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hSP, the domain-duplicated homolog of pS2 protein, is
co-expressed with pS2 in stomach but not in breast

carcinoma
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Approximately 50% of human breast tumors secrete a
small cysteine-rich protein, pS2, of unknown function.
pS2 protein was recently found to be homologous to a
porcine protein with hormonogastric activity, pancreatic
spasmolytic polypeptide (PSP), in which the S5-cysteine
domain present in pS2 is tandemly duplicated. We have
characterized cDNA species encoding PSP and its human
and mouse counterparts, hSP and mSP. We show that
hSP and pS2 are separately encoded in the genome, and
that the two proteins are co-expressed in normal stomach
epithelium. However, expression of hSP was not detected
in breast tumors. Computer analysis revealed that the
pattern of conserved cysteine residues in hSP and pS2,
the P domain, is present at the N termini of two other
mammalian proteins, intestinal sucrase-isomaltase and
lysosomal «a-glucosidase.
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Introduction

Breast cancer is a major cause of death in women, and
although a large proportion of breast tumors initially
respond to anti-estrogen therapy, progression to hormone-
independence is a common event. The MCF-7 cell line,
derived from a metastatic breast cancer pleural effusion
(Soule ez al., 1973), was established in order to study the
hormone-regulated growth of breast cancer cells. MCF-7
exhibits hormonal regulation in vitro (Brown et al., 1984;
Vignon and Rochefort, 1987 and references therein), and
differential screening of cDNA libraries constructed from
MCF-7 cells identified a mRNA species, pS2, whose
expression is strongly induced by estrogen (Masiakowski et
al., 1982). pS2 protein and mRNA expression is detected
in ~50% of human breast tumors, and its expression
correlates well with hormono-dependent status (Rio et al.,
1987). pS2 mRNA encodes a small 84 amino acid, cysteine-
rich secretory protein (Jakowlew et al., 1984) and purified
pS2 protein from MCF-7 culture supernatants has a mature
size of 60 residues (Rio et al., 1988c). Although pS2 gene
expression in MCF-7 cells is principally regulated at the
transcriptional level by estrogens (Brown ez al., 1984; Berry
et al., 1989), pS2 gene expression is also activated by the
tumor promoter TPA, by jun or ras oncogene expression,
and by epidermal growth factor (EGF) (Nunez et al., 1989).
These and other results have suggested a possible role for
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pS2 protein in autocrine or paracrine stimulation of breast
tumor cell proliferation.

The biological role of pS2 protein is so far unknown. pS2
protein has not been detected in normal breast tissue prior
to or during gestation and lactation (Rio ez al., 1988b). pS2
gene expression was, however, detected in normal human
stomach mucosa, and pS2 protein is secreted in gastric juice
(Rio et al., 1988a). Gastric expression of the pS2 gene does
not appear to be under estrogen control, because we have
failed to detect estrogen receptor in these tissues (Rio ez al.,
1988a; M.C.Rio, unpublished data); the EGF-responsive
element of the pS2 gene regulatory region may instead
control pS2 gene expression in stomach (Nunez ez al., 1989).
To develop an easily accessible model for the involvement
of pS2 in breast tumor development we first sought to
identify a cognate murine gene. However, cross-hybridizing
sequences were not detected in the mouse genome and
immunological experiments have so far failed to reveal pS2
protein cross-reacting material in any tissue examined (C.
Tomasetto, unpublished). Nevertheless, we and others
recently noted a strong sequence homology between pS2 and
a porcine pancreatic protein (Baker, 1988; Hoffman, 1988;
Rio et al., 1988a; Thim, 1988; see Figure 10). PSP, porcine
pancreatic spasmolytic polypeptide, was initially identified
as a contaminant in commercial insulin stocks prepared from
pancreatic extracts (Jorgensen ef al., 1982a). Pharmacologic
screening demonstrated that PSP has spasmolytic activity and
inhibits gastric acid secretion in rodents (Jorgensen et al.,
1982b; Frandsen et al., 1986; Frandsen, 1988); the protein
primary sequence (Thim er al., 1985) reveals that PSP
harbors a tandem duplication of a 40—50 amino acid
cysteine-rich domain with extensive homology to the single
central domain present in pS2 protein. We undertook to
identify human and mouse sequences homologous to PSP
in order to cast light on the biological roles of pS2 and PSP,
and to determine whether PSP might be the porcine counter-
part of human pS2 protein.

Results

Characterization of PSP coding sequences

To determine the functional and evolutionary relationship
between pS2 and PSP we first sought to obtain a molecular
clone of the porcine PSP coding sequence. From the
published protein sequence of PSP protein (Thim et al.,
1985) we used codon utilization data (Lathe, 1985) to design
a unique 44mer oligonucleotide probe (see Figure 2). The
utility of the probe was assessed by Northern hybridization
at low stringency to pancreatic poly(A)* RNA; a single
band at 650 nt was revealed in porcine pancreatic RNA
(Figure 1A), whereas mouse RNAs yielded no detectable
signal (not shown). The 44mer probe was used to screen
a porcine pancreatic cDNA library constructed in Agtl0.
Three independent but cross-hybridizing recombinants were
obtained (Figure 1B) and the nucleotide sequence of the
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Fig. 1. Characterization of sequences encoding PSP. (A) Total porcine
pancreatic poly(A)* RNA (5 pg) was resolved by gel electrophoresis
in the presence of HCHO, transferred to nylon, and (a) probed with
the unique 44mer probe designed for amino acid sequence data; (b)
gives positions of 18S and 28S ribosomal RNA mol. wt markers.

