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Obituary Notice

ERNST ALBERT GÄUMANN, 1893-1963

Professor Gäumann died on 6 December 1963, two months after his seventieth 
birthday. Lie had been presented on that occasion with a Jubilee booklet containing 
messages and recollections of earlier days from colleagues and former pupils from 
many countries; it is impossible to read that booklet without getting a vivid and un
forgettable impression of the immense influence which he had on all who met him. 
With his death we lost a great mycologist, a leader of men, a man with a highly personal 
genius, and a genial if sometimes provocative conversationalist.

For almost forty years he was head of the world-famous Institut für spezielle 
Botanik der eidgenössischen technischen Hochschule, Zürich. Despite heavy adminis
trative and teaching duties, both of which he took very seriously, throughout his ife 
he carried on his own personal research, and encouraged that of his students and 
associates, with an almost unbelievable vigour.

The breadth of his mycological interests is shown by the books he wrote. He pro
duced a succession of books on the morphology and taxonomy of fungi, all of which 
are still of great value to students and specialists; these include V erg le ich en d e  M o r 
p h o lo g ie  d e r  P i l z e  (1926), D ie  P ilz e  (1949) and D ie  P ilz e , G ru n d zü g e  ih rer E n tw ic k lu n g s
g e sc h ic h te  u n d  M o rp h o lo g ie  (1952). His works on special groups include cne of the 
downy mildews. B e iträ g e  z u  e in er M o n o g ra p h ie  d e r  G a ttu n g  P e ro n o sp o ra  C o r  da  (1923), 
and the exhaustive, 1400-page long D ie  R o s tp i lz e  M itte le u r o p a s  (1959), dealing with 
taxonomy, morphology, life-history and pathological significance of the European rusts.

In later years he devoted himself more and more to plant pathology. He felt that 
plant pathology had hitherto tended to be a mere collection of facts—of the kind 
‘ this pathogen causes this disease of the following plants ’—and that the time had come 
to make it a real science, dealing in general terms with problems of epidemiology, 
processes of infection and the biochemistry and physiology of host-parasite inter
actions. This generalized approach was first apparent in a book which he v/rote as a 
young man in collaboration with his teacher, Professor Eduard Fischer: B io lo g ie  d e r  
p fla n zen b ew o h n en d en  p a ra s itisc h e n  P i l z e  (1929); it reached its final form in his 
P fla n z lich e  In fe k tio n s le h re  (1946). This book can justly be claimed to have influenced 
the subsequent development of plant pathology in all countries; there is much in it 
with which one can disagree but as a stimulus to thought and experiment it is un
surpassed.

During the last twenty years, in collaboration with chemist colleagues in Zürich, 
he developed an active research group on phytotoxic metabolites of parasitic fungi 
and on antibiotics. Their work on lycomarasmin, fusaric acid and other phytotoxins 
and their relation to the etiology of wilt diseases was the forerunner of many similar 
investigations elsewhere, and opened up an important new field of investigation.

Gäumann received many honorary doctorates and other academic honours. He 
was an honorary or corresponding member of no fewer than 28 learned societies and 
academies. We in the Society for General Microbiology elected him an Honorary 
Member in 1959, and are proud that he was one of us. p  s y  B r i a n
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Death Mechanisms in Airborne Escherichia coli

By J. E. BENBOUGH
M ic ro b io lo g ic a l R e se a rc h  E s ta b lish m e n t, P o r to n  D o w n , 

n ea r S a lisb u ry , W iltsh ire

{A c c e p te d  f o r  p u b lic a tio n  23 D e c e m b e r  1966)

SU M M A R Y

Differences in survival of E sch erich ia  c o li (strain b ) sprayed from distilled 
water into air and into nitrogen as a function of relative humidity (RH) 
are reported. Two mechanisms which may contribute to death of airborne 
bacteria are described. In air one death mechanism occurring at low RH is 
attributed to the action of oxygen causing damage to flavin-linked enzymes 
as a result of free radical activity. Free radical suppressors are therefore 
expected to protect airborne E . c o li b . Also, electron transport inhibitors like 
sodium azide, 2,4-dinitrophenol and potassium cyanide are shown to protect 
E . c o li B against lethal effects of oxygen. An analogy is drawn with effects of 
oxygen on freeze-dried E . c o li b . A second death mechanism of E . c o li B in air 
occurs at higher RH’s and is considered to result from the effect of aero- 
solization on RNA synthesis. The activation of RNAse as a possible 
protection to bacteria in the post-aerosolization medium is discussed.

IN T R O D U C T IO N

Because the effect of aerosolization upon bacteria survival is related in a complex 
manner to relative humidity (RH) of the atmosphere, earlier reports (Dunklin & Puck, 
1948; Davis & Bateman, 1960; Bateman, McCaffrey, O’Connor & Monk, 1961) have 
suggested that bacterial sensitivity increases at certain critical degrees of dehydration. 
Later reports (Hess, 1965; Cox, 1966) have shown that other factors, e.g. spray fluid, 
oxygen content of the carrier gas and the collecting fluid, influence the disruption of 
vital structures and the unbalancing of metabolism. Kinetic studies indicate that:
(i) the loss of viability of bacteria is not a simple process; (ii) first-order reactions do 
not apply; (iii) typically, death rate is initially high and subsequently diminishes 
progressively.

The possibility that overlapping lethal mechanisms exist, makes it extremely 
difficult to identify bacterial death by a given mechanism in a given set of conditions. 
One approach to the problem is the use of inert atmospheres to limit the effect of 
gaseous factors. Another is comparison between results of analogous studies, such 
as freeze-drying experiments, to derive support for evidence produced in aerosol 
tests. This paper reports results of such investigations.

M ETH O D S 

G ro w th  o f  o rg a n ism s

Cultures of E sch erich ia  c o li (strain b )  were grown in 100 ml. of a chemically defined 
medium for 16 hr at 37°, using a shake flask technique. The medium consists of
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1-0% (w/v) glycerol; 0-5 % ammonium citrate; 1-0% K2HP04.3H20; 0-05 % MgS04. 
7H20; 0-05 % NaCl; 0-005 % ferric ammonium citrate; the pH being adjusted to 7-0, 
using dilute caustic soda solution.

Preparation of spray suspensions, survival estimation, 
apparatus and collecting fluids

The procedure was the same as described by Cox (1966) except that aerosols were 
generated by a 3-jet Collison spray and stored in a 5001. rotating stainless steel drum. 
Aerosol samples were collected into phosphate buffer.

Technique for obtaining higher numbers o f bacteria 
recovered from the aerosol

In order to detect measurable differences in their metabolism an adequate quantity 
of airborne bacteria must be recovered. Consequently the following modifications in 
spraying and collecting techniques were adopted: (i) the bacterial population of the 
spray fluid was increased tenfold to 10u organisms/ml.; (ii) the 3-jet Collison spray 
was replaced by an 18-jet Collison spray; (iii) bacteria were sprayed into the drum 
for 2 min. instead of 1 min.; (iv) collection of the aerosolized bacteria was by a 55 l./min. 
subsonic impinger (K. R. May, personal communication) for 5 min. The bacterial 
population collected was measured turbidimetrically by an EEL spectrophotometer.

(14C)-Uracil uptake
Suspensions containing 10s cells/ml. of aerosolized and non-aerosolized bacteria 

were incubated in separate shake flasks with 0-025 /tc/ml. (14C)-uracil (The Radio
chemical Centre, Amersham, Bucks) at 37°. The suspending fluid consisted of the 
glycerol medium described previously. Samples were taken at regular intervals. The 
ice-cold 5 % (w/v) trichloracetic acid soluble matter was filtered through a ‘Millipore’ 
filter. After washing the residue on the filter with cold water, the radioactivity in the 
combined filtrate and washings was determined at room temperature by a ‘ coincidence ’ 
scintillation counting technique (Anderson & Smith, 1965). Reduction in the amount 
of radioactivity in the filtrate should correspond to the amount incorporated as 
ribonucleic acid. This was confirmed by extracting the ribonucleic acid from the 
residue on the filter with 5 % trichloracetic acid at 60° for 15 min. After filtering, the 
radioactivity of the filtrate was measured at room temperature.

Release into the medium of (14C) from prelabelled s-RNA
(14C)-labelled s-RNA was prepared by incubating a suspension of bacteria (1011 cells 

ml.) in the glycerol growth medium with (14C)-uracil (25 pc. I ml.) at 37° for 90 min. 
The bacteria were collected and washed three times with distilled water before being 
sprayed. After storing the airborne bacteria in the drum apparatus for a certain time 
they were collected into the usual growth medium. This suspension was incubated at 
37° in a shake flask. A control suspension consisted of an identical quantity of 
(14C)-s-RNA unsprayed bacteria. Samples were taken at regular intervals. Each 
sample was treated with ice-cold 5 % trichloracetic acid for 60 min., filtered, and the 
residue was incubated at 60° for 15 min. and again filtered. The radioactivity of this 
filtrate was determined at room temperature.
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The synthesis o f DNA
The effect of aerosolization on the synthesis of DNA in the bacteria was studied 

by measuring their uptake of (14C)-thymidine. The procedure involved is the same as 
for the uptake of (14C)-uracil.

The release into the medium of (14C) from prelabelled DNA
The method of producing prelabelled (14C)-DNA bacteria and measuring the effect 

of aerosolization on the release of (14C) as a result of DNA degradation was the 
same as described previously for s-RNA.

The effect o f air on the pyruvate metabolism of freeze-dried 
and aerosolized Escherichia coli b

Washed bacterial suspension of Escherichia coli b  was freeze-dried in glass ampoules. 
These samples were then exposed to: (i) air; (ii) nitrogen at controlled RH in vacuum 
desiccators. Control of the RH was effected by saturated solutions of certain inorganic 
salts (Wexler & Hasegawa, 1955). After a certain exposure time the bacteria were 
resuspended in phosphate buffer.

Aerosolized bacteria were collected in phosphate buffer. Each suspension was 
made up of 5 x 108 bacterial/ml. in phosphate buffer, 10 '3M-MgSO4 and 1000 p u -  
sodium pyruvate, before incubation at 37°. Samples were taken at regular intervals 
and their pyruvate content was measured by the Friedmann & Haugen method 
(1943).

The effect o f air on the reduction of 2:4:6: triphenyl tetrazolium chloride 
by freeze-dried and aerosolized Escherichia coli b

A more concentrated suspension of bacteria was required to reduce the tetrazolium 
salt than was usually obtainable in the collecting fluid after aerosolization. Therefore 
the collected aerosolized bacteria were centrifuged and resuspended in one-fifth of 
the original volume of suspending fluid. The respective suspensions were made up 
of 5x l08 bacteria/ml. in phosphate buffer, 5-0% (w/v) glucose and 0T % (w/v) 
tetrazolium chloride (British Drug Houses Ltd.) before being incubated at 37°. The 
red insoluble formazan dye which developed was extracted from the cells by adding 
glacial acetic acid. The formozan was extracted from the aqueous phase by «-butanol 
and assayed spectrophotometrically at a wavelength of 540 m /i.

R E S U L T S

The percentage survivals of Escherichia coli B aerosolized at various RH values in 
air and in pure nitrogen and then collected after 10 min. into phosphate buffer are 
given in Fig. 1. Survival in nitrogen was much greater than in air, progressively so as 
the RH level fell. At high RH the survival pattern was extremely sensitive to small 
RH changes: for example, between the RH values of 75% and 82%, survival of 
E. coli B decreased from 36 % to a minimum of 8 %. At very high RH values the 
survival curves of E. coli b  stored in air or in nitrogen tend to merge. This result is 
very similar to that found by Cox (1966). Figure 2 shows that the death rate was 
initially very rapid, being dependent on the RH, and was much faster in air than in
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nitrogen. The initial rapid death rate was followed by a much slower secondary one 
which in some cases approached zero and which was much less dependent on both 
RH and gaseous composition of the atmosphere.
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Fig. 1. Survival o f E. coli b at aerosol age o f 10 min. — • — , sprayed into air: — A — , 
sprayed into nitrogen.
Fig. 2. The death rate o f aerosolized E. coli b . — • — , sprayed into air at (a) 35%RFI; 
(b) 50 % R H ; (c) 97 % R H . ------A ------ , sprayed into nitrogen at (d) 37 % R H ; (e) 95 % RH.

Fig. 3. Survival o f E. coli b which have been incubated in the following chemicals: -  -  O -  
2000/tM-NaN3 (aerosolized into air for lOmin.); 2000/tM-NaN3 (nitrogen);
— □ — , 10,000/xM-cysteaminc (air); — ■ — , 10,000/¿M-cysteamine (nitrogen); - - A — ,
500 /-¿m-KNO» (air). The line above the shaded area shows the survival curve of E. coli b 
sprayed from distilled water into air.

T h e d e le te r io u s  e ffe c t o f  o x y g e n  on b a c te r ia l su rv iva l

In accordance with the findings of Hess (1965) and Cox (1966), oxygen was toxic 
to airborne bacteria. Furthermore, its toxicity progressively increased as the RH 
decreased below 70 %. Pre-incubation of E sch erich ia  c o li b  with various inhibitors of
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the electron transport system such as sodium azide, potassium cyanide and 2,4-dini- 
trophenol, before spraying, was found to increase the aerosol stability of E . c o li b 
considerably, particularly at low RH (Fig. 3).

The detection of altered metabolism which might contribute to the death of airborne 
bacteria has been hampered by the problem of collecting enough material from the 
aerosol. Chemicals such as potassium nitrite and cysteamine which have been shown 
to protect freeze-dried bacteria and irradiated bacteria against the lethal effect of 
oxygen (Lion & Avi Dor, 1963; Baker, Ormerod, Dean & Alexander, 1966) have

D eath o f  E. coli

Fig. 4(a) The effect o f air on the consumption o f pyruvate by E. coli b which have been 
freeze-dried and exposed to air (—□ — ), or to nitrogen (—O—) for 4 hr before being 
resuspended in phosphate buffer containing 1000 /¿m sodium pyruvate and 10_3M-MgSO4.
This suspension contains 2 x 108 bacteria/ml.
Fig. 4(h) The effect o f aerosolization on the ability o f E. coli b to consume pyruvate The 
bacteria were collected in phosphate buffer after being aerosolized into air (—O—) or into 
nitrogen ( - - ■ - - )  for 10 min. Unsprayed cells are used as contro l------ A------ .

also been found to give some degree of protection to airborne E . c o li b at low RH. 
Lion & Avi-Dor (1963), using a model enzyme system, were able to show that damage 
to a flavin-linked enzyme occurred on exposure of freeze-dried E . c o li to oxy gen. The 
effect of oxygen on the uptake of pyruvate by aerosolized and freeze-dried E . c o li b 
(Fig. 4) may therefore be attributed to damaged flavin-linked enzymes connected 
with pyruvate metabolism (Benbough, 1965). Also, both aerosolization and exposure 
of freeze-dried E . c o li B to air caused a great diminution in the reduction of tetrazolium 
chloride to formozan compared to results obtained by exposure to nitrogen.

S y n th e s is  a n d  b re a k d o w n  o f  n u c le ic  a c id s  a f te r  a e ro so liza tio n  
o f  E ch erich ia  c o li b

Data given on Fig. 5 indicate that the effect of aerosolization on the kinetics of 
the ability of E sch erich ia  c o li b to synthesize RNA was dependent on RH but was 
independent of the carrier gas. The RNA synthesizing ability of E . c o li B decreases 
after being aerosolized into higher RH values. This diminution in the rate of RNA
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synthesis appears to enhance the chances of the bacteria surviving in the aerosol 
and it may be attributable to mechanisms that degrade or release RNA from the 
bacteria. Loss of cellular RNA occurred to a maximal extent in bacteria which were 
aerosolized at 70 % RH (Fig. 6) which coincides with the RH where maximal survival 
occurs. Unequivocal evidence that differences in the rate of RNA breakdown in 
E. coli B aerosolized at various RH values may be attributed to fluctuations in the

Fig. 5. The effect o f aerosolization on the uptake o f (14C)-uracil by E. coli b (10s cells/ml.).
— • — , Control unsprayed bacteria. The following represent bacteria aerosolized for 
1 0 min.: — A — , a t 3 5 % R H  in air; — A— , at 35%  R H  in nitrogen; — ■ — , at 72%  RH  
in air; — 3 — , at 8 2 % R H  in air; — O— , at 9 8 % R H  in air; — x — , at 98%  RH in 
nitrogen.
Fig. 6. The effect o f aerosolization o f E. coli b on the breakdown of (14C)-s-RNA into 
a cold acid-soluble fraction. — © — , control unsprayed E. coli b (10s cells/ml.). The following 
represent results o f bacteria aerosolized for 10 min. in air: — A— , at R H  95% ; —□ — , 
at RH 66 %; —  O—  at R H  35 %.

RNAse activity was extremely difficult to obtain. However, Webb (1965) has shown 
that the RNAse activity of E . c o li dried at 80 % RH is nearly double those dried at 
30% RH. Support for the view that RNAse activity may contribute to aerosol 
stability may be obtained from the fact that: (i) Mg2+-starved E . c o li b , which have 
an enhanced RNAse activity (H. E. Wade, personal communication) have greater, 
aerosol stability than E . c o li B grown in normal chemically defined medium (Fig. 7);
(ii) E . c o li strain 600 M.R.E. which has exceptionally small RNAse activity (Wade & 
Robinson, 1966) has a very low aerosol stability.

No apparent differences in the kinetics of DNA synthesis and breakdown in 
aerosolized E sch erich ia  c o li could be detected by the techniques in this paper (Fig. 8).

D IS C U S S IO N

The kinetics of death rate show that oxygen and certain factors associated with the 
rate of dehydration contribute to the instantaneous death of airborne E sch erich ia  
c o li b . The rapidity of death makes it virtually impossible to assess quantitatively



the interdependence of these lethal factors but this study indicates that the toxicity 
of oxygen increases in relation to the dryness of the air. At high RH values mechanisms 
lethal to airborne E . c o li b  must be independent of the presence of oxygen. The 
kinetics of death of E . c o li b  in air and nitrogen at high RH values were similar, 
indicating that other mechanisms contribute to their death, which is independent of 
the presence of oxygen (Fig. 2).
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Fig. 7 Fig. 8 (a) Fig. 8 (6)

Fig. 7. Survival o f magnesium-starved E. coli b  aerosol age o f 10 min. in air. Interrupted 
curve, survival after growth in normal medium (from Fig. 1).
Fig. 8(a). The effect o f aerosolization on the uptake o f (14C)thymidine by E. coli b 
(10® cells/ml.). — • — , control unsprayed bacteria. — O— , bacteria aerosolized at 35 % RH  
in air for 10 m in.; — © — , bacteria aerosolized at 98 % RH in air for 10 min.
Fig. 8 (b). The effect o f aerosolization o f E. coli b  on the breakdown o f (14C )-D NA  into a cold 
acid-soluble fraction. • ,  control unsprayed E. coli (108 cells/ml.). The following represent 
results o f E. coli aerosolized for 10 min. in air: O, at 35 % R .H .; ©  at 98 % RH.

Indications that exposure of freeze-dried E sch erich ia  c o li B to oxygen-induced effects 
on the flavin-linked pyruvate oxidation similar to airborne E . c o li b  enable one mecha
nism of death of airborne E . c o li B to be suggested. Contact between oxygen and freeze- 
dried E . c o li results in the death of the bacteria and the formation of detectable free 
radicals (Lion, Kirby-Smith & Randolph, 1961; Dimmick, Heckley & Holds, 1961). 
Most cellular oxidations are mediated by the pyridine nucleotide-flavoprorein-cyto- 
chrome ocytochrome oxidase system, and recently Fox & Tollin (1966) have shown 
that the mechanism of flavoenzyme action involves radical formation. Consequently, 
the function of flavin radicals as mediators may well be interfered with as a result of
(i) radical propagation; (ii) radical abstraction; (iii) radical combination with foreign 
radicals formed by the action of oxygen on freeze-dried or airborne E . c o li b; or (iv) 
oxygen may combine directly with the flavin radicals to form lethal peroxide radicals. 
Decreasing the metabolism of bacteria is known to protect them against the lethal 
effect of oxygen (Goodlow & Leonard, 1961; Gerschman e t  a l. 1954). Also, pre
incubation of the bacteria in metabolic inhibitors such as sodium azide, potassium 
cyanide and 2,4-dinitrophenol protects the bacteria to some degree. This must be 
associated with a decrease in the rate of flavin radicals formed, thus limiting the 
above lethal effects on airborne bacteria. Confirmation that the electron transport 
system of airborne E . c o li B was damaged by oxygen was produced by the fact that 
bacteria which were aerosolized into air failed to reduce triphenyl tetrazolium chloride.
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A free-radical scavenger, cysteamine, when pre-incubated prior to spraying, increases 
the viability of Escherichia coli b  considerably at low RH values. The mechanism by 
which cysteamine protects is unknown but it may be related to its protective action 
against the effect of oxygen on irradiated E. coli (Baker et al. 1966).

At high RK values the extent of death of Escherichia coli b  in air and in nitrogen 
were similar, indicating that other mechanisms independent of the presence of oxygen 
contribute to death. Cox & Baldwin (1966) demonstrated that the mechanism of 
death at high RH was different to that caused by oxygen. The considerable effect 
which aerosolization had on the s-RNA synthesis in E. coli B was found to be inde
pendent of the carrier gas used but changed considerably with changes in RH. 
Generally, as the RH increased, the initial ¿rate by which aerosolized E. coli b  can 
synthesize s-RNA gradually decreased. At low RH values (below 40 %) the initial 
synthesis of s-RNA suddenly ceases and a rapid breakdown of s-RNA takes place. 
At high RH values (above 85%) an enhanced lag period occurred before s-RNA 
synthesis commenced. The sensitivity of airborne E. coli b  to RH may be due to the 
great dependence upon RH of the effect of aerosolization on s-RNA synthesis. 
No adequate explanation can be afforded for the pronounced minimal survival of 
aerosolized E. coli b  at the RH of 83 %, also found by Cox (1966).

Evidence in this report supports the view that ribonuclease activity may increase 
the aerosol stability of Escherichia coli b . This might be explained by structural 
modifications in the nucleic acids during aerosolization of the bacteria. These modi
fications, which might lead to some lethal biosynthesis of proteins, could thus be 
prevented by the destructive action of RNAse on the s-RNA.

The author thanks Mr I. H. Silver and Dr C. S. Cox for their interest and much 
helpful discussion and thanks Miss J. Soilleux for technical assistance.
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Effects o f Stereoisomeric Isoleucines on Sporidesmolide 
Biosynthesis by Pithomyces chartarum

By D. W. RUSSELL*
Twyford Laboratories, Twyford Abbey Road, London, N.W. 10 

{Accepted for publication 31 December 1966)

SUMMARY
As well as the known sporidesmolides I, II and III, Pithomyces chartarum 

produces sporidesmolides or similar compounds which contain residues of 
eryiftro-isoleucine and a-hydroxyisocaproic acid. When erythro-L-isoleucine 
was added to the growth medium, synthesis of sporidesmolides I and III was 
inhibited and synthesis of isoleucine-containing sporidesmolides, mainly 
sporidesmolide II, was promoted. 7%reo-L-isoleucine in the medium was 
poorly utilized, but its presence resulted in production of a very complex 
mixture of sporidesmolides containing a higher proportion of isoleucine 
residues than the control. Epimerization of erythro-D-isoleucine occurred 
in the medium. Neither epimer was well utilized, and this isomer had little 
effect on sporidesmolide production or composition; it promoted some 
increase in the synthesis of isoleucine-containing sporidesmolides. Threo-D- 
isoleucine had effects qualitatively similar to but less pronounced than those 
of erythro-L-isoleucine, probably because of extracellular epimerization. The 
use of epimeric pairs of amino acids as tools for investigating biochemical 
processes involving inversion of configuration at an amino acid a-carbon 
atom is suggested.

INTRODUCTION
This paper describes some biochemical effects of a-amino-/?-methyl-valcric acid (1), 

the trivial name for which is isoleucine. The a- and /1-carbon atoms are both asym
metrically substituted, so that the amino acid exists in four stereoisomeric forms:

c h 3.c h 2 c h 3

/?CH

H3N4

<*CH
/ \

C O /

These are distinguished by the prefixes l- or D-, referring to the configuration about 
the a-carbon atom, and also by the prefixes threo- and erythro-, referring to the 
configurational relationship between the a- and //-carbon atoms (Vickery, 1963). 
Thus, the isomer that is a common protein constituent is erythro-L-isoleucine which, 
by inversion at the a- carbon atom only, is converted to its epimer, ¿/¡reo-D-isoleucine. 
In this paper the term ‘isoleucine’ is used without qualification when the stereochemical 
configuration is unspecified.

* Present address: Department of Biochemistry, Dalhousie University, Halifax, Nova Scotia.
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The fungus P ith o m y c e s  ch a rta ru m  (Berk. & Curt.) M. B. Ellis (Ellis, 1960) produces 
a mixture of insoluble cyclodepsipeptides termed sporidesmolides (Done, Mortimer, 
Taylor & Russell, 1961) which are located as spicules on the surface of the spores 
(Bertaud, Morice, Russell & Taylor, 1963). Four pure sporidesmolides have been 
isolated.

L-Me2CH. (CH2)n. CH. CO----- >L-Val— >A------>0

0 <------D-Lem------ B<------ CO. CH. CHMe2-L
1, n = 0, A = L-Meleu, B = D-Val:
2, n = 0, A = L-Meleu, B = th reo -D-Ile,
3, n = 0, A = L-Leu, B = D-Val,
4, n = 1, A = L-Meleu, B = D-Val.

When P . ch a rta ru m  was grown in liquid surface culture on potato + carrot extract 
it formed mainly sporidesmolide I. This was shown by chemical degradation to be 1, 
a structure which has since been confirmed by synthesis (Shemyakin e t  a l. 1965). 
A second component was also present which, although it was not isolated, was 
named sporidesmolide II and was tentatively assigned a structure in which the 
D-valine residue of 1 was replaced by a residue of a D-isoleucine isomer (Russell, 
1960a, 1962). When P . ch a rta ru m  was grown on potato + carrot extract to which 
optically inactive isoleucine had been added, its production of sporidesmolide I was 
inhibited, and the only compound that could be isolated was 2 for which in this 
paper the name sporidesmolide II is retained (Bertaud, Probine, Shannon & Taylor,
1965). Sporidesmolide II has been synthesized (Shemyakin e t  a l. 1965), thus providing 
further confirmation that the isoleucine residue has the //¡reo-D-configuration. A third 
compound, sporidesmolide III, is formed in small amount by P . ch a rta ru m  growing on 
potato + carrot extract, and was shown to have structure 3 (Russell, MacDonald & 
Shannon, 1964). Sporidesmolide IV has not so far been obtained from P . ch a rta ru m , 
but is produced by the closely related P . m a y d ic u s  (Sacc.) M. B. Ellis, (Ellis, 1960: 
Bishop e t  a l. 1965). Its structure 4 was deduced by degradation (Bishop & Russell, 
1964, 1967) and, together with that of sporidesmolide III, was confirmed by syn
thesis (Ovchinnikov, Kiryushkin & Shemyakin, 1966).

The aim of the experiments to be described was to determine the effects of each 
separate stereoisomer of isoleucine on the biosynthesis of sporidesmolides I, II and
III. During the course of this work it became clear that these were not the only 
sporidesmolides produced by this organism, a conclusion also reached by Bertaud 
e t  a l. (1965). Further work on this problem is clearly necessary. The present author is 
no longer working with sporidesmolides, but the results obtained so far appear to 
be interesting and are presented here.
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METHODS
O rg a n ism . An isolate of P ith o m y c e s  ch a rta ru m  derived from isolate ‘c ’ (Done e t  a l. 

1961) was used. During the 4 years over which these experiments were conducted, the 
organism was maintained at 25° on potato glucose agar slopes by repeated subculture. 
From time ro time it lost its ability to sporulate freely, and single-spore subculture 
from a vigorously sporing sector was used to obtain a suitably high-sporing isolate. 
It is therefore unlikely that the organism is now identical with isolate ‘c ’, although 
the cyclodepsipeptides that it produces are unchanged.



337
Cultivation of organism. In one experiment the salts + glucose + asparagine medium 

of Ross (1960; Butler, Russell & Clarke, 1962) supplemented with yeast extract 
(0-1 %. w/v; ‘ Difco ’ brand), was used. In all others the medium was the potato + carrot 
extract of Done et al. (1961), containing dry matter 2% (w/v), reducing sugars 
1 % (w/v; adjusted with glucose) and nitrogen 0-05 % (w/v; adjusted with ammonium 
sulphate). Amino acids were added before autoclaving. The methods used for 
sterilization of media and preparation of inocula (Done et al. 1961), and the general 
conditions of cultivation (Bishop et al. 1965) were as described.

Amino acids. Erythro- and /Areo-L-isoleucine were from Mann Research Laboratories, 
New York, N.Y.; //ireo-D-isoleucine was from California Biochemical Corporation, 
Los Angeles, California, and eryi/zro-D-isoleucine from Koch-Light, Colnbrook, Bucks., 
England. Isoleucines of suitable purity were not readily obtainable. One sample of 
erythro-D-isoleucine, labelled ‘chromatographically pure’, contained at least four 
components. The isomers used were examined for optical purity by polarimetry, and 
for freedom from their epimers by ion-exchange chromatography (Spackman, Stein & 
Moore, 1958). None was completely pure by either criterion; a sample was accepted 
for use when it contained no amino acid other than isoleucine, when its specific 
rotation was such as to exclude the presence of more than 3 % (w/w) of an isomer of 
opposite configuration at the «-carbon atom, and when no more than 3 % (w/v) of 
its epimer (threo- in eryi/zro-isoleucines, and vice versa) was detected. These limits 
represented the best quality obtainable for amino acids from commercial sources. 
The difficulties of obtaining steroeochemically pure isoleucines were discussed by 
Greenstein & Winitz (1961).

Analytical methods. Except where otherwise stated, details of or references to the 
analytical methods used in this work were those given by Bishop et al. (1965). 
Cyclodepsipeptides were determined by the method there described, except that pure 
diethyl ether was used. Primary amino acids were determined by ion-exchange chroma
tography, kindly done by Mr M. Hatton by the use of an EEL Automatic Analyser 
(Evans Electroselenium Ltd., Halstead, Essex). Quantitative paper chromatography 
of N-methyl-leucine and other amino acids was done as described for isoleucine by 
Riches, Rothwell & Russell (1966), with pure amino acids as standards. The sensitivity 
was lower for A-methy 1-leucine (see Russell, 19606), but satisfactory results were 
obtained in the range 0-05-0-2 /¿mole.

Hydrolysis of cyclodepsipeptides was done in concentrated hydrochloric acid + glacial 
acetic acid (1 + 1, by vol.) at 110° for 48 hr, and the excess of acid was removed in 
vacuo over potassium hydroxide. The molecular weight of sporidesmolide I is 638; 
to provide solutions of suitable concentration the hydrolysates were reconstituted to 
contain the products from 6-38 /¿g./ml. for paper chromatography of amino acids or 
638 /¿g./ml. for ion-exchange chromatography. Alternatively, the dried residues were 
extracted with ether for investigation of the hydroxy acids by paper chromatography 
as previously described (Russell, 1962).

Partial hydrazinolysis of cyclodepsipeptides was done, and the products were examined 
by thin-layer chromatography, as described elsewhere (Russell, 1965 a, b).

Infrared spectra were measured for paraffin mulls with an Infracord 137 spectro
photometer (Perkin-Elmer, Norwalk, Connecticut, U.S.A.), using cyclodepsipeptide 
samples dried in vacuo at 110°.

Iso le u c in e  e ffe c ts  on  sp o r id e sm o lid e  sy n th e s is
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RESULTS
Pithomyces chartarum grew well on the standardized potato + carrot medium, or 

on the defined medium+ yeast extract. Isoleucine isomers did not greatly affect 
growth. The ‘natural’ isomer, eryi/tro-L-isoleucine, was slightly but consistently 
stimulatory, whereas the other, ‘unnatural’, isomers had a slight inhibitory effect 
(Table 1).

The effects of the various isomers on the number of spores produced in culture 
were similar to their effects upon growth. Thus, while the ‘unnatural’ isomers were 
without effect on sporulation, the presence of eryt/iro-L-isoleucine in the medium 
resulted in a twofold increase in spore number (Table 2).

Table 1. Effects o f stereoisomeric isoleucines* on growth in Pithomyces chartarum 
grown in surface culture for 14 days at 25° on potato + carrot extract

Expt. no.

Isomer

Control

Ft 54t 59 76 

Dry wt. (mg./ml.)

77 90

Mean
(control =  100) 

1004-8 3-95 2-7 6-5 6-5 6-4
Erythro-l 5-2 5-4 3-7 — — 7-6 125
Erythro-o — — — 5-7 5-6 5-1 85
Threo-c 4 0 5-2 2-1 — — 51 93
Threo-o 3-4 31 3-2 — — 7-4 95

* 5 mg./ml. t  21 days’ growth, t  Defined medium +  yeast extract.

Table 2. Effects of stereoisomeric isoleucines* on sporulation in Pithomyces 
chartarum in surface culture for 14 days at 25° on potato + carrot extract

Expt. no.

F f 54$ 59 76 90 90e

Spores ( x 10 5/'mI.) Mean (con-
Isomer

Control 40 19

A

7 44 26 26

trol =  10) 

100
Erythro-l 44 25 26 — 47 58 205
Erythro-d — -  — 49 24 — 102
Threo-L 29 23 10 — 25 — 108
Threo-o 26 13 7 — 36 — 93

* 5 mg./ml. t  21 days’ growth. } Defined medium +  yeast extract.

Effect o f stereoisomeric isoleucines on sporidesmolide yields
In estimating sporidesmolide yields, the ether used to purify the crude sporidesmolide 

residues was not previously saturated with the normal sporidesmolide mixture. The 
same modification was used, but by an oversight was not mentioned, by Bertaud et al.
(1963). The object was to avoid contamination of those sporidesmolides being isolated 
with sporidesmolides produced under normal conditions, since these two were expected, 
and indeed were found, to differ in composition. Differences in composition might 
produce differences in ether-solubility. The method therefore did not necessarily



give the true yields of sporidesmolides, but it did allow a comparison of the present 
results with those of Bertaud et al. (1963).

When sporidesmolide yields were determined in this way, all four stereoisomeric 
isoleucines were inhibitory. The inhibition produced by the D-isomers was only slight, 
whereas the L-isomers had a marked effect. However, because of the solubility 
considerations mentioned above, it could not be assumed that the yields found were 
true yields. That they were, in fact, too low, was demonstrated by thin-layer chroma
tography of the ether extracts (Bishop et al. 1965) which showed the presence therein 
of sporidesmolides. These extracts were therefore evaporated to dryness and the 
residues extracted with «-hexane. Thin-layer chromatography of the hexane extracts 
showed that sporidesmolides were absent. The hexane-insoluble residues were dis
solved in chloroform and purified by percolation through charcoal and aluminum 
oxide (Bishop et al. 1965), and from this treatment further amounts of sporidesmolides 
were isolated. Absence of other types of compound was verified by thin-layer chroma
tography. In Table 3 all the individual yields listed are uncorrected for ether-solubility. 
The mean yields, expressed as percentage of the control values, are given both un
corrected and corrected. The effect of the correction is small except for threo-L-iso- 
leucine; sporidesmolides produced on media containing this isomer were more soluble 
in ether than in the other cases. The corrected yields also demonstrated that both 
D-isomers were very weakly, if at all, inhibitory to sporidesmolide biosynthesis.

Iso leu c in e  e ffe c ts  on  sp o r id e sm o lid e  s y n th e s is  339

Table 3. Effects of stereoisomeric isoleucines* on sporidesmolide yield 
in Pithomyces chartarum

Mean
Sporidesmolides (mg./l.)f in expt. no. (control =  ICO)

Isomer F 59 76 77 90 Uncorr.f Corr.t

Control 109 54 140 145 279 100 100
Erythro-L 54 32 — — 179 58 63
Erythro-d — — 153 135 163 87 92
Threo-L 22 3 — — 75 18 29
Threo-D 83 52 — — 215 83 96

* 5 mg./ml. t  Results uncorrected for solubility in ether. J Results corrected for solubility in 
ether.

Comparison of ether-soluble and ether-insoluble sporidesmolides by tain-layer 
chromatography revealed no difference in the number or relative intensities of the 
spots. It seems that the solubilities of individual sporidesmolides are not manifested 
independently, but depend on the composition of the mixture.

It has been established that in Pithomyces chartarum most if not all of the spori
desmolide mixture present occurs on the spores, and when spores are not formed, 
sporidesmolides cannot be detected in cultures (Bertaud et al. 1963). Inhibition of 
sporidesmolide biosynthesis by isoleucines might therefore occur by depression of 
sporulation, or by decrease in the amount synthesized per spore. The yields were 
therefore recalculated as mg. sporidesmolides/10s spores. The amount of spori
desmolides per spore in control cultures was very variable. Addition of either D-isomer 
did not inhibit sporidesmolide biosynthesis to a significant extent in terms either of 
total synthesis or of amount synthesized per spore. The depression produced by the

2 2  G. Microb. 47
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L-isomers resulted largely from a decrease in the amount synthesized per spore, and 
not from inhibition of sporulation (Table 4).

When the solubility correction was applied, eryf/tro-L-isoleucine was found to 
inhibit sporidesmolide synthesis per spore more than t/zreo-L-isoleucine.

The amounts of isoleucine remaining in the media at harvest were determined by 
paper chromatography. E ry th r o -L-isoleucine, a protein constituent presumably 
abundant in natural substrates, was completely utilized. It is doubtful whether any
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Table 4. E ffe c ts  o f  s te re o is o m e r ic  iso leu c in es*  on  sp o r id e sm o lid e s lsp o re  
in P ith o m y c e s  ch a rta ru m

Sporidesmolides/sporet in expt. no. Meant

Isomer F 59 76 90 90e Uncorr. Corr.

Control 100 100 100 100 100 100 100
(mg./108 spores) (2-7) (7-7) (3-2) (10-7) (10-7)
E r y th r o -L 45 16 — 35 30 33 39
E r y th r o -d — — 98 63 — 81 85
T h re o -c 27 4 — 28 — 30 49
T h re o -v 117 96 — 55 — 89 102

* 5 mg./ml. t  Expressed as a percentage of the value for control cultures, t  Results given
uncorrected, and corrected, for solubility in ether.

Table 5. U til iza tio n  o f  s te re o is o m e r ic  iso leu c in es*  b y  P ith o m y c e s  ch a rta ru m  
g ro w in g  f o r  2  w e e k s  a t  25° on  p o ta to  +  c a r r o t e x tr a c t

Composition of residual
Amount amino acid (%)
utilized A

Isomer added (%) E ry th r o T h reo

E ry th ro -L 100 — —

E ry th ro -D 29 79 21
T hreo -L 20 1 99
Threo-D 82 6-5 93-5

* Initial concentration 5 mg./ml.

other isomer is normally encountered in more than traces by the organism. T h reo-L - 
isoleucine and erp/Aro-o-isolcucine were poorly but f/treo-D-isoleucine was well 
utilized (Table 5). A possible reason for this difference was revealed by analysis of 
the composition of the residual isoleucines using ion-exchange chromatography. Some 
conversion of e ry th ro -D-isoleucine to a th reo -isomer had occurred. No instance of 
inversion of an isoleucine isomer solely at the //-carbon atom is known; this change 
then may be presumed to result from inversion at the a-carbon atom, producing 
i/zreo-L-isoleucine, an isomer which is also poorly utilized. If we postulate, to account 
for such an inversion, that P ith o m y c e s  ch a rta ru m  produces an extracellular enzyme 
that racemizes D-amino acids then it is likely that //»eo-D-isoleucine in the medium 
would be converted by such an enzyme to its well-utilized epimer, e ry th ro -L-isoleucine, 
and would thus appear to be well utilized. Some e ry th ro -isoleucine was indeed 
present when cultures containing f/;reo-D-isoleucine were harvested. Although the 
amount was less than was present as impurity at the outset, cryl/tro-L-isoleucine is
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well utilized and would not be expected to persist in the medium. The evidence is 
therefore in favour of its having been produced by epimerization of r/meo-D-isoleucine 
during the incubation period.

Analysis o f the effects of stereoisomeric isoleucines on sporidesmolide composition
O n  u n s u p p l e m e n t e d  g r o w t h  m e d i a ,  Pithomyces chartarum p r o d u c e s  a  m i x t u r e  o f  

s p o r i d e s m o l i d e s .  M i x t u r e s  w e r e  a l s o  f o r m e d  o n  m e d i a  c o n t a i n i n g  a m i n o  a c i d  s u p p l e 
m e n t s .  N o  a t t e m p t  w a s  m a d e  t o  i s o l a t e  t h e  s e p a r a t e  c o m p o n e n t s ,  b u t  p h y s i c a l  a n d  
c h e m i c a l  m e t h o d s  w e r e  u s e d  t o  i n v e s t i g a t e  t h e  m i x t u r e s ;  t h e  r e s u l t s  g a v e  e v i d e n c e  o f  
t h e i r  c o m p o s i t i o n .  S o m e  n o t e s  o n  t h e  m e t h o d s  u s e d  a r e  g i v e n  b e l o w ;  t h e  r e s u l t s  a r e  
p r e s e n t e d  i n  T a b l e  6 .

Melting point. E a c h  k n o w n  s p o r i d e s m o l i d e  h a s  a  c h a r a c t e r i s t i c  m e l t i n g  p o i n t ,  b u t  
m e a s u r e m e n t  o f  t h i s  c o n s t a n t  i s  o f  l i t t l e  v a l u e  i n  c h a r a c t e r i z i n g  m i x t u r e s ,  w h i c h  t e n d  
t o  m e l t  a t  i n t e r m e d i a t e  t e m p e r a t u r e s .  S p o r i d e s m o l i d e  I I  h a s  a  v e r y  m u c h  l o w e r  m . p .  
t h a n  s p o r i d e s m o l i d e  I ,  a n d  a  b i n a r y  m i x t u r e  w i t h  m . p .  c l o s e  t o  t h a t  o f  s p o r i d e s m o l i d e  
I I  s h o u l d  c o n t a i n  l i t t l e  s p o r i d e s m o l i d e  I .

Specific rotation. T h e  s p e c i f i c  r o t a t i o n s  o f  t h e  k n o w n  s p o r i d e s m o l i d e s  a r e  t o o  
s i m i l a r  f o r  t h i s  c o n s t a n t  t o  b e  u s e d  i n  a n a l y s i n g  m i x t u r e s  o f  u n k n o w n  c o m p o s i t i o n .  
T h e  m e a s u r e m e n t s  p r o v i d e d  g o o d  e v i d e n c e  t h a t  t h e  m i x t u r e s  c o n s i s t e d  l a r g e l y  o f  
s p o r i d e s m o l i d e s  s i n c e  a l l ,  i n c l u d i n g  s p o r i d e s m o l i d e s  f r o m  c o n t r o l  c u l t u r e s ,  g a v e  
v a l u e s  f o r  t h i s  c o n s t a n t  o f  a b o u t  —  2 0 0 °  i n  c h l o r o f o r m  s o l u t i o n .

Thin-layer chromatography. S p o r i d e s m o l i d e s  I  a n d  I I  w e r e  n o t  r e s o l v e d  i n  t h e  
s y s t e m  u s e d  ( B i s h o p  et al. 1 9 6 5 )  n o r  i n  a n y  o f  s e v e r a l  o t h e r s  t r i e d .  T h e  m e t h o d  
i n d i c a t e d  t h e  p r e s e n c e  o r  a b s e n c e  o f  s p o r i d e s m o l i d e s  I I I  a n d  I V ,  a n d  p e r m i t t e d  t h e  
d e g r e e  o f  c o m p l e x i t y  o f  t h e  m i x t u r e s  t o  b e  a s s e s s e d .

Infrared spectroscopy. A l l  t h e  k n o w n  s p o r i d e s m o l i d e s  h a v e  v e r y  s i m i l a r  i n f r a r e d  
s p e c t r a .  D u r i n g  t h i s  w o r k  i t  w a s  f o u n d  t h a t  e a c h  h a d  a  w e a k  a b s o r p t i o n  m a x i m u m  
i n  t h e  1 1 —1 2  / z  r e g i o n .  T h e  p r e c i s e  w a v e l e n g t h  o f  t h i s  a b s o r p t i o n  m a x i m u m  w a s  
c h a r a c t e r i s t i c  o f  t h e  p a r t i c u l a r  s p o r i d e s m o l i d e .  M e a s u r e m e n t  o f  t h e  w h o l e  s p e c t r u m  
w a s  u s e d  t o  c o n f i r m  t h e  p r e p o n d e r a n c e  i n  t h e  m i x t u r e s  o f  c o m p o u n d s  w i t h  t h e  
g e n e r a l  s p o r i d e s m o l i d e  s t r u c t u r e .  M e a s u r e m e n t  o f  t h e  p o s i t i o n  o f  t h e  a b s o r p t i o n  
m a x i m a  a t  1 1 - 1 2  /<  p r o v i d e d  e v i d e n c e  a s  t o  t h e  n a t u r e  o f  t h e  m a j o r  c o m p o n e n t s .

Amino acid analysis. S p o r i d e s m o l i d e s  I ,  I I  a n d  I I I  a l l  d i f f e r  i n  t h e i r  a m i n o  c o m p o 
s i t i o n  ( T a b l e  6 ) .  A m i n o  a c i d  a n a l y s i s  o f  m i x t u r e s  i s  t h e r e f o r e  a  g u i d e  t o  t h e i r  c o m 
p o s i t i o n .  W h e n  t h e s e  a n a l y s e s  w e r e  m a d e  b y  i o n - e x c h a n g e  c h r o m a t o g r a p h y ,  s i g n i f i c a n t  
q u a n t i t i e s  o f  erythro-i s o l e u c i n e  w e r e  d e t e c t e d .  N o  s p o r i d e s m o l i d e  w h i c h  c o n t a i n s  
t h i s  a m i n o  a c i d  h a s  y e t  b e e n  i s o l a t e d .  A  t / z r c o - D - i s o l e u c i n e  r e s i d u e  i s  p r e s e n t  i n  
s p o r i d e s m o l i d e  I I ,  a n d  S h e m y a k i n  et al. ( 1 9 6 3 )  r e p o r t e d  t h a t  a c i d  h y d r o l y s i s  o f  
s p o r i d e s m o l i d e  I I  w a s  a c c o m p a n i e d  b y  s l i g h t  e p i m e r i z a t i o n  o f  t h i s  a m i n o  a c i d .  I n  t h e  
p r e s e n t  w o r k  t h e  r a t i o  o f  erythro- t o  t o t a l  i s o l e u c i n e  w a s  d i f f e r e n t  i n  h y d r o l y s a t e s  o f  
s p o r i d e s m o l i d e s  f r o m  d i f f e r e n t  t r e a t m e n t s ,  a l t h o u g h  t h e  h y d r o l y s a t e s  w e r e  p r e p a r e d  
a t  t h e  s a m e  t i m e  a n d  u n d e r  i d e n t i c a l  c o n d i t i o n s .  M o r e o v e r ,  i n  o n e  c a s e  3 8  %  o f  t h e  
t o t a l  i s o l e u c i n e  w a s  erythro-i s o l e u c i n e .  I t  w a s  c o n c l u d e d  t h a t  t h e  p r e s e n c e  o f  erythro- 
i s o l e u c i n e  i n  h y d r o l y s a t e s  w a s  n o t  s o l e l y  t h e  r e s u l t  o f  e p i m e r i z a t i o n  d u r i n g  h y d r o l y s i s ,  
b u t  t h a t  c o n t r a r y  t o  a  p r e v i o u s  r e p o r t  b a s e d  o n  p a p e r  c h r o m a t o g r a p h i c  e x a m i n a t i o n  
o f  h y d r o l y s a t e s  ( R u s s e l l ,  1 9 6 5  c ) ,  erythro-i s o l e u c i n e  r e s i d u e s  o c c u r r e d  i n  P. chartarum 
s p o r i d e s m o l i d e s .

Iso leu c in e  e ffe c ts  on  sp o r id e sm o lid e  sy n th e s is
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H y d r o x y  a c id  c o m p o s itio n . Residues of a-hydroxyisovaleric acid are present in 
sporidesmolides I, II and III. When hydrolysates of control sporidesmolides were 
examined by vapour-phase chromatography (kindly done by Dr D. G. Bishop; see 
Bishop & Russell, 1967; the presence of a-hydroxyisocaproic acid was detected. This 
acid, one residue of which is present in sporidesmolide IV from P ith o m y c e s  m a y d ic u s  
(Bishop & Russell, 1967; Ovchinnikov e t  a l. 1966) constituted up to 10% (w/v) of 
the total hydroxyacids of sporidesmolides from three different isolates of P . ch a rta ru m . 
Hydrolysates of the sporidesmolide samples were examined by paper chromatography, 
and the amounts of the two hydroxyacids were estimated visually. The method did 
not distinguish between a-hydroxyisocaproic and the isomeric a-hydroxy-,7-methyl- 
valeric acid.

H y d r a z id e  a n a ly s is . Partial hydrazinolysis of sporidesmolide I gives the hydrazides 
of sporidesmolic acids A and B. These were resolved by thin-layer chromatography. 
The two hydrazides produced by partial hydrazinolysis of sporidesmolide II were 
not resolved, but gave a single spot with the R , value of sporidesmolic acid B 
hydrazide. This technique was therefore useful in demonstrating the absence of 
sporidesmolide I.

C o m p o sitio n  o f  sp o r id e sm o lid e s  f r o m  in d iv id u a l tr e a tm e n ts

C o n tro l cu ltu res. By physical criteria the sporidesmolides from control cultures 
were identical with those previously isolated from P ith o m y c e s  ch a rta ru m  grown on 
unsupplemented media. The amino acid analysis was similar to that previously 
reported (Russell, Synge, Taylor & White, 1962). The total isoleucine present in 
hydrolysates was 0T2 /¿moles/638 jug., of which 33 % was eryiAro-isoleucine.

Cultures containing erythro-L-isoleucine. The presence of eryt/rro-L-isoleucine in 
the culture medium inhibited synthesis of sporidesmolides I and III. The infrared 
spectrum of the product isolated was identical with that of sporidesmolide II. A small 
amount of another compound was revealed by thin-layer chromatography, and 
hydrolysates contained more valine and less ¿/ireo-isoleucine than would be released 
on hydrolysis of pure sporidesmolide II. The total isoleucine released was very 
much higher (0-93 /¿moles/638 fig., 25 % erythro) than in the controls. The evidence 
is consistent with the interpretation that Pithomyces chartarum, grown on medium 
containing erythro-L-isoleucine, produces mainly sporidesmolide II.

Cultures containing erythro-D-isoleucine. Sporidesmolides synthesized on medium 
containing this isomer were indistinguishable from those from control cultures except 
by amino acid analysis. Hydrolysates contained more isoleucine (0-43 /¿moles,'638 pg., 
38% erythro) and less valine than control hydrolysates. The evidence is consistent 
with the interpretation that the organism produced the same sporidesmolides whether 
grown in the presence or in the absence of erythro-D-isoleucine, but that this amino 
acid altered slightly the proportions of the components in favour of those containing 
isoleucine, particularly one or both erythro-isomers.

C u ltu res  c o n ta in in g  th r e o -L - is o le u c in e . The presence of this isomer in the medium 
resulted in production of a complex mixture of sporidesmolides. This experiment 
demonstrated the value of thin-layer chromatography for investigating sporidesmolide 
mixtures. Five components were resolved by this means, whilst the infrared spectrum 
differed from that of the control sporidesmolides only in that the major peaks were 
broader. Sporidesmolides produced on this treatment liberated on hydrolysis con

Iso leu c in e  e ffe c ts  on  sp o r id e sm o lid e  s y n th e s is
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siderable amounts of isoleucine (0-53 /tmoles/638 fig., 28 % erythro), and about twice 
as much leucic acid was present as in control hydrolysates. From the results of 
thin-layer chromatography, all four known sporidesmolides could have been present 
in the mixture in addition to two unknown ones.

Cultures containing threo-D-isoleucine. Thin-layer chromatograms of sporidesmolides 
from control and i/jreo-D-isoleucine-enriched cultures were indistinguishable, and 
there was no difference in the m.p., in specific rotation or in the results of hydrazide 
or hydroxyacid analysis. However, the infrared spectrum of the product from treated 
cultures showed absorption maxima characteristic of both sporidesmolide I and 
sporidesmolide II. The hydrolysate contained considerable amounts of isoleucine 
(0-43 /imole/638 fig., 21 % erythro). I infer that i/zreo-D-isoleucine did not affect the 
nature of sporidesmolides produced by Pithomyces chartarum, but that it altered 
their proportions in favour of those containing isoleucine, particularly of the threo- 
configuration.

DISCUSSION
When a D-amino acid is utilized by a micro-organism at a slower rate than its 

L-isomer it nay be difficult to decide whether the D-isomer is itself absorbed, or 
whether it is first inverted by an extracellular enzyme. The present experiments 
provide an instance of how such extracellular racemization may sometimes be simply 
detected. Both erythro-D- and threo-L-isoleucine are poorly absorbed and, since they 
are epimers, the extracellular conversion of one into the other is readily detected by 
chromatography. This and other epimeric pairs could be useful in detecting the 
secretion of extracellular amino acid-racemizing enzymes, and more generally in 
investigating biosynthetic mechanisms in which inversion occurs or is suspected.

In the present instance, the effects of D-isoleucines on sporidesmolide biosynthesis 
are largely explicable as due to their slow extracellular conversion to the corresponding 
L-epimers. This is consistent with the observation that 14C-D-valine was utilized by 
Pithomyces chartarum for sporidesmolide I biosynthesis with about one-third of the 
efficiency of the L-isomer, but that the distribution of radioactivity in sporidesmolide 
I was identical for both isomers (W. D. Bennett & G. W. Butler, personal communi
cation).

The whole of the sporidesmolide I molecule, except for the A'-methyl group, may 
be derived from L-valine and L-leucine supplied in the medium (Butler et al. 1962). 
Examples of antagonism, both between valine and isoleucine, and between leucine 
and isoleucine, have been reported (Meister, 1965). Each of the four stereoisomeric 
isoleucines might act as antagonist towards formation of any or all of the six residues 
of sporidesmolide I. Even if the effects of the D-isomers are due largely to their 
L-epimers, the possibilities are still numerous. The complexity of the situation is 
reflected in the effects of threo-L-isoleucine, in the presence of which at least five 
different spcridesmolides, or closely related compounds, were synthesized. Not only 
are the identities of these compounds unknown; it is also uncertain whether formation 
of any or all of them was induced by the amino acid, or whether they are all present, 
some in trace amount, in the sporidesmolide mixture normally produced by Pithomyces 
chartarum. The presence of erythro-isoleucine and a-hydroxyisocaproic acid in hydro
lysates of control sporidesmolide mixtures suggests that the latter may be the case, 
but much more chemical work is necessary before the effects of threo-L-isoleucine can 
be interpreted.

344



A simple explanation of the effects of e/rf/iro-L-isoleucine is possible if we assume 
that biosynthesis of sporidesmolides I and II takes place by the same pathway; this 
is reasonable because they are homologues. On this hypothesis, the biosynthetic 
system will accept either L-valine for synthesis of sporidesmolide I containing a D-valine 
residue, or eryr/iro-L-isoleucine for sporidesmolide II containing a i/ireo-D-isoleucine 
residue. This is consistent with the known ability of P ith o m y c e s  c h a rta ru m  to incorporate 
eryi/iro-L-isoleucine into sporidesmolide isoleucine residues (Butler e t  a l. 1962) and 
with the ability of L-valine completely to inhibit biosynthesis of sporidesmolides 
containing such residues (unpublished observations). With eryi/zro-L-isoleucine 
present in excess, sporidesmolide II would similarly be synthesized to the exclusion 
of sporidesmolide I. In the presence of f/zreo-D-isoleucine, extracellular inversion 
would produce only a slow supply of the e ry th ro -L -iso m e r , so that a mixture of both 
sporidesmolides would result. This explanation, although attractive because of its 
simplicity, may well be wrong. The P ith o m y c e s  ch a rta ru m  isolate used is almost 
certainly a heterokaryon (Dingley, 1962) and the effects of e ry th ro -L-isoleucine, as 
well as of other isomers, might result from selection during growth. For this reason, 
little further progress in the study of sporidesmolide biosynthesis is likely until a high- 
sporing homokaryotic strain is obtained.

The author thanks Dr A. Taylor for a generous gift of sporidesmolide II, and is 
pleased to acknowledge the assistance of Mrs P. Riches, Miss V. Ward and Mr A. 
Roth well.
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SUMMARY
The catabolic pathways for the utilization of glucose and gluconate by one 

strain of each of five species of the genus Corynebacterium were examined. 
The relative participation of concurrent glucose pathways in each of these 
five strains was estimated. The findings indicated that Corynebacterium 
hoagii atcc 7005 and C. tritici atcc 11408 displayed catabolic behaviour 
similar to that of Arthrobacter globiformis atcc 8010 in that the glycolytic 
pathway played a major role in glucose catabolism. In contrast, in C. equi 
atcc 7698 and C. sepedonicum atcc 9850, the glycolytic pathway and the 
pentose cycle pathway played almost equally important roles in glucose 
utilization. The catabolic pathway functioning in C. xerosis atcc 7084 was 
distinct from these other strains of Corynebacteria and resemble that of seme 
Acetobacter strains in that the pentose cycle pathway played a predominant 
role in the utilization of glucose and gluconate.

INTRODUCTION
The genus Corynebacterium was initially created by Lehman and Neumann (Sergey’s 

Manual, 7th ed., 1957) to contain the diphtheria bacillus and other diphtheria-like 
organisms parasitic or pathogenic to animals. It has expanded its boundaries ever 
since, mainly on a morphological basis, to include many more species, from human, 
other animal, plant and soil sources. As it stands now in the 7th edition of Bergey’s 
Manual (1957), the genus contains organisms of human, animal and plant origin 
having in common certain features, such as irregularity in shape, which varies from 
straight, curved, club-shaped or branched rods to almost coccoid organisms. Coryne
bacteria commonly show the so-called ‘snapping division’, the organisms show 
uneven and variable Gram strain and do not have endospores. Some soil organisms 
formerly in this group have obtained independence and emerged as a new genus 
Arthrobacter.

The species in the genus Corynebacterium were differentiated primarily on the basis 
of their habitat, along with some physiological characteristics. However, as stated in 
a footnote of Bergey’s Manual (1957, p. 579), ‘habitat relationships are used because 
comparative studies of the species in these groups are still completely lacking’.

Some studies have been made of the amino acid and carbohydrate composition of 
the cell wall of a few strains of corynebacteria (Orlova, 1954; Cummins & Harris, 1955, 
1956; Mierzejewski, 1955; Rzucildo, et al, 1958) and on their nutritional characteristics 
(Lachance, 1960; Keddie, Leask & Grainger, 1966). Cummins & Harris (1959), while 
comparing Arthrobacter with Corynebacteria and other Gram-positive bacteria,
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stressed the importance of cell-wall composition as basis of taxonomy; comparisons 
of amino acid composition might be of use in separating genera and of varieties of 
sugars and amino sugars in separating species. Keddie e t  a l. (1966, p. 34) stressed 
that ‘cell-wall composition afford a distinction between saprophytic strains of coryne- 
form bacteria on the one hand and C . d ip h th eria e  and related human and animal 
parasites on the other’.

Only a few strains of Corynebacteria have been investigated in regard to their 
carbohydrate metabolism. Hulanicka (1960) showed the existence of sedoheptulose 
and phosphopentose isomerase, epimerase, transketolase and transaldolase in C o ry n e -  
b a c te r iu m  d ip h th eria e  and concluded the pentose cycle (PC) pathway to be operative 
in this organism, although the extent of participation of the PC pathway in overall 
glucose catabolism is not known. The operation of the tricarboxylic acid cycle (TCA) 
pathway in this organism is reported by Jannes (1953) and Kornberg (1958). Zajic, 
De Ley & Starr (1956) reported the operation of the pentose phosphate (PP) pathway 
and TCA cycle pathway in a strain of C. in s id io su m , and could not detect a specific 
dehydrase and aldolase which might convert 6-P-gluconate to pyruvate and triose-P, 
key enzymes in the Entner-Doudoroff (ED) pathway. Katznelson (1955, 1958) was 
unable to detect the formation of pyruvic acid from glucose, glucose-6-P, fructose-6-P 
and 6-P-gluconate in C. m ich ig a n en se , C . fa s c ia n s  and C. f la c c u m fa c ie n s . In these 
latter species, the presence of hexokinase, and glyceraldehyde-3-P dehydrogenase was 
not shown. Evidence for the presence of a poly-phosphate-glucose-phosphotransferase 
in C. x e ro s is  was reported by Dirheimer & Ebel (1962).

