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Abstract

B-Microseminoprotein, alternatively called prostatic secretory protein of 94 amino acids, is a hydrophilic,
unglycosylated, small protein rich in conserved half-cystine residues. Originally found in human seminal
plasma and prostatic fluids, its presence was later shown in numerous secretions and its homologs were
described in many vertebrate species. These studies showed that this protein had rapidly evolved, but they
failed to unambiguously identify its biological role. Here, we show that a protein isolated from ostrich
pituitary gland is closely related to a similar one isolated from chicken serum and that the two are
structurally related to the mammali@amicroseminoprotein. The complete 90—amino acid sequence of the
ostrich molecule was established through a combination of automated Edman degradation and matrix-
assisted laser desorption ionization—time of flight (MALDI-TOF) mass spectrometric procedures, including
postsource decay (PSD) and ladder sequencing analyses. This study documents for the first time that
B-microseminoprotein is present in aves. It is also the first report of a C-terminal amidated form for a
member of this protein family and the first in which the disulfide linkages are established. Database searches
using the herein-described amino acid sequence allowed identification of related proteins in numerous
species such as cow, African clawed frog, zebrafish, and Japanese flounder. These small proteins show a
strikingly high rate of amino acid substitutions, especially across phyla boundaries. NoticeaBimino
croseminoprotein—related gene could be found in the recently completed fruit fly genome, indicating that if
such a gene exists in arthropods, it must have extensively diverged from the vertebrate ones.

Keywords: Microseminoprotein; prostate secretory protein; protein evolut®ngthio camelusprotein
sequencing; disulfide bonds

B-Microseminoprotein (MSP), also called the prostate secosylated protein derived from a 114—amino acid prepro-
cretory protein of 94 amino acids (P} is a small ungly-  tein. It was initially reported as an abundant protein of the
human seminal plasma (1 mg/mL) showing inhibin-like ac-
Reprint requests to: Claude Lazure, Laboratory of Structure and Me-tiVity’ that s, itis capable of inhibiting pituitary secretion of
tabolism of Neuropeptides, Institut de recherches cliniques de Montréalfollicle-stimulating hormone (Thakur et al. 1981). However,
élz?”zicn(gié‘ﬁnue W?S"_ ’\g‘iztf%%'%g;% Canada, H2W 1R7; e-mail:  other studies failed to confirm this activity (Kohan et al.
-qe.ca; fax: (514) 987-5642. 1986; Gordon et al. 1987). A variety of roles and potential

Article and publication are at http://www.proteinscience.org/cgi/doi/ _ ) )
10.1101/ps.06501. uses of this protein, some not mutually exclusive, have been
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proposed (Table 1), resulting in its designation by othercer cells, thereby casting a doubt on its putative role as a
names such as immunoglobulin-binding factor (Liang et altumor suppressor gene. However, in one report, R 88s
1991) and prostatic inhibin peptide (Garde et al. 1993b)been shown to inhibit the growth of a human prostatic car-
MSP is primarily expressed in the prostate and is found ircinoma cell line in culture and in athymic mice (Garde et al.
prostatic secretions of various mammals. However, immu41999). Also, an abstract at the most recent European Peptide
nohistochemical and Northern blot analyses have shown itSymposium described results showing that synthetic deca-
presence in other tissues and biological fluids. Indeed, studpeptides corresponding to the extreme MSP C-terminal re-
ies have shown it to be present in nonreproductive organgion show growth inhibitory properties on prostate tumor
such as the gastrointestinal tract (especially in gastric mueells (Kele et al. 2000).

cosa, where it is expressed in mucin-producing cells [M- Despite the lack of a well-established biological function,
cells] and endocrine-type cells [E-cells]; Weiber et al. 1999;MSP has attracted scientific interest as a unique example of
Ulvsb&k et al. 1989) and the respiratory tract (including a rapidly evolving protein (Nolet et al. 1991; Fernlund et al.
tracheal, bronchial, and lung tissues; Ulvsbéck et al. 19891996; M&inen et al. 1999). Indeed, the primary structure of
Weiber et al. 1990). Even within a single species, the MSRMSP shows a remarkably low level of conservation in
sequence has been observed in cDNA libraries from a vaamino acids among the species studied, often resulting in
riety of tissues. For example, the UniGene site at Nationagreat variation of physico-chemical properties. Such a great
Center for Biotechnology Information (NCBI) (http://mww. number of amino acid substitutions has for years rendered
ncbi.nim.nih.gov/UniGene) lists 398 expressed sequencthe identification of MSP using immunological or hybrid-
tag (EST) sequences of human MSP arising from expressiozation techniques difficult in more distant species. Indeed,
in blood, brain, lung, testis, and prostate. Finally, MSP wasomparison of known sequences from human (Mbikay et al.
shown not to be restricted to male tissues because the pr@987), rhesus monkey (Nolet et al. 1991), baboon (Xuan et
tein was isolated from porcine ovarian lutein cells (Tanakaal. 1997), cotton-top tamarin (Méakinen et al. 1999), pig
et al. 1995), and its gene expression was recently reported ifirernlund et al. 1994; Tanaka et al. 1995), rat (Fernlund et
female reproductive tissues, breast, and endometrial cancat. 1996), and mice (Xuan et al. 1999) reveals that apart
cell lines (Baijal-Gupta et al. 2000). Its single gene in hu-from the 10 completely conserved half-cystine residues,
man has been mapped on chromosome 10g11.2 (Utksbathese proteins share very few other conserved residues. This
et al. 1991; Sasaki et al. 1996), outside the previously idenis further confirmed in sequence identities. For example,
tified LOH (loss_of heterozygosity) regions in prostate can-between the human sequence and that of rhesus monkey,

