
responsible for the changing profile of 
pituitary GnRH receptors and respon- 
siveness during physiological variations 
in reproductive function. 
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cwA-Crystallin Messenger RNA of the Mouse Lens: 
More Noncoding Than Coding Sequences 

Abstract. The 14s  messenger RNA (1300 to 1500 nucleotides) for the aA chain of 
a-crystallin of the mammalian lens is nearly three times larger than required to code 
for the polypeptide that contains 173 amino acids. As a means of accounting for this 
anomaly, a complementary DNA clone for the mouse aA-crystallin messenger RNA 
was constructed in pBR322 and sequenced. Derivation of the protein sequence from 
the nucleic acid sequence showed that mouse d-crystallin is similar to that of other 
organisms. The messenger RNA contains 536 nucleotides located on the 3' side of 
the coding region, excluding the polyadenylate stretch. This 3' sequence does not 
encode any other crystallin and has multiple termination codons in the three possible 
reading frames. 

The ocular lens of vertebrates synthe- 
sizes and accumulates large amounts of 
structural proteins called crystallins (I). 
The crystallins contribute 90 percent of 
the soluble lens protein and are highly 
conserved during evolution (2). There 
are four immunologically separate class- 
es of crystallins called a- ,  P-, y- and S- 
crystallin. 6-Crystallin occurs only in 
birds and reptiles (3). The messenger 
RNA's (mRNA) for the S-crystallins ( 4 ) ,  
the a B  chain of a-crystallin, the P-crys- 
tallins, and the y-crystallins (5, 6) are, 
like those of most eukaryotic mRNA's, 
only slightly larger than their coding re- 
quirements. By contrast, the mRNA for 
the a A  chain of a-crystallin from calves 
(7) and rats (8) has a sedimentation value 
of 14s (1300 to 1500 nucleotides), which 
is nearly three times the size necessary 
to code for the 173 amino acids of this 
polypeptide (9). The 14s aA-crystallin 
mRNA is capped (10) and polyadenylat- 
ed (11). The evolutionary conservation 
of the large size of the aA-crystallin 
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mRNA suggests a critical function out- 
side of the region coding for aA-crystal- 
lin. It has been suggested that the 14s 
mRNA may be bicistronic and encode 
two a-type crystallin polypeptides (12). 
To gain insight into the function of the 
sequences of the 14s aA-crystallin 
mRNA, we have constructed and se- 
quenced a complementary DNA (cDNA) 
clone for this mRNA from the mouse 
lens. 

Polyadenylated mRNA from 1000 
lenses of 5- to 10-day-old mice (NIH 
general-purpose stock) was extracted, 
subjected to reverse transcription, made 
double-stranded with DNA polymerase I 
of Escherichia coli, and inserted into the 
Pst I site of the plasmid pBR322 by the 
G-C (guanine-cytosine) procedure (13). 
The recombinant plasmids were used to 
transform E. coli LE392. More than 1000 
recombinant cDNA clones were ob- 
tained. A putative aA-crystallin cDNA 
clone was identified by the technique of 
positive hybrid-selection (14), with a rab- 

bit reticulocyte lysate (New England Nu- 
clear) as the cell-free protein synthesiz- 
ing system. A recombinant plasmid 
(pMaACr2) selectively hybridized mRNA 
from the mouse lens that directed the 
synthesis of a A  crystallin in vitro (data 
not shown). Nucleotide sequence of the 
pMaACr2 insert was determined by the 
method of Maxam and Gilbert (15) (Fig. 
1). The sequence and translation of the 
cloned cDNA in pMaACr2 are shown in 
Fig. 2a. Comparison with the amino acid 
sequence for the a A  chain of a-crystallin 
of other mammals (16) revealed that 
pMaACr2 contains nearly a complete 
copy of the codons for this polypeptide. 
Nucleotides 1 to 490 (Fig. 2a) predict an 
amino acid sequence identical to amino 
acids 10 to 173 of rat aA-crystallin (16). 
This result is consistent with the finding 
that the evolution of a-crystallin is very 
slow (2). It has been estimated from 
protein sequencing studies that amino 
acid substitutions in a-crystallin occur at 
a rate of approximately 1 percent per 17 
million years (2). Since rats and mice are 
believed to have diverged about 10 mil- 
lion years ago (13 ,  we would not expect 
more than a single amino acid difference 
in the aA-crystallin polypeptides of 
these rodents. The nucleotide sequence 
of pMaACr2 also reveals an unusually 
long sequence 3' to the coding region. 
The polyadenylation signal AATAAA 
(A, adenine; T,  thymine), which is pres- 
ent in all eukaryotic mRNA's ( la) ,  is 
present in the 3' region starting at posi- 
tion 1002 in Fig. 2a. 

