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ABSTRACT 

Physarum polycephalum can be grown i n  shake f l a s k  c u l t u r e  where a l l  o f  the  

peptone component o f  t he  feed s tock has been rep laced by a deuterated a l g a l  

hydro lysate.  These cond i t i ons  g i v e  approximately 35% o v e r a l l  deuterium i n c o r -  

po ra t i on  i n t o  t h e  bas ic  nuc lear  p ro te ins .  

w i t h  the  maintenance o f  a reasonable maximum growth, show P. polycephalum t o  be 

a convenient system f o r  the preparat ion o f  nucleosome core p a r t i c l e s  w i t h  

s e l e c t i v e l y  deuterated h is tones.  

considerable advantages over un i fo rm ly  protonated ones when s t r u c t u r a l  s tud ies 

us ing neutron s c a t t e r i n g  a re  c a r r i e d  out .  

This l e v e l  o f  i nco rpo ra t i on ,  together  

S e l e c t i v e l y  deuterated core p a r t i c l e s  o f f e r  

A combination o f  proton and deuterium magnetic resonance spectroscopy 

shows t h a t  under the  cond i t i ons  so f a r  s tud ied the deuterium inco rpo ra t i on  i s  

n o t  u n i f o r m l y  d i s t r i b u t e d  throughout the amino a c i d  res idues o f  the p ro te ins .  

60% deu te ra t i on  o f  t h e  te rm ina l  apolar  methyl groups i s  accompanied by on'ly 28% 

deu te ra t i on  o f  t he  hydrogen atoms bound t o  the  a-carbon. 

A 

0362-4803/82/070837-18$01.80 
0 1 9 8 2  by John Wiley & Sons, Ltd. 

Received February 25, 1982 



838 B .  G. Carpenter mtd F .  M. Sewell 

Our o b s e r v a t i o n  t h a t  a-carbon hydrogens a r e  exchanged i n  v i t r o  r e a c t i o n s  

w i t h  ’H30+, a l b e i t  a t  e l e v a t e d  tempera tures ,  c o u l d  w e l l  i n d i c a t e  these 

hydrogens a r e  exchanged i n  v i v o  w i t h  t h e  s o l v e n t  water  o f  t h e  growth  rredium. 

Suggest ions a re  made as t o  o t h e r  p o s s i b l e  v a r i a t i o n s  i n  feed s tock  components 

which cou ld  l e a d  t o  a h i g h e r  o v e r a l l  l e v e l  o f  deu te r ium i n c o r p o r a t i o n .  

D e u t e r a t i o n  - Physarum polycephalum - n e u t r o n  s c a t t e r i n g  - h i s t o n e s  - 

nucleosome c o r e  p a r t i c l e s .  

INTRODUCTION 

A s teady  i n c r e a s e  i n  t h e  use  o f  n e u t r o n  s c a t t e r i n !  as a techn ique  f o r  

i n v e s t i g a t i n g  s t r u c t u r a l  problems i n v o l v i n g  b i o l o g i c a l  vacromolecu les  has been 

observed ove r  r e c e n t  y e a r s .  F u r t h e r ,  t h e  improvements i n  i n s t r u m e n t a t i o n  ( 1 )  

wh ich  have r e c e n t l y  come i n t o  o p e r a t i o n ,  t o g e t h e r  w i t h  t h e  p o s s i b i l i t y  of  a 

pu lsed neu t ron  source becoming o p e r a t i o n a l  i n  t h e  U n i t e d  Kingdom, shou ld  see 

even more i n t e r e s t  be ing  genera ted .  

The s t r e n g t h  o f  t h e  neu t ron  s c a t t e r i n g  techn ique  l i e s  i n  t h e  f a c t  t h a t  t h e  

s c a t t e r i n g  l e n g t h  d e n s i t i e s  o f  a l l  b i o l o g i c a l  macromolecules i e  w i t h i n  these 

values f o r  H20 (-0.56 x 10 cm ) and H20 (+6.34 x 1010cm-2 . Th is  means 

1 t h a t  by choos ing  t h e  c o r r e c t  r a t i o  o f  H20 : ‘H20 as s o l v e n t ,  t h e  s c a t t e r  f rom 

a p a r t i c u l a r  b i o l o g i c a l  macromolecule can be c o n t r a s t  matched t o  t h a t  s o l v e n t  

( 2 ) .  

neu t ron  s c a t t e r  t o  be s t u d i e d  i n  reve rse  c o n t r a s t .  Thus, i n  b i o l o g i c a l  com- 

p lexes ,  where t h e  i n d i v i d u a l  components have d i f f e r e n t  s c a t t e r i n g  l e n g t h  

d e n s i t i e s ,  i t  i s  p o s s i b l e  t o  examine t h e  s c a t t e r  f rom c e r t a i n  components i n  t h e  

sample complex w h i l e  c o n t r a s t  match ing  t h e  s c a t t e r  f rom o t h e r s .  

