
impossible; however, the classical method of preparing 
the substance is no longer necessary, since, as men- 
tioned previously, pure isolated products are no longer 
required for the recognition of structures. 
The quantitative evaluation of the capillary-chromatographic 
analysis was carried out after storage of the chromatogram 
on a magnetic tape by play-back through an automatic 
electronic direct integrator, which has the properties of a 
simple minicomputer. Ten minutes after the beginning of the 
first capillary chromatogram, the directiy coupled mass 
spectrometer recorded the unmistakable mass spectrum of 
benzene by means of a UV fast recorder. Twenty minutes 
after a repeated GC recording, the mass spectrum of the 
signal showed conclusively the presence of toluene. The 
other main components were identified in the third com- 
bination GC/MS run by combined evaluation, and the results 
were checked by quantitative determination of the hydro- 
carbons by complete catalytic hydrogenation of the pyrolysis 
distillate in the form of a structure balance analysis. It is not 
necessary here to  go into details of the apparatus and pro- 
cedure, which correspond to  present-day practice [91. 

An interesting historical connection should be men- 
tioned. The production of portable gas was started by 
Gordon, who asked Faraday for his assistance. Com- 
pressed coal gas was later also sold in portable con- 
tainers, in order to supply gas to consumers whose 
homes were not yet connected to gasworks. At the age 

[9] See, for example, E. Erunner and R. Kaiser, Chemie-1ng.- 
Techn. 39, 1418 (1967); G. Schomburg and B. Henneberg, Chro- 
matographia I ,  23 (1968). 

of 27, the Mannheim goldsmith and jeweller Friedrich 
Engelhorn (1 821 -1902) founded the firm “Engelhorn 
und Comp.” for the production and sale of portable 
gas. Three years later, in conjunction with two gas 
engineers, he founded the “Badische Gesellschaft fur 
Gasbeleuchtung”, which installed street lighting in 
Mannheim. In 1861, Engelhorn set up a new company, 
“Sonntag, Engelhorn und Clemm”; this was the first 
tar factory in Germany, which produced, not only 
coal-tar dyes, but also their precursors such as aniline 
via benzene from tar. This Mannheim aniline factory 
ultimately became the Badische Anilin- und Soda- 
Fabrik AG., to whose management the author is 
deeply indebted for their generous support of his 
analytical investigations. 

I am grateful for the idea of this work to Dr. H. Wolter, 
Volklingen, who has taken a particularly profound 
interest in the history of Faraday’s work. I am also 
grateful to Dr. W. Benz, who carried out the mass- 
spectrometric investigations and evaluations, to Dr. E. 
Frommer for the gas analysis, and to Fraulein L. Arnold, 
Herr H. Fiedler, Fraulein C. Schneider, and Herr W. 
Schafer for the preparation, working-up, and chromato- 
graphic analysis of the sperm oil pyrolysis products. 
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The Biosynthesis of Aromatic Amino Acids and its Regulation 

BY F. LINGENS[*] 

Microorganisms synthesize the aromatic amino acids phenylalanine, tyrosine, and frypto- 
phan, as well as the related compounds p-aminobenzoic acid, fetrahydrofolic acid, p- 
hydroxybenzoic acid, ubiquinone, vitamin K, and nicotinic acid, by a highly branched 
route passing through shikimic acid. The biosynthesis is not regulated in the same way 
in all the organisms studied. The regulation is strongly dependent on the ability of the 
enzymes involved to be resolved into isozymes, their ability to be inhibited, and their 
acfivatio,:, repression, and induction. 

1. Introduction 

The synthesis of aromatic amino acids in nature starts 
with intermediates of the carbohydrate metabolism. 
The main pathway (“shikimic acid route”) of this 
highly branched biosynthetic chain leads to phenyl- 
alanine, tyrosine, tryptophan, and p-aminobenzoic 

[*] Prof. Dr. F. Lingens 
Chemisches Institut der Universitat 
74 Tiibingen, Wilhelmstr. 33 (Germany) 
New address: Institut fur Mikrobiologie und 
Molekularbiologie der Universitat 
7 Stuttgart-Hohenheim, Kirchnerstr. 30 (Germany) 

acid. In  some microorganisms, in mammals, and even 
in humans, tryptophan is used inter alia as a starting 
material for the biosynthesis of nicotinic acid; p-amino- 
benzoic acid is used for the biosynthesis of tetrahydro- 
folic acid. It has very recently been discovered that 
vitamin K and ubiquinone are also derived from the 
main pathway for the biosynthesis of aromatic com- 
pounds (see Scheme 1). The single biosynthetic chain 
described here is subject to biochemical regulation. 
The investigations described in this review were carried 
out mainly on the Enterobacteriaceae Escherichia coli, 
Aerobacter aerogenes, and Salmonella typhimurium, on 
yeasts (particularly Saccharomyces cerevisiae), and on 
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Phenylalanine (12) 

Tyrosine (14) 

Tryptophan (19) + Nicotinic acid (37) 
p- Aminobenzoic acid (20) -+ Tetrahydrofolic acid (23) 

p-Hydroxybenzoic acid (24) 4 Ubiquinone (28) \ 4 Vitamin K 

Scheme I. General scheme of the biosynthetic pathways. 

the mold Neurospora crassa. It must be pointed out 
that findings relating to a single organism, particularly 
in connection with the regulation of biosynthetic pro- 
cesses, cannot be generalized without further investi- 
gation. For example, nicotinic acid can be biosyn- 
thesized in microorganisms in several different ways; 
moreover, many microorganisms cannot produce ei- 
ther ubiquinone or vitamin K. 
The regulation of biosynthetic chains is a means of 
ensuring that the end products are formed only as 
required. The end product of a chain may, for example, 
inhibit the first enzyme of the chain (negative feed- 
back). The end product may also inhibit the biosyn- 
thesis of some or all of the enzymes of the chain (re- 
pression). 
In a branched biosynthetic chain, it is necessary to re- 
gulate the main pathway as well as each individualchain. 
This is possible e.g.  if the first step of the main path- 
way is catalyzed by isozymes, each of which is specif- 
ically inhibited by an end product situated beyond the 
branching point (see Scheme 1). However, this control 
may also be exerted through a single enzyme, which 
is inhibited only when all the end products are present 
at the same time (multivalent negative feedback). A 
third possibility for regulation in the main pathway is 
that biosynthesis of the enzyme is suppressed only by 
the simultaneous presence of end products of several 
chains (multivalent repression). It would be useful if 
the end product of one chain in a branched biosyn- 
thetic chain not only inhibited the first enzyme of its 
own chain, but also simultaneously activated the first 

COOH COOH 
I I 

I 
C- OPO3Hz c =o 

CHz 
(1) EH2 
i -+ HO-&-H 

I 
CHO H-$-OH 

Biochemical deficiency mutants having a suitable ge- 
netic block have frequently been introduced into the 
synthetic chain in order to study biosynthetic processes. 
(For descriptions of methods, see [I].) 

