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Some fur ther  dehydrogenases  could be  dem ons t r a t ed  
in t he  cells of d i f ferent  fungi :  (e) Pentose  metabo l i sm4:  
a ldopentose  reduc tase  in Penic i l t ium expansum and 0.  
tactis and  pen t i to l  dehydrogenase  in /L  expansum and 
O. lactis. (f) O the r  dehydrogenases :  L-amino acid:  O~ 
ox idoreduc tase  (E.C. 1.4.3.2) in N ,  crassa 3, D-glucose: 
O,  ox idoreduc tase  (E.C. 1.1.3.4) in AspergiUus niger s, 
pyr idoxo l :  N A D P  oxidoreductase  (E.C. 1.1.1.1) in S. 
cerevisiae ~, gtu ta th ione  reduc tase  (E.C. 1.6.4.2) in S. cere- 
visiae ~, as welt as N A D -  and N A D P - l i n k e d  prol ine dehydro-  
genases, a ldehyde  dehydrogenases  and  dihydrol ipoic  de- 
hydrogenase  (E.C. 1.6.4.3) in S. cerevisiae 8. 

The specif ici ty of the  different  s ta in ing react ions could 
be conf i rmed by  means  of control  react ions  1. Tab le  I 
shows the  inhibi tors  employed  and the i r  concent ra t ions  
which  inhibi ted  enzyme  ac t iv i ty  and thus  fo rmazan  
produc t ion  in the  cells of S. cerevisiae. 

(2) Oxidases. Cytochrome  oxidase  and peroxidase  can 
be demons t r a t ed  cy tochemica l ly  in t he  cells by  var ious  
indicators  t h a t  are changed by  ox ida t ion  to more or  less 
stable, coloured react ion p roduc t sL  

(a) Cytochrome oxidase :  Af te r  tes t ing the  wel l -known 
indicators ,  the  combina t ion  of the  2 anfines p-aminodi -  
pheny lamine  and p-me thoxy -p ' -aminod ipheny lamine  
proved  to  be  the  bes t  m e t h o d  for t he  in t racel lu lar  demon-  
s t ra t ion  of this  enzyme  in N.  crassa, O. lactis and S. cere- 
visiae 1°. Afte r  an  incuba t ion  period of 30 rain, t he  un- 
coloured cy top la sm conta ined  brown-red,  round-shaped  
deposi ts  (Figure 2). 

(b) Peroxidase :  Dif ferent  me thods  (amines, phenols,  
zinc-leueo) were  tes ted,  b u t  only  the  indica tor  3-amino- 
9-e thylcarbazole  p roduced  a useful reac t ion  p ic tu re  (in- 
cuba t ion  per iod for all fungi :  60 min) : small,  round,  red- 
brown,  d i s t inc t  granula,  equa l ly  d i s t r ibu ted  in a l ight ly  
t inged  cy top l a sm 10. 

The  resul ts  of control  react ions ( inhibi tors  wi th  thei r  
ac t ive  concen t ra t ion  in the  medium)  are summar ized  in 
Tab le  I I  : 

The  react ion pic tures  of all cy tochemica l  enzyme  
demons t ra t ions  showed an equal  d is t r ibu t ion  of t he  
di f ferent  deposi ts  in the  cy toplasm.  In  t he  hyphae-  
p roduc ing  fungus N.  crassa the  react ions  were  weaker  in 
older  par t s  of the  myce l i um than  ill the  younger ,  growing 
hypha l  tips.  I n  t he  s ta ined p repara t ions  of O. lactis and  
S. cerevisiae, m a n y  cells were only  weakly  s ta ined or  no t  
a t  all. Probably ,  this  is due to  a d i f ferent  enzyme  equip-  
m e n t  of the  single cel ls lL 

The  prac t ica l  va lue  of the  cy tochemica l  demons t r a t ion  
of dehydrogenases  and oxidases in fungi  could  be demon-  
s t ra ted  when  s tudy ing  the  influence of phenylbor ic  acid 
on the  cells of O. lactis ~. 

Zusammen[assung.  Die Ergebnisse  der bisherigen Unte r -  
suchungen zum zytochemischen  N a c h w e i s  verschiedener  
Dehydrogenasen  und Oxydasen  in den Zellen yon Pi lzen 
(Neurospora crassa, Oospora lactis, Saccharomyces cere- 
visiae u.a.) werden beschrieben.  
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D I S P U T A N D U M  

Relationship Between the Structure of Chloramphenicol and its Action upon Peptide Synthetase 

The  ant ib io t ic  ch loramphenicot  (CM) is a g rowth  
inh ib i to r  and  a wide ly  used b iochemical  research  tool  be- 
cause i t  inhibi ts  specifically prote in  biosynthesis .  H u n -  
dreds  of chemica l  de r iva t ives  of CM h a v e  been tes ted  for  
an t ibac te r ia l  a c t i v i t y  and a set  of empir ica l  s t ruc ture-  
a c t i v i t y  rules has  been der ived f rom this  b o d y  of chemical  
and  microbiological  in fo rmat ion  1,2. A few growth-  
inh ib i to ry  der iva t ives  of CM h a v e  more  recent ly  been 
tes ted  in v i t ro  in r ibosomal  amino  acid incorpora t ion  
sys tems  3, 4. 

