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ABSTRACT
The enzyme 5-aminolevulinate synthase (ALA-S) catalyzes the first step in heme biosynthesis. In
this study, the mouse erythroid gene has been cloned and analyzed in order to investigate the regulation
of ALA-S expression during erythroid differentiation. The gene spans - 24 kbp and consists of 11
exons and 10 introns. The first exon is 37 bp, non-coding, and followed by a 6 kb intron. The mRNA
capsite was mapped by primer extension and defines a promoter that contains no apparent TATA
element. SI nuclease analysis detects the presence at low levels of a 45 bp-deleted form of the ALA-
S mRNA created by the use of an alternative splice site at the intron 2/exon 3 junction. Five DNAse
I hypersensitive sites were detected in chromatin from uninduced and induced MEL cells. One site
is at the promoter; the others are in the body of the gene. No significant differences were observed
in the patterns or intensity of the hypersensitive sites in the uninduced and induced MEL cells, however,
no sites in ALA-S were observed in NIH 3T3 cells or in deproteinized DNA. Thus, these sites are
specific for erythroid chromatin but appear to be established at an earlier stage of differentiation
than represented by the uninduced MEL cell.

INTRODUCTION
During the differentiation of a given cell type, several genes which code for products
characteristic of the terminally differentiated cell are activated. Due in part to historical
reasons and technical feasibility, the best understood examples of gene activation during
differentiation are single genes coding for abundant proteins whose synthesis is restricted
to virtually one cell type. Examples of these genes include (x and ,B globin in erythroid
cells, albumin in liver, collagen in fibroblasts, and antibodies in B lymphocytes. A more
complete understanding of coordinated gene regulation during differentiation will be obtained
when sequence elements and protein factors that control transcription are characterized
for sets of genes which become activated during the differentiation program in a given cell.
One of the better-characterized systems available to address these questions is the mouse

erythroleukemia (MEL) cell. These cells, which can be maintained continuously in culture,
resemble a late erythroid precursor, the proerythroblast. Treatment of the MEL cells with
dimethylsulphoxide (DMSO) simulates the effect of erythropoietin on normal erythroid
precursors, resulting in biochemical and morphological changes which occur during terminal
differentiation. DMSO treatment of MEL cells results in the induction of a and (3 globin
polypeptides, a and (3 chains of spectrin, carbonic anhydrase, band 3, and several heme
biosynthetic enzymes (for reviews see 1,2).

In this study, we are focusing on the mouse gene coding for 5-aminolevulinate synthase
(ALA-S), which catalyzes the first step in heme biosynthesis. ALA-S activity increases
markedly in spleens of mice made anemic or injected with erythropoietin and in MEL
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Figure 1. Primer extension and sequencing of ALA-S poly A' RNA.
Primer extension in the presence of one of the four dideoxynucleotides (lanes A, C, G, T) and standard primer
extension in the absence of dideoxynucleotides (lane E) using 12 pzg poly A+ RNA from mouse anemic spleen.
The autoradiogram was exposed for 3 days without intensifying screens.

cells treated with DM50 (3-6). The enzyme is also induced in liver by allyliso-
propylacetamide and other porphyrinogenic compounds which stimulate cytocbromie P-450
synthesis (reviewed in 7). ALA-S is apparently made in all other tissues constitutively,
due to the ubiquitous metabolic requirements for heme. Early studies found evidence for
distinct liver and erythroid ALA-S isozymes in the guinea pig (8) and chicken (9), and
cDNA clones representing different ALA-S mRNA species have been independently isolated
from chicken liver (10) and erythroid tissues (11). In our previous paper, we described
the cloning of a mouse ALA-S cDNA which is expressed at a high level in erythroid tissues
and is induced during DM50 treatment of MEL cells. This predominant erythroid mRNA
was also detected at low levels in mouse liver (12).

In the first part of this paper, the sequence of the 5' end of the ALA-S mRNA and
the detection of two differentially-spliced messages are reported. The second part of this
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work characterizes the erythroid ALA-S gene and its chromatin structure in erythroid cells.
It has been shown previously that transcription of the ALA-S and the 3-globin genes is
controlled coordinately following DMSO treatment of MEL cells (13). An impressive
correlation between the location of transcriptional regulatory elements and the positions
of DNAse I hypersensitive sites has been documented for a number of genes (for reviews
see 14,15). Hence, to identify potential regulatory sequences and trans-acting factors that
are important for transcriptional activation of the ALA-S gene during erythroid
differentiation, we have mapped DNAse I hypersensitive sites throughout the entire gene
and its flanking regions in both induced and uninduced MEL cells.

