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Acid sphingomyelinase (sphingomyelin phospho-
diesterase, EC 3.1.4.12) was purified from human urine
and 12 tryptic peptides were microsequenced (128
residues). Based on regions of minimal codon redun-
dancy, four oligonucleotide mixtures were synthesized
and oligonucleotide mixture 1 (20mer; 256 mix) was used
to screen 3 X 10° independent recombinants from a
human fibroblast cDNA library. Putative positive clones
(92) were purified and analyzed by Southern hybridi-
zation with oligonucleotide mixtures 2 —4. These studies
revealed two groups of clones; group I (80 clones; inserts
ranging from ~1.2 to 1.6 kb) hybridized with oligo-
nucleotide mixtures 1—4, while group II (12 clones;
inserts ranging from ~1.2 to 1.4 kb) hybridized with
oligonucleotide mixtures 1—3. Several group II clones
had larger inserts than those in group I, but did not
hybridize with oligonucleotide mixture 4. Screening of
a human placental cDNA library with a 450 bp group
I fragment, also resulted in the isolation of group I and
II clones. Representative clones from group I (pASM-1)
and group II (pASM-2) were sequenced. pASM-1
contained a 1879 bp insert which was colinear with 96
microsequenced amino acids, while the pASM-2 1382 bp
insert was colinear with 78 microsequenced residues.
Notably, pASM-2 did not have an internal 172 bp
sequence encoding 57 amino acid residues, but had
instead an in-frame 40 bp sequence encoding 13 amino
acids which was not present in pASM-1. These findings
demonstrate the presence of two distinct acid sphingo-
myelinase transcripts in human fibroblasts and placenta
and suggest the occurrence of alternative processing of
the mRNA encoding this lysosomal hydrolase.
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Introduction

In most mammalian tissues there are two phosphodiesterases
that convert sphingomyelin to ceramide by removing the
phosphocholine moiety (Levade et al., 1986). Acid sphingo-
myelinase (sphingomyelin phosphodiesterase, EC 3.1.4.12;
ASM) is a lysosomal enzyme with a pH optimum of ~4.5,
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whereas neutral sphingomyelinase (NSM) is a plasma
membrane enzyme with a neutral pH optimum (~ 7.0) and
a requirement for magnesium (Schneider and Kennedy,
1967). ASM also has phospholipase C activities towards
1,2-diacylglycerophosphocholine and 1,2-diacylglycero-
phosphoglycerol. Since these enzymes have been difficult
to purify, limited information is available for comparison
of their biosynthesis, post-translational processing and
physical and kinetic properties. Recently, human urinary
ASM was purified ~30 000-fold and shown to be a
monomeric protein with a mol. wt of ~72 kd (Quintern
et al., 1987). The purified enzyme had both sphingo-
myelinase and phospholipase C activity towards the respect-
ive substrates. A recent report has tentatively assigned
the gene for ASM to human chromosome 17 based on studies
in somatic cell hybrids. (Konrad and Wilson, 1987), in-
dicating that a single polypeptide is responsible for ASM
activity.

The inherited deficiency of ASM activity and the resultant
lysosomal accumulation of sphingomyelin has been described
in several species (Brady, 1983; Kitagawa, 1987). In man,
this lysosomal storage disorder, known as Niemann—Pick
disease (NP), occurs in two clinically distinct forms, both
inherited as autosomal recessive traits. Niemann—Pick A
disease (NP-A) is a severe neurologic disorder of infancy
characterized by a rapid neurodegenerative course,
hepatosplenomegaly, and death by 2—3 years of life.
Affected NP-A homozygotes present with failure to thrive
and are usually diagnosed during the first 3—6 months of
life. In contrast, Niemann —Pick B disease (NP-B) does not
have neurologic involvement, but is a reticuloendotheliosis
resulting from the progressive lysosomal deposition of
sphingomyelin, primarily in bone marrow, liver, spleen and
lungs. NP-B is typically diagnosed in childhood and affected
homozygotes may expire from respiratory disease com-
plications in the second to fourth decade of life. Complemen-
tation studies performed by fusing NP-A and NP-B
fibroblasts have shown that the mutations causing ASM
deficiency in each subtype were allelic, since the enzymatic
defect was not corrected in the somatic cell hybrids (Besley
et al., 1980). However, the biochemical and molecular
nature of the clinical heterogeneity resulting from deficient
ASM activity remains an enigma. In addition, the fact that
homozygotes with either NP-A or NP-B subtypes have
normal NSM activities indicated that these enzymes are
encoded by different genes (Schneider and Kennedy, 1967).

