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Interaction with the  extracellular  matrix is impor- 
tant  for  the  proliferation  and  differentiation of cells 
during  development. A specialized  extracellular ma- 
trix, basement  membrane, is built  around  a  scaffold  of 
procollagen IV molecules. We report  the  sequence  of  a 
2.5-kilobase cDNA  which  contains  the  carboxyl  end  of 
a Drosophila  melanogaster procollagen  IV.  The  amino 
acid  sequence  of  the  carboxyl-terminal  domain,  which 
forms  an  essential  intermolecular linkage between 
procollagen IV molecules, is 59% identical  in Dro- 
sophila and  vertebrate  procollagens  IV,  and  an  addi- 
tional 17% of  residues  are  conservatively  substituted. 
This  implies  that  the  nature  of  the linkage is also 
conserved. We suggest  that  intermolecular  junctions 
through  procollagen IV carboxyl  domains  are  funda- 
mental  elements  of  the  molecular  architecture of Me- 
tazoan  basement  membranes  and  have  been  conserved 
during  evolution.  The  isolation  and  identification of 
this basement  membrane collagen  gene  of Drosophila 
will help  in  deducing  the  function  of  procollagen IV in 
basement  membranes. 

The immediate environment of cells influences their differ- 
entiated functions. Particularly  important  are the basement 
membranes, or basal laminae, which are ubiquitous conden- 
sations of specialized extracellular matrix at  the basal surface 
of epithelia. They also surround muscle cells and nerves and 
are  thought to play an important role in establishing and 
maintaining tissue organization (1). For example, culture of 
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epithelial cells is greatly facilitated by basement membranes 
or gels made from their components (2). 

To obtain insight into the functions of basement mem- 
branes  during development we chose Drosophila melanogaster, 
which  allows both genetic and recombinant DNA manipula- 
tion. From cultures of Drosophila cells we purified a collagen, 
laminin, and several other glycoproteins which are biochem- 
ically and  ultrastructurally similar to their vertebrate coun- 
terparts  and locate by immunofluorescence to  the  sites of 
basement membranes (3).  The collagen resembles a major 
component of vertebrate basement membranes, procollagen 
IV (3, 4). 

A vertebrate procollagen IV molecule consists of three 
polypeptides formed from two genetically distinct  pro-a 
chains. Both homotrimeric ( 5 )  and heterotrimeric (6) procol- 
lagen IV molecules exist. The molecule has  a  central collagen 
triple helix flanked by amino and carboxyl domains which 
form junctions between molecules to produce a molecular 
network (7, 8). The noncollagenous carboxyl  region of each 
polypeptide, also called NC1, has about 230 amino acid resi- 
dues that are folded into  a globular structure which is inter- 
nally linked by six disulfide bridges (9).  The  three carboxyl 
peptide regions of each molecule together form a  structure 
that is seen electron microscopically as  a knob at one end of 
each thread-like molecule (10). The junctional complex of two 
fused knobs, i.e. six carboxyl peptides, is an important element 
of vertebrate basement membranes ( 7 , 8 ,  11). 

Whereas structural requirements of the collagen triple helix 
necessitate that every third residue is glycine, there  are  nu- 
merous nonhelical interruptions in the  (Gly-X- Y ) n  sequence 
of vertebrate  pro-al(1V)  and  pro-a2(IV) (12, 13). These in- 
terruptions probably cause the flex or bend locations which 
are seen electron microscopically along the thread-like mole- 
cules (14). Similar interruptions were also found in chick 
types IX  and X collagen  which  do not form fibers and are not 
basement membrane collagens (15, 16). Such interruptions 
have also been demonstrated  in nucleotide sequences coding 
for collagens of Cuenorhubclitis elegans (17)  and sea urchin 
(18). A sequence encoding interrupted collagen triple helix 
was isolated from a Drosophila rnelanogaster genomic  DNA 
library, and  it was suggested that, based on the interruptions 
and on the size and temporal expression of the mRNA, this 
could represent a  portion of a Drosophila basement membrane 
collagen  gene  (19,ZO). With  the help of this cloned Drosophila 
sequence, DCG1, we demonstrate that procollagen IV chains 
exist in Drosophila and  that they  contain  a highly conserved 
form of the specialized carboxyl peptide region of vertebrate 
procollagen  IV, and we have identified the gene of which 
DCGl is a  part. 

