Invertebrate Collagens

Marked differences from vertebrate collagens appear

in only a few invertebrate groups.

Collagen, the principal protein of
metazoan connective tissue, is the sub-
ject of a large literature, encompassing
diverse interests in chemistry, biology,
medicine, and industrial technology. As
a family of proteins with unique structur-
al features, collagen has been a focus of
structure-function correlation studies as
well as studies interrelating successive
levels of structural organization from
amino acid sequence to the anatomically
defined fibril. As a central component of
connective tissue, collagen is also of in-
terest for its role in tissue development
and differentiation, as well as in such
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larity of all vertebrate collagens: except
in refined details, new insights based on
a given vertebrate species apply to other
vertebrates.

Comparative studies, particularly in-
volving nonvertebrate collagens, how-
ever, can expand our picture of structur-
al modifications compatible with a basic
definition of collagen, and can reveal
new functions over a wide range of orga-
nismic needs. An early review of com-
parative collagen biochemistry (9) sum-
marized much data published before
1962, including that on the microscopic
and molecular structure. Because that

Summary. The collagens of all major invertebrate phyla have been studied, but
characterization has been thorough in only a few classes and in no case in the detail
(such as sequence analysis) known for vertebrate collagen. Biochemical data on in-
sect collagen are particularly sparse. Invertebrate and vertebrate collagens are strik-
ingly similar, with some notably unique features in annelids and nematodes. Present
data do not support the suggestion that invertebrate collagens resemble vertebrate
basement membrane collagen. In invertebrates, as in vertebrates, collagens of spe-
cific tissues show differences that probably reflect individual tissue requirements.

medically relevant processes as wound
healing and pathological fibrosis.
Invertebrates are estimated as con-
stituting 95 percent of all animal species
(1), yet most collagen studies have cen-
tered on the vertebrates. Advances in
vertebrate collagen biochemistry (2) in
the past 20 years have revealed the
amino acid sequence for subunit poly-
peptide chains (3), the biochemical poly-
morphism of intraspecies collagens ),
details of the pdsttranslational modifica-
tions of collagen precursors (for ex-
ample, hydroxylation of proline and ly-
sine residue$) (5), and the molecular defi-
nition of severdl genetic disorders of
collagen matufation (6-8). In part,
progress has been speeded by the simi-
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review predated the era of amino acid se-
quence analysis and—to a large extent—
of collagen-related enzymology, x-ray
diffraction data and amino acid composi-
tion dominated the comparison of colla-
gens from various invertebrate phyla and
among vertebrate classes. More recent
reviews of invertebrate collagens are of
specialized interest (/0).

A crucial question in comparative
studies concerns the definition of colla-
gen; the exploration of collagens dif-
fering from the vertebrate ‘‘norm’’ im-
plies the need to define the limits that in-
clude proteins under this common cate-
gory. As was noted in 1963 (9), a still-
valid general criterion common to pro-
teins that differ in many other properties
is a characteristic wide-angle x-ray dif-
fraction pattern. From the compositional
viewpoint, this structural feature corre-

lates well with the occurrence of glycine
as approximately one-third of the amino
acid residues, and, in turn, with the col-
lagen triple-helix, whose native structure
requires hydrogen bonds linking three
polypeptide chains in approximate regis-
ter. This model holds for all proteins so
far studied that conform to the x-ray pat-
tern noted, and that include certain other
(although not necessarily all) of the com-
mon compositional criteria of collagens,
such as a relatively high content of the
pyrrolidine amino acids, proline or hy-
droxyproline (or both). The triple-helix
itself is believed to require that each indi-
vidual chain contain a glycine residue
in each third sequence position, as
(Gly-X-Y), (/1). While this central set of
related properties can be used to define
all proteins classed as collagens, other
features considered characteristic of col-
lagen show considerable variation. Thus,
by the criteria above, there is at least one
collagen with no measurable hydroxy-
proline (/2) or with little (/3) or no (/4)
hydroxylysine, and there are collagens
with rather different banding periods in
the electron microscope (9, 15), or with
no banding at all (9, /6).

Collagen Distribution Among Phyla

The presence of trans-4-hydroxy-L-
proline as a component of cell wall pro-
teins has been documented in both high-
er plants and algae (/7); both 4-hydroxy-
proline and 3,4-dihydroxyproline are
present in siliceous cell walls of diatoms
(18). There is, however, no clear evi-
dence that the plant proteins containing
hydroxyproline are collagens, although
proline residues in the precursor proteins
of plants are substrates for the prolyl hy-
droxylase of animal origin (/7), an en-
zyme required for collagen processing.
Proteins associated with the shells of a
number of molluscs and brachiopods al-
so contain hydroxyproline, although, as
in the plant proteins noted, these pro-
teins have not been unequivocally identi-
fied as collagens (/9). Neither collagen
nor hydroxyproline has been reliably
identified in bacteria.

The distribution of hydroxyproline,
therefore, is considerably wider than
that of typical collagen-class proteins,
which are now believed to be limited to
metazoan forms. Examples of every
metazoan phylum studied, however,
have been found to contain collagen as
defined by molecular or microscopic
structural features. Table 1 summarizes
the distribution of collagen among in-
vertebrate phyla. Because most of the
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Table 1. Invertebrate phyla in which collagen has been studied morphologically or chemically.

