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Abstract, The known Balbiani ring (BR) multi- 
gene family members in the dipteran Chironomus 
tentans encode salivary gland secretory proteins in 
the size range between 38 and 1,000 kDa. The pro- 
teins interact to form protein fibers used by the 
aquatic larvae to spin feeding and protective larval 
tubes or pupation tubes. Here, we describe a new 
BR multigene family member, the spl7 gene, which 
codes for an 89-amino-acid-long protein with a rel- 
ative mobility of 17k. The gene has a high content of 
charged amino acid residues and consists of two 
structurally different halves. Five regularly spaced 
cysteine codons are present in the 5' half while the 
3' half contains five proline codons. These two dif- 
ferent halves exhibit similarities to the C and SR 
regions, respectively, which form the tandemly re- 
peated units in the about 40-kb-long BR genes and 
which also, in different versions, are the building 
blocks of all genes in the BR multigene family. 

In this multigene family, encoding interacting 
structural proteins, the long BR genes with their 
125-150 tandemly arranged repeat units as well as 
the short sp17 gene with its single-copy version of 
such a repeat unit, have therefore evolved from a 
common ancestor. 
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Introduction 

Multicomponent biological structures have often 
evolved by duplication, rearrangement, and diver- 
gence of specific genetic elements (e.g., Jones and 
Kafatos 1982; Mishina et al. 1985; Weatherall and 
Clegg 1979). The larval tube made by the dipteran 
species Chironomus tentans is one such example 
(Case and Wieslander 1992). The salivary gland 
cells in the C. tentans aquatic larvae produce ap- 
proximately 15 different secretory proteins, ranging 
in size between 12 and 1,000 kDa. The secretory 
proteins are synthesized during the entire larval pe- 
riod. As they are excreted through the gland duct 
they form water-insoluble protein fibers, which are 
spun into a larval protective and feeding tube 
(Grossbach 1977; Case and Wieslander 1992). Dur- 
ing the later stages of larval development, the pro- 
tein composition changes and pupation tubes are 
formed. The largest proteins are coded for by the 
four closely related Balbiani ring (BR) genes BR1, 
BR2.1, BR2.2, and BR6 (Edstr6m et al. 1980; Ryd- 
lander et al. 1980; Kao and Case 1985; Case 1986; 
Botella et al. 1988). Each gene is composed of 125- 
150 repeat units arranged in one uninterrupted array 
(Wieslander and Paulsson 1992, Paulsson et al. 
1992b). A repeat unit has two structurally different 
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parts, the C (constant) and the SR (subrepeat) re- 
gion (Pustell et al. 1984; Wieslander et al. 1984; 
Grond et al. 1987). 

Seven additional genes coding for intermediate 
and small-sized secretory proteins have so far been 
described. (For references see Case and Wieslander 
1992; Galli and Wieslander 1993.1) At least five of 
the genes are built from elements structurally re- 
lated to the C and/or the SR regions of the large BR 
genes and three of the genes are internally repeti- 
tious. Almost all of the tissue-specifically expressed 
genes therefore belong to the same multigene fam- 
ily, the Balbiani ring (BR) gene family, in which the 
individual genes have diverged both in regulatory 
and coding regions. 

Our aim is to identify all the secretory protein 
encoding genes in order to be able to investigate 
possible evolutionary relationships between the dif- 
ferent genes and identify functionally important 
changes that have resulted in the set of cooperating 
genes responsible for the secretory function of the 
salivary gland cells. 

Here we report the characterization of a new sal- 
ivary-gland-specific secretory protein gene. This 
sp17 gene is transcribed into a 0.7-kb-long mRNA 
and codes for a protein with a relative molecular 
weight of 17k. The gene is composed of structural 
element similar to those present in the large BR 
genes, having both one cysteine-codon-containing 
C-like region and one proline-codon-containing SR- 
like region. The sp17 gene resembles a version of a 
single BR gene repeat unit and therefore belongs to 
the BR multigene family. The evolution and func- 
tion of this BR repeat until monomer gene are dis- 
cussed. 

