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SUMMARY

1. The complete amino acid analysis of collagens from a mammal (steer hide),
an elasmobranch (shark clastoidin), an echinoderm (77%yone body wall}, two coelente-
rates (M etridinm body wall and Pkysah’a fioal), nd two structurally distinct collagens

teristics of the tissues from whlch hey were du'l red.

2. Structural observations include a typical -ollagen axial repeating periad in
fibrils of the body wall of T/yone, thin (200-300 A) unbranched fibrils revealing period-
ic axial structure in the connective tissue of Metrefium and the float of Phvsalia,
and a reasonably well oriented collagen wide angle X-ray diffraction pattern obtained
from water-washed Physalia float.

3. The most striking characteristic of these collagens is the uniformly high
glycine content which in cach case approaches one-third of the total amino acid
residues. This is reflected in the corrected nitrogen values which are all close to 18.6 %,
The data are consistent with the requirements of the most likely structure of the
collagen molecule.

4. A high degree of variabi]ity of the other amino acids, including proline,
hydroxyproline and hydroxylysine, occurs among the invertcbrate phyla. In general
the invertebrate collagens when compared to vertebrate collagens have a smaller
proportion of imino acids, more total dicarboxylic and hydroxy amino acids, and
fewer nonpolar amino acids.

5. Thyone collagen and spongin A have the lowest lysine values yet recorded
for collagen, 7.5 and g.0 residues per 1,000 residues as compared with 25 for steer
hide. Metridium, Physalia collagen and spongin B have the highest recorded hydroxy-
lysine content, 25, 30 and 24 residues per 1,000 residues as compared with 6.8 for
mammalian collagen.

6. No relationship between amino acid composition and evolutionary develop-
ment is obvious.

¥ This is publication No, 242 of the Robert W, Lovett Memorial Foundation for the Study of
(rq)phng Disease. Harvard Medical School at the Massachusetts General Hospital,

* Labaratory of Biochemistry, National Institute of Dental Research, N.1.H,
References p. 35139,
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INTRODUCTION

The numerous fibrous proteins classified as collagens are characterized by scveral
common structural and chemical features!s 2. These include X-ray diffraction patterns,
structure as scen in the electron microscope, and amino acid composition. Some of
these characteristics have been found in connective tissue proteins from many phyla
in the animal kingdom. However, nonc of these features is apparently completely
inviolate in its detail. It is important, thercfore, to have available as much data as
passible for collagens from different sources for an understanding of the basic mole-
cular structure which appears to be common to all, There is an increasing number
of complete amino acid analyses available on vertebrate collagens?® and three complete
analyses of earthworm cuticle® 3, Thyone ejected threads?, and a partial analysis
of the byssus threads of the molluse Maytilus ednlisb.

The carbohydrate content of five invertebrate and a number of vertebrate
collagens, together with partial amino acid analyses have been previously reported®?.
The present study provides complete amino acid data for the same samples of inverte-
brate coliagens obtained froe members of the phyla Echinodermata, Coelenterata, and
Porifera together with two vertebrate collagens from steer skin and shark fin {elastoi-
din). The histological appearance of the parent tissues, clectron micrographs, and an
X-ray diffraction pattern arc also reported.

EXPERIMENTAL

The source of the invertebrate collagens and their preparation for analysis has been
described®?. The following samples were selected for complete amino acid analysis:
shark elastoidin (Elasmobranch) from the fins of €, glaxcus, Thyene body wall (Echi-
nodermata), Metfridiuwmn skin {Coelenterata), Physalic float (Coelenterata), and spongin
A and spongin B from S, graminac (Porifera). Living Thyone and Metridinm were
obtained from the Marine Biclogical Laboratories, Woods Hole, Muassachusetts;
elastoidin fibers were kindly provided by De, E. Favre Freamer and fresh frozen
marine sponge was furnished through the courtesy of the American Sponge and Cha-
mois Co. These were all analyzed in the form of their gelatins except the spongins.

Diermis from a three-year-old steer was included as an example of mammalian

collagen.
Histology

Fresh tissues were fixed in neutral formalin and also Zenker’s acetic fixative.
They were embedded in paraffin, sectioned, and stained with Mallory’s aniline blue,
Hematoxylin and eosin, and Gomori’s reticulin stain. Sponge smears were also ex-
amined fresh with the polarizing microscope.

