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Abstract A mutation in the Iet-653 gene of Caenorhab- 
ditis elegans results in larval death. The lethal arrest is 
concurrent with the appearance of a vacuole anterior to 
the lower pharyngeal bulb. The position of the vacuole 
is consistent with a dysfunction of the secretory/ 
excretory apparatus. Germline transformation rescue 
experiments were able to position the let-653 gene to 
two overlapping cosmid subclones. Sequence data gen- 
erated from both cDNA and genomic DNA subclones 
indicated that let-653 encodes a mucin-like protein. 
Our characterization suggests that a mucin-like protein 
is essential for effective functioning of the secretory/ 
excretory apparatus within C. elegans. 
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Introduction 

Mucins are normally secreted as mucus, the role of 
which is believed to be to provide a protective barrier 
between living cells and their environment. The high 
molecular weight mucin glycoproteins have been 
widely studied in both mammals and amphibians 
(for a review see Strous and Dekkler 1992). By forming 
highly viscous, aqueous solutions mucin proteins pro- 
tect epithelial cells from physical damage, dehydration 
and infection. 

The protective action of mucin protein is a function 
of its viscous rheological properties. Mucins acquire 
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these properties by undergoing extensive glycosylation. 
The steric interactions of the clustered O-linked 
oligosaccharides with the protein backbone provide 
a stiff and highly extended confirmation. The extensive 
glycosylation of mucin proteins can result in over two- 
thirds of the dry weight of the protein consisting of 
carbohydrate chains. The rheological properties of 
mucins are also determined to a great extent by their 
ability to form intermolecular disulfide bridges result- 
ing in oligometric forms of mucin. 

Mucins have been implicated in the pathology of 
a number of diseases. In cystic fibrosis the rheological 
properties of mucin change as it undergoes an in- 
creased level of glycosylation (Cheng et al. 1989). 
The link between the defective C1- transport 
activity in cystic fibrosis and this increase in glycosyla- 
tion is, however, not understood (Anderson et al. 
1991). 

Mucin proteins have also been implicated in the 
metastatic potential of carcinoma cells. In many human 
carcinomas production of the mucin protein MUC-1 
is increased and the glycosylation pattern is altered 
(Zotter et al. 1988). In this case the protective coating 
properties of mucin are seemingly reversed, as the aber- 
rant expression of the mucin prevents the detection of 
the cancer cells by interfering with immune surveillance 
by T lymphocytes. 

Mucins exhibit little sequence similarity at the DNA 
and amino acid level but share a number of charact- 
eristic features. These features include a central 
threonine- and serine-rich region, often consisting of 
tandemly arranged repeats, which is subject to heavy 
O-glycosylation. The regions flanking the threonine/ 
serine-rich region are cysteine rich and are subject to 
N-glycosylation. 

The existence of mucin-like proteins in the free-living 
soil nematode Caenorhabditis elegans has not pre- 
viously been demonstrated. However the sinuses of the 
secretory/excretory tract, which are in contact with the 
outside environment, represent structures that could 
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require the protect ive function of mucin-l ike glycopro-  
teins. Little is current ly  unders tood  abou t  the function 
of the C. elegans excre tory/secre tory  appara tus .  This 
appa ra tu s  consists of  a binucleate  gland cell and  a large 
excretory cell, which is connected to the outside via the 
excretory duct  cell and  excretory pore  cell. The  gland 
cell has been shown to possess secretory clusters of  
m a n y  kinds (Nelson et al. 1983) a l though no secretory 
products  of this cell have  as yet been identified. Func- 
tions that  have been proposed for the excretory/ 
secretory systems include the secretion of pept idases 
involved in mol t ing  (Singh and Sulston 1978), and  the 
excret ion of  metabol ic  waste, and  osmoregula t ion  
(Weinstein 1952; Croll  et al. 1972; Nelson  and  Riddle 
1984). In  the last case, the internal  hydros ta t ic  pressure 
and  osmot ic  potent ia l  of  the nema tode  is p roposed  to 
be regulated by  the flow of fluid th rough  the ex- 
cre tory/secre tory  sinuses. 

The  inference tha t  the secretor35/excretory appa ra tu s  
has a role in osmoregula t ion  is suppor ted  by laser 
abla t ion  exper iments  conducted  by  Nelson  and Riddle 
(1984). In  these exper iments  it was shown that  the 
destruct ion of the excretory cell, its pore  cell or  its duct  
cell resulted in the animals  becoming  b loa ted  with fluid, 
and  eventual ly dying. Laser  abla t ion  of the gland cell, 
however,  seemed to cause no obvious  deve lopmenta l  or  
behaviora l  defects. 

In  this report ,  we present  a character iza t ion  of  the 
Iet-653 gene of C. elegans. We describe the pheno type  
result ing f rom a mu ta t i on  in let-653, and present  the 
sequence of the gene. O u r  analysis has shown that  
Iet-653 encodes a prote in  with mucin-l ike features and  
we also provide  evidence that  a m u t a t i on  in the Iet-653 
gene causes dysfunct ion within the excre tory/secre tory  
system, ul t imately resulting in death. 