1.1. Definitions 

An organism that can grow with C02 as its source of carbon 
is said to be autotrophic; if an organic carbon source is 
necessary, the organism is heterotrophic. Many micro- 
organisms in nature (“wild strains” = prototrophic forms) 
synthesize all the compounds that they need to live from a 
simple organic carbon source and inorganic salts. In  a 
prototrophic organism, the DNA can be changed in such a 
way by the action of a mutagen that one enzyme disappears 
(genetic blockage by mutation). The resulting “auxotrophic” 
forms (biochemical deficiency mutants) also require the end 
product or one of the compounds of the pathway beyond the 
genetic block for their growth. A single mutation can also 
lead to a polyauxotrophic organism, which requires several 
end products for its growth, owing to mutation in the main 
stem of a branched biosynthetic chain. Biochemical deficiency 
mutants cannot grow in media that lack the end product of 
the broken synthetic path. However, the synthetic chain 
remains capable of functioning as far as the genetic block; 
the intermediate product formed in this way is often released 
into the medium (accumulation). 

2. The Main Pathway of the Biosynthesis of 
Aromatic Amino Acids 

The first step in the main pathway is the condensation 
of phosphoenolpyruvic acid ( I )  with erythrose 4-phos- 
phate (2) to form 2-keto-3-deoxyarabinoheptonic acid 
7-phosphate (3) f21 (see Scheme 2). 

YOOH COOH 
c=o I +=0 

+O I 

7H2 FH2 
NAD+ NADH 

HO-C-H 4 HO-C-H 
I c=o 

H-?-OH C-OH 

YOOH 1 un rnnu COOH NADPH NADP+ COOH 

H-&OH/  zH wn 

c=o OH 

(5) 
- 

Scheme 2. Main biosynthetic pathway up to shikimic acid (6 ) .  

enzyme of another chain. Multivalent induction, in 
which an enzyme Of One 

ucts of several chains, has also been observed. 

[I] H .  Hellmann and F. Lingens, Angew. Chem. 73, 107 (1961). 
[2] P.  R .  Srinivasan, M. Katagiri, and D .  B. Sprinson, J. Amer. 
chem. SOC. 77,4943 (1955). 

is induced by end prod- 
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The enzyme that catalyzes this reaction (DAHP syn- 
thetase = PODH lyase: E.C. 4.1.2.15) requires neither 
a metal ion nor another cofactor [31. Later investiga- 
tions showed that in E. coli and many other micro- 
organisms this step is catalyzed by isozymes, which 
all initiate the same reaction and are all characteristi- 
cally inhibited by the end products of the branched 
biosynthetic chain. 
The second step in the biosynthesis is the conver- 
sion of (3)  into 5,5-didehydroquinic acid (4) 141. 

This ring closure probably proceeds via three intermediates 
with seven carbon atoms in each. The oxidation at  C-5 of (3 )  
facilitates the elimination of phosphate in the next step. This 
is followed by reduction of this carbonyl group to a hydroxyl 
group, with restoration of the original configuration of (3). 
The resulting 2,6-diketone cyclizes to give (4) (51. 

In the third step, (4)  is dehydrated to form 5,5-didehy- 
droshikimic acid (5 ) .  The enzyme involved in this dehy- 
dration is highly specific, and does not dehydrate 
quinic acid t o  shikimic acid 161. (5) is then reduced to 
shikimic acid (6) (the reductase requires NADPH as 
the cofactor [79.  

A polyauxotrophic mutant of E. coli whose phenylalanine, 
tyrosine, tryptophan, p-aminobenzoic acid, and p-hydroxy- 
benzoic acid requirements can be satisfied by shikirnic acid 
aIone releases (5) into the medium under starvation [Sl; this 
mutant lacks the reductase for the conversion of (5) into (6). 
In polyauxotrophic mutants of E. coli [9,101 and S. cere- 
visiae 11 11 t sa t  cannot utilize shikimic acid for growth, shikimic 
acid has been detected as an accumulated product. 

Shikimic acid is phosphorylated with ATP to the 
5-phosphate (7) [12,131 (see Scheme 3), which then 
reacts with phosphoenolpyruvic acid to give the 3-enol- 
pyruvyl ether (8) of shikimic acid 5-phosphate C141. 

Phosphates frequently cannot be detected as  accumulation 
products, since they are ionized compounds and so do  not 
pass through the cell wall[lsl. Moreover, phosphates are 
readily attacked by “nonspecific” phosphatases, and then 
cannot be found. 
The compound (8)  was for a long time erroneously regarded 
as the product at the branching point in the biosynthesis, 
from which the syntheses of phenylalanine, tyrosine, trypto- 
phan, etc., begin. I t  was noticeable, however, that (8) occurred 
as an accumulated product (in the dephosphorylated form) 
only in polyauxotrophic mutants. A product of the branching 
point, on the other hand, should occur as an  accumulated 
product in mutants that are blocked in the first step after 
the branch in one of the possible biosynthetic chains. Thus 
different mutants should give the same accumulated product. 
This has in fact been found for various S. cerevisiae mutants, 
which accumulated the same branching product [161. This 
secondary product of (8) was first detected with an A.  
aerogenes mutant, which was dependent on  the simultaneous 
supply of phenylalanine. tyrosine. and tryptophan as a resuIt 
of several mutations 117,181. 

Finally, (8) loses phosphoric acid to give the 3-enol- 
pyruvyl ether of trans-3,4-dihydroprotocatechuic acid 
(9) (chorismic acid, x o p ~ q ~ o ~  = separation) [191. 

Chorismic acid closes the main stem of the biosyn- 
thesis of aromatic amino acids. The five synthetic 
chains that branch out from this point will now be 
discussed. 
It should be noted that quinic acid has also been postulated as 
a link in the main chain. This assumption is based on  the 
observation of the activity of this compound as a growth 
factor for Aerobacier aerogenes. This organism can synthesize 
5,5-didehydroquinic acid from quinic acid (20,211. No other 
microorganism examined so far has this ability. However, 
quinic acid is not a link in the biosynthetic chain, but serves 
A. aerogenes as an additional source of 5,5-didehydroquinic 
acid. 

Scheme 3. Main biosynthetic pathway u p  to chorismic acid (9). 

It was particularly difficult to establish the structure 
of this intermediate, since it is unstable and is released 
in the dephosphorylated form by suitably blocked 
mutants. 