In this communication we describe the first isolation of
cDNA clones encoding human ASM. Notably, two different
groups of cDNA clones encoding ASM (from two different
cDNA libraries) were identified by Southern hybridization
analyses with different oligonucleotide mixtures. Further-
more, sequencing a representative of each group demon-
strated that alternative splicing resulted in the occurrence
of two ASM transcripts, presumably due to the presence of
an intronic 3’ cryptic splice site.
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Results

Purification of human ASM

Human ASM was purified ~30 000-fold from 1000 | of
urine by the method of Quintern et al. (1987). In the final
preparation only the 72 kd monomeric form of ASM was
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Fig. 1. SDS—PAGE of native and deglycosylated human ASM.

(A) Purified urinary ASM (~2 pg) electrophoresed in a SDS —poly-
acrylamide gradient gel (3—23%) under non-reducing conditions. For
the deglycosylation studies (B), ~0.5 ug of Endoglycosidase F was
added to 2 pug of human ASM and incubated at 37°C for 0—24 h. The
reaction mixture was then electrophoresed in a SDS—polyacrylamide
gradient gel (3—23%).

detected by Coomassie blue staining (Figure 1A). The
purified ASM was treated with glycopeptidase F and the mol.
wt of the denatured, deglycosylated monomeric enzyme was
~61 kd (Figure 1B). From these results it was estimated
that the purified urinary form of human ASM is composed
of ~550 amino acid residues. This finding predicted a
c¢DNA coding sequence of at least 1650 bp.

Amino acid sequencing and oligonucleotide synthesis
Since the N terminus of ASM was blocked, the purified
urinary enzyme was digested with trypsin and the tryptic
peptides were purified by HPLC. Twelve peptides were
microsequenced (~20% of the purified enzyme) and four
were chosen for the construction of corresponding oligo-
nucleotide mixtures based on regions of minimal codon
redundancy. No similarities were found with the ASM
sequences and other protein sequences in the NBRF protein
database. Table I shows the four tryptic peptides and the
corresponding synthetic oligonucleotide mixtures that were
constructed for cDNA library screening.

Isolation of cDNA clones encoding ASM _

Using oligonucleotide mixture 1 as a probe, 3 x 10°
independent recombinants from a human fibroblast pcD
library (Okayama and Berg, 1983) were screened. The 92
putative positive clones were isolated, purified and
characterized by restriction enzyme and Southern analyses
with oligonucleotide mixtures 2—4. Based on these results,
two groups of clones were identified. Group I (80 clones
with inserts ranging from ~ 1.2 to 1.6 kb) hybridized with
oligonucleotide mixtures 1—4 probes, while group II (12
clones with inserts ranging from ~ 1.2 to 1.4 kb) hybridized
with oligonucleotide mixtures 1—3. Intriguingly, some of
the group II clones were larger than the group I clones,
despite the fact that they did not hybridize with oligonucleo-
tide mixture 4. Subsequently a human placental cDNA
library was screened with a radiolabeled 450 bp cDNA
fragment obtained from a group I insert. A total of 21
putative positive clones were purified and analyzed, resulting

Table I. Tryptic peptide sequences of human acid sphingomyelinase and corresponding oligonucleotide mixtures

Tryptic peptide/Oligonucleotide Sequence

T-1 S$-W-S-W-N-Y-Y-R-

Oligo 1 (20mer; 256 mix)

TGG ACN TGG AAT TAT TAT AG

CcC CcC

P- A- E- L-R-

ACC AAT GGN CGN CTT CG
C

C

ACC GAN GGN CGN CTT CG

C

M- A- K-

TG
T-2 -A-W-E-P-W-1L-
Oligo 2A? (17mer; 64 mix) CGN ACC CTT GGN ACC AA
C
Oligo 2B* (17mer; 64 mix)
Oligo 2C? (17mer; 128 mix)
T-3 X)-L- Y- E- A-
Oligo 3 (17mer; 64 mix)
C G
T4 1- G- G- F- Y-