Phylum Subphylum, class, or genus

Porifera Ephydatia 98), Euplectella (99), Halichondria 48), Haliclona (95, 100),
Hypospongia (66), Ircinia (101), Scypha (99), Suberites (94)

Coelenterata Actinia (24, 25, 27, 67, 94, 102), Aiptasia (103), Aurelia (104), Briareum
(105), Calliactus (94), Hydra (34, 68, 97), Lobophyllia (106), Metridium
28, 48, 66, 74, 75, 94, 107), Muricea (108), Virgularia (109)

Platyhelminthes Bipalium (90), Diphyllobothrium 48), Fasciola (24, 67, 92)

Nematoda Ascaris (14, 31-33,35-37,39,45,47,49, 51, 52, 55, 80-82, 84, 94, 110-112),
Nematospiroides (I13), Nippostrongylus (113), Panagrellus (38, 85, 114)

Annelida Hirudinea (/15), Lumbricus (15, 39, 45,48, 54, 61, 62, 76, 79, 94, 107, 111~
113, 116, 117), other Oligochaeta (15, 40, 47, 115, 117-120), Polychaeta
“1, 42,72, 115, 120)

Acanthocephala ~ Macracanthorhynchus (26, 47)

Mollusca Cephalopoda (29, 48, 57, 72, 73, 107, 121), Haliotis 29, 72), Helix (60, 67,
115, 122), Mytilus 48, 99, 107, 115, 123, 124)

Arthropoda Arachnida (I125), Crustacea (20, 21, 29, 48, 72, 89), Insecta (12, 22, 88, 91,

99, 126), Onychophora (127)

Echinodermata

Asterias (128), Holothuridea «8, 58, 69, 70, 71, 95, 129), Strongylocentro-

tus (69, 95, 99), Paracentrotus (30, 130)

Chordata Ascidiacea 48, 72)

studies on invertebrate collagen through
1961 have been reviewed already (9),
Table 1 includes, for the most part, stud-
ies since 1962 and is an effort to present
the most significant contributions over a
wide range of collagen-focused interests,
both morphological and chemical. In
some listings in Table 1 [for example ¢,
21)], crude extracts containing hydroxy-
proline are described but not well char-
acterized as typical collagens. Table 1 is
not intended to be exhaustive, but to
contain most of the major recent refer-
ences.

The most thoroughly studied in-
vertebrate collagens are those of nema-
todes and annelids, particularly Ascaris
in the former phylum and Lumbricus and
related oligochaetes in the latter (Table
1). The composition and other features
of coelenterate collagen, especially that
of sea anemones, have also been report-
ed in some detail. Studies of other phyla
are scattered and often somewhat super-
ficial. Surprisingly few intensive studies
of insect collagen are reported, perhaps
because of the relative inaccessibility of
collagen-rich tissues, in contrast to the
ease of obtaining, for example, worm cu-
ticles. Studies of insect collagens have
been chiefly morphological, concen-
trating on fibrillar collagen (22).

Molecular Weight and Subunit
Composition
All of the well-characterized verte-

brate collagens are molecules with a mo-
lecular weight of approximately 300,000
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and assemblies of three peptide chains of
approximately equal length; fundamental
features of collagen structure are depen-
dent on this model (23). Except for type I
collagen, which has the subunit formula
[(al),c2], vertebrate collagens appear to
consist of three identical chains ). By
comparison, there is only scattered in-
formation on the molecular weight and
subunit composition of invertebrate col-
lagens. In a few instances, the collagen
of specific invertebrates appears to re-
semble the vertebrate collagen norm.
Actinia collagen was estimated to consist
of three « chains totaling 300,000 molec-
ular weight (24, 25), as was the collagen
of Macracanthorhyncus (26). The stoi-
chiometry of cyanogen bromide peptides
from Actinia collagen further indicated
that the o chains were identical (27); a
similar conclusion came from studies of
the collagen of Metridium (28), another
sea anemone. On the basis of sedimenta-
tion velocity, intrinsic viscosity, subunit
gel electrophoresis and ion-exchange
chromatography, Kimura and Matsu-
mura (29) concluded that the collagen of
abalone foot muscle consisted of three
identical « chains each having a molecu-
lar weight of about 100,000, but that col-
lagen derived from octopus, squid, crab,
and lobster resembled vertebrate type I
collagen in the subunit formula [(«1),x2].
Insoluble collagen from an echinoderm
(30) also appears to conform to the
[(al),c2] subunit formula.

Studies of the cuticle collagens of As-
caris and earthworm have indicated mo-
lecular weights and probable subunit
structure very different from those of

vertebrate collagens or from those of the
invertebrate collagens noted above. De-
tailed data have been reported for As-
caris. An unusual feature of Ascaris cu-
ticle collagen is its extreme aqueous in-
solubility in the native state, but its con-
siderable solubility under reducing
conditions, such as treatment with mer-
captoethanol (37, 32). From these and re-
lated findings, a model has been inferred
involving individual polypeptide chains
held together by disulfide bonds; the un-
reduced collagen particles were esti-
mated as having a molecular weight of
about 900,000, and they are converted
after disulfide reduction to particles hav-
ing a molecular weight of 62,000 (32).
When the latter subunits were denatured
by heat or guanidine hydrochloride, they
lost the native structure (in terms of high
viscosity and optical rotation) but re-
tained their molecular weight (62,000),
suggesting that the native subunit formed
a triple helix by self-folding of the indi-
vidual chains (32, 33). The studies of
Evans et al. (14) have required a modifi-
cation of this model by a seemingly more
reliable molecular weight of 52,000 for
the subunit and evidence for three chro-
matographically separable and composi-
tionally different chains of this molecular
weight. There is no adequate model
depicting how the small subunits, ap-
proximately half the molecular weight
of vertebrate « chains, are arranged to
form the postulated 900,000-molecular-
weight, cross-linked molecule, and
whether the 900,000-molecular-weight
units are composed of three different
kinds of subunit, or if there are several
kinds of large molecule, each consisting
of identical subunits with a molecular
weight of 52,000.