Table 1. Putative biological roles and uses gtmicroseminoprotein (MSP) (1981-2000)

Proposed biological role and/or use References
Inhibitor of FSH secretion (inhibif) Thakur et al. 1981
Sperm-coating protein Tsuda et al. 1982
Barrier to interspecies fertility Brooks et al. 1986
Doctor et al. 1986
Marker of prostate gland hyperplasy and neoglasy Dubé et al. 1987a
Abrahamsson et al. 1988
Factor modifying mucus propertiés Weiber et al. 1990
Protective function for mucus (enzyme inhibitor and/or
antibacterial agertt) Weiber et al. 1990
Immunoglobulin Binding Factor (IgBF) Liang et al. 1991
Garde et al. 1993a,b
Hormone-refractory prostate tumor growth inhibitor Lokeshwar et al. 1993
Mundel and Sheth 1993
Sperm motility inhibiting factor (N§ K*-ATPase inhibitor) Chao et al. 1996
Binding to proteins found on LNCaP and PC-3 cells Yang et al. 1998a,b
Tumor marker for gastric carcinoid disease Weiber et al. 1999

2This role could not be confirmed through in vitro biological assays (Kohan et al. 1986; Gordon et al. 1987).
This role though also ascribed to MSP (Mbikay et al. 1988) was associated vide infra, with molecules of
evolutionary divergent structures found in urogenital tissues.

¢ The usefulness of MSP as a cancer marker is disputed, considering the demonstrated lack of correlation (Von
der Kammer et al. 1993) and its demonstrated presence in numerous nonurogenital tissues (Weiber et al. 1990).
dBoth of these roles are still hypothetical as no data to substantiate them is currently available.

¢ Involvement of MSP as a member of an Ig-binding protein family was further proposed (Kamada et al. 1998).

f Further studies showed that MSP appears able to induce apoptosis of prostate tumor cancer cells (Garde et al.
1999).
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porcine, and rat, the identity is of 79%, 51%, and 45%,EST hits: one from liver (GenBank accession No.
respectively. Furthermore, analysis of the cloned cDNA andAW198358), the other from activated T cell libraries (Gen-
genomic sequences also revealed that most amino acid suBank accession No. Al979828; Tirunagaru et al. 2000).
stitutions did not occur following the classical “wobble hy- These ESTs clearly encoded a MSP-related protein based on
pothesis” by mutations at the third base of codons, but rathethe distribution and number of half-cystines as well as the
by mutations at the first and second bases (Fernlund et asize of the protein. To gain some insight into evolution of
1996; Mdakinen et al. 1999). In addition, comparative analy-this intriguing molecule, we decided to also determine the
sis of the complete genomic sequences indicates that exoeemplete amino acid sequence of the ostrich protein.
evolve at double the rate of introns (Mékinen et al. 1999). In

some species, further MSP diversity is generated through

gene duplications and alternate transcription. In cotton-tog?&termination of the ostrich MSP primary sequence
tamarin, for example, there are three known functiona@nd disulfide linkages

genes specifying closely related MSP sequences (Mékine?h S . :

4 . ough it is difficult to estimate the amount of protein
etal. 1999). In human tissues, two different MSP mRNASo, .- oo ang purified from ostrich pituitary, it was never-
resulting from alternate splicing have been identified. The

maior one encodes the prostatic form of 94 amino acids: ththeless possible to recovell.1 mg of relatively pure MSP

mir{or one, a frame shif? varialnt of 57 amino ;cids Lha’t i the original reverse-phase high-performance liquid chro-
’ - L hy (RP-HPLC) fracti D-2 Material

mostly expressed in urogenital tissues (Xuan et al. 1995).matograp y( C) fraction 6 (see Materials and

. . . Meth . Following r ion and alkylation, w r-
Studying the sequence, expression pattern, and tissue di lethods). Following reduction and alkylation, we dete

tribution of homol ¢ orthol MSP gen Id ined the first 49 N-terminal residues in a single sequenator
conl:rigutg toc;i k?e?tgecr)uusngerztanod?ngouo? the mgleecilsalejlorun (Fig. 1). This determination not only confirmed the

. . ) 9 S ... assignment of the first 33 amino acids we made >10 years
lution of this protein and to eventual elucidation of its bio-

logical role. This paper describes for the first time the ri_ago, but it also allowed (1) positive identification of seven
9 ‘ Pap ; . p half-cystine residues occupying positions identical to those
mary structure of a MSP-like molecule isolated from pitu-

itary extracts of a ratite, the ostrictStfuthio camelus in mammalian MSPs (positions 2, 16, 34, 37, 39, 46, and 47,

Database searches led to the identification of related Sgr\aspectlvely) and (2) the localization at position 44 of the
S

uences in several species including bovids, batracians, an et residue, predicted on the basis of amino acid compo-
4 P 9 ' ' ion of ostrich MSP (data not shown).

fish. Subsequent sequences and mass analyses of the various
peptides resulting from either endoproteinase AspN diges-
Results tion (Fig. 2A) or cyanogen bromide (CNBr) cleavage (Fig.

2B) allowed us to determine the complete sequence (Fig. 3).

