
firmed on intestinal strips obtained from guinea pigs, 
rats, dogs, and cats. On the basis of these observations 
a revaluation of certain data in the literature concern- 
ing the sites of action of several intestinal stimulants 
is needed. 

Evidence that a substance stimulates the intestine 
of the rabbit and that this action is "atropine-fast" 
indicates only that the substance is not "muscarinic" 
and does not differentiate between "musculotropic" 
and '(nicotinic" liiodes of action. On the other hand, 
a stimulating action on the guinea pig's intestine 
which is inhibited by atropine indicates musculotropic 
action but does not distinguish between actions which 
are either muscarinic or nicotinic. 

F o r  examples of different types of intestinal stimu- 
lants we have reinvestigated 3 compounds, whose sites 
of actions on the intestine do not appear sufficiently 
clear from the data available. Furfuryltrimethylam- 
monium iodide (Furmethide) was reported (3) to 
have nicotinic action on the blood pressure of atropi- 
nized animals and to have a stimulant action on the 
rabbit's intestine which could be inhibited by atropine. 
Piperidine has been reported to stimulate the intestine 
(4) .  Von Euler considered the actions of piperidine 
similar to, but less potent than, those of nicotine. On 
the rabbit's intestine atropine did not inhibit the 
action of piperidine. Lockett ( 5 ) described the action 
of piperidine on the guinea pig intestine as  muscari- 
nic, based upon the ability of atropine to  interfere 
with its stimulating action on this tissue. A recent 
abstract (6)  indicated that a purified extract of Vera- 
trum Viride ( ~ e r i l o i d @ )  increased the tone of the iso- 
lated rabbit's intestine. This action was not prevented 
by previous treatment with atropine. 

The actions of Furmethide, piperidine, and veratri- 
dine2 were con~pared with the actions of acetylcholine 
and nicotine on the isolated, atropinized intestines of 
rabbits and guinea pigs in order to  determine the 
classification of these stimulants of the intestine. The 
data are summarized in Table 1. 

TABLE 1 

Intestine of 
Drug Conc. 

Rabbit Guinea p ig  

Acetylcholine 
Nicotine 

1 : 109 ATo action 
1 : 1 O@SStimulates 

N o  action 
L I 

Furmethide 1 : l o 8  N o  action L L 

Piperidine 
Veratridine 

2 : 1 0 V t i m u l a t e s  
1 :  lo6  I I 

L I 

Stimulates 

Since Furmethide is unable to stimul?te the atro- 
pinized intestine of either the rabbit or the guinea pig, 
it  is justifiable to call its effect muscarinic. Piperidine 
then appears as  a nicotinic agent. Further evidence 
favoring a nicotinel?ke action for  piperidine is that 
large amounts of nicotine prevent the stimulating 

= A  pure snmple of veratridine was obtained through the 
kindness of Otto Krayer, of the Harvard hIedical School. 

action of piperidine (but not that stimulation due to 
acetylcholine nor to Furmethide). 

Veratridine stimulates the intestine in a manaer 
that can be classified as neither muscarinic nor nico- 
tinic. I t s  stimulating action is not blocked by atropine 
on intestinal strips from either the rabbit or the 
guinea pig. Furthermore, high concentrations of nico- 
tine which produce ganglionic blockade do not prevent 
the action of veratridine. Amounts of D-tubocurarine 
sufficient to prevent the action of stimulating amounts 
of nicotine, do not prevent the action of veratridine. 

The mechanism of action of an agent which stimu- 
lates the isolated intestine can be analyzed quite sim- 
ply qs muscarinic, nicotinic, or musculotropic by the 
expedient of using atropinized intestines of both the 
rabbit and the guinea pig. Results obtained with the 
intestine of only one of these species are misleading. 
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The Bacterial Oxidation of Tryptophan: 
A Study in Comparative Biochemistry1 

R. Y. Stanier and 0.Hayaishi2 
Departn~el~tof Bacteriology, 
University of California, Berkeley 

As discovered independently by several workers 
(1-3), the analysis of adaptive patterns is of much 
value in  the study of microbial metabolism. This tech- 
nique (sometimes referred ,to as "simultaneous adap-
tation" or as "successive adaptation") is essentially 
a n  extension and refinement of the technique of 
kinetic analysis, and may be used to study the course 
of any microbial metabolic process that is under adap- 
tive enzymatic control ( 4 ) .  

