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| ABSTRACT

S With a view to facilitating the study\oa uman genetic connective

tissue diseases we havé developed a technique of analyzing tﬁe primary
structure of collagen. | - '

. * One mg samples ot’pur%f ed humah!type I, II,\and IIT collagens énd

al(I) and a2 chains were digested with clostridiopeptidase A and theéyé;

Specific fingerprints were produced for each type of tollagen. The speci-

; ficity of these fingerprints appeared to be related to the primary structure

| of these collagens. / b ' - - §
I¥pe I co]]agéﬁ fingerprint patterns were obtatzgd when this

tgchnique was app]iea to 5 mg samples of human dermis, tendon and bong

and txpe II cbi]aggn fingerprint patterns‘were obtained from S‘pg saTBlg§

A . of human costal qarti{‘age. )

It is suggested that this technique may be suitable for-the study

of the primary structure of collagen in small tissue samples obtained from

patients with genetic connective tissue diseases. - "
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- ‘ leased peptides analyzed by ion exchange high pressure liquid chromatography.
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t \ Le collag2ne chez 1'homme: une &tude basée sur la digestion
\ d la collagénase bactérienne et la’chromatograph%e a‘hauté"pressionf
! , <
par ' o
. ‘» '
: William G. Cole '

RESUME ‘

Dans le cadre d'un projet d]élude des ma]adies’g%néfiques du
tissu conjonctif-chez l'homﬁé, nous avons mis au po}nf une technique
d'analyse de la structure primaire du co]Taggne.ﬂﬁ

Nous avons seumis des échantillons d'un mg des collagéres
- humains de type I, Ii,et 111 ainsi que des chatnes al(I) gt a2 & une .
digestion par la c16$?rid10peptidase A. Les petits pepEides ainsi
obtenus ont §té -analysé&s par chrSEatbgraphie.en‘phasé liquide 2 haute
pression:"Les pfofd]; d'élution obtenus forinent des cartes ﬁeptidiques
spécif%ques qui saﬁt liégs ala structu;e prina?re de chaq&e type de

~ N
“ - * -~

collagéne étudis.

[

° Les analyses._par cette techniqué d'&chantillons de 5 mg de ’

derme, de tendon et d'os humaiq ont produit des profils semblables

a celui du collagene de type I tandis que des profils similaires a .'17; .
-~ . N Y

costal humaip.

:
!
[
!
celui du collagéne de type Il ont 8té& obtenus par analyse de cartilage '
}

Nous proposons 1'emploi de cette techniqﬁe.pour 1'étude de
la structure primaire du collag2ne dans les petits &chantillons de
tissu que 1'on peut prélever 3 des patients atteints de maladies géné-

tiques. du tissu conjonctif.
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ORIGINAL' CONTRIBUTIONS * -

3

1. A method oﬁ*gnalyzing the primary structure of small amounts of ' .

*

2 collagen using clostridiopeptidase A digestion, Sebarafion of the .

re]eased‘peptides by high pressure ion exchangé liquid chromato-

graphy and their reactéon.with'ninhydrin was developed. ’;a}~

. 4
A Lo N \
- 2. Specific fingerprints were obtained when this technique was applied

to one mg samples of‘humaﬂ?}ype I; type I1 and type III collagens

and ¢1(1) and a2 chains. . . } e

. ow T "0 é. &

3. When this technique was applied to 5 mg samples of human tendon; bone
. - . b . -, %
and dermis fingerprints almost identical to thé& purified human type I

cb]lagen finQérpr?nt’were obtained. There was a high yield of pep-

= .

tides.
J ! r

4. when‘if was applied to 5 mg samples of costal cartilage fingerprints
~—~d almost identical to the purified type II collagen fingerprint were =

obtained. A good peptide yield was obtained.

hd L}

5. Based on these observatfons, it is sUgdesQed that this may be a valuable
= . technique for the study of small tissue samples ,from patients with

suspected primary structure anomalies of collagen.

’
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Collagen is a major conn;ctive tissue protein (Gq]]op and Paz,’1975).
It is ahundant in tendons, 1igaments, fascia, joint capsules, bone and
cartjl;Ze. It also forms an important part of ‘the framework of organs
such as the liver and lung and of basement membranes (Bornstein, 1974).

Using the electron/}icroscope tissue collagen has been shown to
consist of fibrils with/a highly organized structure characterized by
repeating axial periods measuriné appfoximate1y 640 R (Schmitt et al.,
1955). The basic unit of the fibril isl%he collagen molecule referred

to by Gross (1956) as tropocollagen and measures appfbximate]y 2,800 f
in length and 15 R in width. To produce the 630 R periodicity it was

-proposed in the quarter stagger hypothesis that the polarized molecules

were arranged in parallel rows staggered by oqg quarter of their length
in respect to their neighbours (Gross, 1956).

This concept has heen extended by Hodge and Petruska¢(1963) who
showed that the mole®ule measured 4.4 times the axial period. They suggest
that there is a microfibril {ntermediate of five molecules (depicted in
fig. 1} in which the molecules are stgggered in such a manner that there
1sna region where the five molecules overlap (measuring 0.4 of the axial
period) an& a gap region in hhigh only four molecules overlap (measuring

0.6 of the axialjperiod). The studies of Smith (1965, 1968), Veis et al.

(1967), Hulmes et al. (1973) and bruns and Gross (1974) support this concept.
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The collagen molecule gonsists of a triple helical rod formed by the
wrapping of three polypeptide chain around each other, as shown in fig. 2
(Yee et al. 1974 ). E}cept for short terminal regions referred to as telo-
peptides each polypeptide chain is coiled in the form of a polyproline
type Il helix (Ramachadran and Kartha. 1954, 1956; Rich and Crick, 1955).
Each polypeptide cha1n is formed by the linear arrangement of amino acids

.linked by peptide bonds (Bornstein and Piez, 1965). This arrangement is
referred to as the primary structure of collagen (Gross, 1974).

A close relationship exists between the primary structure and biomech-
anical properties of collagen (Levene and Gross, 1959); Pinnell et al., 1972).
In man the closeness of this relationship is well illustrated in the Ehlers-
Danlos syndrome. McKusick and Mértin (1975) have defined seven forms of
this syndrame in which there are varying degrees of connective tissue
laxity. Abnormalities in the biochemical structure of co]]agen‘have been
detected in the fodr recessive forms and defects in the primary structﬁre
of collagen are also suspecfed in the three dominant forms. Two other
diseases, osteogenesis imperfecta and Marfan's syndrome demonstrate
connective tissue laxity and are also suspected of having prihary structure
anoqa]ies (Penttinen et al., 1975; McKusick, 1972).

In view of this relationship between structure and function and
because of the limited information available concerning hunmn collagen
abnormalities this project was d1rected towards the study of the primary

structure of human collagen.
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FIGURE 2.

Schematic representation of triple helical tropocollagen
molecules in a collagen fibre.
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Up to 1969 only one type of collagen was known to exist. This
type of collagen was shown by P;ez et al. (1961, 1963) to contain two
distinct chains referred to as al and o2 in accord with their order of
e]ut{on when chromatographed on CM-cellulose. The al chain has been
renamed al(I) to distinguish it from the.otherumore’recent1y described
al chains. Each type I collagen mq]ecu]e contains tﬁo~a1(l) and one o2
chain designated as(al(I))2a2. This form of collagen is found in many
tissues in particular adult dermis, tendéﬁ, bone and dentin (Miller, 1973;
Epstein, 1974). o . -

In 1969 Miller and Matukas extracted a previously uﬁrecognizéﬂ
form of collagen frmﬂ lathyritic chick cartilage which consisted of al

chains with a distinct amino acid and cyanogen bromide peptide composition.

This new form of collagen referred to as type II collagen has the chain

composition [al(II)1, . Their results were confirmed soon after by Trelstad.

et al.- (1970) and Miller (1971). In addition to articular and cos;;l
carti]ages'this type of cof]agen is found ‘in the intervertebral disc
(Eyre and Muir, 1974; Herbert et al., 1975). |

In 1971 Miller et al. showed that‘two of the cyanogen bromide
peptides obtained from the insoluble residue qf.human foetal dermis could
not be attributed to the a1(I), al(II) or a2 cha}ns. Subsequently,Chquy
and Miller (197@) and Epstein (19?4) i;o1ated the type III co]]agen}which

s o—os
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produced these peptides, from human vessels, leiomyoma and foe;al dermis.
‘It,has the chain composition [a1(III)}s and is also found in the intestine
and synovium (Eyre and Muir, 1975; Pope et al, 1975).

Also in 1971 a fourth type of collagen was identified 16 basement
membranes by Kefa]ides (1971). This form of collagen ¢ontains al chains
described as (a1(IV)ls . It is found in the basement membranes of many

. -
tissues including the glomerulus, Descemet's membrane and the aorta

o
(Kefalides, 1972; Trelstad, 1974).