[3] P. R. Srinivasan and D. B. Sprinson, J. biol. Chemistry 231, 
713 (1959). 
[4] U. Weiss, B. D. Davis, and E.  S. Mingioli, J. Amer. chem. 
SOC. 75, 5512 (1953). 
[5] P. R. Srinivasan, J. Rothschild, and D. B. Sprinson, J. biol. 
Chemistry 238, 3176 (1963). 
[6] S.  Mitsuhashi and B. D. Davis, Biochim. biophysica Acta I5 ,  
54 (1954). 
171 H. Yaniv and C. Gilvarg, J. biol. Chemistry 213, 787 (1955). 
[8] J. J. Salamon and B. D. Davis, 3. Amer. chem. SOC. 7S, 5567 
(1953). 
(91 B. D. Davis, J. biol. Chemistry 191, 315 (1951). 
[lo1 H.  T.  Shigeura and D. 3. Sprinson, Federat. Roc. I I, 286 
(1952). 
1111 F.Lingens and H .  Kellmann, Z. Naturforsch.I3b, 462 (1958). 
[I21 B. D. Davis and E. S. Mingioli, J. Bacteriol. 66, 179 (1953). 
[131 U. Weiss and E. S .  Mingioli, J. Amer. chem. SOC. 78, 2894 
(1956). 
[14] I .  G. Levin and D.  B. Sprmson, Biochem. biophysic. Res. 
Commun. 3, 157 (1960); J .  biol. Chemistry 239. 1142 (1964). 

3. Biosynthesis of Phenylalanine and Tyrosine 

The common starting material for the biosynthesis of 
phenylalanine and tyrosine is prephenic acid (10) 
which is formed enzymatically from chorismic acid 
(9)Czzl. The conversion of (9) into (lo),  which is 
catalyzed by chorismate mutase, may be regarded as a 
Claisen rearrangement. It can also be effected in the 

[IS] B. D. Davis, Arch. Biochem. Biophysics 78, 497 (1958). 
I161 F. Lingens and W. Goebel, Hoppe-Seylers Z .  physiol. Chem. 
342, 1 (1965). 
1171 M. I .  Gibson and F. Gibson, Biochem. J. 90, 248 (1964). 
[18] F. Gibson, Biochem. J. 90, 256 (1964). 
[I91 H. Moreli, M. J.  Clark, P. F. Knowles, and D. 3. Sprinson, 
J. biol. Chemistry 242, 82 (1967). 
[20] B. D. Davis and U. Weiss, Naunyn-Schmiedebergs Arch. 
exp. Pathol. Pharmakol. 220, 1 (1953). 
[21] S. Mifsuhashi and B. D. Davis, Biochim. biophysica Acta 
I S ,  268 (1954). 
[22] H. Plieninger, Angew. Chem. 74,423 (1962); Angew. Chem. 
internat. Edit. I ,  367 (1962). 
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absence of enzyme by careful heating of (9) in buffer 
solutions at pH = 7.0. 
Prephenic acid ( l o )  is enzymatically aromatized at 
pH - I to phenylpyruvic (11) and p-hydroxyphenyl- 
pyruvic acid (13). The formation of (11) is catalyzed 
by prephenate dehydratase [231. 

This reaction proceeds readily in weakly acidic media in the 
absence of enzyme. This explains why a mutant that lacks 
prephenate dehydratase, and which accumulates (10) under 
deficiency conditions, can grow readily with the accumulated 
product after decomposition to form (11) if the acidification 
of the medium is not prevented by continuous addition of 
alkali [24,251. 

Reductive transamination of phenylpyruvic acid (11) 
leads to phenylalanine (12) (see Scheme 4). 
p-Hydroxyphenylpyruvic acid (13) is formed from 
prephenic acid (10) with catalysis by prephenate de- 
hydrogenase. This reaction requires NAD as a cofac- 
tor 1261. The reductive transamination of (13) yields 
tyrosine (14). 

4. Biosynthesis of Tryptophan 

The first link in the biosynthetic chain leading to tryp- 
tophan is anthranilic acid (15) (see Scheme 5) .  Though 
the transformation of chorismic acid (9) into anthra- 
nilic acid is a complex process, this reaction is cata- 
lyzed127J81, at least in N .  crassa and S. cerevisiae, by a 

COOH 
I c=o 
I 

HOOC, CH2 

$H2 - Q  
HO' H 0 % 2 0 0 H  

6 H  

COOII 
I 

COOH 
1 c=o c=o 
I I 

! 
OH 

YOOH FOOH 
H2N-C-H H2N-C-H 

I I 
CH2 

OH 

Scheme4. Biosynthetic pathways to phenylalanine (12) and tyrosine (14). 

single enzyme. The amide nitrogen of glutamine gives 
the amino group in (15) [291. It might be assumed that 
this biosynthesis proceeds via the 3-enolpyruvyl ether 
of trans-2,3-dihydro-3-hydroxyanthranilic acid (15a); 

YOOH 

5" OH 

(24) 
J l  

/ 

A .  aerogenes cH 
hi. smegmatis 

among 
o the r s  

OH 

19 c) 

L J 
M. smegmatis 

COOH 
J 

Scheme 5. Biosynthetic pathway to anthranilic acid ( I S )  and branches. 

1271 J.  A .  DeMoss, J. biol. Chemistry 240, 1231 (1965). 
[28] F. Lingens, B. Sprossler, and W, Goebel, Biochim. biophy- 
sics Act?- 121, 164 (1966). 
1291 P. R. Srinivasan, J. Amer. chem. SOC. 81, 1772 (1959). 

1231 B. D. Davis, Federat. Proc. 14, 691 (1955). 
[241 B. D. Davis, Science (Washington) 118, 251 (1953). 
[251 M.Kutagiriand R.Suto, Science(Washingt0n) 118,250(1953). 
[26] I .  Schwinck and E.  Adams, Biochim. biophysica Acta 36,102 
(1959). 
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however, this compound has not yet been detect- 

In the investigation of the conversion of (9) into (15). the 
formation of phenolcarboxylic acids and phenols has been 
observed with some microorganisms [341. The occurrence of 
large quantities of p-hydroxybenzoic acid (24) is under- 
standable, since this compound is readily formed, both 
enzymatically and spontaneously, from (9).  The formation 
of protocatechuic acid (9c) could be imagined as resulting 
from the initial cleavage of the ether linkage in (9)  to form 
trans-3,4-dihydroprotocatechuic acid (9a). which is then 
dehydrogenated. Decarboxylation of (9c) yields pyrocatechol. 
If starved of nitrogen, a 3-enolpyruvyl ether of frans-2.3-di- 
hydro-2.3-dihydroxybenzoic acid (9b)  could occur as an 
analog of the nitrogen compound. The occurrence of this 
compound would readily explain the formation of salicylic 
acid (removal of pyruvic acid), as well as the formation of 
2,3-dihydroxybenzoic acid (cleavage of the ether linkage and 
dehydrogenation). trans-2,3-Dihydro-3-hydroxyanthranilic 
acid (1%) has been isolated from a Streptomyces aureofaciens 
mutant having a reduced ability to synthesize tetracyc- 
liner351. It may be assumed that this compound is formed 
by cleavage of the ether linkage in the postulated intermediate 
(15a). 
Cox and Gibson 1361 very recently showed that 2,3-dihydroxy- 
benzoic acid has an additional growth effect on polyauxo- 
trophic mutants of E. coli, but is not a precursor of ubi- 
quinone or vitamin K. However, this compound is evidently 
also formed in excess of actual requirements, since the 
accumulation of the serine compound of 2,3-dihydroxy- 
benzoic acid has been observed with E. coZi[371. 

