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Study of the initial stages in which a protein is broken down by a proteolytic enzyme 
can yield information about the following questionso (I) Do intermediates accumulate 
in the digestion mixture? (2) Is there a single pathway of breakdown for all of the 
protein molecules? (3) How do the properties of various intermediates compare with 
those of the starting material? These are related problems and information about 
any of them provides some insight into the others. We shall be concerned here with 
the first of these. 

Whether  or not intermediates are found during the digestion is, as LINDERSTROM- 
LANG 1, 2 has shown, a question of reaction rates : that  is, are the intermediates broken 
down much more rapidly than the starting material, or at comparable rates? In  the 
first instance only native protein and end products are observed during all stages 
of the digestion. This is called a one-by-one breakdown; many examples are known 3-8. 
The type of breakdown in which intermediates are degraded at rates comparable to 
that  of the disappearance of native protein will be called here interrupted breakdown. 
Several examples of this also are known4, 9 13. In the digestion of horse diphtheria 
antitoxin, fragments with increased specific antibody activity can be obtained 9. Also 
several systems have been studied in which there is a maior, if not unique, pa thway 
of breakdown. Thus specific intermediates have been obtained from the limited 
digestion of ovalbumin by subtilisin 14-16, from the peptic digestion of ribonucteasO 7, 
and from the tryptic breakdown of myosin TM. 

In the one-by-one breakdown there is a stage in the degradation of each molecule 
in which the protein becomes labile to a t tack by enzyme and then is broken down 
rapidly. This labile form may  arise in one of two ways 1,10, 20: it may  be in equilibrium 
with the native form or it may  be produced by enzymic a t tack  upon the native form. 
Examples of enzymic degradation in which there is an equilibrium between native 
and labile forms of the protein are the autodigestion of trypsin 21,22 and the tryptic 
breakdown of fl-lactoglobulin 1,2°. In order to find out why the intermediates are 
labile, one would like to compare chemical and physical properties of the native and 
labile forms. A labile intermediate produced by enzymic action cannot in general 
be isolated; if it could, it would not be a labile intermediate. However when a labile 
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form is in equilibrium with the native form, one may  s tudy the properties of either 
form by  finding conditions where the equilibrium favors that  form. 

Hog thyroglobin at low ionic strength undergoes a reversible reaction which 
apparently is a change in configuration. LUNDGREN AND WILLIAMS 23, who have 
described this reaction, call it the N ~ a reaction. The purpose of this work was to 
s tudy the enzymic breakdown of the N and a forms, to see if they showed any 
interesting differences and, if so, to find whether these could be related to properties 
of the N and a forms. Since thyroglobulin has a molecular weight of 660,000, the 
ultracentrifuge can resolve the larger fragments produced by degradation and so 
sedimentation analysis was used. Papain was chosen as a proteolytic enzyme because 
its action can be stopped readily with iodoacetamide. 

EXPERIMENTAL 

Protein preparation 
The thyroglobul in  was prepared  f rom fresh hog thyroids  by  the  method  of DERRIEN, MICHEL 

AND ROCHE 24 in which a saline ex t rac t  of the  thyroid  glands is fractionally precipi tated wi th  
a m m o n i u m  sulphate.  The thyroglobul in  t hus  obtained was  thoroughly  dialyzed against  dilute 
po ta s s ium chloride and then  against  distilled water .  Most of the  prepara t ion  was  s tored in the 
frozen s ta te  a t  a prote in  concentra t ion  of abou t  4 g / Ioo  ml; approx imate ly  i g was  lyophilized. 

The crystall ine bovine p lasma a lbumin  was  lot No. 212, i i  3 f rom Ar mour  and Co.; the  
crystall ine papa in  was  obtained f rom Wor th ing ton  Biochemical Corporation,  Freehold, New 
Jersey.  

Protein concentration 
The concentra t ion c, expressed in g / ioo  ml of solution, was  determined by  the Kjeldahl 

ni t rogen procedure,  15.8 % being taken as the ni trogen content  of thyroglobul in  2s. The quan t i t y  
An#lc, which approx imates  the differential refractive increment  dn/dc, was found to be i .84. io -8 
for thyroglobul in  in the cacodylate buffer (below) and in the neighborhood of c = i. 

Buffers 
The buffer solutions had the following composi t ions and properties.  
p H  6.40: o.I 50o M KC1, 0.o073 M cacodylic acid, o.o200 M potass ium cacodylate;  viscosity 

relative to wa te r  at  25 ° = i.OlO7, densi ty  at  25 ° = I.OO66 s g/ml. 
p H  6.65 : o.15 M NaC1, a mixture  of Na2HPO 4 and NaH2PO a wi th  a total  phospha te  molar i ty  

of 0.025 ; viscosi ty relative to wate r  at  25 ° = I.O26 s, densi ty  at  25 ° = I.OO584 g/ml. 
p H  4.6o: o.15oo M KCI, o.o10o M acetic acid, O.OLOO M po tass ium acetate;  values for the 

densi ty  and relative viscosity of this  buffer were taken from previous work  a6. 
All components  were of reagent  qual i ty  wi th  the exception of the cacodylic acid. For  the 

buffers at  p H  6.40 and at  p H  4.6o all salts were dried overnight  in vacuum,  at  approximate ly  60 °, 
and the solutions were made up by weighing each component ,  with the weights  corrected to 
readings in vacuum.  The p H  measurements  were made with a glass electrode at  room tempera tu re  
(25 ° ± 3 ° c). 

Papain digestion o/thyroglobulin 
All digestions were carried out  at  39.5 ° . In  one series, designated "in sal t" ,  the reaction 