In view of the lack of a direct comparative study of corynebacteria with respect to 
carbohydrate metabolism, the present work was undertaken with one strain of each 
of five species which originated from human, animal and plant sources.

348

METHODS
The organisms used were obtained from the American Type Culture Collection.
The strains studied were: C o ry n e b a c te r iu m  h o a g ii (atcc 7005, human); C. eq u i 

(atcc 7698, animal); C. tr i t ic i (atcc 11408, plant); C . sep ed o n icu m  (atcc 9850, plant); 
C. x e ro s is  (atcc 7084, human).

The stock cultures were grown on nutrient agar slopes and kept in a refrigerator 
at about 5°. Subcultures to new media were made at about 3-month intervals. 
C o ry n e b a c te r iu m  sep ed o n icu m  atcc 9850 was grown only in liquid medium since its 
growth on nutrient agar was poor. The medium used for the growth of all Coryne
bacterium strains studied was that used by Lochhead & Thexton (1951) for the 
isolation of soil micro-organisms. The main source of carbon was either glucose or 
gluconate, at 0-15% (w/v). The carbon sources were sterilized separately, by auto
claving (120°, 30 min.), as well as some other medium constituents, and mixed 
aseptically after cooling. The media were adjusted to pH 6-8 with 0T N-HC1.

The organisms were grown in 250 ml. Erlenmeyer flasks containing about 130 ml. 
liquid medium, and incubated on a rotary shaker at 30° for C o ry n e b a c te r iu m  x e ro s is , 
C . eq u i and C . h o a g ii, and at 27° for C. tr i t ic i and C. sep ed o n icu m . Three subcultures 
from the stock cultures were made at intervals before harvesting the organisms by 
centrifugation. The organisms so obtained were immediately resuspended in the growth 
medium containing no carbohydrates. Concentrations of organisms in these suspensions



were determined turbidimetrically, by means of a Klett-Summerson colorimeter, and 
adjusted to an extinction (640-740 m y )  corresponding to a concentration ecuivalent 
to 0-7-2-7 mg. dry weight organism/ml. Organisms used in experiments were harvested 
at the late stage of the exponential growth. Organisms grown in glucose medium or 
in gluconate medium were used.

The labelled substrates were: [l-14C]glucose, [2-14C]glucose, [3-14C]glucose and 
[6-14C]glucose were obtained from the National Bureau of Standards; [l-14C]gluconate 
was bought from the Nuclear Chicago Corporation; [3, 4-14C]glucose was prepared 
in this laboratory from liver glycogen of rats metabolizing 14C02 according to the 
method of Wood, Lifson & Lorber (1945); [2-14C]gluconate, [3-14C]gluconate and 
[6-14C]gluconate were prepared from the corresponding labelled glucose samples 
by the method of Moore & Link (1940).

The radiorespirometric experiments were done according to the procedures described 
by Wang (1963). In a typical experiment, 10 ml. of a given suspension of organisms 
were placed in an incubation flask and allowed to utilize a prescribed amount of the 
labelled substrate under aerobic growth conditions. Respiratory 14C02 released by 
the organisms was swept through 10 ml. of an ethanolamine + ethanol solution (1+2, 
by vol.), which was replaced at hourly intervals. The experiment was terminated when 
the rate of production of respiratory 14C02 declined to an insignificant value, indi
cating that the given substrate had been exhausted from the medium. The vessels 
containing the suspensions were then cooled in ice for about 10 min., after wnich the 
organisms were separated by centrifugation. Both the washed organisms and the 
supernatant fluid thus obtained were assayed for radioactivity.

The radioactivity in respiratory 14COa was assayed by means of liquid scintillation 
counting with a Packard Tricarb Spectrometer (Model 314-EX 2) in the manner 
described by Wang (1963). The radioactivity of the organisms and the metabolic 
products in the media was determined by liquid scintillation counting with the 
thixotropic gel techniques (White & Helf, 1956). The efficiency of the liquid scintil
lation counter for different types of samples was determined by using the internal 
standards technique. Counts were made over a sufficient period to give a relative 
standard deviation no greater than 2%.
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RESULTS
All the Corynefcacterium strains selected for the present work are capable of utilizing 

either glucose or gluconate as a sole source carbon. However, except in the case of 
C o ry n e b a c te r iu m  sep ed o n icu m  ATCC9850 growth rates were generally better with 
glucose than with gluconate. Organisms grown in the glucose medium and the gluco
nate medium were used for the experiments, with 14C-labelled glucose or 14C- abelled 
gluconate as substrates. Regardless of the nature of the carbon source in the original 
culture medium, the radiorespirometric findings for a given substrate were essentially 
the same. However, with C . h o a g ii atcc 7005, the utilization of gluconate by glucose- 
grown organisms was very sluggish, and hence, in this case only gluconate-grown 
organisms were used with 14C specifically labelled gluconate as substrate.

The results of an experiment on the utilization of 14C-labelled glucose or gluconate 
by the five Corynebacterium strains are given in Table 1. The data were those 
observed at the completion of substrate utilization which generally took 6 ro 8 hr.
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The data in Table 1 represent the average of at least four replicate experiments; the 
deviation among replicates was less than 5 %.

The analysis of the data with regard to the identification and estimation of glucose 
and gluconate pathways functioning in the various organisms relied on the following 
considerations. (1) Comparison of the extent of 14C02 production from the various 
labelled carbon atoms of the substrate at the end of utilization. (2) Comparison of 
the maximal rates of 14C02 production from labelled carbon atoms of the substrate 
(see Table 1, column headed ‘peak respiratory 14C02 production’). (3) Since gluconate 
is a key intermediate in several glucose pathways, including the PP, the PC and the 
ED pathways, much information on the nature of the glucose pathway can be 
derived by a comparison of the over-all respirometric patterns observed in the glucose 
and gluconate experiments. Such a comparison assumes that the given gluconate 
behaved similarly to that derived from glucose catabolism. With this in mind, the 
information about glucose and gluconate pathways as found in the present work, can 
be summarized as follows.

C o ry n e b a c te r iu m  h o a g ii atcc 7005. With glucose, the extensive conversion of C-3 
and C-4 of glucose to respiratory COa led to the conclusion that the Embden- 
Meyerhof-Parnas (EMP) pathway played a major role in this organism. The fact that 
the conversion of C-l of glucose to C02 was significantly greater in extent than the 
conversion of C-6 provided evidence that the PP pathway was also operative. The 
operation of the latter pathway was further indicated by the findings in the gluconate 
experiments, where the conversion of C-l of gluconate to C02 was prompt and 
extensive. However, pentose phosphate derived from the glucose via the PP pathway 
did not appear to be catabolized via the PC pathway. This conclusion was drawn from 
the fact that the extent and rate of conversion of C-2 of gluconate to C02 was 
considerably lower than that of the C-l atoms. In fact, the rate and extent of conversion 
of gluconate carbon atoms other than C-l to COa appeared to reflect the operation 
of the sequential catabolic pathway previously described for the organism A r th r o b a c te r  
u rea fa c ien s atcc 7562 A r th r o b a c te r  g lo b ifo rm is  atcc 8010 (Zagallo & Wang, 1962) 
which was given as follows:
gluconate -> 6-phosphogluconate pentose phosphate -> fructose-6-phosphate ->

r----*— > fructose-1, 6-phosphate -> triose phosphate -■> acetyl Co A, etc.
---------> glucose-6-phosphate 6-phosphogluconate -> pentose phosphate, etc.

(* predominantly)
C o ry n e b a c te r iu m  tr i t ic i  atcc 11408 . Much of the discussion on the radiorespiro- 

metric findings with the C. h o a g ii atcc 7005 also applies to C. t r i t ic i atcc 11408. 
Glucose appeared to be metabolized by the C. tr i t ic i strain primarily via the EMP 
pathway and to some extent by the PP pathway; gluconate was metabolized via the 
PP pathway, and the pentose derived from gluconate was incorporated to fructose-6- 
phosphate and subsequently utilized via the EMP pathway or into cellular material 
instead of being engaged to any great extent in the pentose cycle reactions.

C o ry n e b a c te r iu m  equ i atcc 7698. The interpretation of the radio-respirometric 
pattern of the utilization of glucose by this organism was difficult. Superficially it 
appeared that the ED pathway, shown to function in pseudomonads (Stern, Wang & 
Gilmour, 1960), might have been operative in the C. equ i strain since a close equivalence 
in catabolic behaviour (rates and extent of conversion of carbon atoms to respiratory
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14C02) between C-l and C-4 of glucose and that between C-3 and C-6 of glucose were 
indicated by the radiorespirometric data. However, the maximal rate of 14C02 
production from the C-6 of glucose occurred significantly earlier than that from the 
C-3 and the extent of conversion of C-4 of glucose to respiratory C02 was slightly 
greater than that of C-l. This led to a closer examination of the findings in the gluco
nate experiment. With gluconate as substrate, the catabolic equivalences, as indicated 
by the rates and extents of 14C02 production, between C-l and C-4 of gluconate were 
not observed. Instead, the conversion of C-2 and C-3 of gluconate to respiratory 
14COa was only slightly less (in rate and extent) than that of the C-l of gluconate. 
Since gluconate is a key intermediate of glucose metabolism in the ED pathway, it 
can therefore be concluded that in C. eq u i atcc 7698 glucose was probably catabolized 
by way of the EMP glycolytic pathway and the PP pathway. The pentose phosphate 
derived from either glucose or gluconate via the PP pathway appeared to engage 
rather extensively in the PC pathway.

Another feature of the catabolic behaviour of C . equ i atcc 7698 was reflected in 
that the conversion of the C-6 of glucose and, to some extent, the C-6 of gluconate 
to respiratory COa were extensive in rate and extent. These findings presumably 
related to the derivation of glyceral-dehyde-3-P, from either the EMP pathway or the 
PC pathway, being engaged extensively in the sequential operation of the triose-P 
isomerase and reversed aldolase reactions, leading to the formation of hexose phos
phates. Such a mechanism would result in the transference of C-6 of glucose or 
gluconate to the C-l position of re-formed hexose phosphates. Further catabolism 
of the re-formed hexose phosphates, by way of the PP pathway, would give a relatively 
more direct conversion of the C-6 of glucose or of gluconate to respiratory C02.

C o ry n e b a c te r iu m  sep ed o n icu m  atcc 9850 . Glucose appeared to be metabolized by 
this organism extensively by way of the PC pathway, as shown by the fact that, with 
glucose as substrate, the conversion of C-2 and C-3 of glucose was only slightly less 
quick and extensive as compared with that of C-l. Similar results were obtained in 
the gluconate experiments. Since the conversion of the C-4 of glucose to C02 was 
also quick and extensive, the EMP pathway was presumably also playing a role in 
the over-all catabolism of glucose.

C o ry n e b a c te r iu m  x e ro s is  atcc 7084. Both glucose and gluconate appear to be 
catabolized by this organism extensively, if not exclusively, by way of the PP and 
PC pathways. This conclusion was supported by the extensive conversion of C-2 and 
C-3 of glucose or gluconate to C02, with the extents of conversion only slightly less 
than that cf the C-l of either substrates. The slow conversion of C-4 and C-6 of 
glucose or gluconate to respiratory C02 indicated that the catabolism of the glyceralde- 
hyde-3-P, derived from the PP and PC pathways, was much limited in extent. However, 
a significant amount of C-6 of these substrates was incorporated into cellular con
stituents, a fact which reflected the important role played by glyceraldehyde-3-P in 
the biosynthetic functions.

On the basis of the foregoing analysis of the data, the relative participation of 
concurrent primary glucose pathways in the various organisms can be estimated by 
the method of Wang & Krackov (1962). The definition of the term ‘primary glucose 
pathway’ is that defined by Wang & Krackov (1962) and by Wang (1964). The estimated 
values for tne relative participation of concurrent pathways are given in Table 2. The 
pathway estimations presented in Table 2 represent only a crude assessment of the
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relative participation of the concurrent pathways. This is so because the derivation 
of the equations for the pathway estimation, when applied to the organisms used in 
the present work, does not cover complicating factors such as the operation of the 
trióse recombination pathway and the incorporation of intact glucose into cellular 
constituents, etc. Nevertheless, these complicating factors should not affect greatly 
the estimated values for participated pathways.
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Table 2. E s tim a te d  r e la tiv e  p a r t ic ip a tio n  o f  co n cu rren t g lu c o se  p a th w a y s  
in f i v e  C o ry n e b a c te r iu m  s tra in s

Relative participation of 
primary glucose pathways 
(% of the given substrate 

glucose)
,--------------- *— 5 Extent of pentose

Strain EMP* PP* cycle operation
C. hoagii atcc 7005, human 78 22 Limited
C. tritici atcc 11608, plant 70 30 Limited
C. equi atcc 7698, animal 62 38 Extensive
C. sepedonicum atcc 9850, plant 44 56 Extensive
C. xerosis atcc 7084, human 15 85 Extensive

* The relative participation of the PP pathway in over-all glucose catabolism, as estimated by 
the method of Wang & Krackov (1962), was calculated in a direct manner and is hence a more 
reliable piece of information. On the other hand, the relative participation of the EMP pathway was 
estimated by difference and is subject to inaccuracies due to complicating factors. For C. xerosis 
atcc 7084, it is possible that the EMP pathway did not play a role in the utilization of glucose.

DISCUSSION
Despite the classification of the five strains of organisms used in the present study 

in the genus C o ry n e b a c te r iu m , the present findings indicate that there is marked 
differences in the catabolic mechanism of glucose catabolism between C o ry n e b a c te r iu m  
h o a g ii atcc 7005 and C . tr i t ic i atcc 11408. Both organisms use markedly for glucose 
catabolism, the EMP pathway and to a lesser extent the PP pathway. The pentose 
phosphate derived from glucose via the PP pathway was not used to any significant 
extent in the PC relations. Such a catabolic behaviour resembles closely that found 
with strains of A r th r o b a c te r  g lo b ifo rm is  atcc 8010 and A . u rea fa c ien s atcc 7562. 
On the other hand, the organisms C. eq u i atcc 7698, C . sep ed o n icu m  atcc 9350 and 
C. x e r o s is  atcc 7084 displayed a significantly different catabolic behaviour with 
regard to both glucose and gluconate. In these three strains, the PP pathway played 
a more important role in glucose catabolism in comparison to the EMP pathway, and 
the pentose derived from glucose via the PP pathway was engaged in extensive 
catabolism via the PC pathway. In the case of C . x e ro s is  atcc 7084 the organism 
used heavily, if not exclusively, the PC pathway for glucose utilization. Such a catabolic 
behaviour resembles very much that found with several Acetobacter species (Kitos 
e t  a l. 1958; Wang & Bjerre, 1961).

On the basis of the present findings, it appears that the five strains of the genus 
C o ry n e b a c te r iu m  studied can be grouped in three categories. The strains C. h o a g ii  
atcc 7005 and C. tr i t ic i atcc 11408 appear to belong to a category with catabolic 
behaviour for glucose and gluconate utilization resembling that of some of the
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Arthrobacter strains typified by Arthrobacter globiformis atcc 8010 (Zagallo & Wang,
1962). The strains C. equi atcc 7698 and C. sepedonicum atcc 9850 tested here resemble 
each other in that glucose is utilized by a more or less equal contribution of the EMP 
and PC pathways. The strain C. xerosis atcc 7084 is distinct in its catabolic behaviour 
for both glucose and gluconate, with the PC pathway being the predominant route, 
as in some strains of Acetobacter and Gluconobacter.

The grouning of the Corynebacterium strains examined here by their biochemical 
behaviour, particularly their catabolic behaviour, does not seem to be related to the 
sources from which these organisms were initially isolated. Inasmuch as the cell wall 
compositions of the respective strains included in the present study are not known, it 
is not possible to correlate the present findings with the taxonomic classifications on 
cell wall compositions.

This work was supported by a grant from the National Institutes of Health, 
U.S. Public Health Service (Grant no. AI 01144-11).
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The Short Forms and Long Forms o f Proteus

By H. E. JONES* and R. W. A. PARK
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{Accepted for publication 12 January 1967)

SUMMARY
Swarming long forms of Proteus arose from short forms at the edge of 

a colony on nutrient agar. Specialized small pre-swarmer forms were not seen.
The long forms contained many nuclear units and did not have cross walls 
while actively swarming. Long forms were not found in liquid media. 
Chemical analysis of short and long forms showed that cell walls of the 
two forms had qualitatively the same amino acid composition and that 
inhibition of DNA synthesis was not responsible for the formation of long 
forms. Long forms differed from short forms in having no detectable amino 
acid pool, a characteristic that may be associated with excessive flagellar 
synthesis by developing long forms.

INTRODUCTION
In a previous paper (Jones & Park, 1967) it was mentioned that the swarming of 

Proteus is always associated with a change in morphology from short to long forms. 
Reports in the literature are not in agreement about the morphological events which 
lead to the formation of swarming long forms of Proteus on agar media. Klieneberger- 
Nobel (1947) reported that the long forms arose from small uninucleate organisms 
formed by division of the short, relatively wide organisms present during the early 
stages of growth on nutrient agar. These small ‘pre-swarmer’ forms were not observed 
by Moltke (1927), Russ-Miinzer (1935), Kvittingen (1949a, b), Hughes (1957) or 
Hoeniger (1964). Kvittingen (1949b) and Hughes (1957) reported a high mortality 
rate amongst long forms. Hughes considered that swarming long forms of Proteus 
were morphologically indistinguishable from long forms induced by penicillin; this 
view was not held by Hoeniger (1964, 1966). Reports also differ about the formation 
of long forms in nutrient broth cultures. Russ-Miinzer (1935) and Klieneberger-Nobel
(1947) did not detect long forms in nutrient broth cultures but Kvittingen (1949 a) 
reported them to exist in large numbers after growth for 6 hr at 37°.

Changes in morphology of micro-organisms have often been shown to be accom
panied by alterations in the amount of specific cell components present or in their 
composition. Alterations in amino acid pools during formation of protoperithecia 
in Neurospora crassa (Barbesgaard & Wagner, 1959), during multicellular differenti
ation of Dictyostelium discoideum (Wright & Anderson, 1960) and during fruiting-body 
formation in Myxococcus xanthus (Dworkin, 1963) have been reported. Senthe- 
Shanmuganathan & Nickerson (1962) found differences in cell-wall composition as 
between triangular and ellipsoidal forms of Trigonopsis variabilis. Similarly, Bartnicki-

* Present address: Department of Microbiology, Yale University, New Haven, Connecticut, U.S. A.
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Garcia & Nickerson (1962) showed that conversion of Mucor rouxii from filamentous 
to yeast-like growth resulted in a change in cell-wall composition.

Many agents which induce filament formation in Gram-negative bacteria interfere 
with some aspect of cell-wall formation (e.g. penicillin, Duguid, 1946; Rogers & 
Mandelstam, 1962) or with synthesis of deoxyribonucleic acid (e.g. phenethylalcohol, 
Berrah & Konetzka, 1962; nalidixic acid, Goss, Deitz & Cook, 1964; high hydrostatic 
pressure, ZoBell & Cobet, 1964).

The present paper describes morphological and cytological events during sequential 
stages of growth of Proteus on agar media and in liquid media and reports on a 
comparison of the chemical composition of cell fractions of short and long forms, which 
was done to see whether a chemical basis could be found for the differences between 
non-swarming and swarming organisms.

METHODS
Organisms. Proteus mirabilis n c d o  1881 was used for investigations on morphology 

and cytology of organisms. Proteus vulgaris n c d o  1882 was used for comparing the 
chemical composition of short and long forms. The maintenance of strains and the 
preparation of suspensions of organisms for inoculation were as described by Jones & 
Park (1967).

Media. The media used were as described by Jones & Park (1967).
Examination of cultures at sequential stages o f growth. Twenty plates of nutrient 

agar dried for 1 hr at 37° were inoculated centrally with a drop (0-02 ml.) of a dense 
suspension of bacteria and incubated at 37°. One plate was withdrawn every 30 min. 
and the colony immediately examined with a microscope with a x 40 dry objective. 
After direct observation two impression preparations of segments taken from the 
centre to the edge of the colony were made on coverslips. One preparation was stained 
with dilute carbol fuchsin to show the gross morphology of the organisms, while the 
other was fixed in osmium tetroxide vapour for 3 min. and stained to reveal nuclear 
material by the acid Giesma technique (Robinow, 1942). Because after each 30 min. 
different plates were examined, different organisms were observed at each stage. The 
assumption was made that at any given time the cultures on all plates were at the 
same stage of development. From examination of the plates by eye it appeared that 
this assumption was valid, because swarms occurred at the same time on all plates used.

To foliov/ the development of Proteus in liquid medium small volumes of nutrient 
broth in 1-shaped vessels were inoculated and incubated in a water bath at 37°. For 
each experiment one vessel was left stationary while the other was shaken in an 
attempt to make the degree of aeration similar to that of surface cultures on nutrient 
agar. Smears prepared from each vessel every 30 min. were stained with dilute carbol 
fuchsin and examined with the microscope.

Organisms from various cultures were examined for flagella after staining by the 
method of Rhodes (1958). Attempts were made to demonstrate cross walls in long 
forms of Proteus by the tannic acid + crystal violet method (Robinow, 1944) and the 
methods of Chance (1953) and Webb (1954). No cross walls were seen but, because the 
staining of walls of Gram-negative bacteria is often difficult, it was thought that the 
walls might be present but unstained. The plasmolysis method of Powell (1958) for 
detecting septation was therefore used to examine long forms from the moving edge 
of swarms.
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Collection of short and long forms for chemical analysis. Proteus vulgaris n c d o  1882 
was used for comparing the chemical composition of short and long forms. This strain 
was chosen because it swarmed on nutrient agar at 30° but not at 37° and so could 
also be used to compare short forms grown at a temperature suitable for swarming 
with short forms grown at a temperature which was not suitable.

To obtain a yield of short forms a sample of bacterial suspension (0-3 ml.) was 
spread over the surface of nutrient agar plates (diam. 9 cm.) which had been dried 
for 1 hr at 55°. After incubation for 4'5-5 hr or 24 hr at 30° or 37° organisms were 
harvested and washed twice in aqueous NaCl (0-5 m ) .

Long forms were collected from the swarming edge of colonies because this was 
the only way in which they could be obtained virtually free from short forms. In our 
hands the method used by Hoeniger (1965) to obtain long forms for electron micro
scopy gave a mixture of both forms. Nutrient agar plates (14 cm. diam.) were 
inoculated by placing a disc of filter paper (5-3 cm. diam.) soaked in a suspension of 
organisms at the centre of each plate. After incubation for 11 hr at 30° the second 
zone of each swarm was approaching the edges of the plates. The outer 5 mm. of this 
moving zone consisted almost entirely of long forms and was harvested by removing 
the nutrient agar from inside this zone, so leaving the outer 5 mm. of swarm and the 
uncovered agar surface intact on each plate. The swarming organisms were collected 
by washing them off the agar with NaCl ( 0 - 5m ) .  The washings from several plates were 
pooled and centrifuged and the sediment stored at — 20°. Long forms obtained over 
several weeks by many repetitions of this process were pooled, washed twice with 
aqueous NaCl (0-5m )  and kept at —20°. The amount of long forms collected by this 
method was small (0-34 g. wet wt), but unwanted short forms were rare (PI. 1, fig. 1).

Preparation of cell fractions. Because it was possible to collect only a small quantity 
of long forms, cell fractions were obtained in sequence from one batch of organisms. 
The sequence of Roberts et al. (1957) was used, but the methods for obtaining the 
fractions differed. The procedure is summarized in Fig. 1.

Analysis o f cell fractions. Supernatant fluids which contained free amino acids 
were dried in vacuo over solid NaOH and the residues dissolved in small volumes 
of isopropanol + water (10 + 90, by vol.). Cell walls were hydrolysed in 6 n-HC1 in 
tightly capped 1 oz. McCartney bottles for 20 hr at 105°. Hydrolysates were evaporated 
to dryness over a water bath, taken up in distilled water, again evaporated to dryness, 
and the amino acid residues dissolved in small volumes of isopropanol + water 
(10 + 90, by vol.). Free amino acids and cell-wall amino acids were identified by 
two-dimensional descending paper chromatography. Two solvent systems were used:
(i) «-butanol + glacial acetic acid+ water (60+15 + 25, by vol.), followed by ethanol + 
ammonia + water (90 + 5 + 5, by vol.), on Whatman no. 1 paper; (ii) 72-butanol + 
methyl ethyl ketone + ammonia (sp.gr. 0-880)+water (50 + 30 + 10 + 10, by vol.; 
Wolfe, 1957) followed by «-butanol + glacial acetic acid+water (60+15 + 25, by vol.) 
on Whatman no. 4 paper. Positions of compounds were determined by dipping the 
papers in a solution of ninhydrin (0-5%, w/v) in acetone + water (95 + 5, by vol.). 
Amino sugars were detected by the silver nitrate reagent for sugars (Trevelyan, 
Procter & Harrison, 1950) and by the Elson & Morgan reagent (Smith, 1960).

DNA content was estimated by the diphenylamine method of Burton (1956) with 
herring DNA as standard, and RNA by the orcinol method of Ceriotti (1955) with 
D-ribose as standard.
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Washed organisms
I

Acetic acid (10%, v/v) in water for 2 hr at room 
temperature.

Centrifuge, remove supernatant fluid (Mattick, 
Cheeseman, Berridge & Bottazzi, 1956)

Precipitate
4

Ethanol+water (75 +  25, by vol.) at pH 2-5-3-0 for 
30 min. a: 45°.

Centrifuge, remove supernatant fluid.
Ethanol+ water+ether (37-5+12-5 +  50, by vol.) 

for 15 min. at 45°.
Centrifuge remove supernatant fluid

Precipitate
I

0-5 N-perchloric acid solution for 20 min. at 70°. 
Centrifuge, remove supernatant fluid.
Repeat extraction, centrifuge, remove supernatant 
fluid (Ogur & Rosen, 1950)

Precipitate
I

Ethanol +  water (75 +  25, by vol.). 
Centrifuge, remove supernatant fluid.
Ether. Cenrrifuge, remove supernatant fluid

Precipitate
4

Trypsin (B.D.H., Poole; 0-005%, w/v) in water at 
pH 8-0 for 3 hr at 37°.

Centrifuge, remove supernatant fluid.
Repeat digestion, centrifuge, remove supernatant fluid 

(Park & Hancock, 1960)

> Keep supernatant fluid, which con
tains amino acid pooh

Discard supernatant fluids, which 
contain lipid and protein

Keep supernatant fluids, which 
contain nucleic acids

Discard supernatant fluids, which 
contain residual perchloric acid

|---------------------------------------------------------> Discard supernatant fluids, which
Prec pitate contain residual protein as soluble

I peptides

Wash three times in distilled water to remove residual 
trypsin solution

4
Cell walls from which much of the sugar content would have been removed during 
the fractionation procedure

Fig. 1. Summary of the procedure for separation of cell fractions.

RESULTS
Morphology and cytology of organisms at sequential stages of growth 

The stages of growth on nutrient agar before swarming were: (1) enlargement of 
the small coccoid organisms of the inocula to typical short forms each with 2-4 
nuclear units; (2) multiplication of these short forms; (3) elongation of short forms 
at the edge of the colony after incubation for 3-3-5 hr to give long forms which



moved around each other. At stage 3 swarming then started and was visible to the 
unaided eye when the culture had been incubated for a total of 4 hr. The long forms 
moved across the nutrient agar surface en m a sse  or occasionally in groups detached 
from the advancing edge. This observation agrees with that described by Hoeniger
(1964). The development of a mass of small uninucleate ‘pre-swarmer’ forms as 
reported by Klieneberger-Nobel (1947) was not observed.

The number of nuclear units per organism depended on the length of the organism. 
Long forms were up to 70 ¡i long and had up to 46 nuclear units. The acid Giemsa 
technique thus indicated that DNA synthesis had not been inhibited (PI. 1, figs. 2, 3). 
Cell-wall stains and plasmolysis experiments indicated that long forms had no 
cross walls; none were seen after staining for cell walls and on plasmolysis the proto
plasm of each long form showed as only one unit. It was concluded that cell division 
was prevented at some stage before the formation of cross walls. Hoeniger (1966) 
did not see cross walls in Proteus long forms but did demonstrate separate units of 
protoplasm by plasmolysis followed by fixation and staining with thionin. Flagella 
appeared on the short forms after incubation on nutrient agar for 3 hr. The long forms 
which subsequently developed at 30° usually had more flagella per unit length of 
organism than did short forms, but detachment of flagella from organisms during 
the staining procedure made comparisons of numbers difficult. Hoeniger (1965), who 
used electron microscopy for observing the flagella of Proteus organisms, showed that 
long forms had more and longer flagella per unit length of organism than did short 
forms.

At no time during incubation for 10 hr, after 24 hr or after 48 hr were long forms 
seen in samples from cultures in shaken nutrient broth, in static nutrient broth, in 
static liquid minimal medium plus Casamino acids (1 %, w/v) or in static liquid 
minimal medium plus m/16 L-glutamic acid (Jones & Park, 1967); all these media, 
when solidified with agar, supported swarming. Long forms in liquid media have 
been reported by Kvittingen (1949 a).

C h e m ic a l c o m p o s itio n  o f  c e ll  f r a c t io n s  o f  sh o r t a n d  lo n g  f o r m s

Free amino acids were not found in the acetic acid extract from long forms. This 
indicated either that free amino acids were not present in long forms or that they had 
been lost during the collection procedure. Loss might have occurred because the cell 
envelope of long forms was naturally more permeable than was that of short forms or 
because it was made permeable by the freezing and thawing associated with the 
collection procedure. The free amino acids found in short forms are shown in Table 1. 
Preparations from short forms grown for 24 hr were added to chromatograms at five 
times the concentration of those from organisms grown for 4-5-5 hr because of the 
weak reaction with ninhydrin of the acetic acid extracts from organisms grown for 
24 hr. There was no qualitative difference in the free amino acids obtained from 
cultures grown for the same time at 30° or 37°, but there was more amino acid material 
in organisms grown for 4-5 hr than in organisms grown for 24 hr. A larger variety of 
free amino acids is typical of young cultures of bacteria (Berridge, Cheeseman, 
Mattick & Bottazzi, 1957; Gregory & Mabbitt, 1957). The occurrence of /9-alanine 
and lysine as the major free amino acids from 24 hr cultures is unusual. /9-Alanine is 
found as a major component in fungi (Holden, 1962) but so far as we are aware in 
bacteria it has been found only in C o ry n e b a c te r iu m  d ip h th eria e  (Work, 1949). The
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presence of the amino sugar, which was probably glucosamine, is interesting since we 
have found no other reports of amino sugars in amino acid pools from bacteria or 
fungi. However, perhaps some of the ‘unknown’ spots often reported on chroma
tograms of amino acid pools are amino sugars.
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Table 1. Free amino acids obtained from short forms of 
Proteus vulgaris ncdo1882 grown on nutrient agar

Increasing number of +  signs indicates increasing amounts of amino acid determined 
visually by intensity of colour formed with ninhydrin. ±  indicates colour just detectable. 
Because of differences in spot sizes between different amino acids on the chromatograms 
comparisons of concentrations made across the table are more valid than those made 
vertically. Amino acid pools from organisms grown for 24 hr were added to chromatograms 
at five times the concentration of amino acid pools from organisms grown for 4 5 hr.

Short forms Short forms Short forms Short forms
collected after collected after collected after collected after

Compound
growth for 

4-5 hr at 37°
growth for 

4-5 hr at 30°
growth for 
24 hr at 37°

growth for 
24 hr at 30°

Alanine +  +  + +  +  + — —
/i-alar.ine + + +  +  + +  +  +  +  +
Arginine + + - -
Aspartic acid + + + +
Citrulline or glutamine + + - -
Diaminopimelic acid +  + +  + ± ±
Glutamic acid +  +  +  +  + +  +  +  +  + ± +
Glycine +  + +  + - -
Lysine +  + +  + +  + +  +  +
Leucine or isoleucine +  + +  + — —
Methionine + + — —
Phenylalanine + + - -
Proline 1 1 — —
Serine + + — —
Threonine + + - —
Tyrosine + ± - -
Amino sugar +  +  + +  +  + +  +  + +  +  +  +

The results of nucleic acid estimations expressed as mg./g. wet wt organism, and 
as DNA/RNA ratios are given in Table 2. Expressing DNA as a fraction of RNA 
overcomes inaccuracies due to loss of organisms in the extraction procedures. There 
was not sufficient material from long forms for the results to be expressed in terms of 
wet wt organisms. Short forms from colonies grown for 4-5 hr and long forms gave 
the same DNA/RNA ratio. This similar ratio confirms the cytological finding that 
the formation of the long forms was not a result of inhibition of DNA synthesis. 
Short forms from colonies grown for 24 hr had a higher DNA/RNA ratio due to 
a decrease in the amount of RNA. This result is consistent with those reported for 
other washed resting bacteria (Mitchell & Moyle, 1951; Wade & Morgan, 1957).

The amino acids found in cell-wall hydrolysates (alanine, arginine, aspartic acid, 
diaminopimelic acid, glutamic acid, glycine, histidine, lysine, leucine and/or isoleucine, 
methionine, phenylalanine, proline, serine, threonine, tyrosine, valine, a trace of 
citrulline, an amino sugar) were, with one exception, the same as found by Kandler, 
Hund & Zehender (1958) in cell walls of Proteus vulgaris; however, Kandler et al. 
did not find arginine. We found no qualitative difference between the amino acid 
content of cell walls from short and long forms. Insufficient long-form material was 
available for a reliable quantitative estimation to be made.
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DISCUSSION
Swarming long forms of Proteus were produced on nutrient agar, at the edge of 

colonies, but not in nutrient broth. The relationship between growth rate and swarming 
(Jones & Park, 1967) suggests that long forms occur only at the edge of a colony 
because it is there that nutrients are most readily available and organisms can grow 
fastest. It is not known why long forms occur on agar-solidified media but not in 
either static or agitated liquid media. It seems unlikely that the difference is due to 
the chemical nature of agar or to impurities in it. Hauser (1885) found long forms on

Table 2. Estimations o f DNA and RNA in short and long forms of 
Proteus vulgaris n c d o  1882 grown on nutrient agar

DNA
RNA

expressed as mg.
DNA/RNA  

ratio i.e. mg.
expressed as purine-bound DNA per 1 mg.

mg./g. wet wt ribose/g. wet wt of purine-bound
organism organism ribose of RNA

Short forms collected after growth 6-6 116 0-59
for 4-5 hr at 37°

Short forms collected after growth 81 15-6 0-54
for 4-5 hr at 30°

Short forms collected after growth 8 0 1-3 5-94
for 24 hr at 37°

Short forms collected after growth 9-9 4-7 206
for 24 hr at 30°

Long forms collected from second * * 0-64
zone of swarm at 30°

* Insufficient material available for accurate weighing.

media solidified with gelatin and Jones (1966) found long forms on media solidified 
with either New Zealand agar (Davis) or purified agar (Difco). Jones (1966) also 
found that swarming occurred on agar media to which 0-5 % (w/v) charcoal or starch 
had been added to adsorb impurities such as fatty acids (Pollock, 1947), but Smith & 
Alwen (1966), who used 1 % (w/v) charcoal did inhibit swarming of Proteus. However, 
it seems that the important effect of agar so far as the swarming of Proteus is concerned 
is to change the physical state of the medium.

Thus long forms appear to develop because cell division is inhibited at some stage 
before the formation of cross walls, and not because synthesis of DNA is inhibited. 
Long forms differ from short forms harvested from young cultures on nutrient agar; 
the long forms have more flagella per unit length of organism and no free amino acid 
pool. The formation of long forms with many flagella in a Proteus culture on a solid 
medium may be considered as an event arising from a ‘discontinuous biochemical 
process’ similar to that postulated by Quadling & Stocker (1957) to explain the 
occurrence of rare motile bacteria in cultures of non-motile salmonellae. We suggest 
that the formation of long forms and the formation of many flagella are not inde
pendent processes but that one is dependent on the other. At an appropriate growth 
rate (Jones & Park, 1967) flagella synthesis or perhaps the synthesis of flagella- 
synthesizing sites becomes uncontrolled, and this results in a decrease in the amino 
acid pool, so that cell division is prevented by a shortage of amino acids or some 
other intermediate needed for the cell-division mechanism. The resultant long, heavily
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flagellate forms are able to move over the surface and so spread to hitherto unpopulated 
areas of agar where synthesis of flagella ceases, and division is resumed to give 
short forms once more.
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EXPLANATION OF PLATE

Fig. 1. A  representative sample o f the harvest o f organisms from the swarming edge o f  cil tures 
o f Proteus vulgaris ncdo  1882; stained with dil. carbol for 30 sec. The harvest consisted almost 
entirely o f long forms. Scale on photograph.
Figs. 2, 3. Impression preparations o f P roteus m irabilis n c d o 1881 grown on nutrient agar 
at 37° and stained by the acid Giemsa method to show nuclear material (dark areas). 
Fig. 2. Organisms from the edge o f a culture after incubation for 2-5 hr : scale on photograph. 
Fig. 3. Organisms from the swarming edge o f a culture after incubation for 4  hr: scale on 
photograph.
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The Influence o f Medium Composition on the Growth 
and Swarming o f Proteus

B y  H .  E .  J O N E S *  and  R .  W .  A .  P A R K

M icrob io logy  D epartm en t, R eading U niversity

(A cc ep ted  f o r  pu blica tion  12  January  1967 )

SUMMARY

T h e  a b i l i t y  o f  v a r io u s  c o m p o u n d s  t o  s u p p o r t  s w a r m in g  o f  P r o t e u s  w a s  
d e t e rm in e d  b y  m a k in g  a d d i t io n s  t o  a  m in im a l  m e d iu m  a g a r  o n  w h ic h  
s w a r m in g  d id  n o t  o c c u r .  S w a r m in g  o c c u r r e d  w h e n  a la n in e ,  a s p a r a g in e  
a s p a r t ic  a c id ,  g lu t a m ic  a c id ,  g lu t a m in e ,  p r o l in e  o r  s e r in e  w e re  p re s e n t ,  e i t h e r  
i n d iv id u a l l y  o r  t o g e th e r .  I t  d id  n o t  o c c u r  w h e n  c e r t a in  o t h e r  a m in o  a c  d s  
w e re  a d d e d  i n d iv id u a l l y  t o  m in im a l  m e d iu m  a g a r  b u t  d id  o c c u r  w h e n  th e se  
w e re  a d d e d  t o g e th e r .  T h e  a b i l i t y  o f  a  c o m p o u n d  t o  s u p p o r t  s w a r m in g  w a s  
c o r r e la t e d  w i t h  i t s  a b i l i t y  t o  s e rv e  a s  a  c a r b o n  +  e n e r g y  s o u r c e  a n d  w i t h  th e  
s t im u la t io n  o f  g r o w t h  r a te .  T h e  s w a r m in g  p h e n o m e n o n  is  d is c u s s e d  in  th e  
l i g h t  o f  th e s e  f in d in g s .

INTRODUCTION

M a n y  m e m b e r s  o f  th e  b a c t e r ia l  g e n u s  P ro teu s  e x h ib i t  t h e  p h e n o m e n o n  o f  s w a r m in g  

w h e n  g r o w n  o n  s o l id  m e d iu m  ( P la t e  1). W h e n  in o c u la t e d  a t  th e  c e n t r e  o f  a  p la t e  o f  

s u i t a b le  m e d iu m  a n d  in c u b a t e d  a e r o b ic a l ly  a t  3 0 - 3 7 °  t h e  c u l t u r e  g r o w s  a s  s h o r t  

o r g a n is m s  f o r  a  f e w  h o u r s ;  t h e n  o r g a n is m s  a t  th e  e d g e  o f  th e  c o lo n y  t h u s  f o r m e d  

e lo n g a te  a n d  s p re a d  o v e r  th e  s u r f a c e ,  i.e .  t h e y  s w a rm .  M o v e m e n t  s to p s  a f t e r  1 - 2  h r .  

D i v i s i o n  o f  o r g a n is m s  a t  th e  e d g e  o f  th e  c o lo n y  t h e n  o c c u r s ,  t o  g iv e  s h o r t  o r g a n is m s ,  

a n d  th e  c y c le  is  r e p e a te d .  A l l  o r g a n is m s  b e y o n d  t h e  e d g e  o f  th e  i n i t i a l  c o lo n y  c o n 

s t i t u t e  t h e  s w a rm .  T h e  s w a r m in g  p h e n o m e n o n  o f  P r o t e u s  h a s  b e e n  d e s c r ib e d  b y  

m a n y  w o r k e r s ,  w i t h  s l ig h t  v a r ia t io n s  i n  t h e i r  d e s c r ip t io n s  ( H a u s e r ,  1 8 8 5 ; M o l t k e ,  

1 9 2 7 ; R u s s - M u n z e r ,  1 9 3 5 ;  D ie n e s ,  1 9 4 6 ; K l ie n e b e r g e r - N o b e l ,  1 9 4 7 ;  L o n u n s k i  &  

L e n d r u m ,  1 9 4 7 ; K v i t t in g e n ,  1 9 4 9 a ,  b; H u g h e s ,  1 9 5 7 ; H o e n ig e r ,  1 9 6 4 ; J o n e s ,  1 9 6 6 ). 

T w o  t h e o r ie s  h a v e  b e e n  p r o p o s e d  t o  e x p la in  s w a rm in g .  O n e  is  t h a t  lo c a l  o v e r - p o p u a t io n  

e x h a u s t s  th e  n u t r ie n t s  i n  t h e  a r e a  a n d  t h a t  th e  r e s u l t a n t  g r a d ie n t  o f  n u t r ie n t s  a t  th e  

p e r ip h e r y  e n c o u r a g e s  o u t w a r d  g r o w t h  a n d  m o v e m e n t  ( M o l t k e ,  1 9 2 7 ;  R u s s - M u n z e r ,  

1 9 3 5 ). T h e  o t h e r  t h e o r y  is  t h a t  s w a r m in g  is  a  r e s p o n s e  t o  m e t a b o l ic  p r o d u c t s  w h ic h  

a c c u m u la t e  d u r in g  g r o w t h  o f  th e  n o n - s w a r m in g  o r g a n is m s  ( L o m in s k i  &  L e n d r u m ,  

1 9 4 7 ;  H u g h e s ,  1 9 57 ).
T h e r e  h a v e  b e e n  f e w  s t u d ie s  o f  t h e  e f fe c t  o f  m e d iu m  c o m p o s i t io n  o n  s w a rm in g ,  

a p a r t  f r o m  s tu d ie s  w h ic h  in v o lv e d  a d d i t io n s  o f  i n h ib i t o r s  t o  s t o p  s w a rm in g ,  a n d  a l l  

p r e v io u s  w o r k e r s  h a v e  u s e d  c o m p le x  u n d e f in e d  m e d ia .  W e  f o u n d  t h a t  s w a r m in g  o f  

P ro teu s m irabilis  a n d  P . vulgaris d id  n o t  o c c u r  o n  a  s o l id  m e d iu m  p r e p a r e d  b y  a d d in g  

a g a r  t o  t h e  m in im a l  m e d iu m  o f  F i ld e s  (1 9 3 8 ) , a l t h o u g h  th e  o r g a n is m s  d id  p r o d u c e

* Present address: Department o f Microbiology, Yale University, N ew  Haven, Connecticut, 
U .S.A .



370 H. E. J O N E S  A N D  R. W . A. P A R K

f la g e l la  o n  t h is  m e d iu m .  I t  w a s  t h e r e fo r e  p o s s ib le  b y  m a k in g  a d d i t io n s  t o  F i ld e s  

m e d iu m  t o  d e t e rm in e  th e  a b i l i t y  o f  v a r io u s  c o m p o u n d s  t o  s u p p o r t  s w a rm in g .  I t  b e c a m e  

c le a r  t h a t  m a n y  c o m p o u n d s  w o u ld  s u p p o r t  s w a r m in g ;  th e  e f fe c t  o f  th e s e  c o m p o u n d s  

o n  g r o w t h  w a s  t h e r e fo r e  e x a m in e d .

METHODS

O rganism s. S e v e r a l  P r o t e u s  s t r a in s  w e re  is o la t e d  f r o m  s w a rm s  o n  b lo o d  a g a r  

p la t e s  o b t a in e d  t h r o u g h  th e  c o u r t e s y  o f  D r  T .  D .  M a r t i n  f r o m  th e  P a t h o lo g y  D e p a r t 

m e n t ,  R o y a l  B e r k s h i r e  H o s p i t a l .  T w o  s t r a in s  o f  P ro teu s m irabilis  w e re  c h o s e n  f o r  

d e t a i le d  s t u d y ;  th e s e  w e re  d e p o s it e d  i n  t h e  N a t i o n a l  C o l l e c t io n  o f  D a i r y  O r g a n is m s  

(n c d o 1880 , n c d o 1 8 8 1 ). O n  n u t r ie n t  a g a r  b o t h  s t r a in s  g a v e  z o n e d  s w a rm s  t y p ic a l  

o f  B e ly a v in ’ s (1 9 5 1 )  ‘ A ’ p h a s e  ( ‘ Y ’ v a r ia n t  o f  C o e t z e e  &  S a c k s ,  1 9 6 0 ). M a in t e n a n c e  

w a s  b y  s u b c u l t u r e  e v e r y  4  m o n th s  o n  s lo p e s  o f  s o f t  n u t r ie n t  a g a r  (see  b e lo w )  d is p e n s e d  

i n  s c r e w - c a p p e d  b o t t le s .  A f t e r  in c u b a t io n  a t  37°  f o r  2 4  h r  c u lt u r e s  w e re  s t o r e d  a t  

r o o m  t e m p e r a tu r e .

M edia . A l l  m e d ia  w e re  p r e p a r e d  u s in g  d e m in e r a l iz e d  w a t e r  f r o m  a  m o d e l  8 E  

D e m in r o l i t  t w o - c y l in d e r  io n  e x c h a n g e r  ( P e r m u t it ,  L o n d o n ,  W .  4 ) . N u t r i e n t  a g a r  

c o n s is t e d  o f  (% , w / v ,  i n  w a te r )  p e p t o n e  ( E v a n s ) ,  0 -5 ;  L a b - L e m c o  ( O x o id ) ,  0 -5 ;  N a C l ,  

0 -5 ;  N e w  Z e a la n d  a g a r  ( D a v is ) ,  1 -2 ; p H  7 -2  b e f o r e  a u t o c la v in g  (1 2 1 ° , 2 0  m in . ) .  F o r  

s o f t  n u t r ie n t  a g a r  0 -8  %  (w /v )  a g a r  w a s  u s e d . N u t r ie n t  b r o t h  w a s  o f  t h e  s a m e  c o m 

p o s i t i o n  a p a r t  f r o m  th e  e m is s io n  o f  a g a r .  T h e  l i q u id  m in im a l  m e d iu m  ( M M  l iq u id )  

f o r  P r o t e u s  w a s  t h a t  o f  F i ld e s  (1 9 3 8 )  b u t  N a C l  w a s  in c o r p o r a t e d  t o  e n s u r e  s u f f ic ie n t  

e le c t r o ly t e  f o r  s w a r m in g  o n  s o l id  m e d ia  ( N a y lo r ,  1 9 6 0 ; S a n d y s ,  1 9 60 ). F i v e  s o lu t io n s  

w e re  p r e p a r e d ;  S o lu t io n  a  w a s  K H 2P 0 4, 1 8 -0 g .; ( N H ^ S C ^ ,  2 -0 g .;  N H 4C1 , 2 -0 g .;  

s o d iu m  la c t a t e  ( 7 0 % ,  w / v ,  a q u e o u s  s o lu t io n ) ,  1 6 -0 g .;  i n  1 8 0 0  m l.  w a t e r ;  p H  7 -6  

b e f o r e  a u t o c la v in g  (1 2 1 ° , 2 0  m in . ) : S o lu t io n  b  w a s  F e ( N H 4) 2( S 0 4) 2 . 6 H 20 , .  0 -0 8  %  (w /v )  

i n  n /50  H C 1 ,  s t e r i l i z e d  b y  f i l t r a t io n  t h r o u g h  g la s s :  S o lu t io n  c w a s  M g S 0 4 . 7 H 20 ,  

0 -4  %  (w /v )  in  w a te r ,  s t e r i l i z e d  b y  a u t o c la v in g  (1 1 5 ° , 10  m in . ) : S o lu t io n  d  w a s  n i c o t in i c  

a c id ,  0 - 0 1 2 %  (w /v )  i n  w a te r ,  s t e r i l i z e d  b y  a u t o c la v in g  (1 1 5 ° , lO r n in . ) :  S o l u t i o n e w a s  

N a C l ,  2 4 - 0 %  (w /v )  i n  w a te r ,  s t e r i l i z e d  b y  a u t o c la v in g  (1 21 ° , 2 0  m in . ) .  F o r  u s e , 

s o lu t io n s  a  (3 0  m l. ) ,  b  (1 -5  m l. ) ,  c  (0 -6  m l. ) ,  d  (1 -2  m l. ) ,  e  (1 -2  m l. )  w e re  m ix e d  a n d  

m a d e  t o  6 0  m l.  w i t h  w a t e r  o r  w i t h  a q u e o u s  s o lu t io n s  o f  te s t  m a t e r ia ls .  T o  o b t a in  

a  m in im a l  m e d iu m  a g a r  ( M M  a g a r )  t h e  c o n s t i t u e n t s  o f  s o lu t io n  a  (see  a b o v e )  w e re  

d is s o lv e d  i n  2 0 0  m l.  d e m in e r a l iz e d  w a t e r  a n d  a d d e d  w h i le  h o t  t o  a  h o t  s o lu t io n  o f  

N e w  Z e a la n d  a g a r  ( D a v i s ; 4 3 -2  g . i n  1 6 0 0  m l.  w a te r ) ,  a f t e r  w h ic h  th e  w h o le  w a s  s t e r i l i z e d  

b y  a u t o c la v in g  (1 1 5 ° , 10  m in . ) .  F o r  u s e , 3 0  m l.  o f  t h is  m o lt e n  a g a r  w a s  c o o le d  t o  
6 0 ° , t h e  s a m e  a m o u n t s  o f  s o lu t io n s  b , c , d  a n d  e  a s  g iv e n  a b o v e  w e re  a d d e d ,  a n d  th e  

v o lu m e  m a c e  t o  6 0  m l.  w i t h  w a t e r  o r  w i t h  a q u e o u s  s o lu t io n s  o f  te s t  m a te r ia ls .

P la t e s  w e re  p r e p a r e d  b y  p o u r in g  a b o u t  15  m l.  m o lt e n  m e d iu m  a t  5 5 °  in t o  g la s s  

P e t r i  d is h e s  ( d ia m .  9  c m . )  a n d  d r y in g  o p e n  f o r  2  h r  a t  3 7 ° . T h e y  w e re  u s e d  w i t h in  
2 4  h r .

Inoculum . O r g a n is m s  f r o m  a  n u t r ie n t  a g a r  s lo p e  c u l t u r e  in c u b a t e d  a t  3 7 °  f o r  2 4  h r  

w e re  w a s h e d  o n c e  i n  \  s t r e n g th  R in g e r  s o lu t io n  (5 0  m l. )  a n d  t h e n  s u s p e n d e d  in  

3 m l .  i  s t r e n g th  R in g e r  s o lu t io n  t o  g iv e  a  d e n s e  s u s p e n s io n .  E a c h  in o c u lu m  w a s  

te s te d  t o  see  t h a t  i t  c o n s is t e d  o f  o r g a n is m s  i n  t h e  A ( Y )  p h a s e  (see  a b o v e )  b y  in o c u la t io n  

o n  tw o  n u t r ie n t  a g a r  p la t e s  a n d  e x a m in a t io n  a f t e r  in c u b a t io n  t o  c o n f i r m  t h a t  a  z o n e d  
s w a r m  w a s  p r o d u c e d .
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D eterm ination  o f  a b ility  o f  various com pounds to  serve a s carbon +  energy sources 
andlor n itrogen sources in agar m edia . F o r  e a c h  m e d iu m  t w o  p la t e s  p e r  s t r a in  w e re  

in o c u la t e d  b y  p u t t in g  o n e  d r o p  (0  0 2  m l. )  o f  b a c t e r ia l  s u s p e n s io n  o n  t h e  a g a r  s u r fa c e .  

A f t e r  s p e c i f ie d  p e r io d s  o f  in c u b a t io n  t h e  a m o u n t  o f  g r o w t h  a t  th e  s it e  o f  t h e  d r o p  

in o c u lu m  w a s  c o m p a r e d  v i s u a l l y  w i t h  t h a t  o n  a  c o n t r o l  m e d iu m  a p p r o p r ia t e  t o  th e  

e x p e r im e n t .  T h e  r e s u lt s  o b t a in e d  i n  t h is  w a y  a g re e d  w i t h  r e s u lt s  o b t a in e d  i n  o t h e r  

e x p e r im e n t s  w h e r e  t h e  a b i l i t y  o f  a  m e d iu m  t o  s u p p o r t  g r o w t h  w a s  a s c e r t a in e d  b y  

m e a s u r in g  th e  s iz e  o f  t h e  w e l l - is o la t e d  c o lo n ie s ,  e x c lu d in g  a n y  s w a rm s ,  o n  s t r e a k  

p la te s .

E stim ation  o f  grow th  ra te  in liqu id  m edia . S a m p le s  o f  e a c h  m e d iu m  (1 0  m l. )  w e re  

p la c e d  i n  a  c o n ic a l  f la s k  (1 0 0  m l. )  w h ic h  h a d  a  s id e  a r m  m a d e  f r o m  a  te s t  tu b e .  

I n o c u lu m  (0 -5  m l. )  w a s  a d d e d  a n d  th e  f la s k s  s h a k e n  a t  1 1 0 -1 2 0  c y c . / m in .  i n  a  w a t e r  

b a t h  a t  3 7 ° . A t  in t e r v a ls  o f  3 0  m in .  f la s k s  w e re  r e m o v e d  f o r  t u r b id i t y  m e a s u r e m e n ts  

a n d  t h e n  q u ic k ly  r e p la c e d .  M e a s u r e m e n t s  w e re  m a d e  b y  t ip p in g  e a c h  f la s k  t o  g e t  th e  

c u l t u r e  i n  t h e  s id e  a r m  w h ic h  w a s  t h e n  p u t  i n  a  n e p h e lo m e t e r  ( E v a n s  E le c t r o s e le n iu m ,  

H a ls t e a d ,  E s s e x ) .  T h e  in s t r u m e n t  w a s  a d ju s t e d  a t  t h e  s t a r t  o f  e a c h  e x p e r im e n t  t o  

a  s e n s i t iv i t y  t h a t  g a v e  a  s t r a ig h t - l in e  r e la t io n s h ip  o v e r  a  w id e  r a n g e  b e tw e e n  t u r b id i t y  

a n d  lo g 2 d i l u t i o n  o f  a  s u s p e n s io n  o f  o r g a n is m s .  G e n e r a t io n  t im e s  w e re  o b t a in e d  f r o m  

r e a d in g s  w i t h in  t h is  ra n g e .

The swarming o f Proteus

R E S U L T S

S u rvey  o f  substances to  determ ine their a b ility  to  su pport sw arm ing

B y  u s in g  a  m o d i f i c a t io n  o f  th e  a u x a n o g r a p h ic  t e c h n iq u e  ( B e y e r in c k ,  1 8 8 9  , P o n t e -  

c o r v o ,  1 9 4 9 ) , v i t a m in - f r e e  a c id  h y d r o ly s e d  c a s e in  ( C a s a m in o  a c id s ,  D i f c o ) ,  y e a s t  

e x t r a c t  ( D i f c o ) ,  y e a s t  n u c le ic  a c id  ( K o c h - L ig h t s )  o r  a  m ix t u r e  o f  10  w a t e r - s o lu b le  

v ita m in s  w e re  t e s te d  f o r  a b i l i t y  t o  s u p p o r t  s w a rm in g .  A  s m a l l  a m o u n t  o f  o n e  o f  th e se  

s u b s ta n c e s  w a s  p u t  o n  a  P r o t e u s  in o c u lu m  s t r e a k e d  a c r o s s  th e  c e n t r e  o f  a  p la t e  o f  

M M  a g a r  ( F ig .  1) w h ic h  w a s  t h e n  in c u b a t e d  a t  3 7 ° . P la t e s  t r e a t e d  i n  t h is  w a y  w e re  

e x a m in e d  a f t e r  15  h r  a n d  4 0  h r  t o  see  w h e th e r  a n y  s w a r m in g  h a d  o c c u r r e d .  S w a r m in g  

o c c u r r e d  w i t h  C a s a m in o  a c id s  a n d  w i t h  y e a s t  e x t r a c t  b u t  n o t  w i t h  th e  o t h e r  s u b s ta n c e s .  

E x a m in a t io n  o f  t h e  s w a rm s  s h o w e d  t h a t  t h e y  w e re  s im i la r  t o  t h o s e  p r o d u c e d  o n

Petri dish which 
contains minimal

Fig. 1. Diagram to show the technique used to determine the ability 
of substances to support swarming.

24 G. Microb. 47
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n u t r ie n t  a g a r ;  z o n e s  w e re  p r e s e n t  a n d  t h e  s w a r m in g  e d g e s  c o n s is t e d  o f  lo n g  f o r m s .  

B e c a u s e  t h e  C a s a m in o  a c id s  p r e p a r a t io n  w a s  v i t a m in - f r e e  a n d  b e c a u s e  s w a r m in g  

d id  n o t  o c c u r  w i t h  th e  m ix t u r e  o f  10  v i t a m in s  i t  w a s  t h o u g h t  t h a t  s w a r m in g  i n  th e  

p re s e n c e  o f  C a s a m in o  a c id s  o r  o f  y e a s t  e x t r a c t  w a s  d u e  t o  t h e  a m in o  a c id  c o n t e n t  o f  

th e s e  p r e p a r a t io n s .  A  s u b s e q u e n t  e x p e r im e n t  s h o w e d  t h a t  s im i la r  s w a rm s  o c c u r r e d  

in  t h e  p re s e n c e  o f  a  m ix t u r e  o f  2 2  a m in o  a c id s  ( l is t e d  b e lo w ) .

A  m o r e  d e ta ile d  s tu d y  w a s  th e n  m a d e  to  d e term in e  w h eth er  th e  s t im u la tio n  o f  
sw a rm in g  w a s  d u e  t o  a n y  p a rticu la r  a m in o  a c id  o r  g ro u p  o f  a m in o  a c id s . A q u e o u s  
so lu t io n s  o f  s in g le  a m in o  a c id s , a d ju sted  to  p H  7 -2 -7 -8  w ith  N a O H , w ere  th e n  te s te d  
a t  m / 16 a n d  m / 128 o f  th e  l  is o m e r  b y  a d d it io n  to  M M  ag a r  b e fo r e  p la te s  w ere  
p rep a red . W h e n  o n ly  D L -m ixtures w ere  a v a ila b le  th e se  w ere  a d d e d  to  g iv e  th e  req u ired  
c o n c e n tr a t io n  o f  L -isom er, s in ce , a lth o u g h  n o  o th e r  D -a m in o  a c id s  w ere  te s te d , i t  h a d  
b e e n  sh o w n  th a t  D -g lu ta m ic  a c id  d id  n o t  a ffec t th e  a b ility  o f  L -g lu ta m ic  a c id  to  
su p p o r t sw a rm in g . F o r  e a ch  stra in  d u p lic a te  p la te s  o f  e a c h  m e d iu m  w ere  in o c u la te d  
b y  p u tt in g  1 d r o p  (0 -0 2  m l.)  o f  in o c u lu m  o n  a  d isc  o f  filter  p a p er  (d ia m . 5 m m .)  w h ic h  
w a s a t  th e  cen tre  o f  th e  p la te . A fte r  15 hr a n d  4 0  h r  a t  37° p la te s  w ere  e x a m in e d  a n d  
a n y  sw a rm s p r o d u c e d  w ere  m ea su red  a lo n g  tw o  ra d ii fr o m  th e  e d g e  o f  th e  filter  p a p er  
to  th e  e d g e  o f  th e  sw a rm . N o  reco rd  w a s  m a d e  o f  th e  n u m b e r  o f  z o n e s  p er  sw a rm . 
S w a rm s w ere  p r o d u c e d  o n  p la te s  w h ic h  c o n ta in e d  L -g lu ta m ic  a c id , L -asp artic  a c id , 
D L-serine, L -p ro lin e , D L -a -a la n in e , L -asp arag in e  o r  L -g lu ta m in e , b u t  th e se  w ere  n a rro w er  
th a n  sw a rm s o n  p la te s  w h ic h  c o n ta in e d  a ll th e se  7  a m in o  c o m p o u n d s  to g e th e r  o r  
C a sa m in o  a c id s . N o  sw a rm in g  o ccu rred  o n  p la te s  w h ic h  c o n ta in e d  a n y  o n e  o f  th e  
fo l lo w in g :  g ly c in e , D L -v a lin e ,D L -leu c in e ,D L -iso leu c in e ,D L -/? -p h en y la la n in e ,L -ty ro sin e , 
D L -m eth io n in e , L -cy ste in e  H C 1, L -cystin e, L -th reo n in e , L -lysine HC1, L -h istid in e  H C 1, 
L -argin in e H C 1, L -h y d ro x y p ro lin e , D L -a -a m in o b u ty r ic  a c id . H o w e v e r , sw a rm s w ere  
p r o d u c e d  w h e n  th e s e  la tter  a m in o  a c id s , w ith  th e  o m is s io n  o f  a -a m in o b u ty r ic  a c id  
(w h ic h  in h ib ite d  g r o w th ) w ere  in c o r p o r a te d  to g e th e r  in  M M  a g a r  a t m / 2 5 6  o f  ea ch  
a m in o  a c id .

