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Table II 
Excretion of Noradrenaline, Adrenaline, and Hydroxytyramine in 

Various Psychiatric Patients 

Adrenaline Hydroxytyranfine 
Subject ([xg/100 mg (~g/100 mg 

creatinine} creatiuine) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Noradrenaline 
(ixg/100 rag 
creatinine) 

I 2-80 0.60 
4.90 1.10 
2.20 0.30 

] 1.90 0.50 
[ 2-45 0-38 

7-90 1-32 
I 6.85 0.95 

8-00 1-67 
6.25 1-50 
4-10 0.02 

39.00 
28.90 
24.50 
26.00 
24.80 
39.30 
31.00 
46.00 
52.50 
36.00 

F u r t h e r  specif ici ty can be obta ined  by using a double- 
label technique.  Urine  ex t rac t s  can be acetylated with 
t r i t ium labeled acetic anhydr ide  to conver t  adrenaline, 
noradrenal ine ,  and h y d r o x y t y r a m i n e  quan t i t a t ive ly  to the 
t r i t ium labeled t r iaceta te .  A measured amount  of authen- 
tic t r i ace ta te  adrenal ine-C ~4, t r iace ta te  noradrenaline-C 14, 
and t r i ace ta te  hyd roxy ty r amine -C  ~4 is added to each 
sample  and the  double  labeled catecholamines are iden- 

tiffed and purified by  paper  chromatography.  Tile t r i t ium 
and carbon 14 conten t  of the purified catecholamines  is 
assayed by simultaneous count ing in a l iquid scinti l lat ion 
spectrometer.  The amoun t  of adrenaline,  noradrenal ine,  
and hydroxy ty ramine  in the original ex t rac t  can be cal- 
culated from the de terminat ion  of the amoun t  of carbon ~4 
indicator  lost during the purification, the yield of  t r i t ium 
radioact ivi ty ,  and the  specific ac t iv i ty  of the  t r i t i um 
labeled acetic anhydride.  
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New York University College o/ Medicine, Department 
o/ Psychiatry and Neurology, Psychopharmacology Re- 
search Unit, New York, November 3, 1958. 

Zusammen[assung 

Es wird eine neue Methode zur Bes t immung  der  Kate-  
cholamine im Harn beschriebcn. Die Katecholamine  wer- 
den im Harn acetyt ier t  und die Acetyklcr iva te  papier-  
chromatographisch im Bush-~,C~-System getrennt .  Nach 
erfolgter Trennung werden die einzelnen Katecholamine  
mi t  ]kthylendiamin kondensiert  und fluorimetrisch unter-  
sucht. Eine Spezifiti t tserhShung tler Methode d u t c h  An- 
wendung doppelt  markier ter  Isotopen wird in Be t rach t  
gezogen. 
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T H E O R I A  

T h e r m a l  P o l y m e r i z a t i o n  of A m i n o  Acids  
a n d  a T h e o r y  of B i o c h e m i c a l  O r i g i n s  ~ 

By S.W.Fox, KAoRre HARADA, and  A. VEGOTSKY 2 

The  possibi l i ty  of synthesiz ing pept ides  and perhaps 
prote in  ( F o x  and MIDnLEBROOK a) by simple heat ing of 
unsubs t i tu ted  amino  acids is one which has not  been 
favored  by  chemical  exper ience (KATCHALSKI 4, NOGUCHI 
and HAYAKAWA B, CURPHEY 6, MEGGY 7, BAMFORD, EL- 
LIOTT, and HANBYS). W h e n  this goal was approached as 
a theore t ica l  p rob lem in prebiologieal  molecular  evolution, 
i t  became possible to visualize how the  energetic barrier 
for the  synthesis  of pro te in  could be overcome thermal ly  

i Presented at a symposium on Biochemical Origins at the 
133 rd meeting of the American Chemical Society, San Francisco, 
April 17 1958. The research has been aided by Grant C41971 of 
the National Institutes of Health, U.S. Public Health Service, 
Grant G-4566 of the National Science Foundation, and by the 
General Foods Corporation. Coritribution No. 109 of the Oceano- 
graphic Institute of The Florida State Univepsity. 

