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D e n a t u r e d  collagen.  :n~t~.kiy.  rnXsing the  t e m p e r a t u r e  of ac id-soluble  col lagen dis- 
solved in sodium-¢ti.l~rr~bh~-mvotic ac id  to  4 o°, consis ts  of two  m a i n  pro te in  species.  

a n d  fl, a n d  a sma l l  ~q~rtt~. 5-,~ia t h i r d  species,  y-collagen.  I t  is shown  t h a t  the  r a t io  
of t he  a m o u n t s  of:ttiex~-:mckl~ .[~oteins m a y  be ca l cu la t ed  f rom the  ra t io  of t he  a reas  
of t he  s c h l i e r e n - ~ - , m a t t ~ ~ s ,  a n d  the  s e d i m e n t a t i o n  coefficients of t he  peaks .  

• . i / t The  m e t h o d  is  t e s t e k t h x ~ _ , ~ g t h e  x/fi, y ra t ios  of t w o  d e n a t u r e d  col lagen f rac t ions  
q u a n t i t a t i v e l y - s ~ ~ k t  tt3_y s~lt: gTadient  e lu t ion  f rom a carbox~nnethylce l lu lose  
co lumn,  w i th  the:Tat,i~,ii~t-tt¢.~oHagen solu t ion  which  was  t h e  s t a r t i n g  m a t e r i a l  on t h e  
co lumn.  

INTRODUCTION 

In  t h e  u l t racent r i f iage  t f i . .  rote, of s e d i m e n t a t i o n  of a p ro t e in  in so lu t ion  decreases  
as  t h e  p r o t e i n  coneentm-i~mninereases.  SCHACHMAN 1 po in t s  ou t  t h a t ,  if t h e  so lu t ion  
con ta ins  a netr tral-saix r t ~ r m m m i z e  effects due  to  m i g r a t i o n  of molecules  w i th  a ne t  
charge ,  t h e n  t h e r e  ~ . n m m  ~ I~as t - th ree  c o n t r i b u t i n g  causes  of the  c o n c e n t r a t i o n  
d e p e n d e n c e  of s e f l imenm~m~ ra te :  t h e  inf luence of p ro te in  c o n c e n t r a t i o n  on the  
v i scos i ty  of t h e m e i 4 m m , ,  . n t t i e  so lu t ion  dens i ty ,  a n d  on the  counter f low of d i sp laced  
l iqu id  as t h e  p r o t e i n r m n ~ - f 6 r ~ x r d .  Because  of t he  c o m p l e x  causes  of t h e  concen-  
t r a t i o n  dependence ,  :may ~ o n s h i p  be tween  s e d i m e n t a t i o n  coefficient a n d  con- 
c e n t r a t i o n  m ~ ! b e  ~ t i~¢~aI i .  

W h e n  ~ ' o ; p r a t e i ~ , ~ a x c t i ~ ,  wi th  dif ferent  s e d i m e n t a t i o n  coefficients are  sedi- 
m e n t i n g  t o g e t h e r  i n , - t ! ~ d i r m ~ n t r i ~ u g e  cell pa r t  of t h e  s lower  s e d i m e n t i n g  p ro te in ,  x, 
is s e d i m e n t i n g : L - a - t h e ~ ~ ¢ ~  o f : t he  fas ter  s e d i m e n t i n g  p ro te in ,  fl, a n d  p a r t  is sedi- 
m e n t i n g  in the: a b s e n ~  rbf~c, . f$~er c o m p o n e n t .  JOHNSTON AND OGSTON 2 showed  t h a t  
th i s  wou ld  cause~ht~ eox~wnam~ion of t he  x-pro te in  to  be g r e a t e r  b e h i n d  t h e  f l-protein 
b o u n d a r y  t h a n : i n  ~from,rbfirt,if~ the  r a t e  of s e d i m e n t a t i o n  were  re la ted  to  the  to ta l  
p r o t e i n  c o n c e n t r a t i o n . i k r ~ . ~ , t i , , ' e  of species. The  areas  u n d e r  t he  schl ieren peaks  t hen  
cease to  r ep re sen t  ~_-tl~,:omeanrations of t he  m- a n d  fl-proteins.  T h e  a p p a r e n t  a n d  
a c t u a l  s t a t e s  of a f i a i~ .~ t r~ .~ i~n~in  Fig. I. 

