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SI1MMAI~'V 

I. The complete amino acid analy.~Js of collagens from a mammM (steer hide), 
an elasmohranch (shark elastoidin), an echinoderm (Thyone body wall), two coelente- 
rates (Mctrhtium body wall and Physalia floa~), and two structurally distinct collagens 
from tbe sponge are presented .-.!c'.ng ::';_t]'. a dc.~.c t iption of some morphological charac- 
teristics of the tissues from which they were deri.zed. 

2. Structural observations inch,de a typical ~ollagen axial repeating period in 
fibrils of the body walt of TI, yone, thin (2oo-3o0 A) u,fi)ranehed fibrils revealing period- 
ic axial structure in the connective tissue of Metr~,tium and the float of Physa!ia, 
and a reasonably well orien~.:ed co!lagen w;_de angle X-ray diffraction pattern obtained 
from water-washed Phy.~alla float. 

3. The most striking characteristic of these collagens is the uniformly high 
glycine content which in each case approaches one-third of the total amino acid 
residues. This i~ ]~cflected in the corrected nitrogen vahles which are all close to x8.6 %. 
The data  are consistent with tim requirements of the most likely structure of the 
collagen molecule. 

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

5. Thyona collagen and spongin A have the lowest lysine values yet  recorded 
for collagen, 7.5 and 9.o residues per x,ooo residues as compared with ~5 for steer 
hide. Metridium, Physalia collagen and spongin B have the highest recorded hydroxy- 
lysine content, 25, 30 and 24 residues per x,ooo residues as compared with 6.8 for 
mammalian collagen. 

6. No relationship between amino acid composition and evolutionary develop- 
ment is obvious. 
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i N'rRODUCTIO~'¢ 

The numerous  fibrous proteins classified as collagens are characterized b y  sew;ral 
common s t ructura l  and chef, ileal features x. % These include X-ray  diffraction pat terns,  
s t ruc ture  as seen in the electron microscope, and amino acid compo~'ition. Some of 
these characterist ics have been found in connective tissue proteins from many  phyla 
in the animal  kingdom. However ,  none of these features is apparent ly  complete ly  
inviolate in its detail,  I t  is impor tant ,  therefore, to have available as much da t a  as 
possible for collagens from different sources for an understanding of the basic mole- 
cular s t ruc ture  which appears  to be common to all. There is an "~ncreasing number  
of complete  amino acid analyses available on ver tebra te  collagens ~ and three complete. 
analyses of ea r thworm cuticIO,~, 77~yone ejected threads ~t, and a part ial  mmlysis 
of the byssus  threads  of the  mollusc M),t,:Iz~s ednlis ~. 

The ca rbohydra t e  conten t  of five inver tebra te  and a number  of ver tebra te  
collagens, together  with partial  amino acid analyses have been previously reported*,L 
The present  s t udy  provides complete  amino acid da t a  for the same samples of inverte-  
b ra te  collagens ob ta ined  Iro,,:a members  of the phyla  Echinodermata ,  Coelenterata,  aud 
Porifera  together  with two ver tebra te  collagens from steer skin and shark fin (e las to f  
din). The histological appearance  of the parent  tissues, electron miarographs, and an 
X - r a y  diffraction pa t te rn  are also reported.  

EXPI'2RIME NTAL 

The source of the. inver tebra te  collagens and their preparat ion for analysis has been 
described6, ~. The following samples were selected for complete  amino acid analysis:  
shark ela.stoidin (Elasmobranch)  from the tins of C. gla~tcus, "l'hyoJ~¢ body  wall {Echi- 
nodermata) ,  ~afetridium skin (Coelente.rata), Pl~ysalia float (Coelenterata), and spongin 
A and spongin B from S. graminac (Porifera). Living 7"ttyone and Metridium were 
obta ined from the Marine Biological Laboratories ,  Woods  Hole, Massachh.qetts; 
elastoidin fibers were kindly provided by  Dr. E. FAuRI~ I:rt[.:,~aJv.T and fresh frozen 
marine sponge was htrnished through the cour tesy  of the American Sponge and Cha- 
mois Co, These were all analyzed in the form of their gelatins except  the spongins. 