1 10 -2 2 

I t  a l s o  pe rm i t s ,  i n  s o l v e n t s  w i t h  a h i g h  percentage o f  ‘H20, f o r  t h e  

However, if t h e  mult icomponent system c o n t a i n s  molecu les  o f  s i m i l a r  

compos i t ion  t h e  s c a t t e r i n g  l e n g t h  d e n s i t i e s  w i l l  a l s o  be v e r y  s i m i l a r  and con- 

t r a s t  match ing  of j u s t  one s p e c i f i c  spec ies  by t h e  s o l v e n t  w i l l  n o t  be p o s s i b l e .  

T h i s  problem, i n  c o n t r a s t  match ing ,  can be overcome i f  a s e l e c t e d  molecu le  o r  

molecules i n  t h e  complex a r e  p resen t  i n  a d e u t e r a t e d  f o r m  ( 3 ) .  

The replacement o f  hydrogen by deu te r ium w i l l  i nc rease  t h e  p o s i t i v e  

s c a t t e r i n g  l e n g t h  d e n s i t y  o f  t he  macromolecule.  Consequent ly,  i f  t h e  e x t e n t  
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o f  deu te ra t i on  i s  s u f f i c i e n t ,  when t h e  non-deuterated macromolecules a r e  con- 

t r a s t  matched t o  the so lvent ,  the observed neutron s c a t t e r  w i l l  be der ived 

predominantly from the deuterated components. S i m i l a r l y ,  i f  the  so l ven t  con- 

t r a s t  matches the deuterated component the s c a t t e r  w i l l  o r i g i n a t e  pre-  

dominantly from the  protonated e n t i t i e s .  (See F i g  1 ) .  

The s t r u c t u r e  o f  the nucleosome core p a r t i c l e ,  a fundamental sub-uni t  o f  

a l l  eukaryot ic  chromosomes continues t o  c rea te  considerable i n t e r e s t  as i t  i s  

obv ious ly  imp1 i c a t e d  i n  the  processes o f  r e p l i c a t i o n  and t r a n s c r i p t i o n .  The 

present  accepted low r e s o l u t i o n  s t r u c t u r e  i s  o f  145 bp o f  DNA wrapped around 

two molecules each o f  the h is tones HZP, H?B, H3 and H4 and having the o v e r a l l  

dimension o f  a cy l i nde r ,  he ight  5.5 nm and diameter 11 nm (4,5,6). 

date the re  i s  no p rec i se  i n fo rma t ion  as t o  the r e l a t i v e  p o s i t i o n s  o f  the h is tone 

f r a c t i o n s  w i t h i n  the  nucleosome, b u t  we be l i eve  t h a t  i f  s p e c i f i c  h i s tone  

f r a c t i o n s  could be s e l e c t i v e l y  deuterated and the complex s t u d i e d  by neutron 

s c a t t e r i n g  (2,7), t h i s  i n fo rma t ion  would become a v a i l a b l e .  

i nves t i ga ted  t h e  s l ime mould Physarum polycephalum as a system f o r  producing 

deuterated h i s tone  p ro te ins .  The choice o f  P. polycephalum f o r  our o b j e c t i v e  

was in f l uenced  by the  publ ished repo r t s  (8,9) f o r  t he  i s o l a t i o n  o f  core p a r t i c l e s  

from the n u c l e i  o f  t h i s  s l ime mould, and being grown i n  shaken l i q u i d  c u l t u r e ,  

i t  r e a d i l y  a l lows f o r  t he  i n t r o d u c t i o n  o f  l a b e l l e d  compounds i n t o  the  growth 

medium. 

However, t o  

To t h i s  end we have 

EXPERIMENTAL 

Hydro lys is  o f  deuterated a1 gae 

Dry deuterated algae were obtained fromSpectrometrie Spin e t  Techniques, 

Par is ,  France and hydrolysed according t o  Pu t te r  e t  a1 (10) .  

i nvo l ved  t h e  removal o f  pigment by washing i n  ethsnol  and d i e t h y l  e ther ,  

hyd ro l ys i s  w i t h  6M HC1 a t  l l O ° C  and i o n  exchange chromatography t o  separate the  

amino acids from o the r  c e l l  debr is .  

