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C proteins represent one of the four ‘major prdtéih

groups _Qééuted by the tubular sccessory glands

of male mealworm beetles (Tenebrio molitor). They are basic proteins with an apparent molecular
. mass of 21.9 kDa. In this paper we present the deduced amino-acid sequence of two, almost identical

"C proteins, termed C1.and C2. The C proteins contain 'a consensus: sequence for a

heparin-binding

site, and they are efficiently purified from accessory gland homogenates by heparin-affinity chroma-
tography. No sequence resemblance was found with other proteins in-the databases, but their high

v avidity for heparin suggests & possible involvement of the C proteins in sperm

C protein  Accessory gland  Amino acid’ sequence
lion Tenebrio- molitor ST

capacitation.

.Hepar?'.n-bjhding' Seminal fluid Sperm capacita-

INTRODUCTION =~ » . . s
A variety of functions is attributed to peptides -and
proteiris secreted by the accessory ‘sex glands of male
insects. In many species, accessory gland polypeptides. -
will contribute to the formation of & spérmatophore, an
acellular construction in which sperni and seminal ffuid .-

are packaged for transfer-to the female. Other peptides . 100> O 5 on :
and proteins become part of the seminal fluid and play ‘1o, Proteins form a very. homogenous group with

a role in sperm storage, maturation or.activation, of they -

act upon the physiology and behavior of the female after

copulation (Leopold, 1976; Chen, 1991; Happ, 1992).

The reproductive apparatus. of the ‘male mealwoim:
bectle (Tenebrio molitor) has two. pairs of accessory sex
glands, termed BAGs and TAGs, The BAGs, short for
bean-shaped accessory glands, produce most, if fiot afl,
of the structural proteins that compose the sperma-
tophore (Dailey ef af., 1980; Grimnes e? al., 1986: Paesen’.
el al., 19922). The tubulag accessory glands or TAGs,
produce mainly four groups.of protéins, which® were
termed A, B, C ‘and D prjtéins, according to their
mobility on SDS-gels (Happ er al., ¥977; BlacKier af;,
1982). These TAG proteins ‘probably:contribute fo- the .
seminal fluid; antisera against A, Bard D group proteins. .-

*The sequence presented in this fnper has been tubm:tte:im Géﬂbﬂ_nk:_'-_"z_
and is accessible under No, M97262, : - o -.. b % vt.
05405-0086, US.A. - _
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recognize epitopes in the lumen of the spermatophore
(Black er al., 1982; Paesen et al., 1992b}). The exact
function of the TAG proteins, however, remains unclea r.
- The .best ‘described TAG products are the highly
repétitive D proteins, which appear immediately after
cclosion of the adult beetle. Although their molecular
masses on SDS-gels vary between 24 and 29 kDa, the
little sequence variation from one protein to another
(Grimnes and Happ, 1985; Paesen er ., 1992b).

 The A.and B proteins have only been characterized on
the basis of their electrophoretical mobility and reaction
to polyclonal antisera. There are indications, however,

- that- they might be related to each other: they are close

in molecular mass (17.9 and 19.0 kDa, respectively) and
pl (about 5.3), and share epitopes, Both proteins also

- appear at the same stage of the adult development (day

2) and accumulate at a similar rate (Black et af., 1982;
Black and Happ, 1985). The térm A/B proteins refers to

the two proteins together.

~;'C proteins are basic, contrary (o the A/B and D

_protéins (Black er af., 1982). ‘Although heterogenous

on.2D-gels, C proteins appear as .one band on one-
diménsional SDS-polyacrylamide gels, corresponding
with 2 molecular mass of 21.9 kDa. The C proteins, like
the A/B proteins, ‘are- barely detectable on Coomassic-

 Departmen of Zoology, University of Vermont, Burlingion, v : - Stéited SDS-gels before day 2 of the adult deVelopment.
RRGRRRIP . Thereafier, they. accumilate dramatically, -+ -

< "Althoiigh we did not have a specific antiserum at our «
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disposal, we were able to extract C protein clones from

a TAG expression library, using a polyclonal antiserum
against the A/B proteins, that was shown to cross-react
with C profeins (Black and Happ, 1985).

EXPERIMENTAL PROCEDURES
Animals : .
- Mealworms (Tenebrio molitor) were purchased from a

commercial supplier; they were kept at room tempera- .

‘ture and reared on Purina Chick Labchow. Males and
females were separated. in the pupal stage.