2,3-Dihydro-2,3-dihydroxybenzoic acid was recently detected 
as an intermediate in the biosynthesis of 2,3-dihydroxy- 
benzoic acid [37al. 

N-Pyruvoylanthranilic acid, which is reported to occur as an 
accumulation product of A.  aerogenes [381, has been postulated 
as an intermediate in the conversion of chorismic acid (9)  
into anthranilic acid. N-Pyruvoylanthranilic acid has been 
synthesized f391, but could not be converted into anthranilic 
acid in enzymatic tests with S. cerevisiae extracts 1281. 

The conversion of (9) into (15) can be inhibited by 
glutamine-like substances. No intermediates of the 
transformation could be detected in inhibition experi- 
ments with 6-diazo-5-oxonorleucine. A mutant that 
normally accumulates anthranilic acid as a result of 
genetic blocking of the tryptophan biosynthesis chain 
gives chorismic acid (9) and products of the other bio- 
synthetic branches in the presence of 6-diazo-50x0- 
norleucine[401. (9) is accumulated in good yield by a 
series of phe- and/or tyr- mutants [*I of S. cerevisiae 

ed 116,30,311. 

[30] I.  G. Levin and D. B. Sprinson, J. biol. Chemistry 239, 1142 
(1 964). 
[31] P. R.  Srinivasan, Biochemistry 4, 2860 (1965). 
[32] C. Ratledge and G. F. Winder, Biochem. J. 84, 501 (1962). 
I331 C. Railedge, Nature (London) 203, 428 (1964). 
[34] A. J .  Pittard, F. Gibson, and C. H. Doy, Biochim. biophysica 
Acta 49, 485 (1961). 
I351 J.  R. D. McCormick, J.Reichentha1, U.Hirsch, and N.0.Sjo-  
lander, J. Amer. chem. SOC. 83, 4101 (1961); 84, 3711 (1962). 
[36] C. B. Cox and F. Gibson, J. Bacteriol. 93, 502 (1967). 
1371 N .  Brot, J .  Goodwin, and H. Fales, Biochem. biophysic. Res. 
Commun. 25, 454 (1966). 
[37a] I.G. Young, L. M. Jackman, and F. Gibson, Biochim. bio- 
physics Acta 148, 313 (1967). 
[38] C. Ratledge, Nature (London) 203, 428 (1964). 
[39! F. Lingens and B. Sprossler, Liebigs Ann. Chern. 702, 169 
(1967). 
(401 F. Lingens, W. Lick ,  and G. Miiller, Hoppe-Seylers Z. phy- 
siol. Chern. 343, 282 (1966). 
[*] See Section 1.1. 

and E. coli. The yield can be increased by the addition 
of diazooxonorleucine if suitably precultured and 
accumulated 1413. 

It is interesting to note that chorismic acid can be 
detected as an accumulation product when diazooxo- 
norleucine is allowed to act on the wild strains of E. col i  
and S. cerevisiae (411. 

The next step in the biosynthesis of tryptophan is the 
reaction of anthranilic acid (15)  with l-pyrophos- 
phoryl-D-ribose 5-phosphate to give l-o-carboxyphen- 
yl-Do-ribosylamine 5-phosphate (16) (see Scheme 6). 
This compound, which had for a long time been for- 
mulated as an intermediateI421, was recently also de- 
tected enzymatically (431. 

The corresponding phosphate-free compound should 
be expected as an accumulation product with suitably 
blocked tryptophan-deficient mutants. However, only 
anthranilic acid is in fact found. 

The assumption that I-o-carboxyphenyl-D-ribosyl- 
amine could not be detected because of its instability 
was incorrect; the compound [421 could be recovered 
unchanged from the culture medium by microorga- 
nism in a model experimentL441. It must therefore be 
assumed that the unstable primary accumulation prod- 
uct (16) breaks down into anthranilic acid and ribose 
5-phosphate, which is transferred to the carbohydrate 
metabolism. 

As the biosynthesis proceeds, 1-N-(o-carboxyphenyl- 
amino)-1-deoxy-D-ribulose 5-phosphate ( I  7) is formed 
by an Amadori rearrangement of ( I  6). 
Tryptophan-requiring mutants of A .  aerogenes [451 and S.  
cerevisiue[461 having a genetic block in the next stage of the 
biosynthetic chain accumuIate 1-N-(0-carboxypheny1amino)- 
I-deoxy-D-ribulose if starved of tryptophan. This compound 
and its phosphate (17) can also be obtained by synthesis [471. 

(17) is cyclized in the next step to form an indole com- 
pound (18) by dehydration and decarboxylation on 
the C atom that carried the carboxyl group, as could 
be shown by the conversion of 4-methylanthranilic 
acid into 6-methylindole 1483. The C atoms 1 and 2 of 
the ribulose supply the missing C atoms of the pyrrole 
ring 1491. 

The formation of 3-(indoI-3-yl)glycerine-l-phosphate ( I 8 )  
was detected with enzyme extracts [SOL Tryptophan-requiring 
mutants of E. coli and Salmonella typhimurium release 1- 
indol-3-ylglycerine into the medium [421; correspondingly 
blocked mutants of S. cerevisiae surprisingly accumulate not 

I411 F. Lingens and G. Muller, Z. Naturforsch. 226, 991 (1967). 
[42J F. Lingens, H. J. Burkhardt, H.  Hellmann, and F. Kaudewitz, 
Z .  Naturforsch. 12b, 493 (1957). 
[431 J.  Wegman and J.  A. DeMoss, J. biol. Chemistry 240, 3781 
(1965). 
[44] F. Lingens and W. Luck, Hoppe-Seylers Z. physiol. Chem. 
333, 190 (1963). 
[451 F. W. E. Gibson, C. H. Doy, and S. B. Segall, Nature (Lon- 
don) 181, 549 (1958). 
1461 F. Lingens and W .  Goebel, Biochim. biophysica Acta 148,60 
(1 967). 
[47] F. Lingens and E. Schraven, Liebigs Ann. Chem. 655, 167 
(1962). 
[48] C. Yanofsky, Science (Washington) 121, 138 (1955). 
1491 C. Yanofsky, J. biol. Chemistry 227, 345 (1955). 
[50] C. Yanofsky, Biochim. biophysica Acta 20, 438 (1956). 
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Scheme 6. Biosynthetic pathway to tryptophan (19). 

this compound, but 3,3-di(indol-3-yl)-1,2-propanediol[511. A 
crude enzyme extract of S.  cerevisiue converts (18) into the 
1-phosphate of 3,3-di(indol-3-yl)-1,2-propanediol[511. 
3-Hydroxy-3-(indol-3-yl)-2-oxopropyl phosphate was also 
detected [511. One might have thought that a biosynthesis of 
tryptophan could take place via this compound with retention 
of the side chain, as in the biosynthesis of histidine. However, 
the intermediates tryptophanol phosphate, tryptophanol, 
and tryptophanal that would be required in this case could 
not replace tryptophan for a number of microorganisms 1521. 