This technique 



840 B .  G. Carpenter mtd F .  M. SeweZl 

Growth Media 

Physarum s t r a i n  M3C, was grown a t  26OC i n  shake f l a s k  c u l t u r e  c o n t a i n i n g  

100 cm 3 o f  semi -de f i ned  medium p e r  f l a s k .  (Semi-def ined medium p e r  100 cm 3 o f  

l i q u i d  : peptone 400 mg, g lucose 1000 mg, y e a s t  e x t r a c t  150 mg, KH2P04 200 mg, 

ZnS04 . 7H20, 3 .4  mg, FeC12 . 4H20, 6 mg, c i t r i c  a c i d  354 mg, EDTA, d isod ium 

s a l t  22.4 mg, CaC12 . 2H20, 90 ma, MgS04 . 7H20, 60 mg. 

t h e  400 n g  of peptone was rep laced  by ( i )  100 mg o f  peptone, ( i i )  400 mg o f  

hyd ro l ysed  a lgae,  ( i i i )  350 ma o f  hyd ro l ysed  a lgae  p l u s  50 mg o f  peptone. 

I n  v a r i o u s  exper iments  

E s t i m a t i o n  o f  t h e  Growth o f  Physarum Microp lasmodia  

3 1 cm a l i q u o t s  o f  mic rop lasmodia  were w i thdrawn a t  v a r i o u s  t i m e  i n t e r v a l s  

To ensure  t h e  1 cm 3 f r om t h e  shaken c u l t u r e  f l a s k s  u s i n g  a w ide  mouth p i p e t t e .  

sample was as r e p r e s e n t a t i v e  as p o s s i b l e ,  f l a s k s  were v i g o r o u s l y  a g i t a t e d  

immedia te ly  p r i o r  t o  w i thd rawa l .  

Eppendorf c e n t r i f u g e ,  5 min, t o p  speed, and washed t w i c e  w i t h  1 cm3 a l i q u o t s  o f  

water  u s i n g  t h e  same c e n t r i f u g a t i o n  c o n d i t i o n s  t o  produce t h e  p e l l e t  i n  each 

case. 

o f  s a t u r a t e d  u rea  s o l u t i o n  c o n t a i n i n g  2M NaCl and t h e  m i x t u r e  l e f t  f o r  two hours 

w i t h  p e r i o d i c  v igo rous  a g i t a t i o n .  C e l l  d e b r i s  were t h e n  p e l l e t e d  by c e n t r i f u a a -  
3 3 

t i o n  and 0.5 cm o f  t h e  superna tan t  t r e a t e d  w i t h  2.5 cm o f  2M NaCl i n  s a t u r a t e d  

urea  s o l u t i o n .  

c e l l  w i t h  2M NaCl s a t u r a t e d  urea  s o l u t i o n  as re fe rence .  T h i s  measurement shou ld  

be p r o p o r t i o n a l  t o  t o t a l  n u c l e i c  a c i d .  

The mic rop lasmodia  were p e l l e t e d  u s i n g  an 

3 
D i s r u p t i o n  o f  t h e  p e l l e t  was c a r r i e d  o u t  b y  t h o r o u g h l y  m i x i n g  w i t h  1 cm 

The a b s o r p t i o n  a t  260 nm was measured u s i n g  a 1 cm p a t h  l e n g t h  

A l l  o p e r a t i o n s  were c a r r i e d  o u t  a t  4OC excep t  f o r  t h e  sampl ing  procedure  

and t h e  spec t roscop ic  measurement. 

H is tone  E x t r a c t i o n  and E l e c t r o p h o r e s i s  

H is tones  were e x t r a c t e d  f rom Physarum n u c l e i  w i t h  1M CaC12 a t  8OoC u s i n 9  

e s s e n t i a l l y  t h e  method desc r ibed  by  Mohberg and Rusch (11 ) .  E l e c t r o p h o r e s i s  

was c a r r i e d  o u t  u s i n g  12% po lyac ry lam ide  g e l s  c o n t a i n i n g  0.1% sodium dodecyl  

s u l  phate .  
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Deuterat ion o f  I n d i v i d u a l  Amino Acids 

5-6 mg o f  the amino ac ids L- leuc ine,  L - l ys ine ,  L-a lan ine were d i sso l ved  
3 2 2 

The hea t ing  cond i t i ons  and l e v e l  o f  deu te ra t i on  o f  t he  a carbon 

i n  2.5 cm o f  20% w/v HC1 ( i n  H20) and heated i n  a g lass tube under p a r t i a l  

vacuum. 

hydrogen atoms achieved are g iven i n  Table 1 .  

Table 1 

Deuterat ion o f  t h e  ~1 C-H bonds i n  i n d i v i d u a l  amino ac ids by hea t ing  

2 w i t h  20% w/v 2HC1 i n  H20. 

