
14. D. W. Neberi et a/.. DNA Cell 5/01, 10, 1 (1991). 
15, p. Su eta/. , ibid. 9, 657 (1 990). E. Usu ,  M. Noshro, Extensible Collagen in Mussel BYSSUS: 

Y. Ohyama K. Okuda FEBS Lett. 262,367 (1990). 
16. s. itoh et a/., B~oc l~ im .  610,ohys. Acta. 1264. 26 A Natural Block Copolymer 

(1 995). 
17. J. Picado-Leonard and W. L. Mler ,  Mol. Endocrinol. 

2 1145 (1988). 
18. K. Kawajri e ta / . ,  Proc. A/at/. Acad. Sci. U.S.A. 81 

1649 (1 984). 
19. S. Kato et a/. Science 270, 1491 (1995). 
20. E. B. Mawer et a/.. J. Cbn. Endocr/no/. bletab. 79 

554 (1 994); H. Fuji eta/. .  EfvfBO J. 16.  41 63 (1 9971. 
21. K. Takeyama eta/. ,  data not shown. 
22. R. T. Turner et a/. . Proc. Nati. Acad. SCI. U.S.A. 77 

5720 (1 980); J. S. Adams et a/. , J. Clin. Endoci~inol. 
bletab. 60, 960 (1 9851. 

23. G. A. Howard R. T. Turner, D. J. Sherrard, D. J. 
Baynk, J. Biol. Chem. 256, 7738 (1981); T. K. Gray. 
G. E. L ~ i e r ,  R. S. Lorenc, Science 204, 1311 
(1 9791. 

24. T. Matkov~ts and S. Chrstakos, Endocrinology 136 
3971 (1 9951. 

25, C. Lierold, H. M. Danv~sh, H. F. DeLuca, J. Biol. 
Chem. 270, 1675 (1995): Y. Ohyamaetal.. ibid. 269, 
10545 (1 994). 

26. K. Takeyama et a/. Biochem. B~ophys. Res. Com- 
mun. 222 395 (1 9961: H. Mano et a/. , J. 6/01, Chem. 
269 1591 (1994). 

27. U. Gubler and B. J. Hoffmann Gene 25.263 (19831; 
M. Kobor and H. Nojima, Nucleic Acids Res. 21, 
2782 (1 9931. 

28. Polyadenylated [poly(A)+: RNA was pur~fied from 
the kidney of the V D R  - m c e  at 7 vieeks (261. The 
i o ta  cDNA vlas prepared viith poly(A)- RNA (271. 
The cDNA fragments were subsequently inserted 
Into the Hind Ill site of the mammal~an expresson 
vecior pcDNA3 (Invitrogen). The reporter plasmd 
17M2-G-IacZ was constructed by inserting yeast 
GAL4 upstream activating sequence x2 and p-glo- 
bin promoter into a multiclon~ng site of the Basc 
expression vector (Clontech). The igand-b~nding 
domain of VDR [VDR(DEF)] fused to the GAL4 
DNA-b~nding doma~n [GAL4-VDRDEF)] (1 7 )  was 
used to detect l~gand-~nduced AF-2 function. 
COS-I cells cultured with Dubecco's modified Ea- 
gle's medium containng 10% fetal bovne serum 
were transiently transfected with 0.5 y g  of GALA- 
VDR(DEF1 expression vector. 1 k g  of 17M2-G- 
IacZ. 0.2 y g  each of the ADX and ADR expression 
vectors (12) and 0.1 k g  of expression cDNA b ra ry  
in OPT-MEM using lipofecton agent (GBCO BRL). 

29. H. S. Tong eta/. . J. Bone fvfiner Res. 9. 577 (1 9941. 
30. Snge-letter abbrevatons for the amino a c d  resi- 

dues are as follows: A. Ala: C. Cys: D. Asp; E. Glu: F, 
Phe. G. Gly. H HIS, I. lie, K, Lys: L, Leu: M Met: N. 
Asn; P. Pro; 0 .  Gln: R. Arg: S. Ser: T. Thr; V, Val; W. 
Trp: and Y. Tyr. 

