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SUMMARY: The human ACPl locus encodes a genetically polymorphic
cytoplasmic low-molecular-weight acid phosphatase. Each of the
common alleles encodes two isoforms, £ and s. Both isozymes are of
equal length (157 residues) but differ in sequence over an internal
34 residue segment. Substantial portions of the ACP1*A, *B and *C
alleles common to Europeans have been sequenced. Six linearly
positioned exons containing codons 14 to 157 were identified. Two
exons of equal length {(114bp) interspaced by a short (41bp),
probably nonfunctional, intron encode the specific £ and s
segments, respectively. These findings strongly support an
alternative RNA splicing hypothesis. In addition, three allele-
specific base substitutions were encountered. o 1993 academic Press, Inc.

A cytosolic low-molecular-weight acid phosphatase (cACP; E.C.
3.1.3.2) has been isolated from diverse vertebrate species(1-7); it
is expressed in most, if not all, tissues. The human cACP 1is
encoded at the ACP1 locus on the short arm of chromosome 2 (8) and
is genetically polymorphic. Three common alleles, ACP1*A, ACPl*B,
and ACP1*C, are found in caucasian populaticns (9,10). Each allele
expresses a pair of electrophoretically distinct isozymes termed
fast (f) and slow (s) according to their anodal mobility. Both the
total amount of enzyme produced and the relative proportion of £
and 8 isozymes differ for the various alleles; the f:8 isozyme
ratios for the *A, *B, and *C alleles are 2:1, 4:1, and 1:4
respectively (11). The £ and 8 isozymes have been found to differ
in significant catalytic properties, notably, in kinetic constants,
level of activity modulation by purines and folates, and
phosphotransferase activity (12-21); they alsoc differ in
immunological and stability properties (11,20-22). These
differences coupled with the allelic variation in f£:8 ratio gives
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rise to significant genotype-dependent variation in enzymatic and

molecular properties (19-21,23-27).

The molecular basis for the differences between £ and s
isozymes has been clarified by recent protein sequencing studies on
the products of the *A, *B, and *C alleles (28,29). The £ and 8
isozymes are identical over the protein seguence regions spanning
residues 1-39 and 74-157, but differ significantly (59%) 1in
sequence 1in the middle region, residues 40-73. The sequence
differences in this "signature" region presumably account for the
differences in the catalytic and molecular properties of the £ and
8 isozymes. Subsequently determined cDNA sequences corresponding
to the Bf and Bs isozyme sequences (30, Lazaruk and Sensabaugh,
unpublished) show sequence identity for the regions spanning codons
0-39 and 76-157 and extending into the 3’ untranslated region. The
cDNA sequences of the £ and 8 signature regions (codons 40-73)
differ by almost 50%; the £ and 8 <¢DNA sequences differ by

translationally silent base substitutions at codons 74 and 75.

We have previously postulated that the £ and 8 isozyme pairs
are generated by an alternative splicing mechanism in which the £
and 8 signature seguences are encoded in mutually exclusive exons
(22,28). We demonstrate here that the exon structure of the ACP1

locus 1is consistent with this hypothesis.

MATERIALS AND METHODS

Human reticulocyte c¢DNA libraries in Agtll were kindly
provided by Dr. J. Conboy (31) and Dr. Y. Edwards (32). Genomic
DNA was extracted from donor blood samples of known ACPl genotype
using standard methods. A veast artificial chromosome (YAC Y268C12)
with a 450 Kb insert containing the ACPl locus was identified from
a YAC library at Lawrence Livermore National Laboratory using
locus-specific primers (kindly performed by Dr. Harvey W.
Mohrenweiser). AmpliTag DNA polymerase was obtained from Perkin
Elmer (Norwalk, CT), and NuSieve and Seakem agarose from FMC
(Rockland, ME).