EXPERIMENTAL  PROCEDURES 

RNA Isolation and cDNA Cloning-Total cellular RNA  was iso- 
lated (21) from Drosophila Kc cells  (22) which secrete collagen (3). 
cDNA was  prepared  from this RNA by the method of  Gubler and 
Hoffman (23) except that the double-stranded cDNA was  made blunt- 
ended with bacteriophage T4 polymerase (Pharmacia P-L Biochem- 
icals), and EcoRI linkers were ligated onto the cDNA after treatment 
with EcoRI methylase (New England Biolabs). Chromatography on 
Sepharose CL-4B removed excess linkers and cDNA molecules 
smaller than 500 base pairs. The  cDNA obtained was  ligated into 
XgtlO (24) and packaged in  vitro using Glgapack  packaging extract 
(Stratagene Cloning Systems, San Diego, CA) and amplified. The 
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library contains lo6 independent clones averaging greater than 1.9 
kilobases. 

Screening of the cDNA Library-The 1.6-kilobase EcoRI-BarnHI 
fragment of DCGl sequenced by Monson et al. (19) was subcloned 
into the plasmid vector Bluescribe (Stratagene).  Templates for in 
vitro transcription were prepared and a 32P-labeled RNA probe for 
screening was synthesized using the procedure supplied by Strata- 
gene. The RNA  was separated from unincorporated nucleotides by 
Sephadex G-50 spun-column chromatography (25). Plaque hybridi- 
zation (26) was performed with duplicate filters at 75 "C in  5 X SSPE 
(1 X SSPE is 180 mM NaCI,  50 mM NaH,PO,, 1 mM EDTA, pH 7.0), 
0.1% sodium  dodecyl sulfate overnight. The filters were washed at 
75°C in 0.1 X ssc (1 X ssc is 150 mM NaCl, 15 mM sodium citrate, 
pH 7.0), 0.1% sodium dodecyl sulfate and exposed to Kodak XAR-5 
film  between intensifying screens. Positive clones were isolated, 
plaque-purified, and subcloned into Bluescribe for restriction map- 
ping. 

DNA Sequencing and Sequence Analysis-Restriction fragments 
were subcloned into M13mp18 and M13mp19 (27) and sequenced by 
the dideoxy method using [ c x - ~ ~ S I ~ A T P  and avian myeloblastosis 
virus reverse transcriptase (28).' The DNA  was sequenced on both 
strands  and across all restriction sites used in cloning. The DNA 
sequences were maintained and aligned using Staden's DB-system 
(29). DNA and amino acid sequences were analyzed using various 
programs of the University of Wisconsin Genetics Computer Group 
(30) and the  National Biomedical Research Foundation (31). Hydro- 
phobic correlation coefficients were calculated using the program 
HYDCOR and  the optimal  matching hydrophobicity scale (32) which 
was kindly made available by  D. Eisenberg (UCLA). 

RESULTS 

We screened a cDNA library made from Drosophila Kc cells 
(22) with 32P-labeled RNA prepared from DCG1. Several 
overlapping cDNA clones were isolated and restriction- 
mapped. Both strands of one of these clones, CDA3,  were 
sequenced (28) (Fig. 1). Nucleotides 2347-2529 were deter- 
mined from a  separate clone, CDB5, on only one strand.  The 
putative 3' terminus of the mRNA is marked by two overlap- 
ping consensus polyadenylation signals (34) followed  by 14 
consecutive A residues. The (Gly-X-Y),  portion of the se- 
quence in Fig. 1 has five interruptions. The  fourth  and fifth 
interruptions correspond to  interruptions found in all three 
reported  vertebrate  pro-a(1V)  chains (12, 13). 

A comparison of the amino acid sequence deduced for the 
carboxyl domain of this Drosophila collagen with those of 
mouse' (35) and human pro-d(IV) (36, 37), and with mouse 
pro-aB(IV),' is shown in Fig. 2. The Drosophila sequence is 
59.4% (137/231) identical with either mouse chain and 58.5% 
(135/231) identical with human pro-al(1V). Many of the 
substitutions  are conservative changes. The positions of the 
12 cysteine residues are conserved; these residues are impor- 
tant in the three-dimensional structure of the molecules and 
in the intermolecular  associations between carboxyl domains 
in the formation of networks of procollagen IV (9, 11). In 
addition to  the consensus sequence of 112 residues shown in 
Fig. 2, an additional 40 positions have residues with similar 
chemical properties. 