Amino Ac id  Temp 

L - l y s i  ne 1 10°C 
11 145OC 

L-a lan ine 11 ooc 
I, I45OC 
I1 I45OC 

L- 1 euci ne l l O ° C  
I, 145OC 

Time - 

16 h r  
63 h r  

16 h r  
63 h r  

127 h r  

16 h r  
63 h r  

Resul t  

No e f f e c t  
50% deu te ra t i on  

No e f f e c t  
75% deu te ra t i on  

>95% deu te ra t i on  

No e f f e c t  
60% deu te ra t i on  

Determination o f  Deuterat ion Levels 

( i )  I n d i v i d u a l  Amino Acids 

The e x t e n t  o f  deu te ra t i on  o f  the i n d i v i d u a l  amino ac ids L-leucine, 

L- lys ine,  L-a lan ine were measured by t h e  r e l a t i v e  losses i n  area o f  t he  proton 

megnetic resonance spectra. Spectra o f  the f u l l y  protonated i n d i v i d u a l  amino 

acids, a t  a known concentrat ion i n  'H20 were used as standards. 

( i i )  The Basic Prote ins 

The above method o f  es t ima t ing  the  ex ten t  o f  deu te ra t i on  f o r  the 

i n d i v i d u a l  amino ac ids cannot be used d i r e c t l y  f o r  h i s tone  mixtures.  

i n  area o f  proton resonance as an es t ima t ion  o f  percentage deu te ra t i on  requ i res  

a standard proton spectrum t o  which the  p a r t i a l  deuterated product can be 

compared. 

w i t h  a constant e f f i c i e n c y  and t h e  r e l a t i v e  amounts o f  t h e  i n d i v i d u a l  h i s tone  

The loss 

However, e x t r a c t i o n  o f  h is tones from Physarum i s  n o t  always achieved 
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f r a c t i o n s  can vary 

f r a c t i o n s  have a d 

tonated Physarum h 

spectrophotometric 

t o  impurity e r r o r s .  

from preparat ion t o  preparat ion.  

f f e r e n t  amino acid composition and hence a s tandard pro- 

s tone e x t r a c t  cannot be produced d i r e c t l y .  Further ,  

determination of his tone concentrat ion i s  very suscept ib le  

The d i f f e r e n t  his tone 

These problems of composition and concentrat ion were overcome by d i r e c t  

comparison of the peak areas  of proton and deuterium magnetic resonance spec t ra  

of hydrolysed ( 6 M  H C 1 ,  18 hr a t  llO°C) pro te in  samples. 

nuclei were recorded under condi t ions t h a t  could be d i r e c t l y  compared. 

same concentrat ion f o r  both spec t ra  was achieved by removing the solvent  

under reduced pressure from the magnetic resonance sample tube a f t e r  
2 recording the  deuterium spectrum, and then adding an equal volume of 

before recording the proton magnetic resonance spectrum. A mixture of 

protonated and deuterated methylene ch lor ide  i n  carbon t e t r a c h l o r i d e  was used 

as  an external  standard i n  order  t o  match instrument s e t t i n g s  f o r t h e  production 

of spec t ra .  

The spec t ra  f o r  both 

The 
1 
H20 

H20 

Figure I 

Schematic representat ion of t h e  c o n t r a s t  var ia t ion  obtained f o r  core  p a r t i c l e s  

with various deuterated components : 

(A) H3 and H4. 

( B )  H Histones H3tH4. 

(C) ' H  DNA + H (-80%) Histones H2A+H2B H Histones H3+H4. 

' H  DNA + 2 H  ( -40%) Histones H 2 A  H2B 

' H  DNA + '1-1 ( -40%) Histones H 2 A t H 2 B  1 

2 1 

( D )  

( E )  

' H  DNA + 'H Histones H 2 A  H2B H3 and H4. 

'H ( -95%) DNA + ' H  Histone H2A+H2B 2 H ( -95%) Histone H3tH4. 

The ord ina te  represents  t h e  equivalent  so lvent  composition (as  percentage 

'H20 in  the  H20/ H20 mixture) which c o n t r a s t  matches t o  t h e  various core  

p a r t i c l e  components. The core p a r t i c l e  i s  represented a s  a synnnetrical e n t i t y  

w i t h  the DNA on the outs ide ,  the his tones H3 and H4 a t  t h e  c e n t r e  and t h e  

his tones H2A and H 2 B  i n  t h e  intermediate  pos i t ions .  

2 1  
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As ‘H and LH nuclear  magnetic resonance spect ra have s i m i l a r  chemical 

s h i f t s ,  s p e c i f i c  f u n c t i o n a l  groups i n  the  hydrolysed p r o t e i n  a re  e a s i l y  

recognised, and deu te ra t i on  l e v e l s  p e r t a i n i n g  t o  these groups can be 

immediately ca lcu lated.  

DISCUSSION 

To prepare nucleosome core p a r t i c l e s  w i t h  s e l e c t i v e l y  deuterated h i s tone  

p a i r s  i t  i s  necessary t o  i n i t i a l l y  i s o l a t e  core p a r t i c l e s  from both protonated 

and deuterated sources. 

depleted o f  the histones H2A and H2B and recons t i t u ted ,  b u t  w i t h  the  i n i t i a l l y  

removed h is tones interchanged so t h a t  t h e  f i n a l  products should be : 

Both types o f  core p a r t i c l e  can then be s e l e c t i v e l y  

145 bp DNA (’H). 