The Oceanographic Institute and Department of Chemistry of 
The Florida State University, Tallahassee. 
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n E. G. CURPHEV, Chem. & Ind. t956, 783. 
7 A. B. MEaGv, J. them. See. 1956, 1444. 
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(Fox,  J OItNSON, and VI,:GOTSKY ' ) ,  and how precise order- 
ing of residues might  result  from selective influences of 
the reactant  amino acids themselves (FoxX°). The e x p . r -  
im" nts which have  resulted indicate t ha t  it is possible to 
prepare copolymeric  pept ides  thermal ly  if aspart ic  acid 
or glutamic acid is it reactant .  I t  is fur thermore  possible, 
by using a considerable molar  excess of both  aspart ic  acid 
and glutamic acid, to copolymerize the  eighteen c o m m o n  
amino acids into a proteinoid which, af ter  being hydro-  
lyzed, reveals on paper  ch romatography  the same qual i -  
t a t ive  composit ion as casein and o t h : r  proteins. 

In  considering this knowledge indetai l ,  a t t en t ion  should 
first be focussed on the chemist ry  of each of the dicarbo-  
xylic amino acids. I t  has long been known tha t  bea t ing  
glutamic acid alone yiehls the inner lactam, pyrrol idone- 
carboxylic acid (pyroglutamic ackl). In  this research it  
has been learned tha t  heat ing g lu tamic  acid with each of 
a number  of o ther  amino acids produces a copolymeric  
linear peptide when the tempera ture  of react ion is 170°C 
for 3 h (HAtlAt)a and F o x n ) .  The polymer  of g lu tamic  
acid and glycine has a mean  chain weight  of 10,000 to 
20,000 af ter  dialysis, l )uring such reactions, the  g lutamic  
acid is conver ted to pyroglutamic  acid which is mol ten  
in the presence of o ther  materials  at  170°C, and f lmctions 
therefore as a solvent.  The glutamic acid and pyroglu ta-  
mic acid probably contr ibute  also as acid catalysts .  In  
addition, compara t ive  yiehls suggest tha t  the  pyroglu-  
tamic  acid is the more react ive species. 

S. W. Fox, J. E. Jonr~so.~, aud A. Vt.mOTSKV, Science 124, 923 

lo S. \V. Fox, Amer. Scientist 44, 3.IT (I956). 
n K. HARADA and S.W. Fox, J. Amer. ehcm. Soc. so, ~69.t 

(1,35s). 
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Relative Proportions of Glutamic Acid in Total Composition and N-Terminal Position inThermal Polymers of Glutamic Acid and Aspartie Acid 

Mols aspartic acid 
in reaction mixture 

0-01 
0-02 
0.03 

Mols glutamic acid 
in reaction mixture 

0.01 
0.01 
0.01 

Proportion of ghitaniie acid 
in whole polymer (A) 

29°,0 
197o 
157o 

Proportion of glutamie acid 
in N-terminal position (B) 

59% 
54% 
54°,.0 

BIA 

2-0 
2.8 
3.6 

The  h e a t i n g  of a spa r t i c  acid does n o t  lead to a l iquid  
p r o d u c t  below 200°C, b u t  i t  c an  also copo lymer ize  w i t h  
o t h e r  a m i n o  acids.  The  copo lymers  w i t h  a spa r t i c  acid do 
no t  inc lude  as large p r o p o r t i o n s  of n e u t r a l  a n d  bas ic  
a m i n o  acids as do the  copo lymers  w i t h  g l u t a m i c  acid,  

COOH ~, I O ) ]-t2NC H 160_200oc H2N- - C H - - C - N  -CH-,- COOH 
' - I / I 
('H2 1 3 h CH2-C / CH2-COOH 

COOH 0 i n(H20)n 

~ NaOH, ItC1 

\ =orp /,, 
An  un ique feature of the the rma l  p o l y m e r i z a t i o n  of 
aspa r t i c  acid is t h a t  i t  y ie lds  a po ly imide  (KovAcs  a n d  
KOENYVES 1~', VEGOTSKV, HARADA, a n d  F o x ' a ) .  This  poly-  
imide  can  be  gen t ly  sp l i t  a t  e ach  of the  imide  l inkages  b y  
excess  d i lu te  cold a lkal i  to  yield a t r ue  pept ide .  Th e  
t e n d e n c y  of a spa r t i c  acid to  copo lymer ize  a p p e a r s  to  be 
g r e a t e r  w h e n  h e a t e d  w i t h  g l u t a m i c  ac id  a n d  th i s  is p rob -  
a b l y  exp l a inab l e  on  t he  bas is  t h a t  all  of t he  a spa r t i c  acid 
a n d  g l u t a m i c  ac id  is in  a c lear  l iquid  a t  170°C. 

T h e  c o p o l y m e r i z a t i o n  of g l u t a m i c  acid a n d  a spa r t i c  
acid proceeds  w i t h  excep t i ona l  faci l i ty .  I n  t h i s  c o m b i n a -  
t ion  was f i rs t  o b s e r v e d  a s a l i en t  r e l a t i onsh ip  - t he  a m i n o  
acids  a r r a n g e  t h e m s e l v e s  in  a n o n r a n d o m  style .  Th i s  is 
i l l u s t r a t ed  in  t he  e x p e r i m e n t  de ta i l ed  in the  Table .  