(B) PSP cDNA clones obtained and sequencing strategy.

longest insert (PSP-163, ~ 550 nt) was determined (Figure
2). This clone contains an uninterrupted open-reading frame
encoding a protein with extensive homology to PSP, although
three differences were detected between the published PSP
sequence (Thim ez al., 1985; revised by Thim, 1989) and
the mature polypeptide encoded by PSP-163 (see Figure 2
and Discussion). At the 5’ terminus the open reading frame
extends beyond the N-terminal amino acid of mature PSP
into a stretch of hydrophobic amino acids that are presumed
to represent a secretion signal sequence. However, PSP-163
is 5' truncated and does not contain a candidate ATG for
PSP translation initiation. The 3’ terminus of PSP-163
appears to be complete, containing an untranslated region
of 195 nt followed by a poly(A) tract.

cDNA cloning of the mouse PSP homolog, mSP
Molecular clones of the porcine PSP coding sequence
provided hybridization probes to determine whether the
mouse harbors a PSP homolog. cDNA probe PSP-163 was
first used to screen mouse tissues for cross-hybridizing RNA
species. Despite some cross-hybridization with 18S RNA,
Northern analysis revealed a specifically hybridizing
poly(A)* RNA species in two different mouse organs:
stomach and (very weakly) pancreas (Figure 3, tracks St and
Pa). Transcript size appeared to be identical in the two
organs.

To characterize these messenger species, separate
oligo(dT)-primed stomach and pancreas cDNA libraries were
constructed and screened in parallel with the PSP-163 probe.
In both cases a large number (0.01—-0.1% of total clones
screened) of independent cross-hybridizing clones were
obtained; three stomach cDNA clones and two pancreatic
cDNA clones were sequenced. The nucleotide sequences
determined (Figure 4) were identical in the overlap regions
(~400 nt, not shown) between cDNAs prepared from the
two different organs. The encoded protein, referred to as
mSP (for murine spasmolytic polypeptide) was found to be
closely related to PSP (see Figure 6, below), and contains
the tandem duplication of the cysteine-rich domain present
as a single repeat in human protein pS2. A mSP-specific
probe confirmed that expression in mouse is restricted
to the stomach and the pancreas (not presented). The
longest mSP cDNA clone (obtained from stomach RNA) is
incomplete, lacking a 5’ ATG for translation initiation
(Figure 4). The clone is also unusual in that the poly(A) tail
is not preceded by the consensus motif AATAAA (see
Proudfoot, 1984; Lewitt e al., 1989 and references therein)
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1-GAG CCG CAG CGC CCG GCT CCT GGC CAT CCT CCT CCT GCT GGG-42
Glu Pro Gln Arg Pro Ala Pro Gly His Pro Pro Pro Ala Gly

43-GCT GTG TGC CTG ACG GGG GCC CAG AAG CCC GCC GCC TGC CGG-84
pgl]l:n Lys Pro Ala Ala Cys Arg
U mmm mmm mme mme ame ———

85-TGT TCA CGC CAG GAC CCC AAG AAC CGG GTC AAC TGC GGA TTC-126
Cys Ser Arg gln Asp Pro Lys Asn Arg Val Asn Cys Gly Phe

G ACG ACG
127-CCG GGC ATC ACC AGC GAC CAG TGC TTC ACC TCG GGG TGC TGC-168
Pro Gly Ile Thr Ser Asp Gln Cys Phe Thr Ser Gly Cys Cys

44 mer 0ligonucleotide ———————

AAG CTG AGG TGG CAC GGG CCG CAC GGG ACC ACG AAG A

169-TTC GAC TCC CAA GTG CCT GGG GTC CCC TGG TGT TTC AAA CCC-210
Phe Asp Ser Gln Val Pro Gly Val Pro Trp Cys Phe Lys Pro

211-CTC CCG GCG CAA GAG TCT GAG GAG TGC GTC ATG GAG GTG TCC-252
Leu Pro Ala Gln Glu Ser Glu Glu Cys Val Met Glu Val Ser

B = sttt Sefubuiuri gy P uutet

253-GCC CGC AAG AAC TGT GGC TAC CCG GGC ATC AGC CCC GAG GAC-294
Ala Arg Lys Asn Cys Gly Tyr Pro Gly Ile Ser Pro Glu Asp

295-TGC GCA CGA CGC AAT TGC TGC TTC TCC GAC ACC ATC CCC GAG-333
Cys Ala :ig Arg Asn Cys Cys Phe Ser Asp Thr Ile Pro Glu
a

334-GTG CCC TGG TGC TTC TTC CCC ATG TCC GTG GAA GAC TGT CAT-375
Val Pro Trp Cys Phe Phe Pro Met Ser Val Glu Asp Cys His

37 6-"11:35 "l:ﬁ GAGGCCATGGCTTCAGAGAACCCACCAGGCTCCTGGATGTTCTGAAA-428

429-CAAAAGAAGACTATTCATCATCTTATAATTTCAGGTTTTGAGTTTCTGAAATTCC 482
483-TGGGTTTTCTTAATCTGCTTCCCCCTCTGCCCTTTTCAATGGTTTAACACAGAAT-534
535-TTCTTCAAATAAAGAAAACACTGAARATCTGCTAAAAARAAARAAAARAAAAAAA-586