Evidence for other disulfide-linked in-
vertebrate collagens—that of Hydra ne-
matocysts (34) and of the muscle layer of
Ascaris (35), and possibly of the in-
testinal basement membrane of Ascaris
(36, 37)—suggests that this kind of cross-
link may not be a rarity. Disulfide cross-
linking has also been demonstrated in
both procollagens and certain mature
collagens of vertebrate origin (5). Al-
though there is little chemical informa-
tion on the collagen of nematodes other
than Ascaris, recent data describe sever-
al chain sizes, ranging from a molecular
weight of 89,000 to 105,000 in Pan-
agrellus cuticle 38). In the same study
(38), extensively incorporated azetidine-
2-carboxylate in the cuticle collagen
failed to alter collagen synthesis, sug-
gesting more plastic conformation than
in the vertebrate collagens.

The annelid cuticle collagens repre-
sent yet a different set of molecules with
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respect to molecular weight. An earlier
estimate (39) of Lumbricus cuticle colla-
gen indicated a molecular weight of 1.9
million for the native molecule and sub-
units of approximately 600,000, after
denaturation by heat or chemical treat-
ment. In approximate agreement, the
molecular weight of cuticle collagen of
the oligochaete Pheretima was estimated
as about 1.7 million ¢0) as was that of
the cuticle collagen of Nereis, a poly-
chaete annelid /). A later study of
denatured Nereis cuticle collagen (42) re-
vealed the existence of two kinds of sub-
unit comparable to the [(«1),a2] formula-
tion, but with subunit molecular weights
of 470,000. The annelid cuticle collagens
may exist as assemblies of unprecedent-
edly long chains, five to six times the
length of the polypeptide subunits of ver-
tebrate collagen. If each is a unique se-
quence, as appears to be the case for the
various vertebrate « chains, they repre-
sent the largest polypeptide chains, up to
approximately 6000 residues, known in
nature.

Amino Acid Composition

As was noted in Gross’s review (9) and
more fully documented with data of the
past 10 years (3), the composition of all
vertebrate collagens—especially of the
interstitial, that is, nonbasement mem-
brane types—is closely similar. Se-
quence information also shows a high de-
gree of homology in the distinct poly-
peptides of vertebrate interstitial origin,
homology both with respect to the sub-
units of types I to III, but also of each
type in various vertebrate species. In
contrast, invertebrate collagens display
very different amino acid compositions.
No simple generalizations concerning
composition have emerged from the con-
siderable number of species studied in
different phyla. Glycine, as expected, is
the least variable residue, approximating
30 to 33 percent (on a molar basis) in
most species 43). The early values for
glycine in Ascaris cuticle collagen were
significantly lower than 300 residues per
1000 residues (9, 39), and recent analyses
of the separated purified chains (/4)
agree in yielding about 270 residues per
1000. It is now known that procollagen
chains contain less than one-third gly-
cine residues (3) as do the Clq com-
plement component (3) and various frac-
tions of basement membrane collagen
“4), because of the presence of closely
associated or peptide-bond linked non-
helical regions. Ascaris collagen chains
may also contain sequence regions atypi-
cal of helical collagen. It is notable that a
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single analysis of Ascaris cuticle colla-
gen based on material extractable with
trichloroacetic acid (45) gave a glycine
value close to 33 percent residues.
Among invertebrate collagens, dif-
ferences in the content of hydroxylated
amino acids, especially differences in the
ratios of proline to hydroxyproline and
lysine to hydroxylysine, are most clear.
Earthworm cuticle collagen and Ascaris
cuticle collagen provide a striking ex-
ample, since the ratio of proline to hy-
droxyproline is close to 20 for Ascaris
cuticle and close to 0.05 for earthworm
cuticle (39). Nematodes other than As-
caris appear to have been little studied
with respect to cuticle collagen composi-
tion, but a recent report (38) indicated
that the cuticle of Panagrellus, a small
free-living nematode, also has a high ra-
tio of proline to hydroxyproline. The ex-
treme example, however, is the silk of
the sawfly Nematis ribesii, which quali-
fies as a collagen by virtue of its wide-
angle x-ray diffraction diagram (46) and
contains about 33 percent glycine resi-
dues and about 4 percent hydroxylysine
residues, but is devoid of hydroxyproline
(12). 3-Hydroxyproline is also quite vari-
ably distributed in invertebrate colla-
gens, from little [earthworm cuticle (/3)]
or none [Ascaris cuticle (/4)] to values
up to two residues per hundred in the sea
anemone Actinia (27) or close to three
per hundred for Allolobophora body wall
“47). Reported values for 3-hydroxy-
proline in sea anemone collagen differ
(24, 28, 48) and may reflect analytical er-
rors or the unavailability of pure refer-
ence samples of this difficultly obtained
compound. Analyses of the collagen of
Actinia in our own laboratory, with the
use of a pure reference standard, agree
with the highest values reported (27).
An effort to codify collagen composi-
tion and to search for evolutional corre-
lates (43) was based on clusters of three
amino acid groups (hydrophobic, hy-
droxylic, and polar), and the two-dimen-
sional mapping of points for separate
species on the coordinates of a triangular
grid, one coordinate for each of the three
groups. By these criteria, a rather small
area (S range) included all striated colla-
gens, both from vertebrate and many in-
vertebrate species, and from collagens
both of ectodermal and mesodermal ori-
gin. Vertebrate basement membrane col-
lagens, with relatively high values for the
polar and the hydrophobic groups, fall in
an area distinct from the major S area.
Earthworm cuticle collagen, with its high
content of hydroxy amino acids and low
content of polar amino acids, and As-
caris cuticle collagen, with its low hy-
droxy amino acid and high polar amino

acid content, are also out of the S range,
and differ more from each other than do
any other two collagens plotted. No spe-
cies or phylum correlations were dis-
closed by this somewhat arbitrary classi-
fication, but, rather, differences in tissue
origin: The two worm cuticles, verte-
brate basement membrane collagens,
and the remaining 90-odd collagens of
various tissue and species origin formed
four distinct classes.