PCR reactions were carried out in a total volume of 25 or 50
ul with 50 ng of genomic DNA from ACPl*A, B, or C homozygote
individuals or with 500 ng of reticulocyte cDNA. All reactions
were performed in buffer containing, 50 mM KCl, 10 mM Tris-HCl (pH
8.3), 2.5 mM MgCl,, 180 uM each dNTP, and 1-2.5 units AmpliTag DNA
polymerase. Ten to 50 pmol of each primer was used for initial
amplification. PCR product gels (1.5% NuSieve/0.5% Seakem) were
run in TBE buffer and relevant bands excised. DNA was eluted from
excised bands into 50-100 pl of H,0 and used as template for
further amplification using the same or nested primers. When PCR
amplification yielded multiple bands, the ACP-specific bands were
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identified through the use of nested primers following the hot-blot
procedure of Parker et al. (33). Primer sequences (Fig. 1) are
available upon request.

Single-stranded DNA was ¢enerated by asymmetric PCR technique
using a 50:1 ratio of excess:limiting primer (34). Asymmetric PCR
products were purified on Ul'trafree MC 30,000 Mw spin filters
(Millipore, Bedford, MA). The DNA was eluted off the membrane with
20-40 dl of H,0 and 7 pl was used for sequencing by the method of
Sanger (35) using a Sequenase 2.0 Sequencing kit (US Biochemical,
Cleveland, OH). PCR products greater than 500 bp in length were
sequenced directly using cycle sequencing (fmol Cycle Sequencing,
Promega, Madison, WI) and a s.ngle primer.

RESULTS

The structure of the ACPl locus has been determined by genomic
sequencing using overlapping genomic DNA fragments obtained by PCR.
Initial segments of cDNA sequences were amplified from human
reticulocyte ¢DNA libraries using degenerate primers based on the
amino acid sequence of the £ and 8 isozymes (28). This allowed the
construction of specific primers facilitating the determination of
the entire c¢DNA sequence and thereafter the genomic sequence. Two
CcDNA sequences were seguenced, one corresponding to the Bf isozyme
and the other to the Bs isozyre. These sequences were identical to

human cDNA sequences reported while this work was in progress (30).

Genomic sequence spanning approximately 6 Kb of the ACPl locus
has been determined (Fig. 1; GenBank Accession Nos. L06507 and
1L.06508). Six linearly positioried exons have been identified; these
account for all the coding s=2quence except that for amino acid
residues 1-13 at the N-termints. The £ and 8 signature sequences
are encoded in adjacent exons, E3F and E3S, each 114 bp in length;

these exons contain codons 3&-75 (Fig.2). These two exons are
B/C VaR 8/A VAR. B/A VAR,
caed 2 3F - 38 /7" 4 // 5
41 { 1.8Kb 141
78 2% 114 114 Kb 62 106 75

Fig. 1. Scheme of the ACPl gene locus of human low-molecular-
weight acid phosphatase. Boxes represent exons, lines represent
introns, and the hatched box represents 3’ non-coding sequence.
The relative positions of the primers used for PCR amplification
and sequencing are indicated oy arrows. Exon and intron sizes
{bp) are indicated below. Sites of allelic variation are
indicated above.
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*B,*A,*C . ..ATC CAACCTAACC CTGTTTCCCC ACCCCTCCCT TTTTTTAAAG

Exon 2 e 10--->
*B,*A,*C GT AAC ATT TGT CGA TCA CCC ATT GCA GAA GCA GTT TTC

*B,*A,*C AGG AAA CTT GTA ACC GAT CAA AAC ATC TCA GAG AAT

Intron 2 Py ¥ P U
*B, *A,*C GTAAGTACCA TTCATTATCT TAAAGAGGCC AACCTGAACT CCTCTGGG

*B,*A,*C CAGGAAATTGCA AAAAAAAAAA AAAATTCCAT GTTTCTTCCC CTGCAG

Exon 3F i 19-->

*B, *A TGG AGG GTA GAC AGC GCG GCA ACT TCC GGG TAT GAG ATA

*C ... .. DR ey ..T-.‘ .. ... e n LR .. .. v e
R R i 7-

*B,*A,*C GGG AAC CCC CCT GAC TAC CGA GGG CAG AGC TGC ATG AAG

-->

*B,*A,*C AGG CAC GGC ATT CCC ATG AGC CAC GTT GCC CGG CAG

Intron 3F <=~44- - 39~->
*B, *A,*C GTACCGTCCT TGGACTTGAA GTTGTGTGTT TTGTGTTTCA G
Exon 38 e
*B, *C TGG GTC ATT GAC AGC GGT GCT GTT TCT GAC TGG AAC GTG
*A « . e .. ..T--. .. “ e LY LR DY .. .. LY
20--> <--16----

*B, *A,*C GGC CGG TCC CCA GAC CCA AGA GCT GTG AGC TGC CTA AGA

*B,*A,*C AAT CAT GGC ATT CAC ACA GCC CAT AAA GCA AGA CAG

Intron 38
*B GTAGACAAGC TCTTGTTCAA TTTTCTAATA TATAGAGTCC AGTAACTTGA. ..