Fig. 2. Sequence of PSP cDNA clone 163 and encoded polypeptide.
Flanking linker sequences have been removed. The third line in each
row gives the published PSP protein sequence (Thim er al., 1985;
Thim, 1989), identical residues are indicated by ---. The sequence of
the 44mer probe is indicated (horizontal arrow) and the presumptive
signal sequence and the polyadenylation signal are underlined. Despite
sequencing both strands, ambiguities remained within a G/C-rich
stretch toward the 3’ end of the signal sequence coding region that
could possibly change the signal sequence reading frame.

pDan
=D

3-1

< & Pa St Li In Co SaGlPalaMG
BB
g
18—
16—

Fig. 3. Northern hybridization of mouse RNA with a PSP probe. Five
micrograms of total poly(A)* (+) or poly(A)~ (—) RNA samples
from mouse organs were resolved by gel electrophoresis in the
presence of HCHO, transferred to nylon, and probed with internally
labeled cDNA PSP-163. Organs were: Pa, pancreas; St, stomach; Li,
liver; In, intestine; Co, colon; SaGl, salivary gland; LaMG, 15 day
lactating mammary gland. Reference samples were P-Pa, porcine
pancreas, and LaMG-pS2, 15 day lactating mammary gland from a
transgenic mouse line expressing pS2 protein in mammary gland under
the control of the whey acidic protein promoter (Tomasetto et al.,
1989). Size standards (S values) are indicated.

for cleavage and polyadenylation of the precursor transcript,
and is instead preceded by AAGTAAA at an equivalent
position to the AATAAA found in the PSP cDNA clone.




1- TG CGA CCT CGA GGT GCG CCC CTG CTG GCA GTG GTC-35
Arg Pro Arg Gly Ala Pro Leu Leu Ala Val Leu

36-CTG GTT TTG GGA CTG CAT GCT CTG GTA GAG GGC GAG AAA CCT-77
Leu Val Leu Gly Leu His Ala Leu Val Glu Gly Glu Lys Pro

78-TCC CCC TGT CGG TGC TCC AGG CTG ACA CCC CAC AAC AGA AAG-119
Ser Pro Cys Arg Cys Ser Arg Leu Thr Pro His Asn Arg Lys

120-AAC TGT GGC TTC CCG GGC ATC ACC AGT GAG CAG TGC TTT GAT-161
Asn Cys Gly Phe Pro Gly Ile Thr Ser Glu Gln Cys Phe Asp

162-CTT GGA TGC TGC TTT GAC TCT AGC GTC GCT GGG GTC CCT TGG-203
Leu Gly Cys Cys Phe Asp Ser Ser Val Ala Gly Val Pro Trp

204-TGT TTC CAC CCA CTT CCA AAC CAA GAA TCG GAG CAG TGT GTC-245
Cys Phe His Pro Leu Pro Asn Gln Glu Ser Glu Gln Cys Val

246-ATG GAA GTG TCA GCT CGC AAG AAT TGT GGG TAC CCG GGC ATC-287
Met Glu Val Ser Ala Arg Lys Asn Cys Gly Tyr Pro Gly Ile

289-AGT CCC GAG GAC TGT GCC AGT CGA AAC TGC TGC TTT TCC AAC-329
Ser Pro Glu Asp Cys Ala Ser Arg Asn Cys Cys Phe Ser Asn

330-CTG ATC TTT GAA GTG CCC TGG TGT TTC TTC CCA CAG TCT GTG-371
Leu Ile Phe Glu Val Pro Trp Cys Phe Phe Pro Gln Ser Val

372-GAA GAT TGT CAC TAC TGA GAGTTGCTACTGCCGAGCCACCCGTTCCCTG-420
Glu Asp Cys His Tyr ***

421-GGAGCTGGCAAGCCAGAAGAAAGTTTCAACCAGACTTCATCAATCTCTGGGGTTT-475
476-CTAAAACCATCTTGACCCTTAGCAGTGGCTAGACACAGCATTTTCCAAGTAAAGA-530
531-AAAGTTGAAAAACCTGAAAAAAAAAAAAAAAAAAAAAAAAAA =572

Fig. 4. Sequence of mSP ¢cDNA and the encoded polypeptide.
Flanking linker sequences have been removed. The presumptive
protein secretion and mRNA polyadenylation signal sequences are
underlined. The position of the poly(A) tract given derives from
stomach RNA clone 302; in clone 312, produced by d(T),s priming of
pancreas RNA, the poly(A) tail (33 nt) continues directly from the
(A)s stretch (arrowed) immediately prior to the site used in clone 302
(not shown).

The same feature was noted in a second independent stomach
cDNA clone (not shown).