Eicctron microscepy

Mechanically isolated conncctive tissues were fragmented by freeze sectioning
and homogenized in water. The dispersion of fibrils was deposited on collodion fiims
and shadowed with chrominm or stained with phosphotungstic acid.

X-ray diffract’u

Only the Physalia float was examined i this study. The flozts were washed free
References p. 38{309.
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of slimu, stretched and dried in sheets. These were cut into 1 mm wide strips and
pressed together to form a dried laminated preparation r 0 1 = 10 mm. Wide angle
patterns were cbitained using Nyfiltered Cu K, radiation and a specimen to #ilm
distance of 5 cm, These patterns were obtained with equipment in the Department of
Biology, Massachusetts Institute of Technology by Dr. Cararys Conexn. Low angle
diffraction did not result in satisfactory patterns perhaps because of poor fibril
orientation.

Preparation for analysis

Steer hide collagen was prepared by grinding the corium with dry ice in a Wiley
mill, and extracting 5 times, cach for 24 h, with pH 7.5, 0.2 M phosphate buffer at 5°.
Gelatin was preparcd by antoclaving the residue in water at 15 Ib, pressure overnight,
exhaustive dialysis of the supernate, and precipitation with ten volumes of acetone,

Elastoidin gelatin was obtained by autoclaving the powdcered dried fiber in water
at 15 Ib. pressure for § h followed by centrifugation, dialysis of the supernatant fluid
and lyophilization.

Thyone and Melridium bhody wall collagens were obtained by mechanically
separating the epidermal and muscular layers from the layers of dense connective
tissue; these were cut into small picees and washed thoroughly with water. Meilvidium
connective tissue was extracted with half saturated calcium hydroxide overnight,
washed in water, and dialyzed free of calcium ions against dilute HCL The tissues were
then autoclaved in water at 15 Ib. pressure for 16 h, eentrifuged, and the supernatant
fiuids dialyzed against water and lyophilized,

Picces of Physalia float were washed free of slime and the tough sheets dried in
acetone without further treatment. Gelatin was prepared as for Mefridium,

Spongin A and B were obtained from water-washed pieces of fresh sponge which
were treated with trypsin and then extracted with cold water®, Spongin A could be
readily separated from B by light centrifugation, the former being found in the
supernatant and the latter in the sediment. The heavy B fibers could be almost
completely cleared of A by repeated washing in water. The viscous water suspension
of A fibrils was then sedimented at 105,000 % g for 1 h as a loose pellet. This was
repeatedly suspended in water, washed free of amorphous contaminants in the centri-
fuge, and lyophilized. The residual spongin B was washed and air dried.

All samples weve kept for several days at 43 %, relative humidity and 25° prior
to analysis. The water content of the samples was determined by drying at roo°
under high vacaum for 16 h. Nitrogen was determined on the dry sample by micro-
Kjeldahl Ash was measured by heating at 80o0° to constant weight.

All samples were hydrolyzed in sealed tubes at 105° for 24 husing tmlof 6 N
HC] per o mg of protein. The hydrolysates were taken to a syrup once in vacuo,
diluted to a known volume and kept frozen until analyzed.

Ton Exchange Chromatopraphy

The neutral and acidic amino acids were separated by nse of a 100 X 0.g-cm
column of Dowex s50-Xi12 beads, 15-70 p size (wet)® eluted at 7 ml/h. The basic
amino acids werc scparated by usc of a 30 % 0.g-cm column of the same resin, The
methods were modified from those developed by Moore aND STE1n® and have been des-
cribed1o. 12 '

References p. 38/ 30.
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Samples containing approximately @ mg ol nitrogen were analyzed. One ml
fractions [rom the columns were analyzed with the ninhvdrin reagent of Moore axp
StrINY, Color values were determined by analyzing a mixture of known amine acids
magde to simulate a eollagen hydrolysate.