Germline transformation 

Cosmid clones used in this study were obtained from A. R. Coulson 
(Coulson et al. 1986) at the MRC Laboratory of Molecular Biology, 
Cambridge, England. Transformation experiments were performed 
using an inverted Zeiss microscope with Nomarski optics. DNA was 
injected into the gonadal syncytium as described by Mello et al. 
(1991). DNA preparations for germline transformation were mixed 
with the plasmid pRF4 containing the dominant Roller allele rol- 
6(su1006) (Kramer et al. 1990). The Roller gene acted as a marker for 
transformation. Cosmid DNA was isolated by the alkaline lysis 
procedure (Sambrook et al. 1989) and purified by CsC1 density 
centrifugation. Plasmid DNA for germline transformation was pre- 
pared by the alkaline lysis miniprep method outlined in Sambrook 
et al. (1989) omitting the phenol/chloroform purification step. No 
further purification was found to be necessary, apart from centrifa- 
gation of the DNA solution at 13 000 rpm for 20 min prior to use, to 
pellet cellular debris. DNA for germline transformation was sus- 
pended in TE buffer (10 mM TRIS-HC1, 1 mM EDTA pH 8). 

General molecular biology methods 

Restriction enzyme digestions were carried out under conditions 
recommended by the enzyme manufacturers (Pharmacia or BRL). 
Subcloning was carried out by a shotgun method. Vector and target 
DNA were ligated together as outlined by Snutch (1984). The vector 
used was pBluescript I (SK-) (Stratagene). Completed ligation reac- 
tions were transformed into the E. coil host DH5e (Hanahan 1983). 
Probes were 32p labeled by random priming (Feinberg and Vogel- 
stein 1983). A partial restriction map of C46F3 was generated by 
determining overlapping EcoRI and PstI subclones from C46F3 
using Southern hybridization. Southern hybridization was also used 
to determine the overlap between B0033 and C46F3. 

DNA sequencing was carried out using an Applied Biosystems 
(ABI) Model 373A automated sequencing machine utilizing 
dideoxynucleotide chain termination chemistry. Protocols and re- 
agents were supplied by ABI. cDNA clones used for sequencing were 
isolated from a lambda ZAP library (Stratagene) constructed by 
Barstead and Waterston (1989). Exonuclease III-generated deletions 
(Henikoff 1987) of genomic or cDNA clones for sequencing were 
prepared using the Erase-a-Base system (Promega). 

Materials and methods 

Genetics 

The C. elegans strains were maintained on petri plates containing 
nematode growth medium streaked with Escherichia coli strain 
OPS0 (Brenner 1974). Mutations used were unc-31(e169) (Brenner 
1974) unc-22(sT) (Moerman and Baillie t979) and let-653 (s1733) 
(Clark and Baillie 1992). Lethal mutation-bearing chromosomes 
were balanced over the reciprocal translocation nTI(IV.'V) 
(Ferguson and Horvitz 1985). 

DNA and protein sequence analysis 

Nucleotide sequences were aligned, formatted and translated using 
the Eyeball Sequence Editor (ESEE) program (Cabot and Becken- 
bach 1989). Amino acid sequences predicted using ESEE were used 
to search entries in the SwissProt and PIR databases using the 
BLAST algorithm (Altschul et al. 1990). Computations were per- 
formed at the National Centre for Biotechnology Information (NCBI) 
using the BLAST network service. Hydropathy plots were calculated 
using the algorithm of Kyte and Doolittle using the program 
GREASE (Pearson and Lipman 1988). Secretory signal detection 
was carried out using the method of yon Heijne (1986) incorporated 
into the EGCG package (Peter Rice, personal communication). 

Microscopy 

Arrested larvae were photographed using Nomarski optics as de- 
scribed in Sulston and Horvitz (1977). Worms were mounted on 5 % 
agar pads containing 10 gl S buffer (Brenner 1974). Photographs 
were taken using Kodak technical Pan film at ASA 32 on an 
Olympus AHBS3 microscope. To prevent unc-22(sT) homozygotes 
from twitching during photography 1 gl of 10 mM sodium azide 
solution was added to the mounted specimen. 

Results 

The  Iet-653 pheno type  

The  larval  stage at which 1et-653 (s1733) homozygo tes  
underwent  lethal arrest  was es t imated to be late L1 or 
early L2. This result was de te rmined  dur ing a s tudy of  
13 let-653(s1733) homozygotes ,  5 of which were ob- 
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Fig. IA-F Nomarski 
photographs of the Let-653 
phenotype. All photographs 
were taken at 20 ° C. The let- 
653(sl 733) homozygotes 
shown were derived from 
strain BC3261. A Wild-type 
L1 larva. B A let-653(s1733) 
larva with vacuole just 
beginning to form. C, D let- 
653(s1733) larvae with 
progressively larger vacuoles. 
E Close-up of a vacuole from 
a let-653(s1733) individual. 
The presence of the vacuole 
can be seen to cause 
displacement of the pharynx 
against the body wall. F A let- 
653(s1733) larva in which the 
vacuole has extended along 
almost the entire length of the 
body 

served to undergo an L1 molt. Growth prior to the 
lethal arrest was found to be retarded when the larval 
size of homozygotes was compared with that of the 
background phenotype Unc-22 Unc-31 as determined 
by Clark (1990) (data not shown). Coincident with the 
lethal arrest is the appearance of a vacuole slightly 
anterior to the lower pharyngeal bulb (Fig. 1). It should 
be noted that the phenotype of Iet-653 was not exam- 
ined in the absence of the linked mutations unc-22 and 
unc-31, either of which could have a synergistic or 
suppressive effect on the phenotype. 