Cloning of hSP cDNA

The murine (mSP) and porcine (PSP) genes encode proteins
in which the human pS2 central domain is tandemly
duplicated. PSP expression is pancreatic (Thim ez al., 1982),
mSP expression is detected in both stomach and in pancreas
(above), and pS2 protein has been detected both in breast
tumor tissue and in stomach (Rio et al., 1988a,b). To
determine whether pS2 protein is the human homolog to
PSP/mSP we first studied hybridization of human stomach
mRNA to PSP and pS2-specific probes. At reduced
hybridization stringency the PSP-specific probe (PSP in
Figure 5A) revealed a specific cross-hybridizing species at
~650 nt in human stomach RNA (lane 1), slightly but
distinctly larger than the pS2-specific transcript (600 nt) in
the same tissue (Figure 5A, probe pS2, lane 1, and data not
shown). Because the same probe failed to hybridize at the
same stringency to RNA prepared from the pS2-producing
breast cancer line MCF-7 (not shown), it was concluded that
the PSP cross-hybridizing species in human stomach RNA
did not correspond to pS2 RNA. As expected, the mSP probe
revealed a very weakly cross-hybridizing RNA species in
both human stomach (lane 1, and data not shown) and
porcine pancreas (lane 3, and data not shown) and the PSP
probe detected a similarly sized RNA species in mouse
stomach RNA (lane 2).

To characterize the human stomach RNA species cross-
hybridizing to PSP, a PSP-specific probe was used to screen
a cDNA library prepared by random priming of total RNA
from human stomach. Two independent cross-hybridizing
recombinants from the stomach library (A-170 and A\-200)
were analyzed, and sequence analysis (as indicated in Figure
5B) revealed that A\-170 contains both a PSP-hybridizing

Human spasmolytic polypeptide

A mSP PSP ps2

C

1-GC AGA CAT GGG ACG GCG

Arg His Gly Thr Ala

39-CCT CGT CCT G TGC CT( GGG AGT GAG AAA CCC-80
Pro Arg Pro Gly Ala Met Cys Leu Ala Gly Ser Glu Lys Pro

e AAC AGG ACG-122
Asn Arg Thr

T CCT GGC AGC GCT-38
_Pro Gly Ser Ala

TGT TTT GAC-164
Cys Phe Asp

GTC ACT GGG GTC CCC TGG-206
Asn Gly Cys Cys Phe Asp Ser Ser Val Thr Gly Val Pro Trp

G GAT CAG TGC GTC-248
Asp Gln Cys Val

TAC CCG GGC ATC-290
y Tyr Pro Gly Ile

TGC TTC TCC AAC-332
Cys Phe Ser Asn

333-TTC ATC TTT GAA GTG CCC TGG TGC TTC TTC CCG AAC TCT GTG-374
Phe Ile Phe Glu Val Pro Trp Cys Phe Phe Pro Asn Ser Val

375-GAA GAC TGC CAT TAC TAA GAGAGGCTGGTTCCAGAGGATGCATCTGGCT-422
Glu Asp Cys His Tyr ***

423~-CACCGGGTGTTCCGAAACCAAGAAAGAAACTTCGCCTTATCAGCTTCATATTTCA-479

480-TGAAATCCTGGGTTTTCTTCATTTTCTTAACACTCTTTTCAATGGTTTAACATAT-536

537-AATTTCTTTAAG -549

Fig. 5. Characterization of hSP coding sequences. (A) Northern
hybridization of mSP, PSP and pS2 ¢cDNA probes (indicated above)
to: lane 1, 20 pg total human stomach RNA; lane 2, 20 ug total
mouse stomach RNA; and lane 3, 5 ug of porcine pancreas poly(A)*
RNA. Probes were cDNA clones 302 (mSP), 163 (PSP) and a
complete pS2 cDNA (Jakowlew ez al., 1984). (B) Sequencing strategy
for hSP cDNA clones. (C) hSP coding sequence (the region presented
is indicated by the double-headed arrow in B); the putative signal
sequence of the encoded protein is underlined (a sequencing ambiguity
similar to that found in PSP cDNA was present in the hSP cDNA
clones; see Figure 2 legend).

+1 57

PSP- QKPAACRCSRODPKNRVNCGFPGITSDQCFTSGCCFDSQVPGVPWCFKPLPAQESEE

mSP- E--SP----- LT-H--K E---DL S-A H---N----Q

hSP- E--SP-Q---LS-H--T DN §-T-----~ H---K---DQ

58 106

PSP- CVMEVSARKNCGYPGI SPEDGARRNCCF SDT1PEVPWCFFPMSVEDCHY
mSP- S NL-F- Q

hse- D-R E--S-K--=-NF-F-------= N-------

Fig. 6. Sequence conservation between hSP, mSP and PSP. Amino
acid sequences of the three mature polypeptides determined from
cDNA sequence data have been aligned to maximize homology
between the proteins and between the two tandemly repeated domains.
Identical residues are indicated (—), and cysteine residues are
underlined.

segment and an unrelated cDNA segment at its 5’ end,
possibly introduced during the cloning procedure (not
shown). However, the amino acid sequence of the protein
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encoded by the unique long open reading frame present in
A-170 and X-200 (Figure 5C) was homologous to both PSP
and mSP (Figure 6), confirming that the cDNA clones
encode a human polypeptide, hSP (human spasmolytic
polypeptide), closely related to PSP and mSP. (The prefix
‘pancreatic’, as in PSP, was omitted because we have
evidence for hSP expression in stomach but not so far in
the pancreas.) Clone A\-170 lacks an appropriate ATG for
translation initiation because a potential initiation codon (nt
6—8 in Figure 5C) is out-of-frame with the downstream
coding sequence.

pS2 protein and hSP are separately encoded in the
genome

pS2 protein and hSP are highly homologous (see Figure 10,
below) and we wished to confirm that they are the products
of distinct genes. Digests of human genomic DNA were
resolved by gel electrophoresis, Southern-blotted to nylon,
hybridized with a hSP-specific probe and exposed for
autoradiography. The filter was subsequently stripped and
rehybridized with a pS2-specific probe. In Figure 7 the
two probes identify a non-overlapping pattern of bands,
confirming that pS2 protein and hSP are encoded by distinct
genes.