Protein purification and characterization
TAGs were excised from 10-20 days adult meal-

worms, rinsed in distilled water containing protease -

inhibitors (1 ug/ml Leupeptin, 0.5 ug/ml Antipain,
| ug/mi Pepstatin A, 50 ug/ml PMSF, 1 mM EDTA,
pH 8.0; all Sigma products), and collected on dry ice.
The sample was homogenized in a low salt Tris—saline
buffer (10mM Tris-HCl, 75mM NaCl, pH 7.5) and
centrifuged at 12,000 g (4°C, 5°). The supernatant was
submitted to heparin affinity chromatog.raphy (Fig. 1).
The ' C-protein containing fraction {identified - by
SDS-PAGE) was quickly concentrated using Centricon-

106 microconcentrators (Amicon}, and ‘submitted to
reversed phase HPLC (Fig. [). The purified product was”

lyzed -di ional (Laemmli, 1970) and' et
analyzed on one-dimensional (Laemmli, 1970) an mro-_. stituting dITP for dGTP. Sequence data were analyzed

dimensional polyacrylamide gels (O'Farrell, 1975).
N-lerminal sequence analyses were performed in the

'prm‘.ein analytical facility of the Medical Biochemistry

Depagtment at the University of Vermont, on. an
Applied Biosystems 475A Protein Sequencing System,

employing a gas phasc Edman . degradatioi protocol .

with online HPLC identification of PTH -derivatives of

amino acids. :

L]

¥ cDNA library screeﬁl; and construction of a C-gene

probe

constructed with mRNA from adult TAGs, was screened
with a rabbit polyclonal antiserum (anti-A/B), according -

to Mierendorf et al, ( 1987). Although the antiserum was
made against A and B proteins, it was shown to ¢ross:
react with C-proteins (Black and Happ, 1985). The
pBluescript SK () phagemid of positive ‘clones was
excised in bivo, using the R408 helper phagé; as described
by Short et al. (1988). The plasmids were submitted.to

sequencing (see below), and one -of the: clones (Ci),’

suspected to contdin C protein—<cDNA, was used to

Lambda Zap library was then ‘submitted toa’ second

round of screening, this time by DNA hybridization of

plaque lifts (Sambrook er al, 1989), using the digoxy-
genin-labeled probe.. An anti-digoxygenin ‘antiserum

conjugated with 'alkaline-phospha_tase " (Boehringer -

Mannheim) was used for probe dgtection: BioTrace

NT-nitrocellulose filters (Gelman Scienices) mused for

A Lambda Zap Il cDNA-library (Pacsen ef af., 1992),

‘plaque transfer, blocking reagent was provided by
- Bochringer Mannheim, as were NBT and BCIP, used for

vizualization of kinase activity.

Probe construction
The Cl clone was grown to saturation in liquid LB.

-Plasmid DNA was isolated using PlasmidQuik columns

(Stratagene). The insert was excised with the restriction
endonuclease Nor I, and separated from the plasmid
arms by electrophoresis through a 1% agarose gel onto
a piece of NA-45 DEAE—cellilose membrane (Schleicher
& Schuell, Inc.). The cDNA was recovered by submerg-
ing the membrane in a high salt buffer (1M Na(j,
0.1mM EDTA, 20mM Tris, pH 8), precipitated with
ethanol and redissolved in distilled water. It was then
used as a template for random primer labeling with
digoxygenin (Boehringer Mannheim).

Sequencing _

Sequencing was carried out by the Sanger dideoxy-
mediated chain termination reaction (Sanger and Coul-
son, 1975), using Sequenase (UCB). Double stranded (in
the case of C2),.as well as single stranded (C1) templates
were prepared. Single stranded DNA was rescued and
purified according to Short er al. (1988). Double
stranded phagemid DNA wi#s purified on Plasmid Quik
columns (Stratagene) and alkali-denatured {Mierendorf
and Pfeffer, 1987). Compressions were resolved by sub-

using IBI Pustell and Genetics Computer Group (GCG;
Devereux et al., 1984) sequence analysis sofiware,

: Nor.‘ﬁem- blotting
mRNA was isolated from TAGs from adult beetles, |

using the MicroFastTrack isclation system (InVitrogen),
2 up RNA samples were subjected to electrophoresis on
formaldehyde containing agarose {0.8%) gels, according
to Sambrook et al. (1989). The RNA was transferred to