A duplicated domain, with 36% identity of amino acid 
residues, was identified within the sequence of the carboxyl 
domain of pro-al(1V)' (35) and pro-a2(IV)' from mouse and 
human pro-al(1V) (36, 37). The Drosophila sequence also 
shows this duplication (Fig. 3)  and  the two halves are 33% 
identical in amino acid sequence. Thus,  this duplication ap- 
pears to be a common feature of procollagens IV. 

Sweet and Eisenberg (32) have defined a hydrophobic cor- 
relation coefficient which reliably predicts  whether two 
aligned sequences share  the same three-dimensional struc- 
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FIG. 1. The DNA sequence  and  the  deduced amino acid se- 
quence of XCDAI are shown. Interruptions in the triple helical 
repeat are underlined. Cysteine residues are circled. The 3' end of the 
overlap between CDA3 and DCGl is a t  nucleotide 500. An arrow 
marks the beginning of the noncollagenous carboxyl domain. Two 
overlapping, consensus polyadenylation signals are boxed.  CDA3 and 
DCGl were obtained from DNA libraries derived from the Oregon R 
and Canton S strains, respectively, of D.  melanogaster. Their se- 
quences agree, except that  at position 323 in the above sequence a T 
replaces a  C of DCGl, which leaves the corresponding amino acid, 
glycine, unchanged. 

ture. Proteins with closely similar three-dimensional struc- 
tures have a hydrophobic correlation coefficient greater than 
0.4 (32). For example, the coefficient for horse a and p globins 
is 0.68. The correlation coefficient of Drosophila with mouse 
prod(1V)  is 0.78, with mouse pro-aP(IV) is 0.72, and between 
the two mouse chains is 0.82. The hydropathy  plots (33) of 
these peptides are highly similar (not shown). We conclude 
that these carboxyl domains share a common major folding 
pattern.  In  contrast  to  the close similarity of this Drosophila 
collagen carboxyl peptide with those of procollagens IV there 
are only distant, although significant, homologies with the 
carboxyl propeptides of vertebrate procollagens I, 11,111, and 
V.2 We conclude that  the Drosophila collagen sequence we 
describe here is a procollagen IV and designate it Drosophila 
pro-al(1V). 

B. Blumberg, A. J. MacKrell, L. I. Fessler, and J. H. Fessler, 
unpublished observations. 
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1 so 
Drosophila apaaldyltC iLitrHSQse tv eLvtCYSLLY vdCndyAHnQ 
Mouse a2 . . . . . .  vaic yLlvkHSQtd qa kLvsCYSLLY feCqeMHnQ 
Mouse a1 . . . . .avdhC fLvtrHSQtt dd iLyhCYSLLY vqCnerAHgQ 
Human u1 . . . . .  rvdhC fLvtrHSQti dd 1LyhCYSLLY vqCnerAHgQ 

Consensus " - - " - - - C  -L---HSQ-- - -  -L--GYSLLY --G---AH-Q 

RNDktfWLtT naalP..MmP 
100 

RNDksyWLsT taplP..XmP 
RNDysyULaT pepPmsMaP 
RNDysyULsT pepmPnsHaP 

RND---UL-T  ----P--M-P 

Drosophila venfeIrqy1 S 
Mouse a2 vaeaeIkpy1 S 
Mouse a1 isgdnIrpf1 S 
Human a1 itgenIrpfI S 

Consensus - - - - - 

201 

FIG. 2. The deduced  amino  acid sequences for Drosophila pro- 
ul(IV), mouse pro-ul(IV), mouse pro-aP(IV), and human pro-al(IV) 
were aligned by the program  GAP (30), which  introduced gaps to 
maximize sequence similarity while  minimizing gap length  and  num- 
ber. Capital  letters mark  residues which are identical in all four 
sequences. Cysteine residues are boxed. 

FIG. 3. Sequence  duplication  in  the  carboxyl-terminal pep- 
tide of Drosophila procollagen IV. The 2 half-sequences  have 
been aligned by the program  ALIGN (31) to maximize  amino acid 
homology while introducing a minimum of gaps. The parameters used 
in running the program were the mutation data matrix + 6, a gap 
penalty of 6 and 1000 random runs. Residue 1 is the first residue of 
the carboxyl  domain. 