TAT GAA GCN ATG GCN AA

L- S- P- Y-P-G-L-R-

Oligo 4 (17mer; 192 mix)
C A C

ATT GGN GGN TTT TAT GC

#Probes constructed as complement strand.
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Fig. 2. Nucleotide and ami nd pA
respectively. The wavey line indicates sequences that were identica

cDNAs encoding human acid sphingomyelinase

CCT GCC GTG TGC CAA TCC ATT GTC CAC CTC TTT GAG GAT GAC ATG GTG GAG GTG TGG AGA CGC TCA GTG CTG AGC CCA TCT GAG GCC TGT

P A V C Q s I v B L r & D D M V T V W R R 8 V L 38 P s E A C

GGC CTG CTC CTG GGC TCC ACC TGT GGG CAC TGG GAC ATT TTC TCA TCT TGG AAC ATC TCT TTG CCT ACT GTG CCG AAG CCG CCC CCC AAA

¢ L L L 66 8 T C G B W D I r 8 8 W N I s L P T V P K P P P X
CRO =

CCC CCT AGC CCC CCA GCC CCA GGT GCC CCT GTC AGC CGC ATC CTC TTC CTC ACT GAC CTG CAC TGG GAT CAT GAC TAC CTG GAG GGC ACG

P P 8 P P A P G A P V 8 R I L r L T D L B W D H D Y L E G T

GAC CCT GAC TGT GCA GAC CCA CTG TGC TGC CGC CGG GGT TCT GGC CTG CCG CCC GCA TCC CGG CCA GGT GCC GGA TAC TGG GGC GAA TAC

D P D € A D P L ¢ ¢ R R G 8 G L P P A s R P G A G Y W G E Y

T-5
AGC AAG TGT GAC CTG CCC CTG AGG ACC CTG GAG AGC CTG TTG AGT GGG CTG GGC CCA GCC GGC CCT TTT GAT ATG GTG TAC TGG ACA GGA

8 K ¢ D L P L R T L & $ L L 8 6 L G P A G P r o M Vv Y w T G

T-12 pASM-2 CT TTT GAT >

GAC ATC CCC GCA CAT GAT GTC TGG CAC CAG ACT CGT CAG GAC CAA CTG CGG GCC CTG ACC ACC GTC ACA GCA CTT GTG AGG AAG TTC CTG

D I P A B D V W H Q T R Q@ D Q@ L R A L T T V T A L V R K r L
T-6

»
>

GGG CCA GTG CCA GTG TAC CCT GCT GTG GGT AAC CAT GAA AGC ATA CCT GTC AAT AGC TTC CCT CCC CCC TTC ATT GAG GGC AAC CAC TCC

¢G P V P V Y P A V G N HE I 38 I P V N 8 r e P P r I E G N B s
CHO =
-

»

TCC CGC TGG CTC TAT GAA GCG ATG GCC AAG GCT TGG GAG CCC TGG CTG CCT GCC GAA GCC CTG CGC ACC CTC AGA ATT GGG GGG TTC TAT

8§ R W L Y B A M A K A W E P W L P A E A L R T L R I 6 6 r Y
T-3

T-2

TAC TTA TCG TCC GTG
Y L s s Vv

GCT CTT TCC CCA TAC CCC GGT CTC CGC CTC ATC TCT CTC AAT ATG AAT TTT TGT TCC CGT GAG AAC TTC TGG CTC TTG ATC AAC TCC ACG
A L 8 P Y P 6 L R L I 8 L N M N r C 8 R T N Fr W L L I N 8 T
CHO

T-4 T-11
GAA ACC CAG GAA GGG AAA AGA -
E T Q E G K R K

GAT CCC GCA GGA CAG CTC CAG TGG CTG GTG GGG GAG CTT CAG GCT GCT GAG GAT CGA GGA GAC AAA GTG CAT ATA ATT GGC CAC ATT CCC
b P A 6 Q@ L Q@ W L VvV G ¢ L Q A A T D R G D XK V H I I 6 &8 I P

- - - = GTG CAT ATA wsssssssssssssssssssssnsssssa

CCA GGG CAC TGT CTG AAG AGC TGG AGC TGG AAT TAT TAC CGA ATT GTA GCC AGG TAT GAG AAC ACC CTG GCT GCT CAG TTC TTT GGC CAC
P ¢ B C L X 8 W 8 W N Y Y R I V A R Y T N T L A A Q r F G B8
T-1
ACT CAT GTG GAT GAA TTT GAG GTC TTC TAT GAT GAA GAG ACT CTG AGC CGG CCG CTG GCT GTA GCC TTC CTG GCA CCC AGT GCA ACT ACC
T # v D r r & V ¥ Y D r T T L 8 R P L A V A Fr L A P 8 A T T