Dermis from a three-year-old steer wa_s included as an example  of mammal ian  
collagen. 

Histology 

Fresh tissues were fixed in neutral  formalin and aL~o Zenker 's  acetic fixative. 
They  were embedded  in paraffin, sectioned, and s tained with Mallory's aniline blue, 
Hematoxy l in  and eosin, and Gomori ' s  reticulin sCain. Sponge smears were also ex- 
amined fresh wi th  the  polarizing microscope. 

Etectron ndcroscopy 

Mechanically isolated connect ive tissues were fragmented b y  freeze sectioning 
and homogenized in water .  The dispersion of fibrils was deposi ted on collodion films 
and  shadowed with chromium or s tained with phosphotungst ie  acid. 

X-ray  di ff eact " ~u 
Only the  Physalia float was examined m this s tudy.  The flo~_ts were washed free 

ReleJ, enees p. 3,~139. 
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of slime, s t re tched and dried in sheets. These were cut into x mm wide strips :rod 
pressed together  to form a dried lmninated preparation i ;< i x IO ram. Wide angle 
pat terns  were obtained using Nl-filtered Cu K ,  radiation and a specimen to fihn 
distance of 5 cm. These pat terns  were obtained with t:quipment in the Depar tment  of 
I~iology, ,~*_assaehusetts Ins t i tu te  of Technology by l)r. C,~Rc)I.'~'N C()ltr,.~. Low angle 
diffraction did not result in sat isfactory pat terns  perhaps because of $)oor fibril 
orientation.  

l"raparation /or analysis 

Steer hide collagen was prepared by grinding tile cerium with d r y  ice in a Wiley 
mill, and extract ing 5 times, each for 24 h, with pH 7-5, 0.2 M phosl~hate lmffe.r at  5% 
Gelatin was prepared by autoclaving the residue in water  at  r5 lb. pressure overnight ,  
exhaustive dialysis of the supemate ,  and  precipitation wi th  ten volumes of acetone, 

Elastoidin gelatin was obtained by autoclaving the powdered dried fiber in w,'~ter 
at  x5 lb. pressure for 5 h followed by centrifugatlon,  dialysis of the superna tan t  fluid 
and  lyophilization. 

7'hyono and :l,'tclrhliun~ body wall collagens were obtained by mechanical ly  
separat ing the epidermal and muscular  layers from the layers ¢)f den.~e ctmnect ive 
t issue; these were cut into small pieces and washed thoroughly  with water. 3Ietehlium 
connective tissue was extracted with half sa tura ted  calcium hydroxide overnight ,  
washed in water,  and dialyzed fi'ee of calcium iotas against  dilute HCI. The tissues were 
then autoclaved in water  at 15 Ib. pressure for x6 h, centrifuged, mad the superna tan t  
fluids dialyzed against water  and  lyop.hilized. 

Pieces of Pl~ysalia float were washed free of slime and  the tough sheets dried in 
acetone wi thout  further t rea tment .  Gelatin was prepared as for Matridiun,.  

Spongin A and B were obtained from water-washed pieces of fresh sponge which 
were t reated with t rypsin and then ex t rac ted  with  cold water a, Spongin A could be 
readily separated from 13 by light centr ifugatiun,  the former being found in the 
supernatant  and the lat ter  in the sediment.  Tl 'e heavy B fibers could be a lmost  
completely cleared of A by repeated washing in water, The viscous wate~ suspension 
of A fibrils was then sedimented at  xoS,ooo × g for i h as a loose pellet. This was 
repeatedly suspended in water,  washed free of amorphous  con taminan t s  in tim centri-  
fuge, and lyophilized. The residual spongin B was washed and  air dried. 

AU samples were kept for several days  at 43 % relative humid i ty  and 25 ° prior 
to analysis. The water  content  of the samples was determined by drying  at  roe ° 
under  high vacuum for x6 h, Nitrogen was deiermined on the d ry  sample by miero- 
Kjeldahl.  Ash was measured by heating a t  800 ° to cons tant  weight.  

All samples were hydrolyzed in sealed tubes at xo5 ° for 24 h using i ml of 6 N 
HC1 per xo mg of protein. The hydrolysates  were taken to a syrup once in va~uo, 
diluted to a known volume and kept frozen until  analyzed. 