Pyoline and bydroxyproline

Since these imino acids give a peor ninhyidrin color by the usual procedure!s
separite simples containing about 1 mg of protein were analyzed® by elution of a 50 .~
¢, cm column of the resin described above with pH 3.30 citrate buffer (0.25 N Na ‘).
A ninhydrin—glacial acetic acid reagent wis used to develop a color in the effluent
fractions. The procedure previously described '3 1 was somewhat modified as follows:
The color was allowed to develop in a constant ternperatnre bath at 307 (rather than
at room temperature} using 7 mi of 0.150 %, ninhydrin in gheial acetic acid (accu-
rately prepared and equilibrated at 30%) for each 1 ml fraction. Hydroxyproline
recached a maximum color in 80 min and proline in 180 min. The color was read at
these times in a Beckman DU spectrophotometer at 350 mu using a tungsten light
source (with filter), photomultiplicr tube, 0.2 mm slit, and silica cells with a 1 ein
light path. Under these conditions o.1 umole of hydroxyproline in a r-ml fraction
from the column produced an absorbance of 0.142. The value for proline was o.150.
The ealibration curve was lincar to an absorbance of at least 1.0. Replicate analyses,
done at diffeient times, of known mixtures eacried through the entire procedure had
a standard deviation of 1.09;,.

RESULTS
Morphology

The histology of clastoidin has been described in detail by Fauri-FREMIET and
colleagues?®, Electron mictographs obtained of fragmented fibers revealed ribbons
with the typical 650 A axial period {Fig. 1). Only three intraperiod bands were ob-
served. Similar electron micrographs have been published previously by otherst® ¥,

Histological examination of the body wall of Thyone reveals it to be composed
mainly of massive densely packed bundles of typical collagen (Fig. 2). These bundles
~ are often well ordered in what appears to be successive waves of connective tissue.
" They stain in the same manner as collagen fibers of mammalian tissues with the
" classical methods used. No black silver-staining fibers were observed, Relatively few
cells are seen in the connective tissue. The free surfaces are covered with a columnar
type of cpithelium while a less well ordered layer of cells and large longitudinal
bands of muscle line the inner layer of the body wall.

Electron microscopy of fragmented Thysse connective tissue revealed non-
* branching fibrils ranging in diameter from 150 A to z,000 A (Fig. 3). Most fibrils
" have the characteristic 650 A axial period and in favorable cases phosphotungstic
: acid staining has revealed six intraperiod bands in an asymmetric pattern very simi-
# lar to that of mammalian collagen. There are also present very thin “beaded™ fibrils
. with a periodicity of 36o—400 A. Both wide angle and small angle X-ray diffraction
- patterns of Thyone body wall collagen bave been reported by Marks, Bear anp
Z BLAREIS,
At least a portion of the body wall of Mefridium contains two large layers of
. connective tissue connected by a serivs of transverse bands of similar appearance
: References p. N[0,
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(Fig. 4). These layers consist of roughly parallel, densely packed fibers which have
the typical staining characteristics of collagen, They are also sparsely popule . 1 with
cells. CHAPMANT? discusses the histological organization of this tissue in detai.. Ilectron
micrographs (Fig. 5a) of Melridium connective tissue revealed thin (200-300 A) non-
branching fibrils very uniform in width with barely perceptible axial periodicity
too indistinct for accurate measurement. After extracting in haif saturated Ca{OH),
a fine periodic banding of about 200 A was clearly visible in phosphotungstic acid
stained preparations (Fig. 3b). However there are suggestions of a superimposed
larger periodicity.

Histological sections of the water-washed float of Physalia revealed a nearly
homogeneous appearing tissue superficially resembling cartilage in that the cells are
large and encapsulated and there is voluminous intercellular material {Fig. 6). The
latter stains nniformly like vertebrate collagen. This intercellular substance is seen
to consist of a mass of widely ramifying bundles of very fine fibers seemingly embedded
in an amorphous material. The serrated edges of the tissue apparently have lost
their cellular covering and the large encapsulated cells are obviously degenerated.
(These floats were obtained from dead animals on the beach and stored in the frozen
state.) Electromicrographs of the fragmoented tissue revealed fibrils very similar in
gize to those observed in Mefridinm. Here, again, they were difficult to free from an
amorphous cnvelopment and only a suggestion of a periodicity was observed.,

Wide angle X-ray diffraction patterns of dried stretched Physalia float revealed
a moderately well oriented collagen pattern (Fig. 7). Low angle diffraction produced
a single meridional line and was considered unsatisfactory.