Other attempts to classify collagen
composition across species and phylum
lines have focused on the hypothesis that
the stability of a given collagen, as deter-
mined by the midpoint of denaturation
temperature, T, or midpoint of stretch-
ing temperature, T, correlates with its
content of hydroxyproline, of proline, or
of total pyrrolidine amino acids. Josse
and Harrington (39) demonstrated that a
plot of T, as a function of hydroxy-
proline or proline frequency showed a
linear relation for approximately ten col-
lagens of vertebrate origin. In each such
plot, however, both Ascaris and earth-
worm cuticle collagen fell far from the
vertebrate line, as was expected from the
extremely different values of the ratio of
proline to hydroxyproline in each cuticle
collagen. When the frequency of proline
plus hydroxyproline was plotted, how-
ever, the now-curvilinear line relating
these values to 7, included, in a reason-
able way, both cuticle collagens.

When data were used from additional
invertebrates, including body wall colla-
gens of other earthworm and nematode
species, a simple correlation between
frequency (proline plus hydroxyproline)
and T, (melting point of tropocollagen)
could no longer be demonstrated ¢7). It
would seem likely that not only the num-
ber of pyrrolidine residues, but their se-
quence position [whether in the X or Y
position of -Gly-X-Y-sequences (¢9)] and
the frequency of dipyrrolidine residues
49) influence collagen stability. In addi-
tion, recent evidence (5) has revived the
older hypothesis (50) that hydroxy-
proline contributes more to collagen sta-
bility than can be accounted for simply
by its pyrrolidine status.

Intraspecies Collagen Differences

One aspect of amino acid composition
is the question of collagen polymorphism
within a given species. The existence of
chemically distinct collagens in individ-
ual species is well established for verte-
brates (4); the full implications of tissue-
specific and genetically different colla-
gens are not yet understood, but seem
relevant to tissue differentiation and
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functional specificity. The first clear ex-
ample of marked differences in the com-
position of collagens from different tis-
sues of the same animal appeared in ana-
lyzing the cuticle and body wall colla-
gens of Ascaris and of Lumbricus 45), as
is shown in the later data of Table 2. This
finding was confirmed both for Ascaris
“7, 51), Lumbricus 47), and additional
worm species ¢7). An additional colla-
gen species, the basement membrane
collagen from Ascaris intestine, marked-
ly different in composition from the cu-
ticle collagen, has also been described
(36). It seems likely (Table 2) that at least
three collagen species can be obtained
from Ascaris—that from the cuticle (/4,
39), that from the muscle layer (5/), and
that from intestinal basement membrane
36, 37, 52). The last-named collagen has
not been purified, so that the analytic
values for the amino acids do not repre-
sent collagen alone; however, ratios of
those amino acid residues (hydroxyly-
sine, 4-hydroxyproline, 3-hydroxypro-
line) that are probably unique to the col-
lagen component suggest that the in-
testinal basement membrane contains a
collagen (or collagen-like sequences) dis-
tinct from that of Ascaris cuticle or
muscle.

Amino Acid Sequence

In contrast to the extensive sequence
information for vertebrate collagens 3),
there are only fragmentary and some-
what indirect data for any invertebrate
collagen. Despite marked composition
differences, however, vertebrate colla-
gens show a pattern of segment-long
spacing (53) remarkably like that of two
invertebrate collagens, from Fasciola
and Actinia (24) which are themselves
quite distinct phyla. Since the staining
patterns are believed to represent gross
sequence information in terms of the al-
ternation of clusters of charged and of
uncharged residues (3), it is apparent
that, at this level of resolution, these
striated invertebrate collagens are close-
ly similar to typical vertebrate interstitial
collagens. Even identity of a banding
pattern could permit considerable varia-
tion of composition and amino acid se-
quence, as long as residue substitutions
were allowed only within the broad cate-
gories of stained (that is, polar) or un-
stained (nonpolar) sequences.

Direct sequence information is limited
to only a few studies. Goldstein and
Adams (54) reported that most, if not all,
of the 4-hydroxyproline residues of
earthworm cuticle collagen are confined
to the X position of the Gly-X-Y triplets,
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and they isolated and identified two tri-
peptides from a collagenase digest of this
collagen; one, H-Gly-Hyp-Ala-OH (54),
the other H-Gly-Hyp-Ser-OH (/3), ac-
counting together for 10 to 15 percent of
total hydroxyproline. This is in contrast
to all present information about verte-
brate sequences (3), in which 4-hydroxy-
proline is confined to the Y position.

It is of interest that X-position hy-
droxyproline was first predicted for
earthworm cuticle collagen to account
for observed stability ¢9). On a related
basis, it may be inferred that a sub-
stantial fraction of prolyl residues of As-
caris cuticle collagen occurs in the Y po-
sition (49). This is consistent with the
substrate activity of Ascaris cuticle col-
lagen for a vertebrate prolyl hydroxylase
(65) since the specificity of the vertebrate
hydroxylases is limited to the Y-position
prolyl residue (56).

The unusual feature of hydroxyproline
in the X position of earthworm cuticle
collagen triplets has not been established
for other invertebrate collagens, al-
though only little data bear on this ques-
tion. Isemura et al. (57) found that, in a
number of short glycopeptides isolated
from cuttlefish skin collagen, 4-hydroxy-
proline as well as hydroxylysine was
present only in the Y position; the same
finding was made for sea cucumber colla-
gen (58). No systematic sequencing of an
invertebrate collagen chain seems to
have been reported, although a subunit
chain (approximately 1000 residues) of
Actinia collagen has been separated into
11 cyanogen bromide peptides ranging in
size from 13 to 231 residues (27).