Ion Exclmnge Chromatography 

The neutral  and acidic amino acids were separated by use of a Ioo x o.9-cm 
column of Dowex 5o-Xxz bea~s, 15--7o ~ size (wet) s e luted at  7 ml]h. The basic 
amino acids were separated by use of a 3o x o.9-cm columrt of the  same resin. The 
methods  were modified from those developed by Moomz ,~ND STY.L'# and  have been des- 
eribeda0, it 

References p. .18 / 39. 
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Samples containing approximate ly  r m g  of nitrogen were analyzed. One ml 
fractions from the columns were analyzed with the ninhydrin reagent of l~lo(,rj,: ,x.~I) 
,%'I'I,:[N l'J, Color values were determined b y  analyzing a mixture of known amino acids 
ran.de to simulate a collagen hydrolysate .  

ProlCne and l~ydroxyproli.~te 
Since these imino itcids give a f o r  ninhydrin color by  the usual procedurO '~ 

separate  s;tmples containing ;tbont z m g  of protein were analyzed u hy  elution of a 50 ,-" 
o, 9 cm column of the resin described aln~ve with pH 3.30 citrate buffer (o.25 N Nat ) .  
A ninhy(trin-glacial acetic acid reagent wits used to develop a color in the  eltlucnt 
Iractions. The proecdure previously described ~a, ~'~ was somewhat  modified as follows: 
The color was allowed to develop in a constant  te tapcrature  ba th  at  30 ° (rather than 
at  room temperature)  using 7 m[ of o . r so  % ninhydrin in glacial acetic acid (accu- 
ra te ly  prepared and equil ibrated at 3o °) for each r ml fraction. Hydroxypro l ine  
reached a max imum color in 8o rain and proline in xSo min. The color was read at 
these  t imes in a Beckman  I )U spectropllotonaeter at  350 tntt using a tungsten light 
source  (with filter), photomult ipl ier  tube,  o.2 mm slit, and silica cells with a z cm 
light path.  Under  these eondition.~ o.r Itmole of hydroxyprol ine  in a z-mr fraction 
from the column produced an absorbauce  of o.r42. "|'he value for proliue was o . t fo .  
The calibrat ion curve  was linear to an absorl)auce of at  least r.o. Replicate  analyses, 
done .'tt diffeient t imes, of known tnixtnres carried througil the entire procedure had 
a s t andard  deviat ion of x.o o;,. 

I~J:.slrt.'t's 

Morphology 
The histology of elastoidin has been described iu detail  b y  F,~tri~v:-Ft~v..~tEt and 

colleagues 2~, Electron mictographs obta ined of fragmented fibers revealed r ibbons 
with tile typical  650 A axial period (Fig. x). Only three intraperiod bands were ob- 
served.  Similar electron micrographs have been published previously b y  otherst6,~L 

Histological  examinat ion  of the body  wall of Tf~yono reveals it to be composed 
mainly  of massive densely Inmked bundles  of typical  collagen (Fig. 2). These bundles 
are of ten well ordered in what  appears  to be successive waves  of 'conrtective tissue. 
T h e y  stain in the  same manner  as collagen fibers of mammalian  tissues with the  
classical me thods  used. No black silver-staining fibers were observed.  Rela t ively  few 
cells ace semi in the  connect ive tissue. The free surfaces are covered with a columnar 
t ype  of epithel ium while a less well ordered layer  of cells and  large longitudinal 
bands  of muscle  line the  inner layer  of the b o d y  wall. 

