at down arrows; H, hur
(43); R, rat (28), and M, mouse (36). The mouse sequence may be accessed through GenBank 191863.

CTCARGTSAR ACCOSAGOTE  cooooonGod  ASRCSEECES
=190 -160

Mus GCOTCTOSGCA  ACTCTGGATT  GECCAMGATT CCASCCOOSE TOAGCCOTES  ATCTGGOCGE
=130 —10)

Mus GQCGACGTGAC CAGTGATCCG GAGARCTGOOC COMAGGAGCE TAACTGOATT COCGGNGULGD

=70 -40
Mus GUCGETACOS GAGCOGCTTC CGGGTGRGET  Goorogooor CAC GTGGOTT  GOOCTTITAS

Haty

i i:ll:l :'u; ‘Lé: il IE_

+
Mus aggaggojoogyootgtoTgaagtggogygttonaggggatggace

Figure 3. Genomic nucleotide sequences of mouse and rat ALAD exon 1A, upstream proximal promoter regions and downstream intyonefiegks Rathe
sequence of the rat ALAD processed pseudogehieAD (42). Shaded region denotes the minimal exon 1A, corresponding to the predominant murine start site
observed by nuclease protection assays (Fig. 5A and B). Bold underlined letters indicate the direct repeat locatedi aiftra|ALAD (42); lowercase letters,

murine intron 1A; boxes, GC motifs; and underline, CCAAT motif, re&m®on the antisense strand. Vertical arrows mark the boundaries of the exon 1A riboprobe
used in Figure 5B. The mouse sequence may be accessed through GenBank 191861.

(Fig. 5C), corresponding to transcripts initiating at +1 in Figure blood islands, but readily perceptible in 14.5 d fetal liver, where
The smaller, 82 bp RNase T2-protected fragment arises eittdafinitive erythropoiesis is abundant. In adults, exon 1B transcripts
from an alternative transcription initiation site or perhaps, morare scarce in freshly harvested CFU-E (0 h), but then increase to
likely, from an alternative splice donor site at position +82reach a maximum between 21 and 28 h of culture@Bjgwhen
TG/GTAALT, where the lowercase tindicates a deviation from thieeme biosynthesis also approaches an &ggxNo significant
consensus splice site. It is not expected that these alternatiliference could be observed on the level of exon 1B transcripts
forms would affect the coding capacity of exon 1B-containingn CFU-E grown with or without erythropoietin.
transcripts.

Comparison of human, mouse and rat ALAD
Changes in ALAD erythroid-specific transcript abundance  erythroid-specific promoter region

during fetal and adult erythropoiesis A 350 bp fragment containing the mouse erythroid promoter and

In fetal life (Fig.6A), the abundance of exon 1B transcriptsthe 8 half of exon 1B was used as a probe to isolate the human
correlated with the extent of erythropoiesis. They were barekLAD clone. Using computer-assisted nucleotide sequence
evident in 9.5 d yolk sacs, where erythrocytes are confined to takgnments, it was found that only 250 bp of the mouse fragment
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. =270 -240
Mus TATGTCATIT TGAGCAAATA GTTGTACATC CCAGGGCAAC CTCCTGGCAG ATGTGAGAGC
Lo i1 rrrrrnr il e rerrn | O I O | rrrirrrnrnd Trrirrnrnd
N 111 LI Eer 1l Il 11l I 1ird ul it irnnl TLirtrernl
Rat TGTGTTGTTT TGAGCAGATA GTTCTACATC TCTGGGUTAC CTCCTGGCAG ATCTGAGAGC
-210 -180
M  CAAATTCTGC ACAAAGAGTC TATATAGATA AACTCTCGAA TGTGCTGAGT GTGTTACTTA
Lrrrrinneti 13 [ Eorrrnrinrhl | O I B | [ [ 13 I T B A |
LT rdnnril 11 1 1 Forirriigal Tl Ll [N 111 LLrrin 1t
CARATTCTGC AC GTG G TGTATAGATA AACCCTCGAT TGTGTCCAGT GTGTTATTTA
-150 -120
M  GGAGCCAGAA CATCTCTAAG GAGGCTTGG C TCTCTTGTGT CCTGTGAAGA GGCTGGCC
| I I IHERERER R e rey 111t I Frrdrtr 11 Frrrrrrnrnl
LI phl LIt TTreL ren i 110 11 PLIITEL 0] FLrrrerenl
AGAGTCAGAG CATCTCTAAG GAGGCCTGGCC CCTCTCATGC CCTGTGATGA GGCTGGCCCA
+ -90 -60
M CCCAGGGGTG TGGTGECAGE GTTGETCCTT GTGTGGTTCC TGATAACCTC AACCCCAGCA
[N RE NN 1 T ] [N RERE] IFrirtnr ey Frryrrnrrnl 1rrrrrrrn
PLLELiintd FThLrreinel Ll T1T10Ll 0111 RN NN] T NLEl
CCCAGGGGTG TGGTGGCAGE GTTEGTICCTT GTGTGGCTCC TGATAACCTC AACCCCAGCA