There may be other types of collagen as suggested by a recent report
of an ahpareﬁtly new type of cd]]agen consisting of two similar and one
dissimilar chain in human -foetal membranes and human lefomyoma (Hollister
et al., 1976).

These four types of collagen have similar helical structures and
physical dimensions butﬁthey have significant primary structure differences

as outlined below.

Type I collagen

Before 1965, the primary structure of collagen was aﬁalyzed following
cleavage of the molecule with mild agid or alkaline hydrolysis, clostridio- .

peptidase A digestion and ‘sequential digestion with other enzymes (Schroeder

et al., 1953; Michaels et al., 1958; Franzblau et al., 1964). It was shown
that -glycine accounted for one third of the amino acids and.because of the_
position of g]&cine in isolated tripeptiides such ag-G1y-Pro:Pro, Gly-Pro-Hyp
and Gly-Pro-Ala it was concluded that glytine occupied each”third position
in the molecule. However the order of these.triplets was nqt determined

nor was it clear whether the molecule was composed of several subunits

linked by non peptide bonds as was suggested by Blumerifeld and Gallop (1962).
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_ In 1965 Nordwig and Dick and Bornstein and Piez described the
cleavage of collagen with cyanogen bromide. Bornstein and Piez (1965)
applizghthis technique to chromatographically purified al{I) and a2 cﬁains.
and clearly showed that the collagen ﬁo]ecule was composed of bo]ypeptide
chains consisting of a liﬁﬁa(\arrangementyof amino acids linked by peptide
bonds and it did not contaip :grge repeating subunits joined by'ester like
g;nds. This technique was also a major advance in the amino acid sequence
studies as the peptides produced by cleavage of the collagen chains at
their methionine bonds were Fasier to study than the parent chain (Born-
stein and Piez, 1965). Another advantage of this technique was the ability
to determine the order of these peptides in the parent chain uging chemicaf
overlapping techniques, electron microscopic studies and pulse 1la g
data (Piez et al., 1969; Igarashi et al., 1970; Vuust et al., 1970).

Recent studies of the primary structure of cyanogen brom%de peptides
from known regions of the parent chains using clostridiopeptidase A, carbo-
xypeptidase, trypsin, chymotrypsin and automated sequential Edman degradation
have provided important data concerning the amino acid sequences of various
chains (Kang et al., 1967; Kang and Gross, 1970; Becker et al., 1975; Clark
et al., 1975)\ This data is however incomplete but'thg entire al(I) chain ~
sequence has been compiled from rat and calf al(I) sequences (ﬁ:lmes\gg_gl.,

~ -~

1973).
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al(l chains’

Human al(1) chains have a typical collagen amino acid compasition
JTable I) of approximately one third glycine and a high content of pro-
line and hydroxyproline (Bornstein and Piez, 19665. Since only limited’
information is available conceéning the order of these amino acids in
human al(I) chains the complete sequencé a;sembled from calf and rat
data reportedbylﬂhnes et al. (1973) will be described. .

This data shows that the a1(I) chain contains 1052 amino acids
with pyroglutamic acid at the amino terminal end and tyrosine-at tpe
carboxyterminal end. As previously suggested by Bornstein and:«Piez
(1962& all the amino acids are linked by peptide bonds ;ﬁa there are
no large repeating subunits. '

The amino terminal end of lé residues and the carboxyterminal end
of 25 residues are the non helical telepeptides. In contrast to the
he1ica1‘region\these peptides contain less than one th%rd glycine, less
hydroxylysine and no hydroxy proline. In these regions the lysyl and
hydroxylysy1 rfsidues ﬁlay an important role in intra- and intermolecular
cross linking (Eyre and Glimcher, 1973; Mechanic, 1974).

The large helical region commences at the seventeenth residue with

" the typical G]y—X-Y triplets which continue for 337 triplets to residue
1027. These triplets consist of :. p? )
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TABLE 1
. Amino acid analysei of human collagens *
Amino ac%d Skin(]) 2;:1§¥;a; Aorta(3) G;ggg;g;:r
al(I) a2 1(11? al(I1I1) membrane (4)
. of (1V)
3-Hydroxypfb1ipe »1 1 2 - n
4-Hydroxyproline 91 82 93 - 125 130
Aspartic acid 43 47 42 42 51
Threonine -* 1719 20 13 23
Serine 37 3 27 39 37
Glutamic acid 77 68 90 71 ' 84
Proline 135 120 121 © 107 61"
Glycine 333 337 333 350 310
Alanine 115 105 100 96 33
Cysteine - - - 2 8
Valine ° 21 33 18 14 20
Methionine 5 5 9 8, - 10
Isoleucine 7 15 9 B 3
Leucine 20 30 26 22 . 54
Tyrosine 2 5 1 3 6
Phenylalanine 12 2 13 8 27
éc!iydroxy'lysine 4 8 14 5 45
Lysine 30 ‘22 23 - 30 ‘ 10
. ‘Histidine 310 2 6 1
Arginine. 50 51 51 46 g 33 7

* Values expressed in residues/1000 amino acid residues.

References :

(1) Bornstein & Piez (1966); (2) Miller & Lunde (1973);
.(3) Chung & Miller (1974); (4) Kefalides (1974). .
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115 Gly-Pro-Y :here Y is hydroxyproline in 38 {hstaqces and

alanine in 31. oL @ .

77 Gly-X-Hyp where X is any aminq}acid other than proline

145161y;X-Y where X and Y are any amino acids other than

proline and hydroxyproline. ‘ Q ’ ' )
Further details regarding thé composition .of these triplets 3 ‘;/////\?'

N )

are given by Gallop and Paz (197%).

Apart from one 3-hydroxyproline residee all the hydroxyproline )
residues are in the 4-hydroxyproline f?rm (ﬁu]mes et a]., 1973). Hydro- . ) RN
xyproline is however not incorporated ;ﬁto the polypeptide chain dur1ng o
translation but arises by the hydroxy]ation of certain proTy] resxdues
which occupy the Y tyiplet position (Stetten and Schoenheimer, 1949.

Miller and Udenfriend, 1970). There are 115 subh site&-but %he complétenesb ‘
of the hydroxylation varies in different parts of the molecule.  The - ‘
overall completeness of prolyl hydroxylation was estlmated by Gal]op

- . 1

&nd Paz (1975) to be 80 % CL
Hydroxy]ys1ne 1s also not incorporated 1nto the.polypeptide cbain

during translation but arises.from the hydroxy]ation of certain lysyl-

residues in the Y triplet position (Grant and Prockop. 1972) Lysyl
residues are hydroxy]ated to varying exterits aggsignificant d1ffe%ences.
exist in the hydroxylysine content of a1(I) chains from different tissues

and in the same tissue at different ages (Spiro, 1972 hviﬁkko et al.
1973). .
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* Thi¥ va fatioh is demonstrated by compéring the_4-5 bydroxy]ysineh

residues in/dermal al(l)-chains to the 15 Qesidugs in bone al(I) chaiéns

(stoltz et al., 1973). Some of the additional hydroxylysine residues fn" °
borie al(I) chains are 10cated in the'te1opeptides (Eyre and Glimcher, 1973).
¢ TWo to three of the hydroxylysine résidues are 1linked to glucosy1-

galactose or galactose residues (Morgan et-al.,- ]970). Pinne]l et al al
(195?) showed that the ratio of g]ucosy1galactdﬁyl-hydroxxlys1ne to ga1ac1x
tosylhydroxylysine to be 2.06 in human dermis as opposed to 0. 47 in human

bone collagen. In addition, they showed that in these tissues approx1mate1y

one third of the hydroxylysine residues were glycosylated.
a2 chains |

S e e
)

e : When compared to ithe ql(I) cha1n human 2 chains are noted to

PP

contain more 1euc1ne, isoleucine, hist1dfne and hydroxylysine.but s1m11ar

@ °
a0

amounts of hydroxypr011ne (Bornstein and Piez, 1966).
,% » . - AN |
The completeness of prolyl and lysyl-hydroxy1ation are also quite.

’,

variable in d¥fferent parts of the a2 chain‘(ﬁa11opland Paz, 1975). e

|
| " Tissue variations in the degree of lysyl hydroxylation a]so exist as shown
’ B} 9 residues in dgrmis and 14 .residues %p bone (Stoltz et al., 19;3).
1 Hexoses in the form of ga?actosyl(or.glucosylghléctbsyl residues are
k ‘ ‘e« linked to two of these hydroxy1ysines (Agﬁi]an et 31-. 1973) Although
? - the bone a2 contains more hydroxylysine residues there is no 1ncrease 1n '
~ .the degree of glycosylation.(Ga]lop-and Paz, 1975). This a]so applles . K
to tﬁe Af??) chains in bone. ] ' | ' ’ N B

. " .
. [ -
&_" ) ) ’
, -
. ‘s K B
f - ~ . .
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< The telopeptides contain less than one third glycine. Tow levels

J 5
of hydroxylysine and no hydroxypro]ine but despfte these sih11arit1es )

the al(I) and a2 te]opeptides have different amino acid sequences : \

-

(Fwetzektand Kuhn’, 1973) S L ) ) .