One of the specific problems that has been investi- 
gated primarily by the analysis of adaptive patterns 
is the pathway for  the complete oxidation of trypto- 
phan by bacteria belonging to the Pseudomonas 
group. Suda, Hayaishi, and Oda ( 2 )  found that a n  
unidentified Pseudomolzas a d a ~ t e d  to ~ 1 3 . ~  oxidize 
tryptophan was also fully adapted to oxidize kynu- 
renine, anthranilic acid, and catechol, but not to  

1 This work was supported by grants-in-aid from the porke- 
feller Foundation, and from the American Cancer Society 
unon recommendation of the Committee on Growth of the 
~ a t i o n a l  Research Council. We are indebted to R. E. Kallio, 
\\-. C. Evans, D. Banner, T. Sakan, and the Research Division 
of Merck & Co., Inc., for gifts of chemicals, nnd to S. H. 
Hutner for the provi~ion of biological materinl. In addition, 
we wish to express our thanks to Martha Tsuchida for help 
with many experiments. 

2 Present address : National Institutes of Health, Bethesda, 
Md. 

8This organism has been subsequently id~ntified by ua as 
a typical member of the P. fluoreacens species group. 
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TABLE 1 

ADAPTIVEPATTERNS BY 29 STRAINS TO THE PseudomonasSHOWN BELONGING 
GROWTH THE PRESENCEGROUPAFTER IN OF DL-TRYPTOPHAN 

-
Strains 

L-tryptophan 

p. flq~orescens (strain of Sudn, 
Hayaishi, and Oda) t 

Pseudomonas sp. (strain of 
Stanier and Tsuchida) t 

Pseudomonas yy . ,  	20 additional 
strains (10 belo~iging to the 
P. fltiorescens gruup) t 

Pseudomonas spp., 5 additional 
strains (none belonging to 
tllc P. fluorescens group) t 

Pseudomonas sp., strain Tr-14 c 
P. fiuorescens, strain Tr-13 t 

Cells adapted (+) or unadapted (-) to oxidize 

D-tryptophan bkynurenine =ynurenicacid acid 

- t f -
t t - t 

%(I) or- t t o r  k ( 2 )  -

t t - t 
- t - -

(1) A few strains ot this group call oxidize D-tryptophan at a low rate (20% or less of the  rate s l  which they oxidize 
L-tryptophan). 

( 2 )  Two strains of this group show greatly impaired ability to oxidize anthranilic acid, which accumulates when they 
are supplied wit11 tryptophan or kynurenine. 

oxidize other, theoretically possible intermediates. 
The organism attacked only the &-isomer of trypto- 
phan. Accordingly, the following pathway was pro-
posed for  the initial steps in the oxidation : 

L-tryptophan4L-kynurenine--t 
anthranilic acid --t catechol +? 

Independently, Stanier and Tsuchida (5) con-
ducted a similar investigation upon another unidenti- 
fied Pseudomonas sp. This organism attacked both 
isorners of tryptophan, and tryptophan-adapted cells 
were also adapted to oxidize kynurenine and kynu- 
renic acid, but none of a wide variety of other com- 
pounds tested, including anthranilic acid. The ob-
served adaptive patterns implied the existence of 
distinct mechanisrns fo r  attack on the two stereoiso- 
nlers of tryptophan and kynurenine, and hence the 
following initial steps were postulated : 

L
kynurenic acid +B -

7 
D-tryptophan4D-kynurenine 

I n  the ensuing discussion, the oxidation of trypto- 
phan through anthranilic acid and catechol will be 
referred to  as  the aromatic pathway,'ahd that'through 
kynurenic acid as  the quinoline pathway. 