-30 +1

G TGGGCCCTGA GCTGCTTGGG
trorr et ]
Il 11 )

11 il
RAGAC AGGTCCTTGA

R AGGAGGGARAA

1

M

M g ga?t agtgccocctetty
1 trrrirrran o
1l il ARV BN

R gtaagtgcctgocccectetayg

Figure 4. Genomic nucleotide sequences of mouse and rat ALAD exon 1B, upstream proximal promoter regions and downstream intron 1B. The shaded region de
exon 1B, corresponding to the most prominent fragment detected by RNase T2 and S1 nuclease protection (Fig. 5A and C). Lowercase letters indicate intron; bolc
GATA-1 sites; overlines, possible CCAAT box readdb3 on antisense strands; single underlines, CACCC sites on sense or antisense strands; double underlin
GGTGG site; and box, (T)ATAA box; downward arrows demarcate the 350 bp fragment used as a probe for the human ALAD clone. The mouse sequence m:
accessed through GenBank 191862.

had 70% of nucleotide sequence similarity with the human DNALAD exons 1A and 1B mRNA levels during adult
(Region 2, Fig.7). A comparison between the nucleotideerythropoiesis

sequences from three species was used to reveal conserved and .

thus functionally important regions of ALAD erythroid-specific Kﬁ]?erazslek;ec:;t?v?{[fagﬁu(ggg,V\t/)r?itzhhléai\sa?gvég (r)nml?Nﬁolrtievels

promoters. Region 2 also contains the longest stretch of iden othesis that only the tissue specificpexon 1B pwould be

(23 bp) among the three species. This stretch contains a do ; e '

CACCC box, resembling a potential erythroid kruppel-like facto ?gtila;(ragb%lzjn\r/]v?tﬁ %FLOE??:IS?\IIZ L;ngljgégno?lv:&r[])e:nngﬁgem

b!ndmg S'te.48)' _legw!se, two of th_e three potential GATA-1 compared with actin were quantitated to be 2.8 and 3.6 (data not

sites (aStPT”SkS.' in Fig; —60 to —23 in mouse e}nd rat ALAD, shown). When equal masses of RNA were used in RNase

Fig.4) are |der]t|ca_l n all three species. The region between thelﬁ%tection assays, the greatest amount of exon 1B was at 21 hours

two GATA-1 sites is identical between mouse and rat and sha(ﬁg 6B). The sir,nilarity of results using these two different

79% identity between mouse and human. methods makes it unlikely that the changes observed in ALAD
In all regions, the human sequence differs most from thepna levels are due solely changes in actin levels during CFU-E

consensus. In region 1, only the human sequence contéis an 4 ration. Furthermore, a similar increase in both ALAD exons

repetitive element. R§g|on 3 |s.exonllB in mice and rats, wheregg and 1B occurs during DMSO-induction of MEL cells using

in humans, exon 1B is found in region 5, downstream from th&, g1-nuclease protection assay (data not shown).

position in rodents.