MATERIALS AND METHODS
Cells
The cells used in this study were GM86, a derivative of the mouse 745 line, obtained
from the Coriell Institute, Camden, New Jersey. The cells were grown in Minimal Essential
Medium containing 10% fetal bovine serum and supplemented with 2 x vitamins, 876 mg/l
L-glutamine, 0.17% sodium bicarbonate, 100 mg/l streptomycin, and 200 U/ml penicillin.
Cells were induced with 1.8% DMSO as previously described (12). Induction was monitored
spectrophotometrically by measuring hemoglobin absorbance in supernatants ofMEL cell
crude lysates.
Primer Extension
RNA sequencing and primer extension were performed on Poly A+ RNA exacdly as
described by Geleibter et al. (16) using AMV reverse transcriptase from Promega Biotec
(see Figure 1 legend for details). Total RNA and poly A+ RNA were prepared using
standard phenol extraction methods and oligo dT cellulose chromatography as described
(12).
Sl Analysis
RNA was hybridized with 8 x I05 cpm (50 ng) probe DNA at 57°C in 20 Al of a solution
containing 80% deionized formamide, 0.4 M NaCl, 0.04 M 1,4 piperazinediethanesulfonic
acid (pH 6.4) and 0.001 M EDTA under paraffin oil. Following addition of 100 Id SI
buffer the samples were incubated for 45 minutes at 30°C with 36 units Si (Amersham)
as described in Curtis et al. (17).
Construction and Screening of Libraries
A Balb/c mouse genomic library was kindly provided by Dr. Nigel Fraser of the Wistar
Institute. The library was constructed by ligating Sau3A partially digested and size-
fractionated brain stem DNA into the Bam HI cloning sites of X vector EMBL 3. A Bam
HI enriched library was constructed by digesting completely Balb/c mouse DNA with Bam
HI followed by size fractionation on a sucrose gradient (18). The fraction which included
the 15-20 kb size range was ligated into Bam HI digested arms from the vector EMBL
3. The ligation mixture was then packaged in vitro using extracts kindly supplied by Ken
Cho and Roberto Weinmann of the Wistar Institute. Screening of genomic libraries in
X vectors was according to standard methods using nitrocellulose filters. The hybridization
of filters was carried out in 5.0 xSSC, 4xDenhardt's, 0.015 mg/ml denatured and sonicated
salmon testis DNA at 65°C. They were washed for an hour or more at 65°C in
2 x SSC/0. 1 % SDS.
Preparation of Genormic DNA and DNAse I HSS Assay
Preparation of nuclei and treatment with DNAse I (Worthington, DPFF grade) was
performed as described by Jantzen et al. (19) except that 0.2% NP-40 (final concentration)
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was used in MEL nuclei preparations (20) and 0.3% NP-40 (final concentration) was used
in the NIH 3T3 nuclei preparations. Nuclei from 2.5 x 107 cells was used for each DNAse
I concentration. Following treatment with the DNAse I, EDTA was added to a final
concentration of 0.03 M and SDS to a final concentration of 1.7%. Tubes were warmed
briefly at 37°C and proteinase K solution was added to a final concentration of 100 ,g/ml.
Following an overnight incubation at 37°C, samples were extracted twice with phenol,
then once with chloroform and dialyzed extensively against TE.

Protein-free DNA for controls and library construction was prepared by standard methods
for high molecular weight DNA isolation (18) except that RNAse treatment steps were
omitted. Spooling of the high molecular weight DNA reduced the amount of RNA
copurifying with the high molecular weight DNA. Corrections for any RNA in these
preparations were made by analyzing aliquots in agarose gels containing ethidium bromide.

Digestion of protein-free MEL cell DNA with varying amounts of DNAse I was
performed as follows. Six tubes containing 250 izg DNA in the identical DNAse I digestion
buffer used for the chromatin experiments were incubated for 25 minutes on ice, then
for 15 minutes at room temperature with from 0.4 ,g to 6.0 ,ug DNAse I (2.5 U/,ug).