Materials and Methods 

Extraction o f  DNA, R NA  and Proteins. High-molecular-weight 
DNA was extracted from cultured C. tentans epithelial cells 
(Wyss 1982) as described (Gross-Bellard et al. 1973). For extrac- 
tion of RNA and proteins, salivary glands were dissected man- 
ually from fourth-instar larvae, fixed in 70% ethanol at 4°C, and 
stored in glycerol:ethanol (1:1) at - 20°C. RNA was extracted as 
described (Estr6m et al. 1982). RNA to be used as template for 
cDNA primer extension was pelleted through a cushion of 5.7 M 
CsC1 in 0.1 M EDTA pH 7.5 in an SW 50 rotor at 35,000 rpm for 
12 h. For extraction of the gland lumen proteins, all cells were 
removed from the fixed glands with dissection needles. Proteins 
were dissolved in 62.5 mM Tris-HC1 pH 6.8 containing 3% SDS 
and reduced in 0.7 M mercaptoethanol. 

Construction and Screening o f  cDNA and Genomic Librar- 
ies. The h ZaplI cDNA library was constructed, as described 

1 GaUi J, Wieslander L (1993) Structure of the smallest salivary 
gland secretory protein gene in Chironomus tentans. Submitted 
for publication 

(Galli and Wieslander 1993), from size-selected cDNAs in the 
range of 0.3-1 kb. For construction of the h Gem-l l  genomic 
library see Galli and Wieslander (1993). The genomic library was 
screened with the ct.k37 cDNA as probe, labeled by random 
priming (Feinberg and Vogelstein 1983). 

Plaque hybridizations were performed according to Benton 
and Davis (1977). Phage DNA was prepared from liquid cultures 
(Sambrook et al. 1989). 

In Situ Hybridization. The ct.k37 eDNA clone was random 
labeled using biotinylated dATP and hybridized to salivary-gland 
squash preparations. The hybridization and the washing of the 
squash preparations were performed as described (Galli and 
Wieslander 1993). 

Northern, Southern, and Western Blots. Total salivary gland 
RNA was denatured and electrophoresed as previously de- 
scribed (Paulsson et al. 1992a). As size markers an RNA ladder 
(BRL) was used. For quantitation of mRNA, the same amount of 
total RNA from the various larval stages (Ineichen et al. 1983) 
was loaded onto the agarose gels. After blotting, the filters were 
hybridized with the ct.k37 cDNA, 3ZP-labeled by random prim- 
ing. 

DNA and RNA were transferred to nylon fibers (Amersham) 
by vacuum blotting. 

For immunological detection of size-separated proteins, the 
reduced secretory proteins were e lectrophoresed in SDS- 
containing 15% polyacrylamide gels (Laemmli 1970). The pro- 
teins were transferred to nitrocellulose filters as described (Bur- 
nette 1981). 

The filters were incubated with affinity-purified fusion pro- 
tein antibodies. (See below.) The bound antibodies were de- 
tected with antibody alkaline phosphatase conjugates (Promega). 

Sequence Determination o f  DNA. The cDNA inserts and the 
genomic fragments were sequenced using Bluescript vector 
(Stratagene)-specific primers and insert-sequence-specific prim- 
ers (Innovagen). PCR fragments were recovered from agarose 
gels (Magic PCR Preps, Promega) before sequence determina- 
tion. The dideoxy sequencing method was used in combination 
with 35S-dATP and the modified T7 DNA polymerase (Seque- 
nase, USB), The DNA sequence was partly determined by using 
both the dye-terminator kit (ABI) and the dye-primer kit (ABI) in 
combination with the ABI model 373A automatic sequencer. 

Sequence analyses were performed with the programs of De- 
vereaux et al. (1984). 