From 1987 to 1992, we purified and characterized numeroulst is worth noting that chemical cleavage through CNBr was

ostrich adenohypophyseal hormones and/or proteins, in-
cluding corticotropin (Naudé and Oelofsen 1977), both neu- 1450

rophysins (Lazure et al. 1989, 1990), a chromogranin A—re- Initial Yield = 2.1184 (131.34 pmoles)
R H Repetitive Yield = -0.0402 (91.2%, n=29)
lated fragment (Lazure et al. 1987), and the N-terminal by Gonelation coofficiont = 0.054

proopiomelanaocortin fragment (Naudé et al. 1993). In 1987,
we determined a 33—amino acid N-terminal sequence of &
protein that proved, in its native form, remarkably resistantg
to cleavage by proteases. The sequence showed no signi@—
cant resemblance to any protein known at the time. Fo@
many years, we searched protein and DNA databases fop
related sequences to no avail. More recently, we identified”
a unique partial sequence that displayed >50% sequence
identity to the ostrich’s sequence. This sequence corre-
sponded to a chicken blood plasma protein that was anti- o e
genically cross-reactive with chicked,-microglobulin but O 4 &8 12 16 20 24 28 32 36 40 44 48
completely dissimilar in sequence to the latter (Warr 1990). Cycle Number
With the emergence of fast and reliable means to determine
nucleic acid sequences, there has been a tremendous fﬁg._l. Autpmatic l_\l-termin‘al sequehce_ of reduced and carlboxamida_ted
crease in available cDNA sequences known as ESTs. Usi ostrich B-mlcrosgmlnoprotgln. Quantltatl\_/e yields of phenylth|9hydant0|n

. TH) amino acids normalized to a PTH internal standard are illustrated as
the TBLASTN algorithm, we screened EST databases fof, function of residue numbers. The slope and intercept were obtained by a
sequences related to the chicken protein and identified twinear regression analysis on 29 selected stable PTH amino acids.
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sitions 73-90 (peak 3) and hence containing a Lys-Asp-
Asp-Pro sequence that was cleaved very poorly by the
AspN enzyme. This peptide, which contained AspN5,
AspN6, and AspN7 together, also proved difficult to se-
quence because of a consistently poor repetitive vyield
(O075% to 77%; data not shown). Together, each position
was sequenced on two to four occasions, with the exception
of the Ser occupying position 69. Similarly, because of the
rapidly decreasing repetitive yield, it was difficult to unam-
biguously deduce the amino acid sequence following posi-
tion 87.
The C-terminal sequences of peptide AspN3 and AspN4
were confirmed through analysis of the peptides derived
following carboxypeptidase-P digestion and ladder se-
207 2 e quencing by MALDI-TOF (matrix-assisted laser desorption
wl B i ionization—time of flight) as shown in Figure 4A and 4B.
] L+ The deduced sequence for AspN3 corresponded to
800 ] C(CAM)-Y-R-C(CAM)-S-C(CAM)-S-R; for AspN4, it cor-
] -3 responded to V-G-Y-N-K-E-K-C(CAM)-K-V-V-F-N-K-E-
S-C(CAM)-N-Y and confirmed the Ser at position 69 and
1 20 the Tyr at position 72. On the other hand, a similar analysis
400 : could not be conducted with the two C-terminal peptides
] [ 10 73-90 (AspN5/6/7) and 78-90 (AspN7, present in peak 2),
' as these proved resistant to the action of carboxypeptidase-P
- or -Y. A possible explanation for this resistance was that
0 0 2 2 their C terminus is amidated. The AspN5/6/7 and AspN7
Fraction Number peptides, which yielded ions of m/z of 2175.4 and 1605.1,
respectively (theoretical m/z, 2174.1 and 1604.8), were ana-

Fig. 2. Narrow-bore reverse-phase high-performance liquid chromatogra]yZed using fragmentation of the parent ion induced through
phy separation of peptides, resulting from enzymatic digestion with endo-

proteinase AspNA) and chemical cleavage with cyanogen bromigleaf ~ |@S€r excitation with the postsource decay (PSD) mode. Re-
reduced and carboxamidated ostrigkmicroseminoprotein. Elution was ~ Sults deduced from analysis of the y-series (fropioyy, ;)
performed as described in the Materials and Methods section and usingand b-series (from Jpto b,,) ions confirmed the sequence

TFA/acetonitrile gradient as shovs_/n. Fl_'a_ctions of 1g0were manually C(CAM)-F-V-Y-S-R-V (data not shown). Furthermore, fol-
‘;?i'r']zzti‘;' :Cr;:tiﬂzi:nmfg’u”;t;fgfad'OaCt'V'ty (i aliquots) was deter- lowing enzymatic digestion by Arg-C protease of a fraction
containing fragment 78-90; 80-90 (m/z, 1371.0; likely to
result from acid cleavage of the Asp-Pro bond); and 83-90
far from quantitative, as can be seen from the ratio of ra{m/z, 1058.7; likely to result from cleavage by AspN N-
dioactivity in each peak. Indeed, ideally the ratio shouldterminal to a Glu residue as sometimes noticed; see discus-
have been unity as each fragment contains the same numb&on forum at http://www.abrf.org), all masses of the result-
(five) of half-cystine residues. This discrepancy is mosting peptides were decreased by 98.2 mass units, and these
probably because of extensive oxidation of the single Mepeptides were no longer resistant to the action of carboxy-
residue over the years of storage, making it unreactive tpeptidases, hence confirming that the Val is amidated (data
CNBr. Nevertheless, sequencing of the material present inot shown). Such analyses confirmed the previously de-
the early eluting peak (peak 1 in Fig. 2B) yielded positionsduced sequence and further identified positions 87—88 as
45-75 (repetitive yield, 87.9%; initial yield, 37 pmoles with being Tyr-Ser and 89-90 as being Arg-Val. Identification of
a correlation coefficient of 0.9160 [ 15]; data not these residues is in full agreement with the observed masses
shown). Peak 2 (Fig. 2B) contained both the CNBr-unreacof each respective parent ion.
tive material as well as the N-terminal fragment 1-44. Iso- In our effort to determine the disulfide linkages of ostrich
lation and chemical characterization of peptides AspN1IMSP, one major difficulty was its resistance in its native
AspN3, and AspN4 arising from the endoproteinase AspNstate to trypsin and other proteolytic enzymes (data not
provided an independent confirmation of residues occupyshown). Indeed, even under prolonged digestion with a high
ing positions 1-12 (peak 1 in Fig. 2A), 19-41 (peak 4), andratio of enzyme to substrate, numerous potential sites of
42-65 (also present in peak 4), respectively. The C-terminatleavage were not efficiently cleaved. This rendered iden-
sequence was determined from a peptide encompassing piification of fragments difficult by the very sensitive