Ev idence  accumula t ing  dur ing  the  pas t  years  ~-7 and 
especially recent  s tudies of GOTTESMANS suggest  t h a t  CM 
interferes  w i th  t he  act ion of r ibosomal  pept ide  synthe-  
tase(s), i.e. wi th  the  enzymat ic  t ransfer  of g rowing  pep-  
t ides to the  ~-amino groups of incoming  amino  acids. The  
presence of a t  least  1 pept ide  or amide  bond,  such as t h a t  
of ace ty l -pheny la l any l - tRNA,  is required for recogni t ion 
and t ransfer  of a pept ide  by  the  enzymeS;  pep t idy l  syn- 
the tase  appears  to  be  an  in tegra l  cons t i tuen t  of ribo- 
somes8, 9. 

This  repor t  suggests t h a t  CM, a subs t i tu ted  amide  
reminiscent  of a d ipept ide  1° (Figure 1), a t taches  vicar i -  

ous ly  to t he  pept idyI  recogni t ion si te of pep t ide  syn the-  
tase(s) and inhibi ts  pep t idy l  t ransfer ,  viz.  the  e longat ion  
reac t ion  in prote in  synthesis .  

This  hypothes is  first  predic ts  t h a t  chemica l  a l te ra t ions  
which  e l iminate  t he  amide  bond of CM or  affect  i ts  re-  
a c t i v i t y  or  steric e n v i r o n m e n t  will abolish ac t iv i ty .  In -  
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deed: (1) hydrolysis of the amide bond yields, besides 
dichloroacetie acid, the 'CM base' whose act ivi ty  is less 
than 2% of tha t  of CM itselflk (2) Substitutions for the 
amide hydrogen atom or the hydrogen atom of carbon 2 
of the propanediol chain yield non-active compounds ~, ~;  
COLLINS et al. ~4 have suggested tha t  replacement of either 
hydrogen atom by methyl  hinders sterically an essential 
juxtaposit ion between CM and its biological site of action. 
(3) Proton resonance spectroscopic studies of the confor- 
mation of CM in solution ~s have shown tha t  the amide- 
bonded acyl side chain in CM is in a unique conformation 
relative to the pentacyclic hydrogen-bonded propanediol 
moiety. This conformation cannot be accommodated in 
the 3 non-active stereoisomers of CM (Figure 2) and may 
be necessary for the sterically unhindered access of the 
amide grouping to the peptidyl recognition site of the 
enzyme. 

Structural  requirements for act ivi ty concerning the 
electronegative aeyl side-chain and the aryl moiety of 
CM are less rigorous and specificS-4; these parts of the 
antibiotic molecule probably engage in non-specific bind- 
ing to enzyme molecules, giving rise to general toxicity of 
all 4 isomers at  high concentrations. 

Since peptidyl synthetase is considered a consti tuent of 
ribosomes 8, the above hypothesis secondly predicts tha t  
a t tachment  of CM, but  not of its non-active stereoisomers, 
to the peptidyl recognition site of the enzyme should be 
observed experimentally as specific binding of CM to 
ribosomes of sensitive organisms. Such detailed observa- 
tions have been reported 1~,x7 An estimate that  1 molecule 
of CM binds on the average to 1 ribosome ~7 suggests tha t  
each ribosome contains I enzyme molecule with I peptidyl 
recognition site. 

Thirdly, the above hypothesis predicts tha t  CM should 
be more strongly inhibitory on the peptide elongation 
reaction in which the synthetase recognizes preexisting 
peptide or amide bonds than upon the in vitro condensa- 
tion of dipeptides from 2 amino acyl - tRNA molecules, a 
process in which artificial initiation is enforced through 
the use of homopotymeric messengers and high magnesium 
ion concentrations. JULIAN xs has, indeed, shown that  in 
a ribosome-polyadenylic acid system, CM inhibits prefer- 
entially the elongation of lysyl peptides rather than the 
initial formation of lysyMysine from lysyl-tRNAs. 

With  current methods it  is difficult to design experi- 
ments which test  the proposed hypothesis more directly 
than has already been accomplished by the verification of 

eL\ 
HO.,,.... /H~cI 
I *"'H- -NH-C/ 

0 

Fig. 1. Structure of ehloramphenicol projected from a three-dimen- 
sional Fourier plot 2s, the H-atoms were added arbitrarily since their 
exact positions have not been determined. 

certain predictions above which follow from this hypoth- 
esis. In particular, testing for inhibition of peptide syn- 
thetase by CM in competition with a peptidyl donor 
would require an experimental  system even more highly 
resolved than the formylmethionyl- tRNA fragment sys- 
tem of 1V[oNRO and IVIARCKERg; in order to demonstrate 
peptidyl transfer, this system must contain at  least 30% 
ethanol. If  further resolution should necessitate further 
departure from physiological conditions, the general sig- 
nificance of test results with CM would be open to 
question. 