Southemn Blot Analysis
Nitrocellulose (Schleicher and Schuell) was used in all blotting protocols. Southern blotting
was performed according to standard techniques (18) except as noted. Hybridizations for
mapping and analysis of cloned DNA were performed under the conditions used for library
screening (above), except washing was generally more stringent, at a salt concentration
of 0.5XSSC or 0.1XSSC. Analysis of genomic DNA, including the mapping of
hypersensitive sites, was as follows. Subsequent to electrophoresis, gels were soaked with
agitation for 1 hour in 0.5 M NaOH/1.5 M NaCl, then soaked 10 minutes in distilled
water, followed by treatment for 1 hour or more in 0.5 M Tris pH 7.5 /2.0 M NaCl.
After capillary blotting overnight and baking of the filter, prehybridization was carried
out at 68°C for 1 to 2 hours in a solution consisting of 3.4 xSSC, 1 xDenhardt's, 0.4%
SDS, 0.05 mg/ml sonicated and denatured salmon testis DNA and 10% dextran sulfate.
The probe was added to this solution and hybridization performed overnight. Typical specific
activity of the probes was approximately 4 x 108 cpm/4g. 1.5 x 107 to 3 x 107 total cpm
were used in a 75 ml hybridization volume. For high stringency analyses including all
DNAse I hypersensitivity blots, filters were washed at 68°C for a total of three hours,
with 1 hour in each of the following solutions, respectively: 2xSSC/0.5% SDS,
0.5 xSSC/0.5% SDS, and 0.1 xSSC/0.5% SDS. Low stringency genomic blots were
hybridized as above and washed in 2 x /0.5% SDS for less than 1 hour.

DNA Sequencing
All sequencing was performed after subcloning fragments of interest into either M13 mpl8
or mpl9 vectors. Early work utilized Klenow enzyme (BRL) based on the methods of
Sanger (21). Most sequence analysis was performed using the Sequenaserm enzyme (U.S.
Biochemicals) and the reagents supplied with the kit. Sequences of the promoter region
were confirmed on both strands. Sequencing of intron/exon boundaries generally was
unidirectional. DNA sequence analysis was aided by the University of Wisconsin Genetics
Computer Group software (22). Oligonucleotides were synthesized on an Applied
Biosystems model 380A DNA synthesizer and purified by HPLC at the Wistar Institute
DNA synthesis facility.
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Figure 2. SI nuclease analysis of anemic spleen RNA.
The polyacrylamide gel was electrophoresed until xylene cyanol ff marker reached the bottom, then was dried
and exposed for 6 days (experimental lanes) and 16 hours (marker lane) without intensifying screens. Gel
markers used were the 5' end labeled products of bacteriophage XX-174 DNA Hae III digestion. See Materials
and Methods for details.
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Figure 3. Structure and restriction map of mouse erythroid ALA-S gene.

RESULTS
Primer Extension
In a previous paper, we reported the nucleotide and predicted amino acid sequence of
a 1.9 kb erythroid-derived ALA-S cDNA (MS-20). In order to map the 5' end of the mRNA
and determine its base sequence, primer extension reactions were performed with poly
A+ RNA from mouse anemic spleen using as primer an end-labeled 17 base
oligonucleotide complementary to the sequence beginning 67 bp downstream from the 5'
end of clone MS-20. Direct sequencing of the message was possible by incorporating
dideoxynucleotides in the primer extension reactions according to the procedure of Geliebter
et al. (16). This result, (Figure 1) shows a clearly readable sequence which extends lObp
beyond the 5' terminus of the ALA-S cDNA (12). The additional 10 bases to be appended
to the 5' end of the MS-20 cDNA sequence (coding strand) are 5'-TCACCGTCTT-3'.
The sequence does not encode a start codon in any reading frame and thus does not alter
the original placement of the presumed translation start site as the first ATG (12). The
point at which the sequence ends and extension of the primer arrests, appears as a cluster
of a few major bands. Each of these bands may represent one of a few neighboring
transcription start sites. When a 30-base oligonucleotide containing the genomic sequence
(non-coding strand) upstream of the terminal adenosine residue is used as a probe in
Northern blot analysis of anemic spleen RNA, no transcripts can be detected (Schoenhaut
and Curtis, unpublished data). Hence, it appears that transcription initiation effectively
does not occur upstream of this point. For practical purposes, the first readable nucleotide
in the mRNA sequence is designated +1 in later references.
Sl Analysis
In the initial cloning ofALA-S erythroid cDNAs, a clone designated MS-6 and apparently
identical to MS-20 was obtained (12). Closer examination of the sequence of MS-6 recently
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Figure 4. Southern blot of mouse DNA with genomic probes.
Digests of 10 jg genomic DNA were electrophoresed 1% agarose and capillary blotted to nitrocellulose. The
blots were hybridized with genomic probes prepared from either MIO or X12. Washing was performed at 65°C
down to O. lx SSC/O.5% SDS. The drawing below indicates the restriction fragments detected by the probes.
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Figure 5. Southern blot of mouse and MEL cell DNA.
Digests of 10 itg DNA were electrophoresed in a 0.8% agarose gel, blotted and probed with cDNA clone
MS-20. The filter was washed under stringent conditions (see Materials and Methods).

