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An extreme example of the coding problem, Avian PPLO 5969* 

A p r o b l e m  in the  r e l a t ion  of p r o t e i n  to  D N A  is w h e t h e r  or  n o t  a g i v e n  n u c l e o t i d e  
sequence  u n i q u e l y  c o r r e s p o n d s  to  a g i v e n  p r o t e i n  molecu le .  T h i s  e q u i v a l e n c e  r e l a t i o n  
m a y  be  t e r m e d  one to  one  coding.  A m o n g  the  a l t e r n a t i v e  posMbilitie.~ w o u l d  be  
o v e r l a p  cod ing  where  a s e g m e n t  of D N A  m a y  e n c o d e  p o r t i o n s  of  t h e  p e p t i d e  s equence  
of s eve ra l  d i f fe ren t  prote in~.  An a p p r o a c h  to  th is  p r o b l e m  is to  f ind a n  o r g a n i s m  
whe re  t he  D N A  code  is sho r t  e n o u g h  to  beg in  to  d i s t ingu i sh  b e t w e e n  s o m e  of the  
po.ssible hyt}otheses .  

I n  an  a t t e m p t  to find an  o r g a n i s m  w h e r e  the  a m o u n t  of D N A  p r e s e n t s  a c o d i n g  
l i m i t a t i o n  to the  n u m b e r  of  poss ib le  p ro t e in s ,  we h a v e  d i r e c t e d  o u r  a t t e n t i o n  to  s m a l l  
cells c a p a b l e  of  r e p r o d u c t i o n  on a non - l i v ing  m e d i u m .  W h i l e  a r i u m b e r  of  s m a l l  
bactez-ia hax'e been  looked  a t ,  the  m o s t  e x t r e m e  case  we h a v e  e n c o u n t e r e d  is t h e  
p l eu ropneumon ia - l i k . e  o r g a n i s m  A v i a n  5969L 

T h e  i nd iv idua l  cells a r e  splxerical a n d  in the  e l e c t ron  m i c r o s c o p e  show a d i a m e t e r  
of o.25 ~. T h i s  e x t r e m e l y  smal l  size h a s  t h e  fo l lowing consequences .  T h e  cell has  a 
v o l u m e  of 8 .2 - IO  ~ ml ,  a n d  a s s u m i n g  a 75 % w a t e r  c o n t e n t  has  a d r y  we igh t  of 
2.o- r o - ~  g, wh ich  c o r r e s p o n d s  to  a m o l e c u l a r  we igh t  of 1 3 .  IO' .  Or  f r o m  a s o m e w h a t  
d i f fe ren t  p o i n t  of  v iew we see t h a t  we  h a v e  a cell which  c o n t a i n s  in t h e  n o n - a q u e o u s  
p o r t i o n  the  o r d e r  of 2o0,0o0,0o0 a t o m s .  

\Ve h a v e  r e c e n t l y  c a r r i e d  ou t  D N A  m e a s u r e m e n t s  on th i s  t y p e  of cell  in t h e  
fo l lowing m a n n e r .  A la rge  c u l t u r e  g r o w n  on a m e d i u m  of Di feo  T r y p t o s e  B r o t h  p lus  
I °o  l ) i fco P P L O  S e r u m  F r a c t i o n  is c e n t r i f u g e d  a n d  washed .  P o r t m n s  a r e  t a k e n  for  

o,, e t h a n o l  d r y - w e i g h t  d e t e r m i n a t i o n ,  while o t h e r  p o r t i o n s  a re  first  e x t r a c t e d  in 75 ,o 
a n d  then  in 5 0,/, t r i ch lo roace t i c  acid  ( Ioo  ° for  45 min) .  T h e  p r e c i p i t a t e  is c e n t r i f u g e d  
o u t  a n d  D N A  d e t e r m i n a t i o n s  a re  ca r r i ed  o u t  on  the  t r i ch lo roaee t i c  s u p e r n a t a n t  b y  

.M~brev i a t i ons :  ])_S..\, deoxyr i lp ( ,n l lc le ic  ~eitl ; R N  A, r ibon t t c lo i c  :reid. 
" Pf~LO i n d i c a t e s  t f l e u r ~ q m e u m o n i a - l i k e  o r g a n i s m ~  T h i s  .~train is a l so  k n o w n  a s  3lycop lasma 

gallisapticurn. 
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the  me thod  of KECK 2. The  DNA conten t  i'.; be tween 5 and 7.5 % of the  dry  weight 
of the cells. 