W h e n  a c i d - s 0 h ~ , ; o ~ l ~ ;  d issolved in o.o5 % acet ic  a c i d -  o . I  M NaC1, is 

t O n  l e a v e  of alemtmee,~txxmmfla~ D ~ e n t  of Tex t i l e  I ndus t r i e s ,  T h e  Un ive r s i t y ,  Leeds  2, 
( G r e a t  Br i t a in ) .  
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denatured by raising the temPerature to 4 o°, the tropocollagen molecules dissociate to 
give two main protein species, ~- and fl-collagen, with a small amount of a third 
species, ~,-collagen. The three species have molecular weights s in the ratio I : 2 : 3, and 
the ultracentrifuge will clearly reveal three peaks corresponding to the three species 
(Fig. 2). This paper will show how the true ~]fl ratio can be calculated from the 
apparent r~ io ,  the ratio of the areas of the schlieren ~- and fl-peaks, using an em- 
pirical relation between the sedimentation coefficient of the ~-species and the total 
protein concentration. 

The sedimentation coefficients of the ~-, ~- and y-species were measured using 
a n  a c i d - s o l u b l e  t r o p o c o l l a g e n  a t  d i f f e r e n t  c o n c e n t r a t i o n s  i n  a c e t i c  a c i d - N a C 1  s o l u t i o n .  
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Fig. I, Full lines, the actual state of affairs in 
the ultracentrifuge cell, after the separation of 
two proteins with different sedimentation con- 
stants ; broken lines, the apparent state of affairs. 
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Fig. 3. Var ia t ion  of t he  ~-, ~- and  ~-sed imenta -  
tion coefficients with total collagen concentra- 
tion. Experimental conditions as in Fig, 2. 

Fig. 2. Schlieren d i ag ram from a d e n a t u r e d  
0.35 % acid-soluble collagen solu t ion  in o.I M 
N a C l - o . o  5 % acet ic  acid ; 5 6 , o o  rev . /min ,  4 o°, 
90 min  af ter  r each ing  m a x i m u m  speed,  sedi- 
m e n t a t i o n  f rom left  to  r ight ,  bar  angle  6o °. 
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Fig. 4- Variation in t he  apparent ratios by 
weight of the ~-, ~- and },-protein with total 
collagen concentration. Experimental con- 

ditions as in Figs. 2 and 3, 
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Fig. 3 shows t h a t  the  fit of the  points  to a s t ra igh t  line is s a t i s f ac to ry  if the  sedimen-  
t a t ion  coefficients are p lo t t ed  d i rec t ly  aga ins t  t o t a l  collagen concen t ra t ion .  At  t he  
same t ime,  by  cons t ruc t i ng  the  ~-. B- and  ~,-curves u n d e r  t he  schl ieren peaks,  pho to-  
g r a p h e d  when  t h e y  have  become clearly- defined in the  run ,  and  cor rec t ing  for rad ia l  
d i lu t ion du r ing  the  run,  the  a p p a r e n t  ot / f l /7  ra t io  can  be measured .  Fig. 4 shows the  
resul ts  p lo t t ed  aga ins t  to ta l  collagen concen t ra t ion .  

In  JOrlXSTON AND OG.~TON'S t r e a t m e n t  the  a s s u m p t i o n  is made  t h a t  t he  sedimen-  
ta t ion  coefficient, _q, of a p ro te in  a t  an~- point  in the  u l t r acen t r i fuge  cell is b_'nearly 
re la ted  to t he  to t a l  concen t r a t i on  of all species of p ro te in  a t  t h a t  point ,  C. 

S - :  S ~  + k C  

where  S~ is the  s e d i m e n t a t i o n  coefficient at  infinite p ro te in  di lut ion.  T h e n  it can be 
shown -° t h a t  the  real  concen t r a t i on  of a -mate r ia l ,  C~, is re la ted  to the  a p p a r e n t  con- 
cen t r a t ion ,  C~', b y  t he  equa t ion .  

C~" S;~ ~ S,.o 
- ( i )  

where  S~ a n d  Sp are  t h e  s e d i m e n t a t i o n  coefficients of the  ~- and  fl-peaks,  and  S~, 0 is t h e  
s e d i m e n t a t i o n  coefficient of t he  **-protein in t h e  presence  of t he  fl-protein.  