revealed that it contains a 45 bp insert not present in clone MS-20. The 45 bp sequence
occurs following position 222, according to the numbering in our published MS-20 sequence
(12). In order to estimate the relative abundance of the two mRNA species represented
by MS-6 and MS-20, an SI nuclease analysis was performed as follows. pMS-6 (pBR322
containing MS-6 in the Pst I site) was linearized with Bgl II at a unique site 816 bp
downstream of the first nucleotide of the cDNA, then 5' end-labeled with polynucleotide
kinase. The labeled probe was then hybridized with 40 Ag of total mouse anemic spleen
RNA or 40 ,sg Qfl phage RNA as a control. Following digestion with SI, the products
were electrophoresed in a 4.5% polyacrylamide/4 M urea sequencing gel. A mock reaction
containing only the probe without enzyme or RNA was also analyzed on the gel. The
message represented by MS-6 would be expected to protect a labeled fragment of 816
bp. The 'deleted' message, represented by MS-20, would protect only a 607 bp labeled
fragment. The result, presented in Figure 2, shows a fragment of 816 nts clearly as the
major species, however, the 607 nt product is present as well at about 15% of the intensity
of the major band. A faint band visible just above the 816 nt fragment is probably an
artifact due to an SI resistant structure contributed by the G tract and/or pBR322 sequences.
A much higher molecular weight band which is visible corresponds to reannealed probe,
as seen in the 'no enzyme' control. The Q,B RNA lane does not contain any detectable
S1 resistant material.
Isolation ofALA-S genomic sequences
The recombinant phage clones comprising the ALA-S gene are indicated in Figure 3. A
representative library made from mouse brain stem DNA was screened with 32P-labeled
probes made from cDNA clone pMS-20 (12). This cDNA begins at + 10 and includes
the 3' untranslated segment of the mRNA. Out of 106plaques screened, only two different
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-102
CCTGAGATACCITAAGGCCGAGGCGGAAGGGGGTGGGGTGGGGTGGGCGGGG

-50 +1
CTGAGCAGGAGGCTGGGATGAAAGCTGC'ITCCCAGCCCAGCCCACAGCAC TCA

Figure 6. Sequence of the promoter region.
The transcription start site is indicated by a + 1. The SPI factor recognition sequence is in bold type and the
G-rich motif is underlined.

clones were identified. Clone XI, spanning 14 kb, was obtained which contains part of
the body of the gene and the 3' end, but not 5' sequences. Another clone, designated X5,
overlaps XI approximately 8 kb at its 3' end, extending an additional 7 kb into the 3'
flanking region of the gene. Approximately 4 x 105 additional plaques were screened using
other libraries but no other clones were obtained.
On Southern blots of Bam HI-digested mouse DNA, a 16 kb band hybridizes to the

5' but not the 3' Pst I fragment of MS-20. In order to clone these 5' genomic sequences,
Balb/c liver DNA was digested completely with Bam HI and the 20 kb size fraction was
purified and ligated into the XEMBL 3 Bam HI cloning site. This enriched 'library' was
screened with the 5' Pst I fragment of MS-20. Among 1 x 105 plaques screened, two
strong positive signals were detected along with one weakly-hybridizing plaque. The two
strong signals represented the desired Bam HI fragment cloned in opposite orientations.
The one selected for analysis was designated X12. The 3' terminus of X12 is the same
Bam HI site present in the center of XI, thus X12 overlaps Xl by about 6 kb and extends
the cloned gene about 10 kb in the 5' direction.