mix tu re  contained papain,  a solution of 1% (w/v) thyroglobul in  in the cacodylate buffer described 
above,  and also 5" lO-a M cysteine and i .  lO -8 M versene (the t e t rasod ium salt of e thylenediamine 
te t raacet ic  acid) for act ivat ion of the papain~L Samples were removed at  various t imes during 
the digestion and the  action of the papa in  was  s topped by making the sample o.or 2}7 in iodo- 
acetamide. In  ano the r  series, t e rmed "ve ry  low sal t" ,  the digestion mix ture  contained, in addition 
to papain,  i g / i oo  ml thyroglobulin,  5"1o-4 M cysteine, 5"Io-4  2V/ KCI, I . i O  4 M versene, 
5" lo a M potass ium cacodylate and i .85- io -4 M cacodylie acid. In  addit ion to the iodoacetamide 
used to s top the reaction, concentra ted cacodylate buffer was added of the same relative compo- 
sition as the pH 6.40 buffer described above so tha t  the arrested samples were o.oo2 ,,~I in iodo- 
acetamide and o.15 M in KCI, in addit ion to the cacodylate and the components  of the react ion 
mixture .  The concentra t ion of papa in  in the digestion mix ture  was  ei ther o.oi or o.oo25 g / ioo  ml, 
Control exper iments  showed tha t  the iodoacetamide arrested the  digestion effectively, 
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F o r  e x p e r i m e n t s  in  w h i c h  d i o x a n e  w a s  p r e s e n t ,  t h e s e  d i g e s t i o n  m i x t u r e s  w e r e  m a d e  l o ~ )  
(v /v)  wi t  h r e s p e c t  t o  d i o x a n e . T h e  d i o x a n e  w a s  a p r e p a r a t i o n  c o n t a i n i n g  o n l y  I0 p . p . m ,  of  b e n z e n e  *. 

D i f f u s i o n  

A G o u y  d i f f u s i o m e t e r  w h i c h  h a s  b e e n  d e s c r i b e d  p r ev ious ly2~ ,  e9 w a s  u s e d  w i t h  a 9 c m  T i se l i u s -  
t y p e  cell .  A t  t h e  b e g i n n i n g  o f  e a c h  e x p e r i m e n t  t i le  b o u n d a r y  w a s  s h a r p e n e d  b y  t h e  c a p i l l a r y  
m e t h o d .  T h e  p r o t e i n  s o l u t i o n s  w e r e  d i a l y z e d  in c e l l o p h a n e  t u b i n g  a g a i n s t  t w o  c h a n g e s  of  lmf fe r ,  
fo r  a t  l e a s t  48 h a t  4 ~ , b e f o r e  c o m i n g  t o  f i n a l  e q u i l i b r i u m  a t  -'5 ° b y  s t a n d i n g  o v e r n i g h t  in t h e  
a l l / fus ion b a t h .  T h e  d i f f u s i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h i n  o . o 1 5  ° o f  zS°,  a n d  t h e  t e m p e r a -  
t u r e  d u r i n g  a n  e x t ) e r i m e n t  w a s  c o n s t a n t  t o  o .oo - :L  M e a s u r e d  v a l u e s  of  t h e  r e d u c e d  h e i g h t  a r e a  
r a t i o  w e r e  c o r r e c t e d  to  ,-5 ° b y  u s e  of  t h e  S t o k e s - E i n s t e i n  r e l a t i o n ,  a n d  t o  t h e  v i s c o s i t y  of  w a t e r  
b y  m u l t i p l y i n g  b y  t h e  r e l a t i v e  v i s c o s i t y  of  t h e  b u f f e r .  

T h e  r e d u c e d  h e i g h t  a r e a  r a t i o  a° is g i v e n  b y  

(An)~ "DA - -  ( ~) 
4~t  (~)n/dX)Zma x 

w h e r e  .4n is t h e  d i f f e r e n c e  in  r e f r a c t i v e  i n d e x  a c r o s s  t h e  b o u n d a r y ,  t is t h e  t i m e  f r o m  t h e  b e g i n n i u g  
of  d i f f u s i o n ,  x is p o s i t i o n  in  t h e  cel l  a n d  (dn/~)X)max is t h e  m a x i m u m  r e f r a c t i v e  i n d e x  g r a d i e n t .  
H o t h  " D A  a n d  t i le  r e d u c e d  f r i n g e - d e v i a t i o n  g r a p h s ,  t h e  l a t t e r  o f  w h i c h  s h o w  t h e  d e p a r t u r e  of  t h e  
r e f r a c t i v e - i n d e x  g r a d i e n t  c u r v e  f r o m  G a u s s i a n  f o r m ,  w e r e  e v a l u a t e d  f r o m  e q u a t i o n s  35 a n d  3 S 
of  l ) u x L o P  AND (;OSTING al~. I11 o r d e r  t o  t a k e  a c c o u n t  o f  t h e  i m p e r f e c t l y  s h a r p  i n i t i a l  b o u n d a r i e s ,  
t h e  r e d u c e d  h e i g h t  a r e a  r a t i o s  w e r e  e x t r a p o l a t e d  t() i n f in i t e  t i m e  b y  t h e  m e t h o d  of  I.ONGSWORTH a~. 

V i s c o s i l i e s  

V i s c o s i t i e s  w e r e  m e a s u r e d  l)y u s e  of  a n  lTbbeh)hde  v i s c o m e t e r  w h i c h  h a s  a f low t i m e  of  
_,(~5.8 sec  w i t h  w a t e r  a t  -'3 • T h e  b a t h  w a s  t h e r m 0 s t a t e d  w i t h i n  o.oo~" of  25.o%~ C. V i s c o s i t i e s  
w e r e  c o m p u t e d  friHn t h e  f o l h ) w i n g  e q u a t i o n ,  w h i c h  i n c l u d e s  a c o r r e c t i o n  for  t h e  k i n e t i c  e n e r g y  
e l i c c t .  

'* = e ( . I t - - -Z~ / l )  (_,) 

In e q u a t i o n  (2), q is t h e  v i s c ~ s i t y ,  L~ is t h e  d e n s i t y ,  I is t h e  f low t i m e  a n d . . l  a n d  /I a r e  c o n s t a n t s  
fo r  t h e  v i s c o m e t e r .  

, g c d i l m ' n l a / i o l l  

% e d i m e n t a t i o n  e x t ) e r i n w n t s  w e r e  p e r f o r m e d  w i t h  a S p i n c o  M o d e l  E a n a l y t i c a l  u l t r a c e n t r i f u g e  
e q u i p p e d  w i t h  t e m p e r a t u r e  c o n t r o l .  T h e  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h i n  o.2 o f  25 ' a n d  t h e  
t e m p e r a t u r e  of  e a c h  e x p e r i m e n t  w a s  c o n s t a n t  w i t h i n  o .o  4 . S e d i m e n t a t i o n  c o e f f i c i e n t s  w e r e  
c o r r e c t e d  t o  w a t e r  a t  2 5 b y  t h e  r e l a t i o n  