DISCUSSION 

As insects have a radically different body plan from verte- 
brates, with an exoskeleton and hemocoel, the  extracellular 
matrix of their  basement  membranes could  differ substan- 
tially from that of vertebrates.  Furthermore,  in  contrast  to 
vertebrate  basement  membranes which are placed at   the 
interfaces of cells with  either  extracellular  matrix  or  another 
cell layer, some  insect  basement  membranes  are  bathed  in 
hemolymph.  Yet the Drosophila collagen carboxyl domain  has 
nearly as  many  identical  amino  acid  residues with either 
mouse chain (137 out of 231) as  the two murine  chains have 
with  each  other (142 out of 229). As the two mouse chains 
together  form a  hexameric junctional complex, the residues 
which are  common  to  all  three  chains may be responsible  for 
key interactions  within  the complex. The high  hydrophobic 
correlation coefficients support  the  concept of a common 
three-dimensional  structure of these carboxyl  domains. Pre- 
sumably  the  internal  tandem  duplication,  and  the conserved 
cysteine residues  which  suggest  conserved sets of disulfide 
links,  are  all  particularly  suited  to  fit  into  the complex of six 
peptides  that  is  an  important  junctional complex in  vertebrate 

basement  membranes  and which now appears  to  have been 
widely conserved during evolution. 

Northern blot  hybridization with CDA3' and  DCGl  detects 
an  RNA of approximately 6.4 kilobases  (19) which is of 
appropriate size to encode  a pro-a(IV)  chain.  While  this 
research was in progress,  two Drosophila collagen-like  genes 
encoding 6.3-kilobase mRNAs were identified and  mapped  to 
chromosome loci 9E and 25C (38). CDA3' and  DCGl hybrid- 
ize exclusively to location 25C (20). Although the two genes 
at 9E  and 25C could  encode Drosophila pro-a1  and  pro-a2 
chains,  the collagen which we isolated from Drosophila cell 
cultures  consists  predominantly of one  polypeptide (3).  The 
Drosophila carboxyl peptide is about equally similar  to  either 
of the  vertebrate  chains, which suggests that  the gene dupli- 
cation which gave rise to  pro-al(IV)  and pro-aB(IV)  occurred 
after  the divergence of vertebrates  and  invertebrates. 

Of the  many  invertebrate collagens (39), only one specifi- 
cally  identified basement  membrane collagen has been puri- 
fied, from the isolated intestinal  basement  membrane of the 
nematode Ascaris suum (40).  Noelken et al. (40)  isolated 
dimeric molecules with  centrally located knobs which they 
suggested  could correspond  to  the hexameric junctional com- 
plexes of vertebrate procollagen IV. Recently it was suggested, 
based on  partial genomic  sequences, that a basement  mem- 
brane collagen exists  in  sea  urchins (18), as judged by inter- 
rupted  (Gly-X-Y), sequences, mRNA size, and  temporal 
expression, and by an  apparent genomic organization of small 
exons  separated by 400-1300-base pair  introns.  In  contrast, 
the  DCGl  portion of this Drosophila collagen gene has large 
coding  regions separated by small  introns  (19).  Thus, while 
there is conservation of amino acid  sequence in  one  important 
region of the molecule, the genomic organization may not 
have  been  conserved in  all evolutionary  lines. 

Interruptions of the  (Gly-X-Y), sequence must influence 
important  properties of any collagen in which they occur.  A 
full analysis of this problem for procollagens IV will require 
the complete  sequences of the Drosophila and  other  pro-aIV 
chains.  Here we note  that two of the  interruptions in the 
(Gly-X- Y), sequence  shown in Fig. 1 have  approximate equiv- 
alents  in  the mouse and  human  chains (12, 13).  Electron 
micrographs of the collagen produced by Drosophila cells (3, 
lo), from  which our cDNA  library was constructed,  indicate 
that  these  thread-like molecules have bends and  kinks which 
may correspond  to  some  interruptions of (Gly-X-Y),  and 
could  have  a function  in  basement membranes. 

We  plan  to modify the gene  encoding Drosophila pro-al(1V) 
and  reintroduce  it  into embryos in  order  to investigate the 
formation of basement  membranes  and  their role in develop- 
ment.  In conclusion, the  present findings strongly  support  the 
concept  that key features of the molecular architecture of 
basement  membranes  have  been conserved during  the evolu- 
tion of the Metazoa. 
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