Co-expression of pS2 and hSP mRNAs in normal
stomach but not in breast tumors

pS2 gene expression was first described in human breast
cancer cells (Masiakowski et al., 1982) and ~50% of breast
tumor samples produce pS2 protein. We therefore explored
whether hSP is similarly expressed in breast tumor cells.
Northern hybridization analysis using hSP- and pS2-specific
probes was performed upon RNA samples from human
breast cancer cell lines MCF-7 and T47-D, cervical cancer
HelLa cells, and from a variety of tissue samples. An RNA
species hybridizing at high stringency to the hSP-specific
probe was only observed in normal stomach (Figure 8A;
n-St). RNA from two pS2-negative breast tumor biopsy
samples, one pS2-positive breast cancer cell line (MCF-7)
and one pS2-positive tumor biopsy (Br-Ca) all failed to

hSP pS2

1234 1234

Fig. 7. Southern analysis of human genomic DNA with hSP- and
pS2-specific cDNA probes. Restriction digests were: lane 1, EcoRI;
lane 2, Xbal; lane 3, EcoRI + Xbal; lane 4, Pst1. Size markers
(kilobases) are indicated. The left-hand blot (hSP clone 200) was
stripped prior to rehybridization with a pS2-specific probe (complete
cDNA).

410

hybridize (Figure 8B). Analysis of a further 11 pS2-positive
breast tumor samples and two pS2-negative samples failed
to produce any evidence of hSP expression (data not shown),

& w -

Fig. 8. Northern analysis of human normal or tumor tissues for
transcripts hybridizing with probes specific for (A) hSP or (B) pS2.
RNA samples (20 pg, total RNA) were: HeLa, established human
cervical cancer cell line; MCF-7 and T47D, established cell lines from
human breast cancer metastases; BrCa-Ga, metastatic ganglion from a
breast cancer patient; BrCa, primary breast tumor biopsy; n-St, normal
stomach; n-Ga, normal breast ganglion; n-Endom, normal
endometrium; Ov-Ca, ovarian carcinoma biopsy; Menang, two
independent primary menangioma biopsy samples. Probes were hSP
clone 200 and a complete pS2 cDNA. Size markers are given as S
values.

300U «- &

Fig. 9. In situ hybridization of serial sections of human stomach
antrum epithelium, (a) hematoxylin-stained section; hybridization to
antisense probes specific for (b) hSP, or (c) pS2 RNAs; probe
sequences were hSP clone 200 or a complete pS2 cDNA.




indicating that hSP is not co-expressed with pS2 in breast
tumor cells.

Because both the hSP and pS2 genes are transcribed in
normal human stomach we determined whether the same
cells are responsible for the synthesis of both proteins.
Previous results using immunological staining localized pS2
to the stomach epithelium (Rio et al., 1988a). In situ
hybridization employing pS2 or hSP-specific ‘antisense’
RNA probes was used to analyze paraffin sections of normal
human stomach for expression. Strong expression of both
pS2 and hSP mRNAs was detected in the same epithelial
mucosa layer of the stomach antrum (Figure 9); no
hybridization was obtained using control ‘sense’ probes (not
shown). The pattern of expression was identical for both pS2
and hSP, expression being restricted to the superficial
epithelium regardless of type of mucous cell (parietal,
chief or mucous neck cells). No signal was detected in the
underlying cells of the submucosa, the muscularis or the
serosa, and no hybridization was observed in other sections
of the normal human digestive tract (duodenum, ileum and
colon; not shown). Because suitable human pancreas RNA
samples were not available, we were unable to determine
whether hSP is expressed, as in mouse, in pancreas as well
as in stomach.

Human spasmolytic polypeptide

The P domain, a protein motif related to the

toxin — hemagglutinin fold

pS2 protein (Jakowlew et al., 1984), the three members of
the PSP group (PSP, Thim ez al., 1985; Thim, 1989; mSP
and hSP, this work), and a Xenopus protein xSL (Hoffmann,
1988), all share a common core of five conserved cysteine
residues in the arrangement C-C-CC-C. Computer searching
(not described) of the NBRF database was performed to
identify other proteins containing a similarly spaced five-
cysteine motif. In this searching only two further proteins,
sucrase-isomaltase (SIM) and a-glucosidase (AG), were
found that contain the motif (Figure 10A).

