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Abstract 

The D-group proteins form the major component of the proteinaceous secretion of the tubular accessory glands of the yellow 
mealworm beetle, Tenebrio molitor. In a previous paper [I], we reported the sequence of two D-protein cDNAs and their inferred 
translation products. Both pr3teins contain three highly repetitive domains (A, A' and B). In this paper, we present the cDNA-inferred 
sequences of 8 more D-proteins, none of which contains an ,~ domain. We also present the structure of a D-protein gene. Southern 
analysis suggests that genes coding for an ,~ domain are relatively rare. Genes with a total of 7 or 8 (A + B domain) repeats seem most 
common. 
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Two pairs of accessory sex glands are part of the 
reproductive apparatus of the male mealworm beetle, 
Tenebrio molitor: a pair of bean-shaped accessory glands 
(termed BAGs) and a pair of tubular accessory glands 
(TAGs). The BAGs produce many of the structural pro- 
teins that are used to construct the wall of the sper- 
matophore, the protective sac in which the male packages 
its semen for delivery to the female during copulation [2]. 
The TAG secretion contains four groups of highly abun- 
dant proteins, termed A, B, C and D [3], which seem to 
form part of the seminal fluid [!,4,5]. A- and B-proteins 
appear to be related to eacla other, but only the sequence of 
the B-proteins is known 16]. B-proteins show significant 
sequence resemblance to a group of pheromone- and odor- 
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ant-binding proteins in insects, suggesting a function as 
carrier proteins for volatile substances. The C-proteins 
bind heparin in vitro, but their exact role remains unclear 
[7], as does the function of the D-group proteins. 

We already reported the cDNA-inferred sequence of 
two D-proteins (DI and D2) [1]. These D-proteins have a 
complex repetitive structure, based on repeats and subre- 
peats. In this paper, we present the genomic DNA for a 
D-protein. We also report 8 additional, cDNA-inferred, 
D-protein sequences. 

A genomic library was constructed by insertion of 
Tenebrio DNA in between the BamHI sites of Stratagene's 
EMBL3 vector. The DNA was purified from TAGs [8], 
partially digested with BamHI, and size-fractionated [9]. 
The recombinant DNA was packaged with the Gigapack II 
Gold packaging extract (Stratagene) and amplified in P2392 
bacteria. Screening was done by plaque hybridization [10] 
with digoxygenin-labeled D2-DNA. The insert from a 
positive clone was digested with SalI and XhoI, resulting 
in a 0.8 kb fragment and a 2 kb fragment, each containing 
a part of the D-gene coding region and some of the 
flanking sequence. The fragments were inserted into 
pBlueskript S K ( - )  plasmids (Stratagene) and sequenced 
[11]. Sequence data were analyzed using the Genetics 
Computer Group [12] sequence analysis software. 
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Fig. 1 shows the sequence of the D-protein gene, to- 
gether with the sequence of its translation product. The 
open reading frame contains two possible startcodons 
(positions 1606-1608 and 1645-1647), the first of which 
corresponds with the cortsensus sequence for a transla- 
tional initiation site [(AG)NN(AC)TGG] [13]. A possible 
start site for transcription is located at position 1530, 
which is an adenosine flanked by pyrimidines, 27 bases 
upstream of a putative TATA-box [14]. Alternatively, it is 
possible that the actual "lATA-box is located in between 
nucleotides 1580 and 1586. If this is the case, it is unclear 
at which position the transcription starts, but the start site 
for translation would correspond with the second ATG-tri- 
plet (1645-1647), rather than with the first one. This 
would result in a shorter, but more typical signal sequence, 
i.e. one with a basic, instead of acidic, N-terminal region 
[15]. The signal sequence cleavage site was previously 
determined [1]. No relevant transcription factor sites other 
than the TATA-box are obvious. The D-protein gene con- 
tains a single intron, located in the region coding for the 
non-repetitive N-terminal domain of the mature protein 
(the "unique region' in Fig. 2) [14]. The translation product 
of the gene is identical to one of the cDNA translation 
products described below (D3.vd). 

From screening of a TAG cDNA library [1] with the 
D2-probe and from PCR-amplification [16] with a forward 
D-specific primer (5 '-ACGCAGGGATAATCAAGCCG- 
3'), constructed against the 5'-terminus of the DI-  and 
D2-cDNAs, and a reverse, plasmid-specific primer (5'-GT- 
TTTCCCAGTCACGACG-Y), we isolated and sequenced 
8 new clones for D-proteins. The sequences obtained after 
PCR-amplification were all confirmed by sequencing prod- 
ucts of additional PCR-reactions. None of the 8 cDNAs 
contains a startcodon. The sequences downstream of the 
stopcodons vary in length from 49 to 129 nucleotides, but 
are essentially the same as the corresponding region of the 
D-gene in Fig. 1. 