There 1s only limited o2 amano acid sequence informatfon available.

&,

E Comparison of the sequenced regvons to correSpo dJng regpons of‘thg al(l)

chain.reveals many interchain subst12£t1ons buy the overall charge L

patterns which appear to be 1mportant for the $tability of the fibrils ;

> gre essentially the same (Ga110p and Paz, 1975

Type II collagen

-

;-

e e ontarn peryy T SRR ADIERE: o
N
Q
.
.
.

As a consequence of the insolub11ity pf human type IT collagen the .

s

. amino ac1d°compos1t1on given in Tab]e I has been derived from _the compo- L

_sition of the type II cyanogen bromide peptides (Miller and Lunde, . 1973} bﬂ B g
It contains the typica] ca]lagen content of glycine.-and 1mino ac1d§ .-
- , Compared to the al(I) chain it 1s noted -that type I collagen contalns g
‘~z : apprpx1mate1y 4-5 times as many hydroxylys1ne residues and QJ%jmes as many
.hexoses which are mainly in the glucosylgalactosyl form (Miller, 1973). -

LT

. In addition, type 11 co]]agen also contains more glutamjlresidues.

Only Wimiteg sequence data is available for th¥s-type of'collagen..

© -
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Type 111 collagen

]

' .Jhis form pf céjlagen is jso]ated from tissues as a trimer (y) as

a result of the disulphide bonds established between cysteine residues in
,the he]iéa] region of this molecule. These bqus are readily reduced with
s-mercaptoethanoi_to yield al(IID) chains (ﬁps;ein, 1974). ‘

& As shown in Table I human type 111 collagen differs from al(I) chains
in having two cysfeﬁueresidUes, more hydroxypro]ine,giycine andﬂhistidine
but it has similar amounts»of hydroxylysine (Chung and Miller, 1974):

The type III cyanogen brani&e peptides were analyzed by Chung and Miller
(1974) and their results showed that 7 of the 9 peptides contained more
hydroxyproline than proline and three contained more than one third glycine.
The two cysteine residues were located near the carboxy terminal end of

the chain. :

Only limited data concerning the amino acid sequence in these peptides

i$ available.

L4

Type IV cdilaggn

In comparison with the other collagens type IV collagen contains high..

levels of 4-hydroxyproline, 3-hydroxyproline, hydroxylysine, cysteine, leu-
cine, isoleucine andlpheny1a1aniné and Tow lévels of aianine and arginine
(kefalides, 1974). In addition it characterisiically contains 40 hexoses
mainly glucosylgalac€bsy1 residues but also small amounts of mannose and
hexosamine 1inked to hydroxy]ysine residues. = L

There is also very 1imi ted amino acid~“sequence information available -

for this type of col]a?en.

o
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2.2. -Biosynthesis of collagen

The primary str@fcture of collagen described in section 2.1 is
the result of a complex series of biosynthetic steps wh+Fh are illustrated
in Fig. 3. Collagen is not only unique because of its triple helical
structure and amind acid composition but also because of the 1arg; number
of post translational modifications required before the final product is

obtained (Gross, 1974).

The normal translational and post translational events-in the

synthesis of collagen will be described because anomalies of these events
“ (discussed in Chapter III) can produce profound abnormalities in the pri- .

mary structure and function of collagen.

Translation ' |
CoTlagen is synthetized by connective tissue cel]s such as ; y

fibroblasts, chondrocytes and osteoblasts and by epitaélial cells (Gross,

1974). The trans]at}onal process appears to take place on membraﬁe bound

ribosomes in a similar manner‘to other proteins (Kivirikko, 1974). The

polypeptide chains are formed by the stepwise addition of amino-acids at

the rate of 209 residues per minute and the chain igacomp1eted in 6 minutes !

(Vvuust and Piez, 1970). Hydroxypro]jne and‘hydroxylysine residues are

not incorporated into the polypeptide chain but are formed at a later stage -

by hydroxylation of_selected prolyl and lysyl residues (Stetten and Schoen-
heimer, 1944; Stetten, 1949; Miller, 1971). The completed chains are longer

than the tropocollagen chains as they contain additionaliamino and carboxy -
extensians fregistration peptides) the structure and function of which will
be described later. oo - ‘
e _— 2
e * ay « -
A, T ) .
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L

translated chains called protocollagen are obtaiﬁed (Berg and Prockop, 1973).
It is not clear whether procollagen messenger RNA _ (mRNA) is mono-

cystronic or pofycistronic in nature. The physical characteristics of isolated

procollagen ..mRNA would suggest a monocistronic’ form (Larazides and Lukens,
1971; Harwood et _al, 1974a; Boedtker et al, 1974; Pawlowski et al, 1975).
Vuust “and Piez (1970) concluded from their kinetic studies that the pro a
chains are synthesized simultaneously in keeping with a monocistronic form
of procollagen mRNA. An alternative view proposed by Church et al (1971)
and by Park et al. (1975) is that procollagen mRNA is polycistronic. They
propose that the three chains comprising a préco]]agen molecule are synthe-
sized in series so that a long chain is formed with each a chain joined by

X

non collagenous segments.

Post-translational modifications

a) Protocollagen prolyl_hydroxylation
This step is mediated by the enzyme protocollagen prolyl hydroxy-
lase (Grant and Prockop, 1972). The enzyme has been purified from new born
rat skin and chick embryo extracts (Halme et al. 1970; Rhoads and Udenfriend,
1970). It is an ;cidic protein which probably exists within the cell as an

inactive precursor (Kuttan et al., 1975). It has also been shown to be a

tetramer consisting of two dissimilar subunits of 64,000 and 60,0P00 daltons

which are probably stabilized by disulphide bonds in the active state (Popenoe

et al., 1969; Berg and Prockop, 1973).

If the prolyl and lysyl hydroxylation steps are blocked unmodified

[P

e =

.
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)

" This enzyme has been localized to the rough endoplasmic reticulum
where it is concentrated on the cisternal side of the membrane.(Harwood et al.,
1974b; Olsen et al., 1973; Al-Adnani et al., 1974; Cutroneo et al., 1974).
This is close to the site where the péiypeptide chains are synthesized énd it
appears that prolyl hydroxylation occurs while the chains are still attached
to the ribdﬁomes (Vuust and Piez, 1972; Rosenbloom et al., 1976). ,

" This enzyme hydroxylates certain prolyl residues in the (a]y—X-Pro)n
triplets where n is greater than two {Miller and Udenfriend, 1970; Kivirikko
et al., 1969; McGee et al., 1971). The enzyme haé‘a stronger affinity for
the unhydroxylated protocollagen and is only able to hydroxylate prolyl tesidues
while the chain is in a random form (Kivirikko et al., 1972,1973; Rosenbloom
et al., 1976). -

This enzyme requires molecular oxygen, ferrous ions, a ketogluta-
rate and-a reducing agent such as ascorbic acid (Fujimoto and Tamiya, 1962;
Kuttan et al., 1975; Uitto et al., 1975). There is a stoichiometric coupling
of oxidative decarboxylation of a ketoé}utarate (converted to succinate) with
hydroxylation of peptidyl proline to 4-hydroxyproline {Rhoads and Udenfriend,
1970). ‘ '

It is uncertain what factors control the degree of prolyl hydroxy-
lation. Ip view of the poor affinity of the enzyme for triple helical procol-
lagen it is possible that the rate of helix forTation is one controllin§

factor (Schoefield et al., 1974; Uitto and Prockop, 1974).

. o

et e o s
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b) Protocollagen lysyl hydroxylation

Ve This step is mediated by the enzyme protocollagen lysyl hydroxylase. -

(6rant and Prockop, 1972). This enzyme has a molecular weight of approximately

"350,000 daltons and is located on the membrane of the rough endoplasmic reti-

culum (Popenoe and Aronson, 1972; Harwood et al., 1974b).

It has many features in common with protocollagen prolyl hydroxylase
They are both situated/on the rough endoplasmic reticulum, they have the same
cofactor requirements and both appear to act on nascent chains (Uitto and
Prockop, 1974; Rosenbloom et al., 1976). However each enzyme is specific for
its own substrate (Grant and Prockop, 1972).