Expression o f  Fusion Protein and Immunological  Tech- 
niques. A 293-bp-long PCR fragment (positions 323-615 in Fig. 1) 
was subcloned in the pQE-13 expression vector (QIAGEN) and 
expressed as fusion protein with a derivative of mouse dihydro- 
folate reductase (DHFRS). The fusion protein was affinity puri- 
fied in 8 M urea on QIAexpress NI-NTA columns as described 
by the manufacturer .  The fusion protein was mixed with 
Freund's adjuvans and injected intradermally into rabbits. Spe- 
cific antibodies were affinity purified as previously described 
(GaUi and Wieslander 1993). 

cDNA Primer Extension. An end-labeled oligodeoxynucle- 
otide primer (positions 324-343 in Fig. 1) was hybridized to 20 Ixg 
of total salivary gland RNA in 0.4 M NaCI, 0.04 M PIPES buffer 
pH 6.5 for 3 h at 50°C. The RNA-primer complex was ethanol 
precipitated and reverse transcribed using Superscript RT-H 
(BRL). The obtained cDNA was ethanol precipitated, dissolved 
in formamide, and electrophoresed in 6% sequencing gels. 
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Fig. 1. Nucleotide and corresponding amino 
acid sequence of the sp17 gene. The 
transcription start site is indicated by an 
arrow-head. The putative TATA box is 
underlined by double lines and the poly(A) 
addition sequence by a single line. The 
cysteine residues are encircled. 

Dideoxy-sequencing reactions obtained by oligodeoxynucleotide 
priming on a subcloned fragment served as size marker. 

Results 

Structure, Chromosomal, Location, and 
Expression o f  the spl7 Gene 

The aim was to isolate genes encoding the 15-17- 
kDa components of the salivary gland secretion. 
We therefore used a C. tentans ~ Zap salivary gland 
cDNA library, constructed from cDNA in the size 
range of 0.3-1 kb, which should be enriched for se- 
quences encoding proteins of the proper size. To 
detect gene sequences abundantly and specifically 
expressed in the salivary glands, the library was 
screened with 32p-labeled cDNA made from the sal- 
ivary gland poly(A) + RNA. In parallel, replica fil- 
ters were screened with cDNA made from poly(A) + 
RNA present in all larval tissues but the salivary 
glands and with a mixture of probes representing 
sequences from the previously identified secretory 
protein genes (Case and Wieslander 1992). Clones 
were selected which were positive with the salivary 
gland cDNA probe and negative both with the 
cDNA probe from the other tissues and with the 
probes for the known genes. The cDNA inserts 
from the selected clones were individually hybrid- 
ized to Northern blots of total salivary gland RNA. 
One cDNA clone, ct.k37, hybridized to an abun- 
dant mRNA with a size of 0.7 kb. (See below.) This 
486-bp-long cDNA sequence, primed at the poly(A) 
tail, covered almost the entire transcript of the cor- 
responding gene except for the first 16 bp of the 5' 
untranslated region. 

The structure of this gene, which according to 
convention was called the spl7 gene, is shown in 
Fig. 1. The structure was determined by a combi- 
nation of direct sequencing of genomic fragments 
amplified by the polymerase chain reaction (PCR) 
and sequencing of a fragment isolated from a )t 
Gem-11 C. tentans genomic library. No introns are 
present in the spl7 gene, which was seen when the 
cDNA sequence and the genomic sequence were 
compared. 

The transcription start site is located 37 bp up- 
stream of the AUG translation start codon as deter- 
mined by primer extension (Fig. 2). A putative 
TATA box is located 32 bp upstream of the tran- 
scription start site. In the 144-bp-long 3' untrans- 
lated region a poly(A) addition sequence is present 
23 bp upstream of the poly(A) tail. The spl7 gene is 
most likely present in the genome in a single copy as 
indicated by Southern blots of genomic C. tentans 
DNA digested with four different restriction en- 
zymes (EcoRI, HindlII, PstI, and XhoI). In each 
case only one band was detected (data not shown). 
The genomic location of the gene was determined 
by in situ hybridization of the ct.k37 cDNA to poly- 
tene salivary gland chromosomes. The spl7 gene is 
located on chromosome I, region 5C (Fig. 3). 