Collagen-Linked Carbohydrates

The interstitial collagens of vertebrate
origin are glycoproteins containing a
small number of hydroxylysyl residues
substituted with galactose or glucosylga-
lactose (4). Vertebrate basement mem-
brane collagens contain a relatively large
number of hydroxylysyl residues, up to
four residues per hundred, most of which
are glycosylated with glucosylgalactose
units (¢4, 59); small quantities of other
sugars, including fucose, mannose, hex-
osamine, and sialic acid, are also associ-
ated with preparations of basement
membrane collagen (59); their binding to
collagen-like peptide sequences is not
well characterized.

In contrast to the low carbohydrate
content of vertebrate bulk collagens (that
is, nonbasement membrane), many in-
vertebrate collagen preparations were
early noted to be rich in carbohydrate (9,
60). Since Gross’s review (9) and a more

recent summary of collagen-associated
carbohydrates (/9), carbohydrates linked
to several invertebrate collagens have
been more precisely identified and char-
acterized with respect to the linkage re-
gion. Thus, the high pD-galactose content
of earthworm cuticle collagen, 12 to 14
percent by weight, could be largely ac-
counted for as 2-O-a-D-galactopyrano-
syl-pD-galactose and O-a-D-galactopy-
ranosyl(1 — 2)-O-a-D-galactopyranosyl-
(1 = 2)-p-galactose (6/), the disac-
charide unit predominating over the
trisaccharide in a ratio of about 4:1 (62).
Both serine and threonine residues are
the amino acids bound glycosidically to
these saccharides (62), in contrast to the
glycosidic linkage of galactose to hy-
droxylysine in vertebrate collagens (63,
64). The fact that purified earthworm cu-
ticle collagen contains only traces of hy-
droxylysine has been noted above.

The reported large quantity of galac-
tose in the cuticle collagens of two poly-
chaetes of the Nereis group (42) suggests
that galactose oligosaccharides and their
possible linkage to serine and threonine
may be general among annelids. In con-
trast to earthworm cuticle collagen, As-
caris cuticle collagen is reported to con-
tain only small quantities of hexoses (39,
65). Collagen from a variety of other in-
vertebrates follows the vertebrate pat-
tern in containing glucosylgalactosylhy-
droxylysine or galactosylhydroxylysine.
These include the sponge Hippospongia
©66), the coelenterates Metridium (66),
Actinia (67), and Hydra (68), the echino-
derms Thyone (69, 70), Stichopus (58),
and Holothuria (71), the molluscs Octo-
pus, Todarodes, and Haliotis (72), the
arthropods Panulirus and Portunus (72),
the prochordate Halocynthia (72), and
the intestinal collagen—probably of
basement membrane origin—of the an-
nelid Nereis (72) and the nematode As-
caris (36, 51). Where examined quan-
titatively, these saccharide units are
present in invertebrate collagens in
greater frequency than in vertebrate in-
terstitial collagen and, in this respect, re-
semble vertebrate basement membrane
collagens. As in vertebrate collagens,
substituted hydroxylysine residues oc-
cur in the Y position of Gly-X-Y se-
quences (57, 58). In cuttlefish skin, the
glycosylated hydroxylysines (Hyl*) oc-
cur in the sequence Gly-A-Hyl*-Gly-B-
Arg, where A and B are any of a variety
of amino acids (57, 73). Y-position Hyl*
has also been reported in the echino-
derms Stichopus (58) and Holothuria
.

Another similarity with vertebrate
basement membrane collagen is the pres-
ence in some invertebrate collagens of a

SCIENCE, VOL. 202



different type of saccharide unit, con-
taining fucose, xylose, mannose, and
hexosamines. Such a heteropolysaccha-
ride unit linked to Metridium collagen
chain has been described (74). Partial se-
quencing indicated that the saccharide
unit was linked to asparagine in a pep-
tide sequence containing 4-hydroxypro-
line; the saccharide portion contained fu-
cose, mannose, and N-acetylglucosamine
among other sugars (75). Isolation of pu-
rified « and B units containing both this
heteropolysaccharide as well as the more
familiar glucosyl-galactosyl-Hyl units
28), indicated that poth kinds of saccha-
ride units are bound to the same collagen
chain. The hydroxyproline-free collagen-
like silk of the sawfly, referred to above,
contains only nonglycosylated hydroxy-
lysine residues; these were glycosylated
on incubation with uridine diphosphate
galactose and the appropriate galacto-
syltransferase from rat kidney (/2),
suggesting that the cells synthesizing
the silk-collagen lacked the appropriate
enzymes for glycosylation.

Collagen-Associated Enzymes

Vertebrate studies dominate the data
on enzymes responsible for the post-
translational modification of collagen. Of
these enzymatic steps, only proline hy-
droxylation has been investigated in in-
vertebrates, but even these few studies
suggest that a wealth of diversity will be
found in enzymatic adaptations to form
functionally differing collagens.

One example of such diversity con-
cerns the enzyme responsible for hy-
droxylating proline residues in earth-
worm cuticle collagen. As already noted,
earthworm cuticle collagen contains
much or all of its hydroxyproline in the X
position of Gly-X-Y sequences, a posi-
tion apparently forbidden in all verte-
brate collagens studied. This anomalous
sequence distribution of 4-hydroxy-
proline residues could have resulted
from a prolyl hydroxylase of convention-
al specificity acting on X-position prolyl
residues in an unusual sequence that pro-
moted their hydroxylation. Alternative-
ly, the relevant earthworm hydroxylase
might have inherent specificity dif-
ferences for residue-position, as com-
pared to vertebrate hydroxylases, in the
ability to act on X-position prolyl resi-
dues. That the second explanation holds
was reported by Adams and Lamon (76),
who found that the synthetic poly-
tripeptide (Gly-Pro-Ala),, not a substrate
for vertebrate enzymes (76, 77), was a
good substrate for a partly purified hy-
droxylase obtained from the subcuticular
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Table 2. Amino acid composition of the collagen of several tissues of earthworm and Ascaris.
All values are residues per 1000 total residues. Reference source of analytic values is shown in
parentheses. All samples were purified collagens except for Ascaris intestine: this was whole

basement membrane.