.s~j/(I g o )  - c o n s t a n t  (3) 

w h e r e  x is t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  a t  a g i v e n  c o n c e n t r a t i o n ,  a n d  ff is t i le  p a r t i a l  spec i f i c  
v o l u m e . . \  v a l u e  ~,1; o .7 "  3 m l / g  w a s  u s e d  for  0 :r-' of  t h y r o g l o l m l i n .  T h e  s e d i m e n t a t i o n  coe f f i c i en t s  
w e r e  c~mltul te( l  t1\ it n l e t h o d  aa w h i c h  t a k e s  acc ( ) l ln t  of  t h e  d e p e n d e n c e  of  s o n  c o n c e n t r a t i o n .  
["l~)lll it s e r i e s  (Jl e x p e r i m e n t s  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 ,  v a l u e s  of  a n  a p p a r e n t  s e d i m e n t a t i o n  
c o e l l i c i e n t  s* a r e  t a k e n  a t  f ixed  v a l u e s  of som a (1 @ 1o), a n d  t h e  p l o t  of  t h e s e  x a l u e s  o f  s* a g a i n s t  
t h e  in i t i a l  c o n c e n t r a t i o n  c 0 g i v e s  %, t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  a t  i n f i n i t e  d i l u t i o n ,  a n d  a l so  
d a t a  Ir()m w h i c h  t h e  t r l l e  d e p e n d e n c e  of  s o n  c o n c e n t r a t i o n  c a n  be  c a l c u l a t e d  r e a d i l  5 . 

In %/~}I! 
s* - -  (4) 

m 2 (t to) 

l t e re  ~,) is t h e  a n g u l a r  v e l o c i t y ,  rt, is ( l i s t a p c e  f r o m  t h e  p o s i t i o n  of  t h e  b o u n d a r y  t o  t h e  c e n t e r  
~f r o t a t i ( , n ,  rll is t h e  v a l u e  of  rb a t  t h e  t i m e  of  t h e  f i r s t  p h o t o g r a p h ,  I is t h e  e f f e c t i v e  t i m e  of  s ed i -  
n w m a t i ( m  (i.c. ! is o ) r r e c t e d  for  t h e  s m a l l e r  v a l u e s  o f  o) d u r i n g  t h e  p e r i o d  o f  a c c e l e r a t i o n ) ,  a n d  
(/ /.) is t h (  t i m e  f r o m  t h e  f i r s t  p h o t o g r a p h .  

' l ' he  \ a r i a t i ~ m  c}t.s" w i t h  c w a s  d e t e r m i n e d  for  n a t i v e  t h y r o g l o l m l i n  in t h e  c a c o d y l a t e  l m t f e r  
~)1 pI I ~) t o. T h e  s (dut i~ms w e r e  m a d e  l)y d i l u t i n g  a s t o c k  s o l u t i o n  of  p r o t e i n  in l m f f e r  w i t h  w e i g h e d  
; t m o l m t s  of  ]toilet-. K n o w i n g  t h e  p r o t e i n  c o n c e n t r a t i ( m  and d e n s i t y  of t h e  s t o c k  s o l u t i o l L  a n d  
t h e  <h 'ns i tv  of t h e  lm l l e r ,  o n e  is a b l e  t o  c o m p u t e  t h e  c o n c e n t r a t i o n  o f  i>rolein in t h e  d i l u l c d  s (d~dion 
,m t h e  a s s u n l p t i o n  t h a t  c h a n g e s  o f  v o l u m e  o n  m i x i n g  a r e  n e g l i g i b l e .  

\ l > p r o x i m a t e  d i s t r i b u t i o n s  o f  s e d i m e n t a t i o n  c o e f f i c i e n t  w e r e  o b t a i n e d  l>y e x t r a p o l a t i o n  t o  

• T h e  d i o x a n e  w a s  k i n d l y  g i v e n  t o  us  b y  l ) r .  M. A. SI"AHMANN. 
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infinite t ime of an " a p p a r e n t  dis t r ibut ion ''34.se. A reduced coordinate ~, with the  units  of sedi- 
men ta t i on  coefficient, is defined by  

~ [In (r/ro) ]/¢o~t (5) 

where  r is distance f rom the  center  of ro ta t ion and r 0 is the posit ion of the meniscus. The apparen t  
d is t r ibut ion of sedimenta t ion  coefficient is defined by  

~nc  
- -  o)Str3 
6r 

g* (s) ~ or2 (6) 
N¢ 0 

where ~Snddr is tha t  pa r t  of the  refractive index gradient  produced by  sedimentat ion of the protein 
and n o is the  difference in refractive index between the initial protein solution and the buffer. 
I f  there is no dependence on concentra t ion  of the sedimenta t ion  coefficients, and if the ratio of 
bounda ry  spreading caused by heterogenei ty  to t ha t  caused by diffusion is in the proper  range, 
then  ext rapola t ion  of g* (~) to infinite t ime yields the t rue  dis t r ibut ion of sedimentat ion coefficients, 
g Is). The dis t r ibut ions  shown here are denoted by g (~), to indicate t ha t  the effects of diffusion 
have  been removed (or in some instances diminished) by ext rapola t ion  to infinite time, bu t  t h a t  
no correction has been made  for the dependence of sedimenta t ion  coefficients on concentrat ion.  
I n  ex t rapola t ing  g* Is) to infinite time, the  variable used for ext rapola t ion  was (ifl). 

The integral  d is t r ibut ion G (s) is defined by  

$ 

G (s) ~ f o g  (s) dz (7) 

In  Fig. 7 the  integral d is t r ibut ion curve was computed  f rom the corresponding values of g (-~) 
by  trapezoidal  in tegra t ion and the value of G (s) at  ~ = o was found f rom the condition t h a t  
G (~) = I f o r s  = o0. 

The photographic  plates  were measured by  means  of a coordinate compara to r  with two-way 
motion.  The plates were aligned so t ha t  the meniscus trace was parallel to one axis of motion.  
A double sector cell was used in most  of these exper iments ;  this  has the advantage  of direct 
recording of the  baseline. A phase-plate  wi th  a metal-line deposit  a t  the phase boundary  was  
used as a schlieren diaphragm, and also a wire was used in some of the earlier exper iments .  