145 bp DNA (‘H). 

[H2A(2H), H2B(2H), H3(’H), H4(’H)I2 

[H2A(’H), H2B(’H), H3(‘H), H4(*H)I2 

A method f o r  t he  complete and s e l e c t i v e  removal o f  h is tones from core p a r t i c l e s  

and t h e i r  subsequent r e c o n s t i t u t i o n  has r e c e n t l y  been e luc ida ted  (12)  us ing  c a l f  

thymus and mastocytoma and the re  i s  every i n d i c a t i o n  t h a t  t he  method can be 

extended d i r e c t l y  t o  P. polycephalum. 

F igure 2 

Growth curves o f  ____ Physarum - - polycephalum. 

( A )  Standard growth, w i t h  400 mg o f  peptone per 100 cm3 o f  

medium. 

(6) The t o t a l  peptone i n  the  medium (100 cm 3 ) rep laced by 400 mg 

o f  deuterated hydrolysed algae. 

(C) Tota l  peptone reduced t o  100 mg per 100 cm 3 medium. 
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However, i f  t h e  two h i s t o n e  f r a c t i o n s  H2A and H2B were approx ima te l y  40% 

H20 
2 deu te ra ted  and t h e  h i s t o n e s  H3 and H4 p ro tona ted ,  t h e n  s c a t t e r  i n  a 65% 

s o l v e n t  would come p redominan t l y  f rom t h e  H3 and H4 h i s t o n e s .  

u s i n g  c o r e  p a r t i c l e s  o f  t h i s  compos i t i on  a l though  b e i n g  a b l e  t o  g i v e  u s e f u l  

i n f o r m a t i o n  concern ing  t h e  d i s t r i b u t i o n  o f  H3 and H4, r e q u i r e  neu t ron  

s c a t t e r i n g  measurements o f  l o n g  d u r a t i o n  i n  o r d e r  t o  e l i m i n a t e  background 

s c a t t e r .  

l e v e l s  o f  t h e  s e l e c t e d  h i s t o n e  p a i r s  H2A and H2B ( F i g  1C) and t o  o b t a i n  t h e  

d i f f e r e n c e  f u n c t i o n  between these  p a r t i a l l y  d e u t e r a t e d  c o r e  p a r t i c l e s  and t h e  

f u l l y  p r o t o n a t e d  ones ( F i g  1C - F i g  1D). The s o l v e n t  i n  a l l  these exper iments  

c o u l d  remain  a t  a compos i t i on  wh ich  c o n t r a s t  matches t o  t h e  DNA. 

Experiments 

A more d e s i r a b l e  s i t u a t i o n  would be t o  o b t a i n  h i g h e r  d e u t e r a t i o n  

The s i t u a t i o n  where t h e  DNA and h i s t o n e s  H3 and H4 a r e  h i g h l y  

deu te ra ted  and h i s t o n e s  H2A and H2B a r e  p r o t o n a t e d  i s  rep resen ted  i n  F i g u r e  1E. 
2 The s c a t t e r  f r o m t h i s c o r n p l e x  i n  b o t h  app rox ima te l y  100% 

d i f f e r e n c e  f u n c t i o n ,  F i g  1E - F i g  1D i n  app rox ima te l y  40% 

v a l u a b l e  i n f o r m a t i o n .  

H20 and t h e  

2 H20 wou ld  a l s o  g i v e  

The i n c o r p o r a t i o n  o f  deu te r ium i n t o  s p e c i f i c  enzymes o f  P. polycephalum 

has been r e p o r t e d  p r e v i o u s l y  by b o t h  M i t c h e l s o n  (15)  and Huttermann (16,17,18). 

The work desc r ibed  by M i t c h e l s o n  r e s u l t e d  i n  t h e  d e u t e r a t i o n  o f  g rowth  

assoc ia ted  h i s t o n e  k i n a s e  i n  synchronous ly  d i v i d i n g  s i n g l e  plasmodia.  

system was n o t  cons idered s u i t a b l e  f o r  o u r  purpose due t o  t h e  v e r y  l ow  y i e l d  o f  

h i s t o n e  (approx  3 ~ 1 0 - ~ g )  p e r  c u l t u r e  p l a t e .  

microplasmodia would n o t  grow c o n t i n u o u s l y  i n  shake f l a s k  c u l t u r e .  