Correlation of Iet-653 with the physical map 

Previously the transient rescue of let-653(s1733) by 
cosmid C29E6 had been reported (Clark and Baillie 

1992). This rescue was confirmed by the rescue of 
let-653(s1733) with a stable extrachromosomal array 
containing cosmid C46F3, which overlaps extensively 
with C29E6 (Coulson et at. 1986). Cosmid B0033 was 
unable to rescue let-653(s1733). A restriction map of the 
let-653 candidate region was constructed (Fig. 2) and 
the plasmid subclones generated were used to rescue 
tet-653(s1733). A summary of the plasmid rescue 
experiments is shown in Table 1. Results from the 
plasmid rescue experiments show that rescue of 
Iet-653 could only be achieved by extrachromosomal 
arrays that contained either plasmid subclones 
pCesl906, pCes-1940 and pCesl907 (sEx41 and 
sEx42), or by extrachromosomal arrays that con- 
tained plasmid subclones pCes1940, pCes1906 
and pCesl903 (sEx47). Extrachromosomal arrays 
containing only pCesl906 and pCes1940 (sEx43, 
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Fig. 2 A restriction map of the 
let-653 candidate region. This 
map also shows the extent of 
overlap between cosmids B0033 
and C46F3. Parentheses indicate 
EcoRI fragments that have not 
been ordered with respect to each 
other. Plasmid subclones are 
designated with the prefix pCes 
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Table 1 Summary of germline 
transformation rescue results. 
Construction of extrachromo- 
somal arrays (denOted sex) for 
the rescue of Iet-653. The strain 
used for germline transformation 
was let-653(s1733) unc-22(s7) 
unc-31(e169); +/nTl(IO 
(BC3261). Rescue was achieved 
when fertile Unc-22 Unc-31 
adults were obtained 

Array Plasmid pCes pRF4 
concentration concentration 
(ng/ml) (ng/ml) 

sEx21 pCes1903 5.0 
pCesl906 5.0 
pCes1907 5.0 
pCes1910 5.0 
pCes1940 1.25 

sEx22 pCes1940 7.5 
sex23 pCesl903 10 
sex24 pCes1910 5.0 

pCes1907 5.0 
sex27 pCes1906 10 
sex43, 44, 45 pCesl906 60 

pCes 1940 15 

sEx46 pCes1940 15 
pCes1907 20 

sEx48 pCes1906 30 
pCesl907 20 

sEx41, 42 pCesl906 30 
pCes1940 15 
pCesl907 20 

sex47 pCes1906 30 
pCes1940 15 
pCes1903 20 

Strain 

100 BC4273 

100 BC4423 
100 BC4424 
100 BC4429 

100 BC4539 
25 BC4591 

BC4590 
BC4593 

65 BC4595 

50 BC4596 

40 BC4594 
BC4592 

40 BC4597 

Rescue of 
let-653 

Yes 

No 
No 
No 

No 
No 

No 

No 

Yes 

Yes 

sex44 and  sex45)  were unable  to rescue tet-653 
(s1733). 

I so la t ion  of a tet-653 c D N A  

The requi rement  for bo th  pCes1906 and  pCs1940 to 
rescue let-653(s1733) suggested tha t  these subclones 
would mos t  p r o b a b l y  contain  the coding element  of the 
let-653 gene. As pCes1906 and pCes1940 represented 
over lapping  subclones it was tikely that  the tet-653 gene 

spanned the r ight  end of pCes l906  and  the left end of 
pCes1940. An intact  1et-653 coding element  could then 
be reconst i tuted th rough  h o m o l o g o u s  recombina t ion  
between the two plasmids  dur ing the cons t ruc t ion  of 
the e x t r a c h r o m o s o m a l  array,  The  subclone pCes l910  
(Fig. 2) was used as a p robe  to screen a mixed stage C. 
elegans l a m b d a  Z A P  c D N A  library. Approx imate ly  
25 000 phase  were screened. One  posit ive 3.4 kb  clone 
designated pCes1942 was isolated, pCes1942 was found 
to hybridize to bo th  pCes l906  and  pCes1910 (data  not  
shown). 



Function of pCes1903 and pCesl907 

In order to achieve rescue of let-653(s1733) using plas- 
raids, the presence of either pCes1903 or pCes1907 was 
required within the extrachromosomal array. 
Neither pCes 1903 nor pCes 1907 show any overlap with 
either pCesl906 or pCes1940 and so are unlikely to 
recombine with their inserted sequences. This inference 
is supported by the fact that Southern hybridization 
experiments carried out during the construction of the 
restriction map for this region failed to detect any 
evidence of repeated sequences shared between these 
clones (data not shown). Therefore, the action of 
pCesl903 or pCes1907 is likely to be positionally inde- 
pendent of the sequences of pCesl906 and pCes1940 
within the extrachromosomal array. This fact, and the 
ability of either pCesl903 or pCesl907 to allow the 
rescue of 1et-653, makes it unlikely that these contain 
any of the coding elements of tet-653. The action of 
both pCes1903 and pCes1907 is consistent with that of 
transcriptional control or elements required for the 
appropriate expression of the let-653 gene. 

The Iet-653 gene 

Sequence data were generated from the cDNA clones 
and genomic subclones obtained from cosmid C46F3 
(Fig. 3). The cDNA was found not to represent a full- 
length transcript. Thus the initial exon and intron were 
predicted from the genomic sequence. The 1et-653 gene 
was found to contain ten exons and nine introns. The 5' 
splice site of intron 6 contains GC in place of the usual 
GT (Blumenthal and Thomas 1988). This variation on 
the consensus has been reported many times previously 
(Jackson 1991); however, this is the first time that it has 
been reported in C. elegans. 