This enzyme hydroxylates certain lysyl residues in the triplets

Gly-X-1ys dhg the substrate needs to be in a random form-(Kivirikko et al., 1973;

Ryhdnen and Kivirikko, 1974). The factors that control Fhe tissue and age
differences in lysyl hydroxylation are unknown.. One of the limiting factors
however appears to be the rate of helix formation. The slower rate of helix
formation in procollagen from cartilage (pro type I1) and {ens cells (pro

type IV) than tendon cells (pro type I) may account for the relatively high
hydroxy]ySIne contents of cartilage and lens collagen (Miller, 1971; Kefa11des,
1971; Grant et al., 1973; Schofield et al., 1974). ‘

Selected lysyl residues in the telopeptides. cantalso be hydroxy;
lated (Eyre and Glimcher, 1973). Gailop'an& Paz (1975) in reviewing some of
the features of the protocollaqen lysyl hydroxytase deficient form of human
Ehlers-Danlos syndrome (see chapter III) suggest-that -a separate enzyme may

be responsible for lysyl hydroxylation in the telopeptides.’
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¢) Glycosylation

In 1965 Butler and Cunningham showed in chick embryo tibiae that
glycosylation occured within several minutes of the formation o%\ﬁydroxyly-
sine residues.

The enzymes required for this step, collagen UDP-galactosy]l
transferase and‘collagen UDP-gTlucosyl transferase have been isolated and
been shown to require manganese as a cofactor (Bosman and Eylar, 1963;

Spiro and Spiro, 1971; Myllyld et al., 1975). These enzymes are located
in the rough and smooth endoplasmic reticulum (Harwood et al., 1974b;
Brownwell and Veis, 1975).

Glycosylation probably occurs in nascent chains but it is apparent

that the substrate specificities vary with the sou;ce of the enzyme (Mylliyld._
‘et al., 1975). ) [

Morgan et al (1970) and Aguilar et al (1973) have identified a
sequence which may be a specific requirement, -Gly-X-Hyl (Gal-Glc)-Gly-X'-
Arg-. Glygosylation can however occur in other sequences as shown by the
carboxy telopeptide site described by Eyre and Glimcher (1973).

As with ‘the other enzyme steps littfe is known about the

controlling factors. The number of hydroxylysine residues available would

seem to be one factor as more hexoses are found in the type II and IV colla-

gens which contain, the largest numbers of hydroxylysyl residues (Kefa]ides,’

1971; Miller, 1973).
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Triple helical collagen molecules can be formed in vitro but the

yield is small, the process is slow and it lacks specificity in that [al(I)]s,

* ( a2); as well as the normal {al(1)), o2 molecules can be made (Piez and
Sherman, 1970). However, in vivo helix formation is efficient and rapid

(Piez, 1970).

One of the explanations for the rapid helix formation in vivo was

that the amino terminal extensian (registration peptide) brought the three
pro a chains into register so that spontaneous helix formation would occur

(Sherr et al., 1973). Hydroxyproline was also ngwn in experiments using

underhydroxylated procollagen and protocollagen to be important for normal

helix formation and stability (Berg and Prockop, 1973; Sakakibara et al.,
*
s 1973).

¢

In 1974, Tanzer et al. showed that procollagen contains an extra
extension at the carboxyterminal end as well. The amino and carboxy régis-
tration peptides have been recently characterized by Byers et al., (1975),

Fessler et al. (1975) and Rosenbloom et al. (1976). The amino peptide has a

G v Ao T e L

molecular weight of hBpproximately 20,000 daltons’ and it contains cysteine
while the carboxy peptide has molecular weight of approximately 35,000 daltons
and contains tryptophan and cysteine residues but the disulphide bonds are

restricted to the carboxy peptides. Fessler et al. (1975) described the

component parts of procollagen as [{NH,-peptide)-(collagen)-CO0H-peptidel

with interchain disulphide bonds between the carboxypeptides.
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Disulphide bonding between the carboxypeptides is a relatively
late evknt in the synthesis of procollagen and. if the formation of these

carboxypeptides is blocked with puromycin the chains despite normal prolyl

hydroxylation will not form a triple helix and they will not be secreted
(Fessler et al, 1975; Rosenbloom et al., 1976). These ob;érvations demon-
strate that proper pro a chain registration and prolyl hydroxylation are

required for normal helix formation and secretion. .

. The above descriptioﬁ refers to tﬁe method of assembly assuming a
monocistronic mRNA pattern of pro a chain synthesis. However Park gg;gl.

(1974) proposed that with 5 po]ycfstronA@ mRNA system that in addition .to :

- producing procollagen of the correct chain composition‘suitab]e folding of

s, the long polypeptide chain could bring the pro «a chains into registration~ .

\

for triple helix formation.

FRRPRY

Schmitt in 1960 and Speakman in 1971 suggested that the secreted

s

form of collagen was probably longer than tropocoilagen. In 1971 Layman et al.

described a soluble "transport" form of collagen in tissue culture expe-

riments and in the same year, Bellamy and Bornstein (1971) called it pro- . ' )

R e ]

collagen. Weinstock and Leblond (1974) showed in odontoblasts and osteoblasts

the route by which this soluble form of collagen is secreted. Using *H pro-
1ine autoradiography they showed that procollagen moved from the ribosomes to |
the spherical Golgi saccules where the procollagen assumed a m;}e parallel

aggregated form and then to the cylindrical“portions of the Golgi saccules.

In this region the procollagen was contained within presecretory and secretory
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granules which were extruded from the cell surface by exocytosis. Harwood

et al. (1976) reported data which supports this proposal. ’

f) Conversion_of procollagen to_collagen

In 1971 Lapiere et al. isolated from calf skin the enzyme pro-

v incg g el (PR T

collagen peptidase that mediates: thisi step. It has also been extracted from
rat and chick calvaria by Bornstein et al (1972). The observations by
Goldberg et al. (1975) of this enzyme in the media of %ibrob]asts cultures
;uggested that its normal site of action was outside the cells.

It%is a neutral endopeptidase that requires calcium as a cofactor.

B+ etk b = T

It cleaves the terminal exte;sions (registration peptides) of procoltagen in
a stepwise manner (Goldberg et al., 1975). It is not clear whether more than
one enzyme is required for reﬁova] of the amino and carboxypeptides.-

The studies made by Ba{]ey and Lapiere (1973) on tissue collagen
in the procollagen peptidase deficient diséase of cattle, dermatosparasi%,

clearly showed that if the registration peptides are not removed that normal

packing and crosslink formation required for normal tissue function cannot

]

occur.

The extraction of small amounts of procollagen I and 1II from
skin by Byers-et al, (1974) and Lenaers and Lapiere (1975) may .indicate that

there is a delay in the norwaJ conversion of the soluble procollagen into the

fibrillar collagen.- . . '
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g) Fibril_and_crosslink_formation_
The major crosslinks which stabilize collagen are partly formed
from certain lysyl and hydroxylysyl residues situated in the telopeptides
following their conversion to the a1dehydes é]]ysine and hydroxyallysine.
by the enzyme lysyl oxidase (Siegel and Martin, 1970).
Lysyl oxidase was isolated and characterized by Pinnell and
Ma}tin (1968) and Siegel and Martin (1970). The enzyme requires oxygen and
copper as a presumptive cooxygenase. Recent studies show that aortic lysyl
oxidase is heterogenous in that it contains two antigenically distinct compo-
nents (Vidal et al., 1975). .
The principal intramolecular crosslink arises by the condensation
of the allysines in‘;he aminotelopeptide to form the aldol condensation product
(Gallop and Paz, 1975). For normal intermolecular crosslink formation Tanzer
(1967, 1968) showed that the molecules must pack together into a quarter stigger.
The allysine and hydroxyallysine residues in the amino and carboxytelopeptides

plus the ‘secondary aldehyde from the aldol condensation product are the pre-

‘cursors of Schiff bases formed with lysine, hydroxylysine and histidine

residues at specific sitgs in the helix. Furtherydetailé are givén by Gallop

and Paz (1975).
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CHAPTER III
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PREVIOUS INVESTIGATIONS:

iﬁ ABNORMAL PRIMARY STRUCTURE OF COLLAGEN
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There are many sites in the biosynthetic pathway where golJagen
defects could arise. Most of the known human defects are inheritéd as-
recessive traits and effect the enzyme mediated post translational modi-'
fications.éf the collagen primary structure (McKusick and Martin, 1575).’
Other defects involve the typés of collagen synthesized (Pentt%nen g;_gi.,
1975).

In Table II the features of the seven types of human Ehlers-DanTos
syndrome as dé¥1ned by McKusick and Martin (1975) are listed. In.three

of the recessive forms eﬁtyme defects have been identified.