A b ility  o f  am ino acids to  serve as carbon  +  energy sources and/or nitrogen  
sources in agar m edia

T h e  w o r k  d e s c r ib e d  a b o v e  s h o w e d  t h a t  s t im u la t io n  o f  s w a rm in g  b y  th e  m ix t u r e  o f  

2 2  a m in o  a c id s  w a s  n o t  d u e  t o  a n y  s in g le  a m in o  a c id  o r  t o  a  s p e c if ic  g r o u p  o f  a m in o  

a c id s .  I t  w a s  t h o u g h t  t h a t  t h e  a m in o  a c id s  m u s t  a c t  i n  s o m e  n o n - s p e c i f ic  w a y ,  s o  th e  

p o s s ib i l i t y  t h a t  t h e re  w a s  a  r e la t io n s h ip  b e tw e e n  s w a r m in g  a n d  in c r e a s e d  g r o w th  

r e s u l t in g  f r o m  m e t a b o l is m  o f  a d d e d  a m in o  a c id s  w a s  c o n s id e r e d .  T h e  v a r io u s  a m in o  

a c id s  s t u d ie d  w e re  e x a m in e d  f o r  t h e i r  a b i l i t y  t o  s e rv e  a s  c a r b o n  +  e n e rg y  s o u r c e s  a n d / o r  

n i t r o g e n  s o u r c e s  w h e n  a d d e d  t o  M M  a g a r  l a c k in g  s o d iu m  la c t a t e  a n d  M M  a g a r  

l a c k in g  N H 4C 1  a n d  ( N H 4) 2S 0 4, r e s p e c t iv e ly .  T h e  r e s u lt s  ( T a b le  1) s h o w e d  t h a t  o n ly  

t h r e o n in e  a n d  t h e  7 a m in o  a c id s  w h ic h  s u p p o r t e d  s w a r m in g  w h e n  a d d e d  t o  c o m p le t e  

M M  a g a r  a c t e d  a s  c a r b o n  +  e n e rg y  s o u rc e s .  F i f t e e n  a m in o  a c id s ,  in c lu d in g  a l l  t h o s e  

w h ic h  s e r v e d  a s  c a r b o n + e n e rg y  s o u rc e s ,  w e re  e a c h  a n  e f fe c t iv e  s o u r c e  o f  n i t r o g e n .  

S ix  a m in o  a c id s  s u p p o r t e d  s l ig h t  g r o w t h ,  b u t  n o  g r o w t h  o c c u r r e d  w i t h  h y d r o x y -  

p r o l in e .  S w a r m in g  d id  n o t  a lw a y s  o c c u r  o n  m e d ia  w h ic h  c o n t a in e d  c o m p o u n d s  t h a t  

s u p p o r t e d  th e  la r g e s t  a m o u n t s  o f  g r o w t h  b u t  s w a r m in g  s o m e t im e s  o c c u r r e d  o n  m e d ia  

w h ic h  d id  n o t  s u p p o r t  s o  m u c h  g r o w t h  a s  d id  M M  a g a r ,  o n  w h ic h  s w a r m in g  d id  n o t  
o c c u r .
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G rowth ra tes an d  the a b ility  o f  m edia  to  su pport sw arm ing

T h e  r e s u lt s  o f  t h e  p r e v io u s  g r o w t h  e x p e r im e n t s  s u g g e s te d  t h a t  s t im u la t io n  o f  

s w a r m in g  b y  a m in o  a c id s  w a s  n o t  a s s o c ia te d  w i t h  th e  t o t a l  a m o u n t  o f  b a c t e r ia  

p r o d u c e d .  T h e r e  w a s  n o  c o r r e la t io n  b e tw e e n  th e  a m o u n t  o f  g r o w t h  a t  th e  s it e  o f

T a b le  1. A b ility  o f  m )128 L-isom er am ino acids to  serve a s  carbon an d energy  
and/or nitrogen sources f o r  P ro teu s m irabilis stra ins n c d o ,  1880 1881*

Amount o f growth supported after 65 hr at 37° 
when compound was serving as:t

C o m p o u n d
a d d ed  to  a p p ro p ria te  r 

basa l m ed iu m

C a rb o n  a n d  energy  so u rce N itro g e n  so u rce

S tra in  1880 S tra in  1881 S tra in  1880 S tra in  1881

D L-a-alanine + + + + + + + + + + + + + +
DL-serine + + +  +  + S +  +  +  + S + + +s
L -threon ine + + + + + + + + H—1— b
L -aspartic  acid + + +  +  +  + S + + + S
L-glutam ie acid + + + +  +  + S +  +  + S + + + + S
L-proline + + + + + + + + S + + + + + + + +
L -asparagine + + + + + + S + + + +s
L -glutam ine + + + + + + + + + + S + + + + S
G lycine - - + + + + + +
L-tyrosine — — +  + +  +
D L -tryp tophane - - +  + +  +
L-cysteine HC1 - - +  + +  +
L-cystine — — +  + +  +
D L-m ethionine — — + +  + +  +  +
L -argin ine HC1 - - + +  + +  +
DL-valine — — + +
DL-leucine - - + +
D L-isoleucine - - + +
DL-/?-phenylalanine - - + +
L -histid ine HC1 — — + +
L-lysine HC1 - - + +
L -hydroxypro line - - — -
C o n tro ls  

so d iu m  lac ta te +  +  +  4- 4- +  + +  +  +
N H 4C l+ ( N H 4)2SO,1 + +  + +  +  +

* When tested as carbon and energy sources amino acids were added to M M  agar from which 
sodium lactate was omitted. When tested as nitrogen sources they were added to MM agar from  
which N H 4C1 and (N H 4)2S 0 4 were omitted.

t  Amount o f growth, not including growth o f any swarms, supported by amino compounds 
varied from +  +  +  +  (maximum growth) to — (same amount o f growth as that on M M  agar 
without sodium lactate or without N H 4C1 and (N H 4)2S 0 4 as appropriate).

Amount o f growth supported when serving as carbon and energy sources cannot be compared 
with that supported when serving as nitrogen sources as in each case the amino compound supporting 
most growth was scored +  +  +  +  irrespective o f the absolute amount of growth.

S, Swarming occurred.

in o c u la t io n  a n d  th e  p r o d u c t io n  o f  s w a rm s .  F u r t h e r m o r e ,  w h e n  s w a r m in g  d id  o c c u r  

i t  d id  s o  b e f o r e  m a x im u m  g r o w t h  h a d  b e e n  r e a c h e d  a t  th e  in o c u lu m  s ite , i.e .  a t  a  t im e  

w h e n  th e  a m o u n t  o f  g r o w t h  w a s  le s s  t h a n  th e  m a x im u m  p r o d u c e d  o n  m e d ia  w h ic h  

d id  n o t  s u p p o r t  s w a rm in g .
T h e  p o s s ib i l i t y  t h a t  s w a r m in g  w a s  r e la te d  t o  th e  r a t e  o f  g r o w t h  w a s  in v e s t ig a te d  

b y  u s in g  s t r a in  n c d o  1881 . B e c a u s e  o f  th e  d i f f ic u l t ie s  in v o lv e d  in  m e a s u r in g  g r o w th
24-2
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T  a b b  2 . G eneration tim es o f  P ro teu s m irabilis stra in  n c d o1881 in various 
liqu id m edia  an d  occurrence o f  sw arm ing on equivalent so lid  m edia

Generation time

Occurrence of 
swarming on 

equivalent solid 
medium after

Medium (min.) 48 hr at 37°
Experiment 1

MM liquid 108 —
MM liquid plus the following at m-16 L-isomer

L-glutamic acid 66 +
L-proline 66 +
L-glutamine 72 +

Experiment 2
MM liquid 120 —
MM liquid plus the following at m-128 L-isomer

Mixture of DL-a-alanine, L-asparagine, L-proline, 57 +
L-aspartic acid, L-glutamine, L-glutamic acid 
and DL-serine

Mixture minus glutamic acid 54 +
Mixture minus serine 60 +
Mixture minus glutamic acid and serine 54 +
Mixture minus alanine 54 +
Mixture minus asparagine 60 +
Glutamic acid 69 +
Serine 84 +

Experiment 3
MM liquid 129 —
MM liquid plus the following at m-128 L-isomer

DL-valine 126 —
DL-methionine 123 —

DL-isoleucine 117 —

L-lysine HC1 114 _

Glycine 108 —

Mixture of DL-sc-alanine, L-asparagine, 54 +
L-proline, L-aspartic acid, L-glutamine, L-glutamic 
acid and DL-serine

Experiment 4
MM liquid 111 —

MM liquid casamino acids at (%, w/v)
0003 111 —

001 108 +  i
003 96 +
009 81 +
027 60 +

Experiment 5
Nutrient broth prepared without deliberately 68 —

adding NaCl
Nutrient broth which contained 0-5 % (w/v) 44 4-

added NaCl
Nutrient broth which contained 1 % (w/v) added 42 +
NaCl

Nutrient broth which contained 3 % (w/v) added 60 -

NaCl

+ , Occurrence of swarming; —, absence of swarming; i, swarming was irregular and did not
appear from every part of inoculum edge.
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r a te s  o n  s o l id  m e d ia ,  g r o w t h  ra te s  i n  l i q u i d  e q u iv a le n t s  o f  v a r io u s  a g a r  m e d ia  w e re  

m e a s u r e d .  T h e  a s s u m p t io n  w a s  m a d e  t h a t  th e  g r o w t h  r a te s  in  a e r a t e d  l i q u id  m e d ia  

w e re  c o m p a r a b le  w i t h  t h o s e  o n  th e  s u r f a c e  o f  c o r r e s p o n d in g  a g a r  m e d ia .  T h e  r e s u lt s  

f r o m  th re e  e x p e r im e n t s  i n  w h ic h  g r o w t h  r a te s  i n  M M  l i q u id  i n  th e  p re s e n c e  o f  v a r io u s  

s u b s ta n c e s  w e re  c o m p a r e d  w i t h  a b i l i t y  o f  th e s e  s u b s ta n c e s  t o  s u p p o r t  s w a r m in g  o n  

M M  a g a r  a r e  g iv e n  i n  T a b le  2  ( E x p t s .  1 -3 ) .  T h e  g r o w t h  r a t e  i n  M M  l i q u id  w h ic h  

c o n t a in e d  o n e  o r  m o r e  s u b s ta n c e s  k n o w n  t o  s u p p o r t  s w a r m in g  w a s  h ig h e r  t h a n  th e  

g r o w t h  r a t e  i n  M M  l i q u id  a lo n e  o r  i n  M M  l i q u i d  w h ic h  c o n t a in e d  s u b s ta n c e s  w h ic h  

d id  n o t  s u p p o r t  s w a rm in g .  A n o t h e r  e x p e r im e n t  ( T a b le  2 , E x p t .  4 )  s h o w e d  th e  e ffe c t  

o f  d e c r e a s in g  t h e  c o n c e n t r a t io n  o f  C a s a m in o  a c id s ,  a  p r e p a r a t io n  w h ic h  s u p p o r t e d  

s w a rm in g .  T h e  g r o w t h  r a t e  w a s  d e c re a s e d  w h e n  t h e  c o n c e n t r a t io n  o f  C a s a m in o  a c id s  

a d d e d  t o  M M  l i q u id  w a s  d e c re a s e d  f r o m  a n  a m o u n t  w h ic h  s u p p o r t e d  s w a r m in g  o n  

M M  a g a r  t o  a n  a m o u n t  w h ic h  d id  n o t .

A n o t h e r  s y s te m  in  w h ic h  th e  r e la t io n s h ip  b e tw e e n  g r o w t h  ra te  a n d  s w a r m in g  

c o u ld  b e  s t u d ie d  w a s  s u g g e s te d  b y  th e  w o r k  o f  N a y l o r  (1 9 6 0 , 1 964 ) a n d  S a n d y s  (1 9 6 0 )  

w h ic h  s h o w e d  t h a t  in c r e a s in g  o r  d e c r e a s in g  th e  c o n c e n t r a t io n  o f  N a C l  i n  n u t r ie n t  

a g a r  g a v e  m e d ia  w h ic h  d id  n o t  s u p p o r t  s w a rm in g .  W e  f o u n d  t h a t  th e  g r o w t h  r a t e  i n  

o u r  n u t r ie n t  b r o t h  ( w h ic h  c o n t a in e d  0 -5  % , w /v ,  a d d e d  N a C l )  a n d  i n  n u t r ie n t  b r o t h  

w h ic h  c o n t a in e d  1 %  (w /v )  a d d e d  N a C l  w a s  h ig h e r  t h a n  i n  n u t r ie n t  b r o t h  w i t h o u t  

a n y  a d d e d  N a C l  a n d  i n  n u t r ie n t  b r o t h  w h ic h  c o n t a in e d  3 %  (w /v )  a d d e d  N a C l  ( T a b le  2 , 

E x p t .  5 ). T h e s e  d if f e r e n c e s  i n  g r o w t h  r a t e  c o u ld  b e  c o r r e la t e d  w i t h  th e  f a c t  t h a t  

s w a rm s  d e v e lo p e d  o n  n u t r ie n t  a g a r  w h ic h  c o n t a in e d  0 -5  %  o r  1 %  (w /v )  a d d e d  N a C l  

b u t  d id  n o t  d e v e lo p  o n  n u t r ie n t  a g a r  w h ic h  c o n t a in e d  le s s  o r  m o r e  N a C l .

T a b le  2  s h o w s  t h a t  th e re  w a s  n o t  a  s p e c i f ic  v a lu e  f o r  g r o w t h  r a t e  w h ic h  w a s  e x c e e d e d  

i n  th e  l i q u id  e q u iv a le n t s  o f  a l l  s o l id  m e d ia  w h ic h  s u p p o r t e d  s w a rm in g .  F o r  e x a m p le ,  

n u t r ie n t  b r o t h  w i t h o u t  N a C l  a l lo w e d  a  m e a n  g e n e r a t io n  t im e  o f  6 8  m in .  a n d  t h is  

m e d iu m  w h e n  s o l id i f ie d  w i t h  a g a r  d id  n o t  s u p p o r t  s w a r m in g  ( E x p t .  5 ) :  i n  c o n t r a s t ,  

M M  l i q u i d + 0 - 0 3  %  (w /v )  C a s a m in o  a c id s  a l lo w e d  a  m e a n  g e n e r a t io n  t im e  o f  9 6  m in .  

a n d  t h is  m e d iu m  w h e n  s o l id i f ie d  w i t h  a g a r  d id  s u p p o r t  s w a r m in g  ( E x p t .  4 ).

O n e  o t h e r  r e la t io n s h ip  w a s  f o u n d  b e tw e e n  g r o w t h  c h a r a c t e r is t ic s  i n  l i q u i d  m e d ia  

a n d  th e  d e v e lo p m e n t  o f  s w a rm s  o n  c o m p a r a b le  a g a r  m e d ia .  O n  v a r io u s  a g a r  m e d ia  

s w a rm s  o f  d i f f e r e n t  w id t h s  w e re  p r o d u c e d  a l t h o u g h  th e  c o r r e s p o n d in g  l i q u i d  m e d ia  

s u p p o r t e d  s im i la r  g r o w t h  ra te s .  T h e s e  d if f e r e n c e s  i n  s w a rm  w id t h s  w e re  r e la t e d  t o  

d if f e r e n c e s  i n  th e  le n g th s  o f  th e  la g  p h a s e  i n  th e  v a r io u s  l i q u id  m e d ia .

The swarm ing o f  Proteus

D I S C U S S I O N
D e s p it e  s u g g e s t io n s  t h a t  th e  s w a r m in g  o f  P r o t e u s  is  a  re s p o n s e  t o  a  d e p le t io n  o f  

n u t r ie n t s  o r  t o  a c c u m u la t io n  o f  t o x i c  m e t a b o l ic  p r o d u c t s  t h e re  is  l i t t l e  in f o r m a t io n  

o n  w h ic h  t o  d e v e lo p  a  s a t is f a c t o r y  e x p la n a t io n  f o r  th e  p h e n o m e n o n .  T h e  s t u d y  o f  th e  

p h e n o m e n o n  o f  s w a r m in g  is  d i f f i c u l t  b e c a u s e  s w a r m in g  o c c u r s  in t e r m it t e n t ly  a n d  o n ly  

o n  s o l id  ( a g a r ,  g e la t in )  m e d ia .  O u r  s t u d ie s  a n d  t h o s e  o f  o t h e r  w o r k e r s  (see  J o n e s  &  

P a r k ,  1 9 67 )  h a v e  s h o w n  t h a t  t h e  o c c u r r e n c e  o f  s w a r m in g  o f  P r o t e u s  is  a lw a y s  

a s s o c ia te d  w i t h  th e  c h a n g e  f r o m  s h o r t  f o r m s  t o  lo n g  f o r m s  a n d  t h a t  lo n g  f o r m s  a r e  

n o t  f o r m e d  in  l i q u id  m e d ia  ( b u t  see  K v i t t in g e n ,  1 9 49 a ) .

A m in o  a c id  r e q u ir e m e n t s  f o r  m o r p h o lo g ic a l  c h a n g e s  o f  s o m e  m ic r o - c r g a n is m s  

h a v e  b e e n  r e p o r t e d .  S e n t h e S h a n m a g a n a t h a n  &  N ic k e r s o n  (1 9 6 2 )  f o u n d  t h a t  m e t h io 
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n in e  w a s  r e q u ir e d  f o r  th e  f o r m a t io n  o f  t h e  t r ia n g u la r  f o r m  o f  Trigonopsis variabilis. 
E n s ig n  &  W o l f e  ( 1 9 6 4 )  f o u n d  t h a t  ly s in e ,  a s p a r a g in e ,  a r g in in e  o r  p h e n y la la n in e  w e re  

r e q u ir e d  f o r  th e  c o n v e r s io n  o f  c o c c a l  f o r m s  t o  r o d  f o r m s  o f  A rth robac ter crysta l-  
lopo ietes. W e  f o u n d  t h a t  s w a r m in g  o f  P r o te u s ,  a n d  t h e r e fo r e  c o n v e r s io n  f r o m  s h o r t  

t o  lo n g  f o rm s ,  o c c u r r e d  w h e n  v a r io u s  a m in o  a c id s  w e re  a d d e d  t o  a  m in im a l  g r o w t h  

m e d iu m  a g a r .  T h e  r e q u ir e m e n t  d id  n o t  a p p e a r  t o  b e  f o r  a  p a r t i c u la r  a m in o  a c id  a n d  

i t  s e e m e d  t h a t  th e  a m in o  a c id s  a c t e d  b y  s t im u la t in g  g r o w t h  ra te .  N a y l o r  (1 9 6 4 )  

p r o p o s e d  a  r e la t io n s h ip  b e tw e e n  th e  t o t a l  a m o u n t  o f  c e l l  m a t e r ia l  p r o d u c e d  a n d  th e  

o c c u r r e n c e  o f  s w a rm in g .  H e  f o u n d  t h a t  a  m e d iu m  w h ic h  d id  n o t  s u p p o r t  s w a rm in g ,  

i .e .  n u t r ie n t  a g a r  p r e p a r e d  w i t h o u t  d e l ib e r a t e  a d d i t io n  o f  N a C l ,  d id  d o  s o  w h e n  o t h e r  

e le c t r o ly t e s  o r  c e r t a in  c a r b o h y d r a t e s  w e re  a d d e d .  H e  s h o w e d  b y  g r o w t h  s t u d ie s  o n  

e q u iv a le n t  l i q u id  m e d ia  t h a t  a d d i t io n  o f  e q u i- o s m o la r  c o n c e n t r a t io n s  o f  N a C l  o r  

d u lc i t o l ,  a d d i t io n s  w h ic h  s u p p o r t e d  s w a rm in g  o n  a g a r  m e d ia ,  p r o m o t e d  g r e a te r  

a m o u n t s  o f  g r o w t h  o f  th e  s t r a in  o f  P ro teu s vulgaris u s e d  t h a n  d id  a d d i t io n  o f  a n  

e q u i- o s m o la r  c o n c e n t r a t io n  o f  g lu c o s e ,  w h ic h  d id  n o t  s u p p o r t  s w a rm in g .  A n  e x a m in a 

t io n  o f  N a y l o r ’ s r e s u lt s  r e v e a ls  t h a t  b e s id e s  in c r e a s e d  t o t a l  a m o u n t s  o f  c e l l  m a t e r ia l  

p r o d u c e d ,  f a s te r  g r o w t h  ra te s  o c c u r r e d  w h e n  N a C l  o r  d u l c i t o l  w a s  a d d e d  t h a n  w h e n  

g lu c o s e  w a s  a d d e d ;  s o  i t  a p p e a r s  f r o m  th e s e  a n d  o u r  r e s u lt s  t h a t  th e  im p o r t a n t  e f fe c t  

o f  a d d e d  c o m p o u n d s  is  o n  th e  g r o w t h  ra te .

T h e  c o r r e la t io n  w e  f o u n d  b e tw e e n  g r o w th  r a t e  a n d  th e  o c c u r r e n c e  o f  s w a r m in g  

o f  P r o t e u s  m a y  p r o v id e  a n  e x p la n a t io n  f o r  th e  c h a n g e  i n  th e  r e la t io n s h ip  o f  th e  

s y n th e s e s  o f  v a r io u s  c e l l  c o m p o n e n t s  w h ic h  le a d s  t o  th e  f o r m a t io n  o f  lo n g  f o rm s .  

S u d  &  S c h a e c h te r  (1 9 6 4 )  s h o w e d  t h a t  i n  m e d ia  w h ic h  s u p p o r t e d  h ig h  g r o w t h  r a t e  

th e  a m o u n t  o f  c e l l  w a l l  a n d  c e l l  m e m b r a n e  o f  Bacillus m egaterium  p r o d u c e d  p e r  u n i t  

o f  b a c t e r ia l  d r y  w e ig h t  w a s  le s s  t h a n  w h e n  t h is  o r g a n is m  w a s  g r o w n  o n  m e d ia  w h ic h  

s u p p o r t e d  lo w e r  g r o w t h  ra te s .  I f  a  s im i la r  p a t t e r n  o c c u r s  w i t h  P r o t e u s  i t  is  c o n c e iv a b le  

t h a t  a t  h ig h  g r o w t h  ra te s  s y n th e s is  o f  th e s e  c o m p o n e n t s  d e c re a s e s  t o  s u c h  a  d e g re e  

t h a t  o n  a g a r  m e d ia  c e l l  d i v i s io n  d o e s  n o t  k e e p  p a c e  w i t h  o t h e r  p ro c e s s e s  a n d  lo n g  

f o r m s  a re  p r o d u c e d  w h ic h  c a n  m o v e  o v e r  th e  s u r fa c e .  H o w e v e r ,  i t  is  n o t  y e t  c le a r  

h o w  in c re a s e s  i n  g r o w t h  r a t e  b r in g  a b o u t  th e se  c h a n g e s . P e r h a p s  s u b s ta n c e s  r e q u ir e d  

f o r  c e l l  d i v i s io n  a n d  f o r  o t h e r  g r o w t h  p ro c e s s e s ,  e .g . m a g n e s iu m  a n d  p o t a s s iu m  io n s  

( W e b b ,  1 949 , 1 9 5 3 ; S h a n k a r  &  B a r d ,  1 952 ) o r  a m in o  a c id s ,  b e c o m e  l im i t in g  b y  

in s u f f ic ie n t  r a te  o f  e n t r y  o r  o f  s y n th e s is  d u r in g  th e  s ta g e  o f  r a p id  g r o w t h  a n d  a re  

p r e f e r e n t ia l ly  u s e d  f o r  p r o c e s s e s  o t h e r  t h a n  c e l l  d iv is io n .  O r  p e r h a p s  v o la t i le  t o x ic  

p r o d u c t s  l i k e  t h o s e  p o s t u la t e d  b y  L o m in s k i  &  L e n d r u m  (1 9 4 7 )  a n d  H u g h e s  (1 9 5 7 )  t o  

e x p la in  s w a rm in g  o f  P r o t e u s  m a y  b e  p r o d u c e d  m o r e  r a p id ly  a t  h ig h  g r o w t h  ra te s  

a n d  s o  r e a c h  e f fe c t iv e  lo c a l  c o n c e n t r a t io n s  o n ly  u n d e r  th e se  c o n d i t io n s .  V o la t i l e  

p r o d u c t s  o f  t h is  k i n d  w e re  n o t  d e te c te d  b y  J o n e s  (1 9 6 6 )  a n d  s o  t h is  p o s s ib i l i t y  w a s  
n o t  in v e s t ig a te d .

N o  t h r e s h o ld  v a lu e  c a n  b e  g iv e n  f o r  g r o w th  ra te  b e y o n d  w h ic h  s w a rm s  w i l l  o c c u r ,  

b e c a u s e  g r o w th  ra te s  i n  l i q u id  m e d ia  e q u iv a le n t  t o  n u t r ie n t  a g a r  w h ic h  h a d  b e e n  

m o d i f ie d  t o  in h ib i t  s w a r m in g  w e re  h ig h e r  t h a n  in  m in im a l  g r o w t h  l i q u id  m e d ia  

c o n t a in in g  c o m p o u n d s  w h ic h  s t im u la t e d  s w a rm in g .  H o w e v e r ,  i f  s w a rm in g  d o e s  r e s u lt  

f r o m  a  c h a n g e  in  b a la n c e  o f  s y n th e s is  o f  s o m e  c e l l  c o m p o n e n t s  b r o u g h t  a b o u t  b y  

c h a n g e s  in  g r o w t h  r a t e  th e  c h a n g e  i n  b a la n c e  w o u ld  b e  u n l i k e ly  t o  o c c u r  a t  th e  s a m e  

g r o w th  ra te  o n  m e d ia  o f  w id e ly  d i f f e r e n t  c o m p o s i t io n ; th e  e x is t in g  b a la n c e  b e tw e e n  

s y n th e s is  o f  v a r io u s  c o m p o n e n t s  w o u ld  b e  e x p e c te d  t o  b e  m a r k e d ly  d if f e r e n t .
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T h e r e  r e m a in s  t o  b e  c o n s id e r e d  th e  e f fe c t  o n  s w a r m in g  o f  c h a n g e s  i n  t e m p e r a tu r e .  

S in c e  c h a n g e s  i n  t e m p e r a t u r e  c a u s e  c h a n g e s  i n  g r o w t h  r a t e  i t  m ig h t  b e  e x p e c te d  t h a t  

t h e  o c c u r r e n c e  o f  s w a r m in g  w o u ld  b e  r e a d i ly  a f fe c te d  b y  c h a n g e s  i n  t e m p e r a tu r e .  

T h i s  is  n o t  s o  ( K v i t t in g e n ,  1 9 4 9 « ) ;  m e d ia  w h ic h  s u p p o r t  s w a r m in g  d o  s o  o v e r  a  w id e  

t e m p e r a t u r e  r a n g e .  S o m e  f in d in g s  o f  S c h a e c h te r ,  M a a lo e  &  K j e ld g a a r d  (1 9 5 8 )  m a y  

h e lp  t o  e x p la in  t h is  a p p a r e n t  d is c r e p a n c y .  T h e s e  w o r k e r s  s h o w e d  t h a t  i n  a  g iv e n  

m e d iu m  t h e  b a c t e r ia l  s iz e  a n d  th e  c o m p o s i t io n  ( a v e ra g e  m a s s ,  R N A ,  D N A ,  n u m b e r  

o f  n u c le i  p e r  o r g a n is m )  o f  Salm onella  typhim urium  w e re  a lm o s t  in d e p e n d e n t  o f  

t e m p e r a t u r e ;  t h a t  is ,  a lm o s t  in d e p e n d e n t  o f  c h a n g e s  i n  g r o w t h  r a t e  b r o u g h t  a b o u t  

b y  c h a n g e s  i n  t e m p e r a tu r e .  O n l y  c h a n g e s  i n  g r o w t h  r a t e  b r o u g h t  a b o u t  b y  g r o w t h  o n  

d i f f e r e n t  m e d ia  r e s u lt e d  i n  c h a n g e s  i n  b a c t e r ia l  s iz e  a n d  c o m p o s i t io n .

W e  w is h  t o  t h a n k  M r  N .  G .  J .  G r u b e r  f o r  t a k in g  th e  p h o t o g r a p h .
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SUMMARY

R a d io a c t iv e  in c o r p o r a t io n  t e c h n iq u e s  h a v e  b e e n  e m p lo y e d  t o  in v e s t ig a te  
th e  e f fe c t  o f  i s o n i c o t in i c  a c id  h y d r a z id e  ( I N H )  o n  b io s y n t h e t ic  r e a c t io n s  in  
M ycobacteriu m  tuberculosis  v a r .  bovis  b c g . I N H  h a s  n o  m e a s u r a b le  e f fe c t  
o n  in c o r p o r a t io n  o f  32P  p h o s p h a t e ,  35S  s u lp h a t e  o r  14C  g ly c in e  in t o  w h o le  
c e l ls ,  a l t h o u g h  i t  in h ib i t s  b y  5 0  %  th e  in c o r p o r a t io n  o f  14C  a c e ta te .  I n c o r 
p o r a t io n  o f  32P  in t o  t r i c h lo r a c e t ic  a c id  ( T C A )  in s o lu b le  c o m p o n e n t s  o f  
s u p e r n a t a n t  s o lu t io n s  f r o m  c e n t r i f u g e d  d is r u p t e d  b a c t e r ia  a p p e a r s  t o  b e  
in h ib i t e d  s o o n  a f t e r  th e  c e l ls  a r e  e x p o s e d  t o  I N H .  S im i la r  e x p e r im e n t s  w it h  
35S  s h o w  a  la g  o f  3 0 - 4 0  h r  b e f o r e  i n c o r p o r a t io n  is  in f lu e n c e d  b y  th e  d r u g .  
C h e m ic a l  f r a c t io n a t io n  o f  o r g a n is m s  g r o w n  in  th e  p re s e n c e  o f  32P  s h o w  t h a t  
t h e  m a j o r  e f fe c t  o f  I N H  is  e x e r t e d  o n  i n c o r p o r a t io n  in t o  th e  r ib o n u c le ic  
a c id  f r a c t io n .

INTRODUCTION

I n  th e  f o u r t e e n  y e a r s  s in c e  i s o n ia z id  ( I N H )  w a s  f i r s t  d e s c r ib e d  ( F o x ,  1 9 51 )  m u c h  

r e s e a r c h  h a s  b e e n  c a r r ie d  o u t  t o  d is c o v e r  i t s  m o d e  o f  a c t io n  a n d  s p e c i f ic i t y ,  b u t  th e  

a n s w e r  t o  th e s e  q u e s t io n s  r e m a in s  u n c le a r .  I t  i s  k n o w n  t h a t  I N H  b e g in s  t o  b e  b a c t e r i 

c id a l  t o  m y c o b a c t e r ia  a f t e r  a  la g  o f  o n e  t o  t w o  g e n e r a t io n  t im e s  ( M id d le b r o o k ,  1 9 5 2 ;  

B a r c la y ,  E b e r t  &  K o c h - W e s e r ,  1 9 53 ). I n  p a r a l le l  w i t h  t h e  d e c l in e  i n  v i a b i l i t y  t h e re  w a s  

a  d im in u t io n  i n  a c id - f a s t  s t a in in g  a n d  n e o t e t r a z o l iu m  r e d u c in g  a c t iv i t y  ( K o c h - W e s e r ,  

B a r c la y  &  E b e r t ,  1 9 5 5 ). S c h a e fe r  ( 1 9 5 4 )  d e m o n s t r a t e d  t h a t  I N H  is  o n ly  a c t iv e  a g a in s t  

t u b e r c le  b a c i l l i  w h e n  t h e y  w e re  a c t iv e ly  d iv id in g  a n d  m e t a b o l i z in g  in  th e  p re s e n c e  o f  a n  

e n e r g y  s o u r c e .  T h e s e  f in d in g s  s u g g e s t  t h a t  I N H  in h ib i t s  s o m e  a s p e c t  o f  b io s y n t h e t ic  

m e t a b o l is m  a n d  t h a t  th e  e x p r e s s io n  o f  t h is  le s io n  is  d e la y e d .  F o r  e x a m p le ,  th e  d r u g  

m ig h t  i n h i b i t  t h e  f o r m a t io n  o f  a n  e s s e n t ia l m e t a b o l i t e  e n o u g h  o f  w h ic h  r e m a in s  t o  

p e r m i t  g r o w t h  f o r  a b o u t  o n e  m o r e  g e n e r a t io n .  A  n u m b e r  o f  e n z y m e  s y s te m s  h a v e  

b e e n  s h o w n  t o  b e  a f fe c te d  b y  I N H ,  a m o n g  th e m  th o s e  r e q u i r in g  p y r id o x a l  p h o s p h a t e  

a s  a  c o - f a c t o r ,  s o m e  in v o lv e d  i n  n ic o t in a m id e  a d e n in e  d in u c le o t id e  m e t a b o l is m ,  s o m e  

a m in e  o x id a s e  e n z y m e s ,  a n d  c a t a la s e  a n d  p e r o x id a s e  f r o m  v a r io u s  s o u rc e s .  H o w e v e r ,  

i t  c a n n o t  y e t  b e  s a id  t h a t  th e  a n t ib io t i c  a c t io n  o f  I N H  is  d e f in i t e ly  r e la te d  t o  a n y  o f  
th e s e  s y s te m s . M a n y  o f  th e  p r o p o s e d  s ite s  o f  a c t io n  h a v e  b e e n  r e v ie w e d  b y  K r i i g e r -  

T h ie m e r  (1 9 5 8 ) . A s  I N H  is  o n ly  a c t iv e  in  g r o w in g  b a c t e r ia  i t  s e e m e d  t h a t  a  s t u d y  o f  

th e  e f fe c t  o f  t h is  d r u g  o n  b io s y n t h e t ic  r e a c t io n s  m ig h t  t h r o w  l ig h t  o n  th e  m o d e  o f  

a c t io n  o f  I N H .

* Present address: Department o f Microbiology, University College, Cardiff.
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METHODS

O rganism  an d  m edia. T h e  C o p e n h a g e n  s t r a in  o f  M ycobacteriu m  tuberculosis v a r .  

bovis  b cg , s e n s it iv e  t o  0 - 0 5 - 0 T  p g . I N H / m l .  w a s  o b t a in e d  f r o m  G la x o  L a b o r a t o r ie s  

L t d . ,  G r e e n f o r d ,  M id d le s e x ,  t h r o u g h  th e  k in d n e s s  o f  D r  J .  P .  U n g a r .

T h e  s t r a in  w a s  m a in t a in e d  b y  m o n t h ly  s u b c u l t iv a t io n  o n  L o w e n s t e in - J e n s e n  s lo p e s .  

F o r  u s e  i t  w a s  s u b c u l t u r e c  th re e  t im e s  a t  in t e r v a ls  o f  8 d a y s  in  D u b o s  f lu id  m e d iu m  

( D u b o s  &  D a v is ,  1 946 ) c o n t a in in g  0 - 3 %  b o v in e  a lb u m e n  a n d  in c u b a t e d  a t  37 ° . 

S y n t h e t ic  A F M R  m e d iu m  ( A ld r id g e ,  F e l t o n ,  M u c h m o r e  &  R a m s a y ,  1 959 ) c o n t a in in g  

g lu c o s e ,  a m m o n iu m  c h lo r id e ,  s a lt s  a n d  T w e e n  80 , w a s  d is p e n s e d  in  100  m l.  q u a n t i t ie s  

i n  R o u x  b o t t le s  w h ic h  w e re  in o c u la t e d  w i t h  1-0 m l.  o f  t h e  t h i r d  D u b o s  c u l t u r e  a n d  

in c u b a t e d  h o r i z o n t a l l y  a t  37 °  f o r  1 4 -2 1  d a y s .

R adioactive  tracer techniques

T h e  f o l l o w in g  is o t o p e s  w e re  o b t a in e d  f r o m  th e  R a d io c h e m ic a l  C e n t r e  A m e r s h a m ,  

B u c k s :  36S  a s  s u lp h a t e ,  32P  a s  o r t h o p h o s p h a t e ,  a c e t a t e - l - 14C  ( 2 m c / m m o le )  a n d  

g ly c in e - 14C  ( U )  ( 2  m c / m m o le ) .  D i l u t e d  s o lu t io n s  o f  a l l  is o t o p e s  i n  d is t i l l e d  w a t e r  w e re  

s t e r i l i z e d  b y  a u t o c la v in g  a t  120° f o r  10 m in .  S a m p le s  c o n t a in in g  14C  a n d  35S  w e re  

c o u n t e d  o n  n i c k e l  p la n c h e t t e s  w i t h  a n  e n d - w in d o w  G e ig e r  tu b e ,  e i t h e r  a t  in f in i t e  

t h in n e s s  o r  c o r r e c t e d  f o r  s e l f - a b s o r p t io n  a g a in s t  s t a n d a r d  s e l f - a b s o r p t io n  c u r v e s .  

32P  w a s  e s t im a te d  in  th e  s a m e  w a y  o r  in  a  l i q u id  c o u n t in g  tu b e  c o n t a in in g  1 0  m l.  

s o lu t io n .

Incorporation  into whole bacteria . F o r  e x p e r im e n t s  o n  i n c o r p o r a t io n  o f  14C  g ly c in e ,  

14C  a c e ta te  a n d  35S  in t o  w h o le  b a c t e r ia ,  th r e e  1 8 -d a y  c u lt u r e s  i n  A F M R  m e d iu m  

r e c e iv e d  s t e r i le  I N H  t o  a  f in a l  c o n c e n t r a t io n  o f  10  /¿ g ./m l. a n d  t h re e  c o n t r o l  c u lt u r e s  

w e re  t r e a t e d  w i t h  a  s im i la r  q u a n t i t y  o f  s t e r i le  d is t i l l e d  w a te r .  E a c h  g r o u p  o f  s ix  th e n  

r e c e iv e d  e it h e r  14C  g ly c in e  (5  p c ) ,  14C  a c e ta te  (0 -4 5  pc') o r  35S  s u lp h a t e  (1 0  p c ) .  A t  

in t e r v a ls  d u r in g  f u r t h e r  in c u b a t io n  a t  37 ° , 6  m l .  s a m p le s  f r o m  2  o f  e v e r y  te s t  a n d  2  o f  

e v e r y  c o n t r o l  c u l t u r e  w e re  w i t h d r a w n  a s e p t ic a l ly .  T h e  o r g a n is m s  in  e a c h  s a m p le  w e re  

w a s h e d ,  b y  c e n t r i f u g a t io n ,  in ,  s u c c e s s iv e ly ,  0 * 1 %  s o lu t io n  o f  T r i t o n  W R  13 39  (a  

d is p e r s in g  a g e n t)  i n  0 T  M -p h o s p h a te  b u f f e r  ( p H  6 -8 ), T r i t o n - p h o s p h a t e  b u f f e r  c o n 

t a in in g  O T  M - n o n - r a d io a c t iv e  a c e ta te ,  g ly c in e  o r  s u lp h a t e  a n d ,  f in a l ly ,  in  T r i t o n -  

p h o s p h a t e  b u f f e r ;  t h e i r  s p e c if ic  a c t iv i t ie s  w e re  th e n  d e t e rm in e d .

I n c o r p o r a t io n  o f  32P  o r t h o p h o s p h a t e  w a s  f o l lo w e d  in  a  s im i la r  f a s h io n  in  1 8 -d a y  

c u lt u r e s  o f  B C G  g r o w n  o n  A F M R  m e d iu m .  T o  e a c h  o f  14  b o t t le s  w a s  a d d e d  10 p c  
o f  32p o r t h o p h o s p h a t e .  H a l f  o f  t h e  b o t t le s  a ls o  r e c e iv e d  s te r i le  I N H  t o  10 / tg ./m l.  f in a l  

c o n c e n t r a t io n .  O n e  te s t  a n d  o n e  c o n t r o l  c u l t u r e  w e re  h a r v e s t e d  a t  v a r io u s  t im e s  b y  

c e n t r i f u g a t io n .  T h e  o r g a n is m s  w e re  w a s h e d  s u c c e s s iv e ly  i n  0-1 %  T r i t o n  d is t i l l e d  w a t e r ,  

0 T  %  T r i t o n  in  0 T  M -p h o s p h a te  b u f f e r  ( p H  6 -8 ), a n d  f in a l ly  0 - 0 2 %  T r i t o n  d is t i l l e d  
w a t e r  b e fo re  t h e i r  r a d io a c t iv i t y  w a s  a s s a y e d .

Incorporation  into trich loracetic a c id  ( T C A ) insoluble com pounds. E a c h  1 8 -d a y  

c u l t u r e  o n  A F M R  m e d iu m  w a s  g iv e n  10 p c  32P  o r t h o p h o s p h a t e  s o lu t io n  a n d  10 p c  
o f  3BS  s u lp h a t e  s o lu t io n  a n d  i s o n ia z id  w a s  a d d e d  t o  h a l f  o f  th e  b o t t le s .  T h e  o r g a n is m s  

w e re  h a r v e s t e d  b y  c e n t r i f u g a t io n  a n d  w e re  w a s h e d  b y  c e n t r i f u g a t io n  in ,  s u c c e s s iv e ly ,  

T r i t o n - w a t e r  a n d  T r i t o n - C T  M -p h o s p h a te  b u f f e r  ( p H  6 -8 ) c o n t a in in g  n o n - r a d io a c t iv e  

s u lp h a t e .  T h e  o r g a n is m s  w e re  f in a l l y  s u s p e n d e d  i n  2 5  m l.  0 -0 2  %  T r i t o n  w a t e r  a n d  

b r o k e n  i n  th e  e x t r u s io n  p r e s s  ( M i ln e r ,  L a w r e n c e  &  F r e n c h ,  1950 ). T h e  b r o k e n  s u s 
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p e n s io n  w a s  c e n t r i f u g e d  a t  3 0 ,0 0 0  g  f o r  2 0  m in .  i n  a n  M S E - ‘  1 7 ’  r e f r ig e r a t e d  c e n t r i f u g e  

a n d  m e a s u r e d  v o lu m e s  o f  t h e  o p a le s c e n t  s u p e r n a ta n t  w e re  t r e a t e d  w i t h  a n  e q u a l 

v o lu m e  o f  c h i l le d  1 0 %  (w /v )  T C A  a n d  h e ld  a t  4 °  f o r  3 0  m in .  T h e  p r e c ip i t a t e  w a s  

c o l le c t e d  b y  c e n t r i f u g a t io n  a n d  w a s h e d  in ,  s u c c e s s iv e ly ,  5  %  T C A  c o n t a in in g  1 %  n o n -  

r a d io a c t iv e  p h o s p h a t e  a n d  s u lp h a t e ,  5  %  T C A  a n d  1 %  a c e t ic  a c id .  T h e  w a s h e d  p e l le t s  

w e re  t r a n s f e r r e d  t o  w e ig h e d  n i c k e l  p la n c h e t t e s ,  d r ie d ,  r e w e ig h e d  a n d  c o u n t e d  w i t h  a n d  

w i t h o u t  a n  a lu m in iu m  s c re e n  t o  a l l o w  s e p a ra te  e s t im a te s  o f  32P  a n d  35S .

Incorporation  into various ce ll fra c tio n s. T o  o b t a in  in f o r m a t io n  o n  th e  e f fe c t  o f  I N H  

o n  in c o r p o r a t io n  o f  r a d io a c t iv e  p h o s p h a t e  in t o  v a r io u s  c e l l  f r a c t io n s ,  b r o k e n  o r g a 

n is m s  w e re  f r a c t io n a t e d  b y  t h e  m e t h o d  o f  W in d e r  &  D e n n e n y  (1 9 5 7 )  o r  b y  t h a t  o f  

S c h m id t  &  T h a n n h a u s e r  (1 9 4 5 ) . U s in g  t h e  W in d e r  &  D e n n e n y  f r a c t io n a t io n  s c h e m e , 

o r g a n is m s  w e re  g r o w n ,  h a r v e s t e d ,  w a s h e d  a n d  b r o k e n  a s  f o r  e x p e r im e n t s  m e a s u r in g  

i n c o r p o r a t io n  in t o  T C A  in s o lu b le  c o m p o n e n t s .

I n  e x p e r im e n t s  u s in g  t h e  S c h m id t - T h a n n h a u s e r  p r o c e d u r e ,  a f t e r  n o r m a l  g r o w t h  o n  

A F M R  m e d iu m  f o r  18  d a y s ,  th e  o r g a n is m s  w e re  h a r v e s t e d  a n d  r e s u s p e n d e d  a s e p t ic a l ly  

i n  p h o s p h a te - f r e e  m e d iu m  ( p H  7 -0 ). E a c h  c u l t u r e  r e c e iv e d  2  / tg ./m l.  I N H  o r  s t e r i le  

w a t e r  i n  th e  f i r s t  e x p e r im e n t .  E a c h  c u l t u r e  in  th e  s e c o n d  e x p e r im e n t  w a s  t r e a t e d  w i t h  

e it h e r  2 0  / /g ./m l.  s t r e p t o m y c in  ( S M )  o r  1 /¿ g ./m l. I N H  o r  s t e r i le  w a te r .  T h e r e  w a s  n o  

s ig n if ic a n t  c h a n g e  i n  p H  d u r in g  th e  c o u r s e  o f  e a c h  e x p e r im e n t  in  a n y  c u lt u r e  v e s se l.  

O r g a n is m s  f r o m  e a c h  e x p e r im e n t  w e re  te s te d  f o r  b a c t e r ia l  c o n t a m in a t io n  a n d  w e re  

h a r v e s te d ,  w a s h e d  a n d  b r o k e n  a s  d e s c r ib e d  a b o v e .

A n a ly tica l m ethods. T o t a l  p h o s p h o r u s  w a s  m e a s u r e d  a f t e r  d ig e s t in g  th e  s a m p le  in  

p e r c h lo r i c  a c id  b y  th e  t e c h n iq u e  o f  S t r i c k la n d ,  T h o m p s o n  &  W e b s t e r  (1 9 5 6 ) . F r e e  

p h o s p h a t e  w a s  m e a s u r e d  d i r e c t ly  o n  m a t e r ia l  c o n t a in in g  0*1—1*0 / ¿ M -p h o s p h o ru s  b y  

th e  m e t h o d  o f  F i s k e  &  S u b b a R o w  (1 9 2 5 ) . A c i d  l a b i le  p h o s p h o r u s  w a s  m e a s u r e d  

s im i la r l y  a f t e r  h y d r o ly s i s  o f  t h e  s a m p le  i n  n - H C I  f o r  s e v e n  m in u t e s  a t  100° .

C h rom atography. T w o - d im e n s io n a l  c h r o m a t o g r a p h y  o n  p r o d u c t s  o f  n u c le ic  a c id  

h y d r o ly s i s  w a s  p e r f o r m e d  e it h e r  i n  th e  s o lv e n t  s y s te m  d e s c r ib e d  b y  R o b e r t s  e t al.
(1 9 5 5 )  o r  i n  th e  s y s te m  d e v is e d  b y  D o r o u g h  &  S e a to n  (1 9 5 4 ) . R o b e r t s  e t al. u s e d  7 0 %  

t e r t ia r y  b u t a n o l  i n  0 -8  n - H C I  i n  th e  f i r s t  d i r e c t io n  a n d  s e c o n d a r y  b u t a n o l+ w a t e r +  

f o r m ic  a c id  (7 0  +  2 0 + 1 0 )  in  th e  s e c o n d  d i r e c t io n .  R a d io - a u t o g r a p h s  w e re  p r e p a r e d  o n  

I l f o r d  X - r a y  p a p e r  a n d  c o n t a c t  p r in t s  w e re  m a d e  o f  th e  c h r o m a t o g r a m s  o n  K o d a k  

r e f le x  d o c u m e n t  p a p e r ,  u s in g  a n  u l t r a v io le t  la m p  w i t h  a  C h a n c e  O X  7  f i l t e r .

T h e  s p o t s ,  lo c a t e d  a s  d e s c r ib e d  a b o v e ,  w e re  c u t  f r o m  th e  p a p e r  a n d  e x t r a c t e d  w i t h  

a  s m a l l  q u a n t i t y  o f  0 T  n - H C I .  T h e  r a d io a c t i v i t y  o f  th e s e  s o lu t io n s  w a s  e s t im a te d  

b y  m a k in g  u p  t o  10  m l.  a n d  c o u n t in g  i n  a  l i q u id  G e ig e r - c o u n t e r  tu b e .  A  p a p e r  

b la n k  f r o m  e a c h  c h r o m a t o g r a m  w a s  t r e a t e d  i n  th e  s a m e  w a y .  T h e  a b s o r b a n c y  o f  th e  

e lu a te s  a t  2 5 0 , 2 6 0 , a n d  2 8 0  m p  w a s  m e a s u r e d  s p e c t r o p h o t o m e t r ic a l ly .  T h e  s p e c if ic  

a c t iv i t y  o f  e a c h  e x t r a c t  w a s  e x p r e s s e d  a s  c o u n t s / m in . / o .D .  u n i t  a t  2 6 0  m p  o r  i n  t e rm s  

o f  th e  o .d . a t  2 6 0  m p  o f  t h e  g u a n in e  s p o t  o n  e a c h  c h r o m a t o g r a m .  T h e  r a t io s  o f  

a b s o r b a n c y  a t  2 5 0 - 2 6 0  m p  a n d  2 8 0 —2 6 0  m p ,  t o g e th e r  w i t h  th e  lo c a t io n  o f  th e  s p o t  o n  

th e  p a p e r ,  w e re  u s e d  t o  a s s is t  in  e s t a b l is h in g  th e  id e n t i t y  o f  e a c h  s p o t .

T h e  s o lv e n t s  e m p lo y e d  b y  D o r o u g h  &  S e a t o n  (1 9 5 4 )  w e re  « - b u t a n o l  -  a c e t ic  

a c id  +  w a t e r  (8  +  8 +  2 ) a n d  a c e to n e  +  « - b u t a n o l  +  w a t e r  (8  + 1  + 1 )  in  th e  f i r s t  d i r e c t io n  

f o l lo w e d  b y  is o p r o p a n o l  +  a m m o n iu m  s u lp h a t e + w a t e r  ( 7 9 + 2  + 1 9 )  i n  th e  s e c o n d  d i r e c 

t io n .  T h e  c h r o m a t o g r a m s  w e re  r u n  o n  W h a t m a n  n o .  1 p a p e r .  S p o t s  w e re  lo c a t e d  b y  

u l t r a v io le t  p h o t o g r a p h y .  Q u a n t i t a t iv e  e s t im a t io n s  w e re  s im i la r  t o  t h o s e  d e s c r ib e d

E ffec t o f  isoniazid on b c g
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a b o v e .  T h e  a c t iv i t y  w a s  e lu t e d  f r o m  b la n k  a n d  te s t  s p o t  b y  m a c e r a t in g  th e  p a p e r  i n  

O T  n - H C I  a n d  r e m o v in g  th e  p a p e r  f ib r e s  b y  c e n t r i f u g a t io n .  T h e s e  w e re  w a s h e d  a n d  th e  

s u p e rn a ta n t s  c o m b in e d  a n d  m a d e  u p  t o  10  m l.  f o r  c o u n t in g  a n d  m e a s u r e m e n t  o f  

u l t r a v io le t  a b s o r b a n c e .  B l a n k  d e d u c t io n s  f r o m  e a c h  s p o t  w e re  c o r r e c t e d  f o r  th e  s iz e  

o f  th e  s p o t  u s in g  t h e  w e ig h t  o f  th e  p a p e r  a s  c r i t e r ia  o f  s iz e .  S p e c i f ic  a c t iv i t ie s  w e re  

d e t e rm in e d  a s  d e s c r ib e d  a b o v e .

RESULTS

Incorporation  into whole cells

I n c o r p o r a t io n  o f  35S  s u lp h a t e ,  32P  o r t h o p h o s p h a t e  a n d  14C  g ly c in e  w a s  n o t  a f f e c te d  

s ig n i f ic a n t ly  b y  10  / tg ./m l.  I N H  d u r in g  1 0 0  h r  e x p o s u r e  in  th e  s u lp h a t e  a n d  g ly c in e  

e x p e r im e n t s ,  a n d  5 0  h r  e x p o s u r e  i n  t h e  o r t h o p h o s p h a t e  e x p e r im e n t .  H o w e v e r ,  14C  

a c e ta te  i n c o r p o r a t io n  w a s  in h ib i t e d  t o  a b o u t  5 0  %  o f  th e  c o n t r o l  le v e l  b y  th e  s a m e  

c o n c e n t r a t io n  o f  I N H  ( F ig .  1). I t  is  d i f f i c u l t  t o  in t e r p r e t  th e  in h ib i t i o n  o f  a c e ta te  d u e  

t o  I N H  a s  i t  a p p e a r e d  lo n g  b e f o r e  g r o w t h  o f  th e  o r g a n is m  w a s  i t s e l f  in h ib i t e d .  I t  s e e m s  

p o s s ib le  t h a t  t h is  in h ib i t i o n  is  n o t  r e la t e d  t o  th e  b a c t e r ic id a l  a c t io n  o f  I N H ,  s in c e  

a c e ta te  is  n o t  n e e d e d  f o r  g r o w th .

Incorporation  into T C A  insoluble cy top lasm ic  com ponents

T h e  e f fe c t  o f  I N H  o n  th e  i n c o r p o r a t io n  o f  32P  o r t h o p h o s p h a t e  a n d  35S  s u lp h a t e  in t o  

T C A  in s o lu b le  c o m p o n e n t s  o f  th e  c e l l- f r e e  f r a c t io n  o f  d is r u p t e d  b cg  w a s  n e x t  

e x a m in e d .  T h e  T C A  p r e c ip i t a t e  c o n t a in e d  th e  c y t o p la s m ic  p r o t e in  a n d  m u c h  o f  th e  

n u c le ic  a c id  c o m p o n e n t s .  I n c o r p o r a t io n  o f  3SS  s u lp h a t e  a n d  32P  o r t h o p h o s p h a t e  in t o  

th e s e  c o m p o n e n t s  o f  bcg  w a s  m e a s u r e d  i n  p r e l im in a r y  e x p e r im e n t s  a n d  i t  a p p e a r e d  t h a t  

I N H  s ig n i f ic a n t ly  in h ib i t e d  32P  in c o r p o r a t io n  im m e d ia t e ly  a n d  i n h i b i t e d  35S  s u lp h a t e  

i n c o r p o r a t io n  a f t e r  a  la g  p e r io d  o f  3 0 - 4 0  h r .  T h i s  w a s  in v e s t ig a t e d  u s in g  b o t h  t r a c e r s  

i n  th e  s a m e  e x p e r im e n t ;  1 8 -d a y  c u lt u r e s  o f  b cg  w e re  e m p lo y e d .  E a c h  v e s s e l r e c e iv e d  

e it h e r  10  /¿ g ./m l. I N H  o r  d is t i l l e d  w a te r .  I n  a d d i t io n ,  10 / / c  32P  o r t h o p h o s p h a t e  a n d  

10  / i c  3SS  s u lp h a t e  w e re  a d d e d .  A  te s t  a n d  c o n t r o l  c u l t u r e  w e re  h a r v e s t e d  a t  v a r io u s  

t im e s  u p  t o  1 4 0  h r .  S in c e  th e re  w a s  a  c e r t a in  a m o u n t  o f  s c a t t e r  i n  r e s u lt s  f r o m  v e s s e l 

t o  v e s s e l,  t h e  r e s u lt s  h a v e  b e e n  s m o o th e d  b y  p lo t t in g  a  m o v in g  a v e ra g e  ( F ig .  2 ) . W h i l e  

i n c o r p o r a t io n  o f  35S  s u lp h a t e  w a s  h a r d ly  a f f e c te d  b e fo r e  3 0 - 4 0  h r  in  th e  p r e s e n c e  o f  

I N H ,  th e  d r u g  a p p e a r s  t o  i n h i b i t  32P  o r t h o p h o s p h a t e  in c o r p o r a t io n  c o n s id e r a b ly  a s  

s o o n  a s  t h e  o r g a n is m  w a s  e x p o s e d  t o  I N H .  I f  35S  in c o r p o r a t io n  is  a  m e a s u r e  o f  p r o t e in  

s y n th e s is  a n d  32P  i n c o r p o r a t io n  i s  a  m e a s u r e  o f  n u c le ic  a c id  s y n th e s is ,  i t  is  p o s s ib le  t h a t  

I N H  in h ib i t s  s o m e  a s p e c t  o f  n u c le ic  a c id  s y n th e s is  s o o n  a f t e r  th e  o r g a n is m  is  e x p o s e d  

t o  th e  d r u g  a n d  t h a t  t h is  in h ib i t i o n  is  f o l lo w e d  b y  a  c e s s a t io n  o f  p r o t e in  s y n th e s is  a f t e r  

3 0 - 4 0  h r .  H o w e v e r ,  t h e  f r a c t io n a t io n  p r o c e d u r e  d o e s  n o t  r u le  o u t  th e  p o s s ib i l i t y  o f  

in c o r p o r a t io n  o f  e i t h e r  t r a c e r  in t o  o t h e r  T C A  p r e c ip i t a b le  c o m p o n e n t s  w h ic h  m ig h t  

b e  p r e s e n t  i n  t h e  s u p e r n a t a n t ;  o t h e r  f r a c t io n a t io n  p r o c e d u r e s  w e re  t h e r e fo r e  te s te d .

F ractionation  b y  the W inder & D enneny m ethod

T h e  a f f e c t  o f  I N H  o n  32P  i n c o r p o r a t io n  w a s  f u r t h e r  s t u d ie d .  A f t e r  in c u b a t io n  f o r  
4 0  h r  w i t h  I N H  a n d  32P  p h o s p h a t e ,  o r g a n is m s  w e re  b r o k e n  i n  th e  F r e n c h  p r e s s  a n d  

s u b s e q u e n t ly  f r a c t io n a t e d  a s  d e s c r ib e d  b y  W in d e r  &  D e n n e n y  (1 9 5 7 ) . T h i s  f r a c t io n a 

t i o n  p r o c e d u r e  c o n s is t s  i n  e x t r a c t in g  p h o s p h o l ip id s  w i t h  e t h a n o l  a n d  e t h e r - ( - e t h a n o l,  

f o l lo w e d  b y  s e le c t iv e  h y d r o ly s i s  o f  r ib o n u c le ic  a c id  ( R N A ) ,  d e s o x y r ib o n u c le ic  a c id



( D N A )  a n d  p o ly p h o s p h a t e  w i t h  5 %  T C A  a t  r o o m  t e m p e r a tu r e .  T h e  s p e c if ic  a c t iv i t y  

a s  c o u n t s / m in . / / ig .  P  w a s  d e t e rm in e d  i n  d u p l ic a t e  f o r  e a c h  f r a c t io n .  T h e  r e s u lt s  a r e  

s e t  o u t  i n  h is t o g r a m  f o r m  ( F ig .  3 ). I t  is  e v id e n t  t h a t  I N H  d o e s  n o t  s ig n i f ic a n t ly  i n h i b i t  

in c o r p o r a t io n  o f  32P  in t o  p h o s p h o l ip id s ,  p h o s p h o p r o t e in  o r  in o r g a n ic  p o ly p h o s p h a t e .