The weakly-hybridizing plaque derived from the screening of the Bam HI enriched
library was found to hybridize strongly to an Exon 1 oligonucleotide probe complementary
to the ALA-S mRNA between +8 and +37. This clone, designated X10, did not overlap
any of the other previously isolated genomic clones. Restriction mapping of X10 revealed
that the insert consisted of two 10 kb Bam HI fragments, one containing the ALA-S sequence
and the other from a non-contiguous fragment of the genome. Since no part of XI0 overlaps
X12, a Southern blot analysis was performed using probes from both phage inserts to
determine if the two clones indeed represent a colinear sequence in the genome, and to
estimate the distance separating the sequences. It can be seen in Figure 4 that probes from
X1O and X12 hybridize to identical fragments in digests with HindIH, Spe I, Sph I, and
Nhe I. The sizes of the DNA in the common hybridizing bands plus the map of these
restriction sites in the clones indicates that the uncloned segment between the two Bam
HI sites is approximately 1 kb.
A Southern blot analysis of mouse and MEL cell DNA was performed with three

objectives. First, to confirm that the map of the gene in cellular DNA corresponds to the
map obtained using phage and plasmid ALA-S subclones. Second, to establish that the
gene is not structurally altered in the MEL cells with respect to the Balb/c mouse. Third,
to ask whether additional bands representing any closely related gene could be detected.

Balb/c liver and MEL cell DNA digested with Bam HI, Sph I, Kpn I, Bgl U, and Eco
RI was probed with the labeled cDNA insert from pMS-20 (Figure 5). The restriction
digestion patterns confirm that the restriction map of the gene determined by fine mapping
of phage and plasmid subclones (Figure 3) is correct. The restriction patterns in the Sph
I, Kpn I, Bgl I and Eco RI digests are identical in Balb/c mouse and MEL cells, indicating
that the ALA-S gene in MEL cells is not rearranged relative to the mouse gene. In the
Bam HI digest, the probe detects 10 kb and 16 kb fragments in the MEL cell and an
additional 26 kb band in Balb/c liver. The intensity of the 26 kb band is comparable to
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EXC*4 5' boundary INTRCN 3' boundary IEXCN

37 38
1 CAKcAGIGrAAGI6----1---ATACTAGIIGACr 2

233 234
2 GAGG GIGAG-2-- CCrAAG AC1C 3

356 357
3 ACCA;G G1GG-3---IC ATCAGI AOCT 4

467 468
4 TGACIGIGTGAGr-4lS--oT(2AGIGAG 5

690 691
5 CATAGAIGTAWT-5---IG--GOW3iGG 6

875 876
6 TGO:XAGICGrAG-6---GrO=rCGIG3GGIG 7

1055 1056
7 TGGATGIGrAAGr-7----CT1r1ICAGIGTGC 8

1220 1221
8 CITC I GIGWr----8---T14CTrAGI3GCAA 9

1489 1490
9 AlTGAIGrAAGA-9----TTGAGICAG IGIsG 10

1652 1653
10 TIGM GrAAGr-10--TICATrIG AGA 11

M I GrAAGr----- YYYYYYo NI 4

Figure 7. Splice junction consensus sequences.
The center numbers indicate the introns; the numbers above each line refer to the complete mRNA sequence.
Bases conforming to the general splice site consensus sequences (below) are underlined. The intron 2/exon
3 border given is for the major mRNA species.

that of the 16 kb band. The 26 kb band probably arises from an allele in the Balb/c mouse
which is polymorphic at the Bam HI site near exon 10. Finally, in a non-stringently washed
blot, no additional bands were detected (not shown).
Promoter and Exon/intron Structure
The sequence of the promoter region is shown from the transcription start site to -102
bp in Figure 6. No TATA or CAAT consensus sequence is found in this region, however,
an SPI factor binding consensus sequence, GGGCGG (23,24) is located at position -58.
Immediately 5' of the SPI consensus element is an unusual 17 bp G-rich motif which has
also been found at two locations in the mouse erythroid Band 3 gene 5' flanking region (25).

Precise mapping of the exon boundaries was accomplished by sequencing across all
intron/exon junction regions after subcloning appropriate genomic fragments into M13
(Figure 3). The gene consists of 11 exons, spanning approximately 24 kb. Flanking
sequences extending about 8 kb 5' of the gene and 11 kb 3' have been cloned.The first
exon consists of 37 base pairs of non-coding sequence and is separated from the body
of the gene by a 6 kb intron. Consistent with the high degree of homology observed between
the mouse cDNA sequence and the chicken liver sequence (12,26), the location of the
intron/exon boundaries 3' of exon 3 are virtually identical in the chicken liver ALA-S
gene (27). A notable difference is the absence of a distant and non-coding first exon in
the chicken. Also, the chicken liver ALA-S introns are generally more modest in size,
as the chicken gene spans only 6.9 kb. The sequences of all the intron/exon boundaries
and the splice consensus nucleotides are shown in Figure 7.
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MS-6 EXON 3
GORGGRGIgtaaga----ttacctgtgtaagIRCTCTCCRTCTTGGGCTRRGRGCCRTTGTCCTTTCRTGCTGTCRGRRCTCCRRGRCRGG
GlyGly RspSerProSerTrpRlaLysSerHisCy3ProPhefetLeuSerGluLeuGlnRspRrg
EXON 2 INTRON 2