" Lysyl protocollagen hydroxylase deficiency

In 1972 Pinnell ét al. observed low hydroxylysine levels in specimens

of skiﬁ, fascia and bone from two siblings with ‘the type VI Ehlers-Danlos
. o 37
syndrome. Associated with this anomaly the tissues showed a marked reduction

in the hydroxylysine derived crosslinks (Eyre and Glimcher, 1972) The

enzyme lysyl protocol]agen hydroxylase which mediates the hydroxy]ation e
of Tysyl qesidues was shown to be deficient in cultured fibroblasts from‘
these patients (Kraﬁe et al., 1972). Susimaﬁ.gj_gl; (1974) confirmed this _
;nzyme defectsin cultured fibroblasts from one of twd affected siblings
from a different familye

i It may be possible to increase the activity of this epzyme as an
affected boy frém another family has shown improved lysyl hjdroxyiatién
with the adm1nistration of the enzyme s principle reductant ascorbic

acid (Elsas et al., 1974) ‘
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TABLE 11

+

ihe Ehlers-Danlos Syndrome

w«wwxg@WﬁW%ﬁ T

r

Name

’

Clinical features

»

Genetiés

EDS T, gravis type

EDS 1I, mitis type &

EDS III, benign hypermobile
<. type

EDS 1V, ecchymotic, arterial
or Sack-Barabastype

. <&
EDS V, X-linked type

f &

EDS VI, ‘ocular #¥pe

.minimal, ‘skin. fragilityyand bruisability

b »
Classic features, all severe

Classic features, all mild Do,

Generalized marked joint hypermoBility without =
skeletal deformity; skin features minimal

Severe bruisability, very thin skin, rupture
of bowel, rupture of large arteries, minimal
jotnt laxity (e.g., limited to fingers)

Stretchable skin striking, joint hypermobility

s

variable. X
Scoliosis severe, skin features moderaﬁe.
blindness from retinal detachment or :
ocular -rupture, _

.

Autosomal aominqnt
Autosomal dominant

Autosomal domiqant

~

Autosomal recessive

X-Tifked recessive

-

Autogomal recessive

Y

‘ ~ i
1
i 4
Biochemdéal defect
* '
Unknown
Unknown.
“Unknown N

A )

Deficient synthesis * |
of type III collagen-~ |

»

Deficiency of lysyf
oOxidase .-
]

%éficiency\of lysyl
hydroxylase . °

. . - )
X . : ) - ’ .. . . . - ‘
EDS VII, arthrochalasis Short stature, severe joint laxity with ¢ Autosomal recessive ®  Deficiency of pro-
multiplex congenita congenital dislocations, moderate skin ‘ T collagen peptidase . |-
stretchability and bruisability. ' . .
— . - _ - o i
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Procollagen peptidase deficiency

" In 1973 Lichtenstein et al. s?owed that three patients with type VII
Ehlers-Danlos syndrome had detectable amounts of type I procollagen in
extracts, of their skin and tendon. .This abnormality was considered to be
the result of a defect in the conversion of procollagen to tropocollagen.
Reduced activiz} of procollagen peptidase which is responsible for this
conversion was observed in cultured fibroblasts from these patients.

A similar enzyme defect has been.observed in dermatospgraxis which is

an awtosomal recessive disease of cattle but‘the clinical ‘features are

" quite different (Lenaers et al., 1971).

Lysy]l dxid;se deficiency . ' .
In 1975, DiFerrante et al. reported two maternal cousins with type 'V
Ehlers-Danlos syndrome in whom cultured fibroblasts produced poorly cross-
- linked col]égen due to reduced lysyl oxidase activity.

They also showed that the flavanoid (+) catechin which can create
hydrogen bonds between col1agep\nolecu1es in vitro decreased the abnormal
solubility of the collagen pro&uced by these fibroblasts. It was suggested
‘thpt this agent may produce a similar effegt in vivo. )

This enzyme step is also affected by the action of several drugs and
y other genetic &iseases. The activity of . « lysyl- oxidase is' reduced by
tpe~competitive inhibitor g8 amino proprionitile and by‘q1sotgers which
décrease the level of the essential cofactor: copper (Pihne]l‘and'Martin.
;3968); Danks et al., 1972). The reduttion in crosslink formation produced

by‘peniéillamine. homocysteine and hydrallazine is in part due to the binding

~

of these agents to the aldehydes produced from lysine and hydroxylysine by
\ -
_ this enzyme (Gallop and Paz, 1975). ~

-

©

i s ., ’ L - “ .
. - . - - L
B4 e, g N AD !

3
R e RS LG
MR s s WL s




Al

,
T N RIS AT,

.
v
B = e R TION TTONE SR, b St S ‘&aﬁk'a"*‘ e

it RE S0 2 & T SR Ty SOy s

27. o
o
There are also several reported defects involving the types of E
collagen synthesized;
1) Deficiency of type IIl collagen :

' In 1975, Pope et al. reported five patients with type IV Ehlers-

Danlos syndréme who had histological evidence of reduced amolnts of
tissue collagen, absent type IIl collagen in the’skin, aorta and intes-

tine and absent type III collagen in the cells and media of cultured

fibroblasts.

2) Deficiency of type I collagen

Also in 1975, Penttinen et al. reported that cultured Fibroblasts
from a lethal form of osteogenesis imperfecta congenita produced less
type 1 and more type III collagen than norma]’f?broblasts. It was concluded
that the defe® involved type I collagen production.

Meigel et al. (1974) and MUller et al. (1975) studied a boy with a new
connective tissue disease which appeared to be inherited as a recessive trait.
He was marfanoid with some radiological features of osteogenesis imperfecta.
Fibroblasts culture studies showed a reduction in type I and an increase
in type III collagen production. |

It is apparent that great advances have been made since 1972 in the
detection of pfimary structure anomalies of collagen in’several inherited

$ . cénnective tissue diseases. This information has contributed to the under-

standing of normal collagen biosynthesis, the improved classification of
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these diseases and has suggested possible methods of therapy. However

very little information is availaple concerning the primary structure of
collagen in the dominant forms of Ehlers-Danlos syndrome and osteogenesis
imperfecta in which amino acid substitutions in the collagen chains pro-
bably constitute the basic defect (McKusick and Martin., 1975; Lancaster

et al., 1975).
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AIM OF STUDY
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In contrast to classical primary structure studies in which large
quantities of purified coilagen are used, it is'necesséry in studying
human genetic connective tissue diseases to use techniques suitable for -
the analysis of collagen in small tissue samples.

The techniqqes of a;m'no acid analysis, crosslink analysis, cyanogen -
bromide peptide analysis and polyacrylamide electrophoresis have pro- . i-
vided valuable information regarding the collagen in small tissue samples
obtained from patients with the Ehlers-Danlos syndrome (Lichtenstein et al.,
1973; Penttinen et al., 1972;-Mechanic, 1972; Pope et al., 1975). It:is
unlikely however that these techniqdes applied to small tissue samples
would enable the detection of an amino acid substitution such as may exist
in the dominant forms of the Ehlers-Danlos syndrome and osteogenesis imper-
fecta (Mékusick and Martin, 1975; Lancaster et al., 1975).

” While an amino acid substitution may not produce a detectable alter-
ation in the amino acid content of the tissue or im the dectrophdretic or
chromatographic characteristics of‘hp]uble collagen or the cyanogen bromide
peptides 4t may alter the behaviour of smaller.collagen peptides. Smailer
peptides, in particular tripeptides are released from collager by clostri-
diopeptidase A (Michaels et al., 1958). It was reasoned that if suitable
methods of peptide separation and detgc{ion were available this technique
may be appropriate for the study of collagen in dominantly inherited con-

nective tissue diseases. = ;
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Recently Paz and Gallop (1975) reported that gopd fingerprints were

%
obtained when the peptides released from small amounts of collagen by clos-

tridiopeptidase A were separated by high pressure ion exchange liquid chro-

matography and detected by scintillation counting. As a result of this
report it appeared likely that with some modifications this technique would

be suitable for fingerprinting collagen in small tissue sahples.

The_aims of the study were :

1. To determine if specific fingerprints could be obtained when 1 mg samples

‘ ofCBuman type 1 collagen were digested with clostridiopeptidase A and
the released peptides separated by high .pressure fon exchange liquid
chromatography and reacted with ninhydrin.

: 2. To determine the fingerprints of human a1(I), o1(II), al(IIl).and a2

o,

chains.
3. To determine if specific fingerprints could be obtained when this
technique was applied to small samples of human dermis, tendon, bone

and cartilage.

4. To determine from the results ‘whether this technique would be suitable

e 1 P T S FEIIRAGON

b for the primary structure analysis of collagen in human genetic con- , q

nective tissue diseases.
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CHAPTER V

MATERIALS AND METHODS
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5.1. REAGENTS

.

.

Pepsin (2 x crystallized), azocasein, clostridiopeptidase A (E.C.