E ffec t o f  isoniazid on b c g  383

Fig. 1. The effect o f IN H  on 14C acetate incorporation into INH-sensitive bcg. Test and 
control cultures received 0-45 fic UC acetate at time zero. A t the same time test cultures were 
treated with 10 ,«g./ml. INH .

Fig. 2. The effect o f IN H  on 32P and 35S incorporation into TCA precipitable cytoplasmic 
components o f INH-sensitive bcg. A t time zero all cultures received 10 //c  35S sulphate and 
10 /ic  32P orthophosphate. In addition test cultures were exposed to 10 /rg./ml. IN H . The data 
have been plotted as a moving average, (a) Incorporation o f 35S. (b) Incorporation o f 32P.

T h e r e  i s  n o  d e t e c t a b le  e f fe c t  o n  f r a c t io n s  R x a n d  R 2 w h ic h  c o n t a in  R N A ,  p o ly p h o s 

p h a te ,  a n d  D N A  p u r in e s .  A n y  e f fe c t  o n  n u c le ic  a c id  s y n th e s is  i n  th e se  f r a c t io n s  w i l l  

h o w e v e r  b e  o b s c u r e d  b y  t h e  la r g e  e x c e s s  o f  p o ly p h o s p h a t e  i n  e a c h  o f  th e s e  f r a c t io n s
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w h o s e  b io s y n th e s is  is  n o t  a f fe c te d . T h e r e  a p p e a r s  t o  b e  s o m e  r e d u c t io n  i n  s p e c i f ic  

a c t iv i t y  i n  th e  T C A  s o lu b le  c o m p o n e n t  a n d  i n  f r a c t io n  D  c o n t a in in g  D N A  o r  ( m a in ly )  

a p u r in ic  a c id  a n d  p o ly p h o s p h a t e ,  b u t  i t  p r o v e d  im p o s s ib le  t o  d e t e rm in e  th e  s p e c if ic  

a c t iv i t y  o f  n u c le ic  a c id  c o m p o n e n t s .
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Fig. 3. The effect o f IN H  on the specific activity o f 32P-phosphorus-containing fractions. 
Test and control cultures received 10 /¿c sterile 32P orthophosphate. Test cultures were treated 
with 1-0 /-g./ml. INH . After incubating at 37° for 40 hr, cells were fractionated according to 
the method o f Winder & Denneny (1957). Fractions referred to in the histogram are those 
described by the above authors.

Fractionation  b y  the Schm idt-T hannhauser m ethod

I N H - s e n s i t iv e  bcg  w a s  g r o w n  o n  A F M R  m e d iu m  f o r  16  d a y s  a s  u s u a l,  h a r v e s t e d  

u n d e r  s t e r i le  c o n d i t io n s  a n d  r e s u s p e n d e d  in  10 0  m l.  o f  p h o s p h a te - f r e e  A F M R  m e d iu m  

a t  p H  7 -0 , s o  t h a t  e a c h  s u s p e n s io n  c o n t a in e d  th e  g r o w t h  f r o m  l \  R o u x - b o t t le  c u ltu r e s .  

T o  e a c h  b o t t le  w a s  a d d e d  10 0  f ic  32P  o r t h o p h o s p h a t e .  T e s t  c u ltu r e s  r e c e iv e d  s te r i le  

I N H  t o  2  /¿g ./m l. o r  a n  e q u iv a le n t  v o lu m e  o f  s t e r i le  d is t i l l e d  w a te r .  A l l  b o t t le s  w e re  

in c u b a t e d  a t  37 °  f o r  6 8  h r .  E a c h  c u l t u r e  w a s  c h e c k e d  f o r  b a c t e r ia l  c o n t a m in a t io n  a n d  

p H  b e fo r e  h a r v e s t in g .  T h e r e  w a s  n o  d e te c ta b le  c h a n g e  in  th e  p H  o f  e a c h  c u lt u r e .

32P  u p t a k e  w a s  t h e r e fo r e  s t u d ie d  in  c e l ls  w h ic h  w e re  th e n  w a s h e d ,  b r o k e n  a n d  

t r e a t e d  a c c o r d in g  t o  S c h m id t  &  T h a n n h a u s e r  (1 9 4 5 ) . I n  th e  f i r s t  e x p e r im e n t  c h r o m a t o 

g r a p h ic  a n a ly s is  o f  t h e  n u c le ic  a c id  d e r iv a t iv e s  w a s  c a r r ie d  o u t  u s in g  th e  s o lv e n t  

s y s te m  o f  R o b e r t s  e t al. (1 9 5 5 ) . T h e  r e s u lt s  a re  p r e s e n te d  a s  a  h is t o g r a m  ( F ig .  4 ) . I t  

c a n  b e  se e n  t h a t  w h i le  I N H  h a d  v e r y  l i t t le  e f fe c t  o n  32P  in c o r p o r a t io n  in t o  e i t h e r  w h o le  

c e l ls ,  a c id  s o lu b le  m a t e r ia l ,  p h o s p h o p r o t e in  o r  p h o s p h o l ip id  i t  h a d  a  p r o f o u n d  e f fe c t  

o n  th e  R N A  f r a c t io n .  T h r e e  r ib o n u c le o t id e s ,  g u a n y l i c  a c id ,  u r i d y l i c  a c id  a n d  c y t id y l i c  

a c id  w e re  t e n t a t iv e ly  id e n t i f ie d  b y  t h e i r  u l t r a v io le t  a b s o r p t io n  c h a r a c t e r is t ic s  a n d  b y  

t h e i r  p o s i t io n  o n  e a c h  c h r o m a t o g r a m .  T h e  s p e c if ic  a c t iv i t y  o f  e a c h  o f  th e se  r ib o n u 

c le o t id e s  i n  o r g a n is m s  e x p o s e d  t o  2  /¿g. I N H / m l .  f o r  6 8  h r  w a s  2 5  %  o f  th e  c o n t r o l  

a c t iv i t y ,  t h e  g re a te s t  i n h ib i t i o n  a t t r ib u t a b le  t o  I N H  s o  f a r  r e p o r t e d .  I t  p r o v e d  d i f f i c u l t
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t o  o b t a in  m u c h  D N A  m a t e r ia l  a n d  th e  p r o d u c t s  o f  a c id  h y d r o ly s i s  o f  t h is  f r a c t io n  c o u ld  

n o t  b e  id e n t i f ie d .  A l t h o u g h  t h e re  i s  n o  a g re e m e n t  b e tw e e n  t h e  s p e c i f ic  a c t iv i t y  o f  e a c h  

o f  t h e  t h re e  s p o t s  ( la b e l le d  X ,  Y  a n d  Z )  i s o la t e d  f r o m  th e  h y d r o ly s e d  D N A  f r a c t io n ,  

t h e i r  a c t iv i t ie s  a r e  a l l  lo w e r  t h a n  th e  w h o le  c e l l  s p e c i f ic  a c t iv i t y .  I t  i s  p r o b a b le  t h a t  

in c o r p o r a t io n  o f  32P  in t o  D N A  i s  i n h ib i t e d  a l t h o u g h  i t  i s  im p o s s ib le  t o  d e c id e  i n  w h ic h  

o r d e r  ( i f  a n y )  n u c le ic  a c id  s y n th e s is  is  a f f e c te d  b y  I N H .

E ffec t o f  isoniazid on b c g

Fig. 4. The effect o f IN H  on the specific activity o f 32P-phosphorus-containing fractions. 
Sixteen-day-old cells were washed and suspended in a phosphate-free medium. Test and 
control cultures received lOO/tc 32P orthophosphate. Test cultures were treated with 2 «g./ 
ml. IN H . After 68 hr at 37° cells were fractionated according to the method o f Schmict & 
Thannhauser (1945).

T h is  e x p e r im e n t  w a s  re p e a t e d  a n d  th e  e f fe c t  o f  s t r e p t o m y c in  ( S M )  c o n t r a s t e d  w i t h  

t h e  e f fe c t  o f  I N H .  I t  i s  k n o w n  t h a t  w h i le  s t r e p t o m y c in  e x e rc is e s  a n  im m e d ia t e  g r o w t h -  

in h ib i t o r y  e f fe c t ,  I N H  a c t s  o n ly  s lo w ly  a f t e r  a  la g  p e r io d  o f  1 - 2  g e n e r a t io n  t im e s  

( K o c h - W e s e r  e t al. 1 9 55 ). O r g a n is m s  w e re  f r a c t io n a t e d  a s  a lr e a d y  d e s c r ib e d  e x c e p t  

t h a t  c h r o m a t o g r a m s  o f  n u c le ic  a c id  d e r iv a t iv e s  w e re  r u n  i n  t h e  D o r o u g h  &  S e a to n  

(1 9 5 4 )  s o lv e n t  s y s te m . T h e  r e s u lt s  ( F ig .  5 ) s h o w  t h a t  s t r e p t o m y c in  in h ib i t e d  i n c o r 

p o r a t io n  o f  32P  in t o  a l l  f r a c t io n s  te s te d . I n c o r p o r a t io n  in t o  r ib o n u c le o t id e s  w a s  m o r e  

r e d u c e d  t h a n  i n  o t h e r  f r a c t io n s .  H o w e v e r ,  i n  c o n t r a s t  t o  t h e  e f fe c t  o f  s t r e p t o m y c in ,  

I N H  a f fe c te d  o n ly  th e  r ib o n u c le o t id e  f r a c t io n .  I n  t h is  e x p e r im e n t  th e  s p e c i f ic  a c t iv i t ie s  

i n  t h e  c o n t r o l  s e t  a p p e a r  t o  b e  lo w ,  b u t  th e  r e la t iv e  o r d e r  o f  in h ib i t i o n  i n  th e  t r e a te d  

se ts  is  n o t  a f fe c te d .

DISCUSSION

T h e  f i r s t  e x p e r im e n t s  o n  th e  e ffe c ts  o f  I N H  o n  th e  in c o r p o r a t io n  o f  14C  g ly c in e ,  

14C  a c e ta te .  35S  s u lp h a t e  a n d  32P  p h o s p h a t e  in t o  w a s h e d  w h o le  B C G  o r g a n is m s  s h o w e d  

t h a t ,  w i t h  th e  e x c e p t io n  o f  in c o r p o r a t io n  o f  14C  a c e ta te ,  t h e r e  w a s  n o  s ig n i f ic a n t  c h a n g e  

in  th e  s p e c i f ic  a c t iv i t y  o f  I N H - t r e a t e d  a n d  c o n t r o l  o r g a n is m s .  T h e  t h re e  m e t a b o l i t e s
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g ly c in e ,  s u lp h a t e  a n d  p h o s p h a t e  b e tw e e n  t h e m  p r o v id e  a n  in d i c a t o r  f o r  th e  s y n th e s is  

o f  m o s t  c h e m ic a l  f r a c t io n s  in  m y c o b a c t e r ia .  H e n c e  i t  is  p r o b a b le  t h a t  th e  s ite  o f  a c t io n  

o f  I N H  is  d ir e c t e d  t o  a  s p e c if ic  m e t a b o l ic  r e a c t io n ,  in h ib i t i o n  o f  w h ic h  w i l l  h a v e  n o  

im m e d ia t e  e f fe c t  o n  o v e r a l l  b io s y n th e s is .  T h e s e  r e s u lt s  c o n f i r m  th e  f in d in g s  o f  s e v e ra l 

g r o u p s  o f  w o r k e r s  o n  th e  e f fe c t  o f  I N H  o n  th e  g r o w t h  o f  m y c o b a c t e r ia .  F o r  e x a m p le ,  

i t  h a s  b e e n  s h o w n  t h a t  g r o w t h  o f  m y c o b a c t e r ia  is  in h ib i t e d  o n ly  a f t e r  a  la t e n t  p e r io d  o f

1 - 2  g e n e r a t io n  t im e s  ( B a r c la y  e t al. 1 9 5 3 ;  S c h a e fe r ,  1 9 54 ). M a c k a n e s s  &  S m it h  (1 9 5 3 )  

h a v e  a ls o  s h o w n  t h a t  I N H  in h ib i t s  a  s p e c if ic  b io s y n t h e t ic  r e a c t io n  a n d  t h a t  t h e  e x p r e s 

s io n  o f  t h is  in h ib i t i o n  o c c u r s  a f t e r  a  c o n s id e r a b le  d e la y .

386

=5 120

1 130

8, 80co
O

g 60
U

40

20

0

Fig. 5. The effect o f IN H  and streptomycin (SM) on the specific activity o f 32P-phosphorus- 
containing fractions. Cells were treated as described for Fig. 4 with the exception that test 
cultures received either 20 /ig./m l. SM or 1 -0 /tg./ml. INH .

W i t h  14C  a c e ta te  th e  e f fe c t  o f  I N H  w a s  c o n s id e r a b le .  I t  w a s  o b s e r v e d  t h a t  d u r in g  

th e  f i r s t  f e w  h o u r s  o f  a c e ta te  f ix a t io n  I N H  in h ib i t s  u p t a k e  b y  a b o u t  5 0  % . T h e s e  r e s u lt s  

c o n f i r m  th e  w o r k  o f  M e a d o w  (1 9 5 6 )  a n d  M e a d o w  &  K n o x  (1 9 5 6 )  w h o  d e m o n s t r a t e d  

t h a t  o x id a t io n  o f  a c e ta te  b y  w a s h e d  c e l ls  o f  M ycobacteriu m  sm egm atis  a n d  bcg  w a s  

in h ib i t e d  b y  I N H  t o  5 0 %  o f  th e  c o n t r o l  le v e l.  T h e y  c o n c lu d e d  t h a t  a n  o x id a t io n  

r e a c t io n  w i t h in  th e  m y c o b a c t e r ia l  c e l l  w a s  in h ib i t e d  b y  th e  d r u g .  T h i s  in h ib i t i o n  

a p p e a r e d  t o  t a k e  p la c e  a t  w id e ly  d i f f e r in g  I N H  c o n c e n t r a t io n s  a l t h o u g h  th e  a m o u n t  

o f  in h ib i t i o n  w a s  a lw a y s  i n  th e  r e g io n  o f  5 0  % . T h e  e a s ie s t  in t e r p r e t a t io n  o f  th e  d a t a  

o f  th e s e  w o r k e r s  i n  th e  l i g h t  o f  r e s u lt s  w i t h  r a d io a c t iv e  a c e ta te  is  t h a t  I N H  in h ib i t s  

n o t  th e  o x id a t io n  b u t  th e  u p t a k e  o f  th e  s u b s t r a te .  H o w e v e r ,  i t  is  n o t  e a s y  t o  e s t a b l is h
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t h e  r e la t io n s h ip  o f  th e  e f fe c t  t o  th e  a n t ib io t i c  a c t io n  o f  I N H ,  a s  t h is  i n h ib i t i o n  a p p e a r s  

t o  o c c u r  a t  o n c e  i n  th e  p r e s e n c e  o f  I N H  a n d  a c e ta te  is  n o t  n e c e s s a r y  f o r  t h e  g r o w t h  

o f  th e se  o r g a n is m s .

I n c o r p o r a t io n  o f  35S  s u lp h a t e  in t o  T C A - in s o lu b le  c y t o p la s m ic  c o m p o n e n t s  o f  b c g  
w a s  n o t  a f f e c te d  b y  I N H  o v e r  th e  f i r s t  3 0 - 4 0  h r ;  i t  t h e n  c e a s e d  c o m p le t e ly .  O n  th e  

o t h e r  h a n d ,  i n c o r p o r a t io n  o f  32P  o r t h o p h o s p h a t e  in t o  th e  s a m e  m a t e r ia l  w a s  v e r y  

g r e a t ly  in h ib i t e d  b y  I N H  a s  s o o n  a s  th e  o r g a n is m s  w e re  e x p o s e d  t o  th e  d r u g .  O n e  

e x p la n a t io n  o f  th e se  r e s u lt s  se e m s  t o  b e  t h a t  th e  d e la y e d  in h ib i t i o n  w i t h  36S  s u lp h a t e  

is  a  c o n s e q u e n c e  o f  th e  e f fe c t  o b s e r v e d  w i t h  32P  p h o s p h a te .  I f  th e  in h ib i t e d  p o r t io n  o f  

th e  p h o s p h a t e - c o n t a in in g  T C A - in s o lu b le  f r a c t io n  is  n u c le ic  a c id  a n d  i f  t h e  s u lp h a t e -  

c o n t a in in g  c o m p o n e n t  o f  t h e  s a m e  f r a c t io n  is  p r o t e in  i t  a p p e a r s  p r o b a b le  t h a t  I N H  

in h ib i t s  s o m e  a s p e c t  o f  n u c le ic  a c id  s y n th e s is  w i t h  th e  r e s u lt  t h a t  a f t e r  a  d a y  p r o t e in  

s y n th e s is  c e a se s .

I t  w a s  im p o r t a n t  t o  d e c id e  w h ic h  p h o s p h a t e  c o m p o u n d  w a s  in h ib i t e d .  T h e  W in d e r  

&  D e n n e n y  f r a c t io n a t io n s  s h o w e d  t h a t  I N H  h a d  n o  s ig n i f ic a n t  e f fe c t  o n  p h o s p h a t e  

in c o r p o r a t io n  in t o  s e v e ra l c o m p o n e n t s ,  in c lu d in g  p o ly p h o s p h a t e ,  p h o s p h o l ip id  a n d  

r e s id u a l  p h o s p h o p r o t e in .  T h i s  p r o c e d u r e  d id  n o t  s h o w  t h e  e f fe c t  o f  I N H  o n  n u c le ic  a c id  

s y n th e s is .  T h e  S c h m id t - T h a n n h a u s e r  f r a c t io n a t io n  s h o w e d  t h a t  I N H  h a d  l i t t l e  e f fe c t  

o n  th e  s p e c if ic  a c t i v i t y  o f  32P  i n  p h o s p h o l ip id s ,  T C A - s o lu b le  c o m p o n e n t s  a n d  w h o le  

c e l ls .  H o w e v e r ,  a  g r e a t  r e d u c t io n  w a s  n o t e d  w i t h  r ib o n u c le o t id e  a n d  th e  p r o d u c t s  o f  

h y d r o ly s i s  o f  D N A .
A  s im i la r  e x p e r im e n t  u s in g  I N H  a n d  s t r e p t o m y c in  a s  a  s e c o n d  c o n t r o l  s h o w e d  t h a t  

i n  c o n t r a s t  t o  t h e  a c t io n  o f  I N H ,  s t r e p t o m y c in  in h ib i t e d  b io s y n th e s is  o f  e v e r y  c o m 

p o n e n t  t o  3 0 - 4 0  %  o f  t h e  c o n t r o l  le v e l  a l t h o u g h  n u c le ic  a c id  s y n th e s is  w a s  a f fe c te d  

e v e n  m o re .  T h e s e  f in d in g s  a re  c o n s is t e n t  w i t h  th e  r e s u lt s  o b t a in e d  b y  B a r c la y ,  E b e r t  

&  K o c h - W e s e r  (1 9 5 3 )  a n d  M a c k a n e s s  &  S m it h  (1 9 5 3 ) , w h o  s h o w e d  t h a t  I N H  in h ib i t s  

g r o w t h  o f  t u b e r c le  b a c i l l i  a f t e r  a  la t e n t  p e r io d  c o r r e s p o n d in g  t o  1 - 2  g e n e r a t io n  t im e s ,  

w h e re a s  th e  b a c t e r ic id a l  e f fe c t  o f  s t r e p t o m y c in  is  im m e d ia t e .

I t  is  r e a s o n a b le  t o  c o n c lu d e  t h a t  I N H  f i r s t  b lo c k s  s o m e  b io s y n t h e t ic  r e a c t io n  w h ic h  

r e s u lt s  i n  a  c e s s a t io n  o f  n u c le ic  a c id  s y n th e s is .  I t  is ,  o f  c o u r s e ,  im p o s s ib le  t o  sa y  t h a t  

n u c le ic  a c id  s y n th e s is  is  t h e  d i r e c t  s it e  o f  a c t io n  o f  I N H ,  a l t h o u g h  i t  is  t h e  e a r l ie s t  

d e t e c t a b le  e f fe c t  o f  I N H  o n  th e  b io s y n t h e t ic  m e c h a n is m s  in  b c g  r e p o r t e d  s o  f a r .  

F o l l o w in g  t h e  b lo c k a g e  i n  n u c le ic  a c id  s y n th e s is ,  p r o t e in  s y n th e s is  is  in h ib i t e d ,  a l t h o u g h  

t h is  m a n if e s t s  i t s e l f  a f t e r  a  la g  p e r io d  o f  3 0 - 3 5  h r ,  w h ic h  is  s im i la r  t o  th e  d e la y  in  

g r o w t h  in h ib i t i o n  r e p o r t e d  b y  th e  w o r k e r s  m e n t io n e d  a b o v e .  F in a l l y ,  a s  a  r e s u lt  o f  t h e  

c e s s a t io n  o f  p r o t e in  s y n th e s is ,  th e  s y n th e s is  o f  o t h e r  c e l lu la r  c o m p o n e n t s  is  s lo w ly  

a f fe c te d  a s  th e  c o n c e n t r a t io n  o f  m o s t  b io s y n t h e t ic  e n z y m e s  is  r e d u c e d ,  e i t h e r  b e c a u s e  

t h e y  a r e  d i lu t e d  o u t  o r  b e c a u s e  t h e y  a r e  b r o k e n  d o w n  in  t h e  c e l l .

T h e  r e s u lt s  r e p o r t e d  i n  t h is  p a p e r  c o n s t i t u t e  p a r t  o f  a  th e s is  p r e s e n te d  t o  th e  U n i 

v e r s i t y  o f  L o n d o n  i n  1 9 62 . S in c e  t h is  t im e  th e  o b s e r v a t io n  t h a t  I N H  in h ib i t s  s o m e  

a s p e c t  o f  n u c le ic  a c id  s y n th e s is  h a s  b e e n  a b ly  c o n f i r m e d  b y  T s u k a m u r a  &  M i z u n o

(1 9 6 2 )  a n d  G a n g a d h a r a m ,  H a r o l d  &  S c h a e fe r  (1 9 6 3 )  w h o  u s e d  d i f f e r e n t  a n a ly t i c a l  

m e th o d s .
I t  is  a  p le a s u r e  t o  t h a n k  P r o f e s s o r  R .  K n o x  f o r  h is  h e lp f u l  s u g g e s t io n s  a n d  e n 

c o u r a g e m e n t .  T h i s  w o r k  w a s  s u p p o r t e d  b y  a  r e s e a r c h  g r a n t  f r o m  G u y ’ s H o s p i t a l  

E n d o w m e n t  f u n d .

Effect o f  isoniazid on bc g
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The uptake and fate o f Isoniazid in Mycobacterium  
tuberculosis var. bovis b c g
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(.A ccep ted  fo r  pu blica tion  2 5  January  1967 )

S U M M A R Y
T h e  in c o r p o r a t io n  o f  14C  I N H  in t o  s e n s it iv e  a n d  r e s is t a n t  b a c t e r ia  h a s  

b e e n  in v e s t ig a te d .  O n ly  o r g a n is m s  s u s c e p t ib le  t o  I N H  t o o k  u p  th e  d r u g .  
U p t a k e  w a s  i r r e v e r s ib le  a n d  b e c a m e  s a tu r a t e d  a t  h ig h e r  I N H  c o n c e n t r a t io n s .  
U p t a k e  w a s  h e a t - la b i le ,  K C N - s e n s i t i v e ,  p a r t i a l l y  in h ib i t e d  b y  d in i t r o p h e n o l  
a n d  s t im u la t e d  b y  S H  g r o u p  re a g e n ts .  T h e  a c t iv a t io n  e n e rg y  o f  b in d in g  w a s  
o f  th e  s a m e  o r d e r  a s  th e  a c t iv a t io n  e n e rg y  o f  a n  e n z y m e  c a t a ly s e d  r e a c t io n .  
U p t a k e  a t  37 °  w a s  r a p id ly  in h ib i t e d  a l t h o u g h  a t  4 °  i t  w a s  n o t .  T h e  I N H  b in d 
in g  m e c h a n is m  h a d  m a n y  o f  th e  p r o p e r t ie s  o f  c a t a la s e  a n d  p e r o x id a s e  I t  
s e e m s  l i k e l y  t h a t  a l l  th e s e  f u n c t io n s  w e re  p a r t  o f  o n e  e n z y m e  w h ic h  w a s  
m is s in g  f r o m  I N H - r e s i s t a n t  b c g .

C h r o m a t o g r a p h ic  s t u d ie s  o n  h o t - w a t e r  e x t r a c t s  o f  I N H - t r e a t e d  b c g  
in d ic a t e d  t h a t  I N H  w a s  c o n v e r t e d  in t o  s e v e ra l u n id e n t i f ie d  p r o d u c t s  w it h in  
th e  o r g a n is m .

I N T R O D U C T I O N
T h e  e f fe c t  o f  i s o n ia z id  ( I N H )  o n  th e  b io s y n th e s is  o f  a  n u m b e r  o f  c o m p o n e n t s  o f  

b c g  h a s  b e e n  e x a m in e d  i n  a n  e a r l ie r  p a p e r  ( W im p e n n y ,  1 967 ). H o w e v e r ,  i n  a t t e m p t 

in g  t o  e lu c id a t e  b o t h  th e  m o d e  o f  a c t io n  a n d  th e  s p e c i f ic i t y  o f  I N H  a s  a n  a n t i- t u b e r -  

c u la r  a g e n t ,  t h e  f a t e  o f  th e  d r u g  i t s e l f  i n  th e  s e n s it iv e  o r g a n is m  m u s t  b e  t r a c e d .  S e v e r a l 

p a p e r s  h a v e  b e e n  p u b l is h e d  w h ic h  t h r o w  s o m e  l ig h t  o n  t h is  a s p e c t  o f  t h e  p r o b le m .  

B a r c la y ,  E b e r t  &  K o c h - W e s e r  ( 1 9 5 3 )  s h o w e d  t h a t  M ycobacteriu m  tuberculosis v a r .  

hom inis s t r a in  h  3 7  r v  s e n s it iv e  t o  I N H  t o o k  u p  th e  d r u g ,  w h i l s t  a  r e s is t a n t  v a r ia n t  d id  

n o t .  I n  la t e r  e x p e r im e n t s  ( B a r c la y ,  K o c h - W e s e r  &  E b e r t ,  1 9 54 )  u s in g  th e  s a m e  o r g a n is m ,  

t h e y  in v e s t ig a t e d  th e  u p t a k e  o f  14C  i s o n i c o t in i c  a c id ,  14C  n ic o t in a m id e  a n d  14C  n i c o 

t i n i c  a c id .  O f  th e s e  c o m p o u n d s ,  14C  I N H  w a s  b o u n d  a n d  th e n  o n ly  b y  th e  d r u g - s e n s it iv e  

s t r a in .  O r g a n is m s  k i l l e d  b y  h e a t  o r  w i t h  f o r m a l in  d id  n o t  f ix  I N H .  T h e s e  w o r k e r s  

in d ic a t e d  t h a t  u p t a k e  o f  I N H  w a s  g r e a te r  a t  5° t h a n  a t  3 7 °  i n  l i v in g  b a c t e r ia  a n d  c o n 

c lu d e d  t h a t  I N H  w a s  b o u n d  b y  p h y s ic a l  a d s o r p t io n .  Y o u a t t  (1 9 5 8  a )  c o n f i r m e d  t h a t  

14C  I N H  w a s  b o u n d  o n ly  b y  s e n s it iv e  m y c o b a c t e r ia .  S h e  s h o w e d  t h a t  th e  d r u g  w a s  

f ix e d  o n ly  u n d e r  a c t iv e ly  m e t a b o l i z in g  c o n d i t io n s  a n d  t h a t  u p t a k e  in  s e n s it iv e  m y c o 

b a c t e r ia  w a s  s e n s it iv e  t o  c y a n id e ,  a z id e  a n d  h e a t .  S h e  f o u n d  t h a t  Staphylococcus  
aureus, E scherichia coli, M ycobacteriu m  ph lei, P ro teu s m irabilis, B acillus m egatherium  
a n d  C andida alb icans  t o o k  u p  v e r y  l i t t l e  I N H .  I n  a d d i t io n  Y o u a t t  s h o w e d  ( 1 9 5 8 6 )  t h a t  

th e  r a t e  o f  b r e a k d o w n  o f  I N H  w a s  g r e a te r  i n  l i v in g  b c g  t h a n  i n  h e a t  k i l l e d  o r g a n is m s .

* Present address: Department o f Microbiology, University College, Cardiff.
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I n  c o n t r a s t  t o  th e  f in d in g s  o f  B a r c la y  e t al. (1 9 5 4 )  r e fe r r e d  t o  a b o v e ,  Y o u a t t  f o u n d  t h a t  

14C  i s o n i c o t in i c  a c id  w a s  t a k e n  u p  e q u a l ly  w e l l  b y  s e n s it iv e  o r  r e s is t a n t  B C G .  S h e  a ls o  

o b s e r v e d  t h a t  I N H  c a u s e s  th e  a c c u m u la t io n  o f  a  y e l lo w  c o m p o u n d  i n  th e  c u lt u r e  

m e d iu m  f r o m  s e n s it iv e  c e l ls  t r e a t e d  w i t h  th e  d r u g .  S h e  t e n t a t iv e ly  id e n t i f ie d  t h is  

c o m p o u n d  a s  a  f la v in e  a n d  s u g g e s te d  t h a t  t h is  m ig h t  r e f le c t  a  le s io n  i n  f la v in e  

s y n th e s is .

B o o n e ,  S t r a n g  &  R o g e r s  (1 9 5 7 ) , a t  v a r ia n c e  w i t h  th e  f in d in g s  o f  B a r c la y  a n d  h is  

c o - w o r k e r s ,  a n d  w i t h  Y o u a t t ,  h a v e  s h o w n  t h a t  I N H - s e n s i t iv e  a n d  I N H - r e s i s t a n t  

M ycobacteriu m  tuberculosis s t r a in  h 3 7 r v  t a k e  u p  s im i la r  q u a n t i t ie s  o f  14C  I N H .  

P y r i d o x a l  s t im u la t e s  u p t a k e  o f  th e  d r u g  i n  b o t h  s t r a in s  o f  o r g a n is m  a  h u n d r e d - f o ld .

T h is  w o r k  w a s  p la n n e d  t o  in v e s t ig a te  th e  u p t a k e  a n d  f a te  o f  I N H  in  s e n s it iv e  a n d  

r e s is t a n t  b a c t e r ia  in  g r e a te r  d e t a i l .

M E T H O D S
O rganism s an d  culture. M ycobacteriu m  tuberculosis v a r .  bo vis b c g , b o t h  I N H -  

s e n s it iv e  a n d  I N H - r e s i s t a n t  s t r a in s ,  w e r e  o b t a in e d  f r o m  D r  J .  P .  U n g a r  o f  G la x o  

L a b o r a t o r ie s  L t d . ,  G r e e n f o r d ,  M id d le s e x ,  a n d  w e re  in h ib i t e d  b y  0 T  a n d  b y  10  /¿ g ./m l. 

I N H  r e s p e c t iv e ly .  T h e s e  o r g a n is m s  w e re  m a in t a in e d  a n d  c u l t u r e d  a s  d e s c r ib e d  b y  

W im p e n n y  (1 9 6 7 ) . Escherichia co li n c t c 8 1 6 4 , Staphylococcus aureus s t r a in  O x f o r d  

n c t c  6 5 71  a n d  Bacillus cereus n r r l  5 6 9  w e re  m a in t a in e d  o n  D o r s e t  e g g  s lo p e s  a n d  

s u b c u l t u r e d  tw ic e  in  d ig e s t  b r o t h  b e fo r e  u se . C orynebacterium  xerosis  ( G u y ’ s H o s p i t a l  

la b o r a t o r y  s t r a in )  w a s  s t o r e d  o n  b lo o d  a g a r  a n d  s u b c u lt u r e d  tw ic e  o n  d ig e s t  b r o t h  
b e fo r e  u se .

T h e  la s t  f o u r  o r g a n is m s  w e re  r e s is t a n t  t o  m o r e  t h a n  1 0 0 0  /¿g ./m l. I N H .  F o r  u s e  th e se  

o r g a n is m s  w e re  g r o w n  i n  10 0  m l.  q u a n t i t ie s  o f  d ig e s t  b r o t h  i n  R o u x  b o t t le s .  T h e y  w e re  
in c u b a t e d  f la t  a t  37 °  o v e r n ig h t  a n d  u s e d .

R adioactive-tracer techniques. T h e  f o l l o w in g  14C - la b e l le d  c o m p o u n d s  w e re  o b t a in e d  

f r o m  th e  R a d io c h e m ic a l  C e n t r e ,  A m e r s h a m ,  B u c k s ,  E n g la n d :  D - g lu c o s e  14C  ( U )  

3 m c / m m o le ; a d e n in e - 8 - 14C  s u lp h a t e ,  1 m c / m m o le ; g ly c in e - 14C  ( U ) ,  2  m c / m m o le ; 

i s o n i c o t in i c  a c id  h y d r a z id e  ( c a r b o x y l  14C )  2  m c / m m o le .

A q u e o u s  s o lu t io n s  o f  th e se  is o t o p e s  w e re  s t e r i l iz e d  b y  a u t o c la v in g  a t  10  p . s . i .  f o r  
10  m in .

S a m p le s  w e re  p la t e d  o n  t o  1 c m . n i c k e l  p la n c h e t t e s  a n d  d r ie d  u n d e r  a n  in f r a - r e d  

la m p .  A n  e n d - w in d o w  G e ig e r  c o u n t in g  tu b e  a n d  D y n a t r o n  c o u n t in g  g e a r  w e re  u s e d  

t h r o u g h o u t .  A l l  e x p e r im e n t s  w e re  p e r f o r m e d  in  d u p l ic a t e .

Incorporation  experim en ts. I N H - s e n s i t iv e  a n d  I N H - r e s i s t a n t  B C G  w e re  g r o w n  in  

A ld r id g e ,  F e l t o n ,  M u c h m o r e  &  R a m s a y  (1 9 5 9 ) , A F M R ,  m e d iu m  f o r  1 4 -2 1  d a y s .  

M e a s u r e d  s a m p le s  o f  e a c h  c u l t u r e  w e re  p ip e t t e d  a s e p t ic a l ly  in t o  s t e r i le  te s t - tu b e s .  

E a c h  tu b e  a ls o  r e c e iv e d  s t e r i le  14C  c a r b o n y l- la b e l le d  I N H .  O t h e r  a d d i t io n s  o f  s t e r i le  

d is t i l l e d  w a t e r  w e re  u s e d  t o  b r in g  th e  f in a l  v o lu m e  in  e a c h  t u b e  t o  5 -0  m l.  T h e  f in a l  

c o n c e n t r a t io n  o f  I N H  w a s  0 -3 6  /¿ g ./m l.,  w h ic h  is  e q u iv a le n t  t o  0 -0 2 5  / t c / m l.  is o t o p e .  

T u b e s  w e re  in c u b a t e d  a s  d e s c r ib e d  i n  e a c h  e x p e r im e n t .  T h e  c e l ls  w e re  th e n  h a r v e s t e d  

b y  c e n t r i f u g a t io n .  C e l l s  w e re  w a s h e d  o n c e  i n  A F M R  m e d iu m  w i t h o u t  g lu c o s e ,  t h e n  

in  A F M R  m e d iu m  c o n t a in in g  10 m g ./ m l.  12C  I N H  a n d  f in a l l y  in  g lu c o s e - f r e e  A F M R  

m e d iu m .  E x p e r im e n t s  w i t h  o t h e r  o r g a n is m s  w e re  p e r f o r m e d  in  a n  id e n t ic a l  m a n n e r —  

e x c e p t  t h a t  t h e y  w e re  g r o w n  in  d ig e s t  b r o t h  o v e r n ig h t  a n d  t h e y  w e re  w a s h e d  a f t e r  

h a r v e s t in g  a t  th e  e n d  o f  th e  e x p e r im e n t  i n  n o r m a l  s a lin e .  T h e y  w e re  w a s h e d  a g a in  in



n o r m a l  s a l in e  c o n t a in in g  10 m g ./ m l.  12C  I N H .  T h e  o r g a n is m s  w e re  f in a l l y  w a s h e d  in  

s t e r i le  d is t i l l e d  w a te r ,  b e f o r e  c o u n t in g .

C hrom atography. C o n c e n t r a t e d  h o t - w a t e r  e x t r a c t s  o f  c e l ls  p r e t r e a t e d  w i t h  14C  I N H  

w e re  c h r o m a t o g r a p h e d  o n  W h a t m a n  n o .  1 p a p e r  i n  e i t h e r  4 + 1  i s o p r o p a n o l+ w a t e r  

o r  5  +  1 + 4  b u t a n o l  +  a c e t ic  a c i d + w a te r .  C h r o m a t o g r a m s  w e re  r u n  o v e r n ig h t ,  d r ie d  

a n d  s p o t s  d e te c te d  b y  u l t r a v io le t  p h o t o g r a p h y  a n d  r a d io - a u t o g r a p h y .

U ptake a n d  fa te  o f  isoniazid  in b c g  391

R E S U L T S
F ixation  o f  I N H  by various species o f  bacteria

T h e  o n ly  o r g a n is m  t o  t a k e  u p  14C  I N H  t o  a n y  e x te n t  w a s  th e  I N H - s e n s i t iv e  s t r a in  

o f  b c g . R e s is t a n t  B C G  t o o k  u p  a b o u t  5  %  o f  th e  q u a n t i t y  f ix e d  b y  th e  s e n s it iv e  c e lls .  

T h e  o t h e r  b a c t e r ia  t o o k  u p  a  n e g l ig ib le  a m o u n t  o f  I N H  ( T a b le  1).

S e n s i t iv i t y  t o  I N H  a p p e a r s  t o  b e  c lo s e ly  r e la te d  t o  th e  a b i l i t y  o f  th e  o r g a n is m  t o  f ix  
th e  d r u g .

T a b le  1. The up take o f  labelled  I N H  b y  different species o f  bacteria  

Duplicate tubes received 0-36 /¿g. 14C INH/m l. and were incubated for 24 hr at 37c.

C.p.m./mg.

Mycobacterium tuberculosis var. bovis bcg  
Sensitive to INH

dry cells 

135
Resistant to INH 6-6Escherichia coli 2-2

Staphylococcus aureus strain oxford 1-2
Bacillus cereus 0-4
Proteus vulgaris 0-8
Corynebacterium xerosis 1-6

The relationship betw een concentration o f  I N H  and u p take in sensitive an d  -esistan t 
N C G

T h e s e  r e s u lt s  h a v e  b e e n  e x p re s s e d  g r a p h ic a l ly  a n d ,  i n  a d d i t io n ,  t h e o r e t ic a l  c u r v e s  

o f  I N H  u p t a k e  h a v e  b e e n  p lo t t e d  ( F ig .  1). T h e s e  w e re  c a lc u la t e d  o n  th e  a s s u m p t io n  

t h a t  th e  r a t io  o f  o b s e r v e d  t o  c a lc u la t e d  u p t a k e  w a s  T O  a t  th e  m a x im u m  c o n c e n t r a t io n  

te s te d , a n d  t h a t  u p t a k e  w a s  d i r e c t ly  p r o p o r t io n a l  t o  th e  a m o u n t  o f  I N H  a v a i la b le  a t  

lo w e r  c o n c e n t r a t io n s  o n  a l l  t h e  o t h e r  p o in t s  o n  th e  g r a p h .  T h e o r e t ic a l  c u r v e s  w e re  

p lo t t e d  f o r  b o t h  r e s is t a n t  a n d  s e n s it iv e  o r g a n is m s ,  s o  t h a t  a  c o m p a r is o n  c o u ld  b e  

m a d e  w i t h  th e  o b s e r v e d  v a lu e s .

R e s is t a n t  o r g a n is m s  s h o w  n o  s ig n if ic a n t  d if f e r e n c e  b e tw e e n  th e  o b s e r v e d  a n d  th e  

t h e o r e t ic a l  r e s u lt s .  I n  s e n s it iv e  o r g a n is m s ,  h o w e v e r ,  t h e  u p t a k e  o f  I N H  w a s  g r e a te r  

a t  a l l  c o n c e n t r a t io n s  lo w e r  t h a n  th e  m a x im u m .  M o r e o v e r ,  t h is  d if f e r e n c e  in c r e a s e s  a s  

t h e  c o n c e n t r a t io n  is  d e c re a s e d .  I n  o r d e r  t o  d e m o n s t r a t e  t h is  m o r e  c le a r ly ,  t h e  r a t io s  
o f  o b s e r v e d  t o  c a lc u la t e d  u p t a k e  a r e  p lo t t e d  i n  F ig .  2 . A t  c o n c e n t r a t io n s  w h e re  i t  

c o u ld  b e  m e a s u r e d  th e  o b s e r v e d - t o - c a lc u la t e d  r a t io  f o r  I N H  u p t a k e  b y  r e s is t a n t  c e l ls  

w a s  a p p r o x im a t e ly  T O . H o w e v e r ,  t h is  r a t io  r o s e  t o  a b o u t  4 -0  a t  lo w  I N H  c o n c e n 

t r a t io n s  i n  s e n s it iv e  c e lls .  T h is  d e m o n s t r a t e d  a  q u a l i t a t iv e  d if f e r e n c e  i n  u p t a k e  b y  

s e n s it iv e  a n d  r e s is t a n t  B C G  a n d  s e e m e d  t o  in d ic a t e  t h a t  I N H  w a s  c o n c e n t r a t e d  a n d  

f ix e d  in  th e  s e n s it iv e  c e l ls  b y  a n  a c t iv e  p ro c e s s .
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I N H fixa tion  by sensitive and resistant bcg . A t t e m p t s  w e re  m a d e  t o  d e c id e  w h e th e r  

th e  m e c h a n is m  o f  I N H  b y  s e n s it iv e  c e l ls  w a s  a n  e n z y m ic  o r  a  p h y s ic a l  p r o c e s s .  I f  I N H  

f ix a t io n  w a s  r e v e r s ib le  i n  th e  p re s e n c e  o f  la r g e  a m o u n t s  o f  n o n - r a d io a c t iv e  I N H ,  t h is  

w o u ld  le n d  w e ig h t  t o  th e  a d s o r p t io n  t h e o r y .  I f ,  h o w e v e r ,  I N H  w a s  m e t a b o l iz e d  b y  s o m e  

e n z y m e ,  i t  w o u ld  n o  lo n g e r  b e  a b le  t o  e x c h a n g e  w i t h  f re e  d r u g  a n d  i t  w o u ld  b e  f ix e d  

w i t h in  th e  c e l l .

392

Fig. 1. The effect o f varying 14C INH  concentration on IN H  uptake by resistant and sensi
tive strains o f b c g ............ Observed uptake by sensitive bacteria - • - calculated uptake by
sensitive bacteria; — , observed and calculated uptake by resistant bacteria.

Fig. 2. The ratio o f observed to calculated IN H  uptake in INH-sensitive and INH-resistant 
bcg  as a function o f 14C IN H  concentration.

Fig. 3. 14C INH  fixation by sensitive and resistant strains o f b c g . Cells o f each strain 
were incubated with 0-36/..g./ml. 14C INH  At various times 100 /tg./'ml. non-radioactive 
IN H  was added. All tubes were incubated for a further 24 hr before the cells were assayed 
for radioactivity.
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T h e  r e s u lt s  o f  t h is  e x p e r im e n t  a p p e a r  in  F ig .  3 . I t  c a n  b e  se e n  t h a t  I N H  w a s  r a p id ly  

f ix e d  b y  s e n s it iv e  c e l ls  a n d  w a s  n o t  s u b s e q u e n t ly  re le a s e d  i n  t h e  p re s e n c e  o f  h ig h  c o n 

c e n t r a t io n s  o f  n o n - r a d io a c t iv e  is o t o p e .  T h e r e  w a s  o n ly  a  s m a l l  in c r e a s e  in  i r r e v e r s ib ly  
b o u n d  I N H  in  th e  r e s is t a n t  c e l ls  o v e r  th e  s a m e  p e r io d .

The effect o f  som e conditions, known to influence en zym e reactions, on I N H  uptake. 
I t  s e e m e d  d e s ir a b le  t o  c o n f i r m  t h a t  a n  e n z y m e  is  in v o lv e d  in  I N H  f ix a t io n  b y  e x a m in in g  

th e  e f fe c t  o f  t e m p e r a tu r e  a n d  s e v e ra l c h e m ic a l  a g e n ts ,  w h ic h  a re  k n o w n  t o  a f fe c t  

e n z y m e  r e a c t io n s ,  o n  th e  f ix a t io n  o f  I N H  b y  s e n s it iv e  a n d  r e s is t a n t  b c g .
T u b e s  o f  1 8 -d a y  I N H - s e n s i t iv e  a n d  I N H - r e s i s t a n t  bcg  c u lt u r e s  w e re  se t u p  a s  

u s u a l.  G r o u p s  o f  d u p l ic a t e  tu b e s  o f  b o t h  s t r a in s  w e re  t re a te d .  T h e  r e s u lt s  a r e  s h o w n  in  

T a b le  2 .

U ptake and  fa te  o f  isoniazid in b c g

T a b le  2 . The effec t o f  various conditions on the up take o f u C  IN H  
by sensitive an d  resistan t stra ins o f  bcg

Duplicate tubes received 0-36 ,«g. 14C INH/m l. and were incubated 
for 40 hr at 37° except where otherwise stated.

Condition Counts/min. Comment

Control Sensitive 135 \ Resistant uptake about 5 % c f
Resistant 6-6 J sensitive

70° for 10 min. Sensitive 2-7 Uptake heat labile, 80%  inhibited
Resistant 26 Uptake appears to be slightly 

stimulated

4° incubation Sensitive 172 Uptake 28 % higher than control
Resistant 3-8 N o  change

IO“2 m-KCN Sensitive 7-4 Uptake completely inhibited
Resistant 9-4 Uptake unaffected

10-3 m-PCMB Sensitive 446 Uptake 3-3 times the control level
Resistant 34 Uptake about 5 times the control 

level

4 x 10_4M-2,4 D N P Sensitive 65 Uptake about 50 % of control
Resistant 7-4 Uptake unaffected

T h e  c o n t r o l  t u b e s  b e h a v e d  a s  d e s c r ib e d  in  T a b le  1 in  t h a t  th e  r e s is t a n t  c e l ls  t o o k  u p  

o n ly  5  %  o f  th e  a m o u n t  o f  I N H  t a k e n  u p  b y  th e  s e n s it iv e  c e lls .

E x p o s u r e  t o  70 °  f o r  10  m in . ,  h o w e v e r ,  r e s u lt e d  i n  a  d r o p  o f  8 0  %  in  th e  u p t a k e  o f  

I N H  b y  th e  s e n s it iv e  c e lls ,  w h e re a s  th e  u p t a k e  in  t h e  r e s is t a n t  c e l ls  w a s  s l ig h t ly  i n 

c re a s e d .  E x p o s u r e  t o  t h is  t e m p e r a tu r e  f o r  t h is  t im e  c o m m o n ly  in a c t iv a t e s  e n z y m e  

s y s te m s , a n d  t h is  r e s u l t  a d d s  f u r t h e r  e v id e n c e  t o  th e  h y p o t h e s is  t h a t  a  t h e r m o - la b i le  

s y s te m  is  d i r e c t ly  in v o lv e d  i n  I N H  f ix a t io n .  I n  r e s is t a n t  bcg , h o w e v e r ,  t h e re  a p p e a r e d  

t o  b e  a  s l ig h t  in c r e a s e  i n  I N H  u p t a k e ,  a n d  t h is  c o u ld  b e  d u e  t o  n o n - s p e c i f ic  a d s o r p t io n  

o f  I N H  o n  t o  in t r a c e l lu la r  c o n s t i t u e n t s ,  a s  a  r e s u lt  o f  in c r e a s e d  p e r m e a b i l i t y ,  f o l l o w in g  

d e s t r u c t io n  o f  th e  c y t o p la s m ic  m e m b r a n e .
‘ I n c u b a t io n ’ a t  4 °  f o r  4 0  h r  r e s u lt e d  i n  a n  in c r e a s e  o f  a b o u t  3 0  %  in  u p t a k e  o f  I N H  

b y  th e  s e n s it iv e  c e l ls ,  w h i l s t  t h e  u p t a k e  o f  th e  r e s is t a n t  c e l ls  w a s  n o t  a f fe c te d .
P a r a c h lo r o m e r c u r ib e n z o a t e  ( P C M B )  s t im u la t e d  th e  u p t a k e  o f  I N H  in  b o t h  s e n s i

t iv e  a n d  r e s is t a n t  b cg  t o  a b o u t  f o u r  t im e s  th e  c o n t r o l  le v e l.
P o t a s s iu m  c y a n id e  b lo c k e d  th e  u p t a k e  o f  I N H  b y  s e n s it iv e  bcg  c o m p le t e ly  , w h i l s t  

t h e  s l ig h t  u p t a k e  b y  th e  r e s is t a n t  c e l ls  r e m a in e d  u n c h a n g e d .



J. W . T. W I M P E N N Y

C y a n id e  is  a  c o m m o n  in h ib i t o r  o f  m a n y  e n z y m e s ,  e s p e c ia l ly  th o s e  r e q u ir in g  m e ta l 

c o f a c t o r s .  T h i s  su g g e s ts  o n c e  m o r e  t h a t  I N H  u p t a k e  is  m e d ia t e d  b y  a n  e n z y m ic  p r o c e s s .  

A g a in  th e  s m a l l  a m o u n t  o f  I N H  t a k e n  u p  b y  r e s is t a n t  c e l ls  is  u n c h a n g e d  a n d  w a s  

s im i la r  t o  th e  q u a n t i t y  t a k e n  u p  b y  c y a n id e - in h ib i t e d  s e n s it iv e  c e lls .  T h is  s m a l l  a m o u n t  

w a s  p r o b a b ly  d u e  t o  c o n t a m in a t in g  t r a c e s  o f  I N H  a d s o r b e d  n o n - s p e c i f ic a l ly  t o  th e  

c e l l .
2 , 4 - d in i t r o p h e n o l  in h ib i t e d  I N H  u p t a k e  in  s e n s it iv e  c e l ls  t o  5 0 %  o f  th e  c o n t r o l  

le v e l,  b u t  u p t a k e  b y  r e s is t a n t  c e l ls  r e m a in e d  u n c h a n g e d .  T h is  d r u g  u n c o u p le s  o x id a t iv e  

p h o s p h o r y la t io n  w h ic h  s to p s  p r o d u c t io n  o f  a d e n o s in e  t r ip h o s p h a t e  ( A T P )  n e c e s s a r y  

f o r  m o s t  e n e r g y - r e q u ir in g  r e a c t io n s .  T h u s  i t  is  p o s s ib le  t h a t  a n  e n e r g y - r e q u ir in g  

e n z y m e - c a t a ly s e d  r e a c t io n  is  in v o lv e d  i n  s o m e  a s p e c t  o f  I N H  u p ta k e .

The effect o f  tem perature on the ra te  o f  I N H  uptake

S e n s it iv e  B C G  g r o w n  f o r  21 d a y s  o n  A F M R  m e d iu m  w e re  in c u b a te d  a t  4 ° , 25 °  a n d  

37 ° , in  d u p l ic a t e ,  f o r  v a r io u s  t im e s  f r o m  0  t o  2 4  h r  w i t h  14C  I N H .  U p t a k e  w a s  f o l lo w e d  

o v e r  th e  f i r s t  2 4  h r  a n d  th e s e  r e s u lt s  a r e  s h o w n  in  F ig .  4 . I t  c a n  b e  se e n  t h a t  th e  r a t e  

o f  I N H  u p t a k e  v a r ie d  a t  th e  t h re e  t e m p e r a tu r e s  te s te d . D u r in g  th e  f i r s t  2  h r  I N H  w a s  

f ix e d  m o s t  r a p id ly  a t  3 7 °  a n d  25 ° . H o w e v e r ,  t h is  f i x a t io n  f e l l  o f f  q u i c k ly  a n d  b y  th e  

2 4 th  h r  th e  o r d e r  o f  t o t a l  u p t a k e  a t  th e  t h re e  t e m p e r a tu r e s  w a s  re v e r s e d ,  th e  g re a te s t  

a m o u n t  o f  I N H  b e in g  f ix e d  a t  4 °  a n d  th e  le a s t  a t  37 ° .

T h i s  e x p e r im e n t  w a s  r e p e a te d  o v e r  th e  n a r r o w e r  ra n g e  f r o m  0  t o  2  h r ,  a s  i t  a p p e a r e d  

t h a t  I N H  w a s  f ix e d  m o r e  r a p id ly  a t  3 7 °  t h a n  a t  e i t h e r  o f  th e  o th e r  t e m p e r a tu r e s  te s te d  

d u r in g  th e  f i r s t  2  h r .  T h e  r e s u lt s  o b t a in e d  a re  s h o w n  i n  F ig .  5.

I t  c a n  b e  se e n  t h a t  th e  i n i t i a l  r a t e  o f  u p t a k e  w a s  lo w e s t  a t  th e  lo w e r  t e m p e r a tu re s .  

T h e  i n i t i a l  r a te s  o f  I N H  u p t a k e  w e re  m e a s u r e d  a t  th e  th re e  d i f f e r e n t  t e m p e r a tu r e s  a n d  

th e  lo g  o f  t h is  r e a c t io n  v e lo c i t y  ( e x p re s s e d  a s  lo g 10 c o u n t s / 5  m in . / h r )  h a s  b e e n  p lo t t e d  

a g a in s t  th e  r e c ip r o c a l  o f  t h e  a b s o lu t e  t e m p e r a tu r e  ( F ig .  6). T h e  s lo p e  o f  t h is  g r a p h  c a n  

b e  u s e d  t o  d e t e rm in e  th e  a p p r o x im a t e  a c t iv a t io n  e n e rg y  o f  th e  r e a c t io n .  T h i s  h a s  b e e n  

d o n e  f o u r  t im e s  a n d  th e  m e a n  f ig u r e  f o r  E  a p p e a r s  t o  b e  9 9 0 0  c a l . / m o le  w i t h  a  s t a n d a r d  

d e v ia t io n  o f  2 1 0 0  c a l . / m o le ,  w h ic h  is  o f  th e  o r d e r  o f  m a g n it u d e  o f  th e  a c t iv a t io n  e n e rg y  

o f  a  t y p ic a l  e n z y m e  c a t a ly s e d  r e a c t io n .  T h is  d is t in g u is h e s  i t  f r o m  th e  v e r y  lo w  o r  
n e g a t iv e  a c t iv a t io n  e n e rg ie s  o f  p h y s ic a l  a d s o r p t io n .

Incubation a t 37° an d  its  effect on I N H  up take a t 4°. T h e  f a c t  t h a t  p r o lo n g e d  ‘ in c u b a 

t i o n ’ a t  4 °  c a u s e s  a  g r e a te r  u p t a k e  o f  I N H  t h a n  in c u b a t io n  a t  37 °  f o r  a  s im i la r  p e r io d  

p r o m p t e d  th e  q u e s t io n : c a n  o r g a n is m s  e x p o s e d  t o  I N H  a t  37 °  f o r  v a r io u s  t im e s  s u b 

s e q u e n t ly  t a k e  u p  m o r e  I N H  w h e n  in c u b a t e d  a t  4 °  t h a n  o r g a n is m s  in c u b a t e d  a t  4 °  a l l  

th e  t im e ?  C u l t u r e s  w e re  th e r e fo r e  in c u b a t e d  f o r  v a r io u s  t im e s  f r o m  0  t o  2 0  h r  a t  37 °  

w i t h  14C  I N H ,  a n d  t h e n  s t o r e d  f o r  2 4  h r  a t  4 ° . T h e  r e s u lt s  o f  t h is  e x p e r im e n t  a p p e a r  in  

F ig .  7 . I t  c a n  b e  se e n  t h a t ,  w h e n  th e  o r g a n is m s  w e re  in c u b a te d  a t  37 °  a n d  th e n  h e ld  a t  

4 ° , t h e y  t o o k  u p  p r o p o r t io n a t e ly  le s s  I N H  th e  lo n g e r  t h e y  w e re  p r e - in c u b a t e d  a t  37 ° . 

O r g a n is m s  h e ld  a t  4 °  t h r o u g h o u t  th e  p e r io d  o f  th e  e x p e r im e n t  t o o k  u p  m o s t  I N H  
o f  a l l .

The heat la b ility  o f  the up take system

C u lt u r e s  o f  I N H - s e n s i t iv e  a n d  I N H - r e s is t a n t  bcg  w e re  e x p o s e d  t o  60 °  f o r  v a r io u s  

t im e s  b e tw e e n  0  a n d  2 0  m in .  a n d  te s te d  f o r  I N H  u p t a k e  b y  a d d in g  14C  I N H  a n d  i n 

c u b a t in g  f o r  2 4  h r .  I N H  u p t a k e  in  s e n s it iv e  o r g a n is m s  f e l l  r a p id ly  a s  th e  le n g t h  o f

394
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Fig. 4 Fig. 5

Fig. 4. 14C IH N  uptake as a function of time, at 4°, 25° and 37° by INH-sensitive bcg . 
Each tube received 0-36 fig./ml. 14C IN H . At each sampling time 500 /¿g. 12C INH  was added 
to each tube.

Fig. 5. Uptake o f 14C INF! at 4°, 25° and 37° in INH-sensitive bcg, over the first 2 hr of 
incubation with the drug. Each tube received 0-36 /tg./ml. 14C IN H . At each sampling time 
500 ,«g. l2C INH was added to each tube.

Fig. 6. The log of the initial rate o f 14C IN H  uptake, determined from Fig. 5, plotted against 
the reciprocal o f the absolute temperature.

e x p o s u r e  in c r e a s e d  ( F ig .  8 ). A f t e r  a b o u t  10  m in .  a t  6 0 °  th e  u p t a k e  b y  s e n s it iv e  a n d  

r e s is t a n t  b a c t e r ia  w a s  a b o u t  th e  s a m e , a n d  p r o b a b ly  r e p re s e n ts  n o n - s p e c i f ic  a d s o r p 

t io n  o n  t o  th e  s a m e  c e l lu la r  c o m p o n e n t .  H o w e v e r ,  a b o u t  8 0  %  o f  th e  t o t a l  I N H  u p t a k e  

o f  s e n s it iv e  b a c t e r ia  w a s  h e a t - la b i le  a s  t h is  w a s  b lo c k e d  a f t e r  10  m in .  e x p o s u r e  t o  60 ° .

The effect o f  parachlorom ercuribenzoate  (P C M B ) on the incorporation o f  I N H  into 
tubercle bacilli. D u r in g  th e  p r e l im in a r y  s u r v e y  o f  th e  e ffe c ts  o f  v a r io u s  c o n d i t io n s  o n



396 J. W . T. W I M P E N N Y

Time at 60° (min.)

Fig. 7 Fig. 8

Fig. 7. Incubation of INH-sensitive bcg with 14C INF( at 37° and its effect on IN H  uptake 
at 4°. Each tube received 0-36 /tg./ml. I4C, IN H , and was incubated for various times at 37°, 
before being stored at 4° for 24 hr.

Fig. 8. Tire effect o f exposure to 60° for various times on 14C IN H  uptake in INH-resistant 
and INH-sensitive strains o f bcg. Tubes were maintained at 60° in a water bath for various 
times, before being incubated for 24 hr at 37° with 0-36 /tg./ml. 14C INH . Cells were subse
quently assayed for radioactivity.

Fig. 9. The effect o f various concentrations o f PCMB on 14C IN H  uptake by INH-sensitive 
and INH-resistant strains o f bcg. Each tube received 0-36 /tg./14C IN H  and various con
centrations o f PCMB. After incubating at 37° for 40 hr the cells were assayed for radio
activity in the usual way.



t h e  i n c o r p o r a t io n  o f  I N H  in t o  B C G  i t  w a s  s h o w n  t h a t  IC C 3 m - P C M B  s t im u la t e d  I N H  
u p t a k e  3 - 4  t im e s .

I t  w a s  d e c id e d  t o  c o m p a r e  th e  u p t a k e  o f  I N H  i n  I N H - s e n s i t iv e  a n d  I N H - r e s is t a n t  

bcg , t r e a t e d  w i t h  c o n c e n t r a t io n s  o f  P C M B  b e tw e e n  IC C 5 a n d  10 -3  m . T h e s e  r e s u lt s  

( F ig .  9 )  s h o w  t h a t  w i t h  b o t h  s e n s it iv e  a n d  r e s is t a n t  s t r a in s  I N H  u p t a k e  w a s  s t im u la t e d  

b y  a l l  c o n c e n t r a t io n s  o f  P C M B  te s te d . T h e  I N H  u p t a k e  t h a t  w a s  o b s e r v e d  i n  r e s is t a n t  
c e l ls ,  a l t h o u g h  s m a l l ,  w a s  in c r e a s e d  a b o u t  t w o f o ld .