TAC ATC GGC CTT AAT CCT GGT TAC CGT GTG TAC CAA ATA GAT GGA AAC TAC TCC AGG AGC TCT CAC GTG GTC CTG GAC CAT GAG ACC TAC
Y I 6 L N P 6 Y R V Y Q I D ¢ ¥ Y 8 R 8 8 R V V L D B E T Y

CHO  emmmumee
ATC CTG AAT CTG ACC CAG GCA AAC ATA CCG GGA GCC ATA CCG CAC TGG CAG CTT CTC TAC AGG GCT CGA GAA ACC TAT GGG CTG CCC AAC

I L N L T Q A VN I P G A I P B W Q L L Y R A R E T Y G L P N
CHO e

ACA CTG CCT ACC GCC TGG CAC AAC CTG GTA TAT CGC ATG CGG GGC GAC ATG CAA CTT TTC CAG ACC TTC TGG TTT CTC TAC CAT AAG GGC

T L P T A W H N L V Y R M R G D M Q L r Q T Fr W F L Y H K G

T-8
CAC CCA CCC TCG GAG CCC TGT GGC ACG CCC TGC CGT CTG GCT ACT CTT TGT GCC CAG CTC TCT GCC CGT GCT GAC AGC CCT GCT CTG TGC
R P P 8 TP P C 6 T P C R L A T L C A Q@ L 8 A R A D 8 P A L C

=7
CGC CAC CTG ATG CCA GAT GGG AGC CTC CCA GAG GCC CAG AGC CTG TGG CCA AGG CCA CTG TTT TGC TAG GGCCCCAGGGCCCACATTTGGGAAAGT
R H L M P D G 8 L P r A Q 8 L W P R P L F C ter

TCTTGATGTAGGAAAGGGTGAAAAAGCCCAAATGCTGC AACCAGGCAAGATCATCCGGTGAAAGAACCAGTCCCTGGGCCCCAAGGATGCCGGGGAMACAGGACCTTCTCC

TTTCCTGGAGCTGCTTTAGCTGGATATGGGA T “TGCC AGGAGCTAGACTCCCTTGAGGCTCCTGTCCTTTCACAGCCATGGAGTAGAGGCCTAAGTTGACACT

GCCCTGGCCAGACAAGACAGGAGCTGTCGCCCCAGGCCTGTGCTGCCCAGCCACGAACCCTGCTACTGCTGCTGCGACCTGATGCTGCCAGTCTGTTAAAATAAAG

ATAAGAGACTTGGA
CTCCAAAAAAACAAAAAAAMAAAA

90
30
180

60

270

90
360

120

450

150

540

180

630

210

720
240

810
270

900
300

990
330

1080
360

1170
390

1260
420
1350
450

1440
480

1536
502
1655
1774

1879  pASM-1

1382 pASM-2

ino acid sequences of pASM-1 and pASM-2. The pASM-1 and pASM-2 inserts were 1879 and 1392 puclgotides (nt) long
1 in pASM-1 and pASM-2 from pASM-1 nt 424; the wavey line is not shown for

PASM-1 nt 901—1773 although the two sequences were identical. Residues which were deleted in pASM-2 are indicated by dashes (—). Colinear
tryptic peptides are underlined.
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in the identification of 18 additional group I and three
additional group II inserts.

Based on these findings, representative clones from group
I (pASM-1) and group II (pASM-2) were selected for DNA
sequencing by the dideoxy chain termination method
(Figure 2). The sequence of clone pASM-1 (1879 bp),
obtained from the placental cDNA library, was colinear with
96 microsequenced amino acid residues from human ASM,
demonstrating its authenticity. There were three discrep-
ancies between the microsequenced amino acid sequences
from the tryptic peptides and those predicted from the cDNA
sequence (residues 123, 252 and 467). No poly(A)™ tail
was found in pASM-1, although a consensus polyadenylation
signal (AATAAA) was present at the 3’ terminus of the
insert. ASM-2 (1382 bp) was colinear with 78 micro-
sequenced amino acid residues and had the consensus
polyadenylation signal and a poly(A)™ tail (Figure 2). The
polyadenylation consensus sequence was 27 bp from the
poly(A) tract in pASM-2. Of particular interest, pASM-2
did not have an internal 172 bp sequence encoding 57 ASM
amino acids which were present in pASM-1; this deleted
sequence encoded the peptide corresponding to oligonucleo-
tide mixture 4 (see Figure 2; T-4). In place of this sequence,
PASM-2 contained an in-frame 40 bp sequence encoding 13
amino acids which were not present in pASM-1.