The predicted LET-653 protein was found to be 694 
amino acids in length. An unmodified protein product 
would have a predicted weight of 76 965 Da. The LET- 
653 protein was found to possess a number of charac- 
teristics consistent with its being a mucin-like protein. 
(i) The LET-653 protein was found to possess 
a threonine/serine-rich domain (exon 7), which com- 
prises 46% threonine and 13% serine. (ii) The 
threonine/serine-rich domain (exon 7) is also relatively 
rich in proline (10%), a feature of mucins that is be- 
lieved to induce fl-turn conformations allowing the 
close packing of O-linked oligosaccharides (Strous and 
Dekker 1992). (iii) Flanking the threonine/serine-rich 
region are two cysteine-rich regions, which contain six 
putative N-glycosylation sites. (iv) As in other mucins 
none of the predicted N-glycosylation sites were found 
to be present within the threonine/serine-rich region. 
(v) The hydropathy profile of LET-653 protein revealed 
a hydrophobic amino-terminus, which suggests that 
the LET-653 protein is, like many mucin proteins, 
secreted (Fig. 4) (Blobel and Dobberstein 1975). The 

723 

amino-terminus was also predicted to contain a se- 
cretory signal using the method of von Heijne (1986) 
(Fig. 3). 

The LET-653 protein did not show any significant 
homology at the sequence level to any previously deter- 
mined proteins including mucin proteins. This lack of 
homology is not unexpected, however, as mucins char- 
acteristically do not share sequence similarity at the 
amino acid level. 

Unlike the case in other mucin proteins, the 
threonine/serine-rich region of LET-653 does not con- 
sist of tandem repeats. There exist other examples of 
mucin-like proteins in which the threonine/serine-rich 
region is not made up of well conserved tandem re- 
peats. The canine tracheobronchial mucin (Verma and 
Davidson 1993) and the integumentary mucin C.1 
(FIM-C.1) of Xenopus laevis (Hauser and Hoffmann 
1992) both possess threonine/serine-rich regions that 
do not consist of conserved tandem repeats. 

Discussion 

In this paper we report the cloning and sequencing of 
the tet-653 gene. The predicted protein LET-653 pos- 
sesses features similar to those possessed by members of 
the mucin glycoprotein family. 

We have shown by germtine transformation experi- 
ments that cosmid C46F3 contains the 1et-653 gene. 
In addition, restriction enzyme fragments were used 
to rescue tet-653. These subclones were then used to 
identify a cDNA clone that encoded the Iet-653 gene 
transcript. Furthermore, we note that the 1et-653 gene 
contains an intron splice site of a type not previously 
reported in C. eIegans beginning with GC instead of the 
usual GT. We also report that mutations in the let-653 
gene appear to affect the operation of the secretory/ 
excretory apparatus. 

Phenotype of 1et-653 

The let-653(s1733) phenotype is a L1/L2 lethal arrest 
coincident with the appearance of a vacuole slightly 
anterior to the lower pharyngeal bulb. The presence of 
this vacuole is suggestive of a dysfunction or malforma- 
tion of the excretory/secretory apparatus (Matthew 
Buechner, personal communication). Such an inference 
is corroborated by the fact that the phenotype of the 
let-653 gene can be phenocopied by laser ablation of 
the excretory/secretory apparatus. In experiments con- 
ducted by Nelson and Riddle (1984), laser ablation of 
the duct cell caused fluid accumulation and a swelling 
of the excretory cell, followed by large zones of the fluid 
filling the hypodermis. These defects are similar to the 
phenotype of tet-653(s1733) homozygotes. Further 
evidence to suggest a dysfunction of the secretory/ 
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gaattcgaagtttttctccccaaatatga~g~acctaaact~gtttat~taaccactttctccac~tattc~tgcttcg~aggagctttc~cttccgcttatacctcgttctccccattt 120 
caattcaaatgacc~gaaaacagtct~gtctgttcataatcttcc~attt~gt~gtat~cac~aat~t~aat~ctt~attttcttcc~atttatttt~ctaatctg~tc~cttcag 240 
~a~TGCGACATCCACT~TTTCTCTACTATTGCT~TAGCATTCTACTCTACATCGTCAG~G~attcttaaaastt~aact~ttcaattasaatttttt~ttt~ttttccauCAT 360 

M ~ H P L I S L L L L I A F Y S T S S E  A 

TCGTTCCAAA-%TGT~C~CATTTTATGTTCGATGGCCTCGAGTTCGTCTC~%CTTCACGGCAGTTGCTG~GCGAGACTTTCATTAAAAGGGY~TC~TCCGCATGTTCACTTGGAG~G 480 

P K C N S F Y V R W P R V R L N F T A V A E A R L S L K G C Q S A C S L G E  
(Cho) 

ATCCAGTCAGTCCAGGAAAAC~TTAGA~TGC~AGTG~ATCAAGCATC~CAGA~GCTTTTCACA~TT~CGCC~TTTCCAG~C~ATC~CTAC~T~ACGGTT6~0 

D P V S P G K Q L E C A A V N H Q A S P D G F S H L C A V F Q P H Q L Q N V D G  

ATGTTGAGGCGGATGATCGATTCACATTCTACTGGAAATATTGCCTTCCTTgtgagttttt~ttcaataaggaatgaga~taagttat~tcaaa~ttcaaaattaaatacagttgaagct 720 