The last step of the tryptophan synthesis is the conden- 
sation of (18) with a-aminoacrylic acid (formed from 
serine by intramolecular elimination of water), with 
elimination of glyceraldehyde phosphate to form tryp- 
tophan (19). The tryptophan synthetase that catalyzes 
this reaction consists of two components A and 
B [53-551, and may be regarded as a multienzyme com- 
plexL561. If part B is absent (owing to mutation), the 
second part of the reaction does not take place. Tryp- 
tophan-requiring mutants of this type accumulate in- 
dole if starved of tryptophan. 

5. Biosynthesis of p-Aminobenzoic Acid and 
Folk Acid 

It has been shown with enzyme extracts from yeast 
that p-aminobenzoic acid (20) is formed from shikimic 
acid 5-phosphate (7) with glutamine as the nitrogen 
donor and NADI57J (see Scheme 7). Later investi- 
gations showed that this biosynthesis also proceeds 
via chorisrnic acid ( 9 )  1581. No intermediates have yet 
been found in the conversion of (9) into (20). Genetic 

[51] F. Lingens and W .  Goebel, Biochim. biophysica Acta 107, 
183 (1965); 148, 70 (1967). 
[521 F. Lingens, H.  J. Burkhurdt, and H. Hellmann, Z. Natur- 
forsch. 13b, 644 (1958). 
[53] U. Henning, D.  R. Helinski, F. C .  Chao, and C.  Yanofsky, I. 
biol. Chemistry 237, 1523 (1962). 
[541 B. C.  Carlton and C .  Yanofsky, J. biol. Chemistry 237, 1531 
(1962). 
[55] D. A.  Wilson and I.P.Crawford, Bacteriol.Proc.USAI964,92. 
1561 U. Henning, Angew. Chem. 78, 865 (1966); Angew. Chem. 
internat. Edit. 5, 785 (1966). 
[57] B. Weiss and P. R. Srinivasan, Proc. nat. Acad. Sci. USA 45, 
1491 (1959). 
[581 M .  I .  Gibson and F. Gibson, Biochim. biophysica Acta 65, 
160 (1962). 

studies [58al and cross-feeding tests on mutants of 
Neurosporac5sbl and of E. coIi[58cl indicate that an 
intermediate is formed. 

lATP 

OH 

J- 

6OOH 

Scheme 7. Biosynthetic pathway to tetrahydrofolic acid (23) .  

p-Aminobenzoic acid is the starting material for the 
biosynthesis of fo lk  acid. According to studies by 
Brown et al., the biosynthesis in E. coli proceeds as 
follows: p-Aminobenzoic acid is first condensed with 
2-amino-4-hydroxy-6-hydroxymethyl-7,8-dihydropteri- 
dine (21a) in the presence of ATP to give dihydropteroic 

[%a] B. Drake, Genetics 41, 640 (1956); M. Huang and J.  Pittard, 
J. Bacteriol. 93, 1938 (1967). 
[58b] S. Hendler and P. R. Srinivasan, Biochim. biophysica Acta 
14I, 656 (1967). 
[58c] F, Lingens and K.  H.  Altendorf, unpublished. 
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acid (21); (21) then reacts with glutamic acid to form 
dihydrofolic acid (221, which is finally reduced to the 
biologically active tetrahydrofolic acid (23) 1591. 

6. Biosynthesis of p-Hydroxybenzoic Acid and  of 
Ubiquinone 

p-Hydroxybenzoic acid (24) is formed both enzymati- 
cally and spontaneously from chorismic acid (9) (see 
Scheme 8). 

COOH 

OH (9) 

&. OH - 
(2.5) 

OH (24) 

---+ 
OH 

droxybenzoic acid (25), which is then decarboxylated 
to give 2-decaprenylphenol (26) 1611. 

2-Decaprenyl-6-methoxyphenol (27) has been isolated 
as another intermediate in the synthesis of ubiquinone 
in Rhodospirillum rubrum [62,631. The 3-decaprenylpyro- 
catechol postulated as an intermediate in the transition 
from (26) to (27) has not yet been detected. Other 
intermediates [(27a) and (27b)l of the biosynthesis of 
ubiquinone have recently been detected 163al. 

In the discussion of the formation of ubiquinone, it must be 
borne in mind that p-hydroxybenzoic acid (24) can be 
formed, not only from chorismic acid (91, but also from 
tyrosine. It has been assumed that ( 2 4 )  is converted into 
p-hydroxybenzaldehyde, which can also be formed from p -  
hydroxyphenylpyruvic acid by a nonenzymatic reaction. 
p-Hydroxybenzaldehyde is thought to be the starting material 
both for the quinone ring of ubiquinone and for p-hydroxy- 
benzyl alcohol. It should be mentioned that mammals can 
also synthesize tetrahydrofolic acid (23).  The necessary p- 
hydroxybenzoic acid is presumably produced e.g. by rats 
from tyrosine, since there is no chorismic acid available [641. 
It is interesting to observe that the protozoon Tetrahymena 
pyriformis can form the benzoquinone ring of ubiquinone 
from shikimic acid, whereas this organism lacks the enzymes 
for the synthesis of tryptophan and phenylalanine 1651. 

7. Biosynthesis of Vitamin K[*1 

0 0 

O L  J i o  

T; I 

CH30 

(27b) 

Scheme 8. Biosynthetic pathway to ubiquinone (28). In yeast 
ubiquinone x = 6. 

It  has been shown in enzyme experiments that for 
E. coli, 14C-shikimic acid is incorporated into ubi- 
quinone. The degree of incorporation is decreased by 
the addition of (24) 1601. This shows that the biosyn- 
thesis of ubiquinone can proceed via p-hydroxybenzoic 
acid. It has been found with enzyme extracts from 
Rhodospirillum rubrum that (24) reacts first with deca- 
prenyl pyrophosphate to form 3-decaprenyl-4-hy- 

1591 G. M .  Brown, R.  A .  Weisman, and D. A .  Molnar, J. biol. 
Chemistry 236, 2534 (1961). 
1601 G. B. Cox and F. Gibson, Biochim. biophysica Acta 93, 204 
(1964); Biochem. J. 100, 1 (1966). 