RESULTS 

Characterization o[ native thyroglobulin by sedimentation and diffusiol~ 

Diffusion. The results of the diffusion experiments are given in Table I. For a 
two-component system in which there are no volume changes on mixing and in which 
the diffusion coefficient is independent of concentration, the reduced height-area 
ratio ~-D a is equal to D, the diffusion coefficient of the system and the deviation graph 
is everywhere zero. For three-component systems (i.e. two solutes and a solvent) 
subject to the same qualifications, ~D a is equal to the diffusion coefficient of the solute 

TABI .E  I 

R E S U L T S  F R O M  D I F F U S I O N  E X P E R I M E N T S  W I T H  THYROGLOHI . I I .  IN A N D  B O V I N E  ALI3IrMIN 

(a) (a) ~,a ,/, Dm~,.~" 
Protein lO3X ,fin pH I°~ x (~DA) 25, buffer ~r °T X ('-D,4) eS, w 

Thyrogl .  (I) 0.692 6.40 2.81 2.84 09 
Thyrog].  (2) ].319 6.40 2.96 2.99 65 
Thyrogl .  (3) 1.753 6.4o 2.82 2.85 61 
Thyrogl.  (4) o.674 6-65 2.85 2-93 66 
B.P.A. 1.946 4.6o 6.5o 6.52 22 
B.P.A. ~ .962 4.60 6.50 0. 52 t ~ 
B.I ' .  A. 1.800 6.40 6.79 0.86 13 

(a) Units are cm 2 sec -]. 

Re/erences  p.  3o7 /308 .  
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present in different concentrations on the two sides of the boundary and the deviation 
graph is again everywhere zero, provided that  there is no difference in concentration 
of the other solute across the boundary and provided that  there is no interaction of 
the solute flows. 

The reduced height-area ratios measured for thyroglobulin do not vary in a 
regular manner with /In, and hence with concentration. Since ~DA can be measured 
with a precision of o.1% with this apparatus,  it appears that  the thyroglobulin 
solutions, either when stored in the frozen state or upon dialysis, undergo changes 
large enough to affect the diffusion measurements but not the sedimentation coeffi- 
cient of the main component. When diffusion measurements made on the same 
preparation at different times are poorly reproducible, one cannot expect close 
agreement between diffusion measurements made with different preparations. 
However a reported value ~ of 2.60" lO -7 cm 2 sec -1 for the diffusion coefficient of 
thyrogiobulin at 20 ° becomes 2.93. lO -7 when converted to 25 °, and is in the range 
of values given in Table I. 

Native thyroglobulin can be studied only above its isoelectric pH because it 
rapidly becomes denatured below the isoelectric point. Values of £2, the reduced fringe 
deviation, were unusually large in the experiments with thyroglobulin (Fig. I), 
showing that  diffusing boundaries differed markedly from Gaussian shape. These 
values of /2  could be caused by  heterogeneity 2e or by  either of two factors which are 
related to performing the experiments away from the isoelectric pH. There could be 
concentration gradients of the buffer constituents across the boundary, resulting from 
the Donnan equilibrium, and there could be interaction of flows resulting in particular 
from electrostatic coupling of the ion flows 3°. Consequently a few diffusion experiments 
were performed with bovine albumin at its isoelectric point and at a pH 1.8 units 
higher. The values of 39max (Table I) at the two pH's  were not significantly different. 
Because of this and because the sedimentation patterns of thyroglobulin show the 
presence of both slower and faster sedimenting components, it is likely that  hetero- 
geneity is major factor in producing the large deviation graphs of the diffusion ex- 
periments. 

6 0  * • 

~0 50 * ~  

× 40 

30 

20 

I0 

J t l l l l l l l 
0.5 f (~:) 

Fig.  I. Reduced  f r inge -dev ia t ion  g r aphs  from 
the  diffusion e x p e r i m e n t s  w i t h  thy rog lobu l in .  
These g raphs  show the  d e v i a t i o n  of the  boun- 
d a r y  from Gauss ian  form. E x p t .  ~ ~ Q,  expt .  
2 ~ X, expt .  3 = *, expt ,  4 = X, ave rage  of 
all  four e x p e r i m e n t s  = O.  (Number s  refer to  

the  e x p e r i m e n t s  in Tahle  ].) 
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Two years ago a value of (~Da),5.~ was measured for this same sample of bovine 
albumin at pH 4.60 and found to be 6.661. lO -7 cm* sec -I 37. The discrepancy between 
this and the value given here indicates that bovine albumin can undergo changes 
on storage, even when stored in the lyophilized state at - - 5  °. Light-scattering 
measurements 3s made with B.P.A. also have shown that aggregation can occur on 
storage. 

Sedimentation. The sedimentation patterns revealed small amounts of com- 
ponents with sedimentation coefficients both less than and greater than that of the 
major component. Moreover the amount of the slower component changed with time 
ot storage. (This is discussed in more detail later.) With the initial intention of testing 
the homogeneity of the major component by FUJITA'S equation 39, we measured the 
dependence of its sedimentation coefficient on the total concentration. In order to 
u s e  F U J I T A ' S  equation, one requires accurate knowledge of the dependence of s on c 3a. 

Twenty experiments performed in the concentration range 0.08-0.8 g/Ioo ml 
yielded sedimentation coefficients whose dependence on concentration could be 
represented by the quadratic equation 

s25,~ = 21.59 (I  - -  o .147 c + 0 .006 c ~) S (8) 

with an average deviation of 0.22% (see Fig. 2). These experiments confirm the con- 
clusion reached in work with bovine albumin 3z that the sedimentation coefficient of 
a well-behaved protein can be reproduced with a precision of 0.2% provided that 
one has accurate temperature control and access to a comparator, and provided that 
one makes use of a suitable method of computing s. 

Equation 8 may be compared with the following values of s in the literature: 
an average (o < c < 0.4 g/ioo ml) value of s~o,w = 19.2 S 2~ and extrapolated (c = o) 
values of 19.43* and 18.74o S. When multiplied by the ratio of the viscosity of water 
at 20 ° to that at 25% these values become 21.6, 21. 9 and 21.1 S, respectively. 

Use of Svedberg's equation for the molecular weight, together with the figures 
s25,w = 21.6.IO -la sec, D25,w = 2.9"1o -7 cm 2 sec -1, and ~7 = 0.723 ml/g 32, gives a 
value for the molecular weight of 6.6. lO 5 g/mole. Because of the complexity of the 
system, sedimentation and diffusion measurements can be made far more precisely 
than the molecular weight can be determined. 

The presence of slower and faster sedimenting components interiered with the 
test of homogeneity by FUJITA'S equation ~, which is strictly applicable only to a 
single sedimenting solute. 