Huttermann who has been concerned w i t h  s t u d i e s  i n v o l v i n g  t h e  d e u t e r a t i o n  o f  

g lu tamate  dehydrogenase and glucose-6-phosphate dehydrogenase o b t a i n e d  

deuter ium i n c o r p o r a t i o n  i n  b o t h  c o n t i n u o u s l y  g rowing  shake f l a s k  c u l t u r e  and 

d u r i n g  t h e  i n d u c t i o n  o f  s p h e r u l a t i o n .  

i n c o r p o r a t i o n  o f  d e u t e r a t e d  amino a c i d s  d i d  n o t  appear t o  i n f l u e n c e  t h e  

a c t i v i t i e s  o f  t h e  d e r i v e d  enzymes, b u t  was r e p o r t e d  t o  i n t e r f e r e  w i t h  genera l  

p r o t e i n  metabo l ism and s y n t h e s i s  (18) .  

Such a 

T h i s  paper f u r t h e r  r e p o r t e d  t h a t  

However, 

F u r t h e r ,  and i m p o r t a n t l y ,  t h e  
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Our experiments, as the  i n i t i a l  s tep towards ob ta in ing  s p e c i f i c a l l y  

deuterated core p a r t i c l e s ,  were concerned w i t h  both the  l e v e l s  o f  h i s tone  

deu te ra t i on  t h a t  cou ld  be achieved and t h e  t o t a l  y i e l d  when protonated growth 

medium components were rep laced by deuterated analogues. 

ment o f  t h e  b i o l o g i c a l  peptone i n  t h e  semi-defined medium w i t h  

was tempered by cos t  and a deuterated a l g a l  hydro lysate was used instead. The 

r e s u l t s ,  us ing the  t o t a l  n u c l e i c  a c i d  content  as an es t ima t ion  o f  growth, show 

l i t t l e  change i n  the  growth c h a r a c t e r i s t i c s  w i t h  respect  t o  r a t e  and y i e l d  when 

up t o  87% o f  the protonated peptone i s  rep laced by t h e  deuterated a l g a l  

hydro lysate.  

was metabol is ing the  deuterated hydro lysate we grew one c u l t u r e  w i t h  j u s t  100 mg 

of peptone i n  the  feed s tock i ns tead  of the standard 400 mg. 

expected t o t a l  growth was obtained. However, i nc reas ing  the  deuterium 

content  o f  the growth medium f u r t h e r  by rep lac ing  a l l  o f  t he  peptone w i t h  

400 mg o f  a l g a l  hydro lysate had a det r imenta l  e f f e c t  on the  t o t a l  growth; 

reducing i t  by about 30% ( F i g  2) .  

The obvious rep lace-  

2 H-amino ac ids 

As an i n d i c a t i o n ,  p r i o r  t o  deuterium ana lys i s ,  t h a t  t h e  Physarum 

Only 1/3 o f  t he  

The bas ic  p ro te ins ,  whether f u l l y  protonated o r  p a r t i a l l y  deuterated, 

ex t rac ted  from the Physarum microplasmodia had s i m i l a r  ( F i g  3 )  e lec t rophore t i c  

m ig ra t i on  patterns,and t h e  y i e l d  from a f u l l y  grown c u l t u r e  us ing 100 cm o f  

medium was approximately 1 mg. Ten such c u l t u r e s  should y i e l d  3-4 mg o f  the 

h i s tone  p a i r  H2A+H2B, a q u a n t i t y  s u f f i c i e n t  f o r  core p a r t i c l e  r e c o n s t i t u t i o n  

and neutron s c a t t e r i n g  experiments. 

3 

Our method f o r  es t ima t ing  deu te ra t i on  l e v e l s  i nvo l ved  a comparison of 

proton and deuterium magnetic resonance spectra o f  t he  ex t rac ted  h i s tone  a f t e r  

t he  l a t t e r  had been hydrolysed. This  technique a f f o r d s  a d i r e c t  comparison o f  

t he  deu te ra t i on  l e v e l s  o f  s p e c i f i c  groups o f  t he  c o n s t i t u e n t  amino acids and as 

i n d i c a t e d  i n  the experimental sec t i on  o f  t h i s  paper, i s  n o t  dependent on 

concentrat ion measurements o r  the composit ion o f  the sample. 
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Figure 3 

Polyacrylamide Gel Electrophoresis  i n  0.1% sodium dodecyl su lpha te  of 

( a )  deuterated Physarum- h is tones ,  (b)  protonated Physarum his tones ,  

( c )  c a l f  thymus h is tones .  

his tones a r e  indicated i n  the  f i g u r e ,  those assigned t o  the Physarum his tones 

a r e  according t o  Chahal (19) .  