The marked differences in dissirnilatory patterns of 
closely related bacteria revealed by these reports made 
a rnore extensive investigation desirable, and this we 
have recentiv undertaken. A large collection of tl?pp- 
tophan-oxidizing pseudornonads- has been subjecied 
t,o systematic comparative study. Adaptive patterns 
mere determined by growing each strain on a mediurn 
containing DL-tryptophan as  the energy source, har- 
vesting the cells in phosphate buffer, and testing 
lnanometrically their ability to oxidize the following 
5 compounds: D-tryptophan, &-tryptophan, &-kynu- 
renine, anthranilic acid, and kynurenic acid. Limiting 

amounts of the substrates (2  KIM) were used in the 
manornetric tests to permit detection of any anomalies 
in total oxygen consumption. More extensive confirm- 
atory tests, employing a wider range of compounds, 
were subsequently conducted with a few representa- 
tive strains and gave results in accord with expecta- 
tions. Table 1summarizes the general findings, which 
provide confirrnation of the existence of the two path- 
ways diverging frorn kynurenine that had been pro- 
posed earlier by Suda, Hayaishi, and Oda and by 
Stanier and Tsuchida. Of 27 new strains tested, 20 
followed the aromatic pathway and 5 the quinoline 
pathway. The difference between the two biochemical 
groups with respect to the oxidation of D-tryptophan 
has also been confirmed : every strain using the quino- 
line pathway oxidizes the D-isorner a t  a high rate, 
whereas strains using the aromatic pathway either do 
not attack i t  a t  all, or oxidize it  a t  a rate that is low 
in comparison to the rate of oxidation of the &-isomer. 

Two strains that decompose tryptophan through the 
aromatic pathway are characterized by a n  interesting 
metabolic abnormality, which proivdes additional evi- 
dence for  the existence of this pathway. Their ability 
to oxidize anthranilic acid is severely impaired, and 
consequently a substantial accumulation of this corn- 
pound ocears when they are feJ either tryptophan or 
kynurenine. The severity of the metabolic block be- 
tween anthranilic acid and catechol in these two 
strains varies somewhat, depending on the conditions 
of prior cultivation and the age of the cells, but in  
some experimefits accumulations of anthranilic acid 
approaching 90% of the theoretical yield on a molar 
basis have been obtained following the addition of 
tryptophan or kynurenine to cell suspensions. 

Two of the 29 strains tested displayed adaptive 
patterns after growth on tryptophan that were in-
compatible with a n  oxidation through either the 
aroinatic or the quinoline-pathway, and in both cases 
the total oxygen uptake per mole of tryptophan de-



composed was exceptionally low, indicating an early 
and absolute metabolic block. The first of these 
strains, Tr-14, could oxidize only L-tryptophan and 
L-kynurenine of the substrates tested (Table 1 ) .  Spec- 
trophotornetric analysis of the supernatant liquid 
from a reaction vessel in which tryptophan had under- 
gone oxidation suggested the accumulation of a mix- 
ture of anthranilic and kynurenic acids, an inference 
subsequently confirmed by isolation and characteriza- 
tion of the two compounds in an experiment con-
ducted on a larger scale. The oxidation of either 
tryptophan or kynurenine by Tr-14 always results in 
the formation of these acids, the sum of the amounts 
of the two products being equal on a molar basis to 
the amount of substrate decomposed. Tr-14 is the only 
strain so far  investigated in which a "mixed" dissimi- 

u 


lation, involving the production of both benzene and 
quinoline derivatives, has been shown to occur; and 
its metabolism of tryfltophan is so defective that the 
result could be described better as a "branched cul-de- 
sac" than as a '(mixed pathway." 