The N ~ a reaction o/thyroglobulin 

Character o / t h e  reaction. This article contains little new information about the 
nature of the N @ a reaction. We have confirmed the results of LUNDGREN AND 
WILLIAMS ~3 that the a form can be observed by means of the ultracentrifuge in 
solutions of low ionic strength and that the N ~- a reaction is reversed by adding 
salt (Fig. 3)- 

Since the sedimentation coefficient of a is roughly half that of N, either the 
molecular weight of a must be less than that of N or the translational frictional 
coefficient of a must be greater. L U N D G R E N  AND WILLIAMS 23 found that the ratio 
of N to a decreases with increasing concentration; if the a form were a dissociation 
product, the reverse would have to be true. Thus the N ~ a reaction appears to be 

Re[erences 19. 3o7/3o8. 
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an isomerization reaction. The results of LUNDGREN AND WILLIAMS were based on 
areas under  the peaks of the sedimenta t ion  pa t te rns  and correction for the JOHNSTON- 
OGSTON 41 effect would decrease the dependence of the N/a ratio on concentrat ion.  
For  an isomerization reaction one would expect this ratio to be essentially independent  
of concentrat ion.  

Fig. 3. Reversibility of the N ~ a reaction of 
thyroglobulin. (A) Thyroglobulin dialyzed against 
distilled water. The taster-sedimenting com- 
ponent is native thyroglobulin and the Mower- 
sedimenting one is the a form. (B) After making 
the solution 0.2 31 in KCI. (The small amount of 
slower-sedimenting material appears to be irre- 
versibly denatured protein, present under all con- 
ditions.) These schlieren patterns were recorded 
after approximately 2o min sedimentation at 56, 
loo r.p.m. The protein concentration was o.8 
g/Ioo ml and the angle of the schlieren dia- 

phragm was 6.5 °. . _ . i 

Because the N and a forms show separate sediment ing boundaries,  the rates of 
reaction must  be slow: one can infer tha t  the half-t imes are greater t han  the length 
of the sedimenta t ion exper iment  42. Only the sedimenta t ion  studies afford certain 
evidence for existence of the a form. Any  measurement  of an average property,  such 
as reduced viscosity or specific optical rotat ion,  cannot  dis t inguish between a mix ture  
of two forms whose proportions depend on ionic s t rength and a single form whose 
properties depend on ionic strength.  In  this respect it is for tunate  tha t  the reaction 
rates are slow; otherwise the sedimenta t ion measurements  would fail to demonstra te  
the existence of the a form. 

The conversion of N to a is not complete even in insti l led water, at pH 's  where 
papain  is reasonably active. Consequent ly  we tried to shift the equi l ibr ium towards a 
by means of various agents. 

El/eels o~ acid, urea a;,d slorage. Exposure to a pH below the isoelectric point  
of 4.6 results in irreversible dena tu ra t ion  and there is a shift in isoelectric pH to 5.o ~a. 
If the denatured form were fairly homogeneous in sedimenta t ion  behavior,  it would 
be interest ing to s tudy its breakdown by  papain.  However the denatured protein 
shows heterogeneity in sedimenta t ion  behavior  and undergoes aggregation. 

Since the a form is observed only at low ionic strengths, it appears to be an 
expanded form produced by in ternal  electrostatic repulsion and consequent  breakage 
of weak, non-covalent  bonds of the N form. If these bonds were hydrogen bonds 
one might expect urea to shift the N ,~- a equi l ibr ium towards a. And fairly low 
concentrat ions of urea do have str iking effects on the sedimenta t ion pat terns ;  
h,) wever these effects are not reversible. Ins tead  it was found tha t  urea readi ly causes 
irreversible dena tu ra t ion  when the a form is present. An experiment  was performed 
in which two samples of thyroglobul in were exposed to I. 7 *'1~/ urea, one in distilled 
water  and the other in o.i  5 ] [  KC1; the final pH's  after adding urea were 6. 7 and 6.~, 
respectively.  Both samples were examined in the ul tracentr ifuge after dialyzing out 
the u r e a  and adding an o.oz M veronal  buffer of pH 8.8. The sample which ini t ial ly 
was salt-free and contained some of the ct form showed more dena tura t ion  than 
the other. 

R('[cr~ce,~ p. 307/3o8. 
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Examinat ion  of our thyroglobulin preparat ion soon after storage either in the 
lyophilized state or in frozen solution showed small amounts  of both  leading and 
trailing components.  As time passed, the amount  of slower-moving material  increased 
in the sample stored in frozen solution. In  Fig. 3 it appears as a small peak ; in Fig. 4, 
which shows sedimentat ion experiments performed several months  later, this peak 
is larger. (Other experiments showed this to be true whether or not dioxane was 
present.) Our information about  this material  is limited to the following facts: (a) it 
sediments more slowly than native thyroglobulin;  (b) it increases upon storage in 
frozen, salt-free solution; and (c) it is degraded very rapidly by  papain. We conclude 
tenta t ively  that  this material  is irreversibly denatured.  

E~ects o/dioxane. Since appearance of the a form is controlled by electrostatic 
forces, we investigated the effect of lowering the dielectric constant.  Dioxane was 
chosen for this purpose because of its low dielectric constant  and good miscibility 
with water. 

Fig.  4. Effect  of i o  % dioxane  on the  1~ ~ -  a reaction.  (A) In  disti l led water  plus Io  % dioxane.  
(B) In  cacody la te  buffer plus i o  % dioxane.  These  photographs  were  taken  after approx i mate l y  
7 o rain s ed imenta t ion  at  39, 46o r.p.m. The  prote in concentrat ion  was  z g/TOO ml  and the  angle  

of the  schi ieren d iap hragm w a s  65 °. 

Addition of IO°~ (V/V) dioxane to a solution of thyroglobulin in distilled water 
markedly  changes the sedimentation pat tern (Fig. 4) and the reaction is reversed bv 
adding salt. We will still refer to this reaction in IO% dioxane as the N ~- a reaction 
because of its dependence on ionic strength and its reversibility. Fig. 4 shows that  
the ct peak is now the major  one and that  the two peaks are not resolved. These facts 
suggest tha t  the equilil~rium has been shifted towards tile ~ form and that  the 
reaction rates have been increased. 