Fig. 8 is a photomicrograph of a smear of the sponge, S. graminae, taken with the
polarizing microscope using the first order red plate. The large branching fibers
showing positive axial birefringence arc spongin B and thc finely fibrous darker mass
is a tangle of spongin A fibrils which appear to be poorly birefringent here because
of the loose random orientation. Electron micrographs reported previously® revealed
the typical collagen repeating period in both types of fibers and the typical wide angle
diffraction diagrams were also obtained from both plus a good low angle pattern from
spongin A,

Chemical anulysits

Analytical values for ash, water, and nitrogen are presented in Table L. Nitrogen
values, corrected for ash and water, and further corrected for nonprotein material
(not accounted for as amine acids, see Tables I1I and IV) are also presented. A value
close ta 8.6 % was obtained for all samples.

The amino acid composition of the collagens is presented in Tables II, 111, and IV,
The daia appear in three forms: residues of amino acid per 1,000 total residues (Table
il}, residue weight as %5 of total weight (Table ITT), and nitrogen as 2 of total nitrogen
(Table IV), The first listed, residues per x,000 has recently been used by EasToE
AND LEACH®. As pointed out by them, this allows a direct comparison of frequency
of occurrence to be made which cannot always be done with the other common
methods of calculating the data. This is particalarly true of the invertebrate collagens
since they contain large and varying amounts of carbohydrate. The other two miethods
of presentation allow a direct calculation of recovery as weight and as nitrogen. All
of the values are averages of two complete determinations except for the Physalia
Refevences p. 38130,



voL. 34 (1950)  COMPOSITION AND MORPHOLOGY OF COLLAGENS 29

Fig. 1. Electron micrograph oi fragmented elastoidin fiber. Shadowed with chromium. Mag.
31,300 X,

Fig. 2. Photomicrograph of body wall of Thyore. Stained with Mallory’s aniline blue conncctive
tiasue stain. The entire region between the two layers of epithelia is densely packed collagenous
connective tissue which stains blue. oe, 2uter epithelium; ie, inner epithelium,
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Fig. 3. Electror. micrograph of fragmented Thyose collagen. Shadowed with"chrominm. Mag.
20,300 X. ‘

Fig. 4. Photomicrugraph of Metridium Lody wall. Stained with Mallory's aniline blue connective
tissue stain. The fibrous laminae and crossbands ate compased of dernsely packed collagen fibrils
and stain intensely blue.
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Fig. za. Rlectron micrograph of Melridizem fibrils. Shadowed with chromium. Mag. 15.700 X.
Fig. 5b. lilectron microgroph of Ca{OH), extracted Metvidiuin fibrils staisied with 19, aqueous
PTA. Mag. 258,000 <.

Fig. 6. Photomicrograph of cross section of Physalia float, water-washed. Mallorv’s aniline blue
stain.
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Fig. ;. Wide angle X-ray diffraction pattern of water-washed and dried Physalia tloat.

Fig. 8. Photomicrograph of smear ol fresh sponge body. S graminage. Polarized light with first
order red plate. A, mass of spongin A fibrils; B, branched spongin B fibers.
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TABLET

ANALYTICAL VALURS OF COLT.AGENS

Spansin Nhangin

Ntcer shin Flassofdie e Medridicem Fhyyselin Ts

2% ash [¥] 1.y 3.3 [ Eoo " 3.0° S5
S5 water [ S.oa Bt 9.5 1603 G.5 10.7
9 ™, courr, for ash and

water 18,2 15,2 [1E T 100 1.0 10,7
% of weight avcounted for

as amino acids* " Gy v y5.3 tiep ) =-y 5.0 6.5 %01
26 of N accounted for as .

amino acids™** Tems g b 7 ta3ly [ ot 3 NNy Ho.z
% N, further corr. for

weight and N not ac-

countad for as amino

acids iN.y 155 Lk 15, 13, 15,4 15,6

" Asl was not determined an thene samples. These valites were taken from similar saanples.
** From Table 111,
*** From Table I\, -
§ 25 N (corr. for ash and waterd < 7, of X accounted for as amino acids -
counted (or as amino acids.