The second strain showing anomalous adaptive pat- 
terns (strain Tr-13) could metabolize only L-trypto- 
phan of the compounds tested (Table 1 )  ; spectro-
photometric analysis, followed by isolation and 
characterization of the product, showed that it con-
verted tryptophan quantitatively to indole. We have 
not further investigated the mechanism of oxidation 
in this exceptional strain, which belongs to the 
Pseudomomas fluorescerts species group. Ten other 
fluorescent pseudomonads tested all dissimilated tryp- 
tophan by the aromatic pathway. 

Guided by these findings with intact cells, we then 
turned our attention to the enzymatic aspects of the 
problem. One previous report on an enzyme operative 
in tryptophan oxidation by the aromatic pathway had 
been made by Hayaishi and Hashimoto ( 6 ) ,  who 
worked with the strain of P. fluorescens studied by 
Suda et al. (2). By extraction of acetone-dried cells 
grown a t  the expense of anthranilic acid, Hayaishi 
and Hashimoto obtained a catechol-oxidizing enzyme 
which they named pyrocatechase. After extensive 
purification, pyrocatechase was found to catalyze an 
oxidation of catechol with an uptake of 2 atoms of 
oxygen and with the formation of an acid which ap- 
peared to be identical with cis-cis-muconic acid, on 
the basis of melting point and elementary analysis. A 
crude enzyme system of very similar properties was 
isolated independently by Stanier et al. (7)  from 
dried cells of another strain of P. fluorescens, grown 
on phenol, benzoic acid, or mandelic acid. I t  was 
shown to catalyze a conversion of catechol, again with 
an oxygen uptake of 2 atoms, to B-ketoadipic acid. 
Since it appeared improbable that two distinct 
enzymes catalyzing an opening of the catechol ring 
would be formed by P. fluorescens, we decided to re- 
investigate catechol oxidation, using extracts from 
tryptophan-grown cells. A crude cell-free system was 
readily obtained from vacuum-dried cells, and was 
found to catalyze the reaction described by Stanier 
et a1.-namely, an oxidation of catechol to P-keto-

adipic acid. This indicated that the enzymatic degra- 
dation of catechol might involve an initial oxidative 
and a subsequent nonoxidative step : 

catechol+ 0, -+cis-cis-muconic acid (1)' 
(pyrocatechase) 

. 
cis-cis-muconic acid tH,O 6-ketoadi~icacid ( 2 )  

(unknown enzyme) 
. , 

catechol $0,:H,O - 6-katoadipic acid (1)f ( 2 )  
(crude extracts) 

I t  was easy to test this hypothesis, since a small 
amount of the alleged cis-cis-muconic acid, isolated 
by Hayaishi and Hashimoto after the action of pyro- 
catechase on catechol, was still available. An attempt 
to demonstrate the conversion of this material to P- 
ketoadipic acid by our crude catechol-oxidizing ex-
tract gave completely negative results. The work of 
others has recently clarified this very puzzling situa- 
tion. Elvidge et 01. ( 8 )  have discovered the third 
geometrical isomer of muconic acid, which possesses 
the cis-trans configuration, and have further shown 
that the cis-cis isomer is unstable in aqueous solution, 
undergoing ready isomerization to the cis-trans form, 
from which it cannot be readily distinguished, since 
the physical and chemical properties of the two sub- 
stances (including their melting points) are very 
similar. I t  is thus probable that most earlier chemical 
data reported for the cis-cis isomer were obtained 
with the cis-tram isomer, or with a mixture of the 
two. Following these chemical studies, Evans and 
Smith (9) examined the biological behavior of the 
3 isomers of muconic acid, and found that the cis-cis 
isomer is an intermediate in the bacterial degradation 
of benzoic acid and phenol to 6-ketoadipic acid, 
whereas the cis-trans and tram-trans isomers are in-
active. Tests made by us on samples of the cis-cis and 
cis-trans-muconic acids have shown that our crude 
catechol-oxidizing enzyme system from tryptophan- 
grown cells smoothly converts the former isomer in a 
nonoxidative reaction to P-ketoadipic acid, but does 
not attack the latter isomer, thus fully confirming the 
conclusions of Evans and Smith. I n  the light of these 
discoveries, it is now evident that Hayaishi and 
Hashimoto had purified pyrocatechase to the point 
at which the second, nonoxidative step was elimi-
nated; but that the cis-cis muconic acid produced 
enzymatically underwent isomerization during the 
the isolation ~rocedure,' which explains its inactivity 
when subsequently tested with the crude enzyme by 
US. 