S~,o ---- S~,,~ + k,.,C (2) 

where  S~. ~ is t he  s e d i m e n t a t i o n  coefficient o[ t h e  ~-prote in  a t  infinite p ro te in  di lu t ion,  
a n d  k~ is t he  p ropo r t i ona l i t y  c o n s t a n t  re la t ing  the  s e d i m e n t a t i o n  coefficient of t he  
~-prote in  to the  to ta l  p ro t e in  concen t r a t ion ,  C. In  app ly ing  this  t h e o r y  to col lagen 
solut ions  the  JOHNSTON--OGsTON effect be tween  fl- a n d  ~,-molecules is t a k e n  to  be 
negligible because  of t he  smal l  concen t r a t i on  of ~,-protein, a n d  C is the  to t a l  collagen 
c o n c e n t r a t i o n ,  inc lud ing  y-protein .  

Thus ,  it was  necessa ry  to  fit a line, using Eqns .  x and  2, to  the  e x p e r i m e n t a l  
po in t s  in t h e  cur~e  of a p p a r e n t  concen t r a t i on  of ~-prote in  aga ins t  t o t a l  collagen 
c o n c e n t r a t i o n  (Fig. 4). The re  are  two  u n k n o w n s ,  C~ and  ka, a n d  these  were  ca lcu la ted  
by  choosing two  to t a l  col lagen concen t r a t ions ,  o. 3 % and  0.5 %, where  the  e x p e r i m e n t a l  
po in t s  def ined t h e  va lues  of C~" qu i te  clearly,  and  solving two  s imu l t aneous  equa t ions  
for k~ ( ~  ~ L66) and  C~, t h e  real  c o n c e n t r a t i o n  of a -prote in .  T h e n  the  line r e l a t ing  
C~" to  to t a l  col lagen can  be cons t ruc t ed ,  a s t r a igh t  line can  be d r a w n  t h r o u g h  the  Ce" 
points ,  t h e  a p p a r e n t  concen t r a t i ons  of ~/-protein, and  t he  C a" curve  can be c o n s t r u c t e d  
b y  difference. 

W i t h  Eqns .  x a n d  2, t h e  va lue  of k~ d e t e r m i n e d  above,  and  S~, ~ from Fig.  3, t he  
~/fl ra t io  in a n y  col lagen solut ion can  be d e t e r m i n e d  f rom t h e  a p p a r e n t  ra t io  and  t he  
va lues  of S~ a n d  Sa for t h e  solut ion.  The  a s sumpt ions  involved  are  (a) t h a t  no large 
e r ror  is i n t roduced  b y  t r e a t i n g  t h e  small  a m o u n t  of y -mate r i a l  in the  m a n n e r  descr ibed 
(b) t h a t  t h e  s e d i m e n t a t i o n  coefficient of t h e  a -pro te in  is l inear ly  re la ted  to the  to t a l  
p ro te in  concen t r a t ion ,  irrespec_Aive (c) of w h e t h e r  th is  is a -pro te in  or  a m i x t u r e  of 

a n d  ft. 

EXPERIMENTAL 

Acid-soluble  col lagen was  p repa red  a t  5 ° by  the  e x t r a c t i o n  of fresh calf sk in  b y  o. 15 M 
c i t r a t e  buffer  (pH 3-1-3.7) af ter  t he  sk in  had  been  e x h a u s t i v e l y  e x t r a c t e d  a t  t he  same  
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t empera tu re  by Io % NaCI solution. The collagem s d l m i ~  ~re~re. r igorously  purified 
by  ~ "~'~: "~ ~' .... speed . fi,t ...... o,., ...... cer~trihxg-a-vi<,n, a.~d. p r ~ . @ a t i i 0 m ~ : ~  agains t  x % NaC1. 
Se(tim(.'ntation rates  were measured  in o.x M N:a{CR~o..~o@%, a~¢~i~ acid  a t  4 ° °  in a 
Spinco  Model g ultra('entrif~/ge at  56 Ioo rev. /mi~.  ~ ~ a~re ,as were ca l ibra ted  
by a svntlv. 'tic-bour, d a r y  run wi th  a sucrose soha,~io~a; ~l~;~dta: ¢ ~ ~ * - =  o.186, dn/dc 
sucrose ~ = o.143. The collagen solutions were ,elemammedl l f~  I 1~ a~ 40 ° before filling 
the  u l t racent r i fuge  cell. The base line in the  ul,~aoemttm]tfm~ r m ~  was prov ided  b y  a 
second normal  cell conta in ing  the same amomaec ,off Xag~l-ametik-a¢iidl solut ion against  
which the  collagen solution had  been diaiyseel. ~ h e  ~ . ~ t i ~  of the  collagen 
solutions were measured  in a Zeiss in te r fe romeIer  ,calN~,~edt ~ a s t a n d a r d  ~ucrose 
solut ion using the same values  for dnldc. 