"ooof welght ac-

TABLE 11
THE AMING ACID COMPOSITION OF SOME INVERTEBRATE AND VERTEBRATE COLLAGEXS

Restdues of amine acid/1o06 total residues,

Bleer skin Flustoidin Thyons Metridinm Fevsadie Npoeiin Spergin
selatin aeliatin pelutin selatin reialin : I
Glyeine 334 3106 300 3 307 3i5 323
Alanine 105 113 113 7o 513} 26 XY
Leucine EN g 22 37 3t EX S N
Isoleucine I s 13 X 22 2 157
aline 1y 17 30 34 26 24 2
Proline T3l 11c) 100 3 53 7o 73
Hydroxyproline a1 T2 Go 4 trl 103 a4
Phenylalanine 13 135 Ny 12 11 a.3 (133
Tyrasine 1.7 y.2 7.0 74 5.0 4.7 3.0
Serine 33 12 43 it 47 3n 2
Threonine 17 23 33 34 33 13 27
Mecthionine 6o 13 a3 NN 5.8 3o 3.
Cystine 0 0. 2.3 2 .o 3.3 0.0
Hydroxylysine .5 7.0 Lt 30 1z 23
Lysine 15 24 7.5 23 G0y 21
Arginine ] 5 54 54 47 43
Histidine 1.0 1.4 2.8 1 1.9 3.4 3.2
Aspartic acid 18 15 02 N3 02 a7
Glutamic acid 72 Ho tio 1o a3 dtx
Amide N (41} (32) (73) {HL) (102) {oo}
Totals 1200 Loo0 000 100G Louo 000
Glucosamine © o L) 4.0 2.5 16 [.6
Galactosamine o o o o 3.2 77 o
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TABLE IIT
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THE AMINO ACHH COMPOSITION OF SCME INVERTEBRATE AND VERTEBRATE COLLAGEXNS

Weight (resiitue) of amino acid as % of total weight.

Stevr SRin

Elastoidin Thyone Metridiun:  Physalin Spongin Spongin
aelntin gelatin gelatin gelatin gelatin e F:

Glveine 20,3 18.8 ra.4 6.0 15.3 12.5 15.0
Alanine 701 Q.09 7.01 4.52 j.08 2,78 5.41
Leucine 3.02 2,160 2.35 3.77 3j.ou L X1 2.20
Isalencine 1.33 2.12 1.38 2.30 2.17 1.0 1.57
Valine 2.01 I.71 2,83 3.05 2,28 2.0 1.3
Proline 13.0 1i.9 9.97 5.50 704 527 57
Hydroxyproline 0.9 8.35 6.37 .98 O3 &.45 5600
Phenvlalanine 1.96 2.18 I.2 1.33 1.30 0.0 1.2
T'yrosine 0.83 1.55 1.51 I.15 0.81 0.53 0.50
Serine 3.53 3.07 3.50 4.24 3.57 231 1.73
Threonine 1,85 2.44 3.38 3.55 2.0.3 3.01 222
Methionine o.g2 1.80 0.28 .03 0,66 0,38 o.31
Cystine [ 0.19 040 .62 0.30 0,48 1.08
Hydroxylysine 1.0 1.04 1.48 3.20 3.75 .21 2.81
Fysine 3.44 3.15 <91 3.04 3-04 o.8o 2.51
Arginine 7-95 8.00 797 7-93 7-33 513 543
Histidine .05 0.6z 0,30 0,63 0,23 0.37 ©.35
Aspartic acid 5.78 3.30 6.68 8.30 8.3z .40 6.29
Glutamic acid .58 10.0 13.5 11,02 11.7 8,506 8.2
Amide N 0.70 ©.53 1.13 1.02 0.03 1.13 1.18
Taotals 7.6 95.3 80.4 87.4 85.0 67.5 78.1
Glucosamine 0 o 0.35 0.00 0.38 1.14 0.22
(ralactosamine & o o o 0.45 0.37 4

TABLE EV

THE AMING ACID COMPOSITION OF SOME INVERTEBRATE AND VERTEBRATE COLLAGENS

Weight of N as 2 of total N,

Steer shin Elastoidin Thyone Metriditon Physetia Skangin Spengin
gelatin gefalin gelatin gelalin gelatin A B