- a nylon membrane (Hybond N+, Amersham)—using
120 x SSC as transfer buffer—and hybridized- with the
‘digoxygenin-labeled probes. Nitroblue tetrazolium salt

(NBT) and 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) were used for vizualization of bound anti-

* digoxygenin alkaline phosphatase conjugate,

. RESULTS
C protein purification (Fig. 1)
- The C protein was very efficiently purified by heparin

.. affinity chromatography followed by a filtration-cen-

construct a digoxygenin-labeled probe (see below). The - tiifugation over Centricon-100 units. Despite their high

cut-off value (100 kDa), the membranes of the filter units
do retain the purified protein (21.5kDa), suggesting
aggregation or polymerization. The- isolated protein,
obviously a major TAG product, could easily be ident-
ified as a C-group protein, based upon its mobility on
12% SDS-gels and 2D-polyacrylamide gels. However,

“when . the * C-protein fraction was submitted

to
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to an additional -purification by reversed phase are identical (apw the unidentified amino
HPLC, two peaks appeared (a and b in Fig. 1C). _acids), suggesting tha two peaks correspond . with
The N-terminal sequences of the protein in fraction'a .two C protein variants with a slightly different hydro-
(KPSXNXADKXN) and fraction b (KPSSNSADKK) phobicity.

o T T " 100

. -minutes! o+ . 0 . . . _
FIGURE |. Purification of the C protein. A—Heparin-affinity chromatography. A TAG homogenate was applied 1o a ot
heparin-affinity chromatography column (Econo-Pac Heparin Cartridge, Biorad), Proteins were eluted in a sodiuth phosphate -

buffer (60 mM Na,HPO, was brought to pH 6.95 with'8 concentrated NaH,PO, solution), over a linear gradient (G} from.0 -

to 2M NaCl in 100 min. The flow rate was 0.75 mi/min. The absorbance was measured at & 210 nm wavelength (A4;,0). B—The

fraction, indicated by the bar in Fig. 2A, Was concentrated using Centricon-100 filter units (Amicon). An aliguot was resolved

-~ on a 12% SDS-polyacrylamide gel (Laemmii, 1970) (lane 3). Lane | containé‘total TAG homogenate. The triangl indicates

the C protein position. Lane 2 contains molecular.mass standards.(Biorad) (a: 31 kDa; b: 2.5 kDa). C—C protein fractions ot
from several heparin-chromatography runs were pooled and further purified by rheans of HPLC, using a 15 cm €18 Reversed .. ot
Phase Column (Vydic) and & 0.1% trifluoroacetic acid (Pieree). running buffer over a 0-100% acetonitrile (J. T. Baker . .
Chemicals) gradient. Two puksappearedweeolleued an eadly fraction of the first peak (bar A) and a late fraction of the N

L NFE T

second (B).-Both fmmmbmitted,_k: N-terniina) sequence sinalysis.
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| c_c'rcncccM‘rmmcucmemxcﬁrmermmcnm-ﬁTcccmccucmmcc

- CAGAGTATTTIGCTACTATTTTGTCTGTATCTTGCACATAGAGT TATCAAAATGAGAGTG
} o . o .

M R V

'GTTcrcnrraceTiexmTwaeaétcrfacCAGcanrrcaacrrcanmcennaarmcaa
VILIALTIWAYASDTFNTFJTYSTI KUV E

GcianGccnTccTcTAATrcaccccnminanncnncnwnawrcTwcnrrwraarcnanac

‘-1 A, X P 8 B8 N 8 A DX K NTITITILHTFINGE QN

t A A

GGTCCTGTTAATGTCCGTGGAGCTCCGETAAATCTCG
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A

ATCGAGAGAAGGGAAATACTTCTGAAGGGGCA

E G A

o ncceTCGanacTccTGTcéc;dcnaraemacndcrmcananrceTGAéTcaaancnaccn

100.T V E A P V A A I V
A : _

AATCACGAGATAGAAGTCCTAACTCAAT

20N BB I B V. L.T @

B2V 9 N ¢ D 8 K Q P

Anwdnasnccnschcacnnccanmccsqcsr

-‘?CGRCABALTTTGCACﬁ?GAC;GiBACTCCLAGhA?CACAAGAATCAAAACTACCATTG

E IGURE 2. cDNA and deduiced amino-acid sequence of C2, The repeated sequences in the region upstream of the startcodon