Amino Earthworm Ascaris

a(.:ld Cuticle Body wall Cuticle Muscle Intestine
residue (3 @7) 4 ) 36)
3-Hyp 2 28 * T *
4-Hyp 160 67 20 122 24
Asp 58 65 55 57 82
Thr 49 36 16 13 47
Ser 88 52 19 16 50
Glu 81 97 54 80 124
Pro 9 53 357 103 87
Gly 348 352 265 326 148
Ala 100 59 53 63 61
Val 16 21 12 13 53
Met * 3 8 [3 11
Ile 15 14 10 24 36
Leu 27 35 14 54 61
Tyr 1 6 2 6 26
Phe 6 12 6 14 20
12 Cys * 4 30 3 37
Trp T T 2 T 12
Lys 16 22 30 19 22
Hyl * 12 * 40 11
His 1 9 7 3 22
Arg 23 51 28 38 66
*Not detected. 1Not reported.

epithelium of earthworms. The enzyme
has been more extensively purified (78)
and shows many similarities to verte-
brate prolyl hydroxylases, particularly in
its cofactor requirements. Its substrate
specificity pattern is complex since,
when allowed to act either on natural
collagens or on synthetic polytripep-
tides, each containing the internal se-
quence -Gly-Pro-Pro-, it hydroxylates
only the Y-position proline (76), exactly
as the vertebrate hydroxylases do.

In an earlier study, Nordwig and Pfab
(79) had reported that, with synthetic
polytripeptides containing the internal
sequence -Gly-Pro-Pro-, in which either
prolyl residue was radioactive, a homog-
enate of whole-earthworm body wall act-
ed to hydroxylate prolyl residues in ei-
ther position, and furthermore formed a
substantial proportion of the position
isomer 3-hydroxyproline as well as 4-hy-
droxyproline. Adams and Lamon (76),
using similar radioactive substrates, en-
zyme preparations, and incubation con-
ditions, were unable either to repeat or
explain these findings, but noted that
their partly purified hydroxylase did not
catalyze appreciable formation of 3-hy-
droxyproline.

The prolyl hydroxylase from the mus-
cle of Ascaris also resembles vertebrate
hydroxylases in cofactor requirements,
but differs in its dependence on O, con-
centration (80). Unlike the vertebrate en-
zymes, which show a typical hyperbolic
saturation curve in plotting reaction ve-
locity against O, concentration, the As-

caris muscle enzyme is increasingly in-
hibited by O, at concentrations ex-
ceeding 1 percent; the apparent values of
K., (the Michaelis constant) for O, are,
however, similar for both the Ascaris
muscle and chick embryo enzyme (80).
Inhibition of the Ascaris muscle enzyme
by O, was confirmed by Chvapil et al.
@81), who showed also that a prolyl hy-
droxylase was present in the cuticular
fluid obtained after freezing whole
worms. This enzyme differed from the
muscle enzyme in lack of inhibition by
0,, and in a higher K, for O,. In vivo
findings consistent with these enzymatic
differences indicated that, after incuba-
tion of living worms in atmospheres of
elevated O, concentration, the cuticle
collagen, but not that of muscle, showed
increased prolyl hydroxylation (82). Pro-
lyl hydroxylase has also been reported in
sea urchin larvae (83) and in Ascaris eggs
84). The Ascaris egg enzyme (84), un-
like the muscle enzyme, is not inhibited
by high O, concentration, an observation
consistent with the development of As-
caris eggs in an aerobic environment. A
prolyl hydroxylase with features similar
to that of the vertebrate enzymes has
been purified from the free-living nema-
tode Panagrellus 85). In analogy with
the Ascaris enzymes, it is probable that
more than one tissue-specific enzyme
may exist in the small nematodes as well,
although the difficulty of isolating indi-
vidual tissues in such small animals pre-
cludes an easy test of this analogy.

The two major classes of collagenolyt-
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ic enzymes are those of Clostridia (86)
and those of vertebrate origin (87). The
bacterial enzymes, which have not been
completely defined in terms of isoen-
zyme multiplicity and detailed substrate
specificity, have the general character-
istic of cleaving collagen or collagen-like
polypeptides in such a way as to release
tripeptides whose NH,-terminal residue
is glycine (86). The vertebrate enzymes
cleave each of the three helical chains of
native vertebrate collagens at a single
bond between Gly-Leu and Gly-Ile 87),
producing two fragments of quite dif-
ferent length.

Collagenases of invertebrate origin,
only few of which have been carefully
studied, differ in some respects from
both of the above collagenase types. A
collagenase from crab hepatopancreas
88, 89) has been purified to homogeneity
and resembles vertebrate collagenases in
cleaving native helical collagen into two
fragments of unequal size, but differs
from vertebrate collagenases in its ca-
pacity to further degrade one of the ini-
tial scission products. This enzyme
shows both trypsin-like and chymotryp-
sin-like substrate activity and inhibition
features. Bipalium kewense, a land pla-
narian that feeds on earthworms, con-
tains a pharyngeal collagenase (90)
which, when purified, degrades native
vertebrate collagen to small fragments.
A recently reported collagenase from
Hypoderma larvae (91) is of special
physiological interest, in that this insect
larval form migrates in the connective
tissue of a vertebrate host. The enzyme
was purified to homogeneity, resembles
the vertebrate collagenases in cleaving
calf skin collagen into a large and small
fragment, and has the surprisingly low
molecular weight of 16,000. Other re-
ports of collagenase activity, as in Fas-
ciola (92), have been short reports with-
out intensive enzyme characterization.