The  ana ly se s  were p e r f o r m e d  b y  hydro lys i s  of t he  whole  
po lymer ,  D N P y l a t i o n ,  a n d  e s t i m a t i o n  of t h e  D N P - a m i n o  
acids.  T he  N - t e r m i n a l  a m i n o  acids  were  d e t e r m i n e d  on  
t h e  h y d r o l y z e d  D N P - p o l y m e r s .  The  resu l t s  show t h a t  
t he  p r o p o r t i o n  of g l u t a m i c  acid in t h e  N - t e r m i n a l  pos i t ion  
is f rom 2 to  3~/2 t i m e s  as g r ea t  as in  t h e  t o t a l  compos i t ion .  
Th i s  s u b s t a n t i a t e s  t h e  or ig ina l  work ing  h y p o t h e s i s  men-  
t ioned  a t  t he  o u t s e t  a n d  answers  in  p r inc ip le  t h e  ques t i on  
of how precise  o rder  m i g h t  h a v e  a r i sen  in p r i m o r d i a l  
p ro t e in  before  t h e r e  were e n z y m e s  or nucle ic  acids on  t h e  
e a r t h  to  guide t h e  order .  

B y  the  t i m e  th i s  m u c h  knowledge  h a d  a c c u m u l a t e d ,  
t he  or ig inal  goal  of syn thes i s  of p ro t e in  was more  pre-  
cisely def ined as the  syn thes i s  of po lymer i c  pep t i de  ma-  
ter ia l  wh ich  con t a in s  all of t he  e igh teen  a m i n o  acids 
c o m m o n  to p ro t e in  ( F o x  10), w i t h o u t  r ega rd  to conf igura-  
t ion  of t he  amino  acid res idues  (Fox ,  JOHNSON, a n d  V~;- 
GOTSKYg). A l t h o u g h  o t h e r  work ing  premises  can  be 

12 J. KovAcs and I. KOENYVES, Naturwissenschaften 4l, 333 
(1954). 

13 a.  VEGOTSKY, K. HARADA, and S. \V. Fox, J. Amer. chem, 
Soc. 80, 3361 (1958). 

a d o p t e d  (AKABORI, OKAWA, a n d  SATO~4), m a t e r i a l  of 
th i s  desc r ip t ion  would  be  q u a l i t a t i v e l y  i nd i s t i ngu i shab l e  
f rom c u r r e n t  p ro t e i n  a n d  p e r h a p s  more  like or ig inal  
p r o t e i n  t h a n  c u r r e n t  p ro te in .  P a r t  of t h e  r eason  for 
be l i ev ing  t h a t  t h e  f i rs t  p r o t e i n  was so l ike c u r r e n t  p ro t e i n  
is t h e  co n cep t  of t h e  ' u n i t y  of b i o c h e m i s t r y '  (KLuYVER 
a n d  VAN NIEL 15) wh ich  h a s  been  found  to a p p l y  to pro-  
t e ins  as well  as to  o t h e r  s u b s t a n c e s  ( F o x  ~°, Fox~6). 
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• BuOH:AcOH: HzO = 4:2:1 

Fig. 1. Two-dimensional chromatogram of hydrolyzate of proteinoid 

A t t e m p t s  to  pyropQIymer ize  all t he  c o m m o n  a m i n o  acids 
h a v e  been  m a d e  f rom t ime  to  t i m e  in th i s  p rog ram.  These  
a t t e m p t s  were based  usua l ly  on  u n i m o l a r  r a t ios  of amino  
acids.  Af te r  t h e  effect  of a d o m i n a n t  g l u t a m i c  acid- 
a spa r t i c  acid ra t io ,  as well  as t h e  u n i q u e  copo lymer i za t i on  
effects  of each  were recognized,  such  a t t e m p t s  were aga in  
r e p e a t e d  w i t h  these  two  a m i n o  acids in large  excess. The  

14 S. AKABOP.I, K. OKAWA, and M. SATO, Bull. chem. Soc. Japan 
2,9, 608 (1956). 

1~ A. J. KLUYVER and C. B. VAN NIEL, The Microbe's Contribu- 
tion to Biology (Harvard University Press, Cambridge, Mass. 1956). 