‘are undertined. The errow indicates the putative signial peptidase cleavage site. The sequence oblained by N-terminal sequencing

of the purified protein is overlined. The amino actds that are underfined and marked with a number (N,'S? and E'), do not

occur in Cl; they are repl by a serine, a proline and a glutamine, respectively. The putative N-glycosylation site is boxed,

The putative heparin-binding Yite is double underlined, The triangles indicate possible phosphorylation sites (the open triangle
bl

.a.

cDNA sequences

We sequenced a cDNA clone, terﬁled'Cl; which was

isolated from the library by screening with the polyclonal -
anti-A/B antiserum, Additionally, a second clone (c2)
was sequenced, which was obtained by Screening. with
digoxygenin labeled C1. The nucleic acid sequerice of the

C2 clone (658 bases) and'its inferred amino-acid se-
quence are shown in Fig. 2. Since the region upstream

of the presumed. startcodon contains-a stopcodon, we

believe that the startcodon in Fig. 2 corres

first methionine codon inthe reading frane. ; -

The C2 cDNA (not shown) lacks the first 41 bascpairs.
In the region which the: two clones’ hdve in“¢omnron;
differences are observed at 12 positions: The translation

products, however, differ in only ‘three. aminosacids,
Neither Cl, nor C2 contains a polyadenylation' signal,

codon of the open reading frame).is p

- corresponds with a putative phosphorylation site in C2 that is absent in cn. -

) 1l 1 nucleotides (the number of basepairs in the upstream
~ " srregion of the C1 cDNA). In this rather long region, the

sequence TAT(T/CYTTG is repeated three times (see

« Fig.. 2).. The meaning of this repeat, if any, is unclear,
Hitherto, there are no data that suggest an eventuyal .

regulatory role in transéription or translation.
The transiation products
- The N-terminal sequence of the HPLC-purified pro-

tein is, in the cDNA translation product, preceded by a
24 amino-acid pro-piece. This pro-piece most probably

‘constitutés the signal sequence, a common feature in

secretory proteins.: Although the most likely signal pep-
tidase site, determined with the method of Von Heijne
{1986), is. located in between amino acids-12 and-11

' (ALIWAVASDFNF.), the second highest score was -

( lyadenylation “obtained for a signal peptidase site at the expected
The startcodon in the mRNA (the first methionine- - |

thionine- * positior, i.c. immediately preceding the N-terminus of -
ed by at least

the secreted protein (indicated by the arrow in the

figw
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to spermatozoa and modulate capacitation (Miller er af,,
1990). 1t is believed that the addition .of the seminal
proteins to sperm cells provides the latter with extra.
heparin-binding sites, which in turn enables a substantial -
increase in the binding of hepaftin-like glycosaminogly-
cans (that are present in the female réproductive tract)

to the sperm. The addition of glytosaminoglycans to the .

. sperm surface enhances capacitation and induces acro-

- some reactions; at least in vitro (Gebauer ef al.,

1978;
‘Hurst et af., 1988; Chandonnet et al, 1990 Mlller -and
Ax, 1990; Nass et al., 1990). -

In invertebrate phyla, a similar, mechamsm has’ bocn
described in the fertilization of sea urchin eggs, where the

binding of a (proteoglycan-like) fucose sulfate glycocon- .

jugate to a sperm surface glycoprotein induces the
acrosome reaction (Rossignol et-al., 1984; DeAngelis
and Glabe, 1990). Sperm activation in insects has been

‘best studied in the Lepidoptera by Shepherd (1974) and |

the Osanai group (Aigaki er al., 1987, Osanai and
Kasuga, 1990) where a proteolytic cascade is mediated
by accessory gland secretions. We have séen no sequence
data for these proteins. Sulfate-contammg glycosamino-
glycans have been detected in the ovarioles of the
Colorado potato beetle, Leptinotarsa decemlineata, par-

ticularly’ in secretion vesicles of the follicle cells and in -

the intercellular space hetween the oocyte-ancl the folllcle
(Stynen ef al., 1986),
Proteases have been described in inséct accessory

glands of locusts (Cheeseman et af,, 1990) and silkmoths -

(Bombyx vmori) (Aigaki et al., 1987). In Bombyx, the
proteases from the glandula prostatica have been impli-_

cated in a cascade of sperm activation steps.. Vertebrate -

protease {inlijbitors are typically heparin  binders
(Jackson 2 al., 1991), and the C-protein mlght conoeiv-
ably function in that role or might -bind to sperm,-but. -
prelimiary experiments were mconcluswe A protcase
inhibitor has been identified in the secretion. of the male -