The effec t o f  hea t on I N H  u p take s tim u la ted  b y  P C M B .  T h e  e f fe c t  o f  h e a r  o n  14C  

I N H  u p t a k e  i n  s e n s it iv e  bcg  t r e a t e d  w i t h  P C M B  w a s  e x a m in e d .  T h e  r e s u lt s  ( F ig .  10) 

s h o w  t h a t  th e  in c r e a s e d  u p t a k e  d u e  t o  P C M B  t r e a tm e n t  w a s  a s  la b i le  a s  t h e  c o n t r o l  
u p t a k e .

T a b le  3 . The effec t o f  10~3 m -P C M B  on the up take o f  norm al m etabo lites  
b y  IN H -sen sitive  an d  IN H -res is tan t bcg
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10-3 M- Percentage
Compound BCG PCMB Counts/min. o f control

2 nc  adenine Sensitive
+

3481 
121J 35%

Resistant
+

6891
5 2 / 7-5%

5 uc glycine Sensitive
+

20,0401
6 7 / 0-3%

Resistant
+

21,1111
194/ 0-9%

1 ,'ic glucose Sensitive
+

1081
1 8 / 17%

Resistant
+

1631
2 5 / 15%

T he effect o f  P C M B  on the u p take  o f  norm al m e tabo lites  b y  IN H -sen sitive  an d  IN H -  
resistan t bc g . T h e  in f lu e n c e  o f  P C M B  o n  th e  u p t a k e  o f  th r e e  n o r m a l  m e t a b o l i t e s  w a s  

e x a m in e d ;  th e s e  w e re  a d e n in e ,  g ly c in e  a n d  g lu c o s e .  T h e  r e s u lt s  a r e  p r e s e n te d  i n  T a b le  

3 . I t  c a n  b e  se e n  t h a t  i n  e v e r y  c a s e  1 0 -3  m - P C M B  in h ib i t e d  th e  u p t a k e  o f  th e s e  s u b 

s ta n c e s . T h e  e f fe c t  w a s  p a r t i c u la r l y  n o t ic e a b le  w i t h  14C  g ly c in e .

P C M B  in t e r f e r e d  e it h e r  w i t h  th e  u p t a k e  o r  t h e  m e t a b o l is m  o f  th r e e  n o r m a l  m e t a 

b o l i t e s  o f  I N H - s e n s i t iv e  a n d  I N H - r e s i s t a n t  b c g , i n  c o n t r a s t  t o  i t s  e f fe c t  o n  I N H  

u p t a k e .
The effec t o f  o ther su lphyldry l (S H ) group inhibitors on I N H  uptake. T w o  c o m p o u n d s  

w e re  c h o s e n : / V - e th y lm a le im id e  a n d  io d o a c e t ic  a c id .

T h e  r e s u lt s  a r e  s h o w n  i n  T a b le  4  a n d  f r o m  th e s e  i t  c a n  b e  se e n  t h a t  b o t h  io c o a c e t ic  

a c id  a n d  T V -e th y lm a le im id e  s t im u la t e d  I N H  u p t a k e  i n  b o t h  s e n s it iv e  a n d  r e s is t a n t  

b c g . T h e  in c r e a s e d  u p t a k e  i n  s e n s it iv e  b a c t e r ia  w a s  n o t  a s  g r e a t  a s  th e  s t im u la t io n  

o b s e r v e d  w i t h  P C M B .  H o w e v e r ,  t h e  e f fe c t  o f  b o t h  a g e n ts  o n  I N H  u p t a k e  i n  r e s is t a n t  

o r g a n is m s  w a s  v e r y  m a r k e d .
The h ea t-lab ility  o f  I N H  u p take in IN H -sen sitive  or IN H -res is tan t bcg  tre a te d  with  

N -eth lym aleim ide o r iodoacetic acid. S t im u la t io n  o f  I N H  u p t a k e  b y  iV - e t h y lm a le im id e  

a n d  io d o a c e t ic  a c id  w a s  s t u d ie d  f u r t h e r  b y  m e a s u r in g  th e  e f fe c t  o f  h e a t  o n  th e  s y s te m . 

W i t h  r e s is t a n t  b cg  ( F ig .  11) t h e  e n h a n c e d  I N H  u p t a k e  d u e  t o  th e s e  r e a g e n t s  w a s



J. W . T. W I M P E N N Y

in c r e a s e d  e v e n  f u r t h e r  b y  h e a t  t r e a tm e n t .  H o w e v e r ,  w i t h  s e n s it iv e  bcg  ( F ig .  12 ), 

a l t h o u g h  y V - e th y lm a le im id e  s t im u la t e d  th e  u p t a k e  o f  I N H ,  t h is  u p t a k e  w a s  a ls o  h e a t -  

la b i le .  E x a m in a t io n  o f  th e  la t t e r  p a r t  o f  th e  c u r v e  s h o w s  t h a t  u p t a k e  w i t h  o r  w i t h o u t  

th e  d r u g  r o s e  a s  th e  t im e  o f  e x p o s u r e  t o  60 °  in c r e a s e d ,  a l t h o u g h  u p t a k e  in  t h e  p r e 

se n c e  o f  .N - e t h y lm a le im id e  w a s  a lw a y s  h ig h e r .  C o m p a r is o n  o f  t h is  g r a p h  w i t h  F ig .  11 

s h o w in g  th e  h e a t  l a b i l i t y  o f  I N H  u p t a k e  in  r e s is t a n t  o r g a n is m s  e x p o s e d  t o  th e s e  d r u g s  

in d ic a t e s  t h a t  th e  s h a p e  o f  th e  la t t e r  p a r t  o f  th e  c u r v e  a f t e r  5 m in .  e x p o s u r e  t o  60 °  is  

s im i la r  in  b o t h  ca se s . I t  is  p r o b a b le  t h a t  I N H  u p t a k e  f o l lo w s  a  s im i la r  c o u r s e  in  b o t h  

s t r a in s  o f  bcg  e x c e p t  t h a t  a  h e a t - la b i le  m e c h a n is m  b in d in g  I N H  e x is t s  in  th e  s e n s it iv e  

o r g a n is m s  w h i l s t  t h is  is  n o t  p r e s e n t  in  th e  r e s is t a n t  b a c t e r ia .
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T a b le  4 . The effect o f  N-ethylm aleim ide and iodoacetic acid on the 
uptake o f  isoniazid by sensitive and resistant bcg  bacilli

IHN-sensitive bcg  INH-resistant bcg

Control
Counts/min.

120

% o f
control Counts/min.

8-6

Percentage 
of control

Iodoacetic acid
10~3 M 169 141 77 890
1 0 -4 m 127 106 25 290
10~5 m 121 100 7-6 c. 100

N  ethylmaleimide
IO-3 M 176 147 68 790
10~4 M 182 152 27 320
1 0 -5 m 141 118 21 250

The effect o f  P C M B , N-ethylm aleim ide and iodoacetic acid on IN H  uptake in three 
species o f  bacteria. T h r e e  o r g a n is m s  w e re  c h o s e n :  Escherichia coli, Staphylococcus 
aureus a n d  Bacillus cereus. C u lt u r e s  o f  e a c h  o r g a n is m  w e re  t r e a t e d  w i t h  o n e  o f  th e  

th re e  re a g e n ts  o r  d is t i l l e d  w a te r ,  a n d  14C  I N H .  O n ly  n e g l ig ib le  q u a n t i t ie s  o f  I N H  w e re  

t a k e n  u p  b y  e a c h  o f  th e  th re e  o r g a n is m s .

The extraction and chromatography o f  UC IN H  and its metabolites fro m  IN H -  
sensitive bc g . I t  s e e m s  l i k e l y  t h a t  I N H  is  c o n v e r t e d  b y  I N H - s e n s i t iv e  BCG t o  s o m e  

m e t a b o l i t e  a n d  t h is  c o m p o u n d  is  r e s p o n s ib le  f o r  th e  t o x ic  e f fe c t  o f  th e  d r u g  in  th e  

b a c t e r iu m .  H o w e v e r ,  a t  p r e s e n t  th e  n a tu r e  o f  t h is  s u b s ta n c e  is  u n k n o w n .

I t  w a s  d e c id e d  t o  a t t e m p t  th e  e x t r a c t io n  o f  th e  r a d io a c t iv e  I N H  a n d  i t s  d e r iv a t iv e s  

b o u n d  b y  I N H - s e n s i t iv e  bcg  a n d  t o  a n a ly s e  t h is  e x t r a c t  c h r o m a t o g r a p h ic a l ly .

C h r o m a t o g r a p h ic  e x a m in a t io n  o f  th e  h o t - w a t e r  e x t r a c t  o f  s e n s it iv e  b cg  t r e a te d  

w i t h  14C  I N H  f o r  4 2  h r  s h o w e d  t h a t  le s s  t h a n  5  %  o f  th e  a c t iv i t y  c o u ld  b e  a c c o u n t e d  

f o r  a s  I N H  o r  a n y  o f  th r e e  b r e a k d o w n  p r o d u c t s — is o n ic o t in i c  a c id ,  is o n ic o t in a m id e  

o r  d i i s o n ic c t in y lh y d r a z in e .  M o s t  o f  t h is  a c t iv i t y  r e m a in e d  a t  th e  o r ig in  i n  b o t h  s o lv e n t  

s y s te m s  (see  M e t h o d s ) .  I t  s e e m s  c le a r  f r o m  t h is  e x p e r im e n t  t h a t  th e  f a te  o f  I N H  in  

I N H - s e n s i t iv e  bcg  w a s  m o r e  c o m p le x  t h a n  h a d  h i t h e r t o  b e e n  t h o u g h t  l i k e ly .  I t  is  

o b v io u s  t h a t  a  d e t a i le d  c h e m ic a l  a n a ly s is  o f  t h e  m e t a b o l is m  o f  I N H  b y  t u b e r c le  b a c i l l i  

i s  n e c e s s a r y  a n d  t h a t  t h is  w i l l  t h r o w  m o r e  l i g h t  o n  th e  m o d e  o f  a c t io n  o f  th e  d r u g .
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Time at 60° (min.) Time at 60° (min.)
Fig. 10 Fig. 11

Fig. 10. Exposure to 60° for various times on 14C IN H  uptake in IN H  sensitive bcg , in the 
presence and absence o f PCMB. Experimental details as for Fig. 8.

Fig. 11. The effect o f heat on 14C IN H  uptake in INH-resistant bcg treated with A'-cthyl- 
maleimide or iodoacetic acid. Experimental details as for Fig. 8.

Time in minutes at 60°
Fig. 12. The heat-lability o f 14C IN H  uptake in INH-sensitive bcg treated with N-ethyl- 

maleimide. Experimental details as for Fig. 8.
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D I S C U S S I O N
T h e b u lk  o f  th e  e v id en ce  p resen ted  in  th is  p a p er  in d ica te s  th e  en z y m ic  n a tu re  c f  I N H  

u p ta k e . T h is  e v id e n c e  w ill b e  d isc u sse d  a n d  a  w o r k in g  h y p o th e s is  fo r  I N H  a c tio n  w ill 
b e  ex a m in ed .

T h e  re la t io n sh ip  b e tw een  th e  sen s it iv ity  o f  m y c o b a c te r ia  to  I N H  a n d  th e  m o d e  o f  
a c tio n  o f  th e  d ru g  req u ires a ccu ra te  k n o w le d g e  o f  th e  p r o c e ss  b y  w h ic h  th e  d ru g  
arrives a t its  s ite  o f  a c t io n  w ith in  th e  ce ll.

E arly  ex p er im en ts  w ere  d esig n ed  to  co rre la te  se n s itiv ity  to  I N H  w ith  u p ta k e  o f  th e  
d ru g . T h e se  ex p er im en ts  sh o w e d  th a t o n ly  sen s itiv e  o rg a n ism s c o u ld  ta k e  u p  I N H .  
IN H -r e s is ta n t  m y c o b a c te r ia  ta k e  u p  c o n s id e r a b ly  le ss  I N H . O rg a n ism s n o r m a lly  
n a tu ra lly  r e s ista n t fix ed  le a s t  I N H  o f  a ll. W h a tev er  th e  m e c h a n ism  o f  I N H  u p ta k e  
th ere fo re , th e  d ru g  is  fo u n d  o n ly  in  o rg a n ism s w h ich  are sen s itiv e  to  it . U p ta k e  
k in e tic s  are q u a lita tiv e ly  d ifferen t w h en  sen s it iv e  a n d  r e s ista n t o rg a n ism s are e x p o se d  
to  d ifferen t c o n c e n tr a t io n s  o f  14C  I N H . W h ils t  th e  sm a ll u p ta k e  in  r e s ista n t o r g a n ism s  
is  d irec tly  p r o p o r tio n a l to  c o n c e n tr a t io n , th e  h ig h  u p ta k e  in  sen s itiv e  o r g a n ism s  
b e c o m e s  p ro g ress iv e ly  sa tu ra ted  as th e  d ru g  c o n c e n tr a t io n  r ises . I t  seem s lik e ly  th a t  
i f  I N H  w a s b o u n d  to  th e  ce ll b y  n o n -sp e c ific  p h y s ic a l a d so r p t io n  th e  su b se q u e n t  
a d d it io n  o f  h ig h  c o n c e n tr a t io n s  o f  n o n -r a d io a c tiv e  I N H  w o u ld  d r a stica lly  red u ce  th e  
a m o u n t  o f  b o u n d  I N H . In  p ra c tice  th e  b in d in g  o f  I N H  a t 37° is  irreversib le . T h e  
sen s it iv ity  c f  I N H  u p ta k e  to  d ifferen t a g en ts  w a s e x a m in ed . U p ta k e  is  sen s it iv e  to  
cy a n id e  a n c  p a r tia lly  sen s itiv e  to  2 ,4 -d in itr o p h e n o l. C y a n id e  in h ib its  m a n y  e n z y m e  
sy s tem s, in c lu d in g  th o s e  c o n ta in in g  h a e m  p r o s th e tic  g ro u p s.

2 ,4 -d in itr o p h e n o l is  a  p o w e r fu l u n c o u p le r  o f  o x id a t iv e  p h o sp h o r y la t io n  a n d  i t  is  
p o ss ib le  th a t  I N H  u p ta k e  req u ires en erg y . T h is  p o in t  h as n o t  b een  in v e s tig a te d  fu rth er. 
In  c o n tr a s t t o  th e  effec ts  o f  cy a n id e  a n d  2 ,4 -d in itr o p h e n o l, su lp h y d ry l g ro u p  rea g en ts  
su ch  a s p -c h lo r o m e r c u r ib e n z o a te , W e th y lm a le im id e  o r  io d o a c e t ic  a c id  a ll s t im u la te  
I N H  u p ta k e . T h is  o b se r v a t io n  is  c lea r est  w ith  P C M B . H o w e v e r , w ith  a ll th e se  rea g en ts  
th e  a d d it io n a l u p ta k e  in  sen s itiv e  ce lls  is  h ea t- la b ile  th o u g h  n o t  in  r e s ista n t o rg a n ism s. 
S evera l e x p la n a t io n s  fo r  th is  o b se r v a tio n  are p o ss ib le , (i) S H -g r o u p  rea g en ts m a y  n o n -  
sp ec ifica lly  either a ss ist in  th e  b in d in g  o f  I N H  to  th e  ce ll o r  a ltern a tiv e ly  in crea se  th e  
p erm ea b ility  o f  th e  ce ll to  I N H . T h e  fa c t  th a t  u p ta k e  in  sen s it iv e  th o u g h  n o t  r e s ista n t  
b a c ter ia  is  h e a t- la b ile  p o in ts  to  a  grea ter  d eg ree  o f  sp ec ific ity  th a n  th is  e x p la n a t io n  
w o u ld  im p ly , (ii)  S H  g ro u p  rea g en ts m ig h t in h ib it  a  m e c h a n ism  w h ich  m e ta b o liz e s  I N H  
o n c e  it  en ters th e  c e ll a n d  w h ich  u n d er  n o r m a l c o n d it io n s  it s e lf  lim its  th e  a m o u n t o f  I N  H  
th a t th e  sen s it iv e  c e ll ca n  a b so rb . T h is  la tter  is  th e  p referred  ex p la n a tio n  in  v ie w  o f  la ter  
ex p er im en ts o n  I N H  u p ta k e  as a  fu n c t io n  o f  tem p era tu re . E a r liest e x p er im en ts  sh o w e d , 
in  a g reem en t w ith  B a rc la y  a n d  h is  co -w o r k e r s , th a t  in c u b a t io n  a t  lo w  tem p era tu res  
resu lts  in  in crea sed  I N H  u p ta k e . T h is  w a s e x a m in ed  m o s t  ca refu lly  w h en  I N H  u p ta k e  
w a s m ea su red  a s a  fu n c t io n  o f  t im e  a t th e se  d ifferen t tem p era tu res. I t  w a s c lea r  fro m  
th e se  resu lts  th a t  th e  in it ia l ra te  o f  I N H  u p ta k e  w a s  fa s te s t  a t  th e  h ig h er  tem p era tu res. 
H o w e v e r , th is  ra te  ra p id ly  fa lls  o f f  a n d  a t la ter  t im es th e  p ic tu re  is  rev ersed  a n d  m o r e  
I N H  a p p ea rs in  ce lls  in c u b a te d  in  th e  c o ld . W h en  th e  in it ia l ra te  o f  I N H  u p ta k e  is  
ex p ressed  as a  c la ss ica l A rrh en iu s  p lo t  th e  en erg y  o f  a c t iv a tio n  o f  th e  u p ta k e  p r o c e ss  
c a n  b e  ro u g h ly  est im a ted . In  th e se  ex p er im en ts  a  figu re o f  a b o u t 1 0 ,000  c a l./m o le  is  
o b ta in e d  w h ic h  is  o f  th e  ord er  o f  m a g n itu d e  o f  a c tiv a tio n  en erg y  o f  an  e n z y m e  c a ta 
ly sed  rea c tio n . In  c o m m o n  w ith  th e  e ffec t o f  S H -g r o u p  rea g en ts a  h ig h er  I N H  u p ta k e
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is  o b se r v e d  u n d er  th e  le a s t  p h y s io lo g ic a lly  su ita b le  c o n d it io n , in  th is  c a se  a t  4 ° . I t  
seem s th ere fo re  th a t  a t  37° o n e  c o m p o n e n t  o f  th e  I N H  b in d in g  sy s tem  is  a c tiv e  a n d  
b e c o m e s  r a p id ly  a n d  irrev ersib ly  sa tu ra ted . T h is  d o e s  n o t  o c c u r  in  th e  p resen ce  o f  S H -  
g r o u p  r e a g e n ts  o r  a t  4 ° . C a re fu l e x a m in a tio n  o f  th e  se n s it iv ity  to  h e a t  o f  th e  I N H  
u p ta k e  sy s tem  b y  e x p o s in g  ce lls  to  tem p era tu res  o f  6 0 ° fo r  v a r io u s  t im e s  sh o w s u p ta k e  
b y  sen s it iv e  ce lls  to  b e  q u ite  la b ile . U p ta k e  is  r ed u ced  to  th e  le v e l in  r e s ista n t ce lls  a fter  
10 m in .

IN H

C e l l  w a l l  p r o t o p la s t  1
m e m b ra n e

U ptake and  fa te  o f  isoniazid  in b c g

•Compound B

S e n s it iv e  to :  P C M B ,  A - e th y l 
m a le im id e  a n d  io d o a c e t ic  a c id .
D o e s  n o t  f u n c t io n  a t  4°. N o r m a l ly  
c o n v e r ts  su b s tra te  X  in t o  p r o d u c t  Y .  
I n h ib i t io n  o f  th is  re a c t io n  c o u ld  
p re v e n t  n u c le ic  a c id  sy n th e s is

A  h y d ro p e ro x id a s e  e n zy m e  se n s it iv e : 
a z id e  a n d  c y a n id e . D e s t ro y e d  b y  
e x p o su re  to  60° f o r  10 m in .s -  I n h ib it s  e n zy m e  I

E n z y m e  I

Compound A  (n o n  to x ic )

E n z y m e  I I

V

P C M B ,  A - e t h y l  m a le im id e , io d o a c e t ic  
a c id  a l l  n o n - s p e c if ic a l ly  in c re a se  c e ll 
p e rm e a b il it y  to  I N H

C o m p o u n d s  B , B j o r  B 2 c o u ld  
in h ib it  n u c le ic  a c id  sy n th e s is

Fig. 13. A  hypothetical scheme for the mode o f action o f INH.

E x a m in a t io n  o f  a ll th e  a v a ila b le  e v id e n c e  le a d s  to  th e  c o n c lu s io n  th a t  I N H  is  b o u n d  
in  sen s it iv e  m y c o b a c te r ia  b y  a  h e a t- la b ile  p r o te in  m o le c u le  a n d  th a t  I N H  u p ta k e  h a s  
th e  a c t iv a tio n  en erg y  o f  a n  e n z y m a tic  p ro cess .

O n  th e  b a s is  o f  e v id e n c e  d er iv ed  fr o m  th is  p a p er  a n d  fr o m  o th er  w o rk ers  a  te n ta tiv e  
m o d e l fo r  I N H  u p ta k e  is  p r o p o se d  (F ig . 13).

I N H  is  ta k e n  u p  b y  se n s it iv e  m y c o b a c te r ia  a t  th e  a c tiv e  cen tre  o f  e n z y m e  I . E n z y m e  
I is  p r o b a b ly  th e  h y d r o p e r o x id a se  e n z y m e  w h ic h  h a s  b e e n  sh o w n  to  b e  m iss in g  in  
r esista n t stra in s o f  m y c o b a c te r ia  (M id d le b r o o k , C o h n  &  S ch aeffer , 19 5 4 ; T iru n -  
a ra y a n a n  &  V isc h e r  1959). T h is  e n z y m e  is  h e a t- la b ile , s en s it iv e  t o  c y a n id e  a n d  a lso  to  

a z id e  (Y o u a tt , 1 9 5 8 6 ).
I N H  rea cts  to  fo r m  c o m p o u n d  A  w h ic h  c a n  b e  a  m e ta b o lite  o f  I N H  o r  free  I N H ,  

a n d  th is  is  th e n  r e le a sed  in to  th e  ce ll. C o m p o u n d  A  is  n o t  in  it s  o w n  r ig h t to x ic  a n d  is  
rev ersib ly  b o u n d  b y  th e  b a c ter ia . A t  37° c o m p o u n d  A  is  c o n v e r te d  in to  c o m p o u n d  B  
b y  a  se c o n d  e n z y m e , e n z y m e  II . T h e  p r o d u c t  o f  th is  r e a c tio n  in h ib its  th e  u p ta k e  o f
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I N H  b y  e n z y m e  I a n d  c o m p o u n d  B  o r  a n o th e r  m e ta b o lite  o f  c o m p o u n d  B is  to x ic  
t o  th e  b a c ter ia  b y  in ter fer in g  w ith  n u c le ic  a c id  sy n th esis  (W im p e n n y , 1967). T h e  
r e a c tio n  c a ta ly se d  b y  e n z y m e  II  is  n o t  rev ersib le , d o e s  n o t  ta k e  p la c e  a t  4°  a n d  is  
p r o b a b ly  in h ib ite d  b y  th e  S H  g r o u p  rea g en ts  P C M B , io d o a c e t ic  a c id  a n d  A’-e th y l-  
m a le im id e . E n zy m e  I is  n o t  a ffec ted  b y  a n y  o f  th e se  a g en ts , a n d  h e n c e  c o m p o u n d  A  
a c c u m u la te s  t o  a  grea ter  ex te n t in  th ese  th a n  in  c o n tr o l IN H -tr e a te d  ce lls . I t  is  p r o 
b a b le  th a t  th e  S H -g r o u p  rea g en ts  a lso  in crea se  c e ll p erm ea b ility  to  I N H  n o n -s p e c i-  
fica lly  in  b o th  I N H -se n s it iv e  a n d  IN H -r e s is ta n t  BCG, a s w e ll a s  in h ib it in g  th e  rea c tio n  
o f  e n z y m e  II . I t  m a y  b e  th a t  I N H  p a r tia lly  in h ib its  e n zy m e  I  a lth o u g h  th ere  is  litt le  
e v id e n c e  to  co n firm  th is . 8 0 -9 0  % o f  th e  is o to p e  ca n  su b seq u e n tly  b e  ex tra c ted  w ith  
h o t  w a ter  w h e n  I N H -se n s it iv e  b a c ter ia  are in c u b a te d  w ith  14C  I N H . C h r o m a to g r a p h ic  
te c h n iq u e s  sh o w  th a t  a  n u m b e r  o f  c o m p o u n d s  o th e r  th a n  I N H  o r  a n y  o f  it s  n o r m a l  
b r e a k d o w n  p r o d u c ts  ( iso n ic o t in ic  a c id , d iiso n ic o tin y l h y d ra z in e  o r  is o n ic o t in a m id e )  
c o n ta in  ra d io a c tiv ity . T h e  m o s t  a c tiv e  o f  th ese  rem a in s s ta tio n a r y  a t  th e  o r ig in  in  tw o  
so lv e n t  sy stem s. T h e se  u n id en tif ied  c o m p o u n d s  m a y  b e  p r o d u c ts  o f  e n zy m e  I  o r  II  o r  o f  
su b se q u e n t r e a c tio n s  o f  th e se  p r o d u c ts . R e s is ta n t  ce lls  h a v e  lo s t  e n z y m e  I a n d  h e n c e  
c a n n o t  fix  I N H . H o w e v e r , as e n z y m e  I h a s  p ro p er tie s  o f  c a ta la se  a n d  p e r o x id a se  th e se  
o rg a n ism s are n o w  sen s itiv e  to  H 20 2. In  th e se  ce lls , e v e n  in  th e  p resen ce  o f  I N H , th ere  
is  n o  c o m p o u n d  A  to  serve  a s a  su b stra te  fo r  e n z y m e  II a n d  th e  ce lls  g r o w  n o r m a lly .

I t  is  d ifficu lt to  fit th e  resu lts  d escr ib ed  in  th is  p a p er  a n d  th o s e  p resen ted  b y  o th er  
w o rk ers  in to  a n y  s im p ler  th e o r e tic a l fra m ew o rk . T h e  fa c t th a t  th e  e n z y m e  re sp o n s ib le  
fo r  I N H  u p ta k e  in  sen s itiv e  ce lls  ap p ea rs to  b e  m iss in g  in  r e s ista n t o rg a n ism s m a k e s  it  
u n lik e ly  th a t  th is  e n z y m e  is  o n e  w h o se  n o r m a l fu n c t io n  in  tu b erc le  b a c illi is  n ecessa ry  
to  th e  rep r o d u c tio n  a n d  g r o w th  o f  th e  ce ll. I t  fo l lo w s  th a t  a  se c o n d  step  m u st o ccu r , 
th e  resu lt o f  w h ic h  is  an  in h ib it io n  o f  n u c le ic  sy n th esis . B u t I N H  u p ta k e  a t 37° ap p ea rs  
to  b e c o m e  ra p id ly  sa tu ra ted . T h erefo re , a  m e ta b o lite  o f  I N H  m u st  in h ib it  th e  en zy m e  
r e sp o n s ib le  in  th e  first p la ce  fo r  th e  u p ta k e  o f  th e  d ru g . T h is  m e ta b o lite  o r  a n o th e r  
p r o d u c t o f  I N H  m e ta b o lism  ex erc ises  its  e ffect o n  n u c le ic  a c id  sy n th esis . T h e  fo r m a tio n  
o f  c o m p o u n d  A  (w h eth er  th is  is  free  I N H  o r  n o t)  a lso  e x p la in s  th e  fa c t th a t  I N H  is  
ta k e n  u p  to  a  grea ter  e x te n t  a t  lo w  tem p era tu res  a n d  th a t  th is  c o m p o u n d  is  rev ersib ly  
b o u n d  to  th e  c e ll (B a rc la y  e t al. 1954) b e c a u se  u n d er  th e s e  c o n d it io n s  th e  re a c tio n  
c a ta ly se d  b y  e n z y m e  II  c a n n o t  ta k e  p la c e  a s c o m p o u n d  B  w h ich  n o rm a lly  in h ib its  
I N H  u p ta k e  is  n o t  fo rm ed .

T h is  rep o rt is  p rep a red  in  p a r t fr o m  a  th e s is  p resen ted  to  th e  U n iv e r s ity  o f  L o n d o n  
1962 , fo r  th e  d eg ree  o f  D o c to r  o f  P h ilo so p h y . T h e  a u th o r  is  g ra te fu l to  P r o fe sso r  
R . K n o x  fc r  h is  c o n s ta n t  h e lp  a n d  en c o u r a g e m e n t, a n d  to  th e  E n d o w m e n t F u n d  o f  
G u y ’s H o sp ita l fo r  a  research  grant.
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of Fractions from the Culture Supernatant of Escherichia coli 

O78K80: Free Endotoxin and a Non-Toxic Fraction

B y  D . G . M A R S H  a n d  M . J . C R U T C H L E Y

D epartm en t o f  B acterio logy , W ellcom e R esearch  L a b o ra to ries  
Beckenham , K en t

{A ccep ted  f o r  publica tion  26 January  1967)

SUMMARY

T h e  ex tra ce llu la r  p r o d u c tio n  o f  ‘ free  e n d o to x in  ’ fr o m  E scherichia co li se r o 
ty p e  O 7 8 K 8 0  is  d isc u sse d . I s o la t io n  o f  p u rified  to x ic  a n d  n o n -to x ic  fr a c t io n s  
fr o m  cru d e  ex tra ce llu la r  m a ter ia l a n d  th e  p h y s ic o -c h e m ic a l p ro p er tie s  o f  th ese  
fr a c t io n s  are d escr ib ed . P u rified  free  e n d o to x in  p o sse sse d  sim ila r  p ro p erties  
to  e n d o to x in s  ex tra c ted  fr o m  th e  b a c ter ia  b y  c o n v e n t io n a l p ro c e d u r e s; a  
p u rified  n o n -to x ic  ex tra ce llu la r  fr a c t io n  c o r r e sp o n d e d  to  th e  so -c a lle d  
‘ n a tiv e  h a p te n ’. W h e n  d is so lv e d  in  b u ffers c o n ta in in g  so d iu m  d o d e c y lsu l-  
p h a te , th e  n o n -to x ic  fr a c t io n  w a s  n o t  d isa g g r e g a te d , b u t  th e  e n d o to x in  p r o 
d u c e d  su b -u n its  o f  a  sm a ller  p a r tic le  s ize  th a n  th e  n o n -to x ic  m a ter ia l. F r o m  
th e se  e x p er im en ts  it  w a s  c o n c lu d e d  th a t  th e  n o n - to x ic  m a ter ia l d id  n o t  c o n 
st itu te  s im p le  su b -u n its  o f  e n d o to x in .

INTRODUCTION

T h e  term  ‘e n d o t o x in ’ d escr ib es  cer ta in  lip o p o ly sa c c h a r id e s  o f  h ig h  m o le c u la r  w e ig h t  
fo u n d  in  G r a m -n e g a tiv e  b a c ter ia l c e ll w a lls . A lth o u g h  S h ea r  a n d  h is  a sso c ia te s  (e .g . 
S h ea r  &  T u rn er , 1943) h a v e  is o la te d  tu m o u r -n e c r o tiz in g  su b s ta n c e s  (e n d o to x in s )  fr o m  
su p e r n a ta n t flu id s  o f  cu ltu res  o f  G r a m -n e g a tiv e  b a c ter ia , m o s t  o th e r  w o rk ers  h a v e  
p referred  to  e x tra c t e n d o to x in s  fr o m  th e  b a c ter ia  th e m se lv e s . A n  e x c e p tio n  h a s  b een  
W o r k  a n d  h er  c o lla b o r a to r s  (B ish o p  &  W o r k , 1965 , T a y lo r , K n o x  &  W o r k , 1966), 
w h o  fo u n d  e n d o to x ic  lip o p o ly sa c c h a r id e s  in  cu ltu re  su p ern a ta n t flu id s o f  ly s in e -  
req u ir in g  m u ta n ts  o f  Escherichia coli g r o w n  u n d er  ly s in e -lim ite d  c o n d it io n s .

T h e  re le a se  o f  la rg e  q u a n tit ie s  o f  free  e n d o to x in  in to  th e  cu ltu re  su p ern a ta n t flu id s  
o f  G r a m -n e g a tiv e  b a cter ia , u n d er  fa v o u r a b le  g ro w th  c o n d it io n s , h a s  recen tly  b een  
d escr ib ed  (C ru tch ley , M a r sh  &  C a m e r o n , 1967  a ). T h e  p resen t p a p er  w ill d ea l w ith  th e  
fr a c t io n a tio n  o f  su p ern a ta n t flu id s o f  cu ltu res o f  Escherichia co li se ro ty p e  O 7 8 K 8 0  an d  
th e  su b se q u e n t p h y s ic a l a n d  c h e m ic a l ch a r a c te r iz a tio n  o f  th e  fr a c t io n s ;  th e  a c c o m 
p a n y in g  p a p er  (C ru tch ley  e t al. 1967  b) w ill d isc u ss  th e  b io lo g ic a l p ro p er tie s  o f  th ese  
fra c t io n s .

O rigin o f  to x ic ity . T h e  p u b lish e d  d is c u ss io n s  o f  tw o  sy m p o s ia  c o n c e r n in g  e n d o 
to x in s  ( le d  b y  W e stp h a l e t al. 1957  a n d  R ib i e t al. 1964) sh o w  th a t  th ere  is  s t ill a  w id e  
d iv erg en ce  o f  o p in io n  a b o u t  th e  c h e m ic a l c o m p o s it io n  a n d  p h y s ic a l p ro p er tie s  o f  th e  
m o ie tie s  b e lie v e d  to  b e  r e sp o n s ib le  fo r  e n d o to x ic  a c tiv ity . T h e  G e r m a n  s c h o o l o f  
W e stp h a l a n d  h is  c o lla b o r a to r s  (W e stp h a l, 196 0 ; W e stp h a l &  L iid er itz , 19 5 4 ;  
W e stp h a l e t al. 1957) c o n c lu d e d  th a t  lip id , p o ss ib ly  in  c o n ju g a t io n  w ith  a  p o ly s a c -
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ch a r id e , w a s e sse n tia l fo r  t o x ic i ty ; b u t  a  m o re  rec e n t in v e s t ig a t io n  o f  e n d o to x in s  fr o m  
ro u g h  S a lm o n e lla  stra in s led  th e m  to  su g g e s t m o r e  stro n g ly  th a t  th e  lip id  m o ie ty  
( ‘ lip id  A ’) w a s  ‘ th e  fa c to r  d e c is iv e  fo r  a t le a s t  so m e  e n d o to x ic  e f fe c ts ’ (L iid er itz  &  
W e stp h a l, 1966). T h e y  a lso  b e liev e  th a t , w ith  resp ec t to  e n d o to x ic  a c tiv ity , c o m b in e d  
p o ly sa c c h a r id e  m a y  fu n c t io n  o n ly  a s a  so lu b iliz in g  a g en t. H o w e v e r , th e  A m e r ic a n  
s c h o o l o f  L a n d y , R ib i a n d  th e ir  a sso c ia te s  (R ib i, H a sk in s , L a n d y  &  M iln er , 1 9 6 1 a ;  
H a sk in s , L a n d y , M iln er  &  R ib i 19 6 1 ; F u k u sh i et al. 1964) h a v e  g en era lly  fo u n d  v ery  
lit t le  lip id  in  th e ir  h ig h ly  to x ic  fr a c t io n s  fr o m  sev era l o f  th e  E n te r o b a c te r ia c e a e ; a ll  
th e ir  lip id  ex tra cts , in c lu d in g  lip id  A , p o sse sse d  le s s  th a n  1 % o f  th e  b io lo g ic a l a c tiv ity  
o f  th e  p a ren t e n d o to x in s . T h e  b a la n ce  o f  th e ir  p u b lish e d  e v id en ce  su g g es ts  th a t  a  
ca rb o h y d ra te  m o ie ty  is  im p lica ted  in  th e  to x ic ity , a lth o u g h  cer ta in  o th er  fa c to r s  m a y  
b e  in v o lv e d  (R ib i, H a sk in s , L a n d y  &  M iln er , 1961h).

T h ere  h a v e  a lso  b e e n  c o n flic tin g  rep o rts  a b o u t  th e  m in im a l m o le c u la r  s iz e  o f  th e  
c o m p le x  req u ired  fo r  fu ll e n d o to x ic  a c tiv ity . M o s t  w o rk ers se e m  to  fa v o u r  a  u n it  
p o sse ss in g  a  se d im e n ta t io n  c o e ff ic ien t o f  a b o u t  10 S (c f . R ib i et al. 1964). M ild  a c id ic  
h y d r o ly s is  (e .g . w ith  0 T  M -acetic a c id  fo r  9 0  m in . a t  100°) d estro y ed  v ir tu a lly  a ll th e  
to x ic ity  o f  R ib i’s e n d o to x in  a n d  p r o d u c e d  a  p a ra lle l d ecrea se  in  th e  a v era g e  s e d i
m e n ta tio n  co e ff ic ien t o f  th e  so lu te , a lth o u g h  th e  ‘ a c id  h a p te n ’ o b ta in e d  b y  th is  
p r o c e ss  (s =  1 -4 S ) re ta in ed  cer ta in  a n tig e n ic  ch a ra cter istic s  o f  th e  p a ren t e n d o to x in  
(R ib i et al. 1962). B y  u s in g  n o n -h y d r o ly t ic  c o n d it io n s  o f  d isa g g r e g a tio n , in  so lu t io n s  
c o n ta in in g  so d iu m  d o d e c y lsu lp h a te  (S D S ) , tw o  g ro u p s  o f  w o rk ers  rea ch ed  o p p o s ite  
c o n c lu s io n s :  O r o sz la n  &  M o r a  (1 9 6 3 ) fo u n d  th a t th e  e n d o to x ic  c o m p le x  o f  Serratia  
marcescens d is so c ia te d  in to  p a rtic les  o f  a b o u t  3 S , w ith  s ig n ifica n t c o n c o m ita n t  
d ecrea se  in  th e  b io lo g ic a l a c tiv ity  re sp o n s ib le  fo r  tu m o u r  d a m a g e ; o n  th e  o th er  h a n d ,  
B eer, S ta eh e lin , D o u g la s  &  B ra u d e  (1 9 6 5 ) fo u n d  th a t  a n  e n d o to x ic  p r ep a ra tio n  
fr o m  Escherichia coli c o u ld  b e  trea ted  w ith  S D S  w ith o u t  m ea su ra b le  lo s s  o f  
to x ic ity .

T h e  a b o v e  fin d in g s , a n d  m a n y  o th er  c o n flic t in g  rep o rts  a b o u t  e n d o to x in s , m a y  h a v e  
a risen  p a rtly  fr o m  th e  u se  o f  d ifferen t b a c ter ia l sp ec ie s  a n d  sero ty p es , b u t  p r o b a b ly  
m a in ly  fr o m  th e  w id e ly  d ifferen t ex p er im en ta l p ro ced u res  u sed , p a rticu la r ly  a s regard s  
e x tr a c tio n  a n d  p u r if ica tio n . I t  is  u n cer ta in  w h e th e r  th e  e x tr a c t io n  p r o c e d u r e s  com m only 
u sed  t o  is o la te  e n d o to x in s  fr o m  b a c ter ia  (tr ich lo r a ce tic  a c id  a t 4 ° , B o iv in  &  M e sr o -  
b e a n u , 19 3 3 ; p h e n o l+ w a t e r  a t 65°, W e stp h a l et al. 1952; a q u e o u s  e th er  a t  6 -1 2 °  
R ib i et al. 1 9 6 1 a ) y ie ld  n a tiv e  e n d o to x in s  o r  d eg ra d ed  o r  a g g reg a ted  d er iv a tiv es  o f  th e  
p a ren t m a ter ia ls . W e h a v e  th ere fo re  d e v e lo p e d  a  ser ies o f  v ery  m ild  e x tr a c tio n  a n d  
p u r if ica tio n  p r o c e d u r e s  w h ereb y  e n d o to x ic  a n d  o th er  b a cter ia l p r o d u c ts  m a y  b e  
is o la te d  in  la rg e  a m o u n ts  fr o m  b a c ter ia l cu ltu re  f lu id s w ith o u t  a n y  s ig n ifica n t ch a n g e  
in  th e  p ro p er tie s  o f  th e  n a tiv e  su b sta n ces .

M E T H O D S
A c id -h y d r o ly se d  c a se in  w a s  o b ta in e d  fr o m  O x o id  L td ., a m m o n iu m  su lp h a te  fr o m

I .C .I .,  p r o te in  sta in s  fr o m  G . T . G u rr  (L o n d o n ) , ‘ Io n a g a r  fo r  E le c tr o p h o r e s is ’ fro m  
D ifc o  (D e tr o it ,  U .S .A .) ,  S e p h a d ex  G  100 a n d  B lu e  D e x tr a n  2 0 0 0  fr o m  P h a rm a c ia  
(U p p sa la , S w ed en ) a n d  D E A E -c e llu lo s e  D E  11 (1 m -e q u iv ./g .)  fr o m  W h a tm a n  
(B a ls to n , E n g la n d ). Y e a s t  e x tra c t w a s  p rep a red  a t th e  W e llc o m e  R e sea rch  L a b o r a 
to r ie s . A ll  o th e r  c h e m ic a ls  w ere  o f  R e a g e n t o r  A R  q u a lity .
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P reparation  o f  crude endotoxin . Escherichia co li se ro ty p e  O 7 8 K 8 0  w a s g r o w n  in  

ta n k s  fo r  4 2  hr a t  35° in  a  v ig o r o u s ly  a era ted  a q u e o u s  m e d iu m  c o n ta in in g  a c id -  
h y d r o ly se d  c a se in  (5 % , w /v ) , su cro se  (3 % , w /v )  a n d  y e a s t  e x tra c t (1 0 % , w /v ) ,  
a d ju sted  to  p H  6-5 ( D . C . E d w a rd s , u n p u b lish e d ). B e fo r e  in o c u la t io n , th e  m e d iu m  
w a s c la r ified , h e a te d  to  85° a n d  ster iliz ed  b y  S e itz  filtra t io n . T h is  m e d iu m  w ill b e  
referred  t o  a s ‘ c a se in  s u c r o s e ’.

T h e  b a c ter ia  w ere  r e m o v e d  fr o m  su sp e n s io n  b y  u s in g  a  d e  L a v a l cen tr ifu g a l sep a ra to r  
a n d  th e  su p ern a ta n t f lu id  s ter ilized  b y  S e itz  f iltra tio n . C ru d e  e n d o to x in  I w a s  p re
c ip ita te d  fr o m  th is  su p ern a ta n t f lu id  b y  a d d it io n  o f  a m m o n iu m  su lp h a te  (a b o u t 7 0 0  g ./
1.) a n d  a llo w in g  it  to  s ta n d  a t  4°  fo r  6  d a y s . T h e  b r o w n  f lo c c u le n t  p r e c ip ita te  (I) w a s  
r e c o v ered  b y  cen tr ifu g a tio n , re su sp en d ed  a n d  th e n  d ia ly sed  th o r o u g h ly  a g a in s t d is 
t ille d  w a ter . A  sm a ll a m o u n t  o f  in s o lu b le  m a ter ia l w a s  r e m o v e d  b y  cen tr ifu g a tio n  a n d  
th e  e n d o to x in  th e n  rep rec ip ita ted  a t 4 °  b y  a d d in g  65  g. A R  a m m o n iu m  su lp h a te  
p er  100  m l. so lu t io n . T h e  rep rec ip ita ted  m a ter ia l (II) w a s  trea ted  as a b o v e  to  r e m o v e  
sa lts , c la r ified  b y  c e n tr ifu g a tio n  a n d  freeze -d r ied  t o  g iv e  a  b r o w n  p o w d e r  (F ig . 1).

T oxic  a n d  non-toxic fra c tio n s o f  E . coli

Bacterial suspension (equivalent to 10-7 g. bacteria/1.)
] 1. Centrifugation-filtration 
12. Sterilization 

Supernatant fluid (11.)
1. Sat. i'NHASO.,, 6 days at 4°
2 Ppt. dialysed against water 

13 Centrifugation 
Crude endotoxin I (solution)

1 (N H 4)2S 0 4 (65 g./100 ml.), 1 day at 4°
2 Ppt. dialysed against water 

. 3. Centrifugation
4. Freeze-drying o f supernatant fluid 

Crude endotoxin II (120 mg.)

Sephadex G 100 I 
fractionation SI |

1
S I. 1 (30 mg.) 

Sephadex G 100 I 
fractionation SII j

S IL I (25 mg.)

Re-cycling
chromatography

Recycled fraction R (6 mg.)

I Büchner DEAE-cellulose fractionation

r  1
D 1 (36 mg.) D 2  (15-20 mg.)

I Sephadex G100I 
(.fractionations (

D 1 .S I (31 mg.) D 2 . SI  (1 0 -1 4 mg.)
non-toxic ‘pure’ endotoxin
material

Fig. 1. The preparation and purification o f endotoxin and non-toxic fractions from 
Escherichia coli O78K80. Yields o f freeze-dried salt-free fractions per litre o f sterile culture 
fluid are given in brackets after the appropriate fractions.

Purification  o f  endotoxin

R eco very  o f  pu rified  fraction s. V o la ti le  b u ffers b a se d  o n  a m m o n iu m  sa lts  w ere  
u se d  fo r  a ll c h r o m a to g r a p h ic  se p a r a tio n s  in  o rd er  to  e lim in a te  th e  n e c e ss ity  fo r  
e x te n s iv e  d ia ly s is  o p e r a tio n s . N o r m a lly , th e  p o o le d  c h r o m a to g r a p h ic  e ff lu en ts  w ere  
d ia ly se d  o n c e  a g a in s t a  50 - to  1 0 0 -fo ld  ex c e ss  o f  d is til le d  w a ter , a n d  th e  r e m a in in g  
tra ces  o f  th e  v o la t ile  sa lts  w ere  r e m o v e d  d u r in g  su b se q u e n t freeze -d ry in g . T h is  m e th o d  
h a s  b e e n  u se d  r o u tin e ly  to  reco v er  e n d o to x ic  fr a c t io n s  fr o m  la rg e  v o lu m e s  o f  s o lu t io n  

w ith o u t  lo s s  in  b io lo g ic a l a c tiv ity .
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G el filtra c tio n . C ru d e e n d o to x in  II (4 0  m g .)  d is so lv e d  in  3 m l. o f  0 -05  m - N H 4H C 0 3 
w a s a p p lied  to  a  S e p h a d ex  G  100 c o lu m n  (9 5  cm . x  3-28 cm . d ia m eter), eq u ilib ra ted  w ith  
th is  buffer . F ig u re  2  sh o w s  th e  e lu t io n  d ia g ra m  fo r  th is  fr a c t io n a tio n  (S  I) fo r  e x tin c 
tio n  rea d in g s  a t  2 3 0  m p . (E n d o to x in  II sh o w e d  a  sp ectra l m a x im u m  a t 2 7 4 -2 7 5  m /i. 
R e a d in g s  w ere  a lso  ta k e n  a t 2 3 0  m /t in  o rd er  to  g a in  a  b etter  a sse ssm e n t o f  th e  to ta l  
so lid s  e lu te d , in c lu d in g  ca rb o h y d r a te .)  E n d o to x ic  a c tiv ity  w a s  sh o w n  to  be a sso c ia te d  
m a in ly  w ith  th e  first p e a k , fr a c t io n  S I . l  (C ru tch ley , M a rsh  &  C a m e r o n , 1 9 6 7 b): 
th e  b u lk  o f  th e  b r o w n -p ig m e n te d  m a ter ia l w a s fo u n d  in  fr a c t io n  S 1 . 6 .  F r a c tio n
S I . l  w a s  p u rified  fu rth er  b y  a  s e c o n d  fr a c t io n a tio n  (S  II ) o n  th e  S ep h a d ex  c o lu m n  
d escr ib ed  a b o v e , a n d  th e  m a in  e n d o to x ic  fr a c to n  S I I . 1 w a s  reserv ed  fo r  fu rth er  
p u r if ica tio n  b y  r e c y c lin g  ch r o m a to g r a p h y . In  su b se q u e n t e x p e r im e n ts , larger  q u a n tit ie s  
(a b o u t 550  n g . )  o f  th e  cru d e  fr a c tio n  I I  w ere  a p p lied  to  th e  S ep h a d ex  c o lu m n  b u t, 
b eca u se  o f  th e  p o o r e r  r e so lu tio n  o b ta in e d , tw o  fu rth er  p u r if ica tio n  sta g es  w ere  
req u ired  to  a c h ie v e  th e  sa m e  d eg ree  o f  p u r ity  a s fr a c t io n  S I I .  1.

R ecycling  chrom atography. T o  o b ta in  th e  h ig h ly  p u rified  fr a c tio n  R  (F ig . 1), 
p a rtia lly  p u rified  e n d o to x in  w a s  rep ea ted ly  c h r o m a to g r a p h e d  o n  th e  lo n g  S e p h a d e x  
G  100 c o lu m n  d escr ib ed  p r e v io u s ly . A  so lu t io n  o f  fr a c t io n  S I I . l  (1 2 5  m g . in  5 m l. 
0-2  m - N H 4H C 0 3)  w a s  recy c led  th r o u g h  th e  c o lu m n  b y  m e a n s  o f  a  p e r is ta lt ic  p u m p ,  
a n d  th e  efflu en t w a s  c o n tin u o u s ly  m o n ito r e d  fo r  e x tin c tio n  a t  25 3 -7  m p  u s in g  a n  L K B  
U v ic o r d  sp e c tr o p h o to m e te r  a n d  record er . A fte r  s ix  c y c le s  th r o u g h  th e  c o lu m n , th e  
efflu en t w a s c o lle c te d  a n d  its  e x t in c t io n  m ea su red  a t 2 3 0  m /t. A ll  c o n ta m in a tin g  tra ces  
o f  n u c le o t id e  a n d  p e p tid e  w ere  re m o v e d  d u r in g  th e  c o u rse  o f  th e  recy c lin g  p r o c e ss . 
T h e p r o p o r tio n  o f  c o n ta m in a tio n  b y  fr a c tio n  S 1 .2  w a s a lso  su b s ta n tia lly  d ecrea sed  
b y  th e  recy c lin g  p ro ced u re .

Ion-exchange chrom atography. S in ce  i t  h a d  p r o v e d  to  b e  very  te d io u s  to  r e so lv e  
c o m p le te ly  th e  m a jo r  c o m p o n e n ts  o f  fr a c t io n s  S I . l  a n d  S  1 . 2  (F ig . 2 ) b y  g e l filtra tio n  
a lo n e , c h r o m a to g r a p h ic  sep a ra tio n  o n  c o lu m n s o f  D E A E -c e llu lo se  a n d  D E A E -  
S e p h a d ex  w a s  in v e s tig a te d . O f  th e se  tw o  a n io n -e x c h a n g e r s , D E A E -c e llu lo se  p ro v ed  
to  b e  th e  m o r e  su ita b le  in  p ra ctice .

T h e  first p u r if ica tio n , u tiliz in g  a  lo n g  n a rro w  c o lu m n  o f  D E A E -c e llu lo se , w a s  
a p p lie d  to  fr a c t io n  S I . l .  A  h ig h  m o le c u la r  w e ig h t, p r e d o m in a n tly  ca rb o h y d ra te  
fr a c t io n , S I . D 1 .  ( id en tica l w ith  fr a c t io n  D 1 . S 1  p rep a red  b y  a  s lig h tly  d ifferen t  
m e th o d ; F ig . 1), w a s  fo u n d  to  b e  w e a k ly  b o u n d  to  th is  c o lu m n  in  d ilu te  b u ffers, 
w h erea s  m o s t  o th er  m a ter ia l w a s  stro n g ly  a d so rb ed . F o r  su b se q u e n t la rg e -sca le  
sep a ra tio n s , i t  w a s  m o r e  c o n v e n ie n t  to  carry  o u t  th e  first s ta g e  in  th e  p u r if ica tio n  o f  
cru d e  e n d o to x in  II b y  u s in g  a  w id e  sh a llo w  D E A E -c e llu lo s e  c o lu m n , fo l lo w e d  b y  
fu rth er  p u r if ica tio n  b y  g e l f iltra tio n  (F ig . 1).

A  s o lu t io n  o f  cru d e  e n d o to x in  I I  fr o m  th e  sa lt-p r e c ip ita t io n  sta g es  (6 0 0  m g . in  
3 0  m l. o f  0  0 0 5  m - N H 4H C O s) w a s  a p p lied  to  a  B ü ch n er  c o lu m n  (8 cm . x  10 cm  
d ia m eter) c o n ta in in g  D E A E -c e llu lo s e  eq u ilib ra ted  to  p H  8 a n d  su sp e n d e d  in  0 -0 0 5  
m- N H 4H C 0 3. E lu tio n  w a s  p er fo rm ed  su c c e ss iv e ly  w ith  (i) 0-01 m - N H 4H C 0 3 (1 2 5 0  
m l.)  a n d  (ii)  M -am m on iu m  a c e ta te  a ce tic  a c id  b u ffer  (p h  5-5, 5 0 0  m l.) . A  s in g le  p e a k  o f  
w ea k ly  u ltr a v io le t-a b so r b in g  m a ter ia l (a t 2 3 0 , 2 6 0  a n d  2 7 5  m /i) w a s  e lu te d  w ith  b u ffer
( i)  , th is  w a s fra c tio n  D l .  T h e  b u lk  o f  th e  rem a in in g  m a ter ia l w a s e lu ted  w ith  b u ffer
( ii)  , th is  w a s fra c tio n  D 2 .  (In  a  su b se q u e n t ex p er im en t 0 -2  m - N H 4H C 0 3 w a s u se d  as  
a n  in term ed ia te  b u ffer  b e tw e e n  (i) a n d  (ii). T h is  p r o b a b ly  h a d  th e  a d v a n ta g e  o f  
a v o id in g  p o ss ib le  c o n ta m in a tio n  o f  fr a c t io n  D 2  w ith  tra ces o f  s tr o n g ly  a d so rb ed



D l ,  a lth o u g h  th e  y ie ld  o f  D 2  w a s  lo w e r  d u e  to  its  p a rtia l e lu t io n  w ith  th e  0 -2  m  

sa lt .)

F r a c tio n  D 2  p r o v e d  to  be e n d o to x ic  a n d  D l  n o n -e n d o to x ic , b u t both  w ere  p r o 
te c t iv e  in  m ic e  a g a in s t a  su b se q u e n t c h a lle n g e  w ith  Salm onella  typh i 2 4  hr a fter  
in je c tio n  o f  fr a c t io n s  D 1 o r  D 2  (C ru tch ley  e t al. 1 9 6 7 6 ). F r a c tio n s  D 1 a n d  D 2  w ere  
fu rth er  p u rified  b y  g e l filtra t io n  o n  a  S ep h a d ex  G  100 c o lu m n  (1 6 7 -5  cm . x  1-2 cm . 
d ia m eter );  see  F ig s . 3 , 4 . O n ly  th e  first fr a c t io n s  fr o m  e a ch  c h r o m a to g r a p h ic  ex p e r i
m e n t ( D l  . S I  a n d  D 2 . S 1 ,  re sp ec tiv e ly ), p o sse sse d  th e  b io lo g ic a l a c tiv it ie s  a sso c ia te s  
w ith  fr a c tio n s  D l  a n d  D 2 .
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Fig. 2. Elution diagram for the Sephadex G 100 fractionation (SI) o f crude endotoxin II (40 
mg. in 3 ml. o f 0-2 m-N H 4H C 0 3—elution with the same solvent).

U ltracen trifugal analyses. C ru d e  a n d  h ig h ly  p u rified  p rep a ra tio n s  w ere  ex a m in e d  in  
a  S p in c o  M o d e l E  U ltr a c e n tr ifu g e , u s in g  sch lieren  o p tic s . P h o sp h a te  N a C l b u ffer  
(p H  7 -8 ; I  =  0 -1 ) w a s  u se d  th r o u g h o u t a s  th e  so lv e n t , e x c e p t in  cer ta in  e x p er im en ts  
w h ere  so d iu m  d o d e c y lsu lp h a te  w a s  a d d e d , 0 -5  g ./1 0 0  m l. o f  th is  b u ffer . C ru d e  
Escherichia co li O 7 8 K 8 0  e n d o to x in s , ex tra c ted  fr o m  th e  p a ren t b a c ter ia  o f  o u r  cu ltu re  
b y  th e  a q u e o u s  p h e n o l m e th o d  o f  W e stp h a l, L iid er itz , E ich en b erg er  &  K e id er lin g
(1 9 5 2 ) a n d  b y  th e  a q u e o u s  e th er  m e th o d  o f  R ib i e t al. (1961  a), w ere a lso  ex a m in e d  in  
th e  u ltra cen tr ifu g e  fo r  c o m p a r a t iv e  p u rp o ses . T h e  a q u e o u s  la y er  o f  th e  p h e n o l-w a te r  
e x tra c t w a s  p a r tia lly  p u rified  to  th e  sta g e  w h ere  n u c le ic  a c id  w a s r em o v ed  fr o m  th e  
e n d o to x in  b y  o rg a n ic  so lv e n t  p r e c ip ita tio n . N o  fu rth er  p u r ifica tio n  o f  th e  a q u e o u s  
e th er  ex tra c t w a s  p er fo rm ed  b e y o n d  th e  sta g e  o f  p rec ip ita tin g  th e  cru d e  e n d o to x in  
w ith  68 % E tO H -H sO . S e d im e n ta tio n  co e ffic ien ts  fo r  th e  h ig h er  m o le c u la r  w e ig h t  
so lu te s  in  th e se  p rep a ra tio n s  (F ig . 8) w ere  c a lc u la te d  a n d  co r r e sp o n d in g  c o n c e n tr a t io n s  
w ere  d e term in ed  fro m  tra ced  m a g n ified  areas u n d er  th e  sch lieren  p ea k s  b y  ‘ c o u n tin g  
sq u a res u s in g  sch lieren  p a ttern s fr o m  k n o w n  c o n c e n tr a t io n s  o f  fr a c t io n  D 1 . S 1 a s  
th e  s ta n d a rd s. A p p r o p r ia te  c o r r e c tio n s  w ere  m a d e  fo r  d ifferen ces in  th e  sch lieren -
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p h a se  p la te  a n g le  a n d  fo r  rad ia l d ilu t io n  e ffec ts , b u t n o  c o rrec tio n  w a s m a d e  fo r  th e  
J o h n sto n  &  O g sto n  (1 9 4 6 ) e ffect, s in c e  th is  w a s  in s ig n ifica n t in  m o s t  c a se s . T h e  
a q u e o u s  p h e n o l ex tra ct, fu rth er  p u r ified  b y  p a ssa g e  th r o u g h  S ep h a d ex  G  100 (F ig . 5), 
g a v e  a n  a lm o st  id e n t ic a l e lu t io n  p a ttern  to  th a t sh o w n  in  F ig . 4  fo r  fra c tio n  D  2. T h e  
u ltra cen tr ifu g a l d a ta  o b ta in e d  fo r  th e  m a jo r  fr a c tio n , P I ,  e lu te d  a t  th e  v o id  v o lu m e  o f  
th e  c o lu m n , are a lso  p resen ted  in  F ig s . 7 a n d  8 a n d  in  T a b le  1.

Fraction no. (3-25-3-30 ml. fractions)

Fig. 3. Elution diagram for a Sephadex G 100 fractionation o f fraction D 1 (20 nig. in 2m l. 
of 0-2 M-NH4HCO3—elution with the same solvent).
Fig. 4. Elution diagram for a Sephadex G 100 fractionation o f fraction D 2  (19 mg. in 2 ml. 
o f 0-2 m-N H 4HCOs—elution with the same solvent).
Fig. 5. Elution diagram for a Sephadex G100 fractionation o f a partially purified aqueous 
phenol cell extract (20 mg. in 2 ml. o f 0-2 m-N H 4H C 0 3—elution with the same solvent).

T a b le  1. Ultracentrifugal data fo r  measurable schlieren peaks fo r  buffered solutions 
{pH  7-8, I  = 0-1)  o f  aqueous phenol and aqueous ether extracts o f  Escherichia coli 
O78K80

Calculated j«, and c values correspond (a) to endotoxic material, and (6) to non-toxic material.