["C}-Cys cpm
% Acetonitrile

Fraction Number

600 1

["*C]-Cys cpm
% Acetonitrile

200 |
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Fig. 3. The complete amino acid sequence of ostemicroseminoprotein. The peptides resulting from cyanogen bromide cleavage

are shown with full arrows, whereas those resulting from cleavage using endoproteinase AspN are shown with broken arrows.
Half-cystine residues are shown in bold lettering, whereas Asp and Met residues are shown in italics and underlined italics, respec-
tively. The proposed disulfide pairing is indicated by the thick lines joining the half-cystine residues, whereas the proposed amidated
C-terminal Val residue is shown in bold italics.

MALDI-TOF analysis. Nevertheless, as indicated in Tableintraspecific conservation of amino acid clusters has been
2, with a single exception, we were able to isolate eaclpreviously pointed out for rodent and primate MSP se-
disulfide-linked peptide and, on reduction and alkylation, toquences (Fernlund et al. 1996; Mékinen et al. 1999). A
identify the peptides involved in the linkage. The exceptionconsensus sequence was difficult to derive from the align-
was the peptide pair involving peptide 37-41 and peptidenent of all the sequences as, apart from the half-cystine
46-58, linked by two disulfide bridges. In this case, it wasresidues, there is very little amino acid conservation across
not possible to determine the linkages between Cys-37 anspecies. This observation explains the great difficulty pre-
Cys-41 to the Cys residues composing the pair 46—-47 (sedously encountered in finding homologs and/or orthologs
Fig. 3). This linkage may eventually be determined by dein species other than primates.

novo chemical synthesis, nuclear magnetic resonance or X- We searched in the various databases for related proteins
ray crystallography studies. using the TBLASTN v2.0.12 algorithm, and as a query,
either the full ostrich sequence determined in this study, the
previously found chicken EST (GenBank, accession Nos.
Al97928 and AW198358), or a hypothetical sequence con-
taining the most conserved residues in all available oligo-
Table 3 provides the pairwise percentages of overall identityzucleotide or amino acid sequences. The search allowed the
between the various MSP-related proteins (signal peptideslentification of five candidate MSP-related sequences. The
excluded). These identities are illustrated in a multiplefirst sequence identified in the nonhuman and nonmouse
alignment of their amino acid sequences shown in FigureeST bank was a partial bovine sequence (accession No.
5A. Except between baboon and rhesus monkey, they ar®W336761; E value of 2 x 10), encompassing the first 42
generally <80%. Expectedly, they are greater within orders\-terminal residues of the mature protein preceded by a
than between orders. Thus, although the ostrich and chicke20—amino acid signal peptide. This sequence was present in
sequences show 57% overall similarity, the similarity ofa cDNA library of pooled lymph node, ovary, fat, hypotha-
either one to the related sequences in other species generalmic, and pituitary tissues. It encodes a segment of the
decreases <40%. Within orders, one can easily identify conmature MSP that is 100% identical to the porcine homolog
tinuous stretches of relatively high similarities and identitiesand highly similar to other mammalian MSP sequences
between species. Such stretches are observed between (@&ta not shown). The second EST sequence identified in
and mouse, human and other primates, chicken and ostricthe search yielded an open reading frame encoding a protein
and flounder and zebrafish (boxed in Fig. 5A). Such anof 111 amino acids, including a 20—amino acid putative

Comparison of the ostrich MSP sequence to
mammalian, chicken, and EST-derived sequences

www.proteinscience.org 2211
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Fig. 4. (A) C-terminal ladder sequencing of peptide AspN3 following carboxypeptidase-P digestion. The reverse-phase high-perfor-
mance liquid chromatography isolated, reduced, and carboxamidated AspN3 peptide was digested with carboxypeptidase-P for 30 sec
as described in Materials and Methods, and the resulting mass spectrogram was obtained. The y ion corresponds to the complete peptide
19-41 (theoretical m/z, 2859), and the y-n label denotes the loss of n amino acids from the C terB)iriderminal ladder
sequencing of peptide AspN4 following carboxypeptidase-P digestion. The RP-HPLC isolated reduced and carboxamidated AspN4
peptide was digested with carboxypeptidase-P for 60 sec as described in Materials and Methods, and the resulting mass spectrogram
was obtained. The y ion corresponds to the complete peptide 42—72 (theoretical m/z, 3857), and the y-n label denotes the loss of n
amino acids from the C terminus.

signal peptide (accession No. AW641318; E-value of3 x 10°) encodes an 87—amino acid mature protein con-
2 x 1019). It was isolated from &enopusegg cDNA li-  taining 10 half-cystine residues and preceded by a 19-resi-
brary. Its closest relatives are the chicken and ostrich MSPdue signal peptide; the other one (herein referred to as
(see Table 3 and Fig. 5A). The third EST sequence waflounder-2, accession No. C23023; E-value of 0.81) en-
from zebrafish (accession No. Al497271; E value ofcodes a 97—amino acid mature protein containing 12 half-
8 x 10°); it encoded a 90—amino acid mature protein pre-cystines preceded by a 19-residue signal sequence. Despite
ceded by a 20-residue signal sequence. Apart from the corthe little similarity between the flounder-2 sequence and
served 10 half-cystines, this sequence was unique as it beasther MSPs (see Fig. 5A), it was nevertheless included in
little identity with MSP from other species. The last two this family because of its significant overall identity (54%)
EST sequences identified were found in a cDNA library ofwith flounder-1 sequence (Table 3). These sequences are
Japanese flounder liver and spleen. One of them (hereiwery probably related to MSPs despite the extensive non-
referred to as flounder-1, accession No. C23089; E-value afonservation of residues with mammalian species. To verify