31 . H. Sasak et a/., Biochemistr?/ 34. 370 (1 995). 
32. The solvent systems were hexane/isopropanol/ 

methanol (88:6:6) as the mobile phase at a flow rate 
of 1.0 m / m n  for normal phase and methanol/H,O 
(80:20) at a flow rate of I .0 mIVmn for reverse phase. 
On both normal and reversed-phase HPLC w ~ t h  
other solvent systems [hexane/~sopropano (90 : 10). 
hexanel~sopropanol (80:20) for normal phase, and 
methanol/H,O (75:25) for reversed phase] (22). the 
retenton times of the enzymatic product also com- 
pletely matched those of authentic In,25(OH),D, 
1 0 1 ,  
1L ',. 

33. H. Harada. R. M ~ I .  S. Masushge. S. Kato, Eiidocri- 
nology 136, 5329 (1 995). 

34. We thank P. Chambon for cr~tical readng of the 
manuscript; T. Yoshizawa. Y. Masuhiro, S. Takeda, 
K. Suzuk. F, Ichkawa. N. Kubota, N. Ohsh.  K. Ku- 
maki. and A. Murayama for technical assistance: Y. 
Nog~.  T. Sakak~, and T. Matsumoto for helpful dis- 
cusson and suggestons: Y. Yabusak for the ADX 
and ADR cDNA plasmids: and Chuga Pharmaceu- 
t~cals for vitamn D-related compounds. 

16 June 1997; accepted 22 August 1997 

Kathryn J. Coyne, Xiao-Xia Qin, J. Herbert Waite 

To adhere to solid surfaces, marine mussels produce byssal threads, each of which is 
a stiff tether at one end and a shock absorber with 160 percent extensibility at the other 
end. The elastic extensibility of proximal byssus is extraordinary given its construction 
of collagen and the limited extension (less than 10 percent) of most collagenous ma- 
terials. From the complementary DNA, we deduced that the primary structure of a 
collagenous protein (preCol-P) predominating in the extensible proximal portion of the 
threads encodes an unprecedented natural block copolymer with three major domain 
types: a central collagen domain, flanking elastic domains, and histidine-rich terminal 
domains. The elastic domains have sequence motifs that strongly resemble those of 
elastin and the amorphous glycine-rich regions of spider silk fibroins. Byssal thread 
extensibility may be imparted by the elastic domains of preCol-P. 

Mussel byssal threads are ~~ndoubtedly 
among nature's most peculiar tendons. One 
end of each thread inserts into the byssal 
retractor muscles at the base of the foot: the 
other end is disposed outside the aniinal 
and attached to a hard surface bv an adhe- 
sive plaque. In a process that resembles 
iniectlon moldine, the foot of the mussel is 

u 

able to make a new thread in 5 nli11 or less 
( 1  ). Despite their rapid production and vul- 
nerable location, byssal threads are durable 
and exquisitely engineered fibers (Fig. 1A). 
They contain a graded distribution of ten- 
sile molecular elements that result in a ma- 
terial that is strong and stiff at one end and 
pliably elastic at the other ( 2 ,  3). Overall, 
byssal threads are five times tougher than 
Achilles tendon (4). 

The collagen content of mussel byssal 
threads has been well established bv wide- 
angle flber x-ray diffraction, the presknce of 
tmns-4-hydroxyproline, and byssus-derived 
pepsin-resistant peptides with Gly-X-Y re- 
peats (5, 6). Unlike tendon, however, bys- 
sus has a nonperiodic microstruct~lre and 
shrinkage and melting temperatures in ex- 
cess of 90°C (5). Any atteinpt to reconcile 
these unusual biochemical and lnechanical 
features with what is kno~vn about collagen 

c7 

provokes the following ~nolecular questions: 
How 1s hvssal collaeen different from ten- " 
don collagen, and what role does thls dif- 
ference play in the materlal perfor~nance of 
hyssus l 

Because of its hiehlv cross-linked struc- 
u 1 

ture, there has been only one recourse for 
recovering collage11 from byssus: acid extrac- 
tion coupled with extenslve treatment with 
pepsin. We (6) used this approach to char- 
acterlze two collage11 fragments, Col-P and 