Elec t ron microscopy of f ragmented "l"hyone connective tissue revealed non-  
branching fibrils ranging in diameter  from xSO 2~ to 2,ooo ~,~ (Fig. 3). blo~~ fibrils 
have  the characterist ic 650 A axial period and in favorable cases phosphotungst ic  

• avid staining ha.~ revealed six intraperiod bands in an asymmetr ic  pa t t e rn  ve ry  simi- 
:i lar to tha t  of mammal ian  collagen. There are also present very  thin " b e a d e d "  fibrils 
• with  a per iodici ty  of 3~o--4oo A. Both  wide angle and small angle X- ray  diffraction 
: pa t te rns  of Thyona b o d y  wall coUagen have been repor ted  b y  ~IARKS, BI~AR AND 
.:. ~LAKEI~.  
:: At  least a port ion of the  b o d y  wall of Molridium contains two large layers of 
:i : connect ive t issue connected  b y  a series of  t ransverse bands of similar appearance  

: :  Re~lerences p. 3,~'I39. 
::::: 
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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 popu!~,':, ] with 
cells. C~-L~I'a~IA,', "1~ discusses the histological organization of this tissue in deta'[, L-!ectron 
micrographs (Fig. 5a) of ~]lelridi.um connective tissne revealed thin (2o0-3oo A) non- 
branching fihrils very uniform in width  with barely perceptible axial periodici ty 
too indistinct f,ar accurate measurement .  After extract ing in ]tall sa tu ra ted  Ca(OH),  
a fine periodic I~andiug of about  9_o0 A was clearly visible in phosphotungst ic  acid 
stained prepa, 'ations (Fig. 5b). However there are suggestions of i~ superimposed 
larger periodic ity. 

Histological sections of the water-washed float of Physalia revealed a nearly 
homogeneous appearing tissue superficially resembling cartilage in tha t  the cells are 
large and encapsulated and there is voluminous intercellular mater ia l  (Fig. 6). The 
lat ter  stains uniformly like vertebrate collagen. This intercellular substance is seen 
to consist of a mass of w i d d y  ramifying bundles of very line fibers seemingly embedded 
in an amorphous material.  The serrated edges of the tissue apparen t ly  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 f ragmented tissue revealed fibrils very  similar in 
size to those observed in ~]Ielridinm. Here, again, t hey  were difficult to free from an 
amorphous envelopment  and  only a suggestion of a periodicity was observed. 

~¥Jde angle X-ray  diffraction pat terns  of dried s t re tched Physalia float revealed 
a m o d e r a t d y  well oriented collagen pa t te rn  (Fig. 7)- Low angle diffraction produced 
a single meridiona! Line and was considered unsat isfactory.  

Fig. 8 is a plmtomicrograph of a smear of the sponge, S. graminae, t aken  with the 
polarizing microscope using the first order red plate. The large branching fibers 
showing positive axial birefringence arc spongin 13 and the 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 obta ined from both plus a good low angle pa t t e rn  from 
spongin A ~. 

Chemical analysis 

Analytical values for asia, water, and nitrogen are presented in "Fable I, Nitrogen 
values, corrected for ash and  water, and fur ther  corrected for nonprotein mate r ' a l  
(not accounted for as amitto acids, see Tables 11i and  iV) are also presented. A value 
close to z8.6 % was obtained for all samples. 

The amino acid composition of the collagens is presented in Tables II,  I I I ,  and  IV. 
The da t a  appear in three forms: residues of amino acid per i ,ooo total  residues (T~ble 
II), residue weight as % of total  weight (Table I I I), and  nitrogen as % of total  ni trogen 
(Table IV). The first listed, residues per x,ooo has recently been used by EAmroE 
AND LEACH z. As pointed out by them, this allows a direct  comparison of f requency 
,at occurrence to be made wifich cannot  always be done with the other common 
methods  of calculating the data .  Thi~ is part icular ly true off the invertebrate  collagens 
since they  contain large and varying amounts  of carbohydrate .  The other  two methods  
el presentat ion allow a direct calculation of recovery as weight and as nitrogen. All 
of the values are averages of two complete determinatioi~s except for the Physalia 
Relerences p..~'~3o. 
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Fig. 3- ElecttoT, micrograph o[ fragmented Thyon"e collagen+ Shadowed ~th" :¢hromium. .~Iag.  
20,300 X. 

Fig, q. Photomicrogr~_ph of 3lctridium body wall. Stained with Mallory's anil ine bhle connt~tive 
tisstxe stain. The fibrous kxrninae and crossba~ds arc composed of der,~e]y packed collagen fibrils 

and stain intensely blue. 
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:: Fig .  6. Photonticrl~graph of  cross sectioat of  Physalia float,  water-washed.  Mallory's ani l ine  blue  
:::. stain.  
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Fig.  7- VVidc a n g l e  X-r~.v d i f f r a c t i o n  p ~ t g e l ~  oI  w a t e r - w a s h e d  a n d  d r i e d  Physalia float. 