In  order to see if dioxane causes any irreversible effects, a solution of thvro- 
globulin was examined in the ultracentrifuge after the I~,~ o~..o dioxane had been removed 
by  dialysis against cacodylate buffer, l ly quali tative inspection the sedimentation 
pat terns were normal. 

l'roflerlies o~ t/ze a/orm. There are few physical properties which can be measured 
and interpreted reliably at the low ionic strengths at \vldch the c~ form occurs. It is 
part icularly difficult to measure molecular weights. In order to check the conclusion 
of  LUNDGREN AND \VILLI.\MS ga that  the ~ form is not a dissociation product ,  wc have 
measured the reduced viscosities, at constant  concentration,  of solutions containing 
different amounts  of tim a form. If the ~, form is a dissociation l)ro(luct, its viscosi ty 
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increment might be less than that of the N form, whereas if it is an expanded form, 
its viscosity increment would certainly be greater than that of N. The results, which 
are given in Table II,  show that the reduced viscosities are greater in solutions con- 
taining the a form. This is consistent with the concept of a being a swollen or unfolded 
form, but interpretation is complicated by the dependence of intrinsic viscosity on 
ionic strength (c/. TANFORD AND BUZZELL43). 

I t  seems unlikely that the effect of dioxane on the  N ~ a reaction is only one 
of lowering the dielectric constant. Perhaps hydrophobic bonds are broken in the 
reaction from N to a. 

T A B L E  I I  

REDUCED VISCOSITIES OF SOLUTIONS OF THYROGLOBIJLIN WITH VARYING AMOUNTS OF THE a-FORM 

Solvent composition Concentration** Red,cced viscosity **~ 

C a c o d y l a t e  bu f f e r*  0.557 0.078 
I m l  buffer ,  99 m l  H z O  0.557 O.lO 9 

90  m l  buffer ,  ~o m l  d i o x a n e  o.560 o.o8 s 
I m l  buffer ,  IO m l  d i o x a n e ,  89 m l  H 2 0  0.568 o . I33  

* Buf f e r  c o m p o s i t i o n  is  g i v e n  u n d e r  EXPERIMENTAL. 
** U n i t s  a r e  g / i o o  ml ,  

*** U n i t s  a re  d e c i l i t e r s  p e r  g. T h e  r e d u c e d  v i s c o s i t y  w a s  c a l c u l a t e d  as  [(~/~/0) - -  i ] / c ,  w h e r e  '1 
is t h e  v i s c o s i t y  of t h e  s o l u t i o n  a n d  ~o is  t h e  v i s c o s i t y  of t h e  s o l v e n t .  

Degradation o/thyroglobulin by papain 

In water. Experiments were performed first with water as the solvent. Control 
experiments in which the thyroglobulin was incubated without papain showed that 
any protease present 44, 45 as a contaminant was not sufficiently active to affect the 
results. In salt, with thyroglobulin in the N form, the breakdown catalyzed by papain 
is of the one-by-one type. In very low salt, with thyroglobulin partially in the a form, 
digestion with papain showed that the a form is broken down more rapidly than 
the N form, as LUNDGREN ~6 had found before, and the sedimentation patterns 
suggested that the breakdown of a is of the interrupted type. In order to study 
breakdown of the a form alone it was necessary to find conditions either where the 
equilibrium favors a or, since a is broken down rapidly compared to N, where the 
reaction N --+ a is rapid. Experiments mentioned above had shown that the addition 
of lO% dioxane produces the first of these effects and possibly also the second. 

In zo% dioxane. Use of lO% dioxane as a solvent showed that in salt the 
breakdown is of the one-by-one type and that in very low salt it proceeds more 
rapidly and is of the interrupted type. Since variables such as pH, temperature and 
enzyme concentration were held constant, it is reasonable to assume that the two 
types of breakdown are those of papain acting on the N and a forms. 

Fig. 5 shows an approximate distribution of sedimentation coefficient for the 
starting material in lO% dioxane and cacodylate buffer. (This same solvent was used 
for examination in the ultracentrifuge of all samples for which distributions were 
computed.) The main peak occurs at an ~ of 15. There is a small amount of faster 
sedimenting material and also some slower sedimenting material with a peak at 

~ IO. Digestion in salt (Fig. 6) shows a gradual decrease in the area of the major 
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i 
peak as well as a rapid disappearance of the 
peak at ~ = IO, a slower disappearance of the 
rapidly sedimenting material, and an increase 
in slowly sedimenting f ragments  with a peak 
at s = 2-3. Three important  features of the 
later distributions are the absence of material  
between ~ = 7 and 13, the persistence of the 
main peak at s = 15 and the accumulation of 
non-sedimenting fragments. This last point is 
not brought out clearly by  the differential dis- 
tribution curves, since they do not show the 
nonsedimenting material,  and so an integral 
distribution curve also has been included (Fig. 
7) for the sample after 59 min digestion. 

When the digestion is carried out in very 
low salt, and the products of digestion are ex- 
amined in salt, the distribution curves (Fig. 8) 
show an interrupted type of breakdown. The 
peak at ~ = 15 drops rapidly and intermediates 
are seen at all values of ~ less than this. Also 
aggregates of ~ greater than 18 are found. Since 
the denatured protein forms aggregates and 
proteolytic breakdown is known to produce 
fragments with properties like those of de- 
natured protein 47, it is not surprising that  some 
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VOL. 28 (I958) 

I 
20 s (S) 

Fig. 5. An  a p p r o x i m a t e  d i s t r ibu t ion  of 
s e d i m e n t a t i o n  coefficient for t he  t hy ro -  
g lobul in  before digest ion.  (The so lven t  
is cacodyla te  buffer  p lus  io  % d ioxane ;  
i t s  compos i t ion  is g iven  u n d e r  EXPERI- 

MENTAL.) 

of these fragments aggregate. I t  would be interesting to convert these curves to distri- 

I 
A 

I0 20 ~(S) 

10 -12 g (s) 

Fig. 6. A p p r o x i m a t e  d i s t r i bu t ions  of s ed imen-  
t a t i on  coefficient for t hy rog lobu l in  d iges ted  by  
p a p a i n  in i o %  d ioxane  in t h e  presence  of suf-  
f icient sa l t  for t hy rog lobu l in  to  be in t h e  N form.  
(A) 2 m i n u t e s  d iges t ion  ; (B) 3 r m i n u t e s  d iges t ion  ; 

(C) 59 m i n u t e s  digest ion.  
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butions of molecular weight;  however  the aggregation in itself precludes this. Frag- 
ments  produced by  alkaline degradat ion of tobacco mosaic virus also have been found 
to aggregatO s. 

1.C 

G(.~) 

0.6 

0.2 

/ 

I 

/ 

I I 

0 10 20 s(S) 

.I,'ig. 7- '['he integral dis t r ibut ion of sedimentat ion 
coelticient corresponding to curve C of Fig. 6: 
thyroglol)ulin after  .59 rain digestion by  papain 

in tim presence of salt. 