Y V E A D D K F T F Y W K Y C L P  

cttaaatgtcattt~aaaataaaaa~ttgtaattttacaaaattagtgttttcttggtaggcagaca~g~ttg~tgt~agtattttgcgc~atgt~ggagct~tctaaagtagaagaa 840 
agtc~cataaattaa~aaaatat~c~tcaattctggtttcagagctatgtatattgtatatntagttatcatt~ttacaaacaattaggctgaatgcaggcgtaggtattttcagggaaa 960 
aat~tgaaatc~at~gaagccattttttaattttttattattttgta~t~aaaatc~tgat~tctggaa~gttt~tttttatatttataaagtcaaac~gt~tttt~cagCCACTCG 1080 

STR 

AAAA~CTG~G~iTAC~CATTCACATATCTTTCC~ATCGTTATATGGATCCCC~GTCAG?~TAAAATGGAC~C~CAGC~TTTAG~.GAGTGTCTT~G~TTGTTTGGATG~2~ 

K C S G E Y A F T Y L S D R Y M D P Q V S Y K M D N N S K F R R V S F E L F G W  
(Cho) 

GAAAAAATCATTTG~TGCCGTTC~TCTCCTTC~TAGGACAGACGGAGGATGTCATATGTCT~GGATTCAC~TTTCACGACCGG~GCCATTCGATTG~C~T~CCCC~CTA 1320 

K K S F E C R S I S F N R T D G G C H M S K D S Q I S R P E A I K L N N N P N Y  
(Cho) 

TCG~TTGATTATTACGAG~T~CTGTTAC~TTg~aagtgaat~g~aaagtaaagtatt~att~gaagtattttcagTATCCG~ATCATTCACATTCAAACATG~TGTCGTGAT~ 1440 

R I D Y Y E N N C Y N  L S E S F T F K H E C R D N  

TGG~TCTCAG~AGCGTC~GTCTCGTCTTCCTTATACTGGAGCCATTTATGGACTTTATGACTTC~CACTTGTCGGACTG~CC~<%G~GCCACTG~TTCGA~ACTTTTTCCC 1560 

G I S V S V K S R L P Y T G A I Y G L Y D F F T C K T E P K E A T E F D H F F P  

ATATCAGACTGT~AGC~G~CTGTTC~ATTCTATT~GTAC~Ggtaagatcagaaagtgtccaaaacacataatttgccaaaaaatggtttaaaaaaattacaactatgatcaaaca 1680 

Y Q T V S K N C S D S I K Y K  
{Cho) 

5ttttgaaaaagatttctt~gtc~gaaa~aaaaa~aattt~g~tg~gccaatatcgtaggttatg~tt~gtgtcaaacta~catta~t~ttgcatcaag~cattagggcggctaata 1800 

agtttggacgtatttn~tcaatttacg~ttttcctcaaatt~natatg~qtgacttata~tag~cagt~a~tatatataagcn~atcagtt~cagctat~ttngccagcttcttggtact 1920 
t~gatctgaaaaaa~tcaaaa~ttttttga~atttttttttgcgattttttggg~tag@cgtcaga~ttttgatat~agtatttaaatcaattaagttttgtttgtagattacaaaaat~ 2040 
gaatcccgacttgattggcccaca~ccaaaacttt~atagccaa~caaagtcaaaaagtgaagtg%act~aaaatt~at~t~tcct~gaaatttcaaactaaaaa~tggatacgttta 2160 
~ccaagtaaaacattttataaccaatt~gg~ctgttcaaacctccttttcgaatttat~agtttcaactt~tacaa~atctg~gatgttcaaaagaccgttatgctatttcccaaattat 2280 
atttttccaagaaagcatcaaa~at~ataaaattatgtttgtttc~actgta~tatct~tg~t~tca~atggttccaa~ttgtctaccaaggaaaaaagatt~gaacttt~gatcaaaa 2400 
aacttaaagttttaggaagttagtt~acaaaaaaagcaaaaattagt~ctcacgtgaaagaaacaggcttcaat~tatgatatttga~gcttttttgtaaaaaaataatttggaaaat 2520 
agca~aacggacttt~aacatcccaga~cttgtaaaagt~ggaactcataaatccccaacggagcctggaactgaccagacttgt~ataaaatgaattact~gga~gaacg~atcca~t 2640 
ttttagt~tgaaatgt~aagaaaaga~gaatct~aaaaattacaaa~ttt~ag~acacctcactt~ttgactttgat~ggctataaaagttttgggtg~ggtccaatcga~tca~gatt 2760 
caat~t~gtaatc~acaaacaaaact~aattgattta~ata~taacat~aaaaCtgtaacgcctaactcaaaaaa~gcaaaaaaaaa~t~tcgaaaaaattttgaattttttcagatc 2880 
aaagtaccgagaagctggctgaaatagc~aaaactaataagc~t~tatatacttactgcatattataagtcacccata~aaaatttaaggaaaaccg~aaattgacgaaatacgtcaaaa 3000 
ct~atttgccgccctaatatattctcatgatatttzccaaaatacaaaZt~ccagGGAAACGAAAT~TACTTG~GTTGTCTTATCTACTGATGG~TAGA~CACTTTATTTCATTAC 3120 

G N E M V L E V V L S T D G I E P L Y F I T  

TCCTG~GATTTGACATACCAGGCAAAATGTCC~TTAGT~TGT~TAGCAAAGGATCCCGCT~C~AAAATCCTCGGCTCATTTGGAT~CAGgtaaaa~ttgctagaa~ttat~ta 3240 