Discussion

The recent purification of human ASM permitted the
isolation of tryptic peptides for microsequencing and the
synthesis of oligonucleotide mixtures based on regions of
low codon redundancy (Table I). Using the oligonucleotide
mixtures as probes, a total of 92 putative positive cDNA
clones for human ASM were isolated and purified from a
pcD human fibroblast library. Southern hybridization
analyses revealed two groups of cDNA clones. Group I
clones had inserts that hybridized with all four oligonucleo-
tide mixtures, whereas the inserts of group II clones only
hybridized with oligonucleotide mixtures 1—3, despite the
fact that some of the group II inserts were larger than those
found in group I. The nature of this apparent discrepancy
was revealed by sequencing the longest cDNA insert from
each group. pASM-1 (group 1) had an internal 172 bp
sequence encoding 57 amino acids that was not present in
pASM-2. This sequence contained the tryptic peptide used
to construct oligonucleotide mixture 4 (Table I; T-4). In
place of this sequence, pASM-2 had a 40 bp in-frame
sequence that encoded 13 amino acid residues which were
not present in pASM-1.

The finding of two authentic pASM cDNA clones that
differed by the presence of two unique internal nucleotide
sequences provided evidence for alternative splicing of the
PASM transcript. The possibility that these results were
caused by cloning artifacts was excluded by hybridization
studies and sequencing of additional cDNA clones from
human fibroblast and placental libraries. Both libraries
contained group I and Il ASM cDNA clones. Presumably,
group I clones corresponded to the normally processed
transcript that encodes human ASM, since they contained
peptide T-4 and represented ~90% of the clones identified
in the combined fibroblast and placental libraries. The fact
that pASM-2 was missing 172 nucleotides but contained 40
in-frame nucleotides suggests that ~10% of the ASM
transcripts are alternatively spliced. The transcript containing
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the unique 40 bp may result from alternative splicing of an
exonic sequence, or is perhaps due to the presence of an
intronic sequence that can serve as a cryptic 3’ donor splice
site. Analysis of the unique 40 bp sequence in pASM-2 is
consistent with either possibility. Note that the first (GT)
and the last (AG) two nucleotides are the 5’ donor and 3’
acceptor consensus dinucleotides for intron splicing. The fact
that the putative splicing event deletes 172 bp which are
replaced by 40 bp (encoding 13 amino acids) without altering
the reading frame suggests that both transcripts may encode
functional proteins.

It is tempting to speculate on the possible significance of
two functional human ASM transcripts. Since ASM has both
sphingomyelinase and phospholipase C activities, it is
possible that the two transcripts produce enzymes that
recognize and preferentially bind different substrates.
Alternatively, this region of the enzyme may be important
for subcellular targeting since the sequences which are
deleted in pASM-2 contain a potential N-glycosylation site.
While ASM is a lysosomal hydrolase with an acidic pH
optimum, the NSM activity has been localized to the plasma
membrane. In fact, the alternatively spliced transcripts may
result in an enzyme with different subcellular localization,
pH optima and substrate specificity. The presence of two
human transcripts also may provide insights into the clinical
heterogeneity of NP disease. A mutation in the sequence
which is deleted in pASM-2 would only affect the expression
of the group I transcripts, leaving ~ 10% of the transcripts
unaffected. If the group II transcripts express a functional
protein this would result in residual ASM activity, consistent
with the less severe NP-B phenotype. Mutations in common
sequences would affect both transcripts and could result in
little, if any, functional enzyme and the severe NP-A
phenotype. On the other hand, the alternatively spliced
transcript may not be functional. In fact, alternating splicing
of the human B-glucuronidase transcripts supports this
possibility (Oshima et al., 1987). Of the two 3-glucuronidase
cDNAs isolated, one had a 153 bp deletion (corresponding
to an entire exon) which expressed an enzyme protein that
was not catalytically active. Clearly, transient expression of
full-length ASM group I and II cDNAs will determine the
functional integrity of the ASM transcripts.

Finally, since the nucleotide sequence of pASM-1 and
PASM-2 are identical, except for the spliced region, it is
unlikely that the two groups of clones represent transcripts
of different ASM genes or pseudogenes. However, a
complete understanding of the molecular nature of the
putative alternative splicing event will require additional
studies, including S1 nuclease analysis of the ASM RNA
in different tissues and the isolation and sequencing of the
implicated genomic region(s). Furthermore, the availability
of cDNA clones encoding human ASM will permit studies
of the structure and expression of human ASM, character-
ization of the genomic organization and regional chromo-
somal location of the ASM gene, as well as studies of the
molecular nature of the mutations that cause the clinically
distinct NP subtypes.