We examined all three possible read- 
ing frames of the cloned insert in 
pMaACr2 for initiation and termination 
codons to test the possibility that anoth- 
er protein may be encoded within this 
cDNA. The results demonstrated that 
multiple termination signals exist in the 
nucleotide sequence 3' to the aA-crystal- 
lin coding region, regardless of the read- 
i ~ g  frame considered (Fig. 2b). Only 
reading frame 1 lacks a termination co- 
don within the known coding region. 
Considering the location of possible initi- 
ation and termination codons on the 3' 
side of the coding region, the largest 
polypeptide that could be synthesized 
with any reading frame is 60 amino acids 
(reading frame 3 in Fig. 2b). 

A possible criticism of this stop codon 
analysis is its sensitivity to single nucleo- 
tide errors in the sequence determina- 
tion. An added or deleted base shifts the 
termination codon into a new reading 
frame. To investigate the possibility that 
nucleotide sequences coding for crystal- 
lin polypeptides are contained in the 
cloned cDNA in pMaACr2 we used a 
dot matrix computer analysis that de- 
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Fig. 1. Restriction map and strategy used to determine the nucleotide - - --  - - - - - - - sequence of pMaACr2. DNA fragments were isolated from restriction - i 2: i 5 5 $ 5  k r, 
enzyme digestions of pMaACr2 by electrophoresis on a polyacryl- 5''! . :,. , , , 

a. 
3' - -  - -  - - - - - - - - amide gel solubilized with P-mercaptoethanol (28). Restriction en- E *  8 Z  - a - - - 

p x 8 8  ;;: ly zymes were purchased from New England Biolabs and Bethesda P X  o z g 
Research Laboratories. The purified fragments were radioactively - : : * P - 
labeled by means of T4 polynucleotide kinase (P-L Biochemicals) and - - + + .c( - - [y-32P]adenosine triphosphate (AmershamISearle). Each arrow repre- -- - t-tc 
sents the direction of secluencing of the isolated fragments. The 
sequence was determined b; autoradiographic detection of the chemi- ,io 3i0 
cal cleavage products separated on 20 percent and 10 percent poly- 
acrylamide gels containing 8M urea (15). 

I I I I I I I  

4W M)O 600 700 800 900 1000 

Nucleotlds number 

tects homologies between related amino 
acid sequences (19). The three potential 
reading frames of the pMaACr2 se- 
quence were searched for homologies to 
the known protein sequences of bovine 
aA- (9),  aB- (20), PBp- (20 ,  and y- 
crystallins (22). As would be expected, 
the amino acid sequence encoded in the 
aA-crystallin coding block of pMaACr2 
showed extensive homology to the a A  
chain and partial homology to the a B  
chain of bovine a-crystallin (data not 
shown); no homology with a-crystallin 
was found in the 3' flanking sequences. 

When all possible amino acid sequences 
were derived from the nucleotide se- 
quence of the cDNA in pMaACr2, no 
obvious homologies could be detected 
with the amino acid sequences of calf P- 
or y-crystallins. 

We have determined the size of the 
mouse aA-crystallin mRNA by denatur- 
ing gel electrophoresis (23) and blot hy- 
bridization (24) in order to estimate the 
number of nucleotides missing from 
pMaACr2. The aA-crystallin mRNA 
was approximately 1420 nucleotides long 
(data not shown). Thus, pMaACr2 lacks 

about 370 nucleotides of the aA-crystal- 
lin mRNA. Since the calf 14s aA-crys- 
tallin mRNA has an average polyade- 
nylate length of 200 nucleotides (II) ,  we 
estimate that there are 100 to 200 nucleo- 
tides on the 5' side of the coding region 
in the mouse aA-crystallin mRNA. 