In addition the steady-state level of the sp 17 gene 
mRNA was analyzed. Salivary-gland RNA was pre- 
pared from different larval stages and analyzed in 
Northern blots (Fig. 4). The mRNA level is approx- 
imately the same throughout the fourth larval instar. 

We conclude that a new C. tentans gene has been 
identified. This spl7 gene is expressed abundantly 
and specifically in the salivary gland cells. No sig- 
nificant homology to other sequences was found in 
the EMBL or the Swissport databases. 
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Fig. 2. Mapping of the transcription start site by cDNA primer 
extension. T, A, G, C and lanes are sequencing reactions serving 
as size markers. Lanes 1 and 2 show the extension product. 
Different amounts of material were loaded in the two lanes. 

Fig. 3. Chromosomal location of the spl7 gene on chromosome 
I. A shows the immunofluorescence in region 5C of chromosome 
I after in situ hybridization with the ct.k37 probe. B shows the 
same chromosome in phase contrast. The chromosome I is about 
200 ~m in length. 

Identification of  the spl7 Gene-Encoded Protein 
and its Amino Acid Sequence 

To identify the spl7 gene-encoded protein, a 293- 
bp-long coding fragment was expressed as a fusion 
protein which subsequently was used to immunize 
rabbits. The resulting polyclonal serum was affinity 
purified and used in Western blots of total salivary 
gland secretion. The antibodies specifically de- 
tected a protein with a relative mobility of 17k (Fig. 
5). This protein is clearly visible after Coomassie 
staining and represents a quantitatively major com- 
ponent of the salivary-gland secretion. The molec- 
ular weight of the protein, calculated from the nu- 
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Fig. 4. Steady-state levels of spl7 gene mRNA at different 
stages in the fourth larval instar. The same amount of RNA was 
loaded in each lane and after blotting, the filter was hybridized 
with the ct.k37 cDNA probe. 

cleotide sequence of the gene, is 9,312 Da. The 
difference between the calculated and the observed 
relative molecular weights is likely due to the basic 
character of the protein (see below) and/or to pro- 
tein modifications. A similar discrepancy has been 
observed for three other secretory proteins in C. 
tentans (e.g., Galli and Wieslander 1993). 

The spl7 gene-encoded protein is 106 amino ac- 
ids long, of which the first 17 constitute a typical 
signal peptide sequence. (See Fig. 1.) The protein 
excluding the signal peptide sequence has a highly 
biased amino acid composition--29% lysine, 18% 
alanine, and 10% glycine residues--giving an over- 
all basic protein with an isoelectric point of 10.8. 
Five regularly spaced cysteine residues are present 
in the first half of the protein. The first two and the 
last two cysteine residues are grouped in pairs with 
a spacing of three residues in between the cysteine 
in each pair. The fifth cysteine residue is positioned 
between the two pairs, approximately at the same 
distance from each pair. In the C-terminal part of 
the protein five proline residues are present in a 
33-residue-long region. In this region, lysines are 
very abundant, making up 13 of the 33 residues. 
Following this region is a short C-terminal part of 
nine residues, five of which are alanine. At .the nu- 
cleotide level, four consecutive alanine residues are 
encoded by four tandemly arranged GCA codons. 

Discussion 

We have identified a previously unknown secretory 
protein gene in the midge Chironomus tentans. This 
spl7 gene is transcribed into a 0.7-kb-long mRNA 
and codes for a quantitatively major component of 
the salivary gland secretion with a relative molecu- 
lar weight of 17k. 
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Fig. 5. Identification of the spl7 gene protein product. Salivary 
gland lumen proteins were separated in a 15% polyacrylamide 
gel, blotted onto a nitrocellulose filter, and probed with spl7 
protein-specific antibodies. M stands for size markers, given in 
kDa. Lane 1 shows the stained secretory proteins and lane 2 
shows the antibody reaction. 
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33-codon-long stretch, 13 codons are lysine codons 
(39%). Second, the 3' part contains one copy of the 
SR region characteristic -prol ine  + tripeptide mo- 
tif and one copy of the sequence glycine-lysine- 
proline-lysine-proline-glycine-proline, which is sim- 
ilar to subrepeats in the SR regions of the BR genes. 
Third, the overall length of the spl7 gene is almost 
the same as the length of a BR gene repeat unit and 
the 5' and 3' halves are very similar in length to the 
C and SR regions, respectively. 