3.4.4.19) (described as collagenase type III from Clostridium histoly-

ticum), 4-hydroxy-L-proline and &-hydroxy-lysine-HC1 were purchased from
SIGMA Chemical Co. (St. Louis, Mo.). The tripeptides Gly-Pro-Hyp, Gly-
Ala-Ala, Gly-Pro-Ala and Gly-Pro-Pro came from FOX Chem. Co. (Los Angeles,
Ca.). DEAE-cellulose-(DE 52) and CM-cellulose (CM 52)‘were obtained from
wHATMAN (Maidstove, Kent). PIERCE (Rockford, I1.) was our supplier of
ninhydrin reagent (NIN-sol) an& of amino-acid standard (hydrolysate, sodium
citrate buffer) which was completed wi%h weighed hydroxyproline andﬁﬁydro-
xylysine. Reagents for gel e]ectrophqresis were from EASTMAN KODAK Co.
(Rochester, N.Y.) except for sodium dodecyl sulfate (specially pure) which
was ‘obtained from BOH Chemicals (Montreal, Canada)7 A1l the other reagents
were from FISHER Scientific (Montreal, Canada). The insoluble material
found in guanidine hydrochloride (purified) was eliminated by filtration

-

before use.

A'S.Z. GENERAL PROCEDURES.
Tissue spgcinens were milled for 4 min. at liquid nitrogen temperature
in a freezer-mill (SPEX Ind., Metuchen, N.J.). The centrifugations to
}. collect precipitated material were made for 30-min. at 4° ¢ and 37,000‘9

(r v 8.25 cm) in the SS-34\rotor of the SORVALL RC-2B centrifuge. Tris-HCl

a
buffers were prepared by)geighing the regquired amount of Tris, dissolving
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it in half of the fiﬁaI volume and adjusting the pH with 1 M HC].-.The
solution was then brought to volume. Dialyses were made with stirring
at 4° C in SPELTRAPOR #2 membranes (specified molecular weight cut off :
12-14,000) (SPECTRUM MED. Ind., Los Angeles, Ca.).

5.3. PURIFICATION OF HUMAN TYPE I, II and ITI COLLAGENS.

Skin samples were collected at autopsy from pafients and foetuses
who had died from conditions not likely to have been associated with
collagen abnormalities. Foeta]idermis was used as the source of type III
collagen and both foetal and adult dermis were used as the sources of

type I collagen. These collagens were isolated and purified using the

stechniques described by Epstein (1974). The type III collagen obtained

was found to contain a little type I collagen. When chromatographed on

, Cﬂ-ce]1u1ose, the type III collagen coeluted with the B12 chains of type I

collagen. Pure type III collagen was precipitatied from this coeluting
material by dialysis against 0.05 M Tris-ﬁC] buffer, pH 7.5, containing
1.71 M NaC1.

Hyaline costal cartilage was obtained at autopsy from a 3-year-old
child who had died of cardiac disease. After excision of the perichondrium
and milling of the cartilage, the proteoglycan was extracted at 4° C with
5.5 M guanidine hydroqploride. 0.15 M potassium acetate, pH 6.3 solution
(10 m1/gm wet weight) changed daily for 5 days (Rosenberg;‘l975). Type 11
collagen was obtained by limited pepsin digestion of the residue using the
techniques of Miller (1972) and of Eyre and Muir (1975,a). ‘The type 11

collagen obtained was chromatographed on both CM and DEAE-cellulose.
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CM- and DEAE-cellulose chromatograﬁhy.

CM-cellulose chromatography was-performed as described by Lichtenstein
v

et al. (1975). The bed size was 1.5 x 20 cm and the column was eluted at

. 45° C with a 400 ml linear gradient from 0 to 0.1 M NaCl, in 0.03 M sodium

acetate buffer, pH 4.8, containing 4lM urea. The absorbance of eluting
material was continuously measured at 230 nm with a SCHOEFFEL 440 spectro-
flow monitor equipped with a 8 ul cell. -

The tech9ique of Trelstad et al. (1972) was used for DEAE-cellulose
chromatography with the addition of 1.3 M urea to the buffers as suggested

by Seyer et al. (1974,a). The bed size was 1.5 x 5 ﬁn

Gel electrophoresis.

Urea-sodium dodecysulfate polyacrylamide gel electrophoresis was
made according to the technique of Goldberg et al. (1972) in a BUCHLER
POLYANALYST instrument. The gels were stained with 1 % amido-black in 7 %
acetic\acid for 30 min. Destaining was performed in a diffusion destainer
(model 172, BIO-RAD, Richmopd, Ca.) using a so]utioh of acetic acid (50 ml),
methanol (75 ml) and water to 1 L. Gels were scanned with a scanning
microdensitometer (Model 445-50 Densicomp, CLIFFORD Inst., Natick, Mass.)

equipped with an interferential filter centered at 550 nm. -
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5.4. PREPARATION OF TISSUES FOR CLOSTRIDIOPEPTIDASE A DIGESTION.

Samples of skin, tendon, bone and costal cartilage were obtained at
operation or autopsy from patients with disorders not likely to have been
associated with co]]agen,abnormalities.i Each tissue was mechanically
cleaned and milled to a fine powder. The milled dermis, tendon and costal
cartilage underwent limited pepsin digestion as described by Epstein (1974).
Foliowing the digestion the pepsin was inactivated by raising the pH of the
migture to 8 fpr 20 gin. using 2 M NaOH. The mixture was dialyzed at 4% ¢
against 0.05 M Tris HC1 buffer, pH 7.5, containing 0.5 M NaCl, against
deionized water and lyophilized. Fiv? mg of each lyophilized sample was
used for clostrodiopeptidase A digestion. '

Samples of milled bone were washed with a 0.15 M NaCl solution at
4% C until the solution was clear. The powder suspended in this solution
was dialyzed at 4° C against a 0.6 H‘EDTa.solution adjustéd to pH 8.0 with
NaOH (200 m1/100 gm of bone) (Dickson, ¥974). The solution was changed
each day for 7 days. The decalcified bone suspension was dialyggd against

0.05 M Tris-HC buffer, pHd 7.5 containing 0.5 M NaCl, against deionized

ik

water and lyophilized. Limited pepsin digestion of this material wés made

as described above. Five mg of the resulting lyophilized material was

used for clostridiopeptidase A digestion. :




5.5. CLOSTRIDIOPEPTIDASE A DIGESTION.

Digestion of collagen by clostridiopeptidase A was made essentially
as described by Paz and Gallop (1975).

Samples of 1 to 2 md of collagen were suspended in 0.5 ml of a 0.02 M
Tris-HC1 buffer, pH 7.5, containing 5 mM CaC'l2 and 0.01 % azocasein. 10 ul
of a clostridiopeptidase A solution (2,000 units/n1) in the same buffer was
added and the mixture was maintained at 37° C for 15 hours with mild-agitation.
0.5 ml of a 10 % trichloracetic acid solution was then added and left to
stand for 30 min. at 4% C. The suspension was centrifuged for 10 min. at
4° C and 9,200 g (rav 8.25 cm). The pellet was discarded and the superna-
tant extracted three time; with ether to remove trichloroacetic acid. The

residual solution was lyophilized.

5.6. HIGH PRESSURE LIQUID CHROMATOGRAPHY OF THE CLOSTRIDIOPEPTIDASE A

DIGESTION PRODUCTS.

The automatic analysis of the small peptides released By the clostri-
diopeptidase A digestion was performed on the DURRUM D-500 am{no acid ana-
lyzer (DURRUM INST. Co., Palo Alto, Ca.). Each lyophilized sample was dis-A

solved in the sodium citrate sample buffer, pH 2.2 (100 ul/mg), and an
aliquot of 40 ul transfered into a sample holder unit. The chromatography
was performed at 2,000 psi on the standard 1;75 mm bore, 48 cm long, DC-4A-
resin column, using a modified DURRUM sodium titrate buffér system to pro- ‘

duce a discontinuous pH and ionic strength gradient. The elution system

ET
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time O refers to sample injection.

[ > 2

was as follows : 0-44.5 min, pH 3.25,

Nat 0.2 N; 44.5-52 min., pH 3.75, Na* 0.2 N (prepared as a 1:1 mixture

of the Na* 0.2 N, pH 3.25 and pH 4.25 standard buffers); 52-80.min. pH 4.25,

Na* 0.2 N; 80-130 min.; pH 4.50, Na* 0.38 N (prepared by addition of 6 N
: HCT to"the Na” 0.38 N, pH 5.02 standard buffer); 130-165 min., pH 7.9,
n Nat 1.1 N. The column temperature was 50° C and raised to 65° C at 10 min.
The elution time of the tripeptides Gly Pro-Hyp, G]y-A]a-A]a, G]y-Pro-A]a,
G]y-Pro -Pro, were determined with synthetic standards.

Reaction with ninhydrin was performed at #26° C under 110 psi back-

pressure and the absorbance of the reaction products read with a 590 nm

5 photometer. /

[

; Amino-acid analysis.