10-1~9 (i')01 / ~ 

~0 20 ~(S) 

I o-a%(s) r . . . . . . . . .  ~ r  . . . .  , - -  

10 20 s(S) 

1 o-4~g(s) I ' ' | 

10 20 s(S) 

Fig. 8. At)proximate dis t r ibut ions of sedimentat ion coefficient for thyroglobul in digested by  papain  
in i o % dioxane and a sufficiently low salt concentrat ion to produce the a form of thyroglobulin.  
.\ fter digestion and before examinat ion  in the ultracentrifuge,  the buffer composit ion was increased 
to tha t  of Figs. 5 and 6. (A) 2 minutes  digestion; (B) 7 minutes  digestion; (C) i6 minutes  digestion. 
(The area under  the curve in . \  is 1.oo, as is the area under  the curve in Fig. 5 ; the areas of curves 

B and C are o.95 and o.92, respectively.) 

I t . can  be seen that  these distribution curves provide much information about  
the way in which degradation proceeds. However  it should be emphasized that  these 
curves are not fully quant i ta t ive  distributions of sedimentat ion coefficient. No cor- 
rection has been made for the dependence of sedimentat ion coefficients on concen- 
tration, and dependence of s on pressure may  be significant when lO% dioxane is 
used as a solvent. Also tile shape of the peak at s = 15 in Figs. 5 and 6 should not 
lw taken as proof of the heterogeneity of the main component  of thyroglobul in  because 
Ihc ratio of boundary  spreading caused by  heterogeneity to tha t  caused by  diffusion 
is twobably not in the proper range aG for sat isfactory extrapolat ion to infinite time. 
(Preliminary calculations with FUJITA'S equation indicate tha t  the major  component  
does show heterogeneity in sedimentat ion behavior.) 

Two of the schlieren pat terns from which distribution curves were calculated 
are included in Fig. 9. One shows the results of 31 min digestion in salt and the 
other shows the pa t te rn  of sedimentat ion after 7 min digestion in very low salt. The 
two types of digestion can be distinguished simply by  quali tat ive inspection. 

l!ffcc! o~ varying, lhc eJtzx'mc c(mcet~gralion. When the one-by-one type of break- 
down is found, as in the experiments in salt, there is presumably  a rate-l imiting stage 
in which one or more labile intermediates are formed. This rate-limiting step might  
be the conversion of N to a, even though a is present in too small amount  to be 

Re/eremites p. 3o7/3o8. 



VOL. 28 (1958) N ~- ct REACTION OF THYROGLOBULIN 305 

obse rved  b y  s ed imen ta t i on  exper iments .  Thus  p a p a i n  migh t  not  a t t a c k  the  na t ive  
form of thy rog lobu l in  a t  all. A l t e r n a t i v e l y  the  first labi le  in t e rmed ia t e s  could be  
p roduced  b y  the  ac t ion  of p a p a l n  on thyroglobul in .  I n  opera t iona l  terms,  th is  is a 
ques t ion  of whe the r  or not  the  r a t e - l imi t ing  s tep in the  deg rada t i on  is ca t a lyzed  b y  
the  enzyme.  I f  i t  is not  ca ta lyzed ,  t hen  va ry ing  the  enzyme concen t ra t ion  should  
no t  affect the  r a t e  a t  which  na t ive  thy rog lobu l in  is b roken  doyen. W i t h  the  u l t r a -  
centr i fuge one can measure  the  a m o u n t  of na t ive  thy rog lobu l in  r ema in ing  a t  any  
t ime,  and  so an expe r imen t  was car r ied  out  in which  the  concen t ra t ion  of p a p a i n  
was increased  b y  a fac tor  of four,  f rom 2.5" lO -3 to I.O. lO -3 g / I o o  ml. The  resul ts  
a re  shown in curves  A and  B of Fig.  IO, toge ther  wi th  an  expe r imen t  (curve C) a t  

Fig. 9. Schlieren photographs showing the dif- 
ference between the type of digestion in salt and 
in very low salt. (A) After 31 minutes digestion 
in cacodylate buffer plus IO % dioxane. (B) After 
7 minutes digestion in very dilute cacodylate 
buffer plus lO% dioxane. These patterns were 
recorded after approximately 7 ° min sedimenta- 
tion at 39, 460 r.p.m. The angle of the schlieren 

diaphragm was 65 ° . 
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Fig. IO. The time course of the disappearance of 
native thyroglobulin from papain-digestion mixtures 
in the presence of a sufficient concentration of salt 
so that initially thyroglobulin is in the N form. The 
refractive increment n% which was measured from 
the area under the main peak of the sedimentation 
patterns, is proportional to the concentration of 
native thyroglobulin remaining in the digest. (A) 
Papain concen t r a t ion -  o.oi g / Ioo  ml; s o l v e n t -  
cacodylate buffer plus lO% dioxane. (B) Papain 
concentration - -  o.oo25 g/Ioo ml; s o l v e n t -  caco- 
dylate buffer plus Io% dioxane. (C) Papain con- 
c e n t r a t i o n -  o.oI g]ioo ml; s o l v e n t -  cacodylate 

buffer without dioxane. 

the  h igher  enzyme concen t ra t ion  and  in  the  absence of d ioxane.  Since the  k ine t ics  
of the  d i sappea rance  of N do no t  follow a s imple  ra te  law, i t  is convenien t  to  express  
the  resul ts  in t e rms  of the  ha l f - t ime of the  react ion.  Increas ing  the  enzyme  concen- 
t r a t i on  b y  a fac tor  of four decreases the  ha l f - t ime  from 2.26 to 1.13.10 3 sec, a fac tor  
of two. Thus  the  r a t e - l imi t ing  s tep  is ca ta lyzed ,  and  we infer  t h a t  t he  first labi le  
in t e rmed ia t e s  are  p roduced  b y  the  ac t ion  of papa in .  I t  is in te res t ing  t ha t  the  degra-  
da t i on  proceeds  more  r a p i d l y  in the  presence of d ioxane.  