DISCUSSION

The endproduct of the heme biosynthetic pathway, heme, must
attain stoichiometric levels that matchandB-globin production

In freshly harvested murine CFU-E, GATA-1 mRNA levels areduring the substantial increase of hemoglobin accumulation

readily detectable (Fi@). During CFU-E maturation, GATA-1 during erythropoiesis. In other words, regulation of a pathway

MRNA levels increase 3-fold relative to actin mRNA levels. must be coordinated with the regulation of single genes. Heme

GATA-1 expression during CFU-E maturation
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Figure 5. Tissue survey of ALAD exons 1A and 1B using nuclease protection agsp$d. (uclease protection assays. Total RNAU@Ofrom brain, liver and

spleen were each analyzed with probes specific for either exon 1A or 1B. No bands were visible when yeast RNA was used. Marker fragments (M) were end-lat
pBR322 DNA cleaved withladll. Maxam and Gilbert (55) sequencing of the probe fragments is shown on the far right. On longer exposure, reannealed probe w
visible in all lanes[(500 bp sizes)B) RNase T2 protection assays of exon 1A. Unfractionated RNA from liver, anemic spleen, lung, kidney and uninduced MEL
cells were analyzed using the indicated amounts of RE)ARNase T2 protection assays of exon 1B usingg2®tal RNA from the tissues indicated. The exon

1B fragments are 112 and 91 bases in length including 9 G residues'arttenhich escape nuclease digestion.

(Ei

synthesis increas€st00-fold during the maturation of CFU-E  In the liver, a classical regulatory mechanism is in place: the
(S.H. Boyer, unpublished) and, since the pathway consists of eidinst enzyme of the heme pathway, ALAS, is rate-limiting and
enzymes 49), the genes encoding the heme synthesis enzym#sis, the entire pathway is upregulated when the amount of ALAS

must be regulated in a precise manner. increases. On the other hand, the regulation of the pathway in
erythroid cells is more complex and it has now been demonstrated
Table 1. Quantitation of ALAD alternative first exon utilization during that the mRNA level for each of the early heme enzymes
CFU-E maturation. increases with different magnitudes during DMSO-induction of
MEL cells (60). In cases where the nucleotide sequence of the
Time of culture (h) ~ Exon 1A% Exon 18 gene promoter has been reported, there are GATA-1 sites (for
0 1.00 1.00 ALAS, PBGD, UROD and FC) and NF-E2 sites (for ALAS,

PBGD and FC). However, the presence and distance from the

! 1.28 064 transcription start site are very species-specific. For example, in
14 0.71 083 the case of the PBGD, the human erythroid promoter contains an
21 3.87 3.04 NF-E2 site at —160, but the mouse does not in the same position;
28 177 1.76 the murine PBGD erythroid promoter contains a double CACCC

box, whereas the human gene contains only bfie n this

35 L2 1.56 paper, we show that the ALAD gene has a promoter which is
aHybridization ratio of ALAD exon 1A to actin, then normalized to CFU-E at Ut"'zeq only in eryt_hrqld Ce_”S and that it contains ‘T"t least two
zero time. potential GATA-1 binding sites. Furthermore, there is an NF-E2

bHybridization ratio of ALAD exon 1B to actin, then normalized to CFU-E atSite |Qca'FEd 2:3 kb upstream fl’pm the _hqusekeeping promoter,
possibly in a distal enhancer. This is reminiscefitgibbin gene

zero time.
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’ o fregments Figure 8. GATA-1 expression during CFU-E maturation. Quantitation of
LR B R R GATA-1 mRNA expression during CFU-E maturation by northern blot analysis.
i protected The uppermost panel shows the results of GATA-1 cDNA hybridizationtg 10

fragments total RNA extracted from CFU-E grown for the indicated number of hours. The
] P " middle panel shows the results after melting and rehybridizing the filter to a
chickenp-actin probe (37). The lowermost panel shows RNase protection by
a mouseg3Ma-globin probe on the same RNA samples as a quality control of
the CFU-E preparation. Quantitation of the northern blots is illustrated in the graph.