P E D L T Y Q A K C ? I S G V I A K D P A N T K S S A H L D N R  

tta~t~tt~tatttcatt~aaatttt~tcactcctaa~acagaattagtt~gaatgattgt~tgaatga~tagttaaa~atgtttagAAAC~C~T~GCATCAGCGCATGCAT 3360 

N K A M E A S A H A  

~TTTGAGTTACTCTCG~CT~AGATGA~GCCCTTC~ACACATTCCCACTTCCATTGACTACCAC~%CAG~GT~T~-C~aag~tacgactacaac~aaggaaaccatca348~ 

L F E L L S K T G D D E A L Q N T F P L P L T T T T E V I S  

actac .... tccaatatttaaacgt%~t~tgt~g%~cagTGATGTGCC~CTACTACCGTACAAACTTC~CTACCGTACC~CCACACCATCCAAAAC~CTGCTACCACTAC~C~ 3596 

D V P T T T V Q T S T T V P T T P S K T T A T T T T  

CTCCAAAC~c~CCACTACAG~ACAGCTAC~CTTCTTCATC~.C~CCACAGT~CCACAC~J~ACCTAC~CCGTTACGTC~C~C~CATTACCATCCAC~CGGCATCTAC~ 3716 

T P K P T T T E T A T T S S S T T T V T T Q K P T T V T S T T T L P S T T A S T  

C~CTAAAACTACTAC~GTACGCCCACGTCACCACAAAC~CGACCACTCATGTA~GAGCTCCCGCATCTTCCGTTGCATCGGTGGCTCATGATGGgtaagtatt~taagttttgtcaa 3836 

T T K T T T S T P T S P Q T T T T H V G A P A S S V A S V A H D G  

accaaagtatattacaacaaggaaaagttatgaaaat~ca~tttt~tatttgtttcaaaaacggcaagc~caacattttn~ttctctaaaactttcaaacttccaattttccagtttctc 3956 
acgagcggctttttttaataaaaaactattttttaaangttatcaaa~tttctgcaaaatctcaattttaaaaaagtataatttcagCTC~CACTTGCC~AAAACCAAAAGTTCCAGT 4076 

S T L A G K P K V P V  

GATTTTCGATATT~CCAC~CGGAC~CC~GTTG~GCCGTCGTTGTTGG~CAAAAATCAGTCTATCATTCCGTCCACACTATCC~CCACCG~GTACGT~ACGTTCGTGGTTG4~96 

I F D I F H N G Q P V E A V V V G T K ! S L S F R P H Y P I P p E Y V D V R G C  

CC~GTTGAGCC~TTGATCCAAAATATG~TGGGAGCACGAGCCACTGTTCATCAT~GAGAT~ATGTCCTGCTGACGGTGTTGGTCTCGTCTGCCCACC~CACATTC~AGTTTGG 4316 

Q V E P I D P K Y E W E H E P L F I I R D G C P A D G V G L V C P P T H S E F G  

A~AAAAGTTTCCGTTGAGGCATTCAGATATCAAAC~CTGGAC~.GTACAGTACTCCTGTCTCGTGAG~TATGTCCATTTGCTCCGTGTCCG~Ggtgag~tgaag c<tgattagtgt4436 

A K V S V E A F R Y Q T T G Q V Q Y S C L V R I C P F A P C P K  

c~a~aaaataataatc~ttg~c~acagatg~tc~caagtgatct~aatttttaaaa~tcaaacaaatttcag~CACATGCGACGACGTGG~GGCTGTGACAGTAGCTACATGCATC 4556 

N T C D D V E G C D S S Y M H  

GATACA~GAG~TTATCACTTGAGGACAT~AAAA~u~GCATTGG~GCAAACCCAG~CTTGCTTCTCAGTTCGG~TTT~AC~GTCCGCGTTTG~GAAAT~CGTCGAAATCTAAAA 4676 

R Y R R E L S L E D I K K A L E A N P E L A S Q F G I S P S A F A K N P S K S K  
(cho) 

A~T~C~GCG~G~Ggttggt~aaa~tagtttatttccaatcca~atttaa~aagtttcag~G~C~CAAAG~TC~ACTC~CGGAGATTATCT~TTCC4JCGTC~TTGA4796 

N F T S V V  E E Q Q K I A L G G D Y L V R E R L  

T~TTGTC~CTCTG~GATC~TTGAGATATTACGTTCG~CT~CATC~AAAATACACAC~TGTCTTCATGTCAGCTTTAT~CTTTGTTTTTATTCTTCTTTCATTCA 49!6 

X V V N S E D Q L R Y Y V R T G N I *  

ATTATCCAAACG~CACACGAGCGGGTCTCACAT~AAAACTCTTC~AGTTA~CTTCTTAT~ATTT~GTTAAATTTTTTG~TTC~CATTTTGAT~AT~TAAAATA~TCATC~t5~36 
tgatattatttttgagttt 5055 
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Fig. 4 Hydropathy profile of the predicted LET-653 protein 

excretory apparatus in Iet-653 mutants is provided by 
lag-l, lag-2 and lin-12:glp-1 mutants in which the ex- 
cretory cell and ducts are absent (Lambie and Kimble 
1991) and fluid accumulation is observed at the normal 
location of the excretory pore. " 

A model for Iet-653 function 

To propose a function for the LET-653 protein would 
be speculative at this point. However, some correlation 
between the protein and phenotype can be made. 
Mucins are secreted in order to protect regions where 
cells come into contact with the outside environment. 
The excretory duct and excretory cell represent struc- 
tures where the protective properties of mucin could be 
beneficial. The presence of the mucin-like LET-653 
protein within the secretory/excretory apparatus could 
provide a protective coating for the excretory sinuses 
and allow their normal structure to be maintained. 