The bands corresponding t o  the  core  p a r t i c l e  
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The maximum deu te ra t i on  we observed was i n  the  h i s tone  ex t rac ted  from the 

pooled microplasmodia o f  t h ree  shake f l a s k s  grown on media con ta in ing  400 mg o f  

3 deuterated a l g a l  hydro lysate per 100 cm . Comparison o f  t he  proton and 

deuterium nmr spect ra showed t h a t  60% o f  the terminal  methyl groups, 

6 ( ‘ H )  = 1.0-0.8, o f  t h e  apo la r  amino ac ids were deuterated. If the  determina- 

t i o n  was extended t o  i nc lude  c e r t a i n  methylene groups o f  t he  apolar  amino acids 

as w e l l  as s i m i l a r  groups o f  t he  bas ic  amino ac ids l y s i n e  and a r g i n i n e  then the  

deuterat ion l e v e l  was estimated a t  43%. Although t h i s  h igh  l e v e l  o f  deu te ra t i on  

was found amongst t h e  apo la r  amino ac id  res idues,  deu te ra t i on  o f  t h e  protons, 

recognised by t h e i r  chemical s h i f t s  as being at tached t o  the  a-carbon atoms, 

was much lower (28%). 

a l lows f o r  a more ready exchange o f  the a-carbon hydrogen w h i l e  the  hydrogen 

atoms o f  the apolar  groups a r e  much more s t r o n g l y  bound. 

This  obv ious ly  i n d i c a t e s  t h a t  t h e  metabolism i n  Physarum 

The d i f f e r e n c e  i n  exchangab i l i t y  o f  t he  hydrogen atoms at tached t o  the  

a-carbon as compared t o  the  o the r  carbon bonded hydrogens, i n  amino acids has 

been observed by us ( F i g  4 )  i n  v i t r o .  

L - l y s i n e  and L-a lan ine w i t h  20% HC1 i n  ‘H20 a t  1 4 5 O C  has i n  a l l  cases shown 

considerable exchange o f  the a-carbon l i n k e d  hydrogen w h i l e  t h e  o the r  carbon 

l i n k e d  hydrogens are unaf fected.  

l l O ° C  t he re  was no p e r c e p t i b l e  change i n  the  peak areas i n  the  nmr spect ra o f  

t he  d i f f e r e n t  chemi ca l  l y  s h i f t e d  hydrogens. 

Treatment o f  t he  amino ac ids L-leucine, 

2 

However when t h e  experiment was c a r r i e d  ou t  a t  

Th is  l a t t e r  observat ion i s  impor tant  i n  order  t o  exclude t h a t  low l e v e l s  

o f  a C-H deu te ra t i on  were n o t  the r e s u l t  o f  deuterium -f proton exchange dur ing 

hyd ro l ys i s  o f  e i t h e r  t h e  deuterated algea feed s tock o r  t he  ex t rac ted  histones 

p r i o r  t o  analys is .  

6M HC1. 

Both these l a t t e r  operat ions were c a r r i e d  ou t  a t  l l O ° C  w i t h  
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CONCLUSION 

These p re l im ina ry  s tud ies show t h a t  microplasmodia from Physarum 

polycephalum can be made t o  grow i n  shake f l a s k  c u l t u r e  where a l l  o f  t he  

b i o l o g i c a l  peptone component o f  t he  medium i s  replaced by a deuterated a l g a l  

hydro lysate.  Although under these cond i t i ons  the  maximum microplasmodium growth 

expected i s  reduced by 1/3 i t  does a l l o w  an inco rpo ra t i on  o f  approximately 60% 

deuterium i n t o  the apolar  residues o f  t he  bas ic  Physarum p ro te ins .  

r e s u l t s  are very encouraging f o r  t he  deu te ra t i on  a l ready achieved should be 

s u f f i c i e n t  t o  c a r r y  ou t  p re l im ina ry  con t ras t  matching neutron s c a t t e r i n g  s tud ies  

when the appropr ia te core p a r t i c l e s  have been prepared. 

These 

To o b t a i n  a h ighe r  o v e r a l l  l eve l ,  o the r  components i n  t h e  feed s tock cou ld  

w e l l  have t o  be present i n  a p a r t i a l l y  deuterated form o r  the  c u l t u r e  medium 

fo rmu la t i on  modi f ied i n  some way. The c i t r i c  acid, a component i n  the  standard 
3 

protonated medium used i n  t h i s  study, a t  a concentrat ion o f  0.35 g per 100 cm , 

i s  converted i n  the  c i t r i c  a c i d  cyc le  t o  a -ke tog lu ta ra te  and oxaloacetate. The 

a -ke tog lu ta ra te  i s  a recognised precursor  o f  the amino ac ids glutamate, p r o l i n e  

and a rg in ine ,  w h i l e  the  oxaloacetate i s  a me tabo l i t e  i n  t h e  format ion o f  

aspar tate and thence methionine, l y s i n e ,  threonine and i so leuc ine .  