Materials and methods

Materials

Restriction endonucleases, polynucleotide kinase, T4 DNA ligase, glyco-
peptidase F and G-25 spin columns were from Boehringer Mannheim. Radio-
isotopes were from the Amersham Corporation. Nitrocellulose (type HATF)



and nylon membranes were from Millipore. M13 and Bluescript vectors
were from New England Biolabs and Stratagene respectively. Reagents and
columns for the synthesis of the oligonucleotide probes and sequencing
primers were from Applied Biosystems.

Purification of human ASM

Human ASM was purified from 1000 | of urine according to the procedure
of Quintern et al. (1987) with the following modifications. The dialyzed
urine concentrate was loaded onto the octyl-Sepharose column without
performing an ammonium sulfate precipitation as the first purification step.
Fractions of the Blue-Sepharose eluate that contained ASM with the highest
specific activity, were pooled and dialyzed against 40 mM Tris—HCI,
pH 7.6, containing 0.1% NP-40 and loaded onto a DEAE —cellulose column
equilibrated with the same buffer. Under these conditions, ASM did not
bind to the column.

Deglycosylation studies

The purified enzyme was reduced with dithiothreitol and alkylated with
iodoacetamide as previously described (Hempel er al., 1984). Glycopeptidase
F (0.5 mg) was added to 2 pg of the alkylated enzyme and incubated at
37°C for 0—24 h in SO mM Tris—HCI, pH 7.5, containing 0.1 % Nonidet
P-40. Enzyme preparations were then analyzed by electrophoresis in
SDS —polyacrylamide gradient gels (3—23%).

Amino acid microsequencing

Highly enriched ASM (~0.5 mg) was reduced with dithiothreitol, alkylated
with iodoacetamide and hydrolyzed with trypsin (trypsin:protein ratio of
1:100). The tryptic peptides were separated on an HIBAR Lichrospher
column (500 CH-8; 10 um) with a 0—70% acetonitrile gradient in 0.05%
trifluroacetic acid, and the single peptide peaks were then rechromatographed
on the same column with a 0—70% acetonitrile gradient in 25 mM am-
monium acetate buffer, pH 6.0. Only peptides which were eluted with high
yields were sequenced by automated Edman degradation using an Applied
Biosystems gas-phase amino acid sequencer with an on-line PTH analyzer
(Beyreuther et al., 1983; Stone and Williams, 1986).

Synthesis of oligonucleotide mixtures

Oligonucleotide mixtures corresponding to amino acid sequences of minimal
codon redundancy were synthesized on an Applied Biosystems DNA
Synthesizer using phosphoramidite chemistry (Itakura et al., 1984; Caruthers,
1985). After synthesis, the mixtures were analyzed on 20% polyacryl-
amide —8 M urea gels prior to use and, if necessary, purified by isolating
the band and eluting the DNA overnight. 5'-End labeling reactions were
carried out using [y->>PJATP (5000 Ci/mmol) using T4 polynucleotide
kinase (Maniatis et al., 1982).

cDNA library screening

The pcD human fibroblast cDNA library (Okayama and Berg, 1983) was
plated at a density of ~10* colonies/150 cm? Petri dish and screened by
standard methods (Maniatis er al., 1982). Prehybridization (6 X SSPE,
10 x Denhart’s solution, 0.5% SDS) and hybridization (6 X SSPE,
5 x Denbhart’s solution, 0.5% SDS containing 50 pmol y->?P-labeled
oligonucleotide) were performed in pouches with 10 filters/bag at 6°C below
the lowest T,, for the oligonucleotide mixture. Filters were washed at the
lowest T,, for each oligonucleotide mixture in 6 X SSC, 0.1% SDS for
3-6h.

DNA sequencing and computer analyses

cDNA inserts (and/or restriction fragments) from putative positive clones
were subcloned into M13 (Messing er al., 1981) and/or Bluescript
(Stratagene, Inc.) vectors and sequenced by the dideoxy chain termination
method (Sanger er al., 1977). Sequencing primers were synthesized on an
Applied Biosystems DNA Synthesizer as described above. Computer analyses
were performed using the University of Wisconsin Genetics Computer Group
DNA Sequence Analysis Software.
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