. . . . . . .  • . ~ . . . . - . . .  _):. . i .:~(.::: ~ 

~,:i: :5 

Fig .  ~. P h o t o m i c r o g r a p h  o l  s m e a r  of  f resh  s p o n g e  b~v:~::"S~ : g¢~:h:~iia~, P ~ i ~ : / e c i . : i i g ~ t  w i t h  f i r s t  
o r d e r  red  p l a t e .  A, m a s s  of si~ongin A f ibr i ls ;  t~, b r a n c h e d  s p o n g i a  13 f ibers .  
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H y d r o x y p r o l i n e  o t 7 -' o o  _p, +, I n o S  o 4  
P h e l l . y l a l i t ~ i n t -  I 3 t 5 : 4 : j  t 2 I t < ) -3  re> 

T y r o m i n e  4 -7  ,~.2 7 o 7-'~ 5 .t~ 4 . 7  4 .o  
S e r i n e  3 8  -I" 4 3  5 ; 4 7  3 S z4  
T h r e o n i n e  t 7 " 3  35  3 t) ~3 4 3  27  
M e t  h i o n i n e  t,.t~ I 3 z.-" S.>, .5. s 4 - 7  3- r 
C y s t i n e  o o . ,  ~ 2 , 5  A- z t .  t~ 3 3 0 . o  
H . v d r o x y l y s i n e  1~..'~ 7 . o  n t - '5 3~" ~ z z 4 

L y s i n e  -' 5 " 4  7-.5 -" 7 " 7  q . o  z 
A r g i n i n e  4 s 5 ° 54  57  54  4 7  4 3  
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A m i d e  N ( 4  t ) ( 3 2 )  (7 .5 )  ~7 t ) ( 6 0 )  ( t o - ' )  ( 9 o 1  
" r o t a , |  s, i o o o  1 0 0 0  i o 0 o  1 0 0 0  1 0 0 0  I O o o  I OtW) 

G l u c o s a  m i  i 1o  o o 2 , 4  4 - '  ) 2 .  j I t3 [ ,  O 

G a l n c t o s a n t i n e  o o t> o 3, z 7- 7 o 
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G u l a c t o s a m i n e  o o o o o. 24 0 , 5 4  o 
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gela t in  a n d  ,spongin A which  are  single .analyses.  T h e  va lues  l i s ted  for  pro l ine  and  
h y d r o x y p r o l i n e  are  single va lues  o b t a i n e d ' b y  a s epa ra t e  d e t e r m i n a t i o n  on a 5o-em 
co l u mn  (see expe r imen ta l )  which  is h igh ly  reproduc ib le .  Th e  less precise  f igures fo r  
these  amino  acids  p r o v i d e d  b y  analys is  of the  eff luent  f rom th e  xoo-cm c o l u m n  b y  
t he  MooRE A~'D ST~h~ n i n h y d r i u  r eagen t  v~ ag reed  wi th in  e x p e r i m e n t a !  e r ro r .  T h e  
va lues  o b t a i n e d  for n y d r o x y p r o l i n e  have  been  increased  b y  2 % to  co r rec t  for  t h e  
conve r s ion  to  a l lohydroxy-J~-prol ine  du r ing  hyd ro lys i s  xa. Th e  resul ts  g iven  for serine 
a n d  t h r e o n i n e  h a v e  been  co r r ec t ed  for  losges of 5 % an d  3 % as r e c o m m e n d e d  b y  
EASTOE zu. The  anaide n i t rogen  was p r o p o r t i o n a t e l y  decreased .  N o n e  of the  samples  
were  a n a l y z e d  for  t r y p t o p h a n :  i t  is a s s u m e d  t o  be absen t .  