In  order  to app ly  the preceding results to  the problem of determining the  code 
length it is necessary to demons t ra t e  tha t  the morphological  units  seen in the electron 
microscope are indeed the  clone-forming units. To  de termine  this we have  de termined  
tile number  of clone-forming units  by ,ge t t ing  the most  probable  number  from serial 
di lut ion exper iments .  When  this is done we find a DNA con ten t  per  clone-forming 
unit ,  some 3 to  4 t imes the DNA conten t  per morpt~otogical unit.  Since, however, 
considerable c lumping is observed in all our cul tures this result is consistent wi th  
the  two uni t s  being the same. This view is reinforced b y  the fact t ha t  we observe 
n o  morphological  ent i t ies  o ther  t han  the small spheres and  clumps of small spheres. 

I f  t he  morphological  and clone-forming units  are identical then the average DNA 
con ten t  of a cell has a molecular  weight of 7 ° million. If  we assume tha t  the  cell 
uses one to  one coding with no over lap in going from DNA to protein,  then  7 ° million 
molecular  weight of DNA can specify about  7 million molecular  weight of protein 
sequence.  (Based on the.  in format ion- theory  restr ict ion tha t  three nucleotides are 
needed to specify an amino acid and three nucleotides weigh app rox ima te ly  ten time~ 
as muc h  as an amino  acid.) 

If we assume an average molecular  weight for proteins of 50,000, then a 7 million 
moiecuiar  weight sequence can include 14o differen: proteins. If the  DNA is double 
s t r anded  the informat ion  is r edundan t  and only 7 ° proteins  can be specifted. Thus  
we can make  the following s t rong s t a t ement  about  Avian P P L O  5969; ei ther  the 
organism is able to  opera te  on a ve ry  small number  of proteins  or there  must  be 
over lap in the  coding. 

To eva lua te  the  previous s t a t emen t  the  following facts abou t  the  organism may  
be considered.  The  organism is mos t ly  DNA, RNA, lipid and protein.  There are about  
a to ta l  of IO,OOO prote in  molecules in each ceil. The  cells have  ribosomes (at least 
th ree  types).  There  are p robab ly  less than  300 ribosomes per celt. 

This  organism thus presents  us with a s i tuat ion where small size, small total  
n u m b e r  of maeromoleeules  and a re la t ively short  code enable us to  s tudy  certain 
overal l  features  of the  coding problem. 

The au thors  wish to  express thei r  thanks  to Professor MARK E.  TOURTELLOTE 
Of the  Univers i ty  of Connect icut  who provided us with cultures,  large collections of 
cells and valuable  advice. We wish to  t hank  RUTH GOTTU_EI~ for her technical  as- 
sistance. 
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Continuous synthesis of deoxyribonucleic acid in EscherJchio coil 

The synthesis of deoxyribonucleic acid proceeds in a stepwise manner  in bacterial  
cultures whose division has been synchronized by  temperature  changes or s ta rva t ion  1. 
I t  has been inferred from these observations tha t  bacteria,  like p lant  or animal  cells, 
reduplicate their  nuclear mater ia l  dur ing only a par t  of the normal  division cycle. 
More recently it has been found, however, t ha t  synthesis of bacterial deoxyribonucleic 
acid appears to be a cont inuous process, since au to rad iography  of freely growing 
cultures of Escheri6hia coli or Salmonel la  t y p h i m u r i u m  after short  exposures to  
t r i t ia ted thymid ine  reveals the labeling of the deoxyribonucleic acid of near ly  all 
of the cells of the populat ion ~. Thus,  the earlier observations of stepwise synthesis  
probably reflect t h a t  dis turbance of cell metabolism by which the bacter ia  were 
induced to divide in phase ra ther  than the course of event~ in normal  growth.  This 
inference is supported by  the finding tha t  deoxyribonucleic acid synthesis  is also 
continuous in cultures of B a d l l u s  ceraus whose cells divided in synchrony  for the 
first two generation~ following spore germinat ion s. We wish to report  an independent  
observation which likewise indicates t h a t  bacterial cells synthesize their  deoxyri-  
bonucleic acid th roughout  the normal  division cycle. 