Aqueous phenol Aqueous ether
extract extract

Run
no. Fig.

Solute
concn.

(mg./ml.)

Speed
(rev./
min.)

Schlieren 
angle (°)

S20
(sec. 1013)

c°•>20c (mg./ml.) (sec. 1013) c
v

(mg./ml.)

1 8 a 6-0 59,780 45 (a) 11-2
(b) 5-47 0-85

17-5
5-42 1-00

2 8 b, c 30-0 59,780 70 («)
(b) 2-94, 4-91 3-56, 1-04

14-3
3-16 2-96

3 8 d 30-0 29,500 70 (а ) 24-8
(б) 2-97, 5 15 2-28, 2-05

15-5
3-19 4-01

4t — 2-0 59,780 65 (а ) (65)*
(б) 5-82 0-59

— —

5f 8 e ,/b o tto m 6-0 39,460 65 (a) 12-9 — — —
patterns (b) 4-90 2-09 —

* Value obtained from a run at lower speed—probably corresponds to nucleic acid, 
t  Fraction P I from phenol extract purified by Sephadex G 100 chromatography.
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A ll se d im e n ta t io n  co e ffic ien ts  w ere  co rrec ted  to  w a ter  a t  2 0 ° (s%0) a n d , fo r  th e  h ig h ly  
p u r ified  p r ep a ra tio n  D 1 . S 1 ,  a  g ra p h  o f  sJo v ersu s  c o n c e n tr a t io n  (c ) w a s  p lo t te d  in  
o rd er  to  d e term in e  [s £ 0]c=o (F ig . 7).

Other estimations o f  purity
Gel filtra tion . H ig h ly  p u rified  m a ter ia ls  w ere  ch ro m a to g r a p h e d  o n  a  S ep h a d ex  

G  100 c o lu m n  (1 8 2  x  1-2 c m .) , w h ic h  w a s  in  r o u tin e  u se  fo r  th e  m o le c u la r -w e ig h t  
e s t im a tio n s  o f  p r o te in s  (A n d r e w s , 1964). T h e  v o id  v o lu m e  o f  th is  a n d  o th er  G  100  
c o lu m n s  w a s  m ea su red  b y  u s in g  a  so lu t io n  o f  B lu e  D e x tr a n  2 0 0 0  (P h a rm a cia ).

Electrophoresis. C e llu lo se  a c e ta te  str ip  e le c tr o p h o r e s is  in  b a r b ito n e  b u ffer  (p H  8-8, 
K o h n , 1960) a n d  sta rch -g el e le c tr o p h o r e s is  a t p H  8-5 (S m ith ie s , 1955), in  p resen ce  or  
a b se n c e  o f  6 M -urea, w ere  u se d  to  in v e s tig a te  th e  p u r ity  o f  th e  e n d o to x ic  fra c tio n s . 
A fte r  e le c tr o p h o r e s is  a t  175 V . fo r  1 h r, c e llu lo se -a c e ta te  str ip s w ere  s ta in e d  w ith  
tr ifa lg ic  a c id  o r  P o n c e a u  S fo r  p r o te in s  a n d  w ith  p e r io d a te -S c h if f’s rea g en t fo r  
ca rb o h y d ra te s  (K o h n , 1960). L ip id  w a s d e te c te d  o n  d ry in g  th e  str ip s b e fo r e  s ta in in g , 
d u e  to  d ifferen ces in  th e  d ry in g  ch a ra cter istic s  o f  c e llu lo se  a ce ta te  w ith  a d so r b e d  lip id . 
L ip id  w a s  n o t  s ta in e d  b y  th e  o z o n e - S c h i f f ’s m e th o d , p r esu m a b ly  b e c a u se  o f  th e  
a b sen ce  o f  C = C  b o n d s . S liced  sta rch  g e ls  w ere  s ta in e d  fo r  p r o te in  w ith  a m id o  b la ck  
1 0 B .

Immunodiffusion. T h e  d o u b le  d iffu s io n  m e th o d , in  a n  a g a r  g e l su p p o r tin g  m ed iu m , 
w a s u sed  t o  in v e s t ig a te  th e  p u r ity  o f  fr a c t io n s  a t  e a ch  s ta g e  in  th e  p u r if ica tio n  (F ig . 1). 
T h e  p r ep a ra tio n  o f  a n tisera  fo r  th e se  ex p er im en ts  is  d escr ib ed  in  th e  c o m p a n io n  
p a p er  (C ru tch ley  et al. 1 9 6 7 6 ).

Spectrophotom etry. U ltr a v io le t  a b so r p t io n  sp ectra  fo r  a q u e o u s  so lu tio n s  o f  p u rified  
fr a c t io n s  w ere  a u to m a tic a lly  reco rd ed  o n  a  U n ic a m  S P  8 0 0  sp e c tr o p h o to m e te r .

Chemical analyses
E lem entary analysis. N itr o g e n  w a s  e s t im a te d  b y  th e  m icro -K je ld a h l m e th o d  (P reg l, 

1945) a n d  p h o sp h o r u s  b y  a  m o d ifie d  G o m o r i (1 9 4 2 ) p r o ced u re  w ith  a  su lp h u r ic  
a c id + h y d r o g e n  p e r o x id e  m ix tu re  a s d ig e s t in g  a g en t.

A m ino acids. P u r ified  fr a c tio n s  D 1 . S 1  (1 -4 0  m g .)  a n d  D 2 . S 1  (3 -06  m g .)  w ere  
h y d r o ly se d  w ith  c o n s ta n t-b o ilin g  HC1 (5 -7 -n )  in  v a c u u m  fo r  2 4  hr. A m in o  a c id s  w ere  
e st im a te d  b y  th e ir  c o lo u r  r e a c tio n s  w ith  n in h y d r in , b y  u s in g  a  B e c k m a n -S p in c o  
(M o d e l 120) a u to m a tic  a n a ly ser , w ith  /? -2 -th ien y l-D L -a lan in e a d d e d  a s a n  in tern a l 
sta n d a rd  (S ie g e l &  R o a c h , 1961).

Carbohydrates. V a r io u s  c la sse s  o f  m o n o sa c c h a r id e s  in  p u rified  fr a c tio n s  w ere  d e ter 
m in e d  b y  th e  su lp h u r ic  a c id  +  c y ste in e  p r o ced u re  o f  D isc h e  (1 9 5 5 ). T h e  h e x o sa m in e  
c o n te n t  fo r  m a ter ia l w h ic h  h a d  b een  h y d r o ly se d  fo r  5 hr a t 100° in  3 N -  o r  4  n -H C I  
(se e  R ib i et al. 1961 a) w a s  q u a n tita tiv e ly  e s t im a te d  b y  th e  in d o le +  HC1 p r o ced u re  
(D is c h e , 1955) w ith  a p p ro p r ia te  n o n -d e a m in a te d  c o n tr o ls , o r  b y  th e  sh o r t c o lu m n  o f  
th e  B e c k m a n -S p in c o  A n a ly ser .

F atty  acids. P u rified  fr a c t io n s  D 1 . S 1 a n d  D 2 . S 1 (3  m g .)  w ere  h y d r o ly se d  fo r  3 hr  
a t  100° in  2  n -H C I. T h e  fa ts  w ere  ex tra c ted  d irec tly  fr o m  th e se  h y d r o ly sa te s  w ith  
3 x 1 - 5  m l. lig h t  p e tr o le u m  (b .p . 6 0 -8 0 ° ) . T h e  p o o le d  lig h t  p e tr o le u m  p h a se s  w ere  
e v a p o r a te d  to  d ry n ess , sa p o n ifie d  a n d  ex a m in e d  a s free  fa t ty  a c id s b y  g a s-p h a se  
c h r o m a to g r a p h y  (S c h m it &  W y n n e , 1965).

T oxic  a n d  non-toxic  fra c tio n s o f  E . coli
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R E S U L T S

Ultracentrifugal analyses
T h e  se d im e n ta t io n  p a ttern s  fo r  cru d e  e n d o to x in  II  (F ig . 1) in d ica ted  p r o n o u n c e d  

h e te r o g e n e ity  (F ig . 6 a, b), b u t  a ll p rep a ra tio n s  p o sse sse d  a  ch a ra cter istic  h y p ersh a rp  
p e a k  ([i?o]c_o =  3-1 S ). F r a c tio n s  D 1 . S 1  (F ig . 6 c )  a n d  R  (F ig s . 6 d, e, f )  p o sse sse d

0 min. 116 min. 80 min.

0 m n. 64 min. 144 min.
Fig. 6. Ultracentrifugal schlieren patterns o f crude endotoxin II at 10 mg./ml. (a and b), 
fraction D 1 . S 1 at 3-4 mg./ml. (c), and fraction R  at 51  mg./ml. (top pictures, d, e and/ )  and 
at 2-55 mg./ml. (bottom pictures, d, e and / ) .  All solutions prepared in phosphate-NaCl 
buffer (pH 7-8; I =  01 ):  solutions shown in the bottom pictures o f (a) and (6) and in the 
top picture o f c contain, in addition, 0-5 g. o f  SDS per 100 ml. Speeds: 59,780 rev./min. (a, 
b and c) and 52,640 rev./min. (d, e and f). Temperature: 20° Schlieren angles: 50° la and b)
65° (c), 45° (d, e and/ ) .

o n ly  th is  p e a k  to g e th e r  w ith  o c c a s io n a l s lig h t tra ces o f  h ig h er  m o le c u la r  w e ig h t  
im p u r itie s . T h e se  tw o  fr a c tio n s , b o th  n o n -to x ic  (C ru tch ley  et al. 1967 b), w ere  id e n t ic a l  
b y  u ltra cen tr ifu g a l cr iter ia ; e a c h  ex h ib ite d  th e  sa m e  v a r ia t io n  o f  s%„ u p o n  c, y ie ld in g  an  
e x tr a p o la te d  v a lu e  o f  j>£0]c=o =  6-7 ± 0 - 2  S (F ig . 7).



S u b seq u en t a n a ly s is  o f  tw o  e n d o to x ic  ex tra cts  o f  th e  p r e se n t b a cter ia  (a q u e o u s  
p h e n o l a n d  a q u e o u s  e th er  e x tra c ts) sh o w e d  h e te r o g e n e ity  a n d  d ifferen ces o f  c o m 
p o s it io n  b e tw een  th e  tw o  fr a c tio n s  (F ig . 8). B o th  ex tra cts , h o w ev er , p o sse sse d  an  
e n d o to x ic  fr a c t io n  o f  h ig h  m o le c u la r  w e ig h t  a n d  a lso  a  c o m p o n e n t  w ith  s im ila r  se d i
m e n ta tio n  b e h a v io u r  to  th a t  o f  n o n -to x ic  fra c t io n  D 1 . S 1 a t th e  sa m e  c o n c e n tr a tio n  
(T a b le  1; F ig . 7 ). (In  o n e  a q u e o u s  p h e n o l ex tra ct tw o  h y p ersh a rp  p e a k s  w ere  o b s e r v e d : 
F ig . 8 b-d . S in ce  n o  e x p la n a t io n  ca n  y e t  b e  g iv en  fo r  th is  p h e n o m e n o n , th e  data  fo r  
th e se  p e a k s  h a s  n o t  b een  in c lu d e d  o n  th e  g rap h  sh o w n  in  F ig . 7 .)
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Solute concentration, c (mg./ml.)

Fig. 7. Graph showing the variation of with c for fractions D 1. S 1 and R. Calculated 
.s“0 and c values for analogous material in aqueous phenol and aqueous ether cell extracts 
were plotted after drawing the curve (Table 1).

S o d iu m  d o d e c y lsu lp h a te  d isa g g reg a ted  tra ces o f  h ig h  m o le c u la r  w e ig h t  m a ter ia l in  
cru d e  e n d o to x in  I I  (F ig . 6  a) a n d  in  fr a c t io n  R , b u t d id  n o t  a ffec t th e  se d im e n ta t io n  
ch a ra c ter istic s  o f  th e  m a jo r  p e a k  o f  n o n -to x ic  m a ter ia l, o th er  th a n  s lig h tly  d ecrea sin g  
its  se d im e n ta t io n  co e ff ic ien t (e .g . A[>200]c_ o «  0 -05  S ). T h is  is  p r o b a b ly  a  re flex io n  o f  
sm a ll c h a n g e s  in  v a n d  p  fo r  th e  so lu te  a n d  so lv e n t , r e sp ectiv e ly .

T h e  se d im e n ta t io n  p a ttern s  o f  th e  e n d o to x ic  fr a c t io n  D 2 . S 1  sh o w e d  a sy m m etry  
a n d  very  ra p id  sp rea d in g  o f  th e  m a in  sch lieren  b o u n d a r y  (F ig . 9 ): p r o b a b ly  th ese  
effec ts  w ere  d u e  m a in ly  to  rev ersib le  a ss o c ia t io n  o f  e n d o to x in  m o le c u le s  a n d  o f  th e ir  
su b -u n its . In  a d d it io n  to  th e  m a in  sch lieren  b o u n d a r y , a  sm a ll q u a n tity  o f  m a ter ia l o f  
v ery  h ig h  se d im e n ta t io n  co e ff ic ien t w a s  o b se r v e d  to  m ig ra te  a cro ss  th e  ce ll a s  th e  
ce n tr ifu g e  w a s  a c c e lera tin g  u p  to  th e  ru n n in g  sp eed . O n  a d d in g  so d iu m  d o d e c y l
su lp h a te  (S D S )  (0-5  g .,/100 m l.)  to  tra n s lu cen t a q u e o u s  so lu t io n s  o f  th e  to x ic  fr a c t io n , 
th ere  w a s  im m e d ia te  c la r ifica tio n  o f  th e  so lu t io n s , a n d  a  c o n c o m ita n t  s tr ik in g  d ecrea se
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in  th e  a v era g e  se d im e n ta t io n  c o e ff ic ien t o f  th e  so lu te  o ccu rred  (F ig . 9 ). T h e  e x te n t  o f  
d isa g g r e g a tio n  p r o d u c e d  b y  S D S  a p p ea red  to  v a ry  w ith  d ifferen t c o n c e n tr a t io n s  a n d  
w ith  d ifferen t p rep a ra tio n s  o f  p u rified  e n d o to x in  D 2 . S 1 .  S D S  a lso  d isa g g reg a ted  th e  
e n d o to x ic  c o m p o n e n t  in  th e  p u rified  p h e n o l ex tra c t P I ,  b u t  h a d  n o  effec t o n  th e  n o n 
to x ic  c o m p o n e n t  (F ig s . 8 e , f ) .

Fig. 8. Ultracentrifugal schlieren patterns o f aqueous phenol (top pictures, a-d) and aqueous 
ether (bottom pictures, a-d) extracts o f bacterial cells, and o f purified phenol extracts P 1 
(e,f). All solutions in phosphate-NaCl buffer (pH 7-8; I =  0 1 ) :  solutions shown in the top 
pictures o f  (e) and ( f ) also contain 0-5 g: SDS per 100 ml. Other details given in Table 1.

A p p r o x im a te  |>20]c=0 v a lu e s  fo r  th e  d isa g g reg a ted  m a ter ia l fr o m  fr a c tio n  D 2 . S 1  
w ere  2 -4  S a n d  4-1 S  (F ig . 9 b). O w in g  to  th e  p o o r  so lu b ility  a n d  ra p id  b o u n d a r y  
sp rea d in g  o f  th e  m a in  e n d o to x ic  p e a k  in  so lu tio n s  w ith o u t  a d d ed  S D S  (F ig . 9a), n o  
e st im a te  o f  [s2o]c_o fo r  th is  p e a k  c o u ld  b e  m a d e . F lo w ev er , c a lc u la te d  v a lu e s  o f  s°B 
fo r  1 %  a n d  2 %  so lu t io n s  w ere , r e sp ec tiv e ly , 14-5 S  a n d  13-2 S.
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Gel filtra tion . F r a c tio n s  D 1 . S 3 ,  D 2 . S 1  a n d  p u rified  p h e n o l ex tra c t (P  1) a ll g a v e  
s in g le  e lu t io n  p e a k s  u p o n  rech r o m a to g r a p h y  o n  a  lo n g  S e p h a d ex  G  100 c o lu m n ; th is  
in d ic a te d  a b se n c e  o f  a n y  s ig n ifica n t q u a n tity  o f  lo w e r  m o le c u la r  w e ig h t  c o n ta m in a n ts .  
H o w e v e r , s in ce  th e se  p e a k s  em erg ed  w ith  th e  v o id  v o lu m e  o f  th e  c o lu m n , sm a ll p r o 
p o r tio n s  o f  im p u r itie s  o f  m o le c u la r  w e ig h t  h ig h er  th a n  th a t  o f  th e  b u lk  o f  th e  m a ter ia l  
(n o t ic e d  in  cer ta in  p u rified  fr a c t io n s  d u r in g  u ltr a c e n tr ifu g a tio n ; F ig s . 6 , 8 a n d  9) 
w o u ld  n o t  h a v e  b een  d e te c te d .

Fig. 9. Ultracentrifugal schlieren patterns o f endotoxic fraction D 2 . S 1  at 20m g./m l. (top 
picture in a) and at lOm g./m l. (bottom picture in a) in phosphate-NaCl buffer (pH 7-8;
I =  0-1). In (b) D 2 . S 1  at 3-0 mg./ml. (top) and 1-5 mg./ml. (bottom) was dissolved in this 
buffer containing 0-5 g. SDS per 100 ml. Speeds: 20,410 rev./min. (a); 59,780 rev./min. (b). 
Temperature: 20° Schlieren angles: 65° (a) and 55° (b).

Electrophoresis. O n  c e llu lo se -a c e ta te  e le c tr o p h o r e s is  a t  p H  8-8 , th e  e n d o to x ic  
fr a c t io n  D  2 .  S 1 m ig ra ted  to w a r d s  th e  c a th o d e  a s  a  s in g le  b a n d  in  w h ic h  l ip ic ,  c a r b o 
h y d r a te  a n d  p e p tid e  w ere  d e te c te d : a  tra ce  o f  in s o lu b le  m a ter ia l r em a in ed  a t  th e  
o r ig in . T h e  p u rified  p h e n o lic  ex tra ct, P  1, w a s  la rg e ly  re ta in ed  a t th e  o rig in  (s tr o n g  
c a r b o h y d r a te  a n d  w e a k  p r o te in  s ta in in g ) ; a  lip id  m o ie ty  o f  a  s im ila r  n e g a tiv e  m o b ility  
to  fr a c t io n  D 2 . S 1  w a s  a lso  d e te c te d  in  P  1. N o n - to x ic  fra c t io n  D 1  .S I  g a v e  a  s in g le  
b a n d  o f  v ery  lo w  a p p a ren t n e g a tiv e  m o b ility  (p o s s ib ly  d u e  to  e le c tr o -o sm o tic  f lo w  o f  
b u ffer) in  w h ic h  ca rb o h y d ra te , lip id  a n d  p r o te in  w ere  v ery  w e a k ly  d e te c ta b le . S ta rch  
gel d id  n o t  p r o v e  to  b e  a  su ita b le  m e d iu m  fo r  e le c tr o p h o r e s is  o f  th e  a b o v e  sa m p le s , b u t  
w a s u se d  fo r  se p a r a tio n  o f  lo w e r  m o le c u la r  w e ig h t  p r o te in  fr a c tio n s  p r e se n t in  cru d e  
ex tr a c ts  (e .g . e n d o to x in  II).

Immunodiffusion. A  sa m p le  o f  p o o le d  h o r se  a n tiseru m  a g a in s t th e  w h o le  e x tra c t o f  
Escherichia coli O 7 8 K 8 0  w a s  o f  lit t le  v a lu e  in  e s t im a tin g  th e  h o m o g e n e ity  o f  p u rified  
fr a c t io n s , s in c e  o n ly  o n e  m a jo r  a n d  a  tra ce  o f  o n e  m in o r  p rec ip itin  fin e  w ere  fo r m e d  
a g a in s t  cru d e  e n d o to x in  II  (C ru tch ley  et al. 1967 b). W h e n  e x a m in ed  a g a in s t a  p o te n t  
r a b b it  a n tiseru m  to  cru d e  e n d o to x in  II , litt le  h e te r o g e n e ity  w a s o b se r v e d  in  p u r ified  
fr a c t io n s  R , D 2 . S 1  a n d  P I ;  D 1 . S 1  d id  n o t  g iv e  an  im m u n o d if fu s io n  lin e  w ith  th is



a n tiseru m . A  d ecrea se  in  th e  n u m b er  o f  p rec ip itin  lin e s  w a s  o b serv ed  a fter  e a c h  p u r i

f ica tio n  stage .
Spectrophotom etry. T h e  u ltra v io le t  a b so r p t io n  sp ectra  fo r  a q u e o u s  so lu t io n s  o f  

p u rified  fr a c tio n s  R , D 1 . S 1 ,  D 2 . S 1  a n d  P  1 (F ig . 10) in d ic a te d  ch e m ic a l d ifferen ces  
b etw een  th e  fr a c tio n s . F r a c tio n s  R  a n d  D 1 . S 1 p o sse sse d  id e n t ic a l sp ectra , ty p ic a l o f  
c a r b o h y d r a te s ; b u t D  2 .  S 1 (a n d  cru d e  a lso  e n d o to x in  II ) sh o w e d  a n  a d d it io n a l sm a ll  
a b so r p t io n  m a x im u m  a t a b o u t 2 7 5  m /i, p o ss ib ly  d u e  to  a ro m a tic  a m in o  a c id s . T h e  
m a x im u m  a t  2 6 0  m /t fo r  p u rified  p h e n o l ex tra ct, P  1, w a s a lm o s t  cer ta in ly  d u e  to  
c o n ta m in a tio n  b y  n u c le ic  a c id .

416 D. G. M A R S H  A N D  M. J. C R U T C H L E Y

200 225 250 275 300 325

A (m/t)

Fig. 10. Ultraviolet absorption curves for aqueous solution o f purified fractions D 1 .S 1  
(1 mg./ml., solid line), D 2 .S 1  (0-5 mg./ml., dotted line) and P I  (0-5 mg./ml., dashed line).

Chemical analyses
Q u a n tita t iv e  ch em ica l d ifferen ces w ere  fo u n d  b e tw een  fr a c tio n s  D 1 . S 1 a n d  

a n d  D  2 .  S 1 (T a b le s  2 , 3 ). In  p a rticu la r , D  2 .  S 1 c o n ta in e d  a  h ig h er  p r o p o r tio n  o f  lo n g -  
ch a in  fa tty  a c id s  a n d  a  m u c h  grea ter  p r o p o r tio n  a n d  va riety  o f  a m in o  a c id s  th a n  d id  
fr a c t io n  D 1 . S 1. F r a c tio n  D 1 . S 1 w a s , h o w ev er , m u ch  richer in  a m in o  su g a r  th a n  w a s  
D  2 . S 1 ; a c id  h y d r o ly sa te s  o f  th e se  fra c tio n s  sh o w e d  th a t  th is  su gar  w a s c h r o m a to -  
g ra p h ica lly  id e n tic a l w ith  g lu c o sa m in e  ( lo n g  a n d  sh o r t c o lu m n s o f  th e  a m in o  a c id s  
a n a ly ser  u sed ) . H ig h  v o lta g e  p a p er  e le c tr o p h o r e s is  o f  th e  h y d r o ly sa te s  in  0 T  M- 
b o r a te  buffer (p H  10; M ic h l, 1951 ; F o ste r , 1953), fo l lo w e d  b y  sta in in g  w ith  n in h y d r in  
o r  A g N 0 3 +  N a O H  (T rev e ly a n , P ro cter  &  H a rr iso n , 1950), co n firm ed  th a t  g lu c o s a 
m in e  w a s th e  o n ly  a m in o  su g a r  in  b o th  th e  n o n -to x ic  fra c t io n  D 1 . S 1 a n d  th e  to x ic  
fr a c t io n  D 2 . S  1.

T h e  cy ste in e  +  su lp h u r ic  a c id  m e th o d  o f  D is c h e  (1 9 5 5 ) sh o w e d  so m e  sim ila r it ie s  in  
th e  sp ectra  o f  fr a c t io n s  D 1 .S  1 a n d  D 2 . S  1 : h e x o se  (a n d /o r  h e x o se  d er iv a tiv es) , sm a ll 
q u a n tit ie s  o f  h e p to se  ; b u t n o  s ig n ifica n t q u a n tity  o f  p e n to s e  or 2 -k e to -3 -d e o x y o c tu -  
lo n ic  a c id  w ere  d e te c ta b le , fro m  th e se  sp ectra . M o r e  d e ta iled  a n a ly s is  o f  c a rb o h y d ra te  
a n d  lip id  c o m p o n e n ts  in  fr a c tio n s  D 1 . S 1 a n d  D  2 .  S 1 is  n o w  u n d er  in v e s tig a tio n .
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T a b le  2 . Chemical analyses o f  purified fractions fro m  Escherichia coli O 78K80  
All results are averages o f duplicate runs on similar samples.

N P Glucosamine Amino acid Fatty acid
Sample (%) (%) (%) (%) >  Q (% )
D 1 . S 1 4-32 8-89 26-1 (27-8)* 1*2—l-4 f 0-1
D 2 . S 1 4-95 10-06 12-3 14-1-17-7 1-9

* Value obtained by the Dische (1955) procedure: other glucosamine contents obtained using the 
amino acid analyser.

f  Limits defining 0-100 % amino acid involved in chemical linkage.

T a b le  3. Am ino acid analyses o f  fractions D 1 . S I  and D 2 .S 1
Results are for 24 hr hydrolyses only.

D 1 . S 1  D 2 . S 1
_/----------------------, ,----------------------v

/¿mole amino g. amino /¿mole amino g. amino
acid/mg. acid/100g. acid/mg. acid/100 g.

Glucosamine* 0-813 14-55 0-600 10-74
Lys. N D f 0-087 1-27
His. N D 0-029 0-45
n h 3 0-9007 — 0-765 —

Arg. N D 0-065 M 3
Asp. 0-0151 0-20 0-211 2-31
Thr. 0-0129 0-15 0-104 1-24
Ser. 0-0318 0-33 0-086 0-90
Glu. 0-0132 0-19 0-152 2-23
Pro. N D 0-059 0-68
Gly. 0-0168 0-13 0-157 1-18
Ala. 0-0146 0-13 0-178 1-58
i  Cys. N D N D
Val. N D 0-099 1-16
Met. N D 0-020 0-30
lie. 0-0045 0-06 0-062 0-31
Leu. 0-0045 0-06 0-124 1-52
Tyr. N D
Phe.
Totals; 0-125

N D
1-4 2-033 17-5

* Low results here due to extended period o f hydrolysis.
t  N D  =  N one detectable ( <  0-0005 /«mole amino acid), 
t  Excluding glucosamine and ammonia.

DISCUSSION

T w o  e ssen tia lly  h o m o g e n o u s  n o n -to x ic  fr a c t io n s , D 1 . S 1 a n d  R , h a v e  b e e n  is o la te d  
fr o m  th e  ex tra ce llu la r  m a ter ia l p r o d u c e d  b y  Escherichia coli 0 7 8 K 8 0  b y  u s in g  tw o  
s lig h tly  d ifferen t c h r o m a to g r a p h ic  p ro ced u res  (F ig . 1). A p a r t  fr o m  p o ss ib le  d ifferen ces  
in  tra ce  im p u r itie s , th e se  fr a c t io n s  w ere  p h y s ic a lly  a n d  ch e m ic a lly  in d is tin g u ish a b le . 
S in ce  h ig h er  y ie ld s  w ere  o b ta in e d  b y  su c c e ss iv e  c h r o m a to g r a p h y  o n  D E A E -c e llu lo se  
a n d  S e p h a d e x  G  100 , th is  m e th o d  w a s  c h o se n  to  p rep are  th e  n o n -to x ic  fr a c t io n  in  
b u lk . D E A E -c e llu lo s e  o ffered  a  c o n v e n ie n t  to o l  fo r  sep a ra tin g  th is  w e a k ly  ch a rg ed  
fr a c t io n  fr o m  th e  e n d o to x ic  lip o p o ly sa c c h a r id e -p r o te in  c o m p le x  ( D 2 . S 1 ) ,  w h ic h  w a s  
str o n g ly  a d so r b e d  a t a lk a lin e  p H  v a lu es , d e sp ite  its  a p p a ren t p o s it iv e  ch a rg e  u n d er  
th ese  c o n d it io n s  (se e  e le c tr o p h o r e tic  ex p er im en ts) . T h e  a d so r p tiv e  ca p a c ity  o f  D E A E -  
c e llu lo se  fo r  th e  to x ic  c o m p le x  m a y  b e  p a rtly  d u e  to  a  d isa g g r e g a tio n  o f  th e  c o m p le x
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in to  n e g a tiv e ly  ch a rg ed  lip o p o ly sa c c h a r id e  a n d  p o s it iv e ly  ch a rg ed  p r o te in . A  sim ila r  
d isa g g reg a tio n  o f  th is  c o m p le x  o ccu rred  w ith  W e stp h a l’s p h e n o l +  w a ter  e x tr a c tio n  
p r o ced u re  (M a rsh , u n p u b lish e d  o b se r v a t io n s .)

A q u e o u s  e th er  o r  p h e n o l +  w a ter  e x tr a c tio n  o f  th e  p a ren t b a cter ia  y ie ld e d  c o m 
p o n e n ts  w ith  s im ila r  p h y s ic a l ch a ra c ter istic s  to  th e  n o n -to x ic  fr a c t io n  D 1 . S 1 (F ig s . 7 , 
8). T h is  fr a c t io n  is  a lm o st  cer ta in ly  eq u iv a le n t to  ‘ n a tiv e  h a p te n ’ fo u n d  in  p r o to 
p la sm ic  fr a c t io n s  (o r  w h o le  b a cter ia ) o f  sev era l sero ty p es  o f  Escherichia coli b y  
A n a ck er  et al. (1 9 6 4 ) , 1966). B o th  fr a c t io n  D 1 . S 1  a n d  ‘ n a tiv e  h a p te n ’ p o s s e s s  n o t  
o n ly  s im ila r  se d im e n ta t io n  ch a ra cter istic s  b u t  a lso  s im ila r  c h e m ic a l a n d  im m u n o 
lo g ic a l p ro p er tie s , in c lu d in g  th e  fa ilu re  to  s t im u la te  th e  p r o d u c tio n  o f  p r e c ip ita tin g  
a n tib o d y  in  ra b b its  (C ru tch ley  et al. 1 9 6 7 6 ). J a n n ’s (1 9 6 5 ) a c id ic  p o ly sa c c h a r id e s ,  
is o la te d  fro m  p h e n o l +  w a ter  ex tra cts  o f  Escherichia coli, a lso  b e h a v e d  in  th e  u ltra 
cen tr ifu g e  s im ila r ly  to  n o n -to x ic  fr a c t io n  D 1 . S 1. T h e  d ifferen ce  in  to x ic ity  b e tw e e n  th e se  
tw o  su b s ta n c e s  is  p r o b a b ly  d u e  to  th e  p resen ce  o f  e n d o to x in  in  ‘ a c id ic  p o ly sa c c h a r id e  ’ ; 
th e  ch a rg e  d ifferen ce  b e tw e e n  th e m  m a y  ar ise  fr o m  a  d ifferen ce  in  th e  a m o u n ts  o f  
b o u n d  p ro te in  in  th e  tw o  su b sta n ces .

E x tra ce llu la r  e n d o to x in  ( D 2 . S 1 )  sh o w e d  s im ila r ity  in  se d im e n ta tio n  b e h a v io u r  to  
e n d o to x ic  p rep a ra tio n s  o b ta in e d  fr o m  th e  p a ren t b a cter ia  b y  c o n v e n tio n a l e x tr a c tio n  
p ro ced u res . H o w e v e r , th ere  w a s  so m e  e v id e n c e  o f  a  g reater  d eg ree  o f  a g g r e g a tio n  in  
c e ll-w a ll e n d o to x in s , p a rticu la r ly  w ith  th e  a q u e o u s  eth er  p rep a ra tio n . T h e  h ig h er  
p e p tid e  c o n te n t  o f  fr a c t io n  D 2 . S 1  a s c o m p a r e d  w ith  o th er  p rep a ra tio n s  o f  p u rified  
e n d o to x ic  lip o p o ly sa c c h a r id e  (W e stp h a l e ta l.  19 5 2 ; R ib i e ta l.  1964) is  d u e  to  lo o s e ly  
b o u n d  p r o te in  w h ic h  m a y  b e  r e m o v e d  b y  p h e n o l +  w a ter  ex tra c tio n  (M a rsh , u n p u b 
lish e d  o b se r v a tio n s) .

B y  th e  m ild  fr a c t io n a tio n  p ro ced u res  d escr ib ed  in  th is  p a p er , h ig h ly  p u rified  e n d o 
to x ic , a n d  n o n - to x ic  l ip o p o ly sa c c h a r id e -p r o te in  c o m p le x e s  w ere  rea d ily  is o la te d  fro m  
cu ltu re  flu id s o f  Escherichia coli O 7 8 K 8 0 , y ie ld in g  su b s ta n c e s  w h ic h  w ere  e ssen tia lly  
th e  sa m e  a s th o se  n a tu ra lly  o ccu rr in g  w ith in  th e  b a cter ia . T h e  c o n v e n tio n a l p ro ced u res  
fo r  ex tra c tin g  e n d o to x in  fr o m  b a c ter ia  are m o re  la b o r io u s  th a n  th e  m e th o d  u sed  h ere  
fo r  o b ta in in g  free  e n d o to x in . T h e  v ig o r o u s  e x tr a c tio n  p ro ced u res  w h ic h  h a v e  b een  
u se d  p r e v io u s ly  (p a rticu la r ly  th o s e  u s in g  p h e n o l o r  tr ic h lo r o a c e tic  a c id ) p ro b a b ly  
lea d  to  d e g r a d a tio n  o f  th e  e n d o to x ic  c o m p le x .

The relationship between fractions D 1  . S I  and D 2 .S 1
B o th  R ib i et al. (1 9 6 4 ) a n d  W e stp h a l et al. (1 9 6 4 ) c o n s id ered  th e  to x ic  l ip o p o ly 

sa cch a r id e  u n it  o f  e n d o to x in  to  b e  an  a g g reg a te  o f  p o ly sa c c h a r id e  su b -u n its  h e ld  
to g e th e r  b y  lip id  m o ie tie s . T h is  h y p o th e s is  is  n o w  fu rth er  su b s ta n tia ted  b y  th e  d e m o n 
stra tio n  th a t  so d iu m  d o d e c y lsu lp h a te  d isa g g reg a te  b o th  th e  free  e n d o to x in  lib era ted  
ex tra ce llu la r ly  (fra c tio n  D 2 . S 1 ; F ig . 9b) a n d  th a t  ex tra c ted  fro m  th e  b a cter ia  (fra c tio n  
P  1 ; F ig . 8 c , / ) .  S im ila r  resu lts  w ere  o b ta in e d  b y  O ro sz la n  &  M o r a  (1 9 6 3 ) fo r  e n d o 
to x in  fr o m  Serratia marcescens. D isa g g r e g a t io n  b y  so d iu m  d o d e c y lsu lp h a te  ap p ea rs to  
b e  th e  m ild e st  p ro ced u re  a v a ila b le  fo r  o b ta in in g  ‘h a p te n ic ’ n o n -to x ic  su b -u n its  fro m  
e n d o to x in s .

T h e  m a rk ed  d ifferen ces b e tw een  th e  [j£0]c=o v a lu es  fo r  su b -u n its  o f  e n d o to x ic  
fr a c t io n  D 2 . S 1  a n d  o f  th e  n o n -d isa g g r e g a ta b le  n o n -to x ic  fr a c t io n  D 1 . S 1 ,  su g g e s t  
th a t  D 1 . S 1  d o e s  n o t  c o n s is t  o f  s im p le  su b -u n its  o f  D 2 . S 1 .  D ifferen ces  o f  ch e m ic a l  
c o m p o s it io n  b e tw een  fr a c tio n s  D 1 . S 1 an d  D 2 . S 1 a lso  su p p o r t th is  c o n c lu s io n . T h ese
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r esu lts  sh o w  th a t  fr a c t io n  D 1 . S 1 a s  a  w h o le  d o e s  n o t  c o n s t itu te  a  stru ctu ra l e le m e n t o f  
e n d o to x in  ( D 2 . S 1 ) .  I m m u n o lo g ic a l s im ilia r ity  b e tw e e n  th e  tw o  fr a c tio n s  is  o r o b a b ly  
a ss o c ia te d  w ith  r e g io n s  o f  c h e m ic a l s im ila r ity , b u t  th is  d o e s  n o t  n ecessa r ily  im p ly  th a t  
p a r t o f  n o n - to x ic  D 1 . S 1 c o n s t itu te s  a  stru ctu ra l e le m e n t o r  a  p recu rso r  o f  e n d o to x in  
(se e  A n a c k e r  et al. 1964). T h ere fo re  w e  fin d  n o  ju s tif ic a t io n , a t  p resen t, in  d e s ig n a tin g  
fr a c t io n  D 1 . S 1 a s a  ‘n a tiv e  h a p te n ’ in  th e  sen se  c o n s id e r e d  o r ig in a lly  b y  A n a c k e r  a n d  
c o lle a g u e s  (1 9 6 4 ) . W e  reserv e  ju d g e m e n t o n  w h eth er  o r  n o t  th e  n o n -to x ic  a n d  e n d o to x ic  
fr a c t io n s  are  in terre la ted  u n til m o r e  is  k n o w n  a b o u t  th e  d e ta ile d  stru ctu re  o f  b o th  
su b sta n ces .

W e  a re  p a rticu la r ly  p le a se d  to  th a n k  M r J. M . S u m m ere ll fo r  h e lp  w ith  th e  u ltra 
c en tr ifu g a l e x p e r im e n ts ; a ls o  D r  A . W . P h illip s , D r  P a le y  J o h n so n  (C a m b r id g e ) a n d  
M r A . W . P in k  fo r  m a k in g  cer ta in  u ltra cen tr ifu g a l, a m in o  a c id , e le m e n ta l a n d  g .p .c . 
a n a ly se s , a n d  M r  H . K in g  fo r  te c h n ic a l a ss is ta n c e . W e  are  in d e b te d  to  D r s  M . S tern e  
a n d  J. C a m e r o n  fo r  h e lp fu l d is c u ss io n s .
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The Role o f Tris in EDTA Toxicity and Lysozyme Lysis
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S U M M A R Y
T ris a n d  E D T A  c o m b in e d  to  fo r m  a  h o m o lo g u e  w h ic h  h a s  far  g reater  

c h e la t in g  a b ility  th a n  E D T A  a lo n e . T h e  w ea k er  ser in e  a n d  N H 4C1 h o m o -  
lo g u e s  o f  E D T A  rep la ce d  E D T A  +  tris in  c a u s in g  to x ic ity  a n d  p erm ittin g  
ly s o z y m e  ly s is  in  Azotobacter vinelandii. S er in e  c o u ld  e ffec tiv e ly  su b s titu te  
fo r  tr is in  th e se  sy s tem s fo r  Pseudomonas aeruginosa. T h e se  c o m p o u n d s  h a d  
re la tiv e ly  lit t le  e ffec t  o n  Escherichia coli. T h e  to x ic ity  o f  E D T A  +  tris fo r  
th e se  o rg a n ism s c o u ld  b e  a lle v ia te d  b y  p r e -in c u b a tio n  in  p h y s io lo g ic a l sa lin e  
(0 T 5  M -N aC l). S u b se q u e n t ly s o z y m e  ly s is  w a s  p rev en ted  b y  th is  trea tm en t. 
T h e r e m o v a l o f  m e ta ls  fr o m  A . vinelandii cy sts  b y  E D T A  +  tris w a s  a lso  
in h ib ite d . T h e  E D T A  +  tr is - f m e ta l lo  c h e la te  c o m p le x e s  w ere  in a c tiv a te d  
(d isso c ia te d ) b y  sa lin e .

I N T R O D U C T I O N
M a n y  G r a m -n e g a tiv e  o rg a n ism s w h ic h  are  r e s ista n t to  ly so z y m e  w ill ly se  w h e n  

e th y le n e d ia m in e te tr a -a c e tic  a c id  (E D T A )  a n d  tris b u ffer  (2 -a m in o -2 -h y d r o x y m e th y l-  
p r o p a n e - l ,3 -d io l)  are a lso  p r e se n t in  a d d it io n  to  ly so z y m e  (R e p a sk e , 1955 , 1 958 ;  
M c Q u ille n , 1 9 6 0 a ) . R e p a sk e  first e s ta b lish e d  a  req u irem en t fo r  th e se  c o m p o u n d s  in  
th is  ly t ic  sy s te m  b u t  d id  n o t  d e term in e  th e  to x ic ity  o f  th e  in d iv id u a l c o m p o n e n ts . 
S o c o lo f s k y  &  W y ss  (1 9 6 1 ) w ere  a b le  t o  ru p tu re  c y sts  o f  A zotobacter vinelandii by  
u sin g  E D T A  a n d  tr is. T h e  re le a sed  ‘ cen tra l b o d ie s ’ w ere  n o t  v ia b le  a n d  w ere  ly se d  b y  
a d d in g  ly s o z y m e . G o ld sc h m id t  &  W y ss  (1 9 6 6 : to  b e  p u b lish e d ), w h ile  s tu d y in g  th is  to x ic  
effec t in  g rea ter  d e ta il, o b se r v e d  th a t th e  E D T A  +  tris sy s tem  w a s to x ic  t o  v e g e ta t iv e  
o rg a n ism s a s w e ll a s  to  c y sts  e v e n  u n d er  c o n d it io n s  w h ere  c y s t  ru p tu re  d id  n o t  o c c u r  (i.e . 
in  0 T 5  M -N aC l). E D T A  su sp en d e d  in  w a ter  o r  0 -0 2 5  M -N aC l a lso  ru p tu red  th e  cy st  
e x in e , b u t  th e  cen tra l b o d ie s  rem a in ed  v ia b le  u n d er  th e se  c o n d it io n s . T h e y  a lso  fo u n d  
th a t  v a r io u s  o th e r  su b s ta n c e s  su ch  as a m in e s , a m in o  a c id s  a n d  N H 4C1 c o u ld  rep la ce  
tris in  p r o d u c in g  to x ic ity  in  th e  p resen ce  o f  E D T A ;  th e se  c o m p o u n d s  a lso  su b s titu ted  
fo r  tr is in  th e  tris +  E D T A  +  ly so z y m e  sy stem . T h e se  resu lts  are p resen ted  in  th e  
p resen t p a p er . D u r in g  th is  w o r k , o th er  b a c ter ia  w ere  te s te d  fo r  th e ir  sen s it iv ity  to  th e  
E D T A + t r i s  sy s te m  (G o ld sc h m id t, G o ld sc h m id t  &  W y ss , 1967). R e p a sk e  (1 9 5 8 )  
n o te d  th a t  Escherichia coli w a s  sen s it iv e  to  h is  ly t ic  sy stem . G o ld sc h m id t et al. (1 9 6 7 )  
fo u n d  th a t  m a le  stra in s o f  E. coli (H fr , m a le ) w ere  sen s itiv e  to  th e  E D T A + t r i s  sy stem  
(6 5 - 9 5  % k ill w ith in  4  m in .)  w h ile  fe m a le  stra in s a n d  E. coli B/ r  (w h ich  is  ‘ F 0 ’ a n d  d o e s  
n o t  m a te )  w ere  n o t  k ille d . T h ere  are m a n y  rep o rts  in  th e  litera tu re  d iscu ss in g  d iffer-
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e n c e s  in  th e  su rfa ce  c o n fig u r a tio n  o f  m a le  a n d  fem a le  stra in s (J a co b  &  W o llm a n ,  
1961;  H a y e s , 19 6 4 ; M a c c a c a r o , 19 5 5 ; M a c c a c a r o  &  C o m o lli, 1956). B r in to n , G e m sk i 
&  C a rn a h a n  (1 9 6 4 ) in d ica ted  th a t m a le n e ss  is  p r o b a b ly  n o t  a  p ro p er ty  o f  th e  c e ll w a ll 
b u t o f  sp ec ific  p ili p ro jec t in g  fro m  it . T h e se  d ifferen ces m ig h t p la y  a  r o le  in  E D T A  +  tr is  
to x ic ity  a n d  su b seq u e n t ly so z y m e  ly s is . F o r  th ese  rea so n s , stra in s o f  d ifferen t se x u a lity  
w ere  a lso  te s ted  fo r  th e ir  se n s it iv ity  to  th e  E D T A  +  ‘tris su b s t itu te ’ sy s tem s a n d  su b 
seq u en t ly so z y m e  ly s is  u n d er  th ese  c o n d it io n s . Pseudomonas aeruginosa, w h ic h  is  very  
sen s itiv e  to  E D T A , w a s a lso  in v estig a ted .

422

M E T H O D S
M edia. A zotobacter vinelandii stra in  1 2837  w a s  g ro w n  a t 33° o n  B u rk  m e d iu m  (B u rk  

&  L in ew ea v er  1930) su p p le m e n te d  w ith  0 - 2 %  b u ta n o l (a s  so le  ca r b o n  so u r c e ) , 0-01 g. 
M n C l2/l. a n d  2  % agar . T h e  v a r io u s  stra in s o f  Escherichia coli (o b ta in e d  fr o m  D r  E . 
G o ld sc h m id t)  w ere  g ro w n  in  D ifc o  P e n a ssa y  b ro th  a t 37°. Pseudomonas aeruginosa 
stra in  160 (o b ta in e d  fro m  D r  C . G ra b er) w a s  g ro w n  in  D ifc o  P e n a ssa y  b ro th  a t  2 8 ° .

Harvesting procedures. B a cter ia  g ro w n  o n  agar w ere  scra p ed  o ff , resu sp en d ed  in  
v a r io u s  d ilu e n ts , a g ita ted , s tra in ed  th r o u g h  ster ile  c h e e se c lo th  a n d  w a sh e d  2 - 3  t im e s  
a t r o o m  tem p era tu re  b y  a ltern a te  cen tr ifu g a tio n  a n d  re su sp e n s io n  in  fresh  d ilu en t. 
F ifte e n  m in u te s  in  a  S erv a l a n g le h e a d  ce n tr ifu g e  M o d e l S P X  a t 1 4 0 0 g  se d im e n te d  
th e  b a cter ia . B ro th  cu ltu res w ere  cen tr ifu g ed  a n d  sim ila r ly  w a sh ed .

A ssay procedures. F o r  th e  ex p er im en ts  c o n cern ed  w ith  E D T A  to x ic ity  a n d  ly so z y m e  
ly s is , o rg a n ism s w ere  su sp en d e d  in  th e  d esired  d ilu e n t a n d  p ip e tte d  in to  o p tic a lly  
ca lib ra ted  ster ile  sp e c tr o p h o to m e te r  tu b es . T h e  ly t ic  a g en ts  w ere  a d d ed  so  th a t th e  
fin a l v o lu m e  o f  th e  rea c tio n  m ix tu re  w a s 4  m l. L y so z y m e  w a s a lw a y s  a d d ed  im m e 
d ia te ly  a fter  E D T A . T h e  a c t io n  o f  E D T A  a n d  ly so z y m e  w a s s to p p ed  b y  ser ia l d ilu t io n  
in  ster ile  0 T 5  M -N aC l. T h e  d ilu tio n s  o f  Azotobacter vinelandii w ere  strea k ed  o n  so lid  
B u rk  m ed iu m  a n d  in c u b a te d  a t  33°. Escherichia coli a n d  Pseudomonas aeruginosa w ere  
s im ila r ly  p la ted  o n  D ifc o  P e n a ssa y  a g a r  a n d  in c u b a te d  a t 37° a n d  28° re sp ectiv e ly . 
P er c e n t su rv iv a l w a s d eterm in ed  b y  c o m p a r in g  th e  n u m b er  o f  su rv iv in g  c o lo n ie s  w ith  
th e  a p p ro p r ia te  u n trea ted  c o n tr o ls . T h e  c h a n g e s  in  e x tin c tio n  (E )  w ere  d eterm in ed  b y  
su b tra c tin g  th e  e x tin c tio n  o f  th e  trea ted  o rg a n ism  su sp e n s io n s  fro m  th a t  reco rd ed  fo r  
th e  u n trea ted  c o n tr o ls .

Extinction  measurements. T h e  B a u sch  a n d  L o m b  S p ec tro n ic  2 0 , se t a t a  w a v e le n g th  
o f  6 0 0  m //, w a s  u sed  to  d e term in e  th e  e x tin c tio n  o f  su sp en sio n s .

Chemicals. T h e  so d iu m  sa lt o f  E D T A  w a s  d is so lv e d  in  v a r io u s  d ilu e n ts  (N a C l,  
N H 4C1 serin e, H 20 ,  e tc .)  d ep e n d in g  u p o n  th e  d esired  e x p er im en ta l c o n d it io n s  an d  
a d ju sted  to  p H  8 w ith  n -H C I  a n d  N -N a O H . S o lu t io n s  o f  th e  so d iu m  sa lt  o f  d ip ic o lin ic  
a c id  (2 ,6 -p y r id in e d ic a r b o x y lic  a c id : D P  A ) w ere  s im ila r ly  p rep a red . T ris w a s  d is so lv e d  
in  d e -io n iz e d  w a ter  a n d  a d ju sted  to  p H  8 w ith  n -H C I. L y so z y m e  w a s  d is so lv e d  in  
w a ter  o r  in  th e  v a r io u s  d ilu en ts . E D T A , ly so z y m e  a n d  D P A  w ere fresh ly  p rep a red  fo r  
ea ch  ex p er im en t a n d  ster ilized  b y  m illip o re  filtra tio n .
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R E S U L T S  A N D  D I S C U S S I O N  

Lysozym e lysis
T h e  p r e v io u s  e x p er im en ts  o f  G o ld sc h m id t &  W y ss  (1 9 6 6 ) w ith  tris su b s titu te s  

p o se d  a  ser ies o f  q u e s t io n s : C o u ld  v a r io u s  a m in o  a c id s  o r  N H 4C1 su b s titu te  fo r  tris in  
p rep a r in g  Azotobacter vinelandii, Pseudomonas aeruginosa  a n d  Escherichia coli fo r  
ly s o z y m e  ly s is  ? C o u ld  th ese  c o m p o u n d s  s im ila r ly  su b s titu te  fo r  tris in  c a u s in g  E D T A  
to x ic ity  in  th e  la tter  o r g a n ism s?  I f  th is  o ccu rred , w a s  th e  to x ic ity  a lso  sex  d ifferen 
tia ted  in  E. coli a s  p r e v io u s ly  o b serv ed  w ith  E D T A  +  tr is?  (G o ld sc h m id t et cl. 1966). 
C o u ld  D P A  su b stitu te  fo r  E D T A  in  th e  ly t ic  sy s te m ?

T h e  c lea r in g  o f  b a c ter ia l su sp e n s io n s  (m ea su red  q u a n tita tiv e ly  b y  th e  ch a n g e  in  
e x tin c tio n )  is  c o m m o n ly  u sed  t o  in d ic a te  th e  d eg ree  o f  ly s is  (R e p a sk e , 19 5 8 ; S o c o lo fsk y  
&  W y ss , 1 961;  H erz b e rg  &  G ree n , 1964). M ic r o sc o p ic  e x a m in a tio n  o f  o u r  trea ted  
cu ltu res  su p p o r te d  th ese  resu lts . L y sis  ca n  b e  p o s it iv e ly  co rre la ted  w ith  th e  d ecrea se  in  
e x tin c tio n . A s  ca n  b e  seen  in  T a b le  1, N H 4C1 c o u ld  rep la ce  tris in  th e  ly t ic  E D T A  +  tris +  
ly so z y m e  sy s te m  fo r  b o th  Azotobacter vinelandii cy sts  a n d  v e g e ta t iv e  fo r m s w ith in  th e  
4  m in . e x p er im en ta l p er io d . W ith  th e  Escherichia coli s tra in s , h o w ev er  (see  T a b le  2 ), 
N H 4C1 o r  ser in e  c o u ld  n o t  e ffec tiv e ly  su b s titu te  fo r  tris in  th is  b r ie f  tim e . V ery  litt le  
to x ic ity  w a s n o te d , reg a rd le ss  o f  sex , a lth o u g h  ser in e  w a s  s lig h tly  m o re  to x ic  th a n  
N H 4C1 fo r  th e  m a le  stra in s. O n ly  a  s lig h t d ecrea se  in  e x t in c tio n , i f  a n y , w a s n o te d  w h en  
th ese  c o m p o u n d s  w ere  su b s titu ted  fo r  tris.

T a b le  1. E ffect o f  various diluents on lysozym e lysis in Azotobacter vinelandii
24 hr vegetative organisms and 14-day cysts washed twice and resuspended in the di uent. 

Final concentrations o f reagents: 0 025 M-tris; 0 025 m-N H 4C1; 0-25 mM-EDTA; 100fig. 
lysozyme. Reaction time 4 min., pH 8 0. The change in extinction for the cysts in EDTA is 
due to rupture o f  the exine (outer shell) but not the central body (equivalent to the vegetative 
form). It is the additional lysis o f the central body that is reflected in the E D T A +lysczym e  
column.

Change in extinction*
Survival r-------------------- -----------------------A----------------------------------\

in EDTA EDTA +
Cell type Diluent (%) EDTA Lysozyme lysozyme

Vegetative h 2o 65 0-040 +  0-015 0-057
Cyst h 2o 95 0-071 004 0 008 0

Vegetative Tris 0-08 0-047 0 002 0-254
Cyst Tris 0-01 0-294 0-035 0-464

Vegetative NHjCl 0-34 0-036 0-012 0-202
Cyst n h 4c i 1-6 0-282 0-018 0-422

* The change in extinction represents a decrease compared to the untreated controls; an increase 
in extinction over that o f the control is indicated by a + .

W ith  Pseudomonas aeruginosa, ser in e  c o u ld  su b s titu te  fo r  tris in  p rep a r in g  o rg a n ism s  
fo r  ly s o z y m e  ly s is , b u t N H 4C1 h a d  n o  e ffec t (se e  T a b le  3 ). A n  in crea se  in  m o la r ity  
( fr o m  0-0 2 5  m  to  0-05  m )  in crea sed  b o th  th e  a m o u n t  o f  ly s is  o b ta in e d  w ith  ser in e  a n d  
th e  sp e e d  o f  th e  rea c tio n . T h ere  w a s n o  d ifferen ce  n o te d  w ith  N H 4C1 a t th e  h ig h er  

m o la r ity  e v en  a fter  e x p o su r e  fo r  1 hr.
I t  is  im p o r ta n t to  n o te  th a t ly s o z y m e  ly s is  o f  m a le , fe m a le  a n d  B / r  stra in s o '  Escheri

chia coli o ccu rred  reg a rd le ss  o f  th e  in it ia l se n s it iv ity  to  E D T A  +  tris w h e n  th e
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tris +  E D T A  +  ly so z y m e  sy s te m  w a s  u se d . T h is  w ill b e  d isc u sse d  in  g reater  d e ta il la ter  
in  th is  p a p er . N e u  &  H e p p e l (1 9 6 4 ) rep o rted  th a t  E. coli b (s im ila r  t o  B/r) m a in ta in e d  
a  h ig h  d egree  o f  v ia b ility  ( 6 0 - 9 0 % )  w h en  e x p o se d  to  a  su cro se  +  E D T A  +  tris m ix tu re  
fo r  10 m in .

T a b le  2 . E ffect o f  various diluents on E D T A  toxic ity  and lysozym e lysis
in Escherichia coli

Organisms washed twice and resuspended in the diluent. Final concentrations o f reagents: 
0-025 M-tr:s; 0-025 m-N H 4C1; 0-025 M-Serine; 0-25 mM-EDTA; 100//g. lysozyme. Reac
tion tim e: 4 min. pH 8-0.

Change in extinction*
Survival (------------- A. x

in EDTA E D T A +
Strain Diluent (%) EDTA lysozyme lysozyme

F - Tris 90 0 0-016 0-522
N H 4C1 85 0 0 0-033
Serine 104 0-027 +  0-068 +  0-089
H aO 102 0-014 +  0-180 +  0-124

F+ Tris 10 0-012 0-006 0-441
NHjCl 100 0-036 0-036 0-036
Serine 85 0-029 +  0-013 0054
h 2o 100 +  0-002 +  0-029 0-007

Hfr Tris 7 0-046 +  0-008 0-316
N H 4C1 100 0-002 +  0-016 0-075
Serine 69 0-029 +  0-081 +  0-106
h 2o 103 0-014 +  0-101 +  0-146

B/r Tris 95 0-067 +  0-068 0-308
N H 4C1 82 0-006 +  0-005 +  0-003
Serine 80 0-014 +  0-088 +  0-089
H .O 100 0-003 +  0-124 +  0-097

* The change in extinction represents a decrease compared to untreated controls. An increase in 
extinction compared to the controls is indicated by a + .

T h e  fe m a le  stra in s o f  Escherichia coli e v e n tu a lly  sh o w e d  a  d ecrea se  in  v ia b ility  a fter  
a  le n g th y  e x p o su r e  to  E D T A  +  tris. W h en  v a r io u s  stra in s w ere  p la ted  2 - 4  hr la ter  
v ia b ility  h a d  d ecrea sed  3 0 -6 0 % . D u r in g  th is  t im e , v ia b ility  in  th e  m a le s  h a d  d ecrea sed  
b e lo w  5 % . T h ere fo re , b o th  fe m a le  a n d  m a le  stra in s w ere  in cu b a ted  fo r  2  hr w ith  H 20  
tr is, serin e o r  N H 4C1 a n d  th e  v a r io u s  c o m p o n e n ts  o f  th e  ly t ic  sy s te m  ( in ste a d  o f  th e  
u su a l 4  m in .) . T h e se  d a ta  are p resen ted  in  T a b le  4 . T h ere  w a s n o  d e la y ed  ly s is  w h en  
N H 4C1 w a s  su b s titu ted  fo r  tr is, reg a rd less  o f  th is  lo n g e r  ex p o su re  tim e . H o w e v e r , a  
c o n s id e r a b le  a m o u n t o f  ly s is  o ccu rred  in  th e  a b se n c e  o f  ly so z y m e  w h e n  b o th  m a le  a n d  
fe m a le  stra in s w ere  in c u b a te d  in  E D T A  +  tris a lo n e  fo r  th is  le n g th  o f  tim e . T h is  
ex p la in s  th e  gra d u a l lo s s  in  v ia b ility  o f  th e  fe m a le  stra in s. T h ere  w a s  a lso  so m e  ly s is  
w ith  ser in e  a lo n e  a fter  a  le n g th y  ex p o su re  (2  h r). U n d e r  th e se  c o n d it io n s , h o w ev er , n o  
a d d it io n a l ly s is  d u e  to  ly so z y m e  w a s  o b serv ed .

Pseudomonas aeruginosa w a s  a lso  ly se d  b y  0 -0 2 5  M-tris +  E D T A . A  sm a ll d eg ree  o f  
ly s is  w a s o b se r v e d  a t 4  m in . H o w e v e r , lo n g e r  e x p o su r e  re su lted  in  a lm o st  th e  sa m e  
a m o u n t  o f  ly s is  a s  fo u n d  in  th e  ly so z y m e  sy s te m  (see  T a b le  3 ). I t  is  a lso  in te r e stin g  to  
n o te  th a t  a  h ig h er  m o la r ity  o f  tris (0 -05  m) in  c o m b in a t io n  w ith  E D T A  in d u ced  c o n 
s id era b le  ly s is  w ith in  th e  first 4  m in . H erz b e rg  &  G ree n  (1 9 6 4 ) rep o rted  so m e  ly s is  o f



Salmonella typhimurium  w ith  E D T A  +  tris a lo n e  b u t fo u n d  th a t  fa r  grea ter  ly sis  
o ccu rred  w h e n  ly s o z y m e  w a s  a lso  p resen t in  th e  sy stem . S im ila r  resu lts w ith  P. 
aeruginosa  h a v e  b een  rep o rted  b y  E a g o n  &  C a rso n  (1 9 6 5 ).
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T a b le  3. E ffect o f  various diluents and time o f  exposure on 
lysozym e lysis in Pseudomonas aeruginosa

24-hr shake-culture organisms were washed twice and resuspended in the diluent. Final 
concentration o f reagents : diluents as shown in the table; 0-25 mM-EDTA; 100 /tg. lysozyme. 
pH 8 0.