Protonated glucose present i n  2$  times t h e  concentrat ion i n  the  growth medium 

as the  b i o l o g i c a l  peptone ( o r  deuterated a l g a l  hydro lysate) ,  i s  a l so  a poss ib le  

f a c t o r  which could l ead  t o  the  lower ing o f  deu te ra t i on  l e v e l s .  

must be noted t h a t  two o the r  amino a c i d  precursors, 3-phosphoglycerate (ser ine,  

cys te ine  and g l y c i n e )  and pyruvate (a lan ine,  v a l i n e  and leuc ine )  a re  immediately 

de r i ved  from glucose. 

I n  a d d i t i o n  i t  

Figure 4 

Proton magnetic resonance spect ra i n  *H 0' showing (a )  p a r t i a l  deu te ra t i on  
3 

(approx 60%) o f  the aC-H o f  L-leucine, (b )  f u l l y  protonated L- leuc ine.  

The peak area r a t i o s  were estimated f o r  ( A )  0 .4  : 3 : 6, (B) 1 : 3 : 6. 



2 t HJHistones 

Figure 4 

3-CH2 

V-CH A 

a 

4.0 2.0 



852 B .  G. Carpenter and F. M. Sewell 

Most o f  the amino ac ids mentioned above a re  non-essential f o r  the growth o f  

Physarum microplasmodia. Hence amino ac ids metabolised from the  protonated 

precursors glucose and c i t r a t e  could w e l l  compete i n  the  metabol ic  pool w i t h  

t h e  deuterated amino acids , suppl ied d i r e c t l y  from the a l g a l  hydrolysate, f o r  

t he  i nco rpo ra t i on  i n t o  p ro te ins .  

An a l t e r n a t i v e  t o  deuterated glucose i n  the  growth medium may be provided 

A p r i v a t e  communication (20) has i nd i ca ted  by the use o f  protonated g l y c e r o l .  

t h a t  complete s u b s t i t u t i o n  o f  glucose by g l y c e r o l  i n  the c u l t u r e  medium has 

l i t t l e  e f f e c t  on the  growth r a t e  o f  t he  microplasmodia. 

can be phosphorylated and reduced t o  glyceraldehyde 3-phosphate,a me tabo l i t e  

i n  the  g l y c o l y t i c  pathway, protonated amino ac ids may a l s o  r e s u l t  i f  t h i s  change 

i s  i n s t i g a t e d .  

However, as g l y c e r o l  

I f  t he  so l ven t  f o r  t h e  growth medium i s  changed from pure water t o  a 

1H20-H20 m ix tu re  then p a r t i a l  deuterium inco rpo ra t i on  would be an a1 t e r n a t i v e  

t o  hydrogen i n  b iosyn the t i c  processes r e q u i r i n g  molecular water as a metabolate. 

2 

n 

Experiments i n  t h i s  l abo ra to ry  have shown t h a t  i n  40% ‘H20 the  microplasmodia 

can be maintained i n  c u l t u r e  w i thou t  induc ing spheru lat ion.  Thus experiments 
L could commence us ing t h i s  percentage 

through a number o f  generations t o  grow i n  a h igher  ‘H20 r a t i o .  

H20 b u t  the  Physarum may we l l  be adapted 

The p o s s i b i l i t y  o f  t he  yeast  e x t r a c t ,  analysed as con ta in ing  4% amino 

n i t rogen,  being a source o f  protonated amino ac ids should be g r e a t l y  reduced i f  

it i s  rep laced by an equiva lent  m ix tu re  o f  b i o t i n  + thiamine (21 ) .  

As demonstrated e a r l i e r ,  t he  coupled technique o f  proton and deuterium 

magnetic resonance spectroscopy a l lows a ready and accurate determinat ion o f  

deu te ra t i on  l eve l s .  

s p e c i f i c  amino a c i d  residues, brought about by the  changes i n  growth medium 

composit ion i nd i ca ted  above, w i l l  be immediately monitored and the  growth con- 

d i t i o n s  changed accord ing ly .  

Thus any increase o r  otherwise i n  the  deu te ra t i on  o f  
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Such s t u d i e s  t o  o b t a i n  h i g h e r  d e u t e r a t i o n  l e v e l s  a r e  now i n  progress.  

neutron s c a t t e r i n g  s t u d i e s  t h e  most advantageous s i t u a t i o n  would be t o  achieve 

complete d e u t e r a t i o n  o f  t he  c o r e  p a r t i c l e  w i t h  respec t  t o  bo th  h i s t o n e  and DNA 

such t h a t  t hey  c o n t r a s t  match a t  a l e v e l  e q u i v a l e n t  t o  app rox ima te l y  100% H20. 

S e l e c t i v e  d e p l e t i o n  o f  deu te ra ted  H2A and H2B h i s t o n e  f o l l o w e d  by r e c o n s t i t u -  

t i o n  us ing  t h e i r  ' no rma l '  p ro tona ted  analogues would then a l l o w  t h e  l a t t e r  t o  

be s t u d i e d  by neutrons i n  maximum c o n t r a s t .  

For  

2 
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