This  t y p e  of expe r imen t  was per formed  b y  LINEWEAVER AND HOOVER 49, who 
s tud ied  the  b reakdown  of hemoglobin  b y  papa in  and  who wished to know if the  
ra te - l imi t ing  s tage of the  deg rada t ion  were ca t a lyzed  b y  papa in .  They  found tha t ,  
over  a nine-fold range of enzyme concentra t ion ,  the i r  values  for the  d iges t ion  fell 
on a common graph  when p lo t t ed  agains t  the  p roduc t  of t ime and  enzyme concen- 
t r a t i on .  
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DISCUSSION 

According to these results, thyroglobulin is broken down by papain in a one-by-one 
manner when the N form of thyroglobulin is present and in an interrupted manner 
when the a form is present. This is consistent with the finding that the a form is 
broken down more rapidly than the N form. Thus papain attacks the a form at a rate 
comparable to that at which the intermediates are broken down, but in the degra- 
dation of N thyroglobulin the intermediates are attacked much more rapidly than 
is the native protein. 

The fact that the N ~ a reaction is reversible shows that it is not necessary to 
break covalent bonds in order to make the protein labile to enzymic attack. Nor is 
it necessary to produce configurational changes of such magnitude that irreversible 
denaturation results, and thyroglobulin is a protein readily denatured irreversibly 
by urea and by acid. What then are the factors which make the ct form labile and 
the N form resistant to attack? The answer must wait upon further research; at 
present the only known difference between N and a is that a has a more expanded 
configuration. 

Several suggestions have been made recently of how hydrolysis of peptide bonds 
in a protein can lead to formation of labile intermediatesS°, sl. SCHELLMAN AND 
LINDEI~STROM-LANG ~0 emphasize the steric difficulties of enzymic attack when peptide 
bonds are in the interior of a hydrogen-bonded structure. They point out that the 
stability of a hydrogen-bonded structure in water depends largely on crosslinks and 
on tertiary structvre and that breakage of a peptide bond in a loop can destroy both 
the loop and the tertiary structure connected with it: this leads to a more open 
structure of the protein and less steric resistance to enzymic attack. LASKOWSKI AND 
SCHERACA "~1 emphasize the purely thermodynamic stabilization of peptide bonds by 
formation of hydrogen-bonded structures. 

Occasionally it has been suggested (for example, see ANFINSEN AND REDFIELD "52) 
that the difference between the one-by-one and interrupted types of breakdown is 
simply a matter of the stage at which the reaction is studied. Sedimentation analysis 
shows clearly that this is not true of the system studied here. (This does not mean 
that intermediates do not exist in the one-by-one breakdown, but only that they 
are more labile to enzymic attack.) Figs. 6 and 8 demonstrate the difference between 
the two types of breakdown; this difference is seen throughout the entire period of 
the degradation reactions. It should be noted that the pH and temp cature, as well 
as the concentrations of protein, enzyme and dioxane were the same in both reaction 
mixtures. 

For a critical summary of research into the initial stages of proteolysis, the 
reader is referred to an article by CHRlSa'ENSEN 47. 
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SUMMARY 

As shown by LUNDGREN AND WILLIAMS, hog thyroglobul in  undergoes a configurational reaction, 
known as the N ~- a reaction, in solutions of low ionic s t rength.  The reaction is reversed by  
adding salt. Since complete conversion to the a form is not  found even in distilled water,  the 
effects of certain agents  on the N ~- a reaction were studied. Low concentrat ions  of urea or acid 
cause irreversible denaturat ion,  bu t  io % dioxane shifts the equil ibr ium towards  the a form. 

Sedimentat ion analysis  was  used to s t udy  the b reakdown of thyroglobul in  by  papain in 
io % dioxane. Action of- the  papa in  was  s topped wi th  iodoacetamide. In  the  presence of salt, 
when  thyroglobul in  is in the  N form, degradat ion is of the one-by-one type  defined by  the absence 
of in termediates  of large molecular  weight.  I n  solutions of very low salt concentrat ion,  in which 
the  a form predominates ,  one finds the in te r rupted  type  of breakdown:  the nat ive protein  dis- 
appears  rapidly and large f ragments  are found. The pH,  t empera tu re  and concentrat ions  of 
papa in  and thyroglobul in  were the same in these two sets of experiments .  

Variat ion of the  enzyme concentra t ion showed tha t  the  rate-l imit ing event  in the one-by-one 
b reakdown is catalyzed by  papain.  

Character izat ion of nat ive thyroglobul in  by  sedimentat ion and diffusion was  complicated 
by the presence of small a m o u n t s  of slower and faster  sedimenting material .  The sedimenta t ion  
coefficient of the main  componen t  could be measured  reproducibly  and precisely: its dependence 
on tota l  concentra t ion is given by  s25,w = 21.59 (I - -  o.147 c + 0.006 c 2) S. This equat ion fits 
the  results  f rom t w en t y  exper iments  wi th  an average deviation of 0.22 % over the concentrat ion 
range o ~ c ~ 0.8 g / i oo  inl. Studies wi th  the  Gouy diffusion method showed tha t  the diffusing 
boundar ies  deviated markedly  f rom Gaussian form, and the  reproducibil i ty of the exper iments  
was  less than  usual.  
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INTROI)UCTION 

l)lant tissue cultures and various ancillary techniques find an increasing use in tile 
study of growth and metabolism. In tile Cornell Laboratory, tissue-culture techniques 
ha\c  bc(,n designed primarily to achieve control over the variables whicll stimulate 
,~rowth by cell division and which maintain it at maximum, but quantitatively re- 
i)roducible, rates. In this technique I tissue explants (2. 5 mg) freshly removed, 
aseptically, froln a specific region of the intact carrot root {1-2 mm from tile cambimn 
and in the secondary phloem) are stimulated to grow rapidly by  as yet incompletely 
characterized growth factors which are to be found in the liquid endosperm of the 
c()conut (i.e. coconut milk). Other similar natural fluids such as those present in im- 
ma tm-e corn (Zea) grains and immature Aesculus fruits may  also be used. These growth 
factors are used as supplements to a basal nutrient medium which contains salts, 
lr~tce elements, vitamins, and sucrose as prescribed by \VIiIr]?.K 

In the absence of the growth factors present in the coconut milk, attempts may  
bc ma(h' to detect growth-promoting qualities, equivalent to those that are now 
familiar in the coctmut milk. Alternatively, by the use of the complete nutrient 
-\>1 vii/. ill \\ hi<'ll lh¢' tissue will normally grow rapidly, the ability of a test substance 
to ildlilfit, or to re tard,  growth may  be in \ c s t iga t ed ,  hi  addi t ion,  the same general 
techniques  may  be used to measure the interacting effects of both stinmlatory and 
inhil)itorv substances  wlaen these are supplied together. 

l¢,j~r~m,'s p. .~17.  