The control of Iet-653 expression 

The rescue of 1et-653 required either pCes1907 or 
pCes1903 plasmid sequences to be present within the 
extrachromosomal array in addition to pCes1940 and 
pCes1906. Two different models explaining the require- 
ment for these sequences can be proposed. In the first 
model, pCes1907 and pCes1903 both possess transcrip- 
tional control elements with an interchangeable or re- 
dundant function. Such a prediction is supported from 
the work of Okkema et al. (1993). In that work a screen 

Fig. 3 The genomic sequence of the Iet-653 coding region. The 
beginning of this sequence corresponds to the beginning of plasmid 
clone pCes 1906. The 3' untranslated region of the let-653 transcript 
extends 33 bp into clone pCes2022. Exons are denoted in uppercase 
letters. Introns are denoted in lowercase letters. The predicted 5' 
exon and intron sequences are underlined. Putative N-glycosylation 
sites are denoted with (cho). The stop codon is represented by an 
asterisk. Dashes (-) represent gaps in the intron sequence data. 
Undetermined nucleotides are designated by 'n'. The 5' intron splice 
site that does not conform to the Caenorhabditis elegans intron 
splice site consensus is shown in bold type. The secretory signal 
peptide predicted by the method of yon Heijne (1986) is shown 
underlined. The let-653 gene sequence is available under the EMBL 
accession number X91045 

was conducted for enhancers of the C. elegans myo-2 
gene. In all, 18 DNA fragments randomly derived from 
the genome were studied, representing a total of 62 kb 
of genomic DNA. Of the 18 fragments tested six were 
able to function as enhancers and were able to allow 
expression within muscle cells. However, when these 
enhancers were used to express glp-1, gene expression 
in non-muscle cells was observed. These results indicate 
that enhancer sequences are relatively abundant in 
genomic DNA and that much of the specificity of 
expression remains at the promoter. Thus we can pro- 
pose that sequences from pCes1907 or pCesl903 are 
able to act as enhancers of the Iet-653 gene, although 
they need not necessarily play a role in the wild-type 
expression of the Iet-653 gene. 

A second model for the action of pCes1907 and 
pCesl903 would require that they contain transcrip- 
tional promoter sequences. These promoter sequences 
within the extrachromosomal array would then pro- 
duce a transcript encompassing the 1et-653" gene. 
A functional let-653 mRNA could then be produced if 
the putative trans-splice acceptor site immediately up- 
stream of the proposed let-653 initiating methionine 
(Fig. 3) functioned as an SL2 spliced leader acceptor 
site (Speith et al. 1993). Such a model would predict 
that the Iet-653 gene would normally be transcribed as 
part of a polycistronic mRNA. There does remain, 
however, the possibility that the true let-653 gene lies 
within the 2.5 kb region of pCes1940 equivalent of 
pCes2022 and requires the presence of both pCes1906 
and either pCes1907 or pCesl903 for appropriate ex- 
pression. We consider this unlikely owing to the small 
size of this region and the fact that the left breakpoint of 
the deficiency sdf9 has been found to lie within this 
2.5 kb region (Marco Marra, unpublished results). The 
deficiency sdf9 does not delete the Iet-653 gene (Clark 
and Baillie 1992). 

The 1et-653 gene possesses a variant 5' intron splice site 

Of the 5' variant intron splice sites previously reported 
in other organisms almost all have the GT dinucleotide 
at the first two bases of the intron replaced by GC. In 
vitro studies have shown that this substitution is the 
only one at this position that will allow the 5' site to 
continue to be accurately cleaved, although these aber- 
rant 5' intron splice sites have been found to be pro- 
cessed more slowly than sequences possessing GT 
(Aebi et al. 1987). Previously in other organisms pos- 
sessing GC instead of GT at this position the rest of the 
intron splice site shows an above average match to the 
consensus. In this C. elegans splice site this is also found 
to be true. The rest of this intron shows the best 
possible agreement with the C. elegans 5' splice site 
consensus (Blumenthal and Thomas 1988) and this 
may in some way serve to counter the effects of the base 
substitution at the second position. 



726 

Acknowledgements We would like to thank Dr. Marco Marra for 
his critical reading of this manuscript and also Dr. Matthew Buech- 
ner for his helpful discussions of the Iet-653 phenotype. This work 
was supported by a grant from the Natural Sciences and Engineer- 
ing Research Council of Canada to D.L.B. 

References 

Aebi M, Hornig H, Weissmann C (1987) 5' cleavage site in eu- 
karyotic pre-mRNA splicing is determined by the overall 5' splice 
consensus not by the conserved 5' GU. Cell 50: 237-246 

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic 
local alignment search tool. J Mol Biol 215:403-410 

Anderson MP, Rich DP, Gregory RJ, Smith AE, Welsh MJ (1991) 
Generation of cAMP-activated chloride currents by expression 
of CFTR. Science 251 : 679-682 

Barstead RJ, Waterston RH (1989) The basal component of the 
nematode dense-body is vinculin. J Biol Chem 114:715-724 

Blobel G, Dobberstein B (1975) Transfer of proteins across mem- 
branes. J Cell Biol 67 : 835-851 

Blumental T, Thomas J (1988) Cis and trans mRNA splicing in C. 
elegans. Trends Genet 4:305-309 