Davis observed that polyauxotrophic mutants of E. coli 
that depend on the simultaneous supply of phenyl- 
alanine, tyrosine, tryptophan, p-aminobenzoic acid, 
and p-hydroxybenzoic acid grow better when an un- 
known sixth factor, which is present in the usual whole 
medium for bacteria, is also added [661. This factor is 
probably a compound that can be converted into 
vitamin K. It is known from investigations by Cox 
and Gibson that vitamin K is formed by the sixth bio- 
synthetic pathway. 14C-Shikimic acid is converted into 
14C-vitamin K; the radioactivity in vitamin K could 
not be reduced by the addition of p-hydroxybenzoic 
acid. In experiments with other substances, 3,4-di- 
hydroxybenzaldehyde and adrenaline were found to 
be effective 1671. However, it cannot be concluded from 
this that the two compounds are true intermediates of 
the biosynthetic chain. Leistner, Schmitt, and Zenk ma] 
detected &-naphthol (29) as a precursor of vitamin 

1611 R. K. Olsen, J .  L.  Smith, G .  D .  Daves jr.,  H.  W .  Moore, K. 
Folkers, W. W. Parson, and H .  Rudney, J. Amer. chem. SOC. 87, 
2298 (1965). 
1621 R. K. Olsen, G. D .  Davesjr., H.  W. Moore, K. Folkers, and 
H. Rudney, J. Amer. chem. SOC. 88, 2346 (1966). 
[63] R. K. Olsen, G. D.  Davesjr., H .  W. Moore, K. Folkers, W .  W. 
Parson, and H.  Rudney, J. Amer. chem. SOC. 88, 5919 (1966). 
[63a] P. Friis, G.  D. Daves jr.,  and K. Folkers, J. Amer. chem. 
SOC. 88, 4754 (1966). 
[64] W. W. Parson and H. Rudney, Proc. nat. Acad. Sci. USA 51, 
444 (1 964). 
[65] J .  E. Miller, Biochem. biophysic. Res. Commun. 19, 335 
(1965). 
[*I “Vitamin K” here refers to vitamin K1 and/or Kz. 
1661 B. D. Davis, J. Bakteriol. 64, 729 (1952). 
1671 G. B. Cox and F. Gibson, Biochim. biophysica Acta 93, 204 
(1964); Biochem. J. 100, 1 (1966). 
[67a] E. Leistner, J. H. Schmitt, and M .  H. Zenk, Biochem. bio- 
physic. Res. Commun. 28, 845 (1967). 
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Scheme 9. Biosynthetic pathway to vitamin K. 

K2; these authors postulated other intermediates of 
the biosynthetic pathway (see Scheme 9). 

Davis showed earlier that the sixth factor of the me- 
dium could be replaced by pyrocatechol derivatives 1681. 

Martius and Leuzinger found that the vitamin K-het- 
erotrophic anaerobic bacterium Fusiformis nigrescens 
converts 1,4-naphthoquinone into 2-methylnaphtho- 
quinone and thence into vitamin K2(45), i.e. a vitamin 

&h3 1 

L -  J6-9 

pathway is followed by fungi, yeasts, and certain phy- 
comycetes [71-731. In the first step, tryptophan (19) is 
converted into formylkynurenine (30), from which 
kynurenine (31) is formed by cleavage with a formyl- 
kynurenine amidaser741; (31) is finally hydroxylated to 
give 3-hydroxykynurenine (32) (see Scheme 10). This 
is cleaved by kynureninase into 3-hydroxyanthranilic 
acid (33) and alanine 1751. Ring cleavage in 3-hydroxy- 
anthranilic acid (33) by a 3-hydroxyanthranilate 
oxygenase gives 2-amino-3-formylvinylfumaric acid 

a C H 2 - C H -  I COOH CO- C H ~ - ~ H -  COOH G ~ ~ - ~ ~ 2 - b ~ - ~ ~ ~ ~  
+ 

NHz 

P;JHz - Q , ~ ~ ; C H ~ - C H - C O O H  COOH COOH 

NH2 * qNH, - O H C q  - 
- H,C-&H-COOH HOOC NH2 OH OH 

(32) (33) (34) 

COOH 

H2N' 

(35) 

K2 with 45 C atoms in the side chain. Methionine acts 
as a methyl donor, but active formate and the P-carbon 
atom of serine do not [691. 

8. Biosynthesis of Nicotinic Acid 

The biosynthesis of nicotinic acid is related to the bio- 
synthesis of aromatic amino acids, since the starting 
material for this synthesis in many organisms is trypto- 
phan "01. There is also at  least one other route, which 
does not start with aromatic compounds. Some mam- 
mals, including man, can synthesize nicotinic acid from 
tryptophan, so that the definition of a vitamin is not 
strictly satisfied in this case. The same biosynthetic 

[68] B. D .  Davis, Congr. Internat. Biochim., 2e, Paris, 1952, 
Sympos. Metabolisme Microbien. Masson, Paris 1952, p. 32. 
[691 C. Martius and W. Leuzinger, Biochem. Z .  340, 304 (1964). 
[70] D .  M .  Bonner and C. Yunofsky, J. Nutrition 44, 603 (1951). 

(36) (37) 

Scheme 10. Biosynrhetic pathway to nicotinic acid (37). 

(34)  176,771. This compound must be isomerized into 
2-amino-3-formylvinylmaleic acid (35) before ring 
closure can take place to give the pyridine system. 
Quinolinic acid (36) is formed, and decarboxylation 
of (36) yields nicotinic acid (37). 

I71 J F.Lingens and 0. Oltmanns, Z.Naturforsch.l9b, 1058 (1964). 
[72] F. Lingens and P. Vollprecht, Hoppe-Seylers Z. physiol. 
Chem. 339, 64 (1964). 
[73] F. Lingens, P ,  Vollprecht, and V. Gildemeister, Biochem. Z .  
344, 462 (1966). 
1741 W. B. Jakoby, 5. biol. Chemistry 207, 657 (1954). 
(751 W. B. Jakoby and D .  M .  Bonner, J. biol. Chemistry 205, 699 
(1953). 
1761 0. Wiss, H. Simmer, and H. Peters, Hoppe-Seylers Z. phy- 
siol. Chem. 304, 221 (1956). 
[77] E. Kuss, Hoppe-Seylers Z. physiol. Chem. 345,195 (1966). 
1781 C. 0. Stevens and L. M .  Henderson, J. biol. Chemistry 234, 
1188 (1959). 
[79] R.  A .  Mitchell, H.  H.  Kaug, and L .  M .  Henderson, J. biol. 
Chemistry 238, 1151 (1963). 
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The 3-hydroxyanthranilate oxygenase was first detected in 
the liver [78*791. This enzyme has recently also been detected in 
Saccharumyces cerevisiue [SO]. 
Some authors think it possible that the ring closure is 
preceded by the decarboxylation, so that the synthesis does 
not proceed via quinolinic acid. However, quinolinic acid 
exhibits good growth activity for nicotinic acid-deficient 
mutants of S. cerevisiue 1711. 
Another route for the biosynthesis of nicotinic acid requires 
aspartic acid and a C3 compound such as glycerol or gly- 
ceraldehyde phosphate as starting materials [81-831. This route 
is used with few exceptions by bacteria. as well as by cyano- 
phyceae, green algae, some phycomycetes, and higher plants. 
It is interesting in this connection to note that the biosynthesis 
of lysine can also proceed by two routes, i.e. via cc-amino- 
adipic acid or via cr,e-diaminopimelic acid. A comparison of the 
results showed that microorganisms that form lysine via cc- 
aminoadipic acid synthesize nicotinic acid from tryptophan. 
When the biosynthesis of lysine proceeds by the apdiamino- 
pimelic acid route, nicotinic acid is generally not formed from 
tryptophan [731. 