1~ S. W. Fox, J. chem. Education ,34, 472 (1957). 
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results  were immed ia t e ly  successful (Fox and HARADA 1~) 
and each  of a series of more than  twen ty  subsequent  trials 
has likewise been successful. Renewed a t t empts  to obtain  
such po lymers  wi th  unimolar  rat ios of the dicarboxylic 
amino acids reveal  t h a t  even  if pept ide is formed, the 
s imul taneous  format ion  of unwanted  products such as 
d iketopiperazines  is so dominan t  as to make isolation of 
the pept ides  diff icult  a t  best, Critical need for high pro- 
por t ions  of g lu tamic  acid and aspartic acid is consistent 
wi th  the  principle of un i ty  in biochemistry  and the facts 
of (1) d ispropor t iona te ly  high ratios of the dicarboxylic 
amino acids in v i r tua l ly  all proteins and (2) the large 
amoun t s  of g lu tamine  and asparagine in metabolic pools. 

The  prote inoids  are typica l ly  produced simply by heat- 
ing two par ts  of g lu tamic  acid by weight,  two parts of 
aspar t ie  acid, and one pa r t  of a mix ture  of amino acids in 
equ imola r  propor t ions  a t  170°C for 3 h. The unreacted 
mater ia l  and smal ler  molecules are removed by dialysis 
th rough  a period of f ive days.  In  some cases the initial 
p roduc t  was steril ized prior  to dialysis by immersion of 
the dialysis sac in methanol  or  e thanol  for 24-48 h. The 
p roduc t  yielded a major  insoluble fraction and a soluble 

lr S. W. F o x  and K. HARADA, Science l e g  1211 (1958). 
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fraction. The insoluble fraction was dissolved as the so- 
d ium salt  and dialyzed. The products  from this, f rom the  
originally soluble fraction, and from the  runs which were 
sterilized were each dried, hydrolyzed,  and ch romato -  
graphed. The chromatograms  appeared as in Figure 1 in 
all cases (Fox  and HARADA17). Thc reaction is not  deli- 
cate, and many variat ions are possible. Glutamic  acid can 
be replaced by glutamine.  Orthophosphoric  acid improves  
the yield and lowers the necessary t empera tu re  by typi-  
cally 20°C, but  the reaction proceeds successfully in the  
absence of phosphoric acid, in yields by weight  which 
exceed 15%. The protcinoid replaces peptone in the broth  
culture of Lactobacillus arabinosus at  a somewhat  reduced 
rate of growth, it fact which indicates tha t  the l inkages 
are susceptible to the a t tack  of bacterial  proteases. The  
product  is undoubtedly  a mixture  and it will be some 
t ime before it is possible to s ta te  how the amino acids are 
distr ibuted among individual  molecules. The product  has 
in peptidc l inkage all of the common amino acids, ex-  
cept  of course tha t  these are opticall, y inactive,  and the  
hy(lrolyzate bchaves  in qua l i t a t ive  ch romatography  
like tha t  from protein. This relat ionship is onc which re- 
sembles closely that  for any two current  heterologous 
proteins. It is significant tha t  this proteinokt was ob- 
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Fig, 2. Thermal  pa thways  which resombh' generalized biosynthesis  
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ta ined  in a hypothe t ica l  f r amework  of prebiological  con- 
ditions. Added suppor t  for a prote in- l ike  s t ruc tu re  of the  
po lymer  is found in pos i t ive  b iu re t  tests,  infrared ab-  
sorpt ion spectra,  and a m e a n  chain  weight  of 4900. 

Shor t ly  af ter  this p ro jec t  on the rmal  syntheses  of pep-  
tides was begun,  unexpec ted  results  under  these  same 
condi t ions  led to o the r  inves t iga t ions  (Fox ,  JOHNSON', and 
MIDDLEBROOKlS). There  was observed  the  appearance  of 
amino  acids, ~- and fl-alanine, no t  p resent  in the  original.  
This  resul t  suggested t h a t  our  known fami ly  of amino  
acids m a y  have  or ig inated  by  the rmal  convers ion and 
rear rangement .  One b iochemical  th ing  led to ano the r  and 
a t he rma l  react ion f lowsheet  as in F igure  2 was assembled.  
These are some of the  react ions which have  been s tudied;  
the solid lines represent  those for which the  detai ls  have  
been published.  I t  was found t h a t  aspar t ic  acid can arise 
t he rma l ly  f rom the  Krebs  Cycle acid, mal ic  acid, by  reac- 
t ion wi th  a m m o n i a  or  urea  and t h a t  aspar t ic  acid  is con- 
ve r t ed  to ~- and fl-alanine. An unexpec ted  p roduc t  of 
especial in teres t  was ureidosuccinic acid (Fox ,  JOHNSON, 
a n d  VEGOTGKY 9). 