MS-20 EXON 3

GGRGGRGIgtaaga----ttacctgtgtaagactctccatcttgggctacgagccattgtcctttcatgctgtcagIRRCTCCRRGRCRGG
GlyGly I 45b GluLeuGInAspArg

Figure 8. Altenative splicing produces two ALA-S mRNA species.
The sequence of the genomic DNA at the borders of intron 2 is shown. The splice at the 3' end of intron
2 which gives rise to the MS-20 cDNA (lower diagram) occurs 45 nucleotides downstream of the MS-6 splice
site and results in the deletion of 15 codons in the MS-20 mRNA.

Inspection of the genomic sequences at the Intron 2/Exon 3 junction revealed that the
45 nucleotide segment absent from the mRNA molecule from which MS-20 was derived
(see above) appears to result from the use of a secondary splice site 45 bp 3' of the splice
site used in MS-6. The apparent alternate splicing event involving the 45 bp sequence
and its predicted translation product is illustrated in Figure 8. The addition of the 45 bases
does not change the reading frame or alter the codon where the sequence is inserted.
Mapping ofDNAse I Hypersensitive Sites
The assay for DNAse I hypersensitive sites was performed on dividing MEL cells, on
MEL cells induced for 3 days with DMSO, and on NIH 3T3 cells as a representative
non-erythroid cell type. Mapping of the sites was facilitated by using ALA-S genomic
DNA probes representing the ends of large restriction fragments, i.e., the 'indirect end-
labeling' method of Wu (28). The entire gene was surveyed plus approximately 9 kb of
5' flanking sequence and 6 kb of the 3' flanking region (Figure 9). Four prominent sites
were detected, in addition to one weaker site, numbered in their order of appearance in
the gene from 5' to 3'. The pattern of appearance and intensity of each site was essentially
the same in uninduced and induced MEL cells, and this was consistent in duplicate or
triplicate experiments. However, when this DNA was analyzed with a ,B globin probe (not
shown), the 1 major globin promoter hypersensitive site was clearly more intense in the
induced cell samples and the 13 globin intron 2 hypersensitive site was more intense in
the uninduced cell DNA as has been previously described (29-32). In the ALA-S gene,
hypersensitive site 1 maps near the transcription start; site 2 (the weakest) and site 3 both
map within the first intron. Site 4 maps to intron 3 and site 5 maps to the 3' end of intron
8. Site 3 was visualized relative to both ends of the Hindm genomic fragment using probes
A and B. No hypersensitive sites were observed in the 3' 4 kb of the gene or the 6 kb
of the 3' flanking region assayed. In addition, no ALA-S hypersensitive sites were observed
in NIH 3T3 cell chromatin. As a positive control for the NIH 3T3 preparations, this DNA
was probed with a labeled fragment from the mouse C2(I) collagen gene, which contains
a promoter-proximal DNAse I hypersensitive site (33). The collagen hypersensitive site
was visualized prominently in our preparations (data not shown).