Bacteria labeled with z2p lose their viabi l i ty  upon decay of the incorporated 
32p atoms,  the rate of inact ivat ion being proport ional  to the amoun t  of radioisotope 
contained in the bacterial deoxyribonucleic acid ra ther  than  to the ~ap content  of 
other  phosphoryla ted  cell constitucntsa, 5. Hence af ter  brief incubat ion in a h ighly  
z2P-labeled medium only those cells of a growing non-labeled bacterial  populat ion 
which are act ively synthesizing deoxyribonucleic acid should become sensitive to 
inactivation.  Any  individuals in the populat ion t h a t  do not  happen to assimilate 
any  radioisotope into their nuclear s t ructures  during t h a t  period should remain 
refractory to decay. Such a shor t - term labeling exper iment  has been carried out  by  
inoculating non-labeled cells of E.  aoll, strain B/r  into a synthe t ic  glycerol-lactate 
mediumS, 6 labeled with  a~.p at  a specific ac t iv i ty  of 12o mC/mg P. The radioacti~re 
culture was incubated at  37 ~, the generat ion t ime being about  45 min under  these 
conditions. Samples of the culture were di lu ted into  ice-cold glycerol-easamino acid 
medium ~ from t ime to t ime and  aliquots of these dilutions quickly frozen and stored 
at  - - 1 9  60 in liquid nitrogen a. F rom day  to day,  af ter  various amoun t s  of radioact ive 
decay h ~d occurred, some of the frozen al iquots were thawed and  spread on nu t r i en t  
agar plates for assay of the remaining number  of colony formers, i.e. viable bacteria .  
The total  amoun t  of a~p incorporated into bacterial  nucleic acids was also de termined 
in each sample by the method of SCHM~DT A~LI THg~.NNHAUSER 8. 

The results of this experiment are presented in Fig, I, where it m a y  be seen t h a t  
after growth in zzP-labeled medium for only 5 and io  rain, a t  least 7o % and  95 % 
respectively, of the bacterial  populat ion has a l ready become sensitive to inact ivat ion 
k . a . . . .  r : . . . . . .  ~ . ~ a  ~1;...~+;.,~ atoms. !n  Tab ]e ! ,  the ~,y ,~,~ay average amount  of nucleic 
acid azp taken up per bacter ium after various times of growth is shown and compared 
with the final slope of the corresponding azp decay survival curve. I t  is evident from 
the last column of Table I tha t  the rate of inact ivat ion per mC of assimilated radio- 
isotope is nearly independent  of the total  amoun t  of a2p incorporated.  Hence it m a y  
be concluded tha i  the same mechanism is responsible for inact ivat ion of bacteria 
labeled by short  and by long assimilation periods, i.e. that  in all the samples of this 
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Fig. t. Colony sua'~dval as a function o{ radio:tctive ¢Iec~y in samples of ~ culture.~oi E.~coli|B/r 
which have been allowed t~ assimilateZ'ZP ot specific nccjvity rzo mC/mff P for the number off 

m i n u t e s  i n d i c a t e d  o n  e a c h  c u r v e  b e f t ~ r e  b e i n g  f r o z e n  a n d  s t o r e d  a t  - - I 9  f ~ ,  

TADLE I 

~ 'ude ic  acid Fined slope 
. l l  in~ltes ol J4rowth Vi*tb& bacteri~, m~ :~=P (mC/celt> o1 decay l~'~r 

t'~t a~P-tabded be/o~r decc~jv (1) su~, ieat  ~ u ~ e  (¢tlllrnCj 
medit tm × Z *~ ~ ~ l OiI ] , ~ ( K} X 20 TM 

o 5 . 8  - -  - -  
5 6.1 o . 2  t - -  z . o  ~ 4 . 8  

r o  7 . 8  o . 4 7  - -  2 . 8  - - 6 . 0  
t 5 8 . o  ° . 9 t  - - -  5 - 5  ~ 6 . o  
~ 5  8 .1  3 . o  - -  ~ 3 . 8  ~ 4 . 6  
4 0  ! i . o  5 . 2  .... t 8 . 7  ~ 3 . 6  