This partial chart includes many thermal products iden- 
tical to those found in organisms, except for lack of opti- 
cal activity in some. The reactions are also similar and, 
most strikingly, the sequences of thermal reactions re- 
semble those of a generalized biosynthesis. 

These unified resul ts  indicate  in pr inciple  how the  ana-  
bolic react ions  and protein,  somehow funct ioning as en- 
zyme,  could arise joint ly .  The  appearance  of  ureidosuc-  
cinic acid suggests the  biosynthesis  of  genie nucleic acid 
inasmuch as ure idosuccinic  acid is now a recognized bio- 
logical i n t e rmed ia t e  for pyr imidines  (LIEBERMAN and  
KORNBERGt~). F r o m  this  i t  is possible to visual ize the  
genera t ion  of anabol ic  reactions,  enzymes,  and genes in 
a ref lexive chemica l  m e m o r y  mechan i sm (Fox,VE~oTSKY, 
HARADA, and HOAaLAND2°). This  p ic ture  is essent ia l ly  
the  reverse  of the  gene-enzyme-reac t ion  sys tem of 
BEADLE2~ et al. The ent ire  in tegra ted  pic ture  is of course 
incomplete ,  bu t  i t  is b rough t  into sharper  focus by  the  
finding t h a t  all of the  c o m m o n  amino  acids can be co- 
polymer ized  under  selected the rma l  condi t ions  in to  a 
single p roduc t  suggest ive  of protein.  

Pure ly  biological evidence for the  the rmal  origin of or- 
ganisms, a l though  no t  conclusive,  can be found in the  
l i terature.  The  proposal  t h a t  life began in the rmal  waters  
has been offered by  several  biologists,  no t ab ly  COPE- 
LAND 22. One cr i t ic ism of chemical  or  biological  theor ies  
emphasiz ing the rma l  origins is t h a t  biological sys tems 
cannot  wi ths tand  such e leva ted  tempera tures .  One answer  
to  this  p rob lem is the  fact  t h a t  some bac te r ia  and algae 
normal ly  inhab i t  near ly  boiling h o t  springs. These,  accord-  
ing to  Copetand, are  t he  mos t  p r imi t ive  organisms.  Se- 
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condly,  GREENSTEIN and HOYER =a, and also H~M~R 24, 
showed t h a t  m a n y  substances  inhib i t  the  t he rma l  coagu- 
la t ion  of p ro te in ;  no t ab ly  nucleic acids do this.  In  at-  
t e m p t i n g  to  unders tand  the  origin of physiological  sys- 
tems,  i t  m a y  be necessary therefore  to  unde r s t and  the  
special influences of molecular  in terac t ions  qu i te  as ful ly 
as the  genera t ion  of substances  and reactions.  

Despi te  increasing numbers  of  expe r imen ta l  demons t ra -  
t ions, more  t h a n  usual  unce r t a in ty  a t t ends  a n y  inter-  
pre ta t ions  in the  subjec t  m a t t e r  of b iochemical  origins. 
A t rue  unders tand ing  of origins however  offers m u c h  pro-  
mise of sys temat iz ing  the  t r emendous ly  ramif ied  mass of 
b iochemical  knowledge and is to be sought  for this reason 
alone. 

A t  the  most  the pic ture  which has been inferred re- 
presents  essent ial ly the w a y  in which biochemical  systems 
originated.  A t  the least,  i t  presents  in re la t ive ly  comple te  
out l ine an in te rna l ly  and ex te rna l ly  consis tent  p ic ture  of 
how biochemical  systems,  and by  self-directed ex t ra -  
polat ion,  life ( F o x  ~6) could have  originated,  when  one 
invokes  a modu la t ion  f rom a hypohydrous  m a g m a  to an 
aqueous  sys tem.  

A t  the  non- in t e rp re t a t ive  level, the  s tudies h a v e  re- 
vea led  ways  and means  of producing  wi th  re la t ive  ease 
a large va r i e t y  of pept ides  which c o m m a n d  in teres t  in a 
n u m b e r  of po ten t ia l  appl icat ions.  

Zusammen]assung 

Bei l~berschuss yon  Glutamins/iur,  e und Asparagins/ iure 
werden  zahlreiche Aminos~iuren thermisch  kopolymer i -  
siert.  Das S tud ium der  Reak t i onen  and  Nebenreak t ionen  
f t ihrt  ~u einer  Theor ie  tiber den  thermischen  Ursp rung  
biochemischer  Systeme.  
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There has been an error  in the  first co lumn of page 372 
in line 9 f rom below. This  line should read:  ... t rea ted  
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