Samples were hyd%olyzeﬂ under nitrogen in6 M constant boiling HC]
for 20 h at A10° C and ana]&zed with the DURRUM D-500 amino-acid ana1yzer
using the standard 4 buffer system for collagen analysis. Hydroxyproline -

N 4 and proline reaction products were detected with a 440 nm photometer.
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6.1. CHARACTERISTICS OF THE ISOLATED COLLAGENS.
v The Behaviouf of our type I collagen preparation on CM-cellulgse

N

»

\type 1L collagen. The presence on e1ecirdph6nesis of some B chains in the

-

chromatography (fig. 4) and polyacrylamide electrophoresis (fig. 5)
‘conformed to the char&cteristics of type I collagen reported’by Bornstein
and Piez, 1964. -Characteristic electrophoretic mobilities a;d amino acid
contents were also observgd for the eluted al(l), B]i, B12 and a? chains.
The slight heterogeneity ébserved in the electrophoretic patterﬁ of type 1
collagen and the al(l) chains has also be?n observed by others (Chung and
Miller, 1974; Eyré and Muif:v19753‘ and attributed to the production of some
shorter chains by the action of pepsin.

The cartilage collagen ﬁroducedwa single peak when chfomatographed
on CM-cellulose (fig. 6) and when chromatographed on DEAE-cellulose this
peak was resolved into two main fractions (fig. 7). These fractions had
identical amino-acid compositions (Table III) and hexose contents as deter-
mined by the method of Robertson .and HarVex}(lQ?Z). Apart from higher-hx;
droxylysine contents their aming acid compositions were similar to the )
compoéif%on of, human type 11 éollagen calculated from its cyanogen bromide .
fragments by Miller .and Lunde (1973): As a r;sult,;he major peaks obtaineq
firom the CM- and DEAE-cellulose chromatogra}h;es were considered to coﬁ%éin
—~
second DEAE-ce]Wquse fraction suggests that the type II collagen in these
ffacti@ns differed %n their state of aggr'e.gation.(ﬂg.‘8)~.L"N Inﬂcoﬁtrast to
gexgr et al..(1974a,b) whohfounﬂ.both type I-and 11 tollagens, in boving" ™
cartilage we only#found type II collagen.in aur_isglated human haterial.
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FIGURE 5. Electrophoretogram of type I collagen and its component chains.
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(: TABLE I11I

* Amino Acid Composition of Cartilage Collagen

Cartilage collagen was chromatographed on CM-cellulose and yielded
a single fraction referred to as CM-cellulose. When chromatographed on
DEAE-cellulose two major fractions, referred to as Fractions A and B were

obtained.
Amino Content (residues/1000 residues)
hetds CM-cellulose fraét1on‘QFAE-ce]]glgzi1on B
Hyp ' 97 96 95
. Asp 40 A2 4] ,

Thr 20 22 20

Ser 27 30 29

Glu 99 98 99

Pro 119 116 118

Gy 336 332 33
.Ala 101 103 105

val ' 16 15 16

Met : 6.0 7.9 ) 7.0
Ile 1 9.9 10

Leu 30 28 29

Tyr 1.2 1.8 1.1
Phe 13 12 12

His 2.1 2.7 2.7
Hy 19 19 18

Lys 17 17 - 17

Arg 49 T 49 ’ 49
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A characteristic single symmetrical peak was obtained Qhen our unre-
duced type 111 coliagen preparajion was chromatographed on CM-cellulose
(fig. 9). On gel electrophoresis the same prepgration showed a major vy band
and some higher molecular wéight material (fig. 10). After reduction of the
disulfide bonds with B-mercaptoethanol the characteristic conversion of the
slowly migfating Y chains into the faster migrating al chains was observed
(Eyre and Muir, 1975),. The presence of some dimeric (B) and trimeric (y)
material was probably due to the presence of some non disulphide crosslinks.
The amin; acid composition of this type III collagen preparation was also

found to be similar to the compositions reported by Epstein (1974) and
Chung and Miller (1974).

6.2. ANALYSIS OF THE PEPTIDES RELEASED FROM ISOLATED COLLAGENS ’

After digestion with c]ostridiopepti&ase A, each type of collagen
showed a specific elution profile on high pressure ion exchange 1iquid chro-

matography (fig. 11). More than 40 peaks were resolved. Peaks corresponding

_to the elution times of the tripeptide standards were identified (Gly-Pro-

Hyp, 43 min.; Gly-Ala-Ala, 46 min.; Gly-Pro-Ala, 61 min. 15; Gly-Pro-Pro,
62 min.20).. Partial resolution between the Gly-Pro-Hyp and Gly-Ala-Ala and
between Gly-Pro;Ala and Gly-Pro-Pro was obtained.
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FIGURE 11. High pressure ﬁiquid chromatograms of the collagens
after collagenase digestion.
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. Three peaks were produced by non collagenous materials. A urea peak
eluting after 9 min. was found in the digests of chromatographically purified

chains. The peak eluting after 78 min. was an artefact also present in_

blanks and the peak eluting after 111 min. was due to ammonia.
The cond1t10ns used for the clostr1d1opeptidase A digestion as judged \

by the completeness of the digestion and the Tack of non specific proteo-

i

lysis appeared to be satisfactory. Quantitative aﬁ%no acid analysis of the

N

collagen substrates and the 5 % trichloragetic: acid soluble collagen

pepiides showed that the reaction was complete. In addition a comparison

T
T i et i e et L T

PP,

/Of the elution profiles of the collagenase released peptides with amino

acid elution profiles failed to 'show any significant coincident peaks. -

This finding was considered to indicate the absence of any significant

exopeptidase activity. The activity of non specific endopeptidases as
assessed by the digestion.of azocasein was al§n,shown to be minimal.
The e]ution patterns obtained ffom different runs of the same peptide
'preparat1on w%re found to be almost identical. The elution pattern ) . o
obtained from separate d‘gestsfsf the same substrate were also almost *

identical provided the same conditions, in particular the same enzyme : , .

Y

R XRS5 ot T ORI N MM 7 1 5+ vy V™
.
.
A
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preparation was used. We observed several differences when ADVANCE

‘ BEOFACTURE Corp. (Lynnbrook, N.Y.) form III collagenase was used instead
of the SIGMA type III col]agenase These differénces were probably related“

to the known heterogeneities of this enzyme (Miyoshi and Rosenbloom, 1974). .
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An asséssﬁéht of the suitability of this technique for the quantita- '
tive analysis ;f collagen was made. Pu;ified type 1 col1agen; al(I), a2
and B12 chains were separately digested with clostridiopeptidase A and

the resulting peptides chromatographed. Two peaks were selected; the one

eluting at 88 min. 58 sec. (peak 88/58) was considered specific for the

(1) chain and1the one eluting at 150 min. 58 sec. ‘(peak 150/58) specific

| for a2 (fig. 12). Using these peaks as markers, we recalculated the chain

composition of type I collagen and 812 chains. The results given in
Table IV show close agreement between tﬁe experimental and theoretical chain

compositions.

Using the quantitative information obtained from this experiment we

mixed the peptides produced by £he separate digestions of al(I) and a2

"chains infa 2:1 ratio simulating.type I collagen. The résh!ting elution

profile was almost completely superimposable oﬁ the one obtained for type 1

collagen (fig.. 13). ' S .

-

6.3. ANALYSIS OF PEPTIDES RELEASED FROM<IISSUE COLLAGEN.

Readily.recognizable co]lagen fingerprints were obtained from thé{ ‘
dermal, tendon, bone and cartilage samples (fig. 14 and 18). It will be
noted that a new DURRUM DC-4A column was used for these analyses and the

Speed of the paper was doubled. Better resolution of the peptides was-

~ obtained. t - ‘ -
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FIGURE 12. Chromatograms of al(I) and o2 collagenase digests.
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' s : TABLE. IV
\\ - ! - .
P T . / * ’ ' i
: ' Quantitative Analysis)of .,Type I Collagen .
o . -‘ * ;
, . Using the described high pressure \Jiquid chromatography analysis of
; the collagenase digestéd collagens the proportions of al(I) and a2 chains
H were evaluated from the relative area of the peak eluting qg 88 min. 58 sec.
£ considered as specific for the al(I) chain and of the peak ®luting at 150 min.
£ . 58 sec. considered as specific for a2 chain. These peaks are indicated by
¥ arrows on.fig. 12. . ‘ , -
b . . S
' ) o _Experimental values- Theoretical values¥d
& Digested chain 5oy 88758 | Peak 150/58 a1 2 |
- T - I1al(I)}:—| - -[a2) - :
v b - -ﬁ
. al(I)-811 25.4 (100%) 0 10 . 0 .
a2 0 Y o14.8(100%) | 0 .00 [ -
. a1 (1)1 02 17.0(67%) 4.9(33%) . .67 33
' ’ 812 13.2(52%) - 8.4(57%) .50 50
;: ‘ + peak area x 10%/5 of {fitegrated peaks )
: * expressed in % of the total collagen. - L. \
3 . . .- / \ ‘
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The fingerprints obtained from tendon, bone and dermis were almost
jdentical to the type I cd]]agen fingerprint shown in fig. 14. In each
tissue approximately 75 % of the collagen was gonverted to trichloracetic

acid soluble peptides. There was no evidence of non specific proteolysis

apart from the fingerprint of one bone sample which showed several addi-

gional peaks possibly produced Qy amino acids.