9. Regulation of the Biosynthesis of Aromatic 
Amino Acids 

The aromatic amino acids regulate their own biosyn- 
thetic pathways by allosteric inhibition, and some- 
times also activation, of the following enzymes: 2-keto- 
3-deoxyarabinoheptonic acid 7-phosphate (DAHP syn- 
thetase) [ ( I )  + (2) + (3)],  chorismate mutase [(9) + 

( lo)] ,  prephenate dehydrogenase [(IO) --f (13)], pre- 
phenate dehydratase [(lo) + ( I I ) ] ,  anthranilate syn- 
thetase [(9) + (IS)], andp-aminobenzoate synthetase 
[(P) + (ZO)] (See Scheme 11). 
It has not yet been established how the biosynthesis 
of the vitamins derived from this branched synthetic 
chain is regulated. 
Enzymes whose activities are subject to regulation are 
allosteric proteins. According to Monod, Wyman, and 
Changeux [84J, these are oligomers of identical sub- 
units, which are linked by noncovalent bonds. Each 
subunit has stereospecific sites for the substrate and 
other ligands (effectors). The oligomer (allosteric pro- 
tein) occurs in the energetically different states R and 
T, which are in equilibrium with each other and which 
differ in the quaternary structure of the protein. The 
ligands have different affinities for the R and T states, 
the equilibrium between the two states depending on 
the concentration of the ligands. This model occurs in 
two forms: 
1. The K system: The effectors and the substrate have 
different affinities for the R and T states. The effector 
thus influences the affinity of the enzyme protein for 

[80] F. Lingens and H.-D. Heilmann, Naturwissenschaften 54, 369 
(1967); H.-D. Heilmann and F. Lingens, Hoppe-Seylers Z .  physiol. 
Chem. 349, 223 (1968). 
[81] E. Mothes, D .  Gross, H .  R.  Schiitte, and K.  Mothes, Natur- 
wissenschaften 48, 623 (1961). 
[82] D. Gross, H. R.  Schiitte, G .  Hiibner, and K.  Mothes, Tetra- 
hedron Letters 1963, 541. 
[83] M. V. Ortegu and G. M. Brown, J. biol. Chemistry 235, 2939 
( 1  960). 
[84] J.  Monod, J.  Wyman, and J .  P. Changeux, J. molecular Biol. 
12, 88 (1965). 
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Scheme 11. Regulation of the biosynthesis of aromatic amino acids. 

the substrate, and the substrate influences the affinity 
of the protein for the effector. 
2. The V system: In this case the substrate has the same 
affinity for both states. Consequently the addition of 
the substrate is not influenced by the effector and vice 
versa. However, the two states differ in their catalytic 
activity, so that an effector that displaces the equilib- 
rium in favor of the state with the lower catalytic 
activity inhibits the enzyme. 
The investigation of the enzymes for the biosynthesis of 
aromatic amino acids in microorganisms has not yet progres- 
sed to the point where an assignment to these systems can be 
made in every case. In addition to the allosteric control of the 
enzymes present, regulation can also be achieved by repres- 
sion and induction of the biosynthesis of all the enzymes. 

Table 1. Inhibiting action of L-phenylalanine and L-tyrosine on enzymes 
from A. aerogenes. 

Amino 
added 

acid 

L-phe (5 x 10-3 M) 

L-tyr (Sx 10-3 M) 

(1x 1 0 - 3  M) 

(I x 10-3 M) 

I Inhibition of 

Chorismate mutase 

P I T  t %) ( %) 

65 

Prephenate 
de- 
hydratase 
( %) 

100 
44 

Prephenate 
dehydro- 
genase 
( %) 

14 

91 
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In Escherichia coli, the first enzyme in the main chain, 
DAHP synthetase, consists of three isozymes, one of 
which is allosterically inhibited and repressed by 
L-phenylalanine and the other by L-tyrosine. The third 
enzyme is not subject to allosteric inhibition, but is 
repressed by L-tryptophan [85-911. 

The conversion of chorismic acid (9) into prephenic 
acid (10) in E. coli and Aerobacter aerogenes is cata- 
lyzed by two isozymes. Each of these chorismate mu- 
tases is combined in a complex with the enzymes pre- 
phenate dehydrogenase and prephenate dehydratase, 
both of which are also inhibited by the end products [921. 

Table 1 shows the values of the allosteric inhibition in 
A .  aerogenes. The chorismate mutase P and the pre- 
phenate dehydratase are incompletely repressed by 
L-phenylalanine. L-Tyrosine represses one of the two 
isozymes and the prephenate dehydrogenase. 
The enzymes of the tryptophan biosynthesis in E. coli 
and A .  aerogenes are coordinately repressed by L-tryp- 
tophan, and the anthranilate synthetase is completely 
inhibited r93-951. 

Jensen and Nester196-991 have found that in Bacillus 
subtilis, the first step in the main branch is allosterically 
inhibited by prephenic acid and by chorismic acid, but 
not by the final amino acids. There is only one DAHP 
synthetase. The chorismate mutase is not inhibited 
either by L-tyrosine or by L-phenylalanine; however, 
these amino acids inhibit the prephenate dehydro- 
genase and dehydratase. The prephenic acid that ac- 
cumulates as a result of this inhibition can inhibit the 
DAHP synthetase. L-Tryptophan acts as a negative 
effector on the anthranilate synthetase; this can lead 
to an accumulation of chorismic acid, which also in- 
hibits the DAHPsynthetase, though to a smaller extent. 
L-Phenylalanine, L-tyrosine, and L-tryptophan cause 
repression of the DAHP synthetase. 
A peculiarity is found in the regulation of the biosyn- 
thesis of tryptophan in Pseudornonas putida [loo]. The 

[85] L.  C. Smith, J .  M .  Ravel, S .  R .  Lax, and W. Shive, J. biol. 
Chemistry 237, 3566 (1962). 
1861 K. D .  Brown and C .  H. Doy, Biochim. biophysica Acta 77, 
170 (1963). 
[87] P.  G. Lim and R. J .  Mateles, J. Bacteriol. 87, 1051 (1964). 
[88] C. H. Doy and K .  D .  Brown, Biochirn. biophysica Acta 104, 
377 (1965). 
[89] D. H. Ezekiel, Biochim. biophysica Acta 95, 54 (1965). 
[90] C. H. Doy and K .  D. Brown, Biochim. biophysica Acta 118, 
157 (1966). 
[91] B. J. Wallace and J.  Pittard, J. Bacteriol. 93, 237 (1967). 
[92] R. G. H. Cotton and F .  Gibson, Biochim. biophysica Acta 
100, 76 (1965). 
I931 J .  M. Edwards, F. Gibson, L. M. Jackman, and J .  S .  Shannon, 
Biochim. biophysica Acta 93, 78 (1964). 
I941 R. L. Somerville and C .  Yanofsky, J. molecular Biol. 11, 747 
(1965). 
[95] A. Matsushiro, K. Sato, J .  Ito, S. Kida, and F. Imamoto, J. 
molecular Biol. 11, 54 (1965). 
[96] R. A. Jensenand E. W .  Nester, J.molecular Biol. 12,468 (1965). 
I971 R. A. Jensen and E. W. Nester, J. biol. Chemistry 241, 3365 
(1966). 
[98] R. A. Jensen and E. W. Nester, J. biol. Chemistry 241, 3373 
(1966). 
[99] E. W .  Nester and R. A .  Jensen, J. Bacteriol. 91, 1594 (1966). 
[loo] I. P. Crawford and I .  C .  Gunsalus, Proc. nat. Acad. Sci. 
USA 56, 717 (1966). 

last enzyme in the chain, the tryptophan synthetase, is 
induced by its substrate 3-(indol-3-yl)-glycerol-l-phos- 
phate. This enzyme is not affected by L-tryptophan, 
whereas the other enzymes of the pathway are repress- 
ed by this amino acid. 