Test of  the computation 

P[EZ et al. 6 f rac t iona ted  dena tu r ed  collagen ,o~a ~ < m r l ~ ~ . ~ ¢ e l l u l o s e  co lumn 
wi th  a sod ium aceta te  buffer  (pH 4.8) fal l ing ;li~em~, fm f~0~ix~ s t r eng th  dur ing  the 
elat ion.  Moni tor ing the  effluent,  four peaks  could I b e ~ ~ ¢ l t ;  two pairs of peaks 
were c lear ly  separa ted .  

The  u l t racen t r i fuge  show,-cl t h a t  the  combined  ~ mestt~tmibIe for the  first 
two peaks  (Frac t ion  I) to be e lu ted  f rom the  ,o~m=m ~ em~tked  in ,t-collagen 
compared  wi th  the original  collagen solution,  a ~ d  ~ ~ ~ m m  the  second pair  
of peaks  (Frac t ion  II)  to leave the  co lumn was r idh ~ a ~ .  (~ a m  most  gra te fu l  
to Dr.  J .  H. HIGHBERGER of the  Un i t ed  Shoe 3 1 a d l , ~  ~ ~ ~ ! r , ,  Bever ly ,  Mass. for 
the  gift of samples  of these fractions.) The reco,~e~_ ,off ~ t~ro~ the  co lumn was 
complete .  The rat io  of the  a m o u n t  of pro te in  m~dier ~t~ ~ ~ , t t  peaks,  I, to t h a t  
under  the second pair ,  II, was 1-1.  9. The  , ~ ~ t ~  ell tt~e, original collagen 
solution,  and  of F rac t ions  I and  II, were ca l~f la~dt  ~ oomteeti~g the  rat ios of the  
schlieren areas for the  JOHNSTON --OGSTON effec~ ~ Tt]ln~ ~"~t~C ~ ~ : l ~ t .  Table  I shows 
t h a t  the  ag reement  be tween  the  composi t ion  of  ~ , ~  ~ soI=tion and  t h a t  
ca lcu la ted  f rom the  relat ive propor t ions  of I a2xd lIli is bectte~r ~tt~r~ ~ %, except  in the  
case of the  7-protein,  where the  error  is less t h a ~  mo'~.  

TABLE t 

l~z.GJm~marn~ {3-Com#oncnt 7-Compom'nt  
(~ .... ,,,; ( % )  ( % )  

Original acid-soluble collagen-schlieren areas corrected flea- "* 57 I4 
J OHNSTON--OGNTON e f f e c t  

Fraction 1 (see text) corrected schlieren areas ~ '  44 o 

Fraction II corrected schliercn areas ,,_n 69 to 

{)riginal acid-soluble collagen calculated from the coxI~poai~em ~ ~ 6t b 
Fraction I and Fraction II 
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T h i s  w o r k  w a s  c a r r i e d  o u t  in  P r o f e s s o r  F.  O.  SCHMITT'S l a b o r a t o r y ,  a n d  t h e  a u t h o r  
w i s h e s  t o  t h a n k  h i m  s i n c e r e l y  fo r  h i s  a d v i c e  a n d  e n c o u r a g e m e n t .  P r e v i o u s  i n v e s t i g a -  
t i o n s  in  t h i s  l a b o r a t o r y  on  c o l l a g e n  u l t r a c e n t r i f u g a t i o n  b y  D r .  K .  ALTGELT, w i t h  w h o m  
t h e  a u t h o r  w a s  p r i v i l e g e d  t o  w o r k ,  h a v e  a l r e a d y  b e e n  d e s c r i b e d  4. T h e  a u t h o r  is a l s o  
i n d e b t e d  t o  t h e  A l f r e d  P .  S l o a n  F o u n d a t i o n  for  a P o s t d o c t o r a l  F e l l o w s h i p  d u r i n g  t h e  

p e r i o d  o f  t h i s  s t u d y .  T h e  c o l l a g e n  u s e d  in  t h e s e  e x p e r i m e n t s  w a s  e x p e r t l y  p r e p a r e d  b y  
Mr .  J .  W'. JACQUES. 
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