In Fig. 2, the 8 new (cDNA-inferred) amino-acid se- 
quences are aligned with DI and D2. The proteins differ 
from one another mostly in the numbers of repeats in the 
A and B domains, while the actual sequences of the 
repeats are well conserved. We therefore named the differ- 
ent D-proteins according to the numbers of repeats, using 
Arabic numerals for the number of A and A' repeats, and 
Roman numerals for the number of repeats in the B 
domain. The previously described proteins have been re- 
named according to this ,;cheme: D1 thus becomes D3_3_ v 
and D2 becomes D3_2_iv. 

These two proteins wovide a point of departure for 

comparisons among the various allelic products. The A 
and A' domains of D3.3. v and D3.2. w are formed from 
identical repeating sequences, each of which consists of 
two similar halves, A E A R W A P D D D ( A / G ) E  and 
A(I /L)AR(K/L)APDS(E/D)AH.  The A and A' domains 
are separated from each other, and from the B domain, by 
a somewhat modified repeat, termed the 'transition se- 
quence' AEARWAPFDDADTAPLFRWAPDDD(G/A)E. 
The B domain repeats [ ( M / L / A ) E A R ( Q / K ) ( A / V ) -  
(P /Q)NNDSP(A/T)VPR(A/V)S]  appear to be derived 
from the same ancestor sequence as the A domain repeats 
and the transition sequence, but contain recognition sites 
for glycosylation and phosphorylation [1]. 

All of the newly described proteins lack the P¢ domain. 
However, the A and B domain repeats, as well as the 
transition sequence, are very similar to those described 
previously. 

The four translation products of the D3. v group contain 
a B4 repeat (like D~_3_ v) and differ in only a few amino 
acids, mainly in the B domain. They also lack the Ser-Glu 
doublet in the first repeat unit of the A domain (typical for 
D3_3_ v but not for D3.2.1v). T h e  resemblance with D3_3. v is 
especially close for Dyvb,  which not only has the same 
amino-acid sequence, but also an identical cDNA sequence 
(the A' domain left aside). 

The Dylva and D3_tvb proteins can be described as 
D3.2.1v proteins without the A' domain, not only because of 
the numbers of repeats, but also because of the presence of 
the Ser-Glu doublet in the A1 repeat. D3.wa is identical to 
D3.2q v in the A and B domains and differs only in the 
penultimate amino-acid of the transition sequence. 

D4.1v is the only translation product that has a different 
number of A-domain repeats (4 instead of 3). Although it 
lacks the Ser-Glu doublet in the A1 repeat, it still seems 
more related to D3_2.1v than to D3_3. v since its B domain 
sequence is identical to that of Dy2_jv. 

D3.tH is the smallest of all of the translation products, 
with only 3 B-domain repeats. 

Although amino-acid substitutions appear to have oc- 
curred more frequently in the B than in the A domains, all 
of the (putative) phosphorylation and glycosylation sites 
(restricted to the B domain) have been conserved. Each B 
repeat, except the incomplete B5, has a carboxyterminal 
serine as a possible kinase substrate [17] and a putative 
N-glycosylation site [18]. The transition sequences are 
extremely well conserved. 

To find out which D-protein genes are most common in 
Tenebrio, Southern blotting was carried out, using the 
digoxygenin-labeled probe [16]. Genomic DNA samples 

Fig. I. Sequence of a D3. v gene The signal peptidase site is marked with an arrow, the intron is underlined. The three boxes represent, from top to bottom, 
the putative TATA-box, the putative translational initiation signal, and the polyadenylation signal. The probable transcription start site is indicated with a 
cross. An alternate, putative TATA-box and a (corresponding) alternate startcodon are overlined. The asterisk marks the stopcodon. Restriction enzyme 
sites relevant to the Southern blats in Fig. 3, are indicated by a circle (Bspl061) and a dot (ScrFl). 
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Fig. 3. Southern hybridization. (A) Each lane contains DNA from individ- 
ual beetles (approx. 3 /zg), double-digested with Bspl06l  and ScrFl.  

After resolution on a 2% agarose gel, the DNA was blotted onto a nylon 
membrane (Hybond N + ,  Ame:sham) and hybridized with the digoxy- 
genin-labeled probe. Activity of the anti-digoxygenin alkaline phos- 
phatase conjugate was visualized on X-ray film (X-OMAT AR, Kodak) 
using the lumigen LumiPhos (Boehringer Mannheim) as a substrate. The 
markers were constructed from D-protein cDNAs. (B) Narrower wells 
were used (resulting in a higher concentration of DNA in the lanes), and 
the exposure time was doubled. 