Our results indicate that the 14s 
mouse aA-crystallin mRNA does not 
encode more than one crystallin poly- 
peptide even though there are almost 
three times more nucleotides than re- 
quired to synthesize aA-crystallin. Most 
of the additional length of the mRNA 

NUCLEIC ACID SEQUENCE AND TRANSLATION O F  oMaACr2 
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I I I I I I I I I 
TCAGCCCCTACTACCGCCAGTCCCTCTTCCGCACTGTGCTGGACTCGGGCATCTCTGAGGTCCGTTCCGACCGGGACAAGTTTGTCATCTTCTTGGACGT 
I e S e r  P r o T y  r T y r A r g G l n S e r L e u P h e A r g T h r V a l L e u A s p S e r G l y l  l e S e r  G I  u V a l A r g S e r  A s p A r g A s p L y s P h e V a l  I I e P h e L e u A s p V a  

I I I I I I I I I 
GAAGCACTTCTCTCCTGAGGACCTCACCGTGAAAGTACTGGAAGATTTTGTGGAGATTCACGGCAAACACAACGAGAGGCAGGATGACCATGGCTACATA 
l L y s H ~ s P h e S e r P r o G l u A s p L e u T h r V a l L y s V a l L e u G l u A s p P h e V a l G l u l  l e H i s G l y L y s H ~ s A s n G l u A r g G l n A s p A s p H ~ s G l y T y r l  l e  

I I I I I I I I I 
TCCCGTGAATTTCACCGTCGCTACCGTCTGCCTTCCAATGTGGACCAGTCCGCCCTCTCCTGCTCCCTGTCTGCTGATGGCATGCTGACCTTCTCTGGCC 
S e  r A r g G l  uPheH I s A r g A r g T y r A r  g L e u P r o S e r A s n V a  I A s p G I n S e r A  I a L e u S e r C y s S e r ~ e u S e  r A l  a A s p G I y M e t L e u T h r P h e S e r G l ~ P  
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CCAAAGTCCAGTCCGGTTTGGATGCTCiGCCACAGCGAGAGGGCCATTCCTGTGTCACGGGAGGAGAAACCCAGCTCTGCACCCTCGTCCTGAGCTGGGCC 
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TCACCTTGGTTGTCCCCTGAGGCCCTTGGTCCATCCAGCCCCAGGGACCACAGCAAAGAGTCCCTCCGTCTTCCGTGCCTTCCTTTCTTTCTCTGTTTCC 

I I I I I I I I I 
TTCCCACTTTCTCAGAGGGCTGAGGGTCTGAGAAGGTGGCTTAAGAGAGCTTGGGCTCTTGGCCTGAGATTTCCGCGGGTTCAGGGTGACCCAGGCTCAA 

I I I I I I I I I 
CACCAGCTGGTCGGAGGGAATGATGG TATTGAACTCTTGAGATTTTCTGTCT TC CTGGAAAGTGGCATCTAAGG ACTGCTCCAGAGGGCAGAGTGAATGG 

I l TER iEV 
TER TER 

I I I I I 
TGGCTCACCAACTCCAAGAGCCCTATGCTAGAGCCCCTGATGGCAGCCTCCTCC TTTTTGCCCATACTTACTGC ACTGCAGCCGCCGTGTGCTGGGCTCC 

I I I I I I 
TER TER 

I I I 
GACAGCCAGCTTCTCTCATATCCTCTTCCTGTGACTTTCTCTACTCTGTAGTAT TGCTCCTAAGGACCTTGGTC ATCCATGAGAATGGAGCCCCTGGCAG 

I I 

Read~ng Reg~on 
Frame i +I 4 4 #. Fig. 2. (a) The nucleic acid sequence of the pMaACr2 insert. Translation of the 

coding regions shows the predicted amino acid sequence of mouse ail-crystallin. 
I ... 1. I i+ 1. i i i  ~ransiation termination cddons (TER) present in thk same reading frame as the a A  

codons are shown. The polyadenylation signal (19) is underlined. (b) The location 
i + t i + +  ii +.A .. i of possible translation initiator (dots) and termination codons (arrows) within each 