Glveine 7.4 25.3 z5.9 z23.6 22.0 21.9 22.0
Alanine 8.57 a8z Q.30 5.35 4,00 3.92 6.37
Leucine 2.05 1.46 1.81 2,80 2,33 .93 I.62
Isaleucine 0.91 1.43 1.06 171 1.64 1.68 (.10
Valine 1.50 1.33 2,49 2.59 1.97 2.04 .6
Proline 10.8 9.43 8.go 4-75 G.1g 5.43 4.909
Hydroxypraline 7.45 5.60 4.91 3.60 4,59 7.47 6.37
Phenvialanine 1.03% 115 o.72 o 8BS .70 o.65 ©.70
Tyrosine @.39 0,72 0.66 a.6o 0.43 ©.33 o.2G
Serine 3.12 3.23 3.56 4.08 3.50 2.04 1.67
“Fhreonine 1.40 1.85 2.90 2,095 2,50 3.00 1.83
Methionine ©.54 1,05 018 0.006 o4 0.33 0.21
Cvstine o a.15 o.42 .48 .24 0.46 o.81
Hydroxyviysine 1.10 1,09 .78 3.72 4o I.68 3.27
Lasine 4.13 3.78 1.z 3.98 4.04 E.25 3.29
Arginine 15.7 15.8 L7, 17.1 16.1 £3.2 1L.6
tlistidine 112 1,05 0.9 116 o444 081 0.63
Aspartic acid 3.83 3.54 5.05 H.07 6H.19 6.43 6.70
Glutamic acid 5.8 b.29 .05 7.18 7.70 6,63 5.79
Amide N 3.36 2.53 6,15 5.34 4.95 7.08 6.18
Totals [O0. 4 90,7 103,7 o987 G963 88.09 87.2
Glucosamme o o 0,20 0.31 0.20 o.70 o.12
Gilactosamine o o v o 0.24 a.54 o
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gelatin and spongin A which are single .analyses. The valuss listed for proline and
hydroxyproline are single values obtained ‘by a scparate determination on & 0-cm
column (see experimental) which is highly reproducible. The less precise figures for
these amino acids provided by analysis of the etfluent from the 100-cm column by
the MoorRE AND STEIN ninhydrin reagent? agreed within experimental error. The
values obtained for nydroxyproline have been increased by 29, to correct for the
conversion to allohydroxy-p-proline during hydrolysist?. The results given for serine
and threonine have been corrected for losses of 59 and 39, as recommended by
Easto£%0. The amide nitrogen was proportionately decreased. None of the samples
were analyzed for tryptophan: it is assumed to be absent.

Fig. g shows a typical efflugnt chromatogram. The fractions were read against a
water blank. Cystine, when present, appeared immediately following alanine. It was
usually partially or completely oxidized to cysteic acid during the various preparative
steps. Cysteic acid, appearing at the solvent front, was calculated as cystine. Similarly,
methionine was partially or completely oxidized to the sulfoxide. In the case of
spongin A (Fig. g) the oxidation was complete. When present, rm-~thionine appeared
between galactosamine and isoleucine. The sulfoxide was calculated as the parent
compound, '

The lower limit of sensitivity of the methods is approximately 1 residue per 1,000
residues. A value of zero indicates less than this amount and values close to 1 contain
a large error.

Some of the samples containcd hexosamine as previously reported®?. Glucos-
aminc and galactosamine were present in spongin A and appear in Fig. 1 as well
resolved peaks in the effluent from the 100-cm column. Galactosamine moved with
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Fig. g. An effluent chromatogram showing the separation of amino acids in an acid hydrolysate
of 3.5 mg of spongin A. The neutral and acidic amino acids were separated on a Ioo X 0.9 cm
calumn of Dowex 50 (first part of figure). The basic amino acids were separated on a 30x ¢.9cm
colamn (second part of figure). The absorbances were read, after development with ninhydrin®, at

570 mu (solid line) or 440 mp {dash line). “ X" is unidentified.
References p. 35/ 30.
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hydroxylysine on the 30-cm column. If it was present, as determined by the 100-cm
column, its absorbance was subtracted from the combined peak to vield a value for
hydroxylysine. It was not obscrved in the column eluate of the spongin B hydrolysate
nor was it definitely identified previously by paper chromatography®,

The analytical data for the hexosamines are included in Tables II, TII and IV
althongh the hydralysis conditions were not necessarily optimum for their determina-
tion. The peak labeled X' was found in both spongin A and B. Traces may be present
in the other invertebrate collagens. It is unidentified. This material reacts with the
ninhydrin reagent of MOORE AND STEIN in a manner similar to hydroxyproline and
proline and may, therefore, be related to the cyclic imino acids. However, it is not
known whether it is associated with the protein or carbohydrate Portion of the
samples.,