Col-D (both apparently homotrimers), 
w t h  apparent a-chain masses of 50 and 60 
kD, respectively (7). These fragments co- 
exist in complementary gradients along 
the length of each byssal thread with 
Col-D predominating at the distal end and 
Col-P predoinlnating at the proxlnlal end. 
Similar gradients were found to exlst 
in the lnussel foot, which fabricates the 
byssus one thread at a time. Precursors to 
Col-P and Col-D (preCol-P and -D) were 
identifled in foot extracts with specific 
polyclonal antibodies. Apparent masses of 
95 and 97 kD were determined for a-chain 
preCol-P and preCol-D (a-preCol-P and 
a-preCol-D), respectively. The amino 
acid compositions for the NH2- and 
COOH-terminal extensions co~lsist of Glv 
plus Ala concentrations of 50 (preCol-P) 
and 60 (preCol-D) mole percent (mol%) 
(6).  Although it was inferred that the 
extensio~ls or flanking doinains might re- 
semble structural protelns such as silk f ~ -  
broin or elastin or resilin, conflrlnatlon of 
such homology has awaited determination 
of the complete primary structure. Here 
we report the primary structure of a-pre- 
Col-P, a natural block copolymer with 
putative cross-linking, elastic, and colla- 
gen do~nains (8).  

a-PreCol-P mav be divided into seven 
dornalns based on its amino acid sequence 
(Fig. 2 ) .  The most prominent feature is a 
central region consisti~lg of a 435-residue 
collagenous sequence identified by align- 
ment with ainino acld sequences reported 
previously for peptides derived from the 
pepsin-resistant fragment Col-P (6) .  The 
collagen donlaln consists of 146 Gly-X-Y 
repeats 111 which X and Y are frequently 
Pro. Onlv the Pro residues at nositio~l Y 

College of Marine Studies and Depariment of Chemstry "ppear to be co11r7erted to trans-4-hy- 
and B~ochem~stry, University of Delaware, Newark. DE drox!;proline (6) .  G1y also occurs in the X 
19716. USA. (10 times) and Y (once) positions. The 
-To vihom correspondence should be addressed. continuity of Gly-X-Y repeats 1s interrupt- 
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Fig. 1. (A) Schematic representation of M. edudulis 
byssus subdivided into four morphologically dis- 
tinct regions: adhesive plaque, stiff distal thread, 
elastic proximal thread, and stem. For clarity, all 
but one thread were cut from the stem. Insertion 
denotes point of attachment to mussel. Typically, 
threads are 2 to 4 cm long with diameters of 0.1 0 
to 0.1 5 mm. (B) Model of the block-like structure 
of domains in a homotrimer of a-preCol-P from 
the proximal portion of a byssal thread. Mass es- 
timates of domains are based on the molecular 
sequence indicated in Fig. 2 and analyses of pre- 
Col-P by matrix-assisted laser desorption-ioniza- 
tion mass spectrometry (1 7). 

ed after the eleventh repeat (Gly-Ser-Thr) 
by a single missing Gly. The effect of this 
on the triple-helical structure of collagen 
is unclear at this time; however, it is note- 
worthy that this region is not susceptible 
to cleavage after extensive treatment of 
the native homotrimer with pepsin (6). It 
is tempting to suppose that omission of 
one Gly in each a chain induces a kink or 
bend in the triple helix. However, the best 
studied kinked collagen, complement Clq, 
is a heterotrimer in which one chain has 
no triplet discontinuity, another has an 
Ala for Gly substitution, and the third is 
missing Gly-X of the triplet (9). The col- 
lagen domain of a-preCol-P is followed by 
an acidic patch about 15 residues long that 
is enriched in Glu and Asp. 

The elastic domains flank the collagen 
domain on both sides (Fig. 2) and exhibit 
sequence and solubility similarities with 
elastin (10). Both are dominated by Gly, 
Pro, and bulky hydrophobic residues and 
have Pro-containing pentapeptide repeats 
(that is, X1-X2-X3-Pro4-X5). The Pro is 
not hydroxylated (6). In the elastic do- 
mains of preCol-P, X is usually Gly but 
can be Phe (nine cases), Ala (four cases), 
Ile (two cases), or Val (two cases) (Fig. 3 ) .  
These resemble the pentapeptide repeats 
of elastin, the most common of which is 
Val-Gly-Val-Pro-Gly ( I  I ) .  Gly, Pro, and 
the hydrophobic residues of elastin are 
critical to the elastic recoil, which is en- 
tropically driven (12). The entropy is de- 
rived from dynamic hydrophobic interac- 