Alth~ugh extracts from tryptophan-adapted, vac-
uum-dried cells of strains that follow the Gomatic 
pathway show strong activity against catechol, they 
are inactive against tryptophan itself. I n  a search for 
better methods of making cell-free preparations, we 
found that the technique of grinding wet cells with 
alumina, discovered by McIlwain ( l o ) ,  yielded ex-
tracts containing many additional enzymes. Fresh, 
concentrated extracts prepared in this manner from 
tryptophan-grown cells catalyze an oxidation of tryp- 
tophan which results in the consumption of 8 atoms 
of oxygen per mole of substrate and yields P-keto- 
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F I G .  1. A comprehensive diagram of the known bacterial metabolic pathways that converge with the formation of B-keto-
:tdipic acid as an intermediary metabolite. Other divergent pathu~ays from tryptophan are not shown. 

adipic acid as one of the end products, demonstrating 
that a complete destruction of the indole nucleus must 
have taken place. Aging or simple dilution of such 
extracts results in the elimination of several oxidative 
steps, the total oxygen uptake per mole of tryptophan 
falling to 5, 3, or even 2 atoms. The oxidation of tryp- 
tophan catalyzed by such aged or diluted preparations 
involves the steps discovered recently by Knox and 
Mehler (11) for the dissimilation of tryptophan to 
kynurenine via formyl-kynurenine in mammalian liver 
extracts. With the bacterial preparations, however, 
kynurenine does not accumulate, since a powerful 
kynureninase is also present, which causes a nonoxi- 
dative cleavage of L-kynurenine to anthranilic acid 
and L-alanine. This enzyme, which is the only one 
that we have so far  studied in detail, coincides in all 
essential properties with the mammalian kynureninase 
recently described by Wiss (12) and by Braunshstein, 
Goryachenkova, and Paskhina (13). 

The work reported here permits the construction of 
a broad conceptual scheme that describes the oxida- 
tion of tryptophan by many bacteria, and that links 
up one of the possible alternate pathways for the 
metabolism of tryptophan with a series of other pri- 
mary oxidative sequences previously known to occur 
in bacteria. I t  is now evident that the initial attack 

September 28, 1951 

on tryptophan most commonly involves eliminatioi? 
of the a carbon atom of the indole nucleus, resulting 
in the formation of kynurenine as an intermediary 
metabolite. Below kynurenine, alternate metabolic 
pathways are open; some bacteria degrade this corn-' 
pound to kynurenic acid (presumably by a specific 
deamination or transamination, followed by secondary 
ring closure), whereas others split it to alanine and 
anthranilic acid through the action of kynureninase. 
At present we do not know the nature of the later 
intermediates formed on the pathway through kynu- 
renic acid; enzymatic studies have not yet been at- 
tempted, and although many benzene derivatives have 
been tested by analysis of the adaptive patterns of 
tryptophan-grown cells, the results have been uni-
formly negative. The outcome of these analyses sug- 
gests that the benzene moiety of the quinoline nucleus 
in kynurenic acid may be first destroyed, with re-
sultant eventual oxidation via pyridine derivatives. 
Several of the later steps on the aromatic pathway 
are now firmly established. This pathway merges, near 
the point of final ring rupture, with oxidations of non- 
nitrogenous primary aromatic substrates, such a< 
mandelic acid, phenol, and p-hydroxybenzoic acid 
(4) ; as shown in Fig. 1, the common central inter- 
mediary metabolite for all these oxidations is 8-keto-
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adipic acid. Since the present work has also shown 
that the initial enzymatic steps in the breakdown of 
tryptophan are common to bacteria and mammals, it 
would not be surprising if P-ketoadipic acid proves 
to be an intermediate in the mammalian oxidation of 
tryptophan and other aromatic compounds. Full ex-
perimental details will be published shortly. 
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The Ultraviolet Absorption Spectra of 
Some Heterocyclic Phosphorous 
Compounds1 