from individual (male) pupae were double-digested with 
the restriction endonucleases ScrFl and Bspl06I. ScrFl 
cuts in the region coding for the signal sequence, while 
Bspl06I cuts close to the stopcodon (note that the choice 
of restriction enzymes does not allow to count the number 
of alleles in an individual animal; it only gives an idea of 
the size of the D-protein genes present). Per lane (i.e., for 
each individual beetle), one or two bands appeared on the 
blot (Fig. 3A). In total, tae DNA of 28 pupae was exam- 
ined. In 11 pupae, only the upper band was found, in 8 
other animals only the lower band was detected, and in the 
remaining 9 both bands appeared together. Although it is 
not completely clear exactly which cDNA clone(s) corre- 
spond with the two band.,., the upper one corresponds with 
D-genes containing 8 (A + B) repeats, such as D3. v ( o f  

which the expected size, after cutting, is 687 bp) and/or  
D4.~v (705 bp). The lower band has approximately the size 
calculated for a D-gene with 7 repeats, such as D3.~v (639 
bp). The fragments generated by the two enzymes are 

clearly too short to correspond with D3_3_ v (939 bp) or 
D3_2_ W (825 bp), and too long to correspond with D3.111 
(585 bp). The Southern data thus suggest that the Tenebrio 
genome predominantly contains two (groups of) alleles, 
one of which has a total of 8 (A + B domain) repeats, the 
other 7. Individual animals have the alleles for either one, 
or both groups. This is in accordance with an earlier study 
[19], which used polyacrylamide gel electrophoresis to 
demonstrate that TAGs of individual beetles secrete one or 
two (sizes oD D-proteins. D3_3_v, D3.2.1v or  D3_II I appear to 
be poorly represented in our Tenebrio population, since 
we never found clear bands corresponding with these 
alleles. Perhaps the D3_3_v, D3.2.1v and D3_II I cDNAs are 
artifacts (repeats might have been introduced or deleted 
during or after cDNA synthesis). Another possibility is that 
alleles containing 7 or 8 repeats are present in numerous 
copies, while other alleles appear in relatively low copy 
numbers, making them harder to detect. Indeed, when 
applying more concentrated DNA to the lanes, and extend- 
ing the exposure to X-ray film, additional bands appeared 
(Fig. 3B), at positions where D3.3_v, D3_2_Iv and D3.ll 1 

genes are expected to show up. However, we can not 
exclude the possibility that these bands are the result of 
incomplete digestion, or of hybridization with a fragment 
containing the sequence downstream of the stopcodon, of 
which the probe recognizes the first 40 bases. In any case, 
genes coding for D-proteins with an A~ domain appear to 
be quite rare. Similar blots were obtained with the DNA of 
female beetles (data not shown), indicating that the D-genes 
are not male-specific. 

On SDS-gels, the most common D-proteins have appar- 
ent molecular masses of 27.7, 26.5 and 23.9 kDa [19]. The 
translation products of D4.1v, D3_ v and D3.1v , seemingly 
the most common D-genes, have calculated masses in 
between 20.9 and 18.4 kDa. This discrepancy between 
primary and secreted proteins suggests some sort of post- 
translational modification, in which D-proteins are pro- 
vided with covalently bound adducts, probably carbo- 
hydrates (the p l  of the primary translation products is 
similar to the p/  of the secreted proteins, suggesting that 
eventual adducts are uncharged). On 2D-SDS gels, the 
27.7 kDa protein appears to be slightly less acidic than the 
two other major D-proteins. The 27.7 kDa variant may 
therefore be a D3.v-protein (calculated pl  = 4.5), while the 
26.5 and 23.9 kDa proteins could be D~.iv- and D3_tv-prod- 
ucts (both pl  = 4.3). This is not necessarily in contradic- 
tion with the calculated molecular weights, which are 
lower for the D3_ v translation products than for the D4_iv- 
protein; D3_ v may undergo a more extensive glycosylation, 
since it contains an extra B repeat (and thus an extra 
glycosylation site). 

The function of D-proteins remains unclear. Since D- 
protein epitopes are found in the lumen of the sper- 
matophore, the proteins may have a function in the stor- 
age, conservation, or maturation of the sperm cells, or they 
possibly affect the reproductive physiology of the female 
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af ter  copu la t ion  [20]. The  f ind ings  p resen ted  in this  paper  

sugges t  that  a f ixed n u m b e r  o f  repeats  is not  essent ia l  for  a 

D-pro te in  to p lay  its role, w h a t e v e r  this  m a y  be. Indeed,  

d i f fe rent  ind iv idua ls  have  pro te ins  wi th  d i f fe rent  repeat  

compos i t ions .  A l t h o u g h  the n u m b e r  o f  repeats  may  d i f fe r  

a m o n g  the alleles,  the i r  s equence  is well  conse rved ,  wi th in  

each  pro te in  as well  as f rom one  pro te in  to the other .  It 

thus  appears  that  each  repeat  is a func t iona l  ent i ty  on  its 

o w n  ( for  examp le  a b ind ing  site). 

W e  thank  the Nat iona l  Ins t i tu tes  o f  Hea l th  ( A I - 1 5 6 6 2 )  

for  f inancia l  support .  
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