Collagen Cross-Links

This subject has become an important
specialty in studies of vertebrate colla-
gens, and concerns tensile strength and
other functional aspects of mature colla-
gens. Various cross-links have been de-
fined chemically in vertebrate collagens,
including the disulfide bonds of base-
ment membrane and type III collagens
(5). As was noted above, such collagen
linkages were first found in the in-
vertebrate collagens.

Cross-links more distinctive of colla-
gen are aldimine and aldol links arising
from the condensation of aldehydic
groups, or of an aldehyde and amino
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group, each condensation partner on a
separate peptide chain. Such aldehyde
groups are formed by oxidation of the
terminal carbon of lysine or hydroxy-
lysine, and appear to be specific for col-
lagen and elastin (93). Examples of this
kind of cross-link are sparse in in-
vertebrates, although there is no reason
to doubt their wide distribution in many
invertebrate collagens. Bailey (94) re-
ported dihydroxylysinonorleucine as the
major radioactive peak after borohydride
reduction and acid hydrolysis of earth-
worm cuticle collagen or of the body col-
lagen of several sea anemones; the body
wall of sponge (Suberites) yielded a
small peak of this reduced cross-link and
a prominent peak of the reduced alde-
hyde, hydroxynorleucine. It is of interest
that Ascaris cuticle collagen yielded no
lysine- or hydroxylysine-derived cross-
links, consistent with the alternative
mode of disulfide linkage in this collagen.
It is surprising that earthworm cuticle,
which contains little or no hydroxylysine
(see above), revealed an apparent hy-
droxylysine-derived cross-link. This find-
ing may be a function of how carefully
separated the cuticle is from underlying
cells and their attached basement mem-
brane.

Similar findings by Eyre and Glimcher
(95) were in agreement for the sea urchin
Strongylocentrotus and the sea anemone
Thyone, but noted a more complex pat-
tern from the body wall of the sponge, in
which lysinonorleucine was the most
prominent peak. Subsequent studies of
Thyone collagen suggested that the
cross-link, which had been reduced to di-
hydroxylysinonorleucine, existed as a
glycosylated unit in the original collagen
(70).

General Conclusions

The above survey of invertebrate col-
lagen reveals the blend of biochemical
similarities and differences—both among
the invertebrates and in comparison with
vertebrates—that characterizes most
comparative biochemical studies. It is
perhaps tautologic to note that basic fea-
tures of collagen structure (triple helical
structure, distribution of glycine resi-
dues, and x-ray diffraction pattern) are
similar in all animals studied, but it may
be significant that possible quasi colla-
gen-like molecules that seem only dis-
tantly related to the vertebrate colla-
gens have not been found. Whether
molecules containing partial collagen-
like sequences like that of the Clq com-
plement component also occur in in-
vertebrates is not yet known, but seems

likely from recent studies of Ascaris in-
testinal basement membrane (36, 37).
Broad generalizations that might sepa-
rate invertebrate from vertebrate colla-
gens may yet emerge, but present data
do not suggest these. Of the striking sim-
ilarities in collagens across all phylum
lines so far studied, perhaps most im-
pressive is the finding that segment long
spacing banding (24) indicates a virtually
identical alternation of polar and non-
polar regions in the sea anemone, the
liver fluke, and the mammal. Among
both invertebrates and vertebrates, there
are collagens made up of three identical
peptide chains and of peptide chains of
differing sequence; both vertebrates and
invertebrates show intraspecies collagen
polymorphism at the level of composi-
tion; intraspecies sequence differences
are established for vertebrate collagens
and can be inferred for invertebrates
from the marked composition dif-
ferences. Both groups of animals possess
collagens that contain disulfide cross-
links or lysine- or hydroxylysine-derived
cross-links (or both). The enzymatic fea-
tures of the hydroxylation of prolyl and
lysyl residues appear similar for both
large groups of animals, as do the pres-
ence and formation of glycose units. Un-
der the latter heading, many invertebrate
collagens contain both the glucosylga-
lactosyl-linked hydroxylysyl residues
first demonstrated in vertebrate colla-
gens as well as the heteropolysaccharide
type of unit found also in vertebrate
basement membranes.

One generalization which has been
repeatedly suggested is the resemblance
of invertebrate collagens to vertebrate
basement membrane collagen. In dis-
cussing the high ratio of hydroxyproline
to proline in earthworm cuticle collagen,
an early comparison of this kind #5)
noted the relatively high hydroxyproline
content of kidney cortex collagen, first
reported by Windrum et al. (96). Other
investigators have more explicitly point-
ed out the resemblance of a Metridium-
derived collagen (75) to glomerular base-
ment membrane collagen with respect to
the high 3-hydroxyproline content, the
presence of cysteine, the somewhat low
glycine content, the high glycosylated
hydroxylysine, and the presence of a het-
eropolysaccharide. A similar composi-
tion resemblance of Hydra mesogleal
collagen and vertebrate basement mem-
brane collagen was noted by Barzansky
and Lenhoff (97). While this comparison
seems valid for selected invertebrate col-
lagens, it does not fit other invertebrate
collagens in the annelid and nematode
cuticles, which differ markedly from
each other and differ from vertebrate
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basement membrane collagens both in
possessing little or no hydroxylysine and
in a different mode of glycosylation. In
contrast, collagens of certain in-
vertebrate tissues resemble vertebrate
interstitial collagens more than they do
vertebrate basement membrane colla-
gens, while some invertebrate collagens
of basement membrane origin, such as
that of Ascaris intestine, show clear dif-
ferences in composition from those typi-
cal of vertebrate basement membrane
collagen 36).