2212 Protein Science, vol. 10
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Table 2. Proposed disulfide linkages of ostrigiimicroseminoprotein (MALDI-TOF)

Reduced and alkylated peptide pairs Tryptic peptides identified

Native tryptic peptide

M + H)* M+ H)* (positions)
Observed Computed Observed Computed Observed Computed

2389.5 2392.1 741.6 746.3 1760.7 1760.8 (1-5) + (6-21)
1967.5 1970.8 843.6 843.3 1242.7 1241.5 (31-36) + (68-77)
1950.4 1953.9 — 565.3 1503.0 1503.7 (59-62) + (78-89)
1693.3 1696.8 — 307.1 1503.0 1503.7 (61-62) + (78-89)
2037.6 2038.9 671.3 670.2 1599.6 1597.7 (37-41) + (46-58)

this relatedness, we computer analyzed the phylogenic abBiscussion

rangement of all sequences (signal peptide excluded) shown
in Table 3. In the resulting evolutionary tree (Fig. 5B), This study reveals that a peptide long thought to function in

sequences are clearly grouped into specific branches fanammalian reproductive tissues not only is expressed in a
fish, amphibians, birds, rodents, ungulates, and primatesariety of other tissues, many of them without any role in
Based on this tree, cotton-top tamarin sequences divergeéproduction, but also is present in many other species.
early from those of other primates, consistent with the perMSP-related sequences are now known for representatives
centages of primary structure identities among them (seef the following classes and orders: artiodactyls (cow and
Table 3). porcine), primates (human, apes, and monkeys), rodents (rat
Interestingly, unlike their mammalian counterparts, non-and mouse), birds (chicken and ostrich), amphibiafen6-
mammalian MSP sequences (the chicken one excepte@us, and fish (zebrafish and flounder). The avian MSP
contain a Gly residue at either the penultimate or the C<losely resembles th&enopusone, in agreement with the
terminal position (see Fig. 5A), indicating that like ostrich now favored view of evolutionary divergence of amniote
MSP, they might be terminally amidated through the activ-vertebrates, which places birds closer to reptilians (such as
ity of the peptidylglycine a-amidating monooxygenase crocodiles) and amphibians than to mammals (Hedges
(PAM). In cases in which the Gly residue occupies thel994; Hedges and Poling 1999). MSP could thus be con-
penultimate position, as in the flounder and zebrafish sesidered a valid marker of speciation. The finding of related
guences, this residue could be easily uncovered by removakquences in metatheria (marsupials), reptiles, and insects
of the C-terminal Lys residue through the action of carboxy-may allow further verification of this proposal. Intriguingly,
peptidase-E or -H. Both PAM and carboxypeptidase-E ar@o sequence that, by overall size and half-cystine distribu-
processing enzymes normally found in the secretory grartion, could unambiguously be related to MSP was identified
ules of the regulated pathway of secretion. among back-translated proteins deduced from the now com-

Table 3. Sequence identity between reporgethicroseminoprotein

Species B Rh Ta-el Ta-j1 Ta-al P R M (0] C X F-1 F-2 z
H 79 79 71 70 60 51 45 44 39 38 33 28 21 24
B 94 67 66 51 51 49 44 39 37 35 29 20 21
Rh 67 67 52 53 50 46 40 40 36 28 19 22
Ta-el 69 64 49 44 40 36 37 34 26 21 25
Ta-j1 64 52 43 38 40 38 39 30 22 23
Ta-al 49 42 34 40 41 35 30 23 26
P 43 40 33 32 36 27 24 25
R 62 33 31 28 25 19 22
M 33 33 28 23 23 21
e} 57 40 35 23 29
C 43 32 22 31
X 37 24 26
F-1 54 37
F-2 29

The sequence identities in percentages (to the nearest full integer) were determined following pair-wise comparison of full-length se@usimyes of

seminoproteins (signal peptides excluded) using the Align algorithm at http://www2.igh.cnrs.fr/bin/align.guess.cgi.
B, Baboon; Rh, Rhesus monkey; Ta, cotton-tail tamarin; P, pig; R, rat; M, murine; O, ostrich; C, chicken; X, African clawed-frog; F, Japanese flounder

Z, zebrafish; and H, human.
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plete Drosophilagenome. Many of the retrieved sequenceslt is detectable in the plasma of asymptomatic men at a
showed partial alignment of half-cystines and little else.concentration ofD.02 mg/L and at a slightly elevated level
Most often, the aligned half-cystines belong to domains ofin patients with prostate cancer (0.12 mg/L; Dubé et al.
proteins far larger than most MSPs. This could indicate thal987b). Its serum level, however, is of no diagnostic or
this protein, and hence its function, appeared following di-prognostic value for this type of cancer (Von der Kammer et
vergence of vertebrates from invertebrates. On the otheaml. 1993). The biological function of MSP remains un-
hand, it is possible that current algorithms cannot find reknown. Whatever that function is, it is uncertain that it is the
lated sequences in too distant species, leaving open the pasame among species. In this context, it would prove inter-
sibility that MSP-like proteins might be present in insectsesting and possibly revealing to examine the cellular and
too. tissular distribution of MSP in birds and in other distant
Inasmuch as expression and/or abundance of mRNAspecies such as amphibians and fish. Some preliminary im-
cannot be taken as conclusive evidence that a protein isiunofluorescence data with the chicken MSP tend to favor
present in a given tissue (for example, see Anderson anits relation with bursa and thymus cells (Warr 1990).
Seilhamer 1997), the presence of MSP in reproductive and Structural studies on MSP are scarce. Disulfide pairing in
nonreproductive tissues can conclusively be establishedll of them has not been determined. Their sequences bear
only through its purification or by immunocytochemistry. no significant resemblance to proteins of known function.
Where these criteria have been met, MSP is generally asrhese facts make it difficult to even speculate about their
sociated with secretory cells, of both endocrine and exocrinkiological functions. Indeed, the only structural data known
types. As mentioned in the Introduction, MSP has beerso far have indicated that the secondary structure of chicken
found in E-cells of the gastric mucosa (Ulvskaet al. MSP shows negligiblea-helicity but elevatedp-sheet
1989). Our identification of this protein in ostrich pituitary (68%) content. This property is also shown Pymicro-
extracts further supports this association. Furthermore, MSBlobulin, which is antigenically cross-reactive with MSPs
is found in significant amounts in chicken serum (0.06 g/L;(Warr 1990). A highp-sheet content is observed in the
Warr 1990). Thus, birds may possess an active endocrinepithelin/granulin protein family, another class of small pro-
pathway of MSP secretion into plasma. The pituitary mayteins with a high number of half-cystines (for review, see
be one of the secreting endocrine organs. Indeed, usinBateman and Bennett 1998). In the latter case, the overall
primers corresponding to the reported chicken MSP cDNAstructure is composed of four stackgeheet structures that
we have been able to detect its mMRNA by reverse transcripare highly stabilized by a central axial rod of disulfide
tion—polymerase chain reaction (RT-PCR) in total RNAbridges. On the other hand, there is no a priori reason to
from the brain of this bird (M. Mbikay and C. Lazure, consider the relationship of MSPs to epithelin/granulin to be
unpubl.). stronger than possible relationships to other classes of small
In mammals, MSP appears to be most abundant in semproteins highly rich in half-cystines, such as the defensin
nal plasma (in humans, its concentration in this fluid is asfamily of endogenous antibiotic peptides (for review, see
high as 0.9 to 2.2 g/L). It is also elevated in numerous othet.ehrer et al. 1991) or the disintegrin family of integrin
body fluids, especially in nasal (0.009 to 0.011 g/L) andinhibitory peptides from snake venoms (for review, see
tracheal (0.013 to 1.4 g/L) secretions (Weiber et al. 1990)McLane et al. 1998). Interestingly, apart from the obvious

Fig. 5. (A) Multiple amino acid sequence alignment of mat@renicroseminoproteins. Sequences retrieved from databases were
automatically aligned using the CLUSTAL W algorithm (http://www.ebi.ac.uk/clustalw/) and the Multalin v5.4.1 software (http:/
www.toulouse.inra.fr). Gaps are indicated with dashes. Residues conserved in 14 of 15 sequences (>90%) are bolded and written in
white over a black background; those conserved in >11 of 15 sequences (>70%) are bolded and shaded. Continuous stretches of five
residues or more that are highly conserved among members of the same order (e.g., primates, rodents, aves, and fish) are boxed. The
B-microseminoprotein amino acid sequences were either obtained from previously reported sequences-Houmasapiens

accession No. AJ13356; Mbikay et al. 1987), rhesus monk&acécca mulattaaccession No. M92161; Nolet et al. 1991), baboon

(Papio hamadryas anubisiccession No. U49786; Xuan et al. 1997), cotton-top tam&agy(inus oedipusccession Nos. mspE1,
AJ010154; mspAl, AJ010158; and mspJl, AJO10158kiMen et al. 1999), porcineS{is scrofaaccession No. S41663; Fernlund et

al. 1994; Tanaka et al. 1995), r&dttus norvegicysaccession No. U65486; Fernlund et al. 1996), murMeag musculusaccession

No. J89840; Xuan et al. 1999), ostrichtfuthio camelughis study), and chickerGallus gallus Warr 1990)—or back-translated from

the reported cDNA sequences in the nonmouse and nonhuman expressed sequence tag entries maintained at the NCBI: chicken
(accession Nos. Al97928 and AW198358), African clawed fidgnopus laevisaccession No. AW641318), zebrafidbgnio rerio;

accession No. Al497271), and the two Japanese flounder sequ@acabdhthys olivaceysaccession Nos. C23089 and C23023). The

bovine Bos taurusaccession No. AW336761) was not included in the alignment because its full sequence has not been ®Bported. (
The phylogenetic tree gi-microseminoproteins. Based on the alignment showA, ithe phylogenetic tree analysis was conducted

using neighbor-joining analysis (Poisson correction) with the MEGA v2.0 software (http://www.megasoftware.net). The confidence
values obtained using a bootstrapping statistical analysis method are indicated on nodes; vale% @fre considered statistically
significant. The scale bar indicates the d value, which represents the number of amino acid substitutions per site.
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presence of an elevated content in half-cystine residues, dfteptide separation by RP-HPLC

of these three classes of peptides possess biological acti eptides resulting from the fragmentation mixtures were separated

ties proposed at one time or another for MSP (see Table 1}, purified using a.RPC C2/C18 narrow-bore column (SC 2.1/
Together with the present demonstration of MSP-related o; Amersham Pharmacia Biotech) maintained at 30°C. They were
molecules in distant species, these relationships, as tenuoakited using a 0.1% (v/v) TFA-acetonitrile system with linear gra-
as they are, might eventually lead finally to a clear defini-dient of either 0 to 100% acetonitrile in 35 min or 10% to 45%

. . - o -+ acetonitrile in 35 min at a flow rate of 20@QL/min. The eluting
it:1ci)tri]a?]:jitshc:eo$(lacr)l/0glcal activity of MSP >20 years after its peaks were monitored through ultraviolet-absorbance at 225 nm

and collected manually in 10Qt fractions, and radioactivity in
each fraction was measured using a scintillation counter. All sepa-
rations on HPLC were performed on an Applied Biosystems model

Materials and methods 120A. A modification to the original configuration included addi-
tion of a manual rotating valve, allowing collection of the eluate
Purification of MSP from ostrich pituitaries immediately after the detector flow cell through a narrow bore

PEEK tubing long enough to prevent degassing.
The protein was obtained following extraction of 1060 g of ad- Isolation of the disulfide-linked peptides was accomplished on a
enohypophyses using the classical acid-acetone extraction proc@SC-Exsil A300 Ggcolumn (25 x 0.46 cm; Chromatography Sci-
dure previously described (Naudad Oelofsen 1977). Briefly, the ences Co.). The buffer system consisted of an aqueous 0.1% (v/v)
resulting powder was submitted to NaCl-fractionation, and theCF;COOH solution and an organic phase of acetonitrile containing
corticotropin-containing fraction D was recovered and further pu-0.1% (v/v) CECOOH. Elution was performed with a linear gra-
rified through chromatography on a carboxymethyl-cellulose col-dient from 0% to 60% organic phase in 60 min following a 5-min
umn using an ammonium acetate gradient for elution. The resultisocratic step at 0% at a flow rate of 1.0 mL/min. The eluate was
ing fraction 6 (see Fig. 1 in Naudé and Oelofsen 1977) was purimonitored at 225 nm, and 500L fractions were collected. A
fied on a Sephadex G-100 column, and the last eluting fraction 60/arian 9010 HPLC connected to a Varian 9050 ultraviolet-detec-
was collected. The pooled fraction 6D was further purified by tor was used. Aliquots of each fraction were screened by MALDI-
RP-HPLC and eluted usingrapropanol gradient. Fraction 6D-2, TOF as described below. Selected fractions were reduced and
eluting between 15% and 20%-propanol was collected, lyoph- alkylated as described above before mass analysis.
ilized, and kept at —20°C. Earlier protein characterization studies
were performed using this fraction as starting material. ) . .

Edman degradation, amino acid, and mass

spectrometry analysis

Chemical modifications and CNBr cleavage , ) -
Automated Edman degradation of the native RP-HPLC purified

The dried RP-HPLC fraction was dissolved in 0.4 M Tris-HCI protein was performed as described previously (Lazure et al. 1989)
buffer (pH 8.4) containing 8 M urea and 1 mM EDTA. The protein using a gas phase sequenator from Applied Biosystems (model
was reduced and alkylated using a two-step procedure: it was firé70A). The resulting phenylthiohydantoin (PTH) amino acids
incubated for 30 min in the presence of 0.1 mM DTT before were analyzed directly on an Applied Biosystems (model 120A)
treatment with iodo-[1*'C]-acetamide (f.Ci, 59 mCi/mmol; Am- PTH-analyser. Automated Edman degradation of the reduced and
ersham Pharmacia Biotech), and it was then fully reduced angéarboxamidated protein and fragments thereof was performed us-
alkylated using a 5x excess of unlabelled iodoacetamide oveing an Applied Biosystems (model 477A) sequenator operated in
DTT. The reduced and alkylated protein was desalted using gas phase mode usimgrmethylpiperidine as coupling buffer and
PD-10 column (Biorad) using 0.1 M ammonium bicarbonate asdirectly linked to the PTH-analyser.
eluent; the resulting labeled fraction was dried and kept at —20°C Amino acid analyses were performed in duplicate after hydro-
until used. Cleavage of 100g of the reduced and carboxamidated lysis of dried samples in 5.7 N HCI in vacuo for 18 to 24 h at
protein with CNBr was conducted in 70% acetic acid overnight at110°C on a Beckman autoanalyser (model 6300) with a postcol-
room temperature in the dark; the resulting fragments were puriumn ninhydrin detection system and coupled to a Varian DS604
fied by RP-HPLC as described below. integrator/plotter.
MALDI-TOF analysis of RP-HPLC—purified fractions was per-

formed on a Voyager DE-Pro MALDI-TOF instrument (PerSep-
Enzymatic digestion tive Biosystems) equipped with a 337-nm nitrogen laser and a

delayed-extraction ion source. Positively charged ions were ana-
The reduced and carboxamidated protein (@) was dissolved lyzed in linear, reflector, and PSD mode. Spectra were obtained as
in 100 pL of 0.1 M ammonium bicarbonate, andplg of endo-  the sums of ions recovered after 64 to 128 laser shots using an
proteinase Asp-N (Roche Diagnostics) was added. Incubation waacceleration voltage of 20 kV. In PSD mode, spectra were obtained
overnight at 37°C, and the resulting fragments were purified byusing ion reflector mirror ratio from 1.0 to 0.3 in decreasing steps,
RP-HPLC as described below. Digestion of the C-terminal peptideas recommended by the manufacturer. The matrix solution was
by Arg-C protease (Roche Diagnostics) was accomplished usinfreshly prepared using a saturated solutionafyano-4-hydroxy-
0.5 pg of enzyme, reconstituted according to the manufacturer’'sinnamic acid (HCCA; Sigma-Aldrich) in 50% (v/v) acetonitrile
protocol in 100pL of 100 mM Tris-HCI containing 10 mM CaGl  containing 0.3% TFA and was mixed in a 1:1 ratio with samples
(pH 7.6) overnight at 37°C. Digestion of the native ostrich MSP (1in 0.1% TFA. For ladder sequencing, QuR peptide solution (1
wg/ul) was performed with trypsin (Miles-Seravac) using a 1:50 pmolefoL in 0.1% TFA) was mixed with an equal volume of
(w/w) ratio in 0.1 M pyridine-acetate buffer (pH 6.5) for 24 h at freshly prepared carboxypeptidase-P or -Y (Qd/p.L in 50 mM
37°C. All enzymatic reactions were stopped by acidification usingsodium citrate buffer at pH 6.0; Roche Diagnostics) and incubated
0.1% CRCOOH. at room temperature in a humid chamber for varying amounts of
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time (from 3 to 60 sec). At the end of incubation, Q.6 of freshly Molecular cloning of the cDNA for two major androgen-dependent secre-
prepared matrix solution was added and cocrystallisation left to tory proteins of 18.5 kDa synthesized by the rat epididydisiol. Chem.

: oI e 261: 4956-4961.
occur at ambient temperature. For determination of dISU|fIdeCha0’ C.F., Chiou, S.T., Jeng, H., and Chang, W.C. 1996. The porcine sperm

bridges, peptides, following reduction and alkylation, were depos-"",yility inhibitor is identical top-microseminoprotein and is a competitive

ite‘_j on the MALD"TOF plate using G ZipTip (_Wa_\ters Corpo- inhibitor of Na', K*-ATPaseBiochem. Biophys. Res. Com2i8: 623-628.
ration) prewetted with 2 x 1L 50% acetonitrile in water and Corpet, F. 1988. Multiple sequence alignment with hierarchical clustering.
equilibrated with 2 x 1QuL 0.1% CKCOOH. After aspiration of Nucleic Acids Resl6: 10881-10890.

the sample, bound peptides were eluted usingsLOof HCCA ~ Doctor V-, Sheth, AR., Sinha, MM, Arbattl N.J, faver, J.B., and Sheth
. - o A . Studies on immunocytochemical localization of inhibin-like
Splunon (10 mg/mL in 50% acetonitrile), and,d. were spotted material in the human prostatic tissue: Comparison of its distribution in
directly on the sample plate. normal, benign and malignant prostatBs. J. Cancer53: 547-554.
Dubé, J.Y., Frenette, G., Paquin, R., Chapdelaine P., Tremblay, J., Tremblay,
R.R., Lazure, C., Seidah, N., and Chrétien, M. 1987a. Isolation from human
Sequence analysis seminal plasma of an abundant 16-kDa protein originating from the prostate,
its identification with a 94-residue peptide originally describe@-ashibin.
Amino acid sequences and/or nucleotide sequences were analysedJ. Androl.8: 182-189.
using the Genetic Computer Group computer program packagdlubé, J.Y., Pelletier, G., Gagnon, P., and Tremblay, R.R. 1987b. Immunohis-
Automated searches in the various databases were performed tochemical localization of a prostatic secretory protein of 94 amino acids in

- - normal prostatic tissue, in primary prostatic tumors and in their metastases.
through the entrez search and retrieval system available at the ;°).| %35 g33-887.

NCBI site _(http://WWW-ani-_mm-nih-gOV) using the v_arious Fernlund, P., Granberg, L., and Roepstorff, P. 1994. Amino acid sequence of
BLAST algorithms operating in batch mode. Sequence alignment g-microseminoprotein from porcine seminal plasmach. Biochem. Bio-
was accomplished using the Multalin v5.4.1 software (http://www.  phys.309: 70-76. ) ) )
toulouse.inra.fr; Corpet 1988). Phylogenetic and molecular evoluFerniund, P., Granberg, L., and Larsson, I. 1996. Cloning-aficrosemino-
tionary analyses were conducted using MEGA (Kumar et al. 1994) protein of the rat: A rapidly evolving mucosal surface protéinch. Bio-

ion 2.0 (S. K KT I.B. Jakob d M N oL chem. Biophys334: 73-82.
version 2. ( - Kumar, K. Tamura, 1. . axobsen, an - Nei, InGarde, S.V., Sheth, A., Porter, A.T., and Pienta, K.J. 1993a. A comparative
prep.) down-loaded from the MEGA site (http://www.megasoft- study on expression of prostatic inhibin peptide, prostate acid phosphatase
ware.net). Peptide mass analyses were performed using the com- and prostate specific antigen in androgen independent human and rat pros-
puter programs maintained at the University of California-San tate carcinoma cell line€Cancer Lett.70: 159-166.
Francisco site (http://www.donatello.ucsf.edu). . 1993b. Effect of prostatic inhibin peptide (PIP) on prostate cancer cell

The sequence data have been deposited with the Protein Ideghrgfwstr{/'“ é/g;?ua;n?/ A V'Ii’io‘l'_: rolfitr?lizlzrﬁ;ﬁziﬂ_i%k ishan. A Wellham. L
tification Resource (accession No. A59385; National Biomedical " pep.josef, E., Haddad, M., Taylor, J.D., Porter, A.T., and Tang, D.G. 1999.
Research Foundation, Georgetown University Medical Center, Pprostate secretory protein (PSPsuppresses the growth of androgen-inde-
Washington, DC). pendent prostate cancer cell line (PC-3) and xenografts by inducing apop-
tosis. Prostate38: 118-125.
Gordon, W.L., Liu, W.K., Akiyama, K., Tsuda, R., Hara, M., Schmid, K., and
Ward, D.N. 1987. Beta-microseminoproteptf1SP) is not an inhibinBiol.
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