DISCUSSION )

Histologically and in the electron microscope it is difficult to distinguish 7/%yone body
wall collagen from its mammalian counterpart. Whether or not the thin “beaded™
fibrils found associated with the larger typical cross striated fibrils are collagen is yvet
to be determined, -

The connective tissue layers of Mefridium and Physalia stain characteristically
for collagen. The fibrils obtained by fragmentation and viewed in the electron micro-
scope rescmble superficially those seen in the sponges®, Haliclena and Microciona,
spongin A from S. graminac and the fine collagen fibrils of mammalian vitreous
humor 2 and cartilage (Gross, unpublished). A definite axial repeating period was
observed in both the coelenterate collagens which are of the order of 2oo A but there
is evidence of a larger macroperiod not adequately resolved of which the smaller
repeat may be a subunit, This type of subdivision is well known for collagen fibrils,
As discdssed elsewhere spongin B is very unusual with regard to the large size and
branching of its fibers. Both spongins have the typical collagen axial periodicityS.

The recovery of the invertebrate collagen samples in terms of weight is not
complete {Table III). The difference has previously® 7 been shown, at least in part,
to be a complex mixture of carbohydrates which are firmly bound to the protein.
Essentially all of the nitrogen is present as amino acids, except for the two sponging
(FTable 1V). These samples contain unidentified compounds which account for about
10 %, of the total nitrogen (such as X' in Fig. 1). Therefore, expressing he results
for the spongins as residues of amino acid per 1,000 total residues {Table 11) is not
completely accurate if it is shown that the unidentified, nitrogen-containing com-
pounds are amino acids and a part of the collagen polypeptide chains. Pending furthe-
information it will be assumed that this is not the case.

Steer skin collagen is very similar to other mammalian collagens3, The hydrox),
proline content is on the low side of the observed range while proline is somewhat
higher than the average. The value for tyresine is higher than reported for some
mammalian collagens and may reflect an impurity (see the discussion of ¢lastoidin).

The analysis of elastoidin gelatin can be compared with the values reported by
Damaborax ¢f al.'s, Since it has previously hbeen shown?®? that elasisidin contains a
non-collagenous residue that has a high tyrosine content which is difficult to solubilize
by auntoclaving, it would be expected that the gelatin, reported here, would differ
References p. 385135.



vor. 34 (1959) COMPOSITION AND MORPHOLOGY OF COLLACENS 37
from the whole fiber analyvzed by Damanorax ¢f al.'®, The tyrosine content of the
gelatin is only about one-fourth the value for the unfractionated fiber. All of the
other hydroxy amino acids are higher in the gelatin, by about 10 to 40 %, while
histidine is less than one-half as large. The only large difference hetween elastoidin
gelatin and mammalian gelatins is a lower value for hydroxyproline in the former.

Thyone gelatin shows two large differences relative to mammalian gelatins.
Hydroxyproline is lower by about a third, in a manner similar to many nonmammalian
vertebrate collagens. Lysine is very much lower than in any collagen thus far known.
The value is one-third to one-fifth as large as that found for vertebrate collagens,
with the result that the lysine:hydroxylysine ratio is less than onc. Arginine is only
slightly elevated. Recently Kunay ¢f a2 have claimed that arginine binds phospho-
tungstic acid most tightly whereas that bound by lysine and hydroxylvsine may be
washed out. They imply that the intraperiod band pattern as seen in the clectron
microscope in mammalian collagen fibrils is mostly attributable to arginine. This
argument fits well with our observation of a detailed six banded intraperiod pattern
in Thyone fibrils stained with PTA (to be described elsewhere) in the face of a com-
paratively low lysine content. The amount of acidic amino acids in the hydrolysate,
particularly glutamic acid, is high. In terms of the acidity of the protein, this is par-
tially offset by a larger amount of amide nitrogen. To some exient this feature is
common to all the inveriebrate collagens reported hiere. Galactosamine was not found |
in the column eluates but was definitely identified previously by paper chromatog-
raphy in a hydrolysate of the same material®2,

The hydroxvproline content of Metridium gelatin is very low, one of the lowest
yet reported for a collagen. Proline is also decreased approximately in proportion.
The largest quantitative difference is hydroxylysine. It is several times as large as is
usually seen and is approximately twice the highest reported value for a mammalian
collagen, namely that for rat dentin (16 residues/1,000 total residues)tt,