We conclude that the spl7 gene appears to be 
part of the BR gene multigene family and that it 
represents a monomer version of the repeat units 
building the large BR genes, with one C-like and 
one simple SR-like region. 

Subfamilies Within the BR Gene 
Multigene Family 

The spl7 Gene Belongs to the BR 
Multigene Family. 

Eleven C. tentans salivary-gland-specific secretory 
protein genes have so far been identified. At least 
nine of these share a common ancestry and form the 
BR multigene family. The proteins encoded by this 
multigene family can be divided into large, about 
1,000-kDa proteins; intermediate, 100-200-kDa pro- 
teins; and small, less than 100-kDa proteins. A char- 
acteristic feature of the genes in the BR multigene 
family is that they are built from cysteine-codon- 
containing regions and/or regions containing short 
repeats with codons for proline and charged amino 
acids, often with typical -prol ine  + tripeptide mo- 
tives (Pustell et al. 1984; Wieslander et al. 1984; 
Grond et al. 1987). These two kinds of regions are 
most pronounced in the four closely related BR 
genes, encoding the four large secretory proteins, 
where they are called the C (constant) and SR (sub- 
repeat) regions. In most of the genes the C-like and 
SR-like regions are repeated; for example, in each 
BR gene a C and an SR region form a repeat unit 
which is present in 125-150 copies (Paulsson et al. 
1992b), and the sp115,140 gene consists of about 65 
copies of an SR-like region (Dignam et al. 1989; 
Galli et al. 1990). The spl7 gene encodes one of the 
smallest proteins in the salivary-gland secretion. 
Based on the following structural properties we sug- 
gest that the spl7 gene is related to the C and SR 
regions of the BR multigene family. First, the spl7 
gene has two almost equally long, but structurally 
different, halves. In the 5' part, five cysteine 
codons have a regular spacing and proline codons 
are lacking. In the 3' part, five proline codons are 
present but no cysteine codons. In this latter part 
there is an accumulation of charged residues; in a 

Within the BR multigene family, the large proteins 
are encoded by a subfamily of four BR genes which 
have arisen by a series of gene duplications (Pauls- 
son et al., 1992b). The genes encoding the interme- 
diate proteins are more heterogeneous, although it 
is possible that a late gene duplication produced two 
genes encoding very similar proteins in this size 
range (Dignam et al. 1989; Galli et al. 1990). 

As for the small secretory proteins, three corre- 
sponding genes have been described apart from the 
sp17 gene. Two of the genes, the sp38-40.A and B 
genes, have arisen by a recent gene duplication 
event and are very similar to each other (Galli and 
Wieslander 1993). These genes have two C-like re- 
gions interspersed with three short SR-like regions 
and exhibit several similarities to the spl7 gene. 
The spl7 gene has a similar spacing of the cysteine 
codons compared to the first C-like region in the 
sp38-40.A and B genes. The genes are also similar 
in the SR-like regions. In the third SR-like region of 
the sp38-40.A and B genes, a 16-bp-long sequence 
coding for the sequence proline-lysine-proline- 
glycine-proline is found also in the spl7 gene. In the 
sp38-40.A and B genes, derivatives of this sequence 
are tandemly repeated from three to seven times. In 
addition, the sp38-40.A and B and spl7 genes have 
similar amino acid sequences preceding this pro- 
line-codon-containing region. 

In view of these similarities it is plausible that the 
spl7 gene and the sp38-40.A and B genes represent 
a subfamily within the BR multigene family. Sub- 
stantial rearrangements must, however, have oc- 
curred since the duplication of a common ancestor 
gene. 