Arthur Furst and Robert J. Horvat2 
Department of Chemistry, 

University of Sam Francisco, San Francisco, California 


I t  is becoming increasingly evident that the phe- 
nomenon of resonance is not an exclusive property 
of any group of atoms in the periodic chart. For the 
6 .max value of -1-phenylcyelotetrarnethyleiiephosphine 
(I),its 2-methyl (11), or its 2,5-dimethyl (111)homo-
logues can best be explained in either of two ways; 
'both explanations involve the concept of resonance. 

As 1-phenylcyclotetramethylenephosphine(I)is an 
isologue of a substituted aniline, an analogous postu- 
late can be made : 

This;kypothesis- (A)  should predict 'the- following : 
( a )  The E max should have a lower value if the com- 

'pound is measured in hydrochloric acid; ( b )  the 
2-methyl homogogue (11) should not have the phenyl 
group oompletely planar with the phosphorous group, 
and hence some interference with the resonance 
should be manifested by lower E max values; ( c )  the 

LA Frederick Gardner Cottrell g ran t  from the  Research 
Corporation is $ratefully acknowledged. 

3 Taken from t h e  M. S. thesis of Robert 3. Horvat.  

2,5-dimethyl homologue (111) should have very little 
resonance, if any, other than the usual Kekule reson- 
ance of the benzene ring. No effect should be noted 
when hydrochloric acid is added to this compound. 
All these predictions are borne out (Table 1).S 

TABLE 1 

I in 11* I1in 111* I11ill 
I* HClt HClt HClt 

h ( m p )  
~ m a x  

250 
6,500 

251 
2,830 

249 
4,050 

247 
3,020 

252 N o  
865 Change 

:1 and I1 as  2 mg % and  I11 a s  10 mg % in 95% ethanol. 
I For  second measurement, one drop of concentrated hydro- 

chloric acid was added. 

An alternate explanation (B) for the high 8 max 
values compared to aniline ( I )  may lie in the extreme 
ease of oxidation of these compounds by the oxygen 
of the air. These phosphorous compounds may tend to 
exist partly as free radicals. The lone electron can 
resonate wikh the bmzene riag. This hypothesis should 
predict that on standing the E max should rapidly 
decrease. Observations show this, too. 

Additional work is being done to see if the phos- 
phorous group will direct a new group to the ortho 
and para positions on the benzene ring in support of 
hypothesis A, and if these compounds are associated 
in support of hypothesis B. 

The values reported here were taken from com-
pounds kept in sealed tubes, but opened occasionally 
for  withdrawal of samples. I t  is possible that measure- 
ments taken under completely anhydrous and oxygen- 
free conditions would show that the E max values for 
these compounds would be much higher. 

Details of preparation will be published elsewhere. 
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The Effect of Aureomycin and Vitamins 
on the Growth Rate of Chicks 
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Following the discovery by Stokstad and Jukes ( I )  
that the feeding of aureomycin had a stimulating 
effect on the growth of the chick, several reports have 
appeared m the efPects' of feeding antibiotics to 
chicks and to various other animals. I t  was found that 
with animals other than ruminants the inclusion of an 
antibiotic in the feed almost invariably resulted in a 
marked increase in the rate of growth. There are, how- 
ever, reports of instances where the addition of anti- 
biotics to a ration had no effect on the growth rate. 
Speer et al. ( 2 ) ,for example, reported an experiment 
in which the addition of aureomycin to a ration fed 
to young pigs had no effect on the growth rate. The 