Fig. 2. The sequence of the ACPl locus for the ACP1'B, "A, and °C
alleles in the region encompassing the F and S alternatively
spliced exons. Primers used for this region are indicated by
numbered arrows. The length of the polyA tract in intron I2 is
the consensus length from multiple sequencing experiments.

separated by a short (41bp) intervening sequence I3F. The E3F and
E3S exons differ in 51 base positions, 10 of which are
translationally silent. The genomic sequences have been determined
for the intron and exon immediately 5’ to E3F and for the three
introns and exons 3’ to E3S. The interior portions of the 3Kb and

1.8 Kb introns have yet to be .determined.

Sequencing of genomic DNA from individuals of the three
homozygous types A, B, and C, show an identical gene structure.
The ACPl1*B and *A allelic sequences were found to differ at two
base positions, a silent C-T transition at codon 41 in the S exon
and an A-G transition at codon 105. A single silent C-T transition
at codon 43 in the F exon was found to distinguish the *C allele
from *A and *B. The allelic sequence differences at codon 43 in
the F exon and at codon 105 generate restriction sites that can be
used for PCR-based genotyping at the ACPl locus (36).
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Amplification of genomic DNA with certain primer sets yielded
products in addition to those comprising the sequence above.
Analysis of these additional products showed sequence similar to,
but not identical with the ACPl gene sequence; some lacked intron
sequence. These observations suggest the presence of one or more
ACPl pseudogenes.

DISCUSSION

The existence of an f and 8 isozyme palr appears to be a
characteristic feature of cACP in higher vertebrates (see ref. 29;
Sensabaugh, unpublished); tte mechanism for their generation 1is
likely to be common across species. We had previously proposed
alternative splicing of mutually exclusive exons to account for
this phenomenon based on peptide mapping studies (22) and
subsequently on protein sequence data (28). Although this model
was recently questioned by Wo et al. (30), the present results

provide evidence for the alternative splicing model.

The human ACPl gene structure shows the £ and 8 signature
sequences to be encoded by two distinct exons, E3F and E3S; these
exons are flanked on either side by exons encoding the N- and C-
terminal sequences identical in the £ and s isozymes. The 41 bp
non-coding sequence segment between the exons E3F and E3S is too
short to be spliced out on its own (37). This 1is consistent with
a mechanistic picture for mutually exclusive alternative splicing
in which a transcript segment containing either E3F-I3F or I3F-E3S
is excised to form the mature transcripts for the 8 and £ isozymes,
respectively. There 1s no evidence of tissue-specific or
developmental regulation of the f£:8 isozyme ratio for a given
genotype (38,39); the mutually exclusive alternative splicing thus

appears to be a constitutive trait.

The ACPl*A, *B, and *C allelic gene seqguences are
distinguished by base substitutions at three sites located in
exons; there may be additional sequence variation in the as yet
unsequenced regions of the 4ACPl locus. An A-G transition in codon
105 of exon 5 accounts for the Gln-105 to Arg substitution that
distinguishes the A enzyme types from the B and C types. The
remaining two substitutions, a C-T transition 12 bases into the S
exon that distiguishes the *A allele from the *B and *C alleles,
and a C-T transition 15 bases into the F exon that distiguishes the
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*C allele from the *A and *B alleles, are both translatiocnally
silent. Both, however, are of potential interest. Given their
location in the alternatively spliced exons and the absence of any
allelic sequence variation in surrounding exon and intron
sequences, both may be involved in the genotype-specific regulation
of £:8 isozyme ratios. Exon based substitutions in the vicinity of
splice sites have been shown to influence splice site recognition
(40,41). This model for ACPl expression predicts that rare genetic
variants with altered f:8 ratios will have base substitutions in

the E3F-I3F-E3S sequence region.
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