A type II‘collagen fingerprint was obtained from the costal cartilage

digest. There were no sign of non speéific proteolysis. ,Qpproximately 75 %
~

of the cartilage collagen was converted to trichloracetic atid soluble

peptides.
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DISCUSSION )

The technique de;eloped for fingerprinting human collagen was found

to be satisfactory for both isolated collagen and collagen within.ismall samples

= of tissue.

CLOSTRIDIOPEPTIDASE A FINGERPRINTING OF COLLAGEN

This study showed that the conditions described by Paz and Gallop

(1975) for clostridiopeptidase A digestion were satisfactory. Using 1 mg

samples the peptide yield for each type of collagem was essentially 100 %,

the fingerprints were reproducible and there was minimal evidence of non

specific proteolysis.

These observations are in agreement with the reports concerning the *

action of clostridiopeptidase A. This enzyme has been shown to contain two

main fracggons termed fraction A and- B (Miyoshf and Rbsenbloom, 1974).
Fraction Akc1eaves the collagen molecule at the bond between X and Gly in
the sequence -P-X-G]y-P-X- where P is proline and X is any amino acid
(Harper and /Kang, 1970). In addition to this site of cleavage fraction B
is able E;{c1eave at the amino-end of glycine in some sequenée where P is
replaced by other amino acids (Borngtein, 1967; Harper and Kang, 1970).
The digests contain mainly triplets and somé larger‘pqptides of 10 fc 30
residues (Franzblau gg_gi,. 1964)f -
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High pressure ion exchange liquid chormatography was a suitable
method of separating these peptides. It had the advantage of requiting
very small quantities of peptides (equivalent to approximately 200 ug
of co]]égen) and of being highly reproducible. The ninhydrin detection
systemeas sensitive so that good fingerprints were obtained without the
need to use larger quantities ‘of peptides or radioactive collagen from
fibroblast cultures. It was also considerably less expensive than us(j)ng

radioactively labelled collagen.

FINGERPRINTS OF THE ISOLATED COLLAGENS

Y
Specific fingerprints were obtaﬂj_ ned from 1mg samples of human type I,

II and I1II collagens and al(I) and a2 chains. The differences in these

fingerprints were considered to reflect differences in the primary structure

of each of these collagens. This view is supported by our observation that -

the type I collagen finger?rint could be reconstituted from the fingerprints
of its component al(I) and a2 chafns. h

It may be possible to usev some Of these differences to assess the
relative amounts of these collagens in a mixture. This was shown to be
feasible for the al(l) and a2~c;:ains in which specific marker peaks were

used.
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Four tripeptide peaks Gly-Pro-Hyp, Gly-—A'la-A'la'.' iGly-Pro-A'l‘a and
Gly-Pro-Pro were 1dent$€1ed from the elution times of standards. Two
of these peaks Gly-Pro-Pro and G]y-Pro-Hyp may be used to estimate the
completeness of the post translational step of prolyl hydroxylation as
shown by Paz and Gallop (1975). They suggest that in addition comparison
of Gly-Ala-Hyp to Gly-Ala-Pro would provide extra information concerning
prolyl hydroxylation and comparison of G;\y-bro-ﬂy'l to Gly-Pro-Lys would
provide information concerning lysyl hydro{y'lation. In contrast to assessing
the completeness of prolyl and lysyl hydroxylation from the amino acid
content of the tissue this met‘hod provides a means of evaluating the hydrox-

“
ylation step in selected sequences of this molecule.

FINGERPRINTS OF TISSUE COLLAGEN.

Good peptide yields and readily recognizable fingerprints were obtained
from clostridiopeptidase A digested samples of dermis, tendon, bone .and 1
cartilage.

Dermis : In our eaily studies. untreateq 'mﬂled dermis was digested
with clostridiopeptidase A but the resu'ltiqg fingerprints while resembling
the purified type I fingerprint contained many exfra peaks. However when
limited pepsin digestion and diqu‘si s of 'the digestion mixture were made
prior to -c_lostridioiweptidase A digestion fingerprints almost identical to
the type 1 co'l]agen,ppattev;n were obtained. Th;s extra step probably destroyed

non specific proteolytic enzymes and removed ‘iow molecular weight ninhydrin

,.%& |
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reacting materials. Because of this improvement 1imited pepsin digestion
an& dialysis were also used for the other tissues. The disadvantage of
adding this step is that pepsin removes the non he]iéa] telopeptides of
collagen (Rubin et al., 1963). ‘ \LJf\\\
The whole pepsin digest (following the inactivation of pepsin and
dilaysi;3 was used for clostridiopeptidase A digestion as it was considered
important- to obtain fingerprints from the soluble and insoluble collagen
fractions. The peptide yield of approximately 75 % waﬁ a little less than

~

can be obtained by cyanogen bromide cleavage (Epstein, 1974). However the, -

clostridiopeptidase A technique has the advantaéb that good fingerprints

are produced from very small quantities of collagen. The greater sensi-

tivity of this technfque is probably related to the better resolution that

5.
;
¥
¥
i
3
L
;
E
(4
¥

can be obtained using high pressure ion exchange 1fquid chromatography in

"

contrast to the low pressure chrométogréphy used for separation of the -
larger cyanogen bromide peptidesf In addition it is 1ikely that less than"
5 mg of dermis could be usgd for-our studies as only part of the peptide
solution was used for fingerpriqt analysis. .

] ' < The type 1 collagen fingerprint obtained from deyrmis suggests that
thesé“samd]gs contained predominantly type I collagen. Foetai skin samples
which have been reported by Epstein (1974) to contain a high proportion

of type IlI collagen.yere not studied. .
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Because the dermal fingerprints were almost identical to those
obtained from purified type I collagen it was cohsidered that this
technique could be used to study the collagen within small dermal
samples without the need to isolate and purify it first.

Tendon :  Similar observations were made for tendon. The tendon
fingerprints appeared to only contain type I collagen peptides which.
agrees with the composition of tendon reported by Miller (1973).

It also appeared that thié\ﬁﬁpgerprinting technique was suitaple
for the study of collagen in small samp;es of tendon.

. gégg :  The E.D.T.A. technique used to extract bone mineral was
satisfactory. By dialyzing the bone against E.D.T.A. the small amount
of collagen solubilized by this solution was retained (Dickson, 1974).

Good type I cellagen fingerprints were produced and the peptide
yields were comparabie to those obtained from .dermis and tendon. Increasing
the amount of clostridiopeptidase A failed to increase the yield.

Cartilage : The yield of peptides was increased from 60 % to 75 %
by using.limited pepsin digestion and dialysis of the costal cartilage
prior to clostridiopeptidase A dibésti;n. The mechanism of this effect
of pepsin is uncertain but ii prébab]y (gsdts from Sn effect on the proteo-'
glycans allowing ﬁwre co]lagenasé to_reach the Eollagen. To increase the
yield further it may be necessary to make a more formal extraction of

[l -

proteoglycans with guanidine HC1. ~
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From the cartilage fingerprint pattern it appeared that costal

cartilage contained predominantly type II collagen which is in agreement

with its. published composition (Miller and Lunde, 1973). . ?
1t.is apparent that readily recognizable collagen fingerpr& are

f)r:oduced when this technique is applied to samples of dermis, tendon, bone

and cartilage.

SUITABILITY OF THIS FINGERPRINTING TECHNIQUE FOR THE STUDY OF HUMAN GENETIC ﬁw

CONNECTIVE TISSUE DISEASES. ‘ : |

;
This technique has several features that make it of potential value

for the study of these diseases.

1. Collagen fingerprints-can be produced from 5 mg samples of tissue.
2. Samples of this size cgn readily be obtained from p;tients by biopsy.
3. Comparisqn of the pep{ide pattern with the fingerprints of normal iissues

and purified col]aéens may enable a peptide containing an amino acid

substitution to be detected.

4. : It may also be useful for the study of prolyl and lysyl hydroxylation .
1n certain sequences of the collagen mo'lecu]e. . . 5'
5. It may be useful for assessing ‘the types of co»nagen within tissues. . / f
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It was concluded from this study that :

1. The technique deweloped to fingerprint co“‘iagen was sensitive and

reproducible. Specific fingerprints were produced from 1 mg ¥
quantitles of human type I, II and ‘III co]lagen and a](I) and aZ

chains. a .
2. This technique was“also able tc produce specific fingerpr'ints'from " ..
- the collagen within small samples of dermis, tendon, bone and toe
cartilage. T | : coe - .
. 3. This technique is appiicabie to the studJ of the primary structure ~ i

—r

of coiiagen wi thin, small ti ssue samples from patients with genetic
connective tissue diseases. <-It shouid provide information concerning

- amino acid substitutions, pnﬂy‘l hydroxyiatiorr and the types of

co,ilagen. : ) ’ T
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