SIM is a membrane-associated enzyme of the intestinal
brush border that appears to have undergone internal
duplication during the course of evolution (Semenza, 1986;
Hunziker et al., 1986). SIM is synthesized as a large
precursor molecule that is proteolytically cleaved at the
cell surface to yield a N-terminal membrane-bound subunit
with sucrase activity; the homologous C-terminal subunit
possesses isomaltase activity and remains non-covalently
associated to the membrane-bound sucrase (reviewed by
Semenza, 1986). a-Glucosidase (acid maltase) is a lysosomal
enzyme that is homologous to both SIM subunits (Hoefsloot
etal., 1988). In SIM and AG the region homologous to the

A pS2 1-  ZAQTETCTVARRERQNCGFPGV..TPSQCANKGCCEDDTV. . RGYRHCFYPNTIDVPPEEECEF* -60
PSP 1- ZKPAACRCSRODPKNRVNCGFPGI . . TSDQCFTSGCCFDSQV . . PGYPWCEKPLPAQESEECVMEV - 62
63- SARKNCGYPGI . . SPEDCARRNCCFSDTI . . PEVPWCFFPMSVEDCHY * -105
hSP (pre)  24- KPSPCOCSRLSPHNRTNCGFPGI..TSDQCFDNGCCFDSSV. .TGYRWCFHPLPKQESDQCVMEV -84
85- SDRRNCGYPGI . . SPEECASRKCCESNFI . . FEVPWCFFPNSVEDCHY* -128
xSL (pre)  21- QDCSVAPNMRVNCGYPTV. . TEADCRAVGCCFDSSI . . LNTKHCEYNATAGPIKKLECSG -76
77- DRTKRIDCGYFRI . . TEKQCILRGCCFDSSI . . SGVKHCYARTVITTPAPDTT  -124
303- PECAADRVDCGYSGI . . TOADCEGKGCIFDSTI . . PETKWCFYTEAEAPARKAECT  -354
355- VDRSVRTRCGYPGI . . IDKECREKGCCYDECT . . PDYIHCFEKAVPVVNS* -400
hSIM (pre) 61- GKCPNVLNDPVNVRINCIPEQFP.TEGICAQRGCCWRPWN.DSLIPWCFEVDNHGYNVQDMT — -120
rSIM (pre) 61- VSCPSELNEVVNERINCIPEQSP.TQAICAQRNCCWRPWN .NSDIPWCFFVDNHGYNVEGMT — -119
932- DQTFLESEKITCYPDDAIATQEKCTORGCIWDTTNVNPRARECYFPKTDNPYSVSST  -988
hAG (pre) 77- RAVPTQCDVPRNSRFDCAPDKAI.TQEQCEARGCCYTPA  MGQRWVLLRPSYPSYKLENL  -142
KQGLQGAQ
consensus P--R-NC------- T---C--KGCCFD--———-—- VPWCFFP
D s R Y I vy
W
B ([ _Te[ fe[ fed e[ [of e[ [
a o11] [3-4] 10-12
b [(Te[ 4 5 |6 3] ]2
c [M6 a7 51 1al]5]

Fig. 10. (A) The P domain. Proteins have been aligned to maximize homologies, a period (.) indicates a gap introduced for alignment. Sequences are
pS2, human pS2 protein; PSP, porcine pancreatic spasmolytic polypeptide sequence deduced from the cDNA nucleotide sequence; hSP, human
spasmolytic polypeptide; xSL, Xenopus laevis spasmolysin; hSIM, human sucrase-isomaltase; rSIM, rabbit sucrase-isomaltase; hAG, human
a-glucosidase. For literature references see text. Numbers give amino acid positions in the mature protein or in the precursor (pre) deduced from the
coding sequence. Z, pyroglutamic acid; *translation stop. Only the regions homologous to the P domain are presented. Amino acids conforming to
the consensus, and all cysteine residues including those outwith the consensus, are underlined. (B) Similarity to the toxin—agglutinin fold.
Distribution of cysteine residues in (a) the P domain; (b) four repeat domains of wheat agglutinin isolectin (NBRF sequerice AEWT?2, Wright et al.,
1984); (c) two repeat domains of the bovine vasopressin-neurophysin precursor (sequence NVBO2, Land et al., 1982).
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pS2/hSP motif is located towards the N terminus of each
enzyme subunit, and is present once in AG and twice in SIM
(at the N termini of the sucrase and isomaltase subunits).

Because the 35—45 amino acid, five-cysteine motif is
highly conserved in pS2 and in the PSP family (PSP, hSP
and mSP) we have termed this motif the P domain. The
homology is not restricted to the conserved cysteine residues,
and certain other residues are rigorously conserved between
the identified proteins containing the P domain (Figure 10A).

The arrangement of cysteine residues within the P domain
also resembles that found in a number of other proteins,
particularly those adopting a protein structure referred to as
the toxin —agglutinin fold (Drenth ez al., 1980) (Figure 10B).
The similarity may, however, reflect convergence upon a
favorable pattern of disulfide bonds rather than a common
evolutionary origin.

Discussion

Differential screening of a cDNA library prepared from
hormone-treated MCF-7 cell lines identified a mRNA
species, pS2, whose transcription is strongly induced by
estrogen (Masiakowski et al., 1982; Jakowlew et al., 1984).
pS2 mRNA encodes a small 60 amino acid cysteine-rich
secreted protein, and the possibility that pS2 protein might
play an autocrine growth regulatory role in breast tumor
development has been discussed (Jakowlew et al., 1984;
Jeltsch et al., 1987). Although pS2 gene expression is
observed in ~50% of human breast tumors (Rio et al.,
1987), we have failed to detect pS2 protein expression in
normal breast tissue (Rio ez al., 1988a) and the biological
role of pS2 is so far unknown.