reading frame of the pMaACr2. The nucleic acid sequence was analyzed by the 
5' 3' computer method of Queen and Korn (29). 
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resides in the 536 nucleotides and the 
polyadenylate stretch that are present on 
the 3' side of the coding region. At 
present we cannot rule out the possibility 
that a small noncrystallin polypeptide is 
coded within this region. Although the 
length of this 3' region is large in compar- 
ison with numerous other mRNA's, such 
as the 92-nucleotide untranslated region 
of rabbit p-globin mRNA (25), it is not 
unprecedented among eukaryotic mRNA's. 
For example, the 3' untranslated se- 
quence of chicken ovalbumin mRNA 
consists of 634 nucleotides (26). Also, 
the length of the 3' untranslated region 
for the dihydrofolate reductase mRNA in 
the mouse ranges from about 80 nucleo- 
tides to about 930 nucleotides in the four 
different RNA's found for this enzyme 
(27). The size of the polypeptide encoded 
by the dihydrofolate reductase mRNA's 
is approximately the same as aA-crystal- 
lin. The function of the sequences on the 
3' side of the coding region is not known 
yet for any mRNA. Possibly, compari- 
sons of the 3' sequences of the 14s 
mRNA for a-crystallin from different or- 
ganisms will reveal stretches of con- 
served nucleotides and provide insight as 
to their functional significance. 

Note added in proof: After submission 
of this report, the sequence of a rat aA- 
crystallin cDNA was reported (30). The 
findings were similar to those reported 
here. Comparison of the 3' noncoding 
regions of the mouse and rat aA-crystal- 
lin cDNA's show that 24 insertion-dele- 
tion and 32 base change events have 
occurred during the evolutionary diver- 
gence of these organisms. There are 18 
synonymous base differences within the 
encoding region. 
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Cardiac Catabolic Factors: The Degradation of 
Heart Valve Intercellular Matrix 

Abstract. Cultures of porcine heart valves and aorta secrete a factor that 
stimulates the degradation of cartilage matrix in a fashion similar to that displayed 
by synovial catabolin. The heart valve factor also induces the release of chondroitin 
sulfate and hydroxyproline from isolated heart valve cultures. The present observa- 
tions support the hypothesis that tissues producing catabolic factors (catabolins) 
may well be responsive to them and that these messengers may play a role in the 
cellular regulation of the degradation of intercellular macromolecules. 

Our present understanding of the 
mechanisms associated with the degra- 
dation of intercellular macromolecules 
stems largely from observations on carti- 
lage matrix breakdown. Until recently 

Table 1 .  Tissues and cells producing and 
responding to catabolin. N.D., not deter- 
mined. 

Pro- Tissues duc- Re- 
or cells tion sponse 

Synovium (human) 
Synovium (pig) 
Synovium (rabbit) 
Cartilage (human) 
Cartilage (pig) 
Cartilage (rabbit) 
Heart valve (pig) 
Blood vessels (pig) 
Placenta 
Kidney 
Fibroblasts (human 

synovial) 
Fibroblasts (pig 

synovial) 
Blood vessel (smooth 

muscle cells) 
Blood vessel 

(endothelium cells) 
Activated 

monocytes 

+ 
N.D. 
N.D. 
N.D. 

N.D. 
+ 

N.D. 
+ 

N.D. 
N.D. 

N.D. 

N.D. 

N.D. 

N.D. 

the local invasion of the articular carti- 
lage by synovial pannus was believed to 
be responsible for the degradation of 
proteoglycan and collagen that consti- 
tute the major structural components of 
the matrix. However, Fell and Jubb ( I )  
and somewhat later Steinberg's group (2) 
demonstrated that normal as well as 
rheumatoid synovium secreted a diffus- 
ible product which induced chondro- 
cytes to destroy their own matrix. Dingle 
and co-workers (3-5) have isolated and 
partially characterized a small acidic 
protein (catabolin) from porcine syno- 
vium which also stimulates viable chon- 
drocytes to rapidly degrade their matrix. 
Although it is apparent that synovial 
catabolin initiates the breakdown of car- 
tilage matrix in vitro, it is not known 
whether there is a more fundamental role 
for such factors in regulating the content 
and distribution of intercellular macro- 
molecules in other tissues. It is possible 
that autologous and heterologous classes 
of catabolin-like factors mediate the in- 
tercellular turnover of proteoglycan and 
collagen, and that the interaction of "ca- 
tabolins" with other factors that pro- 
mote the synthesis of matrix components 
control the composition of connective 
tissue elements under altering physiolog- 
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