e x p e r i m e n t  the  l e tha l  d i s i n t e g r a t i o n s  r e p r e s e n t  d e c a y  of ~'-P a t o m s  i n c o r p o r a t e d  i n t o  
t h e  b a c t e r i a l  d e o x y r i b o n u c l e i c  acid.  T h e  fac t ,  t he re fo re ,  t h a t  a f t e r  an  e x p o s u r e  to  
a~p a m o u n t i n g  to  o n l y  I I  % of the  g e n e r a t i o n  t i m e  m o r e  t h a n  7o % of the  cells h a v e  
b e c o m e  senMt ive  to  i n a c t i v a t i o n  b y  d e c a y  t h e n  i u d i z a t e s  t h a t  a n y  p e r i o d  d u r i n g  
w h i c h  b a c t e r i a  of  th i s  c u l t u r e  s y n t h e s i z e  no  d e o x y r i b o n u c I e i c  ac id  cou ld  o c c u p y  a t  
m o s t  a v e r y  m i n o r  f r a c t i o n  of  t he i r  d iv i s ion  cycle ,  i.e. t h a t  d e o x y r i b o n u c l e i c  ac id  
s y n t h e s i s  is essentially ¢ontim~eus in E. col," cells. Th i s  d i f fe rence  in m a n n e r  o f  de-  
o x y r i b o n u c l e i c  ac id  s y n t h e s i s  b e t w e e n  b a c t e r i a  a n d  cells of  h ighe r  f o r m s  m a y  ref lect  
t h e  s i m p l i c i t y  of  n u c t e a r  o r g a n i z a t i o n  of the  " l o w e r  p r o t i s t a  ''~. 
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The  natural  occurrence of f l -hydroxyaspart ic  acid 

The formation of f l -hydroxyaspar t ic  acid ir~ vltro.by a t r ansamina t 'on  react ion be tween  
oxaloglycolate  and g lu tamate  has been establ ished b y  studies carr ied ou t  in this 
l abora to ry  1 as well as by" the  independent  work of GARCIA-HW-RNANDEZ AND KUN 2. 
We  wish to  report  the  isolation of f l -hydroxyaspar t ic  acid from pancrea t ic  digests 
of casein. The isolation procedure  involved the removal  of the  aromat ic  amino acids 
from the hydro lysa tes  b y  adsorpt ion on charcoe] ~ and successive ch roma t og raphy  
of the resulting solutions on columns of Dcwex-x  formate  and Dowex-5o,  hydrogen  
form, with [14C]aspartic acid as a co lumn marker.  

The isolated compound  has been identified b y  the following enzymic reactions.  
Incubat ion  of the  isolated h y d r o x y a s p a r t a t e  and a -ke tog lu ta ra te  wi th  the t rans-  
aminase preparat ion from sheep brain  I resul ted in g lu tamate  format ion (Table I). 

The isolated amino acid (20 ~moles) in the  presence of 5o/~moles of ExaC]carbamyl 
phosphate  (specific ac t iv i ty ,  12,8o0 counts /min/~molc)  and the t r ansca rbamylase  
preparat ion from normal ra t  liver was enzymical ly  conver ted  into a single radio- 
active compound  (total  radioact iv i ty ,  47,8oo counts/min)  which on column and 
paper  chromatography  was identical wi th  known N - c a r b a m y l h y d r o x y a s p a r t a t e  
(ureidomalate) s. 

Fu r the r  identification of the  isolated compound  was achieved b y  chromato-  
graphic studies. The isolated amino acid gave the same Ri~ as au thent ic  hyd roxy -  
aspar ta te  in three different solvent  systems:  The dini t rophenyl  der iva t ive  of the  
isolated compound  was prepared ~. Pape r  ch romatography  ~ of the der ivat ive  gave 
an RF (o.24) identical with tha t  of a sample of au thent ic  N-din i t rophenylhydroxyo 
aspar ta te .  Addit ional  studies were carried out  on the au tomat ic  amino acid analyzer.  
The isolated compound,  synthe t ic  h y d r o x y a s p a r t a t e  (a mixture  of four isomers 8) 
and  erythro-~-hydroxy-L-aspartate 9 were added separa te ly  to a synthe t ic  mixture  of 