Physalia gelatin is very similar to M etridium gelatin as might be expected since
they are derived from members of the same phylum. The proline and hydroxyproline
contents arc not quite as low for Physalia as for Metridium; the hydroxylysine value
is even higher, 30 residues per 1,000, °

Spongin A presents a quantitative pattern unlike any of the above. The hydroxy-
proline content is slightly higher than any collagen known except for the earthworm
cuticle?, which is very much higher. The proline content is somewhat low. The value
for lysine is very low, about the same as for Thvoue gelatin. Spongin B, although from
the same animal as spongin A, is quite difierent, Hydroxyproline and preline values
are somewhat lower than in spongin A, with the former about the same as in steer
hide and proline considerably lower. Lysine and hydroxylysine are much higher, In
the latter respect spongin B is very similar to Metvidiune and Physalia gelatins while
spongin A, as stated, resemi§ms 7T/hyone. Examining the values for alanine, the situa-
tion is reversed. Spongin A, like Metridirsn and Physelia gelatins, has less alanine
than vertebrate collagens while spongin B has nearly as much, Structuraily, as seen
in the electron microscope, spongin A and the two coelenterate collagens are very
similar; they are all thin, non-branching fibrils, while spongin B is a relatively huge
branched fibers,

Thus far, the differences among collagens have been stressed, but it is as impor-
tant to look for similaritie<. The qualitative oncs are readily apparent and allow the

References b 38150,
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chemical classification of these diverse proteins as collagen. Quantitatively, only one
amino acid, glycine, occurs with nearly constant frequency. For the collagens exam-
ined in this study the range is 306 to 334 residues per 1,000. It is possible that agree-
ment would be even closer if purer samples were available. Thus, the requirement
of the collagen model proposed by RicH AND CRIck* that every third residue be
glycine is apparently fulfilled by invertebrate colingens. Wartson? has shown that
this is also true for the earthworm cuticle. On the basis of these data it is likely that
the glycine content of a collagen is the best chemical measure of purity. The high
glycine content is reflected in the corrected nitrogen values which are remarkably
constant, ranging from 18.4 to 18.9 %. The arginine content of the various collagens
is also relatively constant. However, the differences appear io be real from the present
evidence.

The glycine analyses previously performed by a colorimetric method? agree very
closely with the chromatographic values presented here. There is a less close agreement
between the colorimetric and chromatographic values for prolii.e and hydroxyproline.
It is likely that the chromatographic values are more reliable, particularly in view
of the fact that the invertebrate collagens contain non-protein material which is
incompletely defined.

It can be concludced that there are no striking features in the amino acid compo-
sition of invertebrate collagens which distinguish them from vertebrate collagens,
unless it be a high degree of variability. There are several less obvious differences
between the two groups which appear to be consistent. For example, the invertebrate
collagens have a smaller proportion of imino acids (particularly proline), a larger
content of hydroxyl groups {owing largely to threonine and serine, except for spongin
13), uniformly higher amounts of hydroxylysine, a greater proportion of dicarboxylic
acids {but not of acidic groups), and fewer nenpolar aminoe acids.

It can be further concluded that there is no obvious relationship between amino
acid composition and evolutionary level.
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SUMMARY

The amino acid analogs norleucine and para-fluorophenylalanine are shown to be
incorporated into the proteins of E. c¢oli. Analysis of proteins by an ion-cxchange
column showed that the proteins formed in the presence of the analogs are not radically
different molecular species but are physicochemically similar to the proteins normally
synthesized. The substitution of norleucine for methionine in the bacterial proteins was
shown to occur in the same proporticns in all of the “'protein classes’ resolved by the
ion-exchange column. ’

INTRODUCTION

Considerable quantities of certain amino acid analogs may be incorporated into the
proteins of Escherichia coli'=5. The analogs substitute for corresponding naturally
occurring amino acids and cause various biological effects. In general, cellular growth
becomes linear with time and specific enzymic activities may be lost, depressed, or
remain unaffected. Such coffects depend upon the degree and kind of subsiitution
produced. Since the degree and kind of substitution can be controlled, the use of
analogs provides a method for the quantitative examination of the relationship
between altered molecular structure and enzymic activity. Evidence can also be
adduced ccncerning susceptibility of bacterial protein types to analog substitution.
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