I GG? %P GTP G'75 GP? CG?. . . c . ~ .  unr.  t:ir I-?? r-S? .PP '260 
5F.L GI? G?P C?;? a P  OF? S;S s l i p  p;; C+P C+? G R P  196 
G!'? (GK? G A R  G;? G q P  217 ;?D I:<? G A C  "a??. G':: T!!P 332 . 7 .  .. ... 
G\.P C Y ?  l lTP r d P  -9 C 3 i  CV? T7P :??. Z , ; ? . . C T ? , , T . - I 3 6 8  
r i j p  G?R GPA GlI GLI GFY G':? G.'D Cr;i SAP G-2 ,>ST 101 

Signal Fig. 2. Predicted amino acid 
sequence (34) of a-preCol- 

His P. Full sequence from cDNA 
is arranged to exhibit the 
block copolymer structure 
of preCol-P and to align the 
characteristic repeat motifs 

Elastlc of each domain. Thus, elas- 
tin-like pentapeptides (bold- 
face) are aligned at P to dis- 
tinguish them from interven- 
ing GGX clusters and Ala- 
rich runs (double underline), 
and collagen is arrayed as a 
series of tripeptides. The nu- 

GPQ G P ~  GPA r.cp G A ~  t>?? s>:: G k p  ,C7P id:T s;? ??: ( 4 0  cleotide sequence has been -... 6 -5  . C A ? . G X . G ? ~  tl:i d7P,,Gx. C'i. r = S  tLc ?::: (76 Collagen 
G 7 b r  i(- -72% SP.< Cl>,.G;: GVY <::'K G:>% ';x GX? 2 3 5  5 U  . .. deposited in the GenBank 
~ . " l  GP; ;?: GET GPL. tF1 CLj G>9 GPk tPS C52 GF7 Me database (accession num- 
tCrX Cr,? G1:,.LP,<n;S Gih, .CDR GPA C-F) OP5 ,OI? C-EP 554 
:A? G Y L  i ? ? l  GZ; C:'> r s ?  G2.p ~ y ;  <.A? t':" G.? CS:; 620 

ber AF015539). Lowercase, 
c:? G'E Z S J  CE?  G'..? G i 8 j  CpH c?3 C:E tip 6:' CP? 656 signal peptide; bold italics, 

GACPG 
G F W I G P U  

IS. . . . . N C C P ~  
NVGPG 

* A  
- 

- histidines in His domain: e. 
Acidic cluster missing G; single underline; 

acidic patch; and dashed 1: underline, partial peptide se- 
quences from (6). 

734 
1740 

2: 
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j 780 

:Ar&FGGx+G i 79') 

-'L 8 2 0  

825 

2 - O  

m w P a ; L c o o s ~ u c s a s s s s s B s K X : B v F m a a o p s m s ~ ~ ~ m m  902 His 

tions or "librations," which are maximized 
in unstretched protein and accommodated 
by the flexible structure imposed by Gly 
and Pro. Similar librations are ~redicted 
for the elastic domains of preCol-P. All in 
all, there are 6 ~ e n t a ~ e p t i d e  repeats in the 
NH,-terminal side and 12 in the COOH- 
terminal side of the flanking elastic do- 
mains. Both elastin and preCol-P also 
have ~ o l ~ ( G l ~ )  clusters peppered with hy- 
drophobic residues (Leu, Ile, Val, and 
Phe) and Ala-rich regions (Figs. 2 and 3). 
Many of these features are evident in lam- 
prin (13) and spider silk fibroins (14) as 
well. The Ala-rich regions of a-~reCo1-P 
are more substituted than the ~ o l ~ ( A l a )  
tracts of elastin, in which substitutions are 
limited to Lys, and spider silk fibroins, 

which lack substitutions except for occa- 
sional Ser residues (Fig. 3). Curiously, in 
spider silk fibroins, poly(Ala) runs evi- 
dently form nan~cr~sta l l ine  P sheets (15), 
whereas in elastin they form a helices 
(1 6). 