Fig.  9 shows a t y p i c a l  eff luent  e h r o m a t o g r a m .  Th e  f rac t ions  were  r e a d  agains t  a 
w a t e r  b lank .  Cys t ine ,  when  p resen t ,  a p p e a r e d  i m m e d i a t e l y  fol lowing a lanine .  I t  was 
usua l ly  pa r t i a l l y  or  c o m p l e t e l y  ox id ized  to  cys te ie  acid d u r in g  t h e  var ious  p r e p a r a t i v e  
s teps.  Cyst6ic acid,  a p p e a r i n g  a t  the  so lven t  f ron t ,  was ca l cu la t ed  a_q cys t ine .  S imi la r ly ,  
m e t h i o n i n e  was  pa r t i aUy  or  c o m p l e t e l y  ox id i zed  to  the  su l foxide .  In  t h e  case of 
spong~n A (F,.'g. 9) the  o x i d a t i o n  was comple te .  W h e n  presen t ,  rp~-thionine a p p e a r e d  
b e t w e e n  g a l a e t o s a m i n e  a n d  isoleucine.  T h e  su l fox idc  was ca l cu la t ed  as  the  p a r e n t  
c o m p o u n d .  

T h e  lower  l imit  of s ens i t i v i ty  of the  m e t h o d s  is a p p r o x i m a t e l y  z res idue per  z ,ooo 
residues.  A va lue  of  zero indic~ttes less t h a n  this  a m o u n t  a n d  va lues  c lose ~o z con ta in  
a large e r ro r .  

Some  of t he  samples  c o n t a i n e d  h e x o s a m i n e  as p r ev ious ly  r e p o r t e d  ~,7. Glucos-  
a m i n e  a nd  g a l a c t o s a m i n e  were  p resen t  in spong in  A a n d  a p p e a r  in Fig.  x a,~ Well 
r e so lved  peaks  in the  eff luent  f rom the  zoo-cm co lmnn.  G a l a c t o s a m i n e  m o v e d  wi th  
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Fig. 9- An effluent chromatogram showing the separation of amino acids in an acid hydrolysate 
ot 3.5 mg of spongi*a A. The neutral and acidic amino acids were separated on a IOO x 0.9 cm 
column of Dowex 5o (first part  of figure). The basic amino acids were separated on a 5o x o.9cm 
column (second part of figure). Tt~e absorbanees were read, after development with niahydrin s, at 

57 ° mp (solid line) or 44o mlt (dash line). "X"  is unidentified. 
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hydl~0xylysinc on the 3o-cm column. If it was present, as determined by the xoo-cm 
column, its absorbance was subtracted from the combined peak to yield a value for 
hydroxylysine .  I t  was not observed in the column eluate of the spongin B hydrolysa te  
nor was it definitely identified previously by  paper chromatography% 

The analyt ical  da t a  for the hexosamines are included in Tables II,  I l I  and IV 
al though the hydrolysis  conditions were not necessarily op t imum for their determina-  
tion. The peak labeled " X "  was found in both  spongin A and  t3. Traces m a y  be present 
in the other inver tebrate  collagens. I t  is mfidentified. This material  reacts with the 
ninhydrin  reagent of M o o ~  A~D STV.L~" in a manner  similar to  hydroxyprol ine  and  
proline and may,  therefore, be related t o  the cyclic imino acids. However, it is not 
known whether  ~t is associated with the protein or carbohydra te  ~ortion of the 
samples. 

D I S C U S S I O N  

Histologically and in the electron microscope it is difficult to distinguish Th),o~ge body 
wall collagen from its nmmrhalian counterpar t .  \Vhether or not  the thin "beaded"  
fibrils found associated with the larger typical  cross s t r ia ted fibrils are collagen is ye t  
to be determined.  

The connective tissue layers of ~l.letridi~o~ and Physat ia  stain characteris t ical ly 
for collagen. The fibrils obtained by f ragmentat ion and viewed in the electron micro- 
scope resemble superficially those seen in the sponges 6, Halioto~a and  ;ll.icroaio~a, 
spongin A from S. graminae and the  fine collagen fibrils of mammal i an  vitreous 
humor  -.,t 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 adequa te ly  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  periodicity ~. 