Change in extinction*
Time o f t------------------------ A

8

Cone. exposure EDTA +
Diluent (m) (min.) Control EDTA Lysozyme Lysozyme

Tris 0 025 4 0 0-078 +  0-038 0312
60 0-033 0-158 +  0-024 0 337

120 0-058 0-182 +  0-050 0 331
180 0-042 0-294 0-005 0 350
240 0-039 0-330 0-006 0 352

0 0 5 4 0 0-133 0-056 0 338
60 0-061 0-190 0-021 0 316

Serine 0-025 4 0 0-007 +  0-062 0 006
10 0-013 0-007 +  0-056 0 083
60 0-010 0-015 0-046 0 194

0 050 4 0 0-017 +  0-033 0 122
50 0 0-040 +  0-027 0 219

N H 4CI 0025 4 0 0-014 0 0 022
60 0-013 0-017 0-008 0 051

0-050 4 0 0-004 0-019 0 058
50 0-019 +  0007 +  0-019 0 076

h 2o 4 0 +  0-026 +  0-074 0 028
60 0-004 +  0-014 +  0-112 0 057
90 0-028 +  0-064 0-026 0 030

* The change in extinction represents a decrease compared to the untreated controls at that time 
period; an increase in extinction over that o f the control is indicated by a + .  The change in extinction 
o f the control represents the change from the initial (zero hour) reading.

E ffect o f  dipicolinic acid {D PA)
D P A , a n o th e r  c h e la t in g  a g en t, w a s te s te d  fo r  its  a b ility  to  su b s titu te  fo r  E D T A  in  

in d u c in g  ly s o z y m e  ly s is  in  th ese  o rg a n ism s. O th er  th a n  th e  c h a n g e s  in  o p tic a l d en sity  
resu ltin g  fro m  th e  in it ia l ru p tu re  o f  th e  Azotobacter vinelandii cy s t  e x in e  b y  D F  A , th ere  
w a s n o  su b se q u e n t ly s is  o f  th e  cen tra l b o d ie s  w h e n  e ith er  th e  D P A  +  tris +  ly se  z y m e  o r  
D P A  +  N H 4C1 +  ly so z y m e  sy s tem s w ere  te s ted . S im ila r ly , Escherichia coli a n d  Pseu
domonas aeruginosa w ere  n o t  ly sed  w h e n  D P A  rep la ced  E D T A . R e p a sk e  (1 9 5 8 ) h a d  
te s ted  sev era l o th er  c h e la t in g  a g en ts  su c h  a s v e r se n o l, 8 -h y d r o x y q u in o lin e  a n d  O- 
p h e n a n th r o lin e  a n d  n o te d  a n  ‘u n u su a l sp e c if ic ity ’ fo r  E D T A  in  h is  sy stem . G ra y  &  
W ilk in so n  (1 9 6 5  a ) a lso  o b se r v e d  a  s im ila r  sp ec ific ity  w ith  P. aeruginosa. S in ce  a ll th e  
d a ta  c o m p a r in g  th ese  o rg a n ism s in d ic a te d  th a t  A. vinelandii a n d  P. aeruginosa were 
so m e w h a t m o r e  sen s itiv e  th a n  E. coli, th e  d eg ree  o f  ly so z y m e  ly s is  w ith  t i e  D P A  
sy s te m  w a s a lso  o b serv ed  a fter  a  1 hr e x p o su r e . N o  sig n ifica n t in crea se  in  ly s is  w a s  
n o te d  w ith  D P A  +  tris o r  D P A + ly so z y m e  +  tris a fter  th is  lo n g e r  ex p o su re . O n e ca n
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T a b le  4 . E ffect o f  time on E D T A  and lysozym e lysis o f  Escherichia coli
Organisms were washed twice and resuspended in the diluent. Final concentrations o f 

reagents: 0 025 M-tris; 0 025 m-N H 4C1; 0 025 M-serine; 0-25 mM-EDTA; 100 fig. lysozyme.
pH 8 0.

Strain

Time of 
exposure 

(min.) Diluent

F - 4 Tris
120 Tris

4 Serine
120 Serine

4 NHjCl
120 N H 4C1

4 h 2o
120 h 2o

Hfr 4 Tris
120 Tris

4 Serine
120 Serine

4 N H 4C1
120 n h 4c i

4 h 2o
120 h 2o

Change in extinction*

EDTA Lysozyme
EDTA +  
lysozyme

0019 0-022 0-323
0-236 0-026 0-402
0-027 +  0-068 +  0-089
0-106 +  0-051 0-106

+  0-007 +  0-001 0-055
+  0-008 0-018 0-054

0-014 +  0-180 +  0-124
0-023 +  0-218 +  0-063

+  0-008 0-024 0-219
0-164 0-024 0-264
0-029 +  0-081 +0-106
0-202 +0-034 0-079
0-002 +  0-016 0-075
0-007 +  0  Oil 0-079
0-014 +  0-101 +  0-146
0-029 +  0-222 +0-080

* The change in extinction represents a decrease compared to the untreated controls. An increase 
in extinction over that o f the control is indicated by a + .

c o n c lu d e , th erefo re , th a t  D P A  c a n n o t  su b s titu te  fo r  E D T A  in  p rep a r in g  th ese  
o rg a n ism s fo r  ly s o z y m e  ly s is .

Chelating ability o f  E D T A  + tris
A c c o r d in g  to  m a n y  rep o rts  in  th e  litera tu re  (M c Q u ille n , 1 9 6 0 a ;  W e id e l, F ra n k  &  

M a rtin , 19 6 0 ; H erz b e rg  &  G reen , 1964) th e  r e s ista n ce  o f  G ra m -n eg a tiv e  o rg a n ism s to  
ly s o z y m e  ly s is  i s d u e  to  th e f a c t th a t  th e  m u c o p o ly p e p tid e  su b stra te  is  n o t  a c c e ss ib le  to  th e  
e n z y m e  b eca u se  th e  ce ll w a ll stru ctu re  is  m o re  c o m p le x  th a n  in  G r a m -p o s itiv e  b a cter ia . 
T h e  ro le  o f  E D T A  in  m e d ia tin g  ly so z y m e  ly s is  lie s  in  its  a b ility  as a  c h e la t in g  a g e n t to  
‘ u n c o v e r ’ th e  m u c o p o ly p e p tid e  layer  e ith er  b y  r e m o v a l o f  in ter fer in g  io n s  o r  c h a n g in g  
th e  su rfa ce  ch a rg e  o r  c o n fig u r a tio n . O n ce  th is  h a s  b een  a c c o m p lish e d , ly so z y m e  ca n  
rea ch  its su b stra te  a n d  ly se  th e  c e ll w a lls  (W e id e l et al. 1960; H erzb erg  &  G ree n , 1964; 
V o ss , 1965). L e iv e  (1 9 6 5 a , b) r ep o rted  th a t  E D T A  trea tm en t o f  Escherichia coli ca u sed  
n o n -sp e c ific  in crea ses  in  p erm ea b ility  to  su ch  d iv erse  c o m p o u n d s  as a c t in o m y c in ,  
0 -n itr o p h e n y l-g a la c to s id e  a n d  c a rb a m y l p h o sp h a te . O th er  d a ta  o f  G o ld sc h m id t &  
W y ss  (1 9 6 6 : to  b e  p u b lish e d ) in d ic a te d  th a t tris c a n  a c t as a  d o n o r  g r o u p  to  fo r m  a  
h o m o lo g u e  w ith  E D T A  resu ltin g  in  a  m o re  p o w e r fu l c h e la t in g  a g e n t th a n  E D T A  
a lo n e . M a rte ll &  C a lv in  (1 9 5 3  a ) a lso  p resen ted  e v id e n c e  fo r  th e  in crea sed  sta b ility  
a n d  h e ig h ten ed  a c tiv ity  o f  su ch  ‘ E D T A -c o m p le x e s ’ o r  ‘h o m o lo g u e s ’.

P re lim in a ry  e m iss io n  sp e c tr o sc o p ic  d a ta  (see  T a b le  5) in d ic a te d  th a t  th e  r e m o v a l o f  
m eta ls  a n d  su b se q u e n t to x ic ity  o f  E D T A  fo r  Azotobacter vinelandii c y s ts  w a s g rea tly  
in f lu en ced  b y  th e  d ilu e n t u sed  in  a ss o c ia t io n  w ith  E D T A . M a g n e s iu m , m a n g a n e se  
a n d  c a lc iu m  w ere  th e  m eta ls  a ffec ted  to  th e  g rea tes t e x te n t . In  b rief, E D T A  +  tris  
r em o v ed  v ery  la rg e  a m o u n ts  o f  th ese  th ree  m eta ls  (th e  o rg a n ism s w ere  a lm o st  c o m 
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p le te ly  d e p le te d  a n d  w ere  n o t  v ia b le ) . N o  to x ic ity  w a s o b se r v e d  in  th e  a b se n c e  o f  tris  
a lth o u g h  m a g n e s iu m  w a s  re m o v e d  fr o m  th e  cy sts  in  th e  H 20  +  E D T A  sy stem  (re
su ltin g  o n ly  in  th e  ru p tu re  o f  th e  cy st  e x in e ) . L y so z y m e  ly s is  d id  n o t  o c c u r  u n d er  th ese  
c o n d it io n s . E a g o n  &  C a r so n  (1 9 6 5 ) a lso  rep o rted  th e  r em o v a l o f  ca lc iu m  a n d  m a g 
n e s iu m  fr o m  iso la te d  ce ll w a lls  o f  Pseudomonas aeruginosa  w h e n  trea ted  w ith  
tris +  E D T A .

R oles o f  iris and  E D T A  in lysis

T a b le  5. E ffect o f  various diluents on the removal o f  metals 
fro m  A zotobacter vinelandii cysts by E D T A

14-day cysts washed twice and resuspended in the diluent. Final concentration o f reagents: 
0-025 M-tris; 015M -N aC l; 0-25mM-EDTA; 100 fig. lysozyme. Reaction time: min.
Emission spectrographs were obtained as follows. Treated cyst suspensions were centri
fuged after EDTA treatment. The cysts were then placed in graphite cups, dried quickly and 
burned in an arc. The resulting spectrum was photographed. Metal concentrations were 
determined by density comparison with controls run on untreated cysts at various wave 
lengths on the plates. The degree o f metal removal is indicated by a + .

Diluents

Tris h 2o NaCl N aC l+ tris
Metals

Magnesium +  +  +  + +  + 0 +
Manganese +  +  +  + 0 0 +
Calcium +  +  +  + 0 0 +

Toxicity (%)
Cyst rupture 100 95 0 0
Survival 0 0 2 100 100 2 0

Lysozyme lysis (%) 90-130 N one None 5-10

-I- +  +  +  =  N o  spectral line evident on spectrogram; 0 =  spectral line same density as control.

Effect o f  N a C l on m etal removal, E D T A  toxic ity  and lysozym e lysis
A c c o r d in g  to  rep o rts  in  th e  litera tu re  th e  a d d it io n  o f  sa lts  ren d er  m e ta llo  +  E D T A  

c o m p le x e s  u n sta b le  (F le m in g , O rd a l &  S te in ra u f, 1963; W o lin  &  R e ic h e lt , 1964). 
G o ld sc h m id t &  W y ss  (1 9 6 6 ) a lso  o b serv ed  th is  e ffec t w ith  Azotobacter vinelandii. 
A s  c a n  b e  seen  in  T a b le  5, very  litt le  m eta l r e m o v a l w a s  n o te d  w ith  E D T A + N a C l  
(0 T 5  m)  a n d  m eta ls  w ere  re m o v e d  to  a  m u c h  lesser  d eg ree  w ith  a  E D T A  +  tr is +  N a C l  
sy s te m  w ith o u t  p r e v io u s  in c u b a t io n  in  N a C l, a s  co m p a r e d  to  E D T A  +  tris a lo n e .  
L y so z y m e  ly s is  w a s la rg e ly  in h ib ite d  u n d er  th ese  c o n d it io n s  e v en  th o u g h  th e  c y sts  
w ere  k illed . W h e n  e ith er  A . vinelandii cy sts  o r  v e g e ta t iv e  fo r m s w ere  sh a k en  in  0-15 m - 
N a C l fo r  sev era l h o u rs  b e fo re  e x p o su r e  t o  E D T A  +  tr is, 9 0 %  su rv iv a l re su lted  (see  
T a b le  6). E v id e n tly , th e  in crea sed  in c u b a t io n  t im e  in  sa lin e  e ith er  a llo w e d  N a C l to  
p e r m e a te  th e  ce lls  o r  b u ild  u p  in  h ig h  e n o u g h  c o n c e n tr a t io n  a t th e  ce ll su rfa ce  as c o m 
p le te ly  t o  d is so c ia te  o r  in a c t iv a te  th e  m e ta llo  + E D T A + tris h o m o lo g u e . G ra y  &  
W ilk in so n  (1 9 6 5 a )  rep o rted  an  in crea se  in  su rv iv a l o f  Pseudomonas aeruginosa  fro m  
0 - 0 1 %  to  5 0 %  w h e n  o r g a n ism s w ere  e x p o se d  to  E D T A  after  w a sh in g  in  a  0 -2  M- 
b o r a te  b u ffer  in s te a d  o f  a  0 -05  M -borate bu ffer . T h e ir  d a ta  m ig h t b e  e x p la in ed  o n  th e  
b a s is  o f  th e  d is so c ia t io n  o f  E D T A  c o m p le x e s  a t  th e  h ig h er  m o la r ity .

Escherichia coli B/r a n d  H fr  stra in s a n d  Pseudomonas aeruginosa w ere  e x p o se d  to  
0 T 5  M -N aC l fo r  sh o r t p e r io d s  o f  t im e  in  th e  p resen ce  a n d  a b se n c e  o f  tr is. T h e  d eg ree  o f  
E D T A  +  tr is to x ic ity  a n d  su b se q u e n t ly s o z y m e  ly s is  w ere  o b serv ed . T h e se  d a ta  are  

rep o r ted  in  T a b le  6.
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T h e  a d d it io n  o f  0 T 5  M -N aC l to  th e  E D T A + t r i s  ly so z y m e  sy s te m  g rea tly  in h ib ited  
ly so z y m e  ly s is  in  b o th  stra in s o f  Escherichia coli a s  w e ll a s  Azotobacter vinelandii. N o  
ly s is  o ccu rred  in  th e  A . vinelandii o r  B/ r  stra in s a n d  o n ly  1 0 -3 0 %  ly s is  w a s  o b se r v e d  
w ith  th e  H fr  stra in . In itia l ly so z y m e  ly s is  o f  Pseudomonas aeruginosa w a s  a lso  g rea tly  
in h ib ite d  w h en  0 T 5  M -N aC l w a s  a d d e d  (T a b le  6 ). L o n g e r  ex p o su r e s  (3 0  m in . to  sev era l

T a b le  6. E ffect o f  N a C l on E D T A  + tris tox ic ity and subsequent lysozym e lysis
24-hr shake-culture organisms and 14-day cysts were washed twice and resuspended as 

indicated unless incubated between these steps in: (a) 0T5 M-NaCl for 15 min.; (b) 0-15 
M-NaCl +  0 025 M-tris for 15 min.; (c) 0-15 M-NaCl for 4 hr. Final concentrations: 0-025 
mM-EDTA, 100 /ig. lysozyme. pH 8 0. Reaction time: 4 min.

Survival Change in extinction!

Organism

Diluent Systemsf_______________________ A-----------------^
Wash Resuspend

in
EDTA

(%) EDTA

A

Lysozyme

5
EDTA +  
lysozyme

Escherichia coli
Strain B/r Tris Tris 75 0-023 0-090 0-477

h 2o NaCl +  tris 93 +  0-022 + 0  009 0-002

Strain Hfr g  6 Tris Tris 11 0-046 0-067 0-316
(a) H 20 NaCl +  tris 69 0-007 0-030 0-060
(b) H 20 NaCl +  tris 19 0-010 0-060 0-095
h 2o NaCl +  tris 25 0-001 0-011 0-075

Pseudomonas aeruginosa
Tris Tris 13 0-086 +  0-045 0-302
Tris NaCl +  tris 23 0-002 +  0-002 0-195
NaCl NaCl 86 0-002 0 004 0-050
NaCl NaCl +  tris 51 0-021 0-029 0-150
NaCl* N aC l+ tris 89 0-007 +  0-006 0-083
NaCl +  tris NaCl +  tris 21 0-018 0-102 0-037
h 2o h 2o 100 +  0-026 +  0-074 0-028(a) H 20 N aC l+ tris 92 0-003 0-016 0-100lb) H 20 NaCl +  tris 58 0-008 0-010 0-173
h 2o NaCl 80 0-008 0-010 0-116

Azotobacter vine- Tris Tris 0-01 0-294 0-035 0-464landii cysts (b) H 20 NaCl +  tris 0-2 0-016 0 0-031
(c) NaCl NaCl +  tris 92 0-004 — —

NaCl +  tris N aC l+ tris 2 0-009 +  0-001 0-029
Vegetative forms Tris Tris 0-1 0-047 0-002 0-254(b) H 20 N aC l+ tris 34 0 0-001 0-020

(c) NaCl NaCl +  tris 88 0-007 — —

NaCl +  tris NaCl +  tris 15 0-006 +  0-001 0-018

* Organisms washed twice in 0-3 M-NaCl.
t  The change in extinction represents a decrease compared to the untreated controls. An increase 

in extinction over that o f the controls is indicated by a + .

h o u r s) re su lted  in  ly s is  in  so m e  c a ses , p a rticu la r ly  w ith  o rg a n ism s w a sh ed  in  w a ter  o r  
tris o r  p re -in cu b a ted  in  N a C l +  tr is. T h is  ly s is  w a s a c tu a lly  n o t  as e x te n s iv e  a s th a t  
o b se r v e d  in  th e  a b se n c e  o f  sa lin e ; 0-3 M -N aC l a ffo rd ed  g reater  p r o te c t io n  a g a in s t  
E D T A  +  tris to x ic ity  th a n  0-15 M -N aC l. E v id en tly  th e  d eg ree  o f  d is so c ia t io n  o f  th e  
E D T A  +  tris h o m o lo g u e  in  0 -15 M -N aC l w a s n o t  h ig h  e n o u g h  to  p rev en t e v e n tu a l  
ly s o z y m e  ly s is  in  P. aeruginosa a n d  h ig h er  c o n c e n tr a t io n s  m ig h t b e  req u ired . H o w e v e r ,  
ly s is  b y  tris +  E D T A  a lo n e  w a s  c o m p le te ly  in h ib ite d  in  ev ery  c a se  b y  0-15 M -N aC l e v en  
a fter  a n  e x p o su r e  o f  sev era l h o u rs.
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A s  ca n  b e  seen  in  T a b le  6 , w h e n  th e  H fr  stra in  o f  Escherichia coli (h a rv ested  in  
H aO ) w a s  in c u b a te d  fo r  15 m in . in  0 T 5 M -N a C l b e fo r e  th e  o th er  c o m p o n e n ts  w ere  
a d d e d , th e  su rv iv a l in  E D T A + tris +  N a C l in crea sed  fr o m  11 to  6 9  % w h ile  su b se q u e n t  
ly s o z y m e  ly s is  w a s  9 0 %  in h ib ite d . N o  d o u b t  lo n g e r  p r e -in c u b a tio n  w o u ld  h a v e  
resu lted  in  e v e n  grea ter  su rv iv a l. T h e  B/r stra in  a lso  sh o w e d  an  in crea sed  su rv iv a l 
(fr o m  75  % t o  93  % ) u n d er  th e se  c o n d it io n s . W h en  tr is w a s  a lso  p resen t in  th e  H fr  
p r e -in c u b a tio n  m ix tu re , o n ly  a n  8 % in crea se  in  su rv iv a l w a s n o te d , w h ile  ly s is  w a s  
7 0  % in h ib ite d . A n  in crea se  to  25  % su rv iv a l w a s fo u n d  w h en  th ese  o rg a n ism s w ere  
e x p o se d  to  th is  sy s te m  w ith o u t  a n y  p r e v io u s  in c u b a t io n ;  h ere  ly so z y m e  ly s is  w a s  still 
(7 7  % ) in h ib ite d . T h u s, th e  d eg ree  o f  su rv iv a l d e p e n d e d  la rg e ly  u p o n  th e  c o n d it io n s  o f  
p r e -in c u b a tio n  w ith  N a C l, w h ile  ly s o z y m e  ly s is  w a s  in h ib ite d  as lo n g  a s sa lin e  w a s  
p r e se n t reg a rd le ss  o f  p retrea tm en t. T h e  d a ta  w ith  Pseudomonas aeruginosa in d ic a te s  
a  s im ila r  e ffec t o f  0 T 5  M -N aC l in  in crea s in g  th e  su rv iv a l o f  p se u d o m o n a d s  u n d er  th e se  
c o n d it io n s  (T a b le  6).

A s  a lrea d y  m e n tio n e d , E D T A  +  tris to x ic ity  is  sex -d ifferen tia ted  in  Escherichia coli. 
H o w e v e r , su b se q u e n t ly s is  o ccu rred  w h e n  ly s o z y m e  w a s  a d d e d  (in  th e  a b se n c e  o f  
N a C l)  reg a rd le ss  o f  m a tin g  ch a ra cter istic s . T h is  is  a n o th e r  in d ic a tio n  th a t  th e  in it ia l  
a c tio n  o f  E D T A  +  tr is is  a t  th e  c e ll su rface . T h u s , th e  m a n n er  in  w h ic h  E D T A  +  tris  
‘ p r e p a r e s’ o r g a n ism s fo r  ly so z y m e  ly s is  d o e s  n o t  n ecessa r ily  p r o d u c e  le th a lity , s in ce  
fe m a le  a n d  B/ r  stra in s are n o t  k ille d  b y  th is  s tep  a lth o u g h  th e y  still b e c o m e  a s su s
c e p tib le  t o  ly s o z y m e  ly s is  a s  th e  m a le s . T h e  to x ic ity  o b se r v e d  w ith  th e  m a le  stra in s o f  
E. coli, w ith  Pseudomonas aeruginosa a n d  Azotobacter vinelandii (w h ich  o ccu rs  w ith in  
4  m in .) , m u s t  b e  d u e  to  a n  a d d it io n a l a c t io n  o f  E D T A  +  tris o n  o th er  sen s it iv e  stru c
tu res  p r e su m a b ly  w ith in  th e  o rg a n ism  o r  a t  th e  c y to p la sm ic  m em b ra n e . T h ere  are  
m a n y  rep o rts  in  th e  litera tu re  a b o u t  th e  to x ic  e ffec t o f  E D T A  in  th e  fu n c t io n in g  o f  
c h r o m o s o m e s  a n d  R N A  (K a u fm a n  &  M c D o n a ld , 1957), o n  th e  in h ib it io n  o f  m e ta llo -  
e n z y m e  fu n c t io n s  a n d  o n  ca u s in g  d ea th  b y  m eta l sta rv a tio n  (rev iew ed  b y  M a rte ll &  
C a lv in , 1 9 5 3 5 ), e tc . A s  p r e v io u s ly  m e n t io n e d , fe m a le  stra in s o f  E. coli h a v e  su rfa ce  
ch a ra cter istic s  d ifferen t fr o m  th o s e  o f  th e  m a le s  (i.e . th e y  b e h a v e  as i f  th e y  w ere  m o r e  
n e g a tiv e ly  ch a rg ed  a n d  la c k  m a le  sp ec ific  p ili) . T h ese  d ifferen ces m a y  in  so m e  m a n n er  
p rev en t a d d it io n a l E D T A + tris p e n e tr a t io n  to  sen s it iv e  in tra ce llu la r  ta rg e ts . In  th e  
m a les , e v id e n t ly  th is  p e n e tr a tio n  is  n o t  p rev en ted  sin ce  an  8 0 -9 0  % k ill w a s  o b serv ed  
w ith in  4  m in . I f  th e  tris +  E D T A  h o m o lo g u e  p e n e tra ted  u n d ern ea th  th e  c e ll w a ll o f  th e  
m a les  v ia  th e  h o llo w  p ilu s , it  w o u ld  b e  v ery  d ifficu lt to  s to p  th e  to x ic  a c t io n  b y  th e  
u su a l m e th o d  o f  a d d in g  N a C l to  d ilu te  a n d  d is so c ia te  th e  c o m p le x . T h e  c o n tin u e d  
in t im a te  a ss o c ia t io n  o f  E D T A + tris w o u ld  resu lt in  d e a th  p r o b a b ly  b y  m em b ra n e  
d a m a g e s , e ffec t o n  c h r o m o s o m e s , e tc . A c c o r d in g  to  D r  C . C . B r in to n  (p erse  n a l c o m 
m u n ic a tio n )  th is  th e o r y  is  en tire ly  fea s ib le .

T h e  fa c t  th a t N H 4C1 a n d /o r  a m in o  a c id s  ca n  su b s titu te  fo r  tris in  p r o d u c in g  to x ic ity  
t o  Azotobacter vinelandii a n d  Pseudomonas aeruginosa  b u t  are n o t  p a rticu la r ly  e ffec tiv e  
w ith  Escherichia coli in d ic a te s  fu rth er  d ifferen ces in  su rfa ce  ch a ra cter istic s  a n d  
se n s it iv ity  a m o n g  th e se  o rg a n ism s. ‘T h e  se n s it iv ity  o f  an  o r g a n ism  to  E D T A  sh o u ld  
b e  d e p e n d e n t o n  th e  n a tu re  a n d  stren g th  o f  th e  b o n d s  fo r m e d  b e tw een  th e  m e ta l a n d  
th e  m e ta l-b in d in g  c o m p o n e n ts  o f  th e  c e ll w a l l ’ (G ra y  &  W ilk in so n , 1 9 6 5 5 ). T h ese  
a u th o rs  c o n s id e r e d  E. coli to  b e  o n ly  ‘ m o d e r a te ly  s e n s it iv e ’ a s  c o m p a r e d  w ith  th e  
‘ e x c e p t io n a l’ E D T A  se n s it iv ity  o f  sev era l o th er  o rg a n ism s su ch  as P. aeruginosa.

M eta ls  (b o th  w ith in  a n d  o n  th e  su rfa ce) are p r o b a b ly  b o u n d  m o r e  tig h tly  in

R oles o f  tris and  E D T A  in lysis
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Escherichia coli. S er in e  +  E D T A  p erm itted  ly so z y m e  ly s is  w ith in  a  fe w  m in u te s  o f  
A zotobacter vinelandii a n d  Pseudomonas aeruginosa  b u t  n o t  o f  E. coli. A  lo n g  e x p o su r e  
o f  sev era l h o u rs  t o  tr is o r  ser in e  ( + E D T A )  w a s a lso  n e e d e d  h ere  b e fo re  ly s is  o ccu rred  
in  th e  a b se n c e  o f  ly so z y m e , w h ile  th e  tris a n d  ser in e  h o m o lo g u e s  ly se d  P. aeruginosa 
a fter  a  b r ie f  e x p o su r e . T h e se  d a ta  in d ic a te d  th a t  th e  ser in e  +  E D T A  h o m o lo g u e  w a s  a  
w ea k er  c o m p le x in g  a g e n t th a n  tris +  E D T A . T h e  re la tiv e  in e ffec tiv en ess  o f  N H 4C1 
fo r  E. coli a n d  P. aeruginosa  in d ic a te d  th a t  i t  fo r m e d  th e  w e a k e st h o m o lo g u e  o f  th e  
th ree  w ith  E D T A .

T h e  fa c t  th a t N H 4C1 a n d  serin e fo r m e d  w ea k er  h o m o lo g u e s  w ith  E D T A  th a n  tris  
m ig h t e x p la in  th e ir  fa ilu re  to  a ffec t Escherichia coli to  th e  sa m e  e x te n t . A c c o r d in g  to  
G ra y  &  W ilk in so n  (1 9 6 5  a ) , Pseudomonas aeruginosa is  e v e n  sen s it iv e  to  E D T A  in  
b o r a te  buffer. T h e  in h ib ito r y  e ffec t o f  N a C l o n  E D T A  +  tris to x ic ity  a n d  su b se q u e n t  
ly so z y m e  ly s is  a lso  in d ic a te s  th e  im p o r ta n c e  o f  th e  E D T A + tris c o m p le x  in  c a u s in g  
to x ic ity  a n d  p rep a r in g  o rg a n ism s fo r  ly s o z y m e  ly s is  b y  v ir tu e  o f  its  c h e la t in g  a c tiv it ie s . 
T h is  su p p o r ts  th e  m a n y  rep o rts  in  th e  litera tu re  w h ic h  c la im  th a t  th e  a c tiv ity  o f  E D T A  
is  d u e  p r im a rily  to  it s  a b ility  t o  fo r m  ch e la te s . T h e  E D T A + tris ly so z y m e  sy s te m  is  
c o m m o n ly  u sed  in  fo r m in g  sp h ero p la sts  o f  G r a m -n e g a tiv e  o rg a n ism s (M c Q u ille n ,  
1960  a ). T h ese  sp h ero p la sts  ca n  carry  o n  lim ite d  sy n th e tic  fu n c t io n s  su ch  as e n z y m e  
sy n th esis  a n d  p h a g e  p r o d u c tio n , e tc . (e v e n  a n  o r g a n ism  k illed  b y  u ltr a v io le t  r a d ia t io n  
c a n  carry  o u t  th e  la tter  fu n c t io n ) . A c c o r d in g  to  F ra zer  (q u o te d  in  M c Q u ille n , 1 9 6 0 6 ) , 
h o w e v e r , th e se  E D T A  +  tris sp h ero p la sts  n ev er  revert o r  d iv id e  a n d  are ‘n o n v ia b le ’ 
e v en  th o u g h  a c tiv e  sy n th e tica lly .

T h is  w o r k  w a s  su p p o r te d  in  p a r t b y  a  N a t io n a l In s titu te s  o f  H e a lth  P o s td o c to r a l  
T ra in in g  G r a n t M G  6 0 0 , D iv is io n  o f  G e n era l M e d ic a l S c ien ces .

T h e  a u th o r s  th a n k  M r W . B . W a r d lo w  (T e x a s  S ta te  H e a lth  L a b o r a to r ie s )  fo r  th e  
e m iss io n  sp ec tro g ra p h  d a ta , a n d  M rs C h ia sa to  K u s a k a  fo r  e x c e lle n t  te c h n ic a l  
a ss ista n ce .
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B io c h e m is tr y  D e p a r tm e n t, A g r ic u ltu r a l R e se a rc h  C ou n cil,

I n s titu te  o f  A n im a l P h y s io lo g y , B a b ra h a m , C a m b rid g e

( A c c e p te d  f o r  p u b lic a tio n  30 J a n u a ry  1967)

SUMMARY

Washed suspensions of E n to d in iu m  ca u d a tu m , grown in v itro , incubated 
anaerobically in the presence of penicillin and neomycin, incorporated 
single amino acids into the cell protein without conversion to any other 
amino acid. The 14C-labelled components of the protozoal ‘pool’ and the 
medium were also investigated but no extensive catabolism of the amino 
acids observed. At low external concentrations the amino acids were taken 
up by an ‘active’ process, but above a critical concentration the amino acids 
entered the cell by passive diffusion and they have been divided into two 
groups depending on whether this critical concentration was approximately 
0-0001 m or 0-001 m . The rate of amino acid uptake was not altered by the 
presence of inert particulate matter. Of the 75 % of the cell volume occupied 
by liquid, approximately two-thirds was freely available to amino acids.

INTRODUCTION

Although E n to d in iu m  ca u d a tu m  can be grown in v itro  in the presence of bacteria on a 
substrate of rice starch grains and dried grass (Coleman, 1960a) it has so far not 
proved possible to grow these protozoa in the absence of bacteria (Coleman, 1962). 
As a result, nothing is known about the amino acid metabolism of axenic rumen 
Entodiniomorphid protozoa although studies have been made by using protozoa pre
pared from in  v itro  cultures (Coleman, 1964a) and from the rumen and washed free 
from external bacteria. Protozoa from the rumen were used to show that 14C was 
incorporated from 14C-DL-alanine. DL-leucine and DL-valine by O p h ry o sc o le x  ca u d a tu s  
(Williams, Davis, Doetsch & Gutierrez, 1961) and E p id in iu m  eca u d a tu m  (Gutierrez & 
Davis, 1962) although with neither organism was the cellular distribution of the 
incorporated amino acid investigated. Warner (1964) found that rumen protozoa may 
contain a glutaminase and Abou Akkada & Howard (1962) with E n to d in iu m  ca u d a tu m  
obtained results consistent with this, but found negligible deamination of amino acids 
or uptake into cellular materials of the amino acids in casein or casein hydrolysate. 
However, these results were obtained by using non-radioactive methods, which would 
only detect large differences. In the present studies and those reported previously for 
glycine (Coleman, 1964 a) the metabolism of 14C-amino acids has been followed by 
using washed suspensions of E n to d in iu m  c a u d a tu m  grown under standard conditions 
in  v itro  and an attempt made to determine, for 11 amino acids, the products of their 
metabolism and possible intermediates in this process, the kinetics of their incorpora
tion by the protozoa and the permeability of the protozoa.
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METHODS

S o u rc e  o f  p r o to z o a . The protozoa were grown and ‘inoculum cultures’ prepared and 
treated as described by Coleman (1962) except that inoculum cultures were treated 
each day with 15 mg. rice starch and about 10 mg. dried grass.

P re p a ra tio n  o f p r o to z o a  f o r  in o cu la tio n . The protozoa were taken from the inoculum 
cultures after removal of the surface scum and most of the supernatant liquid, and 
allowed to stand in 9 x 1 in. tubes until any grass present had sunk to the bottom. The 
supernatant fluid containing the protozoa was transferred to centrifuge tubes, the 
residual grass washed with salt solution B (Coleman, 1960b) and the washings added 
to the supernatant fluid. The protozoa were spun down and washed four times in salt 
solution B on a bucket-head centrifuge for 20 sec. from starting; the maximum speed 
was equivalent to 200g\ The organisms were finally inoculated at a population density 
of 50,000-250,000/ml. incubation medium.

In cu b a tio n  co n d itio n s  f o r  in co rp o ra tio n  e x p e r im e n ts . Except where otherwise stated 
the medium consisted of T 8-8-2 ml. (chosen so that the final volume was 10 ml.) salt 
solution B (Coleman, 1960b), 0-6-0 ml. water, 0-6-0 ml. double strength salt solution 
B and 0T-0-5ml. 14C-amino acid autoclaved (115° for 20 min.), all in a 15 ml. centri
fuge tube. Standard salt solution contained 6-6 ml. salt solution B, 2-2 ml. water and 
the following additions. The concentration was altered by replacing the salt solution 
by water or the water and salt solution by salt solution of double the normal con
centration. Immediately after removal from the autoclave the following additions were 
made aseptically: 0-2 ml. 1 % L-cysteine hydrochloride (neutralized and Seitz filtered), 
0-2 ml. 5 % NaHCOg (Seitz filtered), 0-4 ml. penicillin G (25,000 units/ml.), 0-4 ml. 
1 % neomycin sulphate solution and any other additions. After inoculation the tubes 
were gassed for 10 sec. with 95 % (v/v) N2+5 % (v/v) C02, sealed with a sterile rubber 
bung and incubated at 39°. At the end of the experiment the protozoa were centrifuged 
and washed twice at 200g- for 30 sec. in salt solution B.

P r o to z o a l  co u n ts . The number of protozoa was estimated by the method of Coleman
(1958). Only those protozoa which showed no signs of disintegration were counted.

E s tim a tio n  o f  14C. 14C in whole protozoa was estimated by washing the organisms 
with water onto an aluminium disc of area 4-7 cm.2 carrying a disc of lens tissue. The 
sample was spread by one drop of cetyltrimethylammonium bromide solution (5 mg./ 
ml.) and fixed by one drop of polyvinyl alcohol (2 mg./ml.). The disc was dried at 40° 
and the 14C estimated by using an automatic flow counter (Nuclear-Chicago Corp.) 
with an efficiency of about 20%. Over 1000 counts at a rate greater than five times 
background were recorded for all fractions. Determinations were made with less than 
0-5 mg. of material per cm.2 of disc. The amount of amino acid incorporated by pro
tozoa was calculated from the known specific activity (usually 0-001-5-0 p c j p u )  of 
amino acid added initially. For the estimation of non-volatile material in the medium 
0-1-0-2 ml. was placed on an aluminium disc in the standard manner and then 0-1 
ml. n-HCI added to remove the volatile material on drying down. To retain volatile 
compounds on the disc the HC1 was replaced by 0-1 ml. 0-1 N-NaOH and the quantity 
present measured as the difference between the radioactivity determined in the pre
sence of HC1 and NaOH. As measurements of radioactivity on discs on which tracer 
quantities of theoretically non-volatile compounds such as 14C-L-leucine had been 
plated out were lower after addition of HC1 than after NaOH, the production of



volatile materials from amino acids was always corrected for ‘volatile material’ 
present initially and on incubation in the absence of protozoa. To determine the 
relative 14C contents of spots on a chromatogram a thin mica end-window GM tube 
was placed directly on the spot, ;he position of which had been determined by radio
autography.

F ra c tio n a tio n  o f  o rg a n ism s . The protozoa after harvesting, washing as described 
above and resuspension in 2 ml. of water in a 5 x \  in. thin-walled test-tube were 
broken by immersion of the tube to the depth of liquid in the tube in a 80 kc/sec. 
40 W. ultrasonic cleaning bath (KG 80/1, manufactured by Kerrys’ of Chester Hall 
Lane, Basildon, Essex) for 15 sec. The homogenate was then centrifuged at 7000 g  for 
20 min. The supernatant liquid from this centrifugation is hereafter referred to as the 
‘broken cell supernatant fluid’ and the pellet after washing once in water as the 
‘broken cell pellet’. This latter fraction contained all the viable bacteria in the 
homogenate.

These two fractions were further fractionated by a method based on that of Roberts 
e t  a l. (1955). The fraction was treated with 5 % trichloroacetic acid (TCA) and allowed 
to stand at 4° for 30 min. The precipitate was centrifuged down and washed once with 
5% TCA. The supernatant fluid and the washing formed the ‘cold TCA soluble 
fraction’. The precipitate was then extracted with 75% (v/v) ethanol in water at 40° 
for 30 min. The residue was centrifuged down and the supernatant fluid formed the 
alcohol-soluble fraction. The precipitate was then extracted twice with 5 % TCA at 
100° for 30 min. The supernatant fluids formed the ‘hot TCA soluble or nucleic acid 
fraction’. The residue after further washing, once with acidified ethanol and once 
with ether, formed the ‘residual protein fraction’. The TCA was removed from 
fractions by washing three times with ether before plating out for the estimation of 
14C. The alcohol-soluble fraction was further fractionated by the addition of equal 
quantities of water and ether and the two layers so obtained were separated. The 
aqueous layer after washing once with ether formed the ‘alcohol soluble protein 
fraction’ and the ether layer plus the washing formed the ‘lipid fraction’.

The complete acid hydrolysis of any fraction was done by heating to 105° in 6 N -  

HC1 for 16 hr in a sealed tube. At the end of this period the tube was cooled and 
opened and the acid removed on a boiling water bath in a current of air.

P a p e r  c h ro m a to g ra p h y . The following solvents were used: A, sec-butanol+ formic 
acid+water (70+10+20, by vol.) at 30°; B, sec-butanol+ formic acid+water 
(70+10+20, by vol.) at 4°; C, sec-butanol+formic acid+water (60+20+20 by vol.) 
at 4°; D, phenol + ammonia (sp.gr. 0-880)+water (80 g.+0-3ml. + 20 ml.); E, n- 
propanol+ethyl acetate+ water (24+13+7, by vol.); F, ethanol+ ammonia 
(sp.gr. = 0-880)+water (80+5 + 15, by vol.); G, «-butanol + acetone+ water+di- 
ethylamine (10+10+5 + 2, by vol.; Hardy, Holland & Nayler, 1955); H, «-butanol 
saturated with 1-5 n-NH4OH; J, «-butanol saturated with 1-5 n-NH4OH/T5 n -  

(NH4)2C03 buffer; K, «-butanol + cyclohexane + propylene glycol + water + ammonia 
(sp.gr. = 0-880)+morpholine (30+30+10 + 3-5 + 0-7+0-07, by vol.; Guillaume & 
Osteux, 1955).

Protein hydrolysates were chromatographed in two dimensions in solvents A and D 
(Roberts e t  a l. 1955).

Id e n tif ic a tio n  o f  u C -la b e lle d  co m p o u n d s in th e  m ed iu m  a n d  th e  p r o to z o a l  ‘p o o l ’. As 
many of these compounds were present in small amounts and were often not detectable

G. Microb. 4 7
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on chromatograms by the use of conventional chemical sprays, their composition was 
elucidated by the following methods. The medium or the ‘cold TCA-soluble fraction’, 
after removal of the TCA with ether, was treated with Zeo Karb 225 (H+) to remove 
free amino acids. The supernatant fluid was neutralized with 8 % (w/v) Ba(OH)2 and 
the precipitate centrifuged down. If the presence of 14C-labelled volatile acids was 
suspected, this supernatant fluid was evaporated to dryness in vacuum and the residue 
fractionated by paper chromatography. Otherwise the supernatant fluid was run 
through a column of Dowex 2 (OH') which was then washed with water and any 
acidic compounds eluted with n-HCI. The eluates were evaporated to dryness in 
vacuum and the residues chromatographed. The basic compounds were eluted from 
the Zeo Karb 225 with n-NH4OH and the eluate evaporated to dryness in vacuum.

The residues obtained from the resins as described above were chromatographed 
initially in solvent A and then the 14C compounds present (as detected by radio
autography) eluted and re-chromatographed before and after hydrolysis in 6 n-HCI 
in solvents A-K and shown to run with the same R F value as marker compounds. The 
identity of 14C compounds provisionally identified by chromatography was confirmed 
by the ‘fingerprint’ technique of Roberts e t  a l. (1955). For this method the unknown 
14C compound, in tracer quantities only, was mixed with a relatively large amount of 
the 12C form of the compound with which it had been identified and the whole chroma
tographed in two dimensions. The 14C spot was then detected by radio-autography and 
the carrier compound by a convenient chemical method. When the tracer and carrier 
compound are the same, then the pattern of the radio-autogram must agree in every 
detail with the pattern of the chemical spray.

The volatile acids produced during the metabolism of [U-14C]-L-alanine were 
removed from the medium by steam distillation and then the distillate was neutralized, 
evaporated to dryness in vacu o  and the residue chromatographed in solvent K 
which separated formic, acetic and propionic acids. The acidic material produced 
during the metabolism of [U-14C]phenylalanine was extracted from the acidified 
medium with ether.

C h em ica ls . A-acctyl-DL-alanine and TV-acetyl-DL-leucine were supplied by L. Light 
and Co. Ltd. Colnbrook. A-acetyl-L-glutamic acid was supplied by the British Drug 
Houses Ltd, Poole. A-formyl L-glutamic acid and a-A-formyl L-glutamine were syn
thesized by the methods of Tabor & Mehler (1954) and Borek & Waelsch (1953) 
respectively and /V-formyl-DL-alanine by the method of Greenstein & Winitz (1961). 
The melting points and equivalent weights, obtained by titration with NaOH, of these 
last three compounds agreed with the values given in the literature.

14C-compounds were supplied by the Radiochemical Centre, Amersham, Bucking
hamshire. The specific activities of the compounds as supplied were, in ¡ ic \mg.; 
[U-14C]-L-arginine, 113; [U-14C]-L-aspartic acid, 226; [U-14C]-L-glutamic acid, 262; 
[U-14C]-L-isoleucine, 183; [U-14C]-L-leucine, 320; [U-14C]-L-lysine, 72; [U-14C]-l- 
phenylalanine, 41; [U-14C]-L-proline, 110; [U-14C]-L-serine, 215 [;U-14C]-l-valine, 59.

RESULTS

Washed suspensions of E n to d in iu m  ca u d a tu m  prepared from growing cultures and 
incubated anaerobically in the presence of penicillin and neomycin incorporated 14C 
from 14C-labelled amino acids for 5 hr. Figure 1 shows the results obtained with



[U-14C]-L-leucine. The amino acids could be divided into two groups depending on 
their rate of uptake by the protozoa when this was measured at an amino acid con
centration of 0-01 mM in the presence of about 50,000 protozoa/ml. suspended in 
salt solution at 60% of the standard concentration. The amino acids of group 1 which 
contained alanine, arginine, aspartic acid, glutamic acid and serine were incorporated 
at a rate of around 0-3-0-5 /¿g./107 protozoa/5 hr, and those of group 2 which contained 
isoleucine, leucine, methionine, phenylalanine, proline and valine at a rate of 3-0-4-0 
/¿g./107 protozoa/5 hr. These results compare with a rate of 4-0 //g./107 protozoa/5 hr 
for glycine (Coleman, 1964«) under the same conditions.

The uptake of individual 14C-amino acids present at 0-01 mM was also measured in 
the presence of 17 other 12C-amino acids at 0-002 m. The complete 18 ammo acid 
mixture contained L-alanine, L-arginine, L-aspartic acid, L-cysteine, L-glutamic acid, 
glycine, L-histidine, L-isoleucine, L-lysine, L-methionine, L-phenylalanine, L-proline, 
L-serine, L-threonine, L-tryptophan, L-tyrosine and L-valine and the 12C-forn of the 
amino acid to be tested was omitted in each experiment. The addition of the 17 12C- 
amino acids had a variable effect; for example, they increased the incorporation of 
14C-alanine by 300%, decreased that of 14C-leucine by 75% and had no effect on the 
uptake of 14C-glutamic acid. A possible explanation of these results is provided below 
in the studies of the effects of individual 12C-amino acids on the incorporation of 14C 
amino acids.

E ffe c t o f  a m in o  a c id  co n cen tra tio n

At low amino acid concentrations (below 10~3 m) the rate of uptake of a group 2 
amino acid was always greater than that for a group 1 amino acid, but over a certain 
critical concentration the rates for the two groups became similar. Above this con
centration any increase in the amino acid concentration produced a proportionate 
increase in the amount of amino acid incorporated by the protozoa, i.e. the preportion 
of the original amino acid that was incorporated was independent of concentration. 
This is shown in Fig. 2, where the results are plotted as reciprocal of the 14C incor
porated over 3 hr against the reciprocal of the substrate concentration for serine 
(group 1) and leucine (group 2). It is apparent that there is a sharp break in both curves 
and that for serine occurs at a much lower concentration than that for leucine. Extra
polation of the right-hand part of the curve to the ordinate measures the maximum 
rate of uptake for this reaction at infinite amino acid concentration. The left-hand 
part of the curve always passes near to or through the origin. The results for all the 
amino acids tested are given in Table 1. This shows that the maximum rate for the 
right-hand part of the curve and the position of the break are much higher for group 2 
than group 1 amino acids but that the slope of the left-hand part is similar for all 
amino acids. These results suggest that at high concentrations amino acids passed into 
the organisms by passive diffusion whereas at low concentrations below the break in 
the curve uptake could have been dependent on metabolic processes. The existence of a 
passive uptake is supported by the observations (a) that the proportion of the amino 
acid present, that was taken up, was independent of concentration and (b ) that at 
infinite amino acid concentration an infinite amount would have been incorporated as 
shown by passage of the curves through the origin.
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E ffec t o f  s a l t  co n cen tra tio n  on  a m in o  a c id  u p ta k e

Figure 3 shows that within the limits of the salt concentration that the protozoa 
would tolerate without dying and at 0-01 mM amino acid concentration, there was 
little effect on the rate of uptake of group 1 amino acids but that the incorporation of

(/tmoles amino acid/ml.)-1

Fig. 1 Fig. 2
Fig. 1. Incorporation of 10-5 m  ( • — ®)orlO~3M (x —  x ) [U-14C]-L-leucine added initially 
or after 4 hr by 107 Entodinium caudatum incubated anaerobically in the presence of 1000 
units penicillin +400/ig. neomycin sulphate/ml.

Fig. 2. Effect of substrate concentration on the incorporation of [U-uC]-L-serinc ( • —• )  
and [U-14C] L-leucine ( x — x ) by Entodinium caudatum (48,000/ml.) in the presence of 1000 
units penicillin +400/tg. neomycin sulphate/ml.

50 100 150 200
Standard salt concentration (%)

Fig. 3. Effect of salt concentration on the incorporation of 14C from 14C-labelled group I 
( x — x ) or group 2 ( • —• )  ammo acids (see text) by Entodinium caudatum incubated anaero
bically in the presence of 1000 units penicillin + 4 0 0 /¿g. neomycin sulphate/ml.



group 2 amino acids was markedly increased at low salt concentrations. The maximum 
velocity for the active uptake of phenylalanine (group 2) at 200% of stardard salt 
concentration was only 20% of that at 50% standard salt and the position of the 
break in the reciprocal uptake curve decreased from 0-003 m  at 50% to 0-301 7 m  at 
200 % standard salt concentration.

Table 1. T he in co rp o ra tio n  o f  a m in o  a c id s  b y  E n to d in iu m  cau da tu m

Protozoa were incubated anaerobically at a population density of about 50,000, ml. in 
salt solution containing 1000 units penicillin and 400 fig. neomycin sulphate/ml. in the pre
sence of 10_6-2  x  10-2 m  of each amino acid labelled with 14C for 4 hr. The protozoa were 
then harvested, washed and their 14C content determined. The quantity of amino acid in
corporated was calculated from the known specific activity of the amino acid at each con
centration tested, and the reciprocal of this value plotted against the reciprocal of the sub
strate concentration (Fig. 2). From these curves was calculated the maximum velocity of 
the active process (by extrapolation of the right-hand part of the curve to the ordinate), the 
position of the break in the curve and the slope of the left-hand part.

Metabolism of Entodinium caudatum 439

Amino acid Group

Maximum
velocity

(//g./hr/lO6
protozoa)

Break at 
(mM )

Slope of 
left-hard curve 

(106 protozoa x hr/ml.)

L-Alanine l 0-2l 0-12 l-3 x 103
L-Arginine l 0-73 0-22 2-2 xlO 3
L-Aspartic acid l 009 O-IO l-8 x  103
L-Glutamic acid l 009 0-20 4-2 xlO3
L-Isoleucine 2 3-6 l-5 l-0x  103
L-Leucine 2 2-88 2-5 l-2 x 103
L-Lysine 0-12 0086 l-6 :< 103
L-Phenylalanirte 2 l 45 3 0 3-3 x 103
L-Proline 2 l 24 l-2 l-3 :< 103
L-Serine l 0-35 0-22 l-2 x 103
L-Valine 2 l 70 2-0 F7 x 103

E ffe c t o f  p H  va lu e  on  a m in o  a c id  in co rp o ra tio n  

Figure 4 shows the effect of variations in the pH value of the standard salts medium 
on the uptake of 14C-isoleucine (group 2) at low and just above standard salt con
centrations. At low salt concentration the optimum pH value was 6-8-7-0 but at the 
higher salt concentration there was no clearly defined optimum pH value.

E ffe c t o f  p a r t ic u la te  m a t te r  on th e  in co rp o ra tio n  o f  a m in o  a c id s  

Holter (1965) showed that in A m o e b a  p r o te u s  which was taking up protein particles 
from the medium by pinocytosis only 5 % of the liquid in which the protein was sus
pended was taken up at the same time. Since E n to d in iu m  ca u d a tu m  rapidly engulfs 
bacteria (Coleman, 1964 ft) and other particulate matter the effect of these materials 
on the incorporation of 14C-amino acids from the medium was examined. Of the sub
stances tested 0-02% rice starch grains, 0-1% casein, 108 polystyrene particles/ml. 
(approximately 2 p  in diameter) had no effect, whereas heated E sch erich ia  c c l i and 108 
sulphonated-polystyrene particles/ml. stimulated 14C-leucine uptake by 10-40% and 
live E . c o li uptake by up to 100 %. In the presence of the live E . c o li as muci or more 
14C was found in the bacteria as in the protozoa after incubation for 3 hr but none was 
bound to the other particulate materials after these had been washed tw.ce in salt 
solution. Nevertheless, since polystyrene particles stimulated when sulphonated but 
not when unsubstituted, it is possible that some amino acid molecules may be loosely
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bound to the negatively charged sulphonyl groups even at pH 7 and be transported 
into the organism. It is considered that particulate matter p e r  se  does not increase the 
rate of amino acid incorporation, but that in the presence of charged particles or com
plicated particles such as bacteria, live or dead, some additional amount of amino 
acid was taken up associated with the particles.
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Fig. 4. Effect of pH value on the incorporation of [U-]4C]-L-isoleucine (0-2 //g. and 40,000 
counts/min.) by Entodinium caudatum (4-4 x 104/ml.) in the presence of 1000 units penicillin 
+  400 /tg. neomycin sulphate/ml. Duration of experiment 3 hr. • —• .  50% of standard salt 
concentration; x — x , 120% of standard salt concentration.

Fig. 5. Effect of substrate concentration on the incorporation of [U-14C]-L-phenylalanine 
by Entodinium caudatum incubated anaerobically in the presence of 1000 units penicillin
+  400 /¿g. neomycin sulphate/ml. and in the presence ( x -----x ) or absence ( • —• )  of
0-01 M-DL-p-fluorophenylalanine.

E ffe c t o f  p -flu o ro p h en y la la n in e  on p h en y la la n in e  u p ta k e

If the uptake of amino acids consists of an active and a passive process, then the 
passive part should be extendable by the inhibition of the active process. In an attempt 
to find a suitable inhibitor the effect of various amino acid analogues on the uptake of 
their parent amino acids was investigated. p-Fluorophenylalanine was found to inhibit 
the incorporation of 14C-phenylalanine and at 0'01 M-DL-p-fluorophenylalanine the 
same proportion of the added phenylalanine was incorporated at all substrate con
centrations. Figure 5 is a reciprocal plot of the amount of 14C-phenylalanine incor
porated in 5 hr against phenylalanine concentration and shows that in the presence of 
p-fluorophenylalanine the discontinuity in the curve was almost completely abolished 
and that the slope of the curve was that of the passive reaction. Table 3 shows that in 
the presence of p-fluorophenylalanine the incorporation of 14C from 14C-phenylalanine 
into the protozoal protein was markedly decreased.

Gale (1947) showed that it was possible to distinguish between the uptake of amino 
acids into bacteria by an active or diffusion process by investigating the effect of a 10° 
alteration in temperature (the temperature coefficient = rate at t +  10°/rate at t°). 
Davson & Danielli (1952) and Bull (1951) showed that the temperature coefficient for



a diffusion process should be 1-32, whereas that for an enzymic reaction was usually 
higher. To determine the temperature coefficient for the incorporation of 14C-phenyla- 
lanine by Entodinium caudatum the uptake in the presence and absence of p-fluoro- 
phenylalanine was measured at 30° and 40°. In the presence of the inhibitor the tem
perature coefficient was 2-0 at all phenylalanine concentrations, and in the absence 
of inhibitor it was 3-4 and 1-9 at low and high phenylalanine concentrations, re
spectively. Although these results give further support to the suggestion that the 
mechanism of uptake at high phenylalanine concentrations and at all phenylalanine 
concentrations in the presence of p-fluorophenylalanine are similar, all the values for 
the temperature coefficients were much higher than those of 1-4 and 1-96 found by 
Gale (1947) for the uptake of lysine and glutamic acid, respectively, by Streptococcus 
faecalis. A possible explanation of this discrepancy may be found in the observation 
that at 30° the protozoa became almost non-motile and formed a tight pellet on the 
bottom of the tubes. At 30° the diffusion path for amino acid molecules from the bulk 
medium into the pellet and then inside the protozoa would certainly be much longer 
than at 40° where the protozoa were actively motile and were directing medium into 
their gastric sacs by organized ciliary activity. This effect of a 10° alteration in tem
perature would not occur in bacterial suspensions and hence the temperature co
efficient obtained with protozoal suspensions could be larger.

Effect o f amino acids on uptake of individual amino acids
In an attempt to find an explanation for the variable effect of a complete mixture of 

amino acids on the uptake of individual 14C-amino acids the effect of single 12C-amino 
acids at 0-01 m on the incorporation of individual 14C-amino acids at 0-01 mM was 
investigated. Table 2 shows those amino acids out of L-alanine, L-arginine, L-aspara- 
gine, L-cvsteine, L-glutamic acid, L-glutamine, glycine, L-isoleucine, L-leucine, L-lysine, 
L-methionine, L-phenylalanine, L-proline, L-serine, L-threonine and L-valine which 
decreased or stimulated the incorporation of another amino acid by over 50 %. The 
majority of amino acids altered the incorporation of any particular amino acid by less 
than 10 %. For those experiments in which the effect of 12C-L-cysteine was studied 
the cysteine was omitted from the standard medium and the traces of oxygen removed 
by bubbling 0 2-free N2 through the medium for 3 min. It is apparent that cnly those 
amino acids which are structurally related to the given 14C-amino acid affected its 
uptake; this suggests that each amino acid may have a specific uptake mechanism. For 
all the amino acid mixtures listed in Table 2 the effect of the inhibitory amino acids 
tested at concentrations of the 14C-amino acid from 0-01 to 20 mM but only with the 
pairs 14C-phenylalanine + 12C-p-fluorophenylalanine and 14C-aspartic acid + 18C- 
asparagine was the incorporation of the 14C-amino acid independent of its concentra
tion in the presence of 0-01 m inhibitor. This shows that only with these pairs was the 
active uptake reaction completely abolished by the inhibitor. However, the aspartic 
acid/asparagine effect might be an artifact as some of the asparagine was hydrolysed to 
aspartic acid during the experiment.

Intracellular products o f amino acid metabolism
Table 3 shows the distribution in the major cell fractions of 14C incorporated from 

14C-phenylalanine and is typical of that for any amino acid of group 2. Group 1 amino 
acids gave a similar pattern except that 40-50 % of the 14C was in the cold TCA-soluble
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fraction or cell ‘pool’. To determine whether there had been any interconversions 
between the amino acids, the protein in the broken cell supernatant fluid and in the 
broken cell pellet were hydrolysed, the amino acids chromatographed on paper in two

Table 2. In h ib itio n  o f  th e  in co rp o ra tio n  o f  in d iv id u a l u C -a m in o  a c id s  in to  
E n to d in iu m  ca u d a tu m  b y  o th e r  v iC -a m in o  a c id s

Protozoa were incubated anaerobically at a population density of about 50,000/ml. in salt 
solution containing 1000 units penicillin and 400 fig. neomycin sulphate/ml. in the presence 
of about 0-2 fig. of individual 14C-amino acids for 5 hr in the presence or absence of other 
12C-amino acids at 0-01 m . Only those 12C-amino acids which decreased the incorporation 
of 14C by over 50 % under these conditions are listed below.

Incorporation inhibited by : incorporation stimulated by :
14C-amino acid t--------------------------------------A-------------------- 1 ,----------------A---- t

L-Alanine L-serine 59% None
L-cysteine 61%

L-Aspartic acid L-asparagine* 75% None
L-glutamic acid 74%

L-Glutamic acid L-aspartic acid 58% None
D-glutamic acid 52%
L-glutamine 70%

Glycine L-phenylalanine 73% None
L-arginine 51%

L-Isoleucine None L-valine 105%
L-Leucine L-isoleucine 50% L-valine 112%

DL-p-fluorophenylalanine 76%
L-Phenylalar.ine DL-p-fluorophenylalanine* 95% None
L-Valine None L-leucine 98%

L-isoleucine 91%
* In the presence of these 12C-amino acids, the incorporation of 14C was independent of the con

centration of I4C-amino acid.

Table 3. D is tr ib u tio n  o f u C  in th e  c e ll  a f te r  th e  in co rp o ra tio n  o f  
[U -u C -]-L -ph en yla lan in e  b y  E n to d in iu m  ca u d a tu m

Protozoa were incubated anaerobically for 5 hr in salt solution containing 1000 units 
penicillin and 400 fig. neomycin sulphate/ml. in the presence of 240 fig. and 10 /tc [U-14C]- 
L-phenylalanine in the presence or absence of 0 01 M-DL-p-fluorophenylalanine. After incu
bation the washed protozoa were broken in a Potter homogenizer and the supernatant fluid 
and pellet fractions separated by centrifugation. These were further fractionated as described 
under Methods.

Radioactivity (counts/min.)

Broken cell Broken cell
supernatant fluid pellet
,------------------A----------------- . ------------------A________

Protozoa incubated with /j-fluorophenylalanine - + — +
Cold trichloroacetic acid-soluble fraction 600 350 350 100
Ethanol-soluble protein 1950 450 2750 650
Lipid 50 0 0 50
Nucleic acid 900 250 1650 100
Residual protein 4300 250 6500 100

dimensions and radio-autograms prepared. With each of the amino acids tested there 
was only one 14C spot present and this chromatographed in the same position as a 
marker spot of the original 14C-amino acid. No evidence was found of any amino acid 
interconversions in any of the cell fractions examined.