Investigations on Saccharonzyces cerevisiae have 
shown [lo1 I 1021 that L-tyrosine causes allosteric in- 
hibition of the tyrosine-sensitive isozyme of the DAHP 
synthetase, the chorismate mutase, and the prephenate 
dehydrogenase. An excess of L-tyrosine in S. cerevisiae 
can be eliminated by induction of degradation to 
tyrosol. L-Phenylalanine at high concentrations causes 
inhibition of the phenylalanine-sensitive isozyme of 
the DAHP synthetase and of the prephenate dehy- 
dratase. The biosynthesis of the prephenate dehy- 
dratase is also repressed by L-phenylalanine. It is rea- 
sonable that an excess of L-phenylalanine should at  
the same time cause both induction and activation of 
the prephenate dehydrogenase. The degradation of 
L-phenylalanine in S.  cerevisiae, which can serve to 
eliminate an excess of this amino acid, leads to j3-phen- 
ylethanol. 

It can be shown that L-tryptophan inhibits the first 
enzyme in its biosynthetic chain, i.e. the anthranilate 
synthetase; the synthesis of this enzyme is repressed 
by L-tryptophan, which, at the same time causes 
an increase in the rate of synthesis in another branch 
of the biosynthetic chain by induction and activation 
of chorismate mutase. L-Tryptophan is also degraded 
in S.  cerevisiae, the product being tryptophol. Sirnul- 
taneous addition of excesses of L-tryptosine, L-phenyl- 
alanine, and L-tryptophan leads not only to the phe- 
nomena described, but also to multivalent induction 
of the p-aminobenzoate synthetase, with a consequent 
release of p-aminobenzoic acid into the medium. 

Further investigation of the enzymes affected by regu- 
lation show that these are allosteric proteins. The two 
DAHP synthetases, which are inhibited by L-tyrosine 
and by L-phenylalanine respectively, belong to the 
V system, while chorismate mutase and prephenate 
dehydrogenase belong to the K system 11021. 

The chorismate mutase of Neurospora crassa also 
belongs to the K system of allosteric enzymes, and is 
activated by L-tryptophan and inhibited by L-tyrosine 
and by L-phenylalanine. The anthranilate synthetase of 
Neurospora can also be inhibited by L-tryptophan [103J. 

In a study of the regulation of the biosynthesis of aro- 
matic compounds in Claviceps paspali, it was found 
that an alkaloid-producing strain has an  anthranilate 
synthetase that is not allosterically inhibited by L-tryp- 
tophan 1104,1051. This evidently ensures that L-trypto- 
phan is produced in sufficient quantities for the syn- 

[loll F. Lingens, W. Goebel, and H. Uesseler, Biochem. 2. 346, 
357 (1966). 
[lo21 F. Lingens, W. Goebel, and H .  Uesseler, Europ. J. Biochem. 
1, 363 (1967). 
11031 T. I. Baker, Biochemistry 5, 2654 (1966). 
[lo41 F. Lingens, W. Goebel, and H. Uesseler, Naturwissenschaf- 
ten 54, 141 (1967). 
I1051 F. Lingens, W. Goebel, and H. Uesseler, European J. Bio- 
chem. 2, 442 (1967). 
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thesis of the alkaloid. Claviceps paspali contains three 
DAHP synthetases, which are inhibited by L-phenyl- 
alanine, L-tyrosine, and L-tryptophan respectively. (The 
tryptophan-sensitive isozyme accounts for most (60 %) 
of the total activity.) The chorismate mutase, which 
again belongs to the K system, is inhibited both by 
L-tyrosine and by L-phenylalanine. This inhibition is 
eliminated by L-tryptophan, which thus acts as a posi- 
tive effector. Some tryptophan-like compounds can 
also activate the chorismate mutase; the latter can 
be resolved into two isozymes, but only after sub- 
stantial concentration 11061. The prephenate dehydrat- 
~- 
[lo61 F. Lingens and B. Sprossler, unpublished. 

ase is allosterically inhibited by L-phenylalanine and 
the prephenate dehydrogenase by L-tyrosine. 
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Ternary Nitrides, Phosphides, and Arsenides of Lithium 

BY R. JUZA, K. LANGER, AND K. VON BENDAl*I 

Ternary phases have been prepared from lithium, another metal, and nitrogen, phosphorus, 
or arsenic. The ternary compounds, in particular the nitrides, are thermally more stable 
than the binary compounds. The lithium gives rise to a relatively high polar bonding 
component. A t  high temperatures, lithium and the second metal are often randomly 
distributed among the interstices of the metalloid lattice. The ordering processes that 
take place with decreasing temperature are investigated by X-ray and magnetic methods 
and by differential thermal analysis. The phases are classified on a structural basis into 
seven groups. 

1. Introduction 

Ternary compounds of lithium with a metal (M) 
(usually of the first long period) and with nitrogen, 
phosphorus, or arsenic (X) in various combinations 
have been prepared and studied. Though work in this 
field is by no means closed, it has already been found 
that these compounds can be classified on a crystallo- 
chemical basis into a few groups of widely differing 
natures. 
The choice of lithium as the invariable component was 
decided at  the beginning of the experiments by the 
following considerations: 

The strongly electropositive lithium has a low ioniza- 
tion potential, and its compounds are relatively 
strongly polar. The polar bonding component in 
Li3N or Li3P is greater than in e.g. A1N or Alp, or in 
fact than in any transition metal nitride or phosphide. 
Thus as we pass from a binary compound of a metal 
with an element of the nitrogen group to a ternary 
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compound of the same metal containing lithium, the 
polar bonding component should increase. 
The incorporation of lithium was also expected to 
have special structural consequences. It was known 
from investigations on LiFeO2 111 and Li2TiO3 [2J that 
even relatively highly charged ions can be randomly 
distributed together with lithium ions over the same 
special position - in this case of the NaCl lattice. 
This interchangeability despite the large difference in 
charge is due to the fact that the sizes of the Li ion and 
of the Mnf ions are approximately the same. However, 
the random distribution of the metals is stable only at 
high temperatures, and is retained in a metastable 
state on quenching of the ternary oxides; in the struc- 
tures that are stable at low temperatures, Li+ and Fe3f 
or Ti4+ are distributed in a regular manner c3-53. 

The single reported observation of a ternary nitride 
containing lithium - Li3FeNz - was important for 
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