The recovery of the inverteb', 'ate collagen samples in terms of weight is not  
complete (Table III) .  The difference has previously~, ~ been shown, at  least in part ,  
to be a complex mixture  of carbohydra tes  which are f irmly bound to the protein. 
Essentially all of the nitrogen is present as amino acids, except for the two spongins 
(Table IV). These samples contain unidentified compounds which account  for about  
Io % of the total  nitrogen (such as " X "  in Fig. I). Therefore, e×pressing qm results 
for the _spongins as residues of amino acid per x,ooo total  residue~ ~'l'able II) is not  
completely accurate if it is shown tha t  the unidentified, ni t rogen-containing com- 
pounds are amino acids and  a part  of the collagen polypeptide chains. P~:nding fur the-  
information it wilt be as.~umed tha t  this is not  the cruse. 

Steer skin collagen is very Mmilar to other  mammal ian  collagens s. The hydrox  3 
proline content  is on the low side of tim observed range while prolhle is somewhat  
higher than the average. The value for tyrosine is higher than  reported for some 
mammal ian  collage,is and m a y  reflect art impur i ty  (see the discussion of clastoidin).  

The analysis of etastoidin gelatin can be compared with the values reported by  
])~_MA~O~AN el al. Ls. Since it has previously !~een shown zz tha t  elastcidin contains a 
non-collagenous residue tha t  has a high tyrosine content  which is difficult to solubilize 
by autoclaving, it would be expected tha t  the gelatin, reported here, would differ 
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from the whole fiber analyzed by DA,~IAI;Om~x et al.'~'~ The tymsiae content of the 
gelatin is only about one-fourth file vahm for the unfrac[ionatcd fiber. All of tile 
other hydroxy amino acids are higher in the gelatin, by about Io to 4 o ?:o, while 
histidine is less than one-half as large. The only large difference hetween elastoidin 
gelatin and  mammal ian  gelatins is a Iower value for hydroxyproline in the former. 

7"hyof~e gelatin shows two large differences r(.4ative to mammal ian  gelatins. 
Hydroxypro l ine  is lower by about  a third,  in a manner  ~milar  to m a n y  nonmammal ian  
ver tebrate  collagens. Lysine is very much lower than  in any  collagen thus far known.  
The value is one-third to one-fifth as large as tha t  found for vertebrate collagens. 
with the result tha t  the lys ine:hydroxylysine  ratio is less than  one. Arginine is only 
sl ightly elex',ated. Recent ly  KUtIN cl a/2a have claimed that  arginine binds phospho- 
tungst ic  acid most  t ight ly  whereas tha t  bound by lysine and  hydroxytvsine  may  be 
washed out.  They imply tha t  the intraperiod band pat tern  as seen in the electron 
microscope in mammal ian  collagen fibrils is most ly  a t t r ibutable  to arginine. This 
a rgument  fits well wi th  our  observation of a detai led six bmxded intraperiod pat tern  
in Tl~yone fibrils stMned with  PTA (to be described elsewhere) in the face of a com- 
para t ively  low lysinh content .  The amount  of acidic amino acids in elm hydrolysate ,  
par t icular ly  glutamic acid, is high. In terms of the ac id i ty  dI the protein, this is par- 
t ial ly offset by a larger a m o u n t  of amide nitrogen. To some extent  this feature is 
common to all the invertebrate  collagens reported here. Galactosamine was not found 
in the column eluates but  was definitely identified previously by paper chromatog- 
raphy  in a hydro lysa te  of the same materiaF-'-'. 

The hydroxyprol ine  content  of sltetHdimn gelatin is very low, one of the lowest 
yet  reported for a collagen. Proline is also decreased approximate ly  in proportion. 
The largest quan t i t a t ive  difference is hydroxylysine .  I t  is several t imes as large as is 
usual ly  seen and  is approximate ly  twice the highest reported value for a mammal ian  
collagen, namely  tha t  for rat  dent in  (16 residues/i ,ooo total  reMdnes) *~. 