To explore the function of pS2 we first attempted to
identify a cognate murine gene; however, no pS2-hybridizing
sequence has so far been detected in the mouse genome or
in mammary gland RNA and no pS2 protein cross-reactive
material was detected in any mouse tissue sample so far
examined (unpublished). Computer searching, however,
revealed a strong sequence homology between pS2 protein
and a porcine pancreatic spasmolytic polypeptide (PSP) in
which the cysteine-rich domain of pS2 is tandemly duplicated
(Rio et al., 1988a).

To determine if PSP is the porcine counterpart of pS2
protein, we first used a probe based upon the PSP protein
coding sequence to identify molecular clones encoding PSP.
Sequence analysis revealed six differences between the
deduced sequence of the encoded protein and the published
(Thim et al., 1985) PSP amino acid sequence. Although four
of these differences have been eliminated by more recent
protein sequence data (Thim, 1989), the sequence reported
here differs from the published PSP sequence at two positions
—a glutamine to glutamic acid (Q-E) change at position 61
of the mature protein, and an alanine to arginine (A-R)
change at position 80. These differences may represent allelic
variants; however, the second alteration (A-R) is encoded
by a small region that was not sequenced on both DNA
strands. Although PSP, like pS2 protein (Rio et al., 1988c),
is thought to harbor a pyro-glutamic acid (pyro-Glu;
pyrollidone carboxylic acid) residue at its mature N terminus
(Thim, 1989), the PSP cDNA sequence predicts an N-
terminal glutamine residue instead of glutamic acid, the
common pyro-Glu precursor. However, both glutamic acid
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and glutamine can be cyclized to generate pyro-Glu (see
Wold, 1981).

The molecular clone encoding PSP was used to probe
mouse tissues for expression, and specific cross-hybridizing
mRNA species were observed in both pancreas and stomach.
Sequencing of cDNA clones revealed that the same messenger
RNA species appears to be expressed in both stomach
and pancreas, and the encoded stomach and pancreatic
polypeptides have identical primary amino acid sequences.
The mouse protein species is referred to here as murine
spasmolytic polypeptide, mSP. Because suitable human
pancreatic RNA samples are not readily obtainable, we used
the PSP molecular clone to probe human stomach RNA. A
major cross-hybridizing RNA species was detected, and
cDNA cloning was performed. Nucleotide sequence analysis
indicated that the cross-hybridizing RNA species from human
stomach encodes a close relative of PSP, and this protein
is referred to here as hSP (human spasmolytic polypeptide).

Both hSP and pS2 protein are homologous to PSP (see
Figure 10); however, hSP presents the domain duplication
observed in PSP. Further, the degree of homology of hSP
with PSP (76% in the mature protein) is rather greater
than with pS2 protein (65 and 54% of the first and second
domains respectively), and hSP is presumed to be the human
equivalent of PSP. Genomic Southern blotting confirmed that
pS2 protein and hSP are separately encoded in the human
genome.

The availability of pS2- and hSP-specific probes permitted
comparative analysis of their expression. We previously
reported pS2 gene expression in normal human stomach, and
in situ hybridization with hSP-specific probes revealed that
hSP is co-expressed with pS2 in the surface epithelium of
the stomach antrum. We also examined the expression of
hSP in breast tumor samples. RNA hybridizing to an hSP
probe was not detected in a range of tumor samples and
analysis of 12 independent pS2-positive breast cancer biopsy
samples failed to provide evidence for co-expression of hSP
with pS2.

The biological roles of pS2 and hSP are so far unknown.
The strong conservation of primary structure between PSP,
mSP and hSP suggests that the three proteins fulfil similar
biological functions. PSP is reported to act as a gastric
hormone, inhibiting gastric acid secretion and gastrointestinal
motility in rodents (Jorgensen et al., 1982b; Frandsen et al.,
1986; Frandsen, 1988). These authors have also reported
recently that PSP may have a weak growth-stimulatory effect
upon H-119 colon tumor cells and upon cultured breast
cancer MCF-7 cells, and an interaction with a putative pS2
receptor was discussed (Hoosein et al., 1989). In contrast,
we have failed to observe growth-promoting activity of pS2
protein upon MCF-7 cells (M-.C.Rio, unpublished data) and
transgenic mice expressing pS2 in lactating mammary gland
(and their suckling progeny) fail to exhibit detectable
pathology (Tomasetto ez al., 1989). These observations argue
against an autocrine role for human pS2 protein in growth
stimulation of the mammary epithelium.

Although the primary structures of pS2 protein and hSP
diverge, PSP, hSP, mSP and pS2 all exhibit striking
conservation of a pattern of cysteine residues. This motif
is also present in a protein (‘spasmolysin’, SL) of unknown
function from Xenopus skin (Hoffmann, 1988). We report
here that a very similar motif is present at the N terminus




of a-glucosidase (acid maltase) (Hoefsloot et al., 1988) as
well as at the N termini of both subunits of mammalian
sucrase-isomaltase (Semenza, 1986; Hunziker et al., 1986).
We refer to this conserved five-cysteine motif as the P
domain.

The disposition of cysteine residues within the P domain
also resembles that found in the toxin—agglutinin fold
(Drenth et al., 1980). However, structural similarities may
reflect either a common evolutionary origin or convergence
upon a favorable disposition of cysteine residues and disulfide
bonding (required to stabilize small protein domains that lack
a large hydrophobic core; Drenth ez al., 1980). Conservation
of cysteine residues does not necessarily reflect a present-day
common functionality—for instance, the epidermal growth
factor, pancreatic secretory trypsin inhibitor and prothrombin
possess structural similarities with one another (see Strydom,
1977).