An alternate hypothesis z9 has attempted, also, to relate 
the structure of CM to the antibiotic's action upon peptide 
synthetase by assuming antagonism by CM of the peptidyl 
acceptor rather than of the peptidyl donor: CM was en- 
visioned ~9 as a structural analog and functional antagonist  
of the amino acyl-adenosyl terminus of amino acyl- 
tRNAs.  

Numerous substituted ring systems can replace the 
p-nitrophenyl moiety of CM, giving rise to highly active 
compoundsl,2,~°; this class of CM derivatives weakens 
collectively the impression of an analogy between p-nitro- 
phenyl and heterocyclic bases of nucleotides 15 or nucleo- 
sides x°. The alternate hypothesis predicts 21 tha t  CM will 
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Fig. 2. Chloramphenicol and its stereoisomers. 
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inhibit  the transfer reaction of peptides to puromycin in 
competition with the peptidyl acceptor, puromycin;  this, 
however, is not the case 22. Finally, functional antagonism 
between amino acyl-tRNAs and CM should logically result 
in inhibition of all peptide bond syntheses in which amino 
acyl-tRNA is a reactant  rather than in the preferential 
inhibition of the elongation reaction that  CM does pro- 
duce 18, 23. 

Concerning the central problem, viz. the mechanism of 
CM's inhibition of protein biosynthesis in susceptible cells, 
DAS et al. 24 have reported that  CM also inhibits the 
elongation reaction in Escherichia coil; the authors have 
also focused upon the structurM relationship between CM 
and the C-terminal peptide grouping of nascent protein 
chains as a potential structural basis of CM's action. 
Moderately high (1.6 × 10-4M) concentrations of CM 
cause the accumulation of acid-soluble peptides in proto- 
plasts of BaciUus megaterium, while CM at 1.25 X 10-aM 
completely inhibits incorporation of amino acids ~5; these 
observations are remindful of the differential effects of 
CM on initiation and elongation of peptides in vitro Is. 

Zusammenfassung. Zusammenh~nge zwischen Struktur  
und ~Virkung bei Chloramphenicol fiihren zu der Hypo- 

these, dass das Antibiotikum die Peptidsynthetase der 
Ribosome dadurch hemmt, dass es den Peptidylpartner 
der Reaktion antagonisiert. Im Einklang damit  steht, 
dass Chtoramphenicol sich spezifisch an I~ibosome binder 
und selektiv die Elongationsphase der Proteinsynthese 
hemmt. 
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STUDIORUM PROGRESSUS 

Biogenetic-Like Syntheses  of Benzylstyrenes  and 

I t  is generally considered that  fiavanoid and isoflava- 
noid biosynthesis involves initial C-cinnamoylation of a 
phenolic C e uni t  (or its polyketide equivalent), the thai- 
cone thus formed being cyclized, epoxidized 1 or reduced 2 
to furnish the progenitors of the different types of natural  
flavanoids and isoflavanoids. The biosynthetic origin of 
neoflavanoids, viz. dalbergiones a,4 I and related quinol 
derivatives, e.g. tatifolin ~ II ,  and 4-aryl-coumarins, e.g. 
dalbergin ~ III ,  is obscure, although it has been suggested 
tha t  these also might be derived from the chalcone inter- 
mediates by a double i, 2-shift of the B aryl ring ~ or a 
single 1,3-shift of the A aryl ring s. 

Me 0 HO ' 

R 
l,R=Ii, MeD,HD- [ I~ 

OLLIS and his associates recently reported ~ that  benzyl- 
styrenes IV co-occur with neoflavanoids V and they pro- 
posed that,  in contrast to flavanoid biosynthesis, the 
formation of IV and V may involve SN 2 type alkylations 
of polyphenols by cinnamyl pyrophosphate: 

(0} ~H ( O } ~ ( ( ] )  

Neoflavanoids 

(o@, 
/o/ 3 8Ng' 

( 0 ) ~  

Ar 
gr V 

As laboratory equivalents of these reactions they synthe- 
sized 10 both benzylstyrenes and neoflavanoids by Claisen 
rearrangement of resorcinol and pyrogallol c innamyl 
ethers in boiling dimethylaniline, e.g. VI -> VII  + VIII .  

MeO 
M~O 0 M~O OH MeO 

~ e o  + A r ~  

Ar Ar 

KUIvIARI, MUKERJEE and SESHADR111, however, have 
questioned the validity of this analogy, since, in at tempt-  
ing to synthesize latifolin dimethyl ether by the Claisen 
rearrangement, they found that  an ortho-methoxycin- 
namyl  group does not  apparently migrate. They proposed 
an alternative biogenetic scheme in which neoflavanoids 
and benzylstyrenes are formed by 2 different processes, 
the former by initial O-cinnamoylation of a phenol, re- 
arrangement of the ester to a 4-aryl coumarin, and reduc- 
tion of this to a dalbergione. In  accord with OLLm they 
considered benzylstyrenes are formed by C-cinnamylation 
of a phenolic uni t  and in support of this hypothesis they 
showed that  1, 2, 4-trimethoxybenzene condensed with 
ortho-methoxycinnamyl chloride in ether solution in the 