No inclusive generalization relating all
or even many invertebrate collagens to
vertebrate basement membrane collagen
appears valid. In addition, there appear
to be no strong compositional similarities
(across phylum lines) between collagens
secreted by epithelium or endothelium.
Thus, the collagens of annelid cuticle, of
nematode cuticle, and of renal tubular or
glomerular basement membrane, all se-
creted by sheets of epithelial or endo-
thelial cells, differ markedly.

While, in general, similarities between
vertebrate and invertebrate collagens ap-
pear more impressive than differences, it
should be noted that unique features of
collagen structure and synthesis have
been described in specific groups of in-
vertebrates. The sequence distribution
of 4-hydroxyproline residues in earth-
worm cuticle collagen, along with the
specificity of the associated prolyl hy-
droxylase of earthworms, is one ex-
ample; the presence of di- and tri-galac-
tosyl units linked to serine and threonine
residues in annelid cuticle collagens is
another. Other such singularities are to
be expected and would seem to reflect
the much greater range of structure-func-
tion adaptations among the invertebrates
as a whole, compared with the narrow
and rather homogeneous subphylum of
vertebrates. It would seem that, in many
biochemical features, collagen is a re-
markably stable molecule, both in struc-
ture, synthesis, and degradation,
throughout all metazoan phyla. In partic-
ular groups of animals, however, the
needs of a given tissue can require highly
individual modifications of collagen form
and function.
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EPA and Toxic Substances Law:
Dealing with Uncertainty

The associate
administrators of
the Environmen-

tal Protection
Agency (EPA) of-
ten gather at

breakfast Monday
mornings for an
informal exchange on the ongoing battle
to protect the environment. So frequently
have the Sunday papers carried a story
indicting yet another chemical as a
threat to health and the environment that
the offending substance has come to be
ruefully referred to as the ‘‘chemical
of the week.”

The point underscored is that chem-
icals are ubiquitous in the environment
and that some of them are dangerous.
Chemicals also contribute significantly
to American living standards, and regu-
lating them involves substantial econom-
ic consequences. In 1976 Congress put
EPA in charge of resolving this dilemma
when it enacted the Toxic Substances
Control Act (TSCA), which provided for
the first comprehensive regulation of the
chemical industry.

EPA’s most obvious problem is the es-
timated 63,000 chemicals already in com-
merce and others coming into use at a
rate of perhaps 1000 a year. The real dif-
ficulties for EPA, however, lie in the fact
that the means of establishing long-term
effects of these chemicals are imperfect.
In regulating toxic substances, therefore,
EPA must contend with a considerable
measure of scientific uncertainty. At the

same time, if the agency is not to be over-
whelmed by sheer numbers of chem-
icals, it must set workable priorities for
determining which chemicals to test and
how to test them. It is not surprising,
therefore, that now, at the end of the sec-
ond year since the passage of TSCA,
questions are being raised as to whether
the law is enforceable or, to put it anoth-
er way, whether EPA is capable of en-
forcing it.

TSCA is complicated and controver-
sial legislation. The complexity is in part
a product of the controversy. Six years
of negotiations and debate were neces-
sary before Congress passed it. Adver-
saries throughout the process were rep-
resentatives of chemical industry and en-
vironmental groups. The tension per-
sists, with the former group typically
arguing that EPA is being too tough and
the latter that the agency is not tough
enough.

When it passed, TSCA was regarded
as a substantial improvement on pre-
vious environmental laws: second-gener-
ation environmental legislation that built
on experience. The major departure
from earlier law were the provisions
aimed at preventing cancer-causing sub-
stances from ever reaching the environ-
ment. As EPA administrator Douglas M.
Costle is fond of saying, TSCA makes
EPA a preventive health agency as well
as an environmental agency. To protect
EPA from being swamped by the sheer
number of chemicals, the new law was
designed to give the agency greater
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leeway in setting priorities for choosing
which chemicals to regulate—enabling
it, so to speak, to deal with worst things
first.

TSCA is second-generation legislation
also in the sense that it reflects the reac-
tion of recent years against no-holds-
barred federal regulatory activity and re-
quires EPA to perform a balancing act
between economic and environmental
imperatives.

For a federal agency, the heart of any
law is the section which sets forth its au-
thority. TSCA states that the act’s au-
thority over chemicals ‘‘should be exer-
cised in such a manner as not to impede
unduly or create unnecessary economic
barriers to technological innovation
while fulfilling the primary purpose of
this Act to assure that such innovation
and commerce in such chemical sub-
stances and mixtures do not present an
unreasonable risk of injury to health or
the environment.”’

The law does not define ‘‘unreason-
able risk>’ and, in the nearly 2 years
since TSCA was signed into law, EPA
has been mainly engaged in adding flesh
to the spirit of the statute through the tor-
tuous and time-consuming process of
writing administrative regulations aimed
at giving ‘‘unreasonable risk’’ a defini-
tion which is defensible.

To be sure, other circumstances have
contributed to the slow pace of TSCA
implementation. TSCA was enacted at
the end of the Ford regency. It was not
until nearly a year after the bill became
law that EPA filled the post of director of
its Office of Toxic Substances (OTS)
with the appointment of Steven D. Jelli-
nek, who came to EPA from the post of
staff director of the Council on Environ-
mental Quality. The last year has been

~ spent hiring staff, including most of the

upper and middle management, while at
the same time formulating policy and get-
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