Since it has been reported that 'constitutive' hypersensitive sites can also display
hypersensitivity as protein-free DNA (34), naked chromosomal DNA prepared from MEL
cells by standard methods was treated with increasing concentrations of DNAse I and then
assayed for hypersensitive sites as described above. No hypersensitive bands were detected
throughout the gene in these experiments (data not shown).
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Figure 9. DNAse I hypersensitive sites in uninduced and induced MEL cells.
A. Probes used to detect hypersensitive sites are shown as shaded boxes and are labeled A through D. The
lower case letters at the ends of the boxes indicate the restriction sites used to prepare the probes. The line
below gives the restriction sites used to generate the fragments for mapping the hypersensitive sites. b = Bam
HI, h = Hin dIII, ss = Sst I, st = Stu I, and x = Xba I. The bold upward arrows give the position of the
hypersensitive sites in the ALA-S gene. The horizontal arrows indicate the direction from which each site
was observed.
B. Each lane contains 20 pg of DNA. Control lanes (C) are restriction digests of deproteinized, high molecular
weight genomic DNA prepared from uninduced MEL cells. Lanes marked 1 are nuclei incubated with no
DNAse I added except in the top row (Bam probe A) where lane l is a sample incubated with 16ug/ml DNAse
I. The DNAse I concentrations in all autoradiograms ranged from 16 mg/ml to 350 mg/ml. The samples were
electrophoresed in 1% agarose gels treated as described in Materials and Methods. The arrows at the left of
each autoradiogram indicate the band generated by the HSS; the numbers correspond to each HSS shown in
Part A. On the left side of the diagram, the restriction enzyme and probe used to visualize each site is given.
Blots were exposed at -70°C with intensifying screens for periods ranging from overnight to three days.

7024

.......- .

&.'a
VW,

.... :.:fil: ;j;-:.!.-

--mbams-
AWNW&

OW oo a,

Ao_..



Nucleic Acids Research

DISCUSSION
As the first enzyme in the heme biosynthetic pathway, ALA-S plays an important role
in red blood cell differentiation. As a step towards understanding how heme biosynthesis
is coordinated with the synthesis of globin polypeptides at the level of gene regulation,
ALA-S cDNA was cloned and used to analyze ALA-S gene expression during MEL cell
induction (12). The steady-state level of ALA-S mRNA increases more than 20-fold during
induction and the rate of transcription of the gene increases approximately 5-fold, in parallel
with the increase of,B-globin transcription (12,13). In order to investigate the role of cis
elements and trans-acting factors important in the regulation of ALA-S during erythroid
differentiation we have cloned and characterized the gene and identified several erythroid-
specific DNAse I hypersensitive sites.
The gene spans 24 kb and consists of 11 exons and10 introns. It is apparently unique,

since no cross-hybridizing sequences are detectable in Southern blot analysis and no related
sequences were obtained during extensive, non-stringent screening of genomic libraries.
The promoter of the mouse gene differs from that of the chicken liver gene (27) by the
absence of an AT-rich (TATA) element. This may reflect differences in transcriptional
regulation between the liver and erythroid ALA-S genes. In erythroid cells, the gene

produces an mRNA of 1906 nt, together with a less abundant 1861 nt mRNA present
at about 15% of the total ALA-S message. The smaller species arises by alternative splicing,
which removes an additional 45 bp from the 5' end of exon 3. Since the putative splice
acceptor sequence used to form the 1906 nt message does not match the consensus sequence

more closely than the presumed splice acceptor used to form the shorter message, the
predominance of the 1906 nt message may be determined by other sequence elements
involved in RNA processing. Since no change occurs to the reading frame, two forms
of the protein may exist in the cell. The insert is in the weakly conserved region of the
protein not required for enzymatic activity (12) and could therefore have an effect on

regulation of the enzyme. Alternatively, if it is part of an N-terminal presequence, the
processing or transport of the enzyme to the mitochondria may be affected.

Early studies of ALA-S suggested that at least two distinct ALA-S isozymes differing
in size and biochemical properties were present in hepatic and erythroid tissues (8,9). More
recently, this has been confirmed by the characterization of two different ALA-S cDNA
clones from chicken liver (10,26) and erythroid tissue (11,35) as well as from rat liver
(36,37) and human liver (38). In an earlier paper, we described the cloning of identical
mouse ALA-S cDNA clones from anemic spleen and inducedliver and showed by Northern
blot analysis that a unique ALA-S mRNA was inducible in both mouse liver and erythroid
cells (12). The simplest explanation for these data encouraged us to conclude that a single
gene was expressed in mouse liver and erythroid tissue despite the observation that the
level of this mRNA was approximately 10-fold lower in liver than in anemic spleen (12).