The primary sequence homologies between pS2 protein,
the PSP group (PSP, mSP and hSP), xSL, SIM and AG are
not, however, restricted to the cysteine residues: a number
of other residues are strongly conserved throughout the P
domain family (see Figure 10A). It is particularly noteworthy
that a similar alteration of a single cysteine residue within
the central P domain core sequence K/R,G,C,C,F/'W/Y
found in the Xenopus protein (K,G,C,LF) is repeated in SIM
(R,G,C,I,W), because a codon determining isoleucine
(AUU, AUC, AUA) cannot be generated in one step from
a codon determining cysteine (UGC, UGU). This result
implies that similar evolutionary pressures have operated on
both xSL and SIM, possibly indicating similar functionality.

The observed sequence homologies between hSP, pS2
protein and the carbohydrate-degrading enzymes SIM and
AG argue that hSP and pS2 might play a role in sugar
breakdown, raising the possibility that pS2 protein secreted
by breast tumor cells might contribute to degradation of the
extracellular glycoprotein matrix. Further experiments
employing purified pS2 and hSP will be required to test this
hypothesis.

Materials and methods

Isolation of RNA and Northern hybridization

Tissue samples were rapidly frozen in liquid nitrogen, and RNA was prepared
by the LiCl procedure (Auffray and Rougeon, 1980). Poly(A)-containing
RNA was purified by oligo(dT)—cellulose chromatography. RNAs were
fractionated by agarose gel electrophoresis in the presence of formaldehyde
(Lehrach et al., 1977) and transferred to nylon membranes (Hybond-N,
Amersham). Filters were acidified (10 min, 10% CH3;COOH) and stained
(10 min, 0.004% methylene blue, 0.5 M CH;COONa, pH 5.0) prior to
hybridization. Synthetic oligonucleotides were radiolabeled at their 5’ termini
using T4 polynucleotide kinase and [y->2P]JATP, and double-stranded DNA
was labeled by random-priming of DNA polymerase I (Feinberg and
Vogelstein, 1983) with synthetic hexamers in the presence of [a->?P]deoxy-
nucleotides. Northern blots were hybridized with the 44mer oligonucleotide
probe (2 x 107 c.p.m./ml) at 42°C in 4 X SET, 0.1% SDS, 0.1% sodium
pyrophosphate, 100 ug/ml denatured salmon sperm DNA, 2 mg/ml heparin
(Figure 1) (1 X SET is 0.15 M NaCl, 1 mM Na,EDTA, 10 mM
Tris—HCI, pH 7.5). For double-stranded probes (2 X 10° c.p.m./ml) the
hybridization medium was supplemented with 30% formamide (Figures 3
and 5) or 50% formamide (Figure 8). Washes were performed at 50°C
in2 X SSC, 0.1% SDS (Figures 3 and 5) or in 0.1 X SSC, 0.1% SDS
(Figure 8) (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate).

cDNA library construction and screening
cDNA synthesis was performed essentially as described (Huynh ez al., 1985).
First-strand cDNA synthesis using AMYV reverse transcriptase in the presence
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of [a-32P]dCTP was primed with (dT),5 (porcine pancreas, mouse pancreas
and stomach RNA) or with random hexamers (human stomach RNA);
second-strand synthesis used DNA polymerase I. Double-stranded cDNA
molecules were blunted by S1 nuclease and T4 DNA polymerase treatment.
Internal EcoRI sites were protected by methylation prior to terminal addition
of phosphorylated EcoRI linkers. After EcoRI digestion excess linkers were
removed by Biogel ASOM chromatography. cDNA peak fractions were
ligated to EcoRI-digested Agt10. Recombinant genomes were packaged in
vitro and selected by plating on Escherichia coli C600 hfl hsdR. 2 X 10°,
1 x 107, 1 x 107 and 6 x 10° recombinants were obtained for the
porcine pancreas, mouse pancreas, mouse stomach and the human stomach
RNAs respectively. In each case ~2 X 105 primary plaques were
transferred to nylon filters (Pall, Biodyne, NY) and hybridized as described
for Northern analysis, either with end-labeled oligonucleotide or with
randomly primed nick-translated DNA.

Subcloning and sequencing

cDNA inserts of lambda recombinants were transferred to pPGEM1 (Promega
Biotec, Madison) or to M13tg130 or tg131 (Kieny et al., 1983) for
sequencing by the dideoxy protocol employing Sequenase (Tabor and
Richardson, 1987) and dGTP analogs.

In situ hybridization

Histological staining and in sire hybridization with 3°S-labeled in vitro
transcript probes was performed as described previously (Tomasetto et al.,
1989).

Southern hybridization

Total peripheral blood lymphocyte DNA was digested with restriction
enzymes, resolved by agarose gel electrophoresis, and transferred to nylon
(Hybond-N, Amersham, UK) according to standard procedures. Probe
labeling was performed by random-priming of DNA polymerase I (Feinberg
and Vogelstein, 1983) and hybridization was performed in 50% formamide,
5 x SSC, 0.1% SDS, 0.1% sodium pyrophosphate, 0.1% polyvinyl-
pyrollidone, 0.1% Ficoll 400, 0.1% bovine serum albumin at 42°C. Washing
was in 0.2 x SSC, 0.1% SDS, at 60°C.
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