I)hysalia gelatin is very  similar to ;lletriditnn gelatin as might be expected since 
they  are derived from members  of the same phylum.  The proline and hydroxyprol ine 
contents  are not quite as low for l'h/salia as for .lletridiml¢ ; the hydroxylys ine  value 
is even higher, 30 residues per I,OOO. " 

Spongin A presents a quant i ta t ive  pat tern  unlike any  of the above. The hydroxy-  
proline content  is sl ightly higher thin1 any  collagen known except for the ear thworm 
cuticlE*, which is very much higher. The proline content  is somewhat  low. The value 
for lysine is very low, about  the same as for "Fhyo~e gelatin. Spongin B, al though from 
the same animal as spongin A, is quite different, Hydrox)-proline and proline values 
are somewhat  lower than  in spongin A, with the former about  the same as in steer 
h~de and  proline considerably lower. Lysine and  hydrt)xylysine are much higher, In 
the la t ter  respect spongin B is very similar to Mvlridiztm and t'hysal£g gelatins while 
spongin A, as stated,  r e s e m t ~  Thyone. Examin ing  the values for alanine, the si tua-  
tion is reversed. Spongin A, like Metri, Iin~n and Phys,dh~ gelatins, has less alanine 
than  ver tebrate  collagens while spongin B has nearly as much, Structural ly,  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 relat ively huge 
branched fiber ~. 

Thus far, the differences among collagens have been stressed, but  it is as impor- 
t an t  to  look for similarities. The quali tat ive ones are readily apparent  and alIow the 
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chemical classification of these diverse proteins as collagen. Quant i ta t ive ly .  only one 
amino acid, glycine, occurs with near ly  constant  frequency. For  the collagens exam-  
ined in this s tudy  the range is 306 to 334 residues per I,OOO. It  is possible th,~t agree- 
ment  would be even closer if purer samples were available. Thus, the requirement  
of the collagen model proposed by RIcH AND CR1GK i¢ t ha t  every th i rd  residue be 
glycine is apparent ly  fulfilled by invertebrate  collagens. WATSON 4 has shown t h a t  
this is also t rue for the ear thworm cuticle. On the basis of these da t a  it is likely t h a t  
the glycine content  of a collagen is the best chemical measure of pur i ty .  The high 
glycine content  is reflected ill tile corrected ni trogen 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  to be real from the  present 
evidence. 

The glycine analyses previously performed by  a eolorimetric method  ~ agree very  
closely with the chromatographic values presented here. There is a less close agreement  
between the colorimetric and chromatographic  values for prolilze and  hydroxyprol ine .  
I t  is likely tha t  the chromatogr.xphic values ate more reliable, par t icular ly  in view 
of the fact tha t  the inver tebrate  collagens contain non-protein mater ia l  which is 
incompletely defined. 

I t  can be concluded tha t  there are no str iking features in the amino acid compo- 
sition of invertebrate  collagens which distinguish them from ver tebrate  collagens, 
unless it be a high degree of variabil i ty.  There are several less obvious differences 
between the two groups which appear  fo be consistent.  For  example,  the inver tebra te  
collagens have a smaller proport ion of imino acids (particularly proline), a larger 
content  of hydroxy l  groups (owing largely to threonine and  serine, except for spongin 
13), uniformly higher ~mounts  of hydroxylys lne ,  a greater proport ion of dicarboxylic 
acids (but not  of acidic groups), and  fewer nonpolar  amino acids. 

I t  can be further  concluded tha t  there is no obvious relationship between amino 
acid composition and evolut ionary level. 
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The amino acid analogs nofleucine and para-fluorophenylalanine are shown to be 
incorporated into the proteins of E.  coll. Analysis of proteins by an ion-exchange 
column showed that the proteins formed in the presence of the analogs are not r~dicalty 
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 proportions in all of the "protein classes" resolved by the 
ion-exchange column. 

I N T R O D U C T I O N  

Considerable quantities of certain amino acid analogs may be incorporated into the 
proteins of Esoherichia colt t-a. The analogs substitute for corresponding naturally 
occurring amino acids and cause various biological effects. In general, cellular growth 
becomes linear wi th  time and specific enzymic activities may be lost, depressed, or 
remain unaffected. Such effects depend upon the degree and kind of subs~Rution 
produced. Since the degree and kind of substitution can be controlled, the use of 
analogs provides a method for the quantitative examination oI the relationship 
between altered molecular structure and enzymic activity. Evidence can also be 
adduced concerning susceptibility of bacterial protein types to analog substitution. 
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