In light of the recent findings in our laboratory and others, a better interpretation of
these data is that the mouse ALA-S gene described in our studies is an erythroid gene

which is probably not responsible for physiological expression of the enzyme in liver and
other non-erythroid tissues. First, the level of expression of this mouse ALA-S gene is
not characteristic of the hepatic ALA-S gene expressed in rat and chicken. Specifically,
the rat hepatic ALA-S mRNA is presnt at much higher levels in induced liver than in
erythroid tissue and is also readily detectable in several other tissues (36). Likewise, the
chicken hepatic mRNA is expressed in a variety of tissues, including erythroid cells (where
it is much less abundant than the erythroid-specific ALA-S mRNA) (35). In contrast, the
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mouse (erythroid) gene responds to induction in MEL cells, is expressed at a very high
level in anemic spleen compared to the liver, and displays DNAse I hypersensitivity in
erythroid but not in non-erythroid cells. Furthermore, we have not been able to detect
expression of the mouse erythroid gene in kidney of normal and AIA-treated mice or in
two non-erythroid cell lines (Schoenhaut and Curtis, unpublished results). It is possible
that at least part of the ALA-S mRNA detectable in mouse liver is derived from
contaminating reticulocytes, since we recently detected (3-globin mRNA in mouse liver
total RNA (unpublished observations).
A second set of observations suggesting that the mouse gene we have characterized codes

for an erythroid ALA-S, is its pattern of homology to other ALA-S protein sequences.
The mouse sequence, like the chicken erythroid sequence (35), does not contain the highly
conserved N-terminal pre-sequence found in the rat, chicken and human hepatic precursors
(38). Also, the hepatic enzymes of chicken, rat and human are more closely related to
each other (approximately 80% overall similarity) than they are to either the chicken or
mouse erythroid sequence (approximately 50-60% similarity). Somewhat surprising
however is the observation that the mouse erythroid deduced protein sequence displays
only about 55% overall homology to the chicken erythroid sequence (35). Finally, the
ALA-S sequences of the chicken are remarkable in that the nucleotide sequence homology
between the erythroid and hepatic forms is so low as not to permit cross-hybridization
(35). If a parallel situation exists in the mouse, it would be apparent why we have not
been able to detect more than one gene or mRNA species using our mouse ALA-S probes,
even at low stringency.

Elferink et al. (39) have recently used a rat liver ALA-S cDNA clone to study induction
of ALA-S mRNA in MEL cells. Since their rat liver cDNA probe does not detect any
message in rat erythroid spleen RNA while giving a strong signal with induced liver and
other tissues (36) it is possible that the probe is not detecting the same mRNA in MEL
cells that is represented by the mouse clones we have described. Perhaps a better
understanding of the tissue-specific expression ofmammalian ALA-S genes will be obtained
by isolating rat erythroid ALA-S clones or by identifying mouse mRNAs expressed at
a high level in non-erythroid cells.
A total of five DNAse I hypersensitive sites were detected in the ALA-S gene in uninduced

and induced MEL cells. The four probes selected allowed the mapping of the sites in the
entire gene and the cloned flanking regions (Figure 9A). The observation that the
hypersensitive sites are unchanged during DMSO induction while transcription of the gene
increases substantially, suggests that the factors responsible for the sites, are synthesized
or activated at an earlier stage of differentiation than represented by the uninduced MEL
cell. The mechanism whereby the RNA polymerase increases the rate of transcription during
DMSO induction thus may not require additional direct DNA-protein interactions and/or
such an event may not appear as a gross change in DNAse I hypersensitivity. Although
the proteins which create the hypersensitive sites may have roles other than regulation
of gene expression (reviewed in 14), the tissue-specific nature of the sites correlates with
expression of the gene. The occurrence in many cellular genes of introns which contain
enhancers and binding sites for trans-acting factors (e.g. 40-45) plus the frequent
coincidence of these features with DNAse I hypersensitive sites (e.g. 46-48) suggests
that one or more of the hypersensitive sites mapped in the ALA-S gene are candidate regions
for erythroid-specific cis regulatory elements. Of particular interest are the hypersensitive
sites in the first intron of the mouse ALA-S gene. This large intron is a feature not found
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in the otherwise well-conserved chicken liver gene (27) and thus may have evolved as
an erythroid-specific regulatory feature.
The coordinate transcription of the ALA-S and ( globin genes during MEL cell induction

may be orchestrated by cis elements and trans-acting factors common to both genes. This
possibility is favored by a recent report by Mignotte et al. that the erythroid specific factor
NF-El, which binds to the human 0-globin gene promoter and 3' enhancer, also interacts
with the promoter of the human porphobilinogen deaminase gene (which codes for the
third enzyme of the heme biosynthetic pathway) (49). Having mapped the ALA-S
hypersensitive sites, our goal is to use higher resolution techniques to investigate the nature
of erythroid-specific DNA-protein interactions within the regions delimited by these sites
in the context of coordinate regulation of several erythroid genes.
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