The cold TCA-soluble material in the broken cell supernatant fluid of protozoa 
which had incorporated 14C from a group-2 amino acid labelled with 14C contained 
only one radioactive compound, and this was always the free amino acid with which 
the protozoa had been incubated. With group 1 amino acids the pool usually contained 
two or more radioactive compounds, but as these were present in such small quantities 
only a few were identified. After incubation with 14C-alanine the pool contained 
alanine and A-acetylalanine and after incubation with glutamic acid, glutamic acid 
and A-formylglutamine were present.

Incubation of protozoa with 14C-L-leucine in the presence of high concentrations of 
salts (200 % of standard) decreased incorporation of 14C into the protozoal protein by 
92% and into the pool by 75% as compared with incubation in a low concentration 
of salts (50% of standard). However, the only radioactive material in the pcol or the 
protein was still leucine after incubation in high salt concentrations.

E x tra c e llu la r  p ro d u c ts  o f  a m in o  a c id  m e ta b o lism

In this section the results are for the quantity of the extracellular products formed 
when measured after the metaaolism of tracer quantities of the amino acids by 
approximately 106 protozoa suspended in 3 ml. medium for 4 hr. The results have been 
expressed per 100 //.moles carbon incorporated into the protozoa.

A la n in e . The products were acetic acid 46 //moles, TV-acetylalanine 740 //moles and 
TV-formylalanine 100 //moles. The latter two compounds were separated by chromato
graphy in solvent C.

G lu ta m ic  a c id . Acid-volatile products, 14//moles; A-formylglutamic acid, 250 
//moles; a-TV-formylglutamine, 250//moles. The quantities of A-formylglutamic acid 
and ¿V-formylglutamine were very variable and even after incubation for 50 hr were 
less than 5 % of the 14C still present as glutamic acid. The absence of TV-acetyl glutamic 
acid was shown by chromatography in solvent B.

L eu c in e . Isovaleric acid 230 //moles. The identification of this compound is reported 
in the following paper (Coleman, 1967). Attempts to demonstrate the formation of 
ammonia during the metabolism of 0-005 M-L-leucine by 106 protozoa/ml. were un
successful; there was no increase over the basal formation on the addition of the 
amino acid. Since /V-acetylated amino acids were a common product of amino acid 
metabolism and since leucine and TV-acetyl-leucine were not separated by chromato
graphy in any of the standard solvent systems used previously (Coleman, 19646), 
solvent A was used at 4° (i.e. as solvent B) instead of 30° to effect this separa
tion. No 14C-A“-acetyl-leucine was detected after incubation of protozoa with 
14C-leucine.

P h en y la la n in e . Phenylacetic acid, 140 //moles. The absence of phenylpropionic acid 
was shown by chromatography in solvent J. Since the protozoa used in these experi
ments contained bacteria (Coleman, 1962; White, 1966) it was possible that these were 
responsible for the formation of the fatty acids, despite the fact that penicillin and 
neomycin were present during the incubations. To test this possibility suspensions of 
intact and broken protozoa (which still contained viable bacteria) were incubated in 
the presence and absence of penicillin and neomycin with 14C-leucine, and the amount 
of 14C-volatile material produced was measured at intervals. After 6 hr the proportion of 
the initial 14C-leucine which was rendered volatile was 3 % with broken protozoa under 
both conditions and 11 % and 22 %, respectively, with intact protozoa in the absence
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or presence of the antibiotics, showing that the bacteria were not responsible for the 
formation of volatile material from leucine.

P e rm e a b ili ty  o f  E n to d in iu m  ca u d a tu m  to  a m in o  a c id s

The results quoted above for the uptake of amino acids by E n to d in iu m  ca u d a tu m  
suggested that the protozoa were freely permeable to all amino acids and that the 
uptake of amino acids of group 1 and group 2 differed only in the active part of the 
process. To seek further evidence for this hypothesis an attempt was made to measure 
the proportion of the volume of a protozoon which was readily permeable to amino 
acids and other small molecules, by using a method based on that of Mitchell (1953). 
After the standard washing procedures the protozoa were made up in a very thick 
suspension such that on centrifugation the packed protozoal pad was approximately 
half the total volume. The experiments were made in 10 ml. graduated conical centri
fuge tubes, the calibrations of which had been checked at 0-2, 0-5, 1-0 and T5 ml. 
Samples of 0-2 ml. 0-005 or 0-05 M-14C-amino acid or other compound (1-10 /u c j /m )  
and 1 0 ml. protozoal suspension or 1 -0 ml. salts solution at the experimental tem
perature were mixed together rapidly in these tubes and 30 sec. later the whole was 
centrifuged for a total time of 45 sec. on a bucket-head centrifuge (final speed equi
valent to 500 g ) . The volume of the protozoal pellet was measured and then the super
natant fluid removed and 0-1 ml. used for the estimation of 14C. The time between 
mixing and the removal of the supernatant fluid was less than 5 min. When the experi
ments were done at 20° the protozoa were undamaged at the end, as determined 
microscopically, but when they were placed at 4° or 39° for 5 min. before mixing with 
the 14C-amino acid there were signs of protozoal disintegration. For this reason, 
the time of exposure was kept to a minimum in experiments at 4° and 39°. Except 
where stated, all experiments were made at 20°. It was also necessary to use amino 
acids at at least 0-001 m because in the presence of tracer amounts only there was 
sufficient incorporation of 14C to invalidate the results. The results were calculated 
as follows. The total amount of 14C added to the system in the presence or absence 
of protozoa was calculated from the 14C present in 0-1 ml. of medium in the absence 
of protozoa. From this value and the amount of 14C present in 0-1 ml. supernatant 
fluid above the protozoa, the volume of liquid available to the amino acid in the 
presence of protozoa was calculated. The difference between this value and the total 
volume of liquid gave the volume impermeable to the amino acid and this was com
pared with the volume of the protozoa present. The percentage of the protozoal volume 
impermeable to the amino acid was given by

100 x [total volume — ( A /105)] /protozoal volume,
where, in ccunts/min., A  = total amount of 14C and B  = 14C present in 0-1 ml. 
supernatant fluid in the presence of protozoa.

Under these conditions 51 ±16% (for 10 different batches of protozoa; range 
31-72%) of the packed cell pad volume was impermeable to L-leucine and 59 ± 13 % 
to L-aspartic acid. The amino acids L-alanine, L-glutamic acid, glycine, L-lysine, 
L-methionine and L-serine and also glucose, acetate and lactate gave similar results. In 
experiments with leucine the impermeable volume was not altered by halving the 
standard salt concentration, raising the temperature to 39° or lowering it to 4°. When 
the protozoal pellets in the above experiments were resuspended in salts medium and



the protozoa washed twice on the centrifuge, over 90 % of the intracellular 14C was 
released. When the low molecular weight compounds were replaced by 14C-E sch erich ia  
c o li the impermeable volume was increased to 86%. Since Conway & Downey (1950) 
showed theoretically that in a packed pad of spheres 26 % of the total volume was 
inter-particulate and since Roberts e t  a l. (1955) found 10% of intercellular water in a 
packed pad of E . co li, it is suggested that little of the protozoon was permeable to 
bacteria at 20°. However, it has been shown previously (Coleman, 19646) that the 
gastric-sac volume of a protozoon as determined from the maximum number of 
bacteria that could be engulfed at 39° was 0-8-2-2 x 104 ft?. The total volume of a 
protozoon was measured as 4-7 x 104 //3 by centrifugation of a suspension containing 
a known number of protozoa for 5 min. at 500g- and measuring the packed cell pad 
volume. Although this result includes the interstitial water surrounding each protozoon 
and is therefore too large, calculation from these results shows that the gastric sac, 
penetrable by E sch erich ia  co li, when the protozoa were actively engulfing bacteria, 
occupied approximately 17-47 % of the volume of each protozoon, i.e. the impenetrable 
volume was 53-83%, a similar value to that obtained for amino acids. To determine 
whether the impenetrability of 50-60% of the protozoon was due to a permeability 
barrier or to the presence of solid material such as starch, the impermeable volume was 
measured in the presence of 500 fig . cetyltrimethylammonium bromide (CTAB)/ml. 
to break any permeability barriers and was found to be only 25 % of the protozoal 
volume. This result agreed with the finding that 74 % of the weight of a packed pad of 
protozoa was lost on drying in an oven at 105°, i.e. that 74% of the pad was water. 
The starch present in the protozoa occupied 15-20% of the protozoal volume as 
determined by centrifugation of sonically-treated protozoa for 30 min. at 3000 g 
and measuring the volume of the white material at the bottom of the pellet. From the 
difference in the leucine-impermeable and CTAB-impermeable volumes it is apparent 
that 25 % of the cell volume was not permeable to amino acids or to bacteria. Since 
the protozoal ectoplasm never ccntained engulfed E . c o li and was separated from the 
endoplasm by a distinct membrane (Coleman & Hall, 1966) it is tentatively suggested that 
the ectoplasm may not be permeable to amino acids in short-time experiments at 20°. 
Likewise, since 14C-labelled compounds were found in the cold TCA-soluble pool of 
protozoa which had been incubated with 14C-amino acids for several hours and then 
washed, it is apparent that compounds in some part of the protozoal cell, possibly the 
ectoplasm, did not rapidly diffuse into the medium.
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D I S C U S S I O N

Bryant & Robinson (1963) showed that many pure strains of rumen bacteria utilized 
ammonia in preference to amino acids for growth and when provided with amino 
acids as sole source of nitrogen incorporated little amino acid carbon into cellular 
materials. Since it is not possible to grow these protozoa in the absence of bacteria 
(Coleman, 1962) the nitrogenous compounds essential for growth cannot be deter
mined directly, but from the absence of any amino acid interconversions it is suggested 
that E n to d in iu m  ca u d a tu m  probably utilizes intact amino acids rather than forming 
them from carbohydrate and ammonia. Lewis (1955), who used crude suspensions of 
rumen bacteria, showed that some amino acids were extensively broken dowr to fatty 
acids, carbon dioxide and ammonia. More recently Lewis & Emery (1562) and
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Menahan & Schultz (1964) showed that a common product from the metabolism of 
amino acids by crude rumen contents was an acid containing one carbon atom less than 
the parent amino acid, e.g. leucine was metabolized to isovaleric acid. The present 
results indicate that although E . ca u d a tu m  catabolized amino acids very slowly the type 
of product was characteristic of that obtained with other rumen micro-organisms.

Although these experiments were made in the presence of antibiotics, it was possible 
that the intracellular bacteria, e.g. Bacterium 31 (Coleman, 1964b) which can grow with 
ammonia as sole nitrogen source and might therefore be expected to interconvert 
amino acids, might metabolize the amino acids before they could be incorporated into 
protozoal protein. However, the absence of any amino acid interconversions by either 
the broken cell supernatant fluid or the pellet fractions and of any volatile fatty acid 
production from leucine in the presence of broken protozoa suggest that the 
bacteria were of little importance under these conditions.

The results show that E n to d in iu m  ca u d a tu m  has a definite but limited ability to con
centrate all amino acids inside the organism. This active process, which is only 
important at low external concentrations, was inhibited by specific compounds (such 
as p-fluorophenylalanine on phenylalanine incorporation), was temperature-sensitive, 
was affected by salt concentration in the medium and had a finite maximum velocity 
which was dependent on the nature of the amino acid. At higher external concentra
tions the amino acids were taken up by a different process which was not inhibited by 
specific inhibitors, was less temperature-sensitive, was less affected by the salt con
centration and had an almost infinite maximum velocity. The permeability studies 
made with thick protozoal suspensions at 20°, where the total 14C-amino acid uptake 
was less than 15% of that at 39°, probably related to this latter passive process and 
showed that low molecular weight compounds in the medium could freely penetrate 
at least the endoplasm of the organism. Presumably the amino acids slowly diffuse 
into the organism under all conditions and the active uptake process is superimposed 
on this slow movement. For the amino acids discussed in this paper the rate of passive 
uptake always exceeded the rate of active uptake above 0-003 m , but for glycine 
(Coleman, 1963) the maximum velocity of the active process was over five times that 
for leucine and even at 0-1 m  the active uptake was faster than the passive. It is of 
interest that S tr e p to c o c c u s  f a e c a l is  (Gale, 1947) incorporated some amino acids, e.g. 
glutamic acid, by an active process at all concentrations, whereas lysine was taken up 
by a passive diffusion process at all concentrations.

Since all the measurements on the uptake of amino acids were of incorporation into 
the whole protozoon and since there was a comparatively small amount of 14C found 
in the cell pool this suggests that it was the uptake mechanism that was the rate- 
limiting step in the passage of amino acids from the supernatant fluid into cell-protein. 
This barrier can be overcome by giving the amino acids as whole bacteria; it has been 
shown (Coleman, 1964b) that the same quantity of leucine was utilized much more 
economically by the protozoa when fed in the form of intact bacteria than when given 
as free amino acid.

I wish to thank Mr G. A. Embleton for inserting permanent rumen canulas into 
the sheep used to provide rumen fluid for the routine maintenance of the protozoa, 
the members of the Sub-Department of Chemical Microbiology, Biochemistry 
Department, University of Cambridge, for their helpful advice and criticism, and Miss
B. Hanzl for valuable technical assistance.
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The M etabolism o f the Amino Acids o f Escherichia coli and 
Other Bacteria by the Rumen Ciliate Entodinium caudatum

By G. S. COLEMAN
B io c h e m is try  D e p a r tm e n t, A g r ic u ltu ra l R e se a rc h  C o u n cil, In s titu te  

o f  A n im a l P h y s io lo g y , B a b ra h a m , C a m b rid g e

{A c c e p te d  f o r  p u b lic a tio n  30 J a n u a ry  1967)

S U M M A R Y

Non-multiplying and growing cultures of E n to d in iu m  c a u d a tu m  incubated 
anaerobically engulfed E sch erich ia  c o li bacteria specifically labelled with 
individual 14C-amino acids and incorporated the amino acids into protozoal 
protein without conversion to any other amino acid. The protozoal cisternae 
‘pool’ and the medium contained the free amino acid and with some amino 
acids the TV-acetyl or TV-formyl derivative in addition. The constituents of the 
pool were probably by-products of the metabolism of the bacteria and not 
intermediates between bacterial and protozoal proteins. There was nc ex
tensive catabolism of the bacterial amino acids by the protozoa, although 
some of the bacterial leucine, isoleucine and valine was broken down to iso
valeric acid, a-methylbutyric acid and isobutyric acid, respectively. The 
addition to the medium of the 12C-form of the 14C-amino acid present in 
the E . c o li decreased the incorporation of 14C into the protozoa with half of 
the amino acids tested. The rate of loss of viability of various other bacterial 
species after engulfment by the protozoa was found to be independent of 
Gram-reaction, size or natural habitat.

I N T R O D U C T I O N

It was shown by Coleman (1964) that washed suspensions of E n to d in iu m  c a u d a tu m  
grown in v itro  engulfed bacteria from the medium and that when the bacterium studied 
was E sch erich ia  c o li this was rapidly killed and digested. The digestion products were 
then liberated into the medium or incorporated into protozoal protoplasm. It was also 
shown that when the protozoa were offered two different species of bacteria, these were 
engulfed in the proportion in which they were present in the medium. The purpose of 
the present paper is to extend these studies by investigating the fate of these bacteria 
inside the protozoa and by the use of bacteria specifically labelled with 14C-amino 
acids to elucidate the metabolism of these amino acids by the protozoa.

M E T H O D S

S o u rc e  o f  p r o to z o a . E n to d in iu m  ca u d a tu m  was grown and inoculum cultures pre
pared and treated as described by Coleman (1962) except that inoculum cultures were 
treated each day with 15 mg. rice starch and about 10 mg. dried grass.

P re p a ra tio n  o f p r o to z o a  f o r  in o cu la tio n . The protozoa were taken from the inoculum 
cultures in which they were present as a loose pellet at the bottom of the tube, after 
removal of the surface scum and most of the medium, and allowed to stand in 8 x 1 in.
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tubes until any grass present had sunk to the bottom, leaving the protozoa in the 
supernatant fluid. This supernatant fluid was transferred to centrifuge tubes, the 
residual grass washed with salt solution B (Coleman, 1960) and the washings added to 
the supernatant fluid. The protozoa were spun down and washed three times in salt 
solution B which contained 0-03 % cysteine, on a bucket-head centrifuge for 20 sec. 
from starting; the maximum speed was equivalent to 200 g. For experiments with non
multiplying protozoa the organisms were finally used as inoculum to give a population 
density of 3-7 x 104 protozoa/ml. except in experiments on the constituents of the 
pool where concentrations up to 50 x 104 protozoa/ml. were used. For growth experi
ments 1-2 x 104 protozoa/ml. incubation medium were used.

In cu b a tio n  c o n d itio n s  f o r  en g u lfm en t o f  b a c te r ia  b y  n o n -m u ltip ly in g  p r o to z o a . The 
medium consisted of 1-8-8-2 ml. (chosen so that the final volume was 10 ml.) salt 
solution B (Coleman, 1960), 0-6-0 ml. water, 0-6-0 ml. double-strength salt solution B 
and amino acids (if any) autoclaved (115° for 20 min.) in a 15 ml. centrifuge tube. 
Standard salt solution contained 7-4 ml. salt solution B, 2-2 ml. water, and cysteine 
and NaHC03 as described below. The concentration was altered by replacing the salt 
solution by water or the water and salt solution by salt solution of double the normal 
concentration. Immediately after removal from the autoclave the following additions 
were made aseptically: 0-2 ml. 1 % L-cysteine hydrochloride (neutralized and Seitz 
filtered), 0-2 ml. 5% (w/v) NaHC03 (Seitz filtered), 0-1-2-0 ml. suspension of 14C- 
bacteria in salt solution B (washed once and suspended at a concentration of 10s—1010 
bacteria/ml.) and any other additions. After inoculation the tubes were gassed for 
10 sec. with 95% (v/v) N2 + 5% (v/v) C02, sealed with a rubber bung and incubated 
at 39° except where otherwise stated.

In cu b a tio n  co n d itio n s  f o r  m e ta b o lism  o f  b a c te r ia  b y  g ro w in g  p r o to z o a . The medium 
and conditions used were those of Coleman (1964). At the end of experiments in which 
the uptake of 14C-bacteria was being investigated the protozoa were centrifuged down 
and washed twice in salt solution B on a bucket-head centrifuge for 30 sec. from starting 
(maximum speed was equivalent to 300 g ) . Under these conditions less than 1 % of the 
free bacteria were sedimented with the protozoa. The washed protozoa were then 
plated out to determine radioactivity or, in experiments to measure the viability of 
intracellular bacteria, broken in a Potter homogenizer (Potter & Elvehjem, 1936) at 
room temperature until 98-100 % of the protozoa were broken (usually about 90 sec.). 
The residual bacteria were spun down from the first supernatant fluid obtained after 
removal of the protozoa and washed once at 2000g- for 10 min. on an angle-head 
centrifuge. Samples from the supernatant fluid after removal of the bacteria were 
placed on planchets with 0-1 ml. n-HCI or 0-1 ml. 0-1 N-NaOH for the estimation of 
the 14C which was free in the medium. The radioactivity determined in the presence of 
HC1 measured the non-volatile 14C and the difference between the determinations in 
the presence of HC1 and NaOH the volatile 14C.

S o u rc e s  o f  b a c te r ia . See Coleman (1964). Bacteria 7g2, 21 g  13/1, 23g3/2 were 
isolated from inside washed protozoa (White, 1966).

B a c te r ia l g ro w th  m ed ia . E sch erich ia  c o li was grown and maintained at 39° in C 
medium (Rcberts e t  a l. 1955) containing 0-2% (w/v) glucose and aerated during 
incubation by passing sterile air into the medium through a cottonwool-plugged 
Pasteur pipette. To obtain bacteria uniformly labelled with 14C, 0-05 p c  [U-14C]- 
glucose/ml. was added to the growth medium. To obtain E . c o li specifically labelled



with one 14C-amino acid the bacteria were grown in C medium+0-2% glucose+0-02 
¡ ic  14C-amino acid/ml.+those 12C-amino acids (each at 0-015 m) required to prevent 
the passage of 14C into other amino acids of the bacteria. The amino acids and other 
compounds added with 14C-alanine were 12C-aspartic acid, glutamic acid, leucine, 
serine, valine; with 14C-glutamic acid were 12C-arginine, aspartic acid, proLne; with 
14C-glycine were 12C-adenine, alanine, aspartic acid, glutamic acid, pyruvic acid, 
serine: with 14C-lysine were 12C-arginine, glutamic acid, isoleucine, proline, threonine; 
with 14C-phenylalanine were 12C-aspartic acid, glutamic acid, tyrosine; with 14C- 
proline were 12C-arginine, glutamic acid; with 14C-serine were 12C-adenine, alanine, 
aspartic acid, cysteine, glycine, glutamic acid, pyruvic acid; with 14C-valine was 
12C-leucine; with 14C-leucine and 14C-isoleucine, no additions.

Other bacteria were grown at 37° for 16 hr in a medium that contained (per litre): 
salt solution (Coleman, 1958), 250 ml.; Difco yeast extract, 2 g.; Difco tryptose, 2 g.; 
glucose, 2g.; [8-14C]guanine, 14 /¿c (if any). S e r r a tia  m a rc e sc e n s  and Bacterium 31 
were able to grow on C medium (Roberts e t  a l. 1955) containing 0-2 % glucose, and 
where it was required to label the bacteria with a 14C-amino acid this medium was 
used. All the bacteria were grown aerobically in static culture in cottonwool-plugged 
flasks except for C lo s tr id iu m  w elch ii which was grown under C02 and E sch erich ia  c o li  
which was grown with forced aeration.

N a d so n ia  e lo n g a ta  was grown at 30° in cottonwool-plugged flasks for 15 hr in a 
medium that contained (per litre): (NH4)2S04, 2 g.; KH2P04, 2 g.; Difco yeast 
extract, 5 g.; glucose 2 g.

B a c te r ia l v ia b le  cou n ts . Colony counts of E sch erich ia  c o li were made by serial 10-fold 
dilutions in C medium+0-2% (w/v) glucose (Roberts e t  a l. 1955) followed by plating 
on C medium containing 0-2 % (w/v) glucose and 1 % (w/v) agar and incubation at 39°. 
Colony counts of other bacteria were made by serial 10-fold dilutions in medium 
which contained (per litre): salt solution (Coleman, 1958), 250 ml.; Difco yeast extract, 
2 g.; Difco tryptose, 2 g.; glucose 2 g.; followed by plating on the same medium plus 
1 % agar and incubation aerobically, except for C lo s tr id iu m  w e lch ii which was in
cubated anaerobically at 39°.

Colony counts of N a d so n ia  e lo n g a ta  were made by serial 10-fold dilutions in its 
growth medium, followed by plating on this medium solidified with 1 % agar and 
incubation at 30°.

T o ta l  b a c te r ia l  co u n ts . The total number of bacteria in a washed bacterial suspension 
was estimated by counting an appropriate dilution in a Helber counting chamber of 
depth 0-02 mm. and square size 0-0025 mm2.

P r o to z o a l  co u n ts . The numbers of protozoa were estimated by the method of Coleman 
(1958). Only those protozoa which showed no sign of disintegration were counted.

E stim a tio n  o f  14C. 14C in whole protozoa was estimated by washing the organisms 
with water on to an aluminium disc (planchet) of area 4-7 cm.2 and carrying a disc of 
lens tissue. The sample was spread by one drop of cetyltrimethylammonium bromide 
solution (5 mg./ml.) and fixed with one drop of polyvinyl alcohol (2 mg./ml.), the disc 
was dried at 40°, and the 14C estimated by using an automatic flow-counter < Nuclear- 
Chicago Corp.) with an efficiency of about 20 %. Over 1000 counts at a rate greater 
than five times background were recorded for all fractions. Determinations were made 
with less than 0-5 mg. of material/cm.2 of disc. To determine the relative 14C contents 
of spots on chromatograms a thin mica end-window GM tube was placed directly
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on a spot, the position of which had been determined by radio-autography. 14C02 was 
determined by the method of Coleman (1956).

F ra c tio n a tio n  o f  o rg a n ism s , p a p e r  ch ro m a to g ra p h y , id en tif ica tio n  o f  l i C - la b e lle d  
co m p o u n d s in th e  m ed iu m  a n d  th e p r o to z o a l  ‘p o o l \  c h em ica ls . See Coleman (1967).

R E S U L T S

L o s s  o f  v ia b ili ty  o f  e n g u lfed  b a c te r ia

Although it had been shown previously (Coleman, 1964) that many species of 
bacteria were engulfed by E n to d in iu m  ca u d a tu m  and that E sch erich ia  c o li was rapidly 
killed after uptake, no studies were reported on the killing of other bacterial species. 
In an attempt to measure this loss of viability, the bacteria were first labelled by growth 
on a suitable medium in the presence of a 14C-labelled compound which was usually 
[8-14C]guanine where a complex growth medium was used. This tracer was used in 
preference to 14C-glucose or a 14C-amino acid under these conditions because these 
latter compounds gave poor labelling of the bacteria. The use of guanine-labelled 
bacteria had the disadvantage that more 14C was liberated into the medium after pro
longed incubation in the absence of protozoa, but provided that incubations of less 
than 3 hr were used, the amount released was small.

The number of bacteria engulfed was determined after incubation of the protozoa 
with bacteria of known specific activity by measuring the 14C in the protozoa. The 
number of viable bacteria in the medium in the absence of protozoa was measured 
initially and at the end of the experiment to obtain an estimate of the loss of viability 
of the bacterium in the protozoal incubation medium. The number of viable bacteria 
present in the washed protozoa was measured before and after breakage of the 
protozoa in a Potter homogenizer (Potter & Elvehjem, 1936) initially, and after in
cubation in the presence or absence of bacteria. In all experiments corrections were 
applied for initial values and the bacteria present with unbroken protozoa, but these 
were usually less than 10% of the count in protozoa broken after incubation with 
bacteria.

The results obtained for average bacterial survival after incubation for 2-5 hr of 
protozoa with various species of bacteria are shown in Table 1. There was considerable 
variation between experiments with different batches of protozoa in the percentage 
survival of the same bacterial species, e.g. E sch erich ia  c o li survival varied from 0-7 to 
13% and S e rr a tia  m a rc e sc e n s  survival from 36 to 84%. It was apparent that the 
resistance of any bacterial species is not related to Gram reaction, bacterial shape or 
size or to the source from which the bacterium was originally isolated. The three 
members of ;he Enterobacteriacae—E . co li, P ro te u s  vu lg a ris , and S . m a rcescen s—had 
widely different survivals inside the protozoa. The bacteria isolated from suspensions 
of E n to d in iu m  ca u d a tu m  immediately after separation from the growth medium, namely 
Bacterium 31, Bacterium d , 7g2, 21G13/1 and 23g3/2 (White, 1966) had survival 
percentages of 7-82 % anc were therefore not particularly resistant to killing. It is 
possible, especially with Bacterium 31 which was found in larger numbers than the 
other bacteria inside the protozoa and which produced slime when grown in the 
presence of glucose, that bacteria which are found inside the protozoa may produce 
some kind of protective envelope in that environment.

Studies on the effect of the salt concentration in the medium on bacterial survival
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showed in one experiment that when the salt concentration was altered from 100 to 
50%, the number of surviving E sch erich ia  c o li decreased from 3-0 to 1-7 % and that 
at 200 % of standard salt concentration it increased to 7-5 %. For S e r r a tia  rruircescens  
the corresponding survivals were 30%, 68%, 69% at 50%, 100% and 200% of 
standard salt concentration. Variation in the population density of E . c o li from
l-2x 109 to 19 x 109/ml. did not affect the survival of bacteria inside the protozoa. All 
the results quoted above probably give a high estimate of the number of bacterial 
survivors after 2-5 hr because the protozoa engulf bacteria throughout the incubation 
period and those which have .ust been engulfed obviously have more chance of 
survival than those engulfed at the beginning of the experiment.

Table 1. T h e v ia b ili ty  o f  b a c te r ia  e n g u lfed  b y  E n to d in iu m  c a u d a tu m

Entodinium caudatum  (approximately 5 x 10* protozoa/ml.) was incubated anaerobically 
in the presence of approximately 109/ml. 14C-labelled bacteria o f known specific activity for
2-5 hr. The number of bacteria taken up was calculated from the 14C in the protozoa at the 
end of the experiment and the number of viable bacteria inside the protozoa from the 
difference in colony count before and after breakage of the protozoa in a Potter homo- 
genizer. The viability of the bacteria in the absence of protozoa was also measured.

Metabolism of bacteria by E. caudatum

Proportion
of engulfed Micro

micro organism
organism survival

still in
viable absence of

after 2-5 hr protozoa
Micro-organism Description (% ) (% )

C lostridium  welchii Gram+ve rod <0-5 55
Escherichia coli Gram—ve rod 0-7-12-5 100
Lactobacillus casei Gram+ve rod 1-7 100
Proteus vulgaris Gram—ve rod 23 90
Serratia  m arcescens Gram—ve rod 60 70
Staphylococcus aureus Gram+ve coccus 2 15
Streptococcus bovis Gram+ve coccus (from rumen) 1-7 70
Bacterium d Gram+ve coccus (from protozoa) 42 100
Bacterium 31 Gram—ve rod (from protozoa) 35 90
7 g 2 Gram—ve rod (from protozoa) 82 100
21 g 13/1 Gram+ve coccus (from protozoa) 7 27
23 G 3/2 Gram+ve rod (from protozoa) 8-70 95
Nadsonia elongata A yeast 1 20

T he m e ta b o lism  o f  S e r r a tia  m a rc e sc e n s  b y  E n to d in iu m  ca u d a tu m  

Although S e rr a tia  m a rc e sc e n s  and E sch erich ia  c o li are both short Gram-negative 
rods the former was far more resistant to killing by the protozoa than was the latter. 
Since S . m a rc e sc e n s  tended to grow in small clumps it was possible that where each 
clump would give rise to one colony in the viable count assay, it would be necessary 
for only one bacterium in each clump to remain viable for the count to be unchanged. 
To investigate this further, the digestion of suspensions of S . m a rcescen s or E . c o li  
containing equal numbers of bacteria and labelled with 14C-leucine was compared. 
Table 2 shows that when S . m a rc e sc e n s  was engulfed: (a ) less 14C appeared in the 
supernatant fluid; (b) a smaller proportion of the total protozoal 14C was present in 
the broken protozoal supernatant fluid (i.e. more 14C was in the broken protozoal 
pellet which contained any intact bacteria); (c) 12C-leucine free in the medium had
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much less effect on the total 14C found in the protozoa. These results are consistent 
with the hypothesis that S . m a rc e sc e n s  was digested much more slowly than was 
E . co li.

Table 2 . T h e m e ta b o lism  o f  E sch erich ia  c o li a n d  S e r r a tia  m a rcescen s  
la b e lle d  w ith  14C -leu c in e

Entodinium caudatum was incubated anaerobically in the presence of Escherichia coli or 
Serratia marcescens labelled with [U-I4C]-L-leucine (25,000 counts/min.) in the presence or 
absence of 0 01 M-12C-L-leucine. After incubation for 11 hr the washed protozoa were 
broken in a Potter homogenizer and the supernatant fluid fraction was separated by centri-
fugation.

14C in 14C in
protozoal broken cell 14C in

Time Protozoa 12C-L-leucine fraction supernatant medium
(hr) present present (counts/min.) (counts/min.) (counts/min.)

Serratia marcescens
0 + + 1320 450

11 — + 450 3970
11 + — 11900 1700 4600
11 + + 10700 970 9700

Escherichia coli
0 + + 110 300

11 — + 235 1180
11 + — 5840 2600 8300
11 + + 1960 830 11700

E jfe c t o f  a m in o  a c id s  on  th e en g u lfm en t o f  E sch erich ia  c o li 
b y  E n to d in iu m  ca u d a tu m

In many of the experiments to be reported below the specific action of a free 12C- 
amino acid on the incorporation of 14C from E sch erich ia  c o li labelled with the r e 
form of that amino acid was investigated, and it was therefore first necessary to study 
the action of amino acids on the engulfment of uniformly 14C-labelled E . co li. When 
incubations were continued for 5 hr or longer the 14C incorporated into protozoa 
under these conditions was altered by less than 10 % when the following amino acids 
were added at a concentration of 0-01 m : L-alanine, L-aspartic acid, L-arginine, 
L-asparagine, L-cysteine, L-glutamic acid, L-histidine, L-isoleucine, L-leucine, L-lysine, 
L-phenylalanine, L-serine, DL-threonine, L-valine. In contrast, 0-01 M-L-proline or 
glycine decreased the incorporation by 40 % after 30 min. or 5 hr of incubation. 
However, over the first 30 min. incubation 0-01 M-L-lysine or L-arginine stimulated the 
incorporation of 14C by 50% and 0 01 M-L-cysteine, additional to that in the basal 
medium, by 70 %. An increase in the concentration of L-arginine to 0-02 m and l - 
cysteine to 0-04 m  increased this stimulation by a further 15 % and 20-150 %, respec
tively. Figure 1 shows the time-course for incubation under these conditions and shows 
that after the first hour the rate of 14C incorporation was approximately the same whether 
in the presence or in the absence of arginine and cysteine. The proportion of the 
engulfed bacteria that had been rendered non-viable after 1 hr was the same under all 
conditions. The stimulation by L-cysteine was not due solely to its action as a reducing 
agent because 0-01 M-sodium thioglycollate (mercaptoacetate), which has the same 
E'a as cysteine, produced only 60% of the stimulation caused by the presence of 
0-01 M-L-cysteine; 0-01 M-2-mercaptoethanol killed the protozoa.
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M e ta b o lis m  o f 14C -a m in o  a c id  la b e lle d  E sch erich ia  c o li b y  n o n -m u ltip ly in g
E n to d in iu m  ca u d a tu m

E sch erich ia  c o li were prepared labelled with one 14C-amino acid by growth on a 
glucose—ammonia+ salts medium (C medium of Roberts e t  a l. 1955) and tracer 
quantities of the relevant 14C-amino acid+ those 12C-amino acids found by Roberts 
e t  a l. (1955) or the present author’s own experience to prevent the incorporation of 
14C into other amino acids.

Fig. l Fig. 2

Fig. 1. Effect of 0 04 M-12C-L-cysteine (x  — x )  and 0 02 M-12c-L-arginine (A —A) on the 
incorporation of 14C into protozoa Entodinium candatum from uniformly 14C-labelled 
Escherichia coli (12,300 counts/min.) ( • —• ) .
Fig. 2. Effect of salt concentration on incorporation of 14C from Escherichia coli labelled 
with individual 14C-amino acids into Entodinium caudatum. • —• ,  I4C-leucine or l4C- 
glutamic acid labelled E. coli incubated without added 12C-amino acid, x —- x ,  14C- 
leucine labelled E. coli incubated in the presence of 0 01 M-L-leucine. x — x , 14C-gljtamic 
acid labelled E. coli incubated in the presence of 0 01 M-L-glutamic acid.

E ffe c t o f  12C -a m in o  a c id s  a n d  s a l t  co n cen tra tio n s . Figure 2 shows that the maximum 
incorporation of 14C into E n to d in iu m  ca u d a tu m  from 14C-amino acid labelled E sc h e r i
ch ia  c o li occurred at 120% of the standard salt concentration. The shape of the curve 
was independent of which amino acid in the bacteria was labelled with 14C. However, 
the effect on the total amount of 14C incorporated by the protozoa of the presence of 
the 12C form of the amino acid labelled in the bacteria with 14C depended on the amino 
acid studied. Group 1 amino acids (alanine, arginine, aspartic acid, glutamic acid, 
serine, Coleman, 1967) had no effect or a slightly stimulatory one on the incorporation 
of 14C, whereas group 2 amino acids (isoleucine, leucine, methionine, phenylalanine, 
proline, valine) decreased the incorporation at low salt concentrations, but had a 
slightly stimulatory effect at 200 % of the standard salt concentration.

These experiments were all made with 12C-amino acids at a concentration of 0-01 m
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and it has been shown (Coleman, 1967) that at this concentration the uptake of amino 
acids by the protozoa was not an active process. It was therefore of interest to deter
mine whether low concentrations of a group-2 amino acid, where uptake of the amino 
acid by the protozoa was an active process, were as effective as higher concentrations 
in decreasing the incorporation of 14C, at low salt concentration, from E sch erich ia  c o li  
labelled with the 14C form of that amino acid. Figure 3 shows that, except at high initial 
bacteria:protozoa ratios, the same degree of inhibition was obtained at high and low 
free amino acid concentrations. This suggests that a group 2 amino acid entering the 
protozoa by either process was equally effective in decreasing the incorporation of 
14C from 14C-amino acid labelled E . co li. At high bacteria: protozoa ratios and low

456

100 -

50

Log,
Bacteria/ml.

' Protozoa/ml. 
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Fig. 3. Effect of ratio of number of bacteria to number of protozoa present initially on 
incorporation into Entodinium caudatum of I4C from 14C-leucine-labelled Escherichia coli in 
the presence of 0 001 m ( x — x ) or 0 01 m ( • —• )  12C-L-leucine.
Fig. 4. Effect of pH value on the incorporation of 14C from 14C-isoleucine-labelled Escheri
chia coli by Entodinium caudatum incubated in the absence ( • —• )  or presence ( x — x ) 
of 0-01 M-uC-L-isoleucine.

external amino acid concentrations, the quantity of amino acid entering the protozoa 
from the medium was probably not much greater than that entering by digestion of the 
bacteria. If it be assumed that amino acids from both sources mix, then under these 
conditions more bacterial amino acid would be incorporated into protozoal protein 
than at higher free amino acid concentrations.

Although it has been shown that these results could not have been the result of an 
effect of the amino acids on the rate of engulfment of E sch erich ia  co li, confirmation 
was sought by investigating the effect of 12C-amino acids on the incorporation into 
protozoal protein of 14C-amino acids from uniformly labelled E . co li. In the absence 
of added free 12C-amino acid all the amino acids in the protein of the broken protozoal 
supernatant fluid were labelled. In the presence of individual 12C-amino acids of group



2 the incorporation of 14C into that amino acid in the protozoal protein was markedly 
decreased, whereas with 12C-amino acids of group 1, as would have been expected 
from the above results, the corresponding incorporation was little affected. It was also 
shown by this method that 0-01 M-12C-glycine, which decreased the rate of engulfment 
of E . c o li decreased the incorporation of 14C into glycine to a greater extent than into 
aspartic acid or glutamic acid.

T he e ffe c t o f  p H  va lu e . Figure 4 shows the effect of the pH value of the medium on 
the incorporation by the protozoa of 14C from 14C-isoleucine labelled E sch erich ia  co li. 
At pH values above 6-0 the effect on this incorporation of the addition to the medium 
of 0-01 M-12C-L-isoleucine decreased as the pH value of the medium increased. In 
contrast, a group-1 amino acid, e.g. glutamic acid, had no effect on the incorporation 
into the protozoa of 14C from 14C-glutamic acid labelled E . c o li at any pH value 
tested.

T h e e ffe c t o f  te m p e ra tu re . For these experiments the protozoa were incuoated for
3 hr in the presence of uniformly 14C-labelled E sch erich ia  c o li and the incorporation 
of 14C was measured at various temperatures under otherwise standard conditions. If 
the number of bacteria engulfed at 39° be assumed to be 100 then the number taken 
up was 72 at 43°, 18 at 30° and 2 at 25°.

T h e e ffe c t o f  an  a m in o  a c id  a n a lo g u e . It has been shown previously (Coleman, 1967) 
that amino acids were probably taken up by the protozoa only by passage through the 
protozoal cell membranes. The finding that those amino acids which decrease the 
incorporation of 14C from 14C-amino acid labelled E sch erich ia  c o li were those which 
were incorporated most rapidly from the medium (i.e. group-2 amino acids) suggests 
that the bacteria may be taken up into the protozoal cytoplasm before digestion and 
evidence has been obtained for this hypothesis (Coleman & Hall, 1966). If this 
assumption is correct and if the uptake of a group-2 amino acid can be inhibited by an 
analogue then, in an experiment on the effect of this amino acid in decreasing the 
incorporation of 14C from E . c o li labelled with the 14C-form of that amino acid, it 
may be possible to reverse this inhibition by the addition of the analogue. The only 
analogue which has been found to abolish completely the active uptake of an amino 
acid was p-fluorophenylalanine which inhibited the incorporation of phenylalanine. 
Unfortunately all concentrations of p-fluorophenylalanine decreased the rate of 
engulfment of E . c o li and in the presence of 0-01 M-p-fluorophenylalanine the incor
poration of 14C from 14C-phenylalanine-labelled E . c o li was only 60 % of that in its 
absence. However, under these conditions, the further addition of 0-001 m-12C-l- 
phenylalanine decreased the incorporation of 14C by a further 0-10 %, whereas in the 
absence of p-fluorophenylalanine, phenylalanine decreased the incorporation by 67 %. 
Despite the inhibition of bacterial engulfment by p-fluorophenylalanine inis result 
suggests that p-fluorophenylalanine might annul the inhibition of 14C-uptake by 
phenylalanine.

In tra c e llu la r  p ro d u c ts  o f  m e ta b o lism . Table 3 shows a typical distribution of 14C in 
the major cell fractions obtained from protozoa which had metabolized E sch erich ia  
c o li labelled with any group-2 amino acid in the presence or absence of the 12C form 
of that amino acid free in the medium. Similar results were obtained by using E . c o li  
labelled with a group-1 amino acid, except that the presence of the free amino acid in 
the medium had no effect on the amount of 14C incorporated. As shown in Table 3, 
there was a marked increase in the amount of 14C present in the cold TCA-soluble 
fraction of the broken protozoal supernatant fluid (the protozoal pool) when the
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incubations were done in medium containing high concentrations of salt, and this was 
observed with E . c o li labelled with any amino acid. Since the same quantity of r e 
labelled bacteria was metabolized at both high and low salt concentrations, it is 
apparent that at high salt concentrations the 14C was retained by the protozoa, whereas 
at low concentrations it was released into the medium.

To determine whether any of the bacterial amino acids were converted into other 
amino acids by the protozoa before incorporation into protozoal protein, the amino 
acids in the bacterial protein and in the broken protozoal supernatant fluid and pellet 
fractions were separated by two-dimensional paper chromatography and the position 
of radioactive spots determined by radio-autography. The protein of E sch erich ia  c o li

Table 3. T he m e ta b o lism  o f  u C -va lin e  la b e lle d  E sch erich ia  c o li b y  
E n to d in iu m  ca u d a tu m

Entodinium caudatum was incubated anaerobically in the presence of Escherichia coli 
labelled with [U-14C]vaiine (53,500 counts/min.) in medium containing salts at 60% (low 
salt) or 160% (high salt) of the standard salt concentration in the presence or absence of 
0-01 M-12c-L-valine. After incubation for 5^ hr the washed protozoa were broken by soni- 
cation and the supernatant and pellet fractions separated by centrifugation.

Radioactivity (counts/min.)
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Low-salt medium High-salt medium Initial
----------- *-------------, ,-------------*-------------, E. coli

12C-L-valine present — + — +
Medium 15,000 17,100 11,800 11,700
Broken protozoal super- 5,800 3,500 9,500 8,200
natant fluid

Broken protozoal pellet 5,700 2,100 7,800 5,000 

Fractionation of broken protozoal supernatant fluid
Cold trichloroacetic acid 1,100 1,300 4,500 4,700 700

soluble
Ethanol-soluble protein 980 520 1,100 580 6,700
Lipid 330 160 230 240 850
Nucleic acid 220 40 175 80 1,800
Residual protein 2,700 1,400 2,800 2,600 40,000

which was prepared labelled with 14C-alanine, arginine, glutamic acid, glycine, iso
leucine, leucine, lysine, methionine, phenylalanine, proline, serine or valine contained 
90-100% of the 14C in the form of the one amino acid. The protein of both the 
protozoal fractions always contained only the same 14C-amino acids as were present 
in the original E . co li, and the proportion of the total 14C present in the principal 
amino acid was never less than that in the same amino acid in the bacteria. It was not 
possible to prepare 14C-aspartic acid labelled E . c o li which contained over 90 % of the 
total 14C as aspartic acid, and although bacterial aspartic acid was apparently in
corporated into the protozoal protein it was not possible to obtain unambiguous results. 
No evidence was obtained in any experiment for any amino acid interconversion by 
the protozoa.

T h e c o n s titu e n ts  o f  th e  p r o to z o a l  p o o l. Most of the experiments on the constituents 
of the pool during the metabolism of 14C-amino acid labelled E sch erich ia  c o li were 
made after incubation in the high salt concentration medium (200 % of standard) in 
order to take advantage of the larger quantity of 14C present in this fraction under these
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conditions. Figures 5 and 6 show the time-course for the appearance of 14C in the cold 
TCA-soluble fraction during the metabolism of E . c o li labelled with 14C-glutamic acid 
(group 1) or 14C-leucine (group 2). With the former, the 14C in the pool continued to 
increase throughout the experiment, but with the latter it reached a constant value 
after 2 hr. The constituents of the pool during the metabolism of E . c o li labelled with 
various amino acids were as fellows.

A la n in e . 65 % alanine, 28 % A'-acetylalanine, 7 % IV-formylalanine. Tie relative 
proportions of these three compounds were very variable, and although the above 
result was typical, in one experiment there was 90% alanine and in another equal 
quantities of each compound. The properties were not altered by changes in the salt 
concentration or by replacement of the sodium propionate in the medium with sodium
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Fig. 5. Effect of addition o f tenfold excess of 12C-Escherichia coli after 1 hr on the meta
bolism of 14C-leucine labelled E. coli by washed suspensions of Entodinium caudatum. • ,
14C in cold TCA-soluble fraction of broken protozoal supernatant fluid; x , 14C in protein 
of broken protozoal supernatant fluid; - - -, 14C in fractions after addition of 12C-Escherichia 
coli.
Fig. 6. Effect of addition of tenfold excess of 12C-Escherichia coli after 1 hr on the meta
bolism of 14C-glutamic acid labelled E. coli by washed suspensions of Entodinium caudatum.
• ,  14C in cold TCA-soluble fraction of the broken protozoal supernatant fluid; x ,  14C 
in protein of broken protozoal supernatant fluid; ---, 14C in fractions after addition of 
12C-Escherichia coli.

bicarbonate. Attempts to formally identify the acetyl or formyl parts of amino acid 
derivatives were unsuccessful because (a ) insufficient material was present for chemical 
identification and (b) the derivatives were not labelled by incubation of protozoa with 
12C-E sch er ich ia  c o li and 14C-acetate or 14C-formate.

G lu ta m ic  a c id . 35 % glutamic acid, 65 % A-formylglutamine.
G ly c in e . 100% TV-acetylglycine.
Iso leu c in e , leu cin e , m e th io n in e , p h en y la la n in e  a n d  va lin e . One compound only which 

was the amino acid labelled in the bacteria. No trace of any JV-formyl or A-acetyl 
derivative was found.

A rg in in e  a n d  ly s in e . The pool obtained from protozoa which had metabolized 
E sch erich ia  c o li labelled with these basic amino acids contained at least four 14C-
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labelled compounds, one of which was the free amino acid. The other compounds were 
not identified, but were presumed to be acetyl or formyl derivatives of the amino acids.

S erin e . No clearly defined spots were produced on chromatography.
To determine the metabolic function of these compounds in the protozoal pool, 

suspensions of E n to d in iu m  ca u d a tu m  were allowed to metabolize E sch erich ia  c o li  
labelled with 14C-leucine or 14C-glutamic acid for 1 hr and then a tenfold excess of 
12C -E . c o li was added to the medium and changes in the amount of 14C in the pool 
measured (Figs. 5, 6). With both amino acids the addition of the i2C -E . c o li imme
diately stopped the incorporation of 14C into the protozoal pool and the protein of the 
broken protozoal supernatant fluid. However, there was no sharp decrease in the 
amount of 14C in the pool as might have been expected if the pool amino acids and

Table 4. P ro d u c ts  o f  th e  m e ta b o lism  o f  th e  a m in o  a c id s  in  E sch erich ia  c o li  
b y  E n to d in iu m  ca u d a tu m

Protozoa were incubated anaerobically in the presence of Escherichia coli labelled with the 
14C-amino acids shown for 4 -5  hr. The quantities of the various products in the medium 
were determined as described in the text and the results are expressed in moles/100 moles 
of carbon incorporated into the protozoa.

14C-recovered in:
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Volatile
acid c o 2

Non-volatile
material

[U-I4C]alanine 79 18 28
[l-14C]alanine 24 62 28

[U-14C]glutamic acid 6 5 26
[U-14C]glycine 8 1 26
[U-l4C]isoleucine 38 6 28
[U-14C]leucine 39 7 57
[l-14C]leucine 32 133 31

[U-14C]lysine 3 1 23
[U-14C] phenylal a n i ne 15 3 45
[U-I4C]proline 21 3 86
[U-I4C]valine 74 9 40

amino acid derivatives were on the pathway from bacterial protein to protozoal 
protein. It was not possible to use saturating concentrations of 14C-labelled bacteria 
for these experiments and still be able to add a ten-times excess of 12C-E . c o li as the 
medium would be almost solid with bacteria, and under non-saturating conditions 
aberrant results may be obtained. It is possible that even if saturating conditions were 
used, that the bacteria might be killed and digested inside the protozoa in the order in 
which they were engulfed and then dilution of the digestion products of the 14C- 
labelled bacteria with those of the 12C-bacteria would not occur for some time. As 
there was a lag of 60 min. before significant quantities of non-volatile 14C were 
liberated into the medium after the addition of 14C-leucine labelled E . c o li to protozoal 
suspensions, and as there was little decrease in the amount of 14C incorporated in the 
presence of 0-01 M-12C-L-leucine under these conditions for 60 min., it is suggested 
that the addition of 12C-E . c o li should effect the amount of 14C in the pool within 
90 min. of its addition if these pool constituents were intermediates. As the amount 
of 14C in the pool in the experiment with 14C-leucine labelled E . c o li decreased by only 
27% in 90 min. and 50% in 240 min., this is taken as evidence that the pool con
stituents were not intermediates between bacterial and protozoal protein.



E x tra c e llu la r  p r o d u c ts  o f  m e ta b o lism . On incubation of washed suspensions of 
E sch er ich ia  c o ii labelled with specific 14C-amino acids with E n to d in iu m  ca u d a tu m , 
approximately half of the 14C was incorporated by the protozoa and the remainder 
appeared as C02, volatile acids or as non-volatile materials in the medium (Table 4). 
The time-course for the metabolism of wC-amino acid labelled E . c o li was similar to 
that shown previously for uniformly 14C-labelled E . c o li (Coleman, 1964). The mole
cular weight of the 14C-labelled compounds in the medium was investigated by passage 
of the material through a column of Sephadex G50 (exclusion molecular weight 
10,000). After 1-5 hr of incubation, only 11 % of the non-volatile 14C in the super
natant fluid was recovered in the high molecular weight peak, showing that the 
bacteria were completely digested and not broken up into large fragments. The meta
bolites of E . c o li labelled with individual 14C-amino acids have been identified as 
follows.

A la n in e . The volatile fatty acids produced from [U-14C]alanine-labelled E sch erich ia  
c o li have been identified by chromatography in solvent K (Coleman, 1967) as formic 
acid (20%) and acetic acid (80%) with an acetic acid:formic acid+C02 ratio of
1-9:1. Since two to three times as much COa as volatile acid was produced in the 
presence of [l-14C]alanine-labelled E . c o li and since the acid was principally formic 
acid, this suggests that the carboxyl carbon of alanine was liberated as C02 or formate, 
and that the acetate was derived from C2 and C3. The non-volatile 14C-material in 
the medium was 80-90% alanine and the remainder was probably IV-acetylalanine.

G lu ta m ic  a c id . The non-volatile material in the medium was 50-70 % glutamic acid 
and 30-50 % IV-formylglutamic acid or a-A-formylglutamine.

G lyc in e . The non-volatile material in the medium was 60-70 % glycine and 30-40 % 
¿V-acetylglycine. When 12C-glycine was present during the incubation the 150% in
crease in the amount of non-volatile 14C present was due solely to an increase in the 
amount of glycine.

Iso leu c in e . The 14C-volatile acid was identified as a C5 acid by chromatography in 
Solvent K (Coleman, 1967). As it was not possible to resolve the four structural isomers 
of the valeric acid by paper chromatography the acid was chromatographed on a 
column of buffered celite (Bueding & Yale, 1951) and identified as either isovaleric 
or a-methylbutyric acid. To distinguish between these, equal quantities were added to a 
large excess of the 12C form of each of these acids in turn and then the p-bromophenacyl 
esters prepared, recrystallized twice (Judefind & Reid, 1919) and the 14C in the crystals 
determined. It was hoped that when the 12C and 14C acids were different no 14C would 
appear in the crystals, but that when they were the same appreciable quantities of 14C 
would be present. In the presence of 12C-isovaleric acid and 12C-a-methylbutyric acid, 
respectively, the recovery of 14C was 7 % and 31 %, respectively, showing that the Cs 
acid was probably a-methylbutyric acid.

As the formation of a-methylbutyrate from isoleucine must involve the loss of one 
carbon atom, an attempt was made to measure the amount of 14COa produced during 
the metabolism of [U-14C]isoleucine labelled E sch erich ia  co li. Table 4 shows that the 
volatile acid:C02 ratio was 6-3:1 as compared with the theoretical value of 5 0:1 for 
a decarboxylation of isoleucine; this result is consistent with formation of a-methyl- 
butyrate by this mechanism. The non-volatile material in themedium was 14C-isoleucine.

L eu c in e . The volatile fatty acid produced from 14C-leucine-labelled E sch erich ia  c o li  
was identified in the same way as that from 14C-isoleucine-labelled E . c o li except that
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the 14C recovered in the p-bromophenacyl esters was 35 % with 12C-isovaleric acid and 
4 % with 12C-a-methylbutyric acid, showing that the volatile acid was isovaleric acid. 
The production of 14COa from [U-14C]leucine-labelled E . c o li was also measured and 
the volatile acid:C02 ratio found to be 5-6:1 (Table 4) which agrees well with the 
theoretical value of 5-0:1 for the formation of isovaleric acid from leucine by decarbo
xylation. In an attempt to prove that it was carbon-atom 1 of leucine that was liberated 
as C02 a similar experiment was done with [l-14C]Ieucine-labelled E . c o li (Table 4) 
and under these conditions four times as much 14COa as 14C-volatile acid was produced, 
indicating that most of the COa came from carbon-atom 1 of leucine. The non
volatile material in the medium was 14C-leucine; no trace of A-acetylleucine was 
found.

P h en y la la n in e . Two non-volatile materials were present in the medium, one of which 
was extractable by ether from the acidified solution and shown to be phenylacetic acid. 
The non-extractable compound was free phenylalanine. The amount of phenylacetic 
acid produced from [U-14C]phenylalanine-labelled E sch erich ia  c o li was deduced from 
the total non-volatile 14C in the medium, and the fraction present as phenylacetic acid 
after separation of the two compounds by chromatography in solvent A or J. Under 
these conditions the phenylacetic acid:C02 ratio was 3-6:1 as compared with a 
theoretical value of 8:1 for the production of phenylacetic acid from phenylalanine by 
decarboxylation. This suggests that the phenylacetic acid may have undergone further 
metabolism.

V aline. The volatile fatty acid produced during the metabolism of 14C-valine- 
labelled E sch erich ia  c o li was identified as isobutyric acid by the same methods as those 
used to identify a-methylbutyric acid as a product of 14C-isoleucine metabolism. Table 
4 shows that the volatile acid/C02 ratio was 8-2:1 which compared poorly with a 
theoretical value of 4-0:1.

M e ta b o lism  o f u C -a m in o  a c id  la b e lle d  E sch erich ia  c o li 
b y  m u ltip ly in g  E n to d in iu m  ca u d a tu m

It is possible that non-multiplying suspensions of protozoa may be unable to carry 
out biosynthetic reactions that normally occur in growing protozoa where new cellular 
material is being formed. To investigate this, E n to d in iu m  ca u d a tu m  was allowed to 
grow in the presence of E sch erich ia  c o li labelled with 14C-amino acids under the 
conditions described previously (Coleman, 1964) until the number of protozoa had at 
least doubled. In a typical experiment with E . c o li labelled with 14C-glutamic acid, the 
number of protozoa increased from 16,500/ml. to 34,200/ml. in 48 hr; 97% of the 
bacteria were metabolized and 28 % of the 14C was retained by the protozoa, the 
remainder appearing in the supernatant fluid. Of the 14C in the protozoa 43 % was 
in the broken protozoal supernatant fluid (pool) after breakage of the protozoa and 
90 % of the 14C in this fraction was protein glutamic acid. When the protozoa were 
allowed to grow under the same conditions in the presence of 0-01 M-12C-L-glutamic 
acid the incorporation of 14C into the protozoa was decreased by 19 % as compared 
with 97% when the amino acid studied throughout was leucine (Coleman, 1964).

The metabolism of E sch erich ia  c o li labelled with 14C-alanine, arginine, glutamic 
acid, glycine, isoleucine, leucine, lysine, phenylalanine, serine or valine was studied 
under conditions which allowed protozoal growth, and for all these amino acids no 
evidence was obtained for any amino acid interconversions. In the presence of the
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12C-form of the 14C-amino acid present in the bacteria 14C incorporation into the 
protozoa was decreased by 20-50% for group-1 amino acids and by over 90% for 
group-2 amino acids. The greater effect with both groups under growth conditions as 
compared with non-multiplying protozoa was probably associated with the longer 
incubation times. This meant that the time taken for the bacteria to be engulfed, 
killed and digested was a much smaller proportion of the total time allowed and there 
was more time for equilibration with the free amino acid entering from the medium.

DISCUSSION

In their natural habitat of the sheep rumen, entodiniomorphid protozoa live in a 
medium which is poor in readily metabolizable compounds such as sugars and 
amino acids but contains up to 1010 bacteria/ml. (Bryant & Robinson, 1961). In view 
of this it is not unexpected that E n to d in iu m  ca u d a tu m  should utilize amino acids much 
more economically from intact bacteria than from free amino acids in the medium. 
There has been speculation (Coleman, 1963) that E . ca u d a tu m  might have been able to 
synthesize amino acids from carbohydrate which it engulfed as starch grains and 
ammonia which were present in rumen liquor. However, the present results indicate 
that E . ca u d a tu m  probably satisfies its amino acid requirements from the digestion 
products of bacteria. Although the incorporations measured in experiments with non
multiplying protozoa may be the result of protein turnover those obtained with 
growing organisms were probably due to the synthesis of new protein. Otier results 
with 14C-labelled-starch grains have shown that little protein was synthesized from 
carbohydrate even by growing protozoa. The inability of E . ca u d a tu m  to bic synthesize 
or interconvert amino acids is probably the result of a gradual loss of enzymes from 
the time when this protozoon, now found nowhere else, first invaded the rumen. This 
loss would have been brought about by growth on micro-organisms which probably 
contain all the low-molecular-weight nitrogenous compounds required by a living cell. 
The protozoa have, however, retained the ability to oxidatively deaminate some 
amino acids according to the reaction.

R . CH(NH2)COOH + 2H20  -> R . COOH + C02+ (NH3) + (4H)
These results are in contrast to those of Abou Akkada & Howard (1962) who con
sidered that non-multiplying suspensions of E n to d in iu m  ca u d a tu m  prepared from the 
rumen did not deaminate amino acids or utilize casein for the synthesis of cellular 
constituents. However, these authors measured changes in the amounts of nitro
genous materials and this method is not sensitive to small changes in the amount of 
any compound present. In contrast to the slow catabolism of amino acids, starch grains 
are rapidly broken down to COa, H2, formic, acetic, propionic and butyric acids (Abou 
Akkada & Howard, 1960), and since the protozoa in the present experiments con
tained starch grains a ready supply of ‘active’ acetate and formate was probably 
available for acetylation or formylation of amino acids. The exact reactions which 
occurred must have depended on the enzymes present and only the group-1 amino 
acids and glycine were ever found to be ^-substituted. However, as no evidence was 
obtained that these pool constituents were intermediates in the synthesis of protozoal 
protein they were probably by-products of protozoal metabolism. Since the same 
compounds were found in the pool and the medium it seems probable that they 
gradually diffused out into the medium, especially if the salt concentration was low.
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