The sp38-40.A and B genes have been proposed 
to represent a prototype for the repeat units build- 
ing the large BR genes (Case and Wieslander 1992; 
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Galli and Wieslander 1993). Sequence variations 
have been observed in alleles of the sp38-40.A and 
B genes which suggest how longer repeat-unit ar- 
rays, similar to the ones in the large BR genes, 
could have evolved from a short ancestor sequence 
(Galli and Wieslander 1993). The spl7 gene, with 
only one C-like region and one simple SR-like re- 
gion, resembles one single repeat unit of the BR 
genes and is an even simpler version of a prototype 
repeat unit than the sp38-40.A and B genes. 

Evolution o f  the Long, Repetitive BR Genes and 
the Short Nonrepetitive spl 7 Gene Within the 
Same Multigene Family 

The spl7 gene and the BR genes represent two ex- 
treme gene-structure versions within one gene fam- 
ily. From the same ancestor gene, sequence dupli- 
c a t i o n s  and  r e c o m b i n a t i o n s  h a v e  in one  
chromosomal locus resulted in the BR genes con- 
sisting of about 150 almost identical tandem copies 
while in another locus, the spl7 gene has retained 
its single copy of a version of the same sequence. 
One important factor involved should be the func- 
tional demands on the respective gene product, and 
an understanding of these demands requires knowl- 
edge about the molecular interactions in the forma- 
tion of the larval tube: The large BR gene-encoded 
proteins have been shown to be the backbone in the 
protein fiber excreted by the salivary glands (Well- 
man and Case 1989), and results from structural 
studies of synthetic peptides representing the C or 
SR region indicate that the C region is primarily 
a-helical, while the SR region appears to be a more 
extended poly(Gly)II-type helix (Wellman et al. 
1992). The extended helical BR proteins are thought 
to interact in the assembly of the protein fiber by 
electrostatic interactions between SR regions and 
by covalent disulphide bridges between the C re- 
gions. A key feature is then the possibility for out- 
of-register aligning between separate proteins (Ha- 
m o d r a k a s  and K a f a t o s  1984;  L e n d a h l  and 
Wieslander 1984; Wieslander et al. 1984; Case and 
Wieslander 1992). The repetitive nature of the pro- 
teins encoded by the BR genes may be important 
for the molecular strategy adopted to make the sal- 
ivary-gland silk fibers. In line with this view, the 
number of repeats within the BR genes has been 
found to be conserved (Paulsson et al. 1992a). Sev- 
eral other examples of internally repetitious genes 
encoding proteins which form protein fibers are also 
known (Tsujimoto and Suzuki 1979; Yamada et al. 
1980; Xu and Lewis 1990). On the other hand, the 
relationship between a repetitive gene design and 
protein function is not immediately obvious. Pro- 

tein fibers can be built from nonrepetitive proteins 
(Pollard and Cooper 1986), and there are several 
examples of internally repetitive genes coding for 
proteins which are later cleaved into the individual 
functional repeat units (Dworkin-Rastl et al. 1984; 
Rothnagel and Steinert 1990; Sorimachi et al. 1990; 
Poole et al. 1992). 

The function of the nonrepetitive sp 17 gene is not 
known. The spl7 gene is expressed abundantly and 
tissue specifically in the salivary-gland cells at ap- 
proximately the same level throughout the fourth 
larval instar. It is therefore likely to be used during 
the entire larval period, both in the formation of the 
larval feeding and housing tube and the modified 
pupation tube, made at the prepupal stage (Case 
and Wieslander 1992). We have preliminary immu- 
nohistochemical results indicating that the sp 17 pro- 
tein is present in the protein fiber of the larval tube. 
In view of the similarities to the repeat units in the 
BR-coded proteins--secondary-structure predic- 
tions also suggest mainly a-helical structures--it is 
possible that the spl7 protein is needed to cross-link 
the long BR gene-encoded proteins in the protein 
fiber network. 

Whatever the function of the spl7 gene, the mak- 
ing of the protein fiber network utilizes different 
proteins which consist of versions of structurally 
similar domains either in a single copy or in a large 
number of tandem copies, and within the same gene 
family the corresponding drastically different gene 
structures have evolved from a common ancestor. 
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