demonstrates that still another genetic structure has evolved
Figure 6. ALAD exon 1B expression during development and differentiation. \which may be responsive to genetic regulation in an erythroid-
(A) Exon 1B RNase T2 protection assay usingi@@RNA from uninduced specific manner

MEL cells (lane 1), 9.5 day murine yolk sacs (lane 2) and 14.5 day fetal livers . . . .
(lane 3)(B) Exon 1B RNase T2 protection assay usipg RNA from CFU-E Wh”e_ the increase in ALAD mRNA levels .durlng CFU-E
culturedin vitro for the times indicated (lanes 2-8) and compared with 5 Maturation measured in this paper was small, it was consistently

anemic spleen RNA (An Sp). Except as noted, cultures included 1 U/midetected using three different techniques. The relative contribution

erythropoietin. No significant difference could be measured between cell%f exon 1A- and 1B-containing transcripts is difficult to measure

grown with or without epo. The unhybridized ‘probe’ (lane 1) shows the total . .

product of thén vitro transcription reaction. premse_ly, but estimates may be made from poth S1-nuclease
protection assays and northern blot analyses, in cases where the
radiolabeled probes had similar specific activities. In spleen RNA
(Fig. 5A), it may be clearly seen that exon 1B transcripts are

! 2 3 4 & predominant over exon 1A transcripts and during CFU-E
Consensus maturation, estimates are that exon 1B transcripts comprise about
2/3 to 3/4 of all ALAD transcripts. This estimation assumes that
Mo a1 a9 | 91 7 44 1A and 1B probes hybridized with equal efficiency and takes into
uEE - - exen .
[ account the length difference between the two probes.
Ral 81 22 . |Efjﬁ g2 oF Measurements of ALAD enzyme levels during CFU-E
i 50 maturation and calculations based on the known amounts of
Human 33 L 22, . Ao hemoglobin in BALB/c RBCs, demonstrate that ALAD is not a
I_P«E;sﬁr:r__-_ 1_5‘-';;;15;:«_-‘_] e rate-limiting enzyme of the heme biosynthetic pathway in
diniw] i erythroid cells (S.H. Boyer, unpublished). In fact, ALAD levels
are usually 20 times higher than required to participate in the
* potential GATAT sites synthesis of the amount of heme eventually realized in the RBC

(S. H. Boyer, unpublished). We hypothesized that ALAD might

Figure 7.Comparison of mouse, rat and human erythroid-specific regions. ThéJe performing anOthe!’ functlor! besides its ro'_e as the second

uppermost line represents a 600 bp consensus sequence developed by align@igzyme of the heme biosynthetic pathway and in facteGaio

the best match of human sequence with the 350 bp nucleotide sequence frofB3) reported that ALAD is the 240 kDa proteasome inhibitor,

e e G0 T o ok domrmet v s 2. Thus, ALAD acts as an infibior of rotein degradation via

the text. The numbers above each of the Io%ver three lines are percentages“jﬂel protea_some. This fu.nCtlon may play a ertlcal role in t.he _rapld

identical bases with the consensus. hemoglobin accumulation observed during erythropoiesis. A
third, speculative function of ALAD may be that it is a scavenger
of lead, since it has been demonstrated to reversibly bind lead. A

regulation, where binding of NF-E2 to the LCR (along with othebetter understanding of these multiple roles is needed to

factors) opens up the chromatin domain, allowing DNase dompletely understand the regulation of the ALAD gene. These

hypersensitivity §2) and interaction with transcriptional activators, multiple ALAD functions may be so critical to erythropoiesis that

primarily GATA-1, which bind to the proximal promoter. mutations in the gene are only rarely viable: only four cases of

Thus, a common theme develops with regards to the type ALAD-deficiencies have been reported in the literatGe. (

upstream regulatory elements in the promoters of target genes

during erythroid differentiation, but the spatial arrangements {ckKNOWLEDGEMENTS
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