Brenner S (1974) The genetics of Caenorhabditis elegans. Genetics 
115:71 94 

Cabot EL, Beckenbach AT (1989) Simultaneous editing of multiple 
nucleic acid sequences with ESEE. Comp Appl Biol Sci 5: 
233-234 

Cheng PW, Boat TF, Cranfill K, Yankaskas JR, Boucher RC (1989) 
Increased sulfation of glycoconjugates by cultured nasal 
epithelial cells from patients with cystic fibrosis. J Clin Invest 
84: 68-72 

Clark DV (1990) The unc-22(IV) region of Caenorhabditis etegans: 
genetic analysis and molecular mapping. PhD Thesis, Simon 
Fraser University, Burnaby, BC, Canada 

Clark DV, Baillie DL (1992) Genetic analysis and complementation 
by germline transformation of lethal mutations in the 
unc-22(IV) region of Caenorthabditis elegans. Mol Gen Genet 
232:97 105 

Coulson A, Sulston J, Brenner S, Kam J (1986) Toward a physical 
map of the genome of the nematode Caenorhabditis elegans. Proc 
Natl Acad Sci USA 83 : 7821-7825 

Croll NA, Slater L, Smith JM (1972) Ancylostoma tubaeforme: osmo- 
regulatory ampulla of larvae. Exp Parasitol 33 : 356-360 

Feinberg A, Vogelstein B (1983) A technique for radiolabelling DNA 
restriction endonuclease fragments to high specific activity. Anal 
Biochem 132: 6-13 

Ferguson EL, H0rvitz HR (1985) Identification and characterization 
of 22 genes that effect the vulval lineages of the nematode 
Caenorhabditis elegans. Genetics 110: 17-72 

Hanahan D (1983) Studies on transformation of Escherichia coli 
with plasmids. J Mol Biol 166:557 

Hauser F, Werner H (1992) P-domains as shuffled cysteine-rich 
modules in integumentary mucin C.1 (FIM-C.1) form Xenopus 
Iaevis. J Biol Chem 267:24620-24624 

Henikoff S (1987) Unidirectional digestion with Exonuclease III in 
DNA sequence analysis. Methods Enzymol 155 : 156-165 

Jackson I (1991) A reappraisal of non-consensus mRNA splice sites. 
Nucleic Acids Res 19: 3795-3798 

Kramer JM, French RP, Park E-C, Johnson JJ (1990) The Caenor- 
habditis elegans rol-6 gene, which interacts with the sqt-1 collagen 
gene to determine organismal morphology, encodes a collagen. 
Mol Cell Biol 10:2081-2089 

Lambie EJ, Kimble J (1991) Two homologous regulatory genes, lin-12 
and gIp-1, have overlapping functions. Development 112:231-240 

Metlo CC, Kramer JM, Stinchcomb D, Ambros V (1991) Efficient 
gene transfer in C. elegans: extrachromosomal maintenance and 
integration 0f transforming sequences. EMBO J 10: 3959-3970 

Moerman DG, Baillie DL (1979) Genetic organization in Caenor- 
habditis eIegans: fine structure analysis of the unc-22 gene. 
Genetics 91 : 95-103 

Nelson FK, Albert PS, Riddle DL (1984) Functional study of the 
Caenorhabditis elegans secretory/excretory system using laser 
microsurgery. J Exp Zool 231:45-56 

Okkema PG, White Harrison S, Plunger V, Aryana A, Fire A (1993) 
Sequence requirements for myosin gene expression and regula- 
tion in Caenorhabditis etegans. Genetics 135:385-404 

Pearson WR, Lipman DJ (1988) Improved tools for biological 
sequence analysis. Proc Natl Acad Sci USA 85:2444-2448 

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: 
a laboratory manual. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York 

Singh SS, Sulston JE (1978) Some observations of moulting in 
Caenorhabditis elegans. Nematologica 24:63-71 

Snutch TP (1984) A molecular and genetic analysis of the heat shock 
response of Caenorhabditis etegans. Ph.D. thesis, Simon Fraser 
University, Burnaby, BC, Canada 

Speith J, Booke G, Kuersten S, Lea K, Blumenthal T (1993) Operons 
in C. elegans: polycistronic mRNA procursors are processed by 
trans-splicing to downstream coding regions. Cell 73 : 521-532 

Strous GJ, Dekkler J (1992) Mucin-type glycoproteins. Crit Rev 
Biochem Mol Biol 27:57-92 

Sulston JE, Horvitz HR (1977) Post-embryonic celt lineages of the 
nematode Caenorhabditis eIegans. Dev Biol 56:110156 

Verma M, Davidson EA (1993) Molecular cloning and sequencing of 
a canine tracheobronchial mucin cDNA containing a cysteine- 
rich domain. Proc Natl Acad Sci USA 90: 71447148 

Von Heijne G (1986) A new method tor predicting signal sequence 
cleavage sites. Nucleic Acids Res 14:4683 

Weinstein PP (1952) Regulation of water balance as a function of the 
excretory system of the filariform larvae of NippostrongyIus muris 
and AncyIostoma canium. Exp Parasitol 1 : 363-376 

Zotter S, Hageman PC, Lossnitzer A, van-den-Tweel J, Hilkens J, 
Mooi WW, Hilgers J (1988) Monoclonat antibodies to epithelial 
sialomucins recognize epitopes at different cellular sites in adeno- 
lymphomas of the parotid gland. Int J Cancer 3 : 38-44 