His-rich regions are located at  the 
NH2- and COOH-termini. The only Tyr 
and noncollagenous Lys residues of pre- 
Col-P are also found there. The presence 
of trace 3,4-dihydroxyphenyl-L-alanine 
(dopa) in hydrolyzed ~reCol-P suggests 
that, as in other byssal precursors, Tyr may 
be posttranslationally hydroxylated to 
dopa in the mature protein (1 7). The His- 
rich domains comprise about 80 and 50 
residues at the NH2- and COOH-termini, 
respectively. A t  both ends, His represents 

Q S V Q Q Q I G  

- ,."" - -" 

Fig. 3. Sequence alignment protein Pro repeat GGX clusters Poly(Ala) runs 
of repeated motifs in the 
elastic flanking domains of PreCOl-P: 

G X G P O ( 6 )  2 1  I 
O G G P O ( 5 )  

a-preCol-P with consensus X G G P G ( 4 )  
O G X P O ( 2 )  

repeats of the known exten- 
sible proteins bovine elastin Elastin: X Q X P Q ( l 7 )  u-vvw-&uw.wuuwt5) h,n,-.--xAA ( 1 0 )  

G X X P Q  ( 8 )  
(10) and spider dragline pro- GOXPO(II 

tein ADF-3 (12). X denotes G X G P Q  ( 3 1  

hydrophobic residues such 
as F, V, L, I ,  and A; Z de- ~~~~~~~~~ 
notes ~olar residues such as 
S, N ,  and R. Number of repeats in each protein is indicated in parentheses after the sequence. Shaded 
areas represent Conserved sequences. 
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20 mol% of the co~nposition or one in five 
residues. Other  prominent residues are Gly, 
Ala, and Ser (Fig. 2).  His-rich domains oc- 
cur in several other proteins including high 
molecular weight kininogen ( IS) ,  plasmodi- 
a1 His-rich protein HRP (19),  blood His- 
rich glycoprotein H R G  (20),  and tre~natode 
eggshell precursors (21 ). Sequence homolo- 
gy is limited to short repeats-for exam- 
ple, Ala-His compared with Ala-His-His 
repeats in  plasmodia1 His-rich protein, 
and  His-Gly-Gly or Gly-Gly-His com- 
vared with Glv-His repeats i n  the  kinino- 
ken and eggshell precirsors. T h e  function 
of the  His-rich tracts in  almost all known 
cases is connected with metal binding 
such as zinc in  kininogen and H R G  and 
heme iron in  HRP.  His-rich nereid jaws 
are high in  co~nplexed copper or zinc ( 2 2 ) ,  
and poly(His) tracts are routinely added to  
recombinant proteins for facile recovery 
by metalloprecipitation or  ~netalloligand 
affinity chromatography (23) .  Of  the  tran- 
sition metals detected in  h ly t i l u s  r d ~ t l i s  
byssus, zinc levels are consistently t h e  
highest a t  about 1 mg per gram of dry 
weight (24) .  Studies are under way to  
determine whethet  the  recoverv of initial 
stiffness in  distal byssal threads after yield 
to C.5 extension 125) is related to  the  
breakage and re-formation of protein-zinc 
comnlexes. 

T h e  results reported here are unusual In 
several respects. PreCol-P is the  f ~ r s t  
known protein to  contain  bo th  collage- 
nous and elastin-like domains. Indeed. 
elastins were thought to  be  absent in  in- 
vertebrates 126). In  addition. t h e  tandem , , 

array of collagenous and elastic domains is 
relnarkablv reminiscent of svnthetic block 
copolymer'designs with thei; hard and soft 
segments (27)  (Fig. 1B). I n  this case, 
"blocks" of elastin (breaking strain, 5 1.6; 
tensile stress. 5 5  X 1C6 Pa)  would im- 
prove the  extensibility of the  collagen 
(breaking strain, s C . 1 ;  tensile stress, 
5 1  x 10"a) (28) .  This  results in  a 
material with breaking strength lower " 

t han  that  of tendon but with significantly 
greater toughness ( 3 ,  4).  Block copoly~ner  
design has also been detected in  another 
byssal precursor, preCol-D, which has silk 
fibroin-like instead of elastic flanking do- 
mains in a sequence tha t  is otherwise ho-  
lnologous with that  of preCol-P (29) .  Fu- 
ture studies would ~ r o f i t  from a closer 
scrutiny of the  mechanism of preCol fibril- 
logenesis as well as t h e  interplay of hard 

(collagen) and  soft (elastin) segments in 
determining the  peculiar mechanical 
properties of byssal threads. 
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