‘accessory glands of Drosophila funebris (Schmidt et al.,

I9§9) However, the 63 amino-acid inhibitory peptide qf
Drasophila has no obvious scqucnc: mcmblanoe w:th
lhe Tenebno C protcm Lo S
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not predict a lot of periodic sccdﬁdary'ﬁtrucu-lre.'
The calculated molecular mass of the C2 translation
product (without signal sequence), was 13,775 Da. The

basic pl (calculated (o be 8.82) is due to the relatively -

high content of lysine (12 residues/mol; together with
serine, the most abundant residue.in the molecule). .
~ The C2 translation product contains one putative
N- glycosy]atlon signal (Oikawa ef al., 1987), and eight
putatwe phosphorylation sites (Wellcr 1979; Kishimoto
et al., 1985; Glass er al,, 1986; Kuenzel et al., 1987).
The amino-acid sequence from position 61 to 68
(SKHKGSRS} corresponds with a consensus sequence
for heparin binding ({BBBXXBX, where X stands for
a hydropathic residue and B for a basic residue; Cardin
and Weintraub, 1989).

Northern blotting

The Northern blot in Flg 3 shows that the amount of

mRNA coding for C proteins is relatively low in young
adult males (1 day after emergence), but increases later
on in the development. This is completely in-accordance
with the dramatic increase in C-protein production from
day 2 of adult devclopmcnt (Black et al, 1982). The

column. For comparison, typical heparin binders, such
as p30, a rat cell adhesion protein (Rauvala er ai., 1988)
and human plasma fibronectin (Zlatopolsky et al., 1992)
are eluted with no more than 1 M NaCl.

At this point, we do not knpw what is the exact
function of the C protein. The' GenBank or NBRF
databases do not contain sequences that are significantly

-homologous to CI or C2. One of the higher scores

obtained in the database search was with a region in a

" mouse neural cell adhesion molecule (Barbas er aof,

1988). The best-fit program of GCG (gap weight 3.0,

“length 0.1) predicts 47% similarity and.20.5% identity

abundance of the C protein mRNA in the adult males .

is reflected in the ease with which C-protein. cDNAs
could be extracted from the library, which was con-

between the complete C protein sequence and a fragment
-of the mouse neuronal adhesion molecule, However, this

similarity is dependent upon choice of fragments and

- gap weight conditions, and we conclude only that the

similarity indicates analogous binding functions. This
indication, together with the fact that C proteins show
a high avidity for heparin, suggests a possible role in
sperm coating and capacitation. [n mammals, it has been

_demonstrated that heparin-binding proteins from semi-
- ndl plasma (among others a 24 kDa, basic protein) bind

structed from TAG mRNA of 5-8 day old adults. Using o

the dioxygenin-labeled probe, only one round of screen-

ing was required to obtain tens of positive clones from -

a single 100 mm agar plate oonlammg aboul 5000 plaque
forming units. :

mscussnow '

The two C proteins presentcd in thls papcr arc vcry'_ o
similar to one another. The three positions in whichthey =~ . -

differ from each other, sull contain similar ammo acids,

by

._._.i.. .t

suggesting that there is little difference’in the overall *

characteristics of the two proteins. The question remains

whether the minute. dlﬁ'er;nces bctwcen Cl and C2.

suffice to explain the appearance of two peaks aﬂcr

reversed phase chromatogmphy Maybe Cl-and C2.

account for only one peak; while ‘another, yet uniden-

tified C protein gives rise to the second peak. Howcver S
we do not expect to find C proteins that are cons:derably S

different from the ones published here. SDS-polyacryl- - -
- amide-gel electrophoresls ol TAG homogcnaws doesnot .
support the existerce of a lot of dwcrgencc m the C.,_- '

group.

lated molecular mass of the cDNA translanon products

{13.8kDa) and the apparent molecular ‘mass of the™
purified C _protein ‘on SDS—polyacrylamldc géls
(219 kDa) The bmdmg of ooncanavalm A‘(data not’

There is a considerable dlscrcpancy betwccn the calcu- L L

.1 3 6.

FIGURE 3 Noﬂhem blotlmg The content of mRNA for C- -protein
,im TAGs of 1,3, "and & day adult mealworm beetles is shown.
Comparlson wuh standards indicates that the single major bdnd is
it from